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ABSTRACT  
 

Metamonads are a diverse group of heterotrophic microbial eukaryotes adapted to living 

in hypoxic environments.  All metamonads but one harbour metabolically altered 

ómitochondrion-related organellesô (MROs) with reduced functions relative to aerobic 

mitochondria. To further investigate metamonad phylogeny, genome evolution and MRO 

diversity, we generated high-quality draft genomes, transcriptomes, and predicted 

proteomes for four novel free-living anaerobic flagellates: three species of the genus 

Skoliomonas and one Barthelona species. Phylogenomic analyses placed these organisms 

in a group we informally named the óBaSkô (Barthelonids+Skoliomonads) clade, which 

emerges as a deeply branching sister group to the Fornicata, a metamonad phylum that 

includes parasitic and free-living flagellates. The sizes of the BaSk genomes vary 

significantly, ranging from 10.2 Mbp (Barthelona sp. PCE) to 33.5 Mbp (Skoliomonas sp. 

GEMRC). These differences are the result of the proliferation of transposable elements in 

some of these organisms, as well as differences in the sizes of gene families. 

Bioinformatic analyses of the gene models showed that these organisms have extremely 

reduced predicted MRO proteomes in comparison to other free-living metamonads. One 

of the isolates, Skoliomonas litria, potentially lacks a mitochondrial organelle altogether. 

If confirmed, this would be the first known example of complete mitochondrial loss in a 

free-living eukaryote. A systematic screen of these genomes for genes acquired by lateral 

transfer revealed several genes that likely supported their adaptation to hypoxia and 

reduction of their MROs. Notably, the lateral acquisition of a novel SUF-like minimal 

system (SMS) for Fe-S cluster biogenesis in a common ancestor of the BaSk group 

appears to have permitted the complete loss of the conserved mitochondrial iron-sulfur 

cluster (ISC) system in the skoliomonads. In parallel with the foregoing analyses, my 

colleagues and I developed a new pipeline for in silico prediction of mitochondrial or 

MRO localization of proteins called CoMR. CoMR consistently outperforms classic 

mitochondrial localization predictors, such as mitochondrial targeting sequence 

predictors, as well as new localization classification methods, such as internal targeting 

signal predictors. This thesis marks an important step towards understanding the 

evolution of the genomes of free-living anaerobic protists and introduces novel methods 

for studying their divergent mitochondria.
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CHAPTER 1  

 

Introduction  

 
The biological diversity on Earth can be categorized into two separate forms of life that 

have fundamentally different cell structures: prokaryotes, including Bacteria and 

Archaea, and eukaryotes. Whereas prokaryotes tend to be small and lack diverse 

subcellular compartments, eukaryotic cells possess a variety of canonical subcellular 

structures including a nucleus, endomembrane system, and cytoskeletal elements. The 

most familiar eukaryotes are the multicellular clades of organisms, such as animals, 

fungi, or plants. However, microbial eukaryotes, also known as protists, make up most of 

the known diversity of eukaryotic lineages on Earth and fulfill  key biological roles in 

diverse ecosystems worldwide (Burki et al., 2020; del Campo et al., 2014). The lack of 

widespread recognition of protistan lineages compared to their multicellular counterparts 

is due to a historic underrepresentation of these organisms in all aspects of biological 

research. This bias is due to several factors that affect the tractability of research projects 

that aim to isolate, describe, and analyze protists. Though protists have been described 

and documented for centuries, the vast phylogenetic diversity of these organisms was 

largely unknown until targeted and deliberate investigations of various ecosystems were 

undertaken and molecular tools for phylogenetic placement were applied (Burki et al., 

2020). Furthermore, in-depth study of many of these organisms has been hampered by 

difficulties in their isolation and cultivation. For example, difficulties in the cultivation of 

some protists have limited our ability to extract sufficient nucleic acids for genome or 

transcriptome sequencing and have inhibited most molecular or cell biological 

investigations of their cell structure and function.  Fortunately, in the past few decades, 

dedicated attempts to isolate and bring into culture protists from diverse environments 

have yielded exciting discoveries of entirely new groups of organisms that represent 

novel branches in the tree of eukaryotes (Burki et al., 2020; Eglit, Shiratori, et al., 2024; 

Lax et al., 2018; Tikhonenkov et al., 2022).This has paved the way for genomic and 

cellular investigations of these novel lineages and an improved understanding of the 

eukaryotic tree of life through phylogenomic analysis (Burki et al., 2020). 
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This thesis describes the investigation of one of these newly discovered protistan 

lineages. This work includes the placement of these organisms in a eukaryotic phylogeny, 

as well as the examination of their genomes and mitochondrion-related organelles 

(MROs), and an analysis of these data to more broadly explore their evolutionary history. 

This group of five organisms that we refer to as the óBaSkô clade are adapted to low 

oxygen conditions and are phylogenetically positioned deep within the Metamonada, 

which is a supergroup of anaerobic protists from diverse environments. In the following 

sections of this introduction, I provide the intellectual context for this thesis by 

summarizing our current understanding of the following topics: i) genome sequencing 

technology in relation to microbial eukaryotes, ii) a description of the Metamonada, its 

phylogenetic position, constituent phyla and genome evolution within the group, iii) the 

evolution of anaerobic metabolism and MROs in anaerobic protists, iv) the role of lateral 

gene transfer in adaptation to hypoxia, and v) methods for reconstructing mitochondrial 

and MRO proteomes. 

 

1.1.1  The impact of third - generation sequencing on genomic 

investigations.  
 

Until recently, the cost and labour associated with older DNA sequencing platforms 

limited genome-scale studies to model organisms, or organisms for which there was a 

medical or economic need to study (Sibbald & Archibald, 2017). However, in recent 

years, these limitations have been surmounted with the availability of massively parallel 

Next-Generation Sequencing (NGS) technology. It is finally cost and time-effective to 

completely characterize the genomes of most forms of microbial life. The advent of third-

generation sequencing platforms such as Oxford Nanopore and Pacific Biosciences 

(PacBio) have allowed for the sequencing of DNA fragments tens of thousands of 

nucleotides long (Athanasopoulou et al., 2022). Genome assembly programs can use such 

data as a scaffold on which to assemble smaller fragments of DNA, leading to 

chromosome-scale genome assemblies, which are necessary to answer questions about 

genome evolution (Sibbald & Archibald, 2017). Long-read data is crucial for the 

assembly of highly contiguous eukaryotic genomes because these reads are long enough 

to span repetitive sequences, whereas short reads are not (Chaisson et al., 2015). 
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Breakthroughs in sequencing technologies, as well as new strategies in handling and 

amplifying nucleic acids, have also enabled the development of single-cell sequencing 

strategies for hard-to-culture protists. Not all protists can be straightforwardly cultured in 

a lab setting, leading to an intrinsic bias in sampled and sequenced organisms. Single-cell 

RNAseq protocols allow for the sequencing of partial transcriptomes from individual 

cells, circumventing the need for cell cultures and thus allowing investigation of 

otherwise overlooked species, which in some cases has enabled the discovery of entirely 

new branches of the eukaryotic tree of Life (Lax et al., 2018). 

 

Finally, innovations in sequence data analysis have enabled new methods for data 

decontamination, allowing organisms that are best grown in xenic cultures to be 

sequenced (Eren et al., 2021; Salas-Leiva et al., 2021; Zhao et al., 2023). These new 

methods, for the first time, allow us to tackle genome and transcriptome sequencing 

projects for the most of the diversity of eukaryotic organisms on Earth. Such data is 

necessary to infer a complete and comprehensive eukaryotic tree of Life, which has been 

a longstanding goal of evolutionary biology (Burki et al., 2020). This representation of 

the diversity of Life can help us answer some of the most basic outstanding evolutionary 

questions, including: the origin of eukaryotes, the deep relationships amongst eukaryotic 

super-groups, the origin and spread of photosynthesis in the eukaryote tree by multiple 

endosymbioses, and the order of the emergence of eukaryote-defining cellular 

complexities (Burki et al., 2020; Roger et al., 2017). 

 

1.1.2  Metamonads are a diverse group of anaerobic 

eukaryotes.  
 

Anaerobic protists are amongst some of the most understudied yet intriguing organisms in 

the eukaryotic tree of Life. They inhabit a variety of ecologically diverse oxygen-poor 

habitats worldwide. The largest and most diverse known anaerobic protist lineage is the 

Metamonada, a supergroup that contains parasitic, commensal and free-living 

heterotrophic flagellates and amoebae (Adl et al., 2012). Our current understanding of 

metamonad phylogeny divides the super-group into four phyla; Preaxostyla, Fornicata, 
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Parabasalia, and Anaeramoebae (Adl et al., 2019; Stairs et al., 2021) with the 

Anaeramoebae being the most recently recognized. So far, two species of Anaeramoeba 

have been characterized on the cellular and genomic level: Anaeramoeba ignava and 

Anaeramoeba flamelloides, which are free-living amoeboid organisms with a superficial 

cellular morphology similar to members of Amoebozoa (Jerlström-Hultqvist et al., 2023; 

Stairs et al., 2021; Táborský et al., 2017). Sister to Anaeramoebae are the Parabasalia, 

which includes well-studied human pathogens such as Trichomonas vaginalis and 

Dientamoeba fragilis (Barratt et al., 2015; Schneider et al., 2011). Another phylum within 

the Metamonad are the Preaxostyla, which are comprised of oxymonads that live within 

the guts of animals and free-living flagellated species from the genera Trimastix and 

Paratrimastix (Adl et al., 2019). The Fornicata are a diverse group of metamonads that 

branch sister to the Preaxostyla and include both free-living flagellates such as 

Carpediemonas membranifera and Carpediemonas-like organisms (CLOs) (Salas-Leiva 

et al., 2021; Takishita et al., 2012) and parasitic lineages such as Giardia intestinalis (Xu 

et al., 2020) and Spironucleus salmonicida (Xu et al., 2014). The latter two parasitic 

species form a group with other parasites and free-living relatives called the 

Diplomonadida that are characterized by a distinctive ódoubled-cellô morphology (Adl et 

al., 2012). 

 

Placing metamonads in a broader eukaryotic tree has always been challenging due to their 

high levels of sequence divergence, which results in long branches (Brown et al., 2018; 

Hampl et al., 2009; Leger et al., 2017; Stairs et al., 2021). This makes these data 

susceptible to phylogenetic artefacts such as long-branch attraction (LBA) (Felsenstein, 

1978). Previously, metamonads were thought to belong to a larger assemblage of 

microbes known as Excavata (see Figure 1.1), placed them in a clade with the supergroup 

Discoba and the Malawimonadidae (Hampl et al., 2009; Simpson, 2003). However, a 

recent phylogenetic analyses suggested that, although metamonads might be sister to 

Malawimonadidae, they are not sister to Discoba (Cavalier-Smith et al., 2018; Heiss et 

al., 2018). The true position of the Excavata and the distribution of the so-called 

ñexcavate-likeò morphology on the eukaryotic tree of Life has important implications on 

eukaryotic evolution and the nature of the last eukaryotic common ancestor (LECA). If 
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malawimonads branch with metamonads and Discoba, their shared ultrastructure features 

would then have likely evolved in their common ancestral lineage, and this placement 

would uphold the Excavata group as it was originally defined. Alternatively, assuming 

that the root of the eukaryotic tree falls between Amorphea and Diaphoretickes as recent 

analyses suggest (Derelle et al., 2015; Williamson and colleagues, personal 

communication), if malawimonads are sister to Amorphea, as has been inferred from 

some recent phylogenetic analyses, then excavate-like ultrastructure features are present 

in two different places in the tree of Life, suggesting that LECA may have had an 

excavate-like morphology (Heiss et al., 2018). To clarify this relationship, more genomic 

data from a variety of excavates is needed. 

 

 

Figure 1.1. A schematic diagram of the eukaryotic tree of Life. This cartoon depiction 

of the eukaryotic phylogeny includes major eukaryotic supergroups. Yellow ï Amorphea; 

green ï Excavata; blue ï TSAR; pink ï Diaphoretickes. 

 

1.1.3  Metamonad MROs and the evolutionary adaptations to 

low oxygen environments.  
 

Metamonads include free-living, commensal, and parasitic species that are united by their 

adaptation to hypoxic environments, though these environments are diverse. One of these 
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major adaptations to hypoxic environments is their functionally reduced mitochondria, 

which are referred to as mitochondrion-related organelles (MROs) (Leger et al., 2017). 

The best-studied metamonad MROs are hydrogenosomes that occur in the urogenital tract 

parasite Trichomonas vaginalis. The óhydrogenosomalô ATP-producing pathway uses 

enzymes typically not found in aerobic mitochondria (Müller et al., 2012). These include 

pyruvate:ferredoxin oxidoreductase (PFO) that oxidatively decarboxylates pyruvate to 

acetyl-CoA and reduces ferredoxin, acetate:succinate CoA transferase (ACST) that 

catalyzes the transfer of CoA onto succinate to produce succinyl-CoA and an iron-only 

[FeFe]-hydrogenase (HydA) that reduces protons to hydrogen gas by re-oxidizing the 

ferredoxin. ATP is produced from ADP and Pi by the Krebs cycle enzyme succinyl-CoA 

synthetase (SCS) by substrate-level phosphorylation, converting succinyl-CoA to 

succinate in the process (Müller et al., 2012). Trichomonad hydrogenosomes also house a 

variety of other pathways including a mitochondrial-type iron-sulfur cluster (ISC) 

biogenesis system, amino acid metabolism, and oxygen detoxification (Schneider et al., 

2011; Stairs et al., 2015). 

  

Even more highly reduced MROs called ómitosomesô are found in the metamonad gut 

parasite Giardia. These organelles appear to lack any capacity to generate ATP; instead, 

their only known function is in Fe/S cluster biogenesis via the mitochondrial-type ISC 

system (Jedelský et al., 2011). Like trichomonads, Giardia catalyzes acetyl-CoA 

production from pyruvate using PFO. However, this occurs in the cytoplasm. Acetyl-CoA 

is converted to acetate and ATP is produced by substrate-level phosphorylation catalyzed 

by the enzyme ADP-forming acetyl-CoA synthetase (ACS; EC 6.2.1.13) (Sánchez et al., 

2000). The most extreme form of MRO reduction in Metamonada can be found in the 

oxymonad gut commensal Monocercomonoides exilis: it has lost all traces of the 

organelle, making it the first truly amitochondriate eukaryote discovered (Karnkowska et 

al., 2016). 

 

More recent investigations of newly discovered free-living metamonads have revealed 

novel MROs that are unlike traditionally defined organelle classes (Müller et al., 2012). 

For example, the free-living metamonad Dysnectes brevis putatively encodes MRO 
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localizing [FeFe]-hydrogenases and associated proteins but lacks organelle-targeted 

enzymes for substrate-level phosphorylation. This suggests that while the MRO may be 

capable of hydrogen metabolism, ATP is most likely produced in the cytosol (Leger et 

al., 2017). A similarly predicted hydrogen-producing organelle and cytosolic ATP 

production was reported in a transcriptomic investigation of another free-living 

metamonad, Barthelona sp. PAP020 (Yazaki et al., 2020). Recently, two Anaeramoeba 

species were predicted to possess hydrogenosomes that have retained more mitochondrial 

features than any other metamonad studied to date, such as detectable mitochondrial 

targeting signals and a more complete set of mitochondrial translocation proteins (Stairs 

et al., 2021). The MRO of the freshwater preaxostylan flagellate Paratrimastix pyriformis 

was recently investigated using spatial proteomic techniques which revealed that the 

organelle does not participate in ATP production through extended glycolysis nor in Fe/S 

cluster production. Instead, it produces essential intermediates for the methionine cycle 

(Zítek et al., 2022). These studies o previously understudied free-living metamonads have 

provided important insights into the evolution of MROs in this group. 

 

The multiple independent transitions from aerobically respiring mitochondria to MROs in 

the eukaryote tree in most cases have involved the complete loss of the mitochondrial 

genome itself, the loss of aerobic metabolism genes encoded in the nucleus, and the gain 

of genes encoding novel biochemical pathways by lateral gene transfer (LGT) from 

bacteria, archaea or other anaerobic protists (Roger et al. 2017). For example, the 

óhydrogenosomalô metabolism enzymes such as PFO, HydA, ASCT and others (Leger et 

al., 2016; Stairs et al., 2011, 2021), the ability to synthesize rhodoquinone (Stairs et al., 

2018) and oxygen defense enzymes (Jiménez-González et al., 2019) all appear to have 

been acquired in multiple distinct protist lineages by LGT from bacteria or other protists 

(Gawryluk & Stairs, 2021; Roger et al., 2017). The most striking examples of 

mitochondrial remodelling in anaerobic protists by means of LGT are the wholesale 

replacement of the highly conserved essential mitochondrial ISC system by laterally 

acquired prokaryotic Fe/S cluster biogenesis systems. In the Archamoebae, a two-protein 

Fe/S cluster biosynthesis pathway (recently classified as the minimal iron sulfur system 

(MIS) related to the nitrogen fixation system (Garcia et al., 2022)) was acquired from 
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bacteria and, in free-living members of the group, was subsequently duplicated into 

cytosolic and MRO-functioning versions (Nývltová et al., 2015; Záhonová et al., 2022). 

In the ancestors of the breviate flagellate Pygsuia biforma, an archaeal-type SUF system 

(recently classified as the SUF-like minimal system (SMS); see Garcia et al. 2022) was 

acquired by LGT (Stairs et al., 2014). This breviate SmsCB gene was then duplicated to 

create cytosolic and MRO-targeted paralogs in the lineage leading to P. biforma. In the 

oxymonads, yet another replacement of the ISC system occurred independently by the 

lateral acquisition of genes encoding a more complex multi-protein SUF pathway 

(Karnkowska et al., 2016). This enabled the ancestral oxymonad to produce Fe/S clusters 

in the cytosol, easing the evolutionary pressure to keep the canonical ISC system, and 

paving the way for the complete loss of MROs in Monocercomonoides (Karnkowska et 

al., 2016). Phylogenetic analyses revealed that this SUF system is shared by a variety of 

preaxostylans and is likely bacterial in origin (Vacek et al., 2018). Clearly, LGT has been 

an important mechanism in the evolution of anaerobiosis across the eukaryotic tree. 

 

1.1.4  The role of LGT in eukaryotic evolution.  
 

The role of LGT in prokaryotic evolution has long been recognized as a driving force 

behind genome adaptation to environmental niches, particularly in cases of parasitism 

(Daubin & SzºllŖsi, 2016; Marti et al., 2022). However, as more eukaryotic genomes are 

sequenced and analyzed, more reports of LGT in eukaryotic lineages are emerging. 

However, the validity of reported eukaryotic LGTs has been hotly debated in the past 

decade. For example, transfers thought to have mediated the transition to anaerobiosis in 

metamonads have been questioned (Martin, 2017). Critics of eukaryotic LGTs often 

argue that there are no known mechanisms for eukaryotic LGT (C. Ku & Martin, 2016; 

Martin, 2017), despite the many documented cases of viral transfer, transformation, and 

endosymbiotic transfers (Gallot-Lavallée & Blanc, 2017; Lacroix & Citovsky, 2016; 

Nakayama & Ishida, 2009). Critics also argue that, if LGT occurs in any meaningful way 

within eukaryotic lineages, the accumulation of transfers would be obvious in genomic 

data, causing genome sizes and gene content to balloon across the eukaryotic tree of Life 

(Martin, 2017). Such perspectives on eukaryotic LGT fail to conceptualize the fate of 

newly acquired LGTs, many of which probably do not confer a strong evolutionary 
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advantage or disadvantage to the recipient, and likely accumulate mutations until they are 

pseudogenised and are no longer detectable (Leger et al., 2018). Eukaryotic LGTs are 

almost always verified using phylogenetics, where eukaryotic sequences in question can 

be seen nesting within probable donor groups of prokaryotes, or unrelated eukaryotes 

(Leger et al., 2017; Stairs et al., 2014). Such analyses are called into question by LGT 

critics who claim that phylogenetic inferences as a method are error-prone and fail to 

provide evidence of genuine LGT (Martin, 2017). To discount all phylogenies that show 

evidence for eukaryotic LGT as simple errors is shortsighted, however it is true that in 

some cases, lack of signal in the underlying sequence alignment can cause less than 

convincing branching patterns (Leger et al., 2016, 2017). In such cases, adding more 

related sequences can clarify both the existence of an LGT event as well as the 

relationship between the gene donor and recipient. 

 

1.1.5  Approaches to reconstructing mitochondrial and MRO 

proteomes.  
 

Typically, to understand the function of a mitochondrion or MRO of a given species, the 

metabolic and biogenesis pathways within the organelle must be reconstructed by taking 

an inventory of the proteins that function there. This is accomplished by one of two 

approaches: experimental proteomic analysis or in silico reconstruction. Proteomic 

analysis can yield a fairly complete proteomic map of cells (Zítek et al., 2022), including 

compartments like the MRO, but this technique can be onerous for some organisms. This 

approach requires careful isolation of intact organelles from the cytoplasm, a highly 

challenging endeavour requiring specific expertise. These organelles must then be 

separated on a density gradient without disrupting their membranes and once collected 

from the gradient, subjected to mass spectrometry (Mulvey et al., 2017; Zítek et al., 

2022). Even then, the resulting data may contain contaminated proteins from other 

cellular compartments. Robust protocols for isolating organelles are unfortunately 

available for only a few model organisms. For understudied eukaryotes, methods 

upstream of the proteomics experiment such as cell culturing, harvesting, and lysing must 

first be carefully fine-tuned. Even when such a protocol is finally established, proteomic 

analysis can be complicated by contaminating peptides from other inhabitants of the cell 
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culture (e.g. prey organisms, which can persist within food vacuoles, see Zítek et al., 

2022). 

 

Because of these limitations, an alternative approach is to reconstruct mitochondrial or 

MRO proteomes in silico (Gray et al., 2019; Stairs et al., 2021). One of the main methods 

used to do this is to determine the set of proteins in the total proteome of the organism 

(either experimentally derived or predicted bioinformatically) that possess predicted 

mitochondrial targeting sequences (MTSs). MTSs are short (10-80 amino acids), 

positively charged amphipathic motifs found on the N-terminus of proteins that typically 

adopt an Ŭ-helical conformation (Neupert & Herrmann, 2007). These sequences guide 

nuclear-encoded, cytosolically translated mitochondrial proteins to the organelle, where 

they are recognized by import machinery on the outer mitochondrial membrane. In brief, 

there are five main pathways for the import of cytosolically produced mitochondrial 

proteins (Wiedemann & Pfanner, 2017). The most utilized pathway is for proteins that are 

destined for the mitochondrial matrix, and contain a typical MTS. In this pathway, the 

Translocase of the Outer Membrane (TOM) complex is responsible for shuttling the 

targeted proteins across the mitochondrial outer membrane, where it is then passed 

through the inner membrane by the Translocase of the Inner Membrane (TIM) 23 

complex (Wiedemann & Pfanner, 2017).  The other four import pathways are for proteins 

that function in other locations in the mitochondria (within the inner or outer membranes, 

within the intermembrane space, or on the surface of the outer membrane). These utilize 

internal signalling motifs as well as different import machineries, though the TOM 

complex is still the principal gateway through the outer membrane in most of these 

alternative import pathways (Wiedemann & Pfanner, 2017). 

 

Once imported into the mitochondrial matrix, the MTS is removed by mitochondrial 

processing peptidases (MPPs), and the protein is refolded with the help of chaperones 

within the organelle. Bioinformatic approaches that aim to reconstruct mitochondrial 

functions from sequencing data screen for potential MTSs (and their MPP cleavage sites) 

in protein sequences. Recently developed prediction tools make use of advanced 

machine-learning algorithms to train classifiers to detect MTSs (Armenteros et al., 2019; 
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Fukasawa et al., 2015; Savojardo et al., 2020). However, these classifiers are sensitive to 

the datasets they are trained on, and even advanced MTS predictors often use datasets 

based on mitochondrial proteomes of relatively few model system organisms and lack 

sufficient representation from across the tree of eukaryotes. For example, the recently 

developed protein targeting signal classifier TargetP2 was trained on a dataset containing 

only 32 protist sequences out of over 13,000 proteins (the majority of which are either 

metazoan or plants) (Armenteros et al., 2019). Of these 32 sequences, only one 

metamonad sequence is included. Likewise, the submitochondrial localization sequence 

classifier DeepMito was trained on a dataset containing only 5 protist sequences 

(Savojardo et al., 2020). Because of this, targeting prediction software usually struggles 

to identify targeting sequences in some protistan lineages, especially anaerobic protists 

that contain MROs (Zítek et al., 2022). One solution to this problem is a targeting 

prediction tool called NommPred, which utilizes an ensemble learning algorithm trained 

on various databases of mitochondrial and MRO sequences to predict localization (Kume 

et al., 2018). Unfortunately, NommPred is no longer supported, and in its current state is 

unusable. 

 

MTS prediction software developed for use on model systems fails to accurately predict 

MTSs for metamonad MROs for several reasons. First, metamonads typically have highly 

divergent sequences when compared to other eukaryotes (see discussion in Chapter 2). 

Second, because metamonads have reduced forms of mitochondria (MROs), their protein 

import machinery is likewise reduced and divergent (Makiuchi & Nozaki, 2014; Stairs et 

al., 2021). It was thought that the loss and divergence in this import machinery was 

driven in part by the loss of the proton motive force in the organelle produced by an 

electron transport chain (Garg et al., 2015), though the discovery of MTSs in the 

Anaeramoebae has brought that assumption into question (Stairs et al., 2021). Lastly, 

there is evidence that many MRO localized proteins in metamonads are missing an N-

terminal extension of the amino acid sequence entirely, suggesting that there is no MTS 

(Garg et al., 2015). Because of these difficulties, MRO protein localization prediction in 

metamonads is usually complemented by identifying metamonad homologs of proteins 

that are MRO or mitochondrion localized in other organisms (Gaston et al., 2009; Leger 
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et al., 2017). However, when a query metamonad protein has both mitochondrial and 

cytosolic homologs, localization remains unclear. This is especially true when those 

homologs possess similar functional domains. In these cases, phylogenetic analysis may 

help to predict protein localization by determining where the protein in question is 

positioned within a phylogenetic tree of the protein family. If it is positioned within a 

clade of predominantly mitochondrial sequences it is more likely to be mitochondrially 

targeted, whereas it is less likely to be mitochondrial if it branches within a cytosolic 

clade. 

 

Non-MTS based bioinformatic protocols for MRO localization prediction do exist, such 

as CBOrg (Gaston et al., 2009). CBOrg utilizes a subtractive database of several model 

organismsô proteomes such that each proteome has both a mitochondrial/MRO dataset 

and a whole-cell dataset that lacks mitochondrial/MRO proteins. This program uses 

multiple rounds of BLAST searching to find the best overall hit for each input sequence 

against these data and uses the identity of that best hit to assign a predicted localization 

for the input sequence (Gaston et al., 2009). Because CBOrg predicts protein localization 

based on homology only, it is prone to false negatives and is suggested to be used in 

conjunction with a non-homology-based localization classifiers. 

 

Some studies have advanced evidence to suggest that some metamonads rely on internal 

mitochondrial targeting signals (iMTS) rather than typical N-terminal MTSs to deliver 

nuclear-encoded MRO proteins to the organelle. These studies focused on Trichomonas 

vaginalis for which a reliable transfection protocol is available (Janssen et al., 2018; 

Mentel et al., 2008) and used in vivo immunofluorescence microscopy (IFM) assays to 

experimentally validate predicted MRO localizations. One of these studies (Mentel et al., 

2008) investigated thioredoxin reductases (TrxR), a component of the T. vaginalis 

hydrogenosome oxygen detoxification system. T. vaginalis has two copies of thioredoxin 

reductase, both of which appear to have dual localization in both the MRO and the 

cytosol. TrxR1 has a typical MTS, while TrxR2 does not, indicating that TrxR2 likely 

relies on an iMTS. Experimentation with the TrxR1 MTS sequence revealed that it is 

needed for targeting into the MRO, and cannot be replaced with a different T. vaginalis 
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MTS. To date, TrxR1 remains the only known hydrogenosomal protein that depends 

entirely on its MTS for MRO localization. This study suggests that while some 

trichomonad hydrogenosomal proteins require MTSs, others rely on internal signals, and 

some require both for efficient targeting (Mentel et al., 2008). 

 

In a broader study, seven of the most abundant T. vaginalis hydrogenosomal proteins 

were tested to analyze the importance of MTSs by changing each proteinôs N-terminal 

region and tracking their subsequent localization (Zimorski et al., 2013). The aim of this 

study was to see if iMTSs are more common in hydrogenosomes than in mitochondria, 

where previously they had been identified, but are not as common as MTS-mediated 

targeting (Neupert & Herrmann, 2007; Wiedemann & Pfanner, 2017). These studies 

found that hydrogenosomal proteins that had their MTSs removed were still localized to 

the MRO. In some cases, however, removing the MTS led to cytosolic as well as MRO 

localization. This means that for these particular cases, the MTS does play some role in 

protein targeting (Zimorski et al., 2013). 

 

Finally, yet another study investigated two T. vaginalis phosphofructokinase (PFK) 

homologs: cytosolic PPi-dependant PFK, and hydrogenosomal ATP-dependant PFK, 

neither of which have a detectable MTS (Rada et al., 2015). Though ATP-PFK is 

cytosolic in yeast, expression of Trichomonas ATP-PFK in yeast lead to targeting of this 

protein to the cytosol. These findings suggest that distantly related ATP-PFKs harbour 

internal targeting information that is utilized by the hydrogenosome for protein import, 

and that perhaps ATP-PFK is, in general, predisposed to mitochondrial targeting (Rada et 

al., 2015). 

  

Together, these studies suggest that MTS-mediate targeting of MRO proteins is more 

complex in some metamonads than in other eukaryotes, and that internal signals likely 

play a role in this targeting mechanism. Furthermore, MTS targeting predictors are not 

well suited to predict these signals in diverse eukaryotes. For these reasons, attempting to 

utilize a single MTS predictor as the only means to assess the protein inventory of an 

MRO from a given metamonad lineage is not likely to be accurate. New methods must be 
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developed that are designed for accurate prediction of mitochondrial and MRO content in 

a variety of different organisms.  

 

1.1.6  Thesis overview.  
 

To elucidate the evolutionary relationship between metamonads and other eukaryotic 

clades, and to better understand the mechanisms underpinning adaptation to hypoxic 

environments, more metamonad genomes are needed. High-quality genomes are also 

required to clarify the forces shaping genome evolution within this clade, such as the role 

of LGT in metamonad adaptation. These goals have motivated the work described in this 

thesis. In Chapter 2, I describe the sequencing and assembly of four high-quality genomic 

datasets for four novel metamonads: Skoliomonas litria, Skoliomonas sp. GEMRC, 

Skoliomonas sp. RCL, and Barthelona sp. PCE. I show that these taxa, as well as 

Barthelona sp. PAP020 (Yazaki et al., 2020) are all members of a novel metamonad 

group we call the BaSk clade. Using this data, I show that BaSk are sister to the 

Fornicata, marking it as a critical group to understand the evolution of anaerobic 

adaptation within the metamonads. In this chapter, I also explore their putative MRO 

protein content and functions of all five BaSk members and discuss potential LGT events 

relating to MRO reduction. The BaSk MROs are highly diverse, ranging from those that 

produce hydrogen but have lost the ability to produce ATP in the barthelonid species, to 

the potential complete loss of the organelle in Skoliomonas litria. The BaSk taxa possess 

an SMS Fe/S cluster biogenesis system that was acquired in a common ancestor by LGT; 

this appears to have paved the way for complete loss of the mitochondrial iron-sulfur 

cluster (ISC) system in a common ancestor of the Skoliomonas species. 

 

In Chapter 3, I further explore the BaSk genomes by investigating the differences in their 

genome sizes, gene content and sequence similarities. I also explore cases of LGT 

unrelated to their MROs by broadly screening the genomes for genes closely related to 

prokaryotic sequences. Genome size varies significantly across the BaSk clade, which is 

driven in part by the expansion of transposable elements in Skoliomonas litria and 

Skoliomonas sp. GEMRC. By comparing coding content within the genomes, I found low 

levels of genome synteny and protein sequence similarity between the skoliomonads and 
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barthelonids. By surveying potential LGTs into this group I have uncovered laterally 

transferred proteins that function in an oxygen detoxification pathway. Remarkably, I 

also recovered two extremely large laterally acquired genes (encoding proteins 13,820 

and 10,218 amino acids in length) that were related to giant non-ribosomal peptide 

synthetase (NRPS) proteins. NPRSs are protein factories that produce small bioactive 

peptides that are typically involved in antimicrobial defense or iron scavenging and have 

previously only been found in bacterial, fungal and a handful of other eukaryotic lineages 

(Reimer et al., 2018). 

 

In Chapter 4, I describe the development of a pipeline called CoMR (Comprehensive 

M itochondrial Reconstructor) that utilizes multiple forms of evidence to reconstruct the 

mitochondrial/MRO content of an organism from protein sequence data. This work was 

partially motivated by, and conducted in parallel with, the need to accurately and 

rigorously predict the MRO proteomes of the BaSk taxa described in Chapter 2. CoMR 

assesses the results of four different MTS prediction software as well as homology 

searching against several different databases including mitochondrial proteome and 

corresponding subtractive databases inspired by CBOrg (Gaston et al., 2009). It also 

utilizes an HMM profile and corresponding alignment set to place candidate sequences 

within a phylogeny of related proteins, and parses these trees to assess this placement, to 

infer homology to mitochondrial proteins. Once completed, the CoMR pipeline provides 

the output of all these search strategies, as well as a score for each protein query so that 

users can more easily assess which queries are likely to be mitochondrial or MRO 

localized. By validating this pipeline on both model and metamonad proteomes, I show 

that CoMR is well suited for predicting mitochondrial localization in diverse eukaryotic 

lineages. 

 

In Chapter 5, I discuss the overall conclusions of this work and consider future research 

directions. The work described in this thesis contains the first analyses for the BaSk 

clade, though hopefully it will not be the last. By complimenting this work with 

molecular assay-based studies, I believe we can achieve a more robust understanding of 

not only the BaSk taxa, but the evolutionary processes shaping metamonad genomes and 
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cells. I also discuss ways in which to improve upon the CoMR pipelines performance. 
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CHAPTER 2  

  

Exploring the  evolution of  reduced mitochondria  in  a novel 

group of free - living metamonads.  

 

2 .1  Introduction  

   
To better understand eukaryotic evolution, we must investigate diverse forms of 

eukaryotic life. Unicellular eukaryotes (protists) are vastly understudied compared to 

their multicellular counterparts and represent a critical gap in our understanding of early 

eukaryotic evolution. Such knowledge is necessary to make inferences about the last 

eukaryotic common ancestor (LECA) and to determine how the cellular complexity of 

eukaryotes arose (Roger et al., 2017; Sibbald & Archibald, 2017). Amongst the most 

understudied microbial eukaryotes are those that exist in anaerobic or microaerophilic 

environments, which historically have been more difficult to sample, isolate, and 

maintain in culture compared to aerobic protists (Leger et al., 2017; Zítek et al., 2022). 

 

Many protist lineages have independently adapted to such low-oxygen environments. 

One of their most conspicuous adaptations are highly modified mitochondria referred to 

as ñmitochondrion-related organellesò (MROs) that can function without oxygen (Roger 

et al., 2017). MROs have been best studied in the Metamonada, the largest anaerobic 

protistan group in the eukaryotic tree of life, which encompasses a wide array of 

organisms with differing lifestyles including parasites, commensals, and free-living 

marine or freshwater flagellates or amoebae (Leger et al., 2017; Stairs et al., 2015, 2021; 

Zítek et al., 2022). All metamonad MROs studied to date are functionally reduced 

compared to aerobic mitochondria with their properties varying markedly across the 

group (Leger et al., 2017). 

 

The human pathogens Trichomonas vaginalis and Giardia intestinalis are amongst the 

best studied metamonads due to their biomedical importance as human parasites. As a 

consequence of this, these organismsô MROs are also the best studied such organelles. 

These organelles differ considerably in function; the Trichomonas vaginalis 
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hydrogenosome produces ATP by way of substrate level phosphorylation and produces 

hydrogen gas as a by product, while the mitosome of Giardia intestinalis appears to 

mostly function to support Fe/S cluster biogenesis for Fe/S proteins (Schneider et al., 

2011; Stairs et al., 2015; Tovar et al., 2003). Though these two examples of MROs have 

helped shaped our understanding of mitochondrial evolution, new forms of metamonad 

MROs are now being uncovered through genomic, transcriptomic, and proteomic means 

(Leger et al., 2017; Yazaki et al., 2020; Zítek et al., 2022). One such metamonad, 

Monocercomonoides exilis, is the first eukaryote characterized to be completely missing 

its MRO (Karnkowska et al., 2016). Other less drastic examples of reduction include 

MROs that retain the ability to produce hydrogen gas but are not likely to produce ATP 

(Leger et al., 2017; Yazaki et al., 2020), and mitosomes that produce methionine cycle 

substrates (Zítek et al., 2022). MROs are not unique to metamonads; a variety of other 

protistan lineages have also reduced their mitochondria in parallel, including the 

flagellated breviate Pygsuia biforma (Stairs et al., 2014), the gut-dwelling stramenopile 

Blastocystis hominis (Nasirudeen & Tan, 2004), the free-living amoebozoan 

Mastigamoeba balamuthi (Nývltová et al., 2015), and the anaerobic jakobid Stygiella 

incarcerata (Leger et al., 2016). 

 

These examples show that mitochondrial reduction has occurred independently multiple 

times over the eukaryotic tree of Life. These transitions usually involve the loss of the 

mitochondrial genome and the loss of enzymes involved in respiration, along with the 

gain of functions through LGT. Notable LGTs highlighted in previous metamonad studies 

include enzymes involved in anaerobic metabolism, such as pyruvate:ferredoxin 

oxidoreductase (PFO) and ADP-forming acetyl-CoA synthetase (ACS) (Leger et al., 

2017). A laterally acquired oxygen defense system has also been identified in 

metamonads, with multiple independent acquisitions of some enzymes involved in this 

pathway (Jiménez-González et al., 2019). In addition, in several anaerobic protist 

lineages, the canonical mitochondrial Fe/S cluster synthesis system, the ISC system, has 

been replaced by other pathways of prokaryotic origins (Stairs et al., 2014; Vacek et al., 

2018). In the case of Monocercomonoides exilis,  complete replacement of the ISC 

system with a cytosolic SUF pathway appears have been a major factor leading to the loss 



19 

 

of MROs in this lineage (Karnkowska et al., 2016). 

 

To further investigate the patterns and process of genome and MRO evolution in 

metamonads, we sequenced the genomes of five recently-isolated free-living 

bacterivorous flagellates. Three of these organisms, the óskoliomonadsô Skoliomonas 

litria, Skoliomonas sp. GEM-RC and Skoliomonas sp. TZLM3-RCL (RCL) were isolated 

from sediments of alkaline hypersaline soda lakes (for detailed descriptions see Eglit et 

al., 2024) (Figure 2.1A-C). The other two are shallow marine-sediment dwelling 

'barthelonids' (Yazaki et al. 2020): Barthelona sp. strain PCE (Figure 

2.1D) and Barthelona sp. PAP020 (Yazaki et al., 2019). Unlike most previous studies of 

this kind that rely on incomplete transcriptomic data, we generated high quality 

contiguous genome assemblies, transcriptomes, and predicted proteomes from four of 

these five organisms. Our phylogenomic analyses demonstrate that these five 

metamonads form a highly supported clade, referred to as óBaSkô (short for 

óBarthelonids+Skoliomonadsô), that emerges as a sister group to Fornicata sensu stricto 

(diplomonads, retortamonads and Carpediemonas-like organisms (CLOs)). Genome size 

and coding capacity varies considerably across these organisms, with one possessing the 

smallest genome of a free-living eukaryote currently known. Their anaerobic 

metabolisms and MRO functional capacities also vary considerably. Unexpectedly, we 

found yet another instance of the horizontal acquisition of the SufCB gene (the SMS 

system) in their common ancestor. While the barthelonids retain both the SufCB gene and 

core parts of a mitochondrial-type ISC system, all traces of the ISC system have been lost 

in the skoliomonads. For Skoliomonas litria, no MRO proteins could be confidently 

identified suggesting it may lack the organelle altogether. 

 

2.2 Methods  

2.2.1   Cell cultivation & microscopy  
 

Established cultures of isolates Skoliomonas litria, Skoliomonas sp. RCL and 

Skoliomonas sp. GEMRC (Eglit, Williams, et al., 2024) were maintained in variants of 

CR media (Gigeroff et al., 2023); Skoliomonas litria in 50 mL of 40 ppt CR with 3% LB, 

Skoliomonas sp. GEMRC in 50 mL of 40 ppt CR with 1% LB and 3 sterile wheat grains, 
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Skoliomonas sp. RCL in 50 mL of 25 ppt CR with 1% LB and 3 sterile wheat grains. All 

were inoculated into fresh media every 7-10 days based on culture density, with a second 

inoculation after 24 hours. Cultures of isolate óBarthelona sp.ô PCE (Yazaki et al. 2019) 

were maintained in sterile filtered seawater (Bedford Basin, Nova Scotia) supplemented 

with 3% LB, and kept at 16 . Cell growth was monitored weekly, and subculturing was 

done every 3-4 weeks depending on cell density by transferring around 20% of the old 

culture into the new culture. 

 

Cells were imaged with differential interference contrast optics on a Zeiss Axiovert 200M 

microscope fitted with a AxioCam M5 camera (Carl Zeiss AG). 

 

2.2.2   Nucleic acid extraction & sequencing  
 

For Skoliomonas litria, Skoliomonas sp. GEMRC, Skoliomonas sp. RCL, and Barthelona 

sp. PCE - cell material for DNA and RNA extraction was harvested from 1-2 L of dense 

cell culture. The cells were collected by centrifugation in 50 mL tubes for 8 min at 

2000×g and at 4 . The pellets were then combined into two 15 mL tubes that were spun 

again as before. The recovered pellets were resuspended in sterile filtered (0.2 µm) spent 

culture media and layered over Histopaque, and then subjected to centrifugation at 

2000×g for 20 min at room temperature. The protist-containing layer between the 

Histopaque and the top media was collected, and the procedure was repeated for a total of 

two rounds of Histopaque separation. Finally, the cells were diluted by 5 mL (10 

volumes) of sterile spent media and pelleted for 8 min, at 2000×g, 4 . The cells were 

then resuspended in 2 mL of fresh media. 

 

Genomic DNA was purified using a variety of techniques including traditional phenol-

chloroform extraction, CTAB extraction, the QIAGEN Genomic-tip kit, and the 

QIAGEN MagAttract HMW DNA kit. RNA was extracted using Trizol according to 

Invitrogen specifications. RNA and DNA were sent to Genome Quebec for library 

construction and NovaSeq 6000 Illumina sequencing. In the case of the RNA, poly-A 

selection was performed to enrich for eukaryotic reads. High molecular weight DNA 

from each species was used to construct a 1D ligation Nanopore library (LSK108 for 
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Barthelona sp. PCE, LSK109 - EXP-NBD104 for Skoliomonas litria and Skoliomonas sp. 

GEMRC, and LSK308 for Skoliomonas sp. RCL) and was sequenced using a MinION 

flowcell (FLO-MIN106 (R9.4) for Skoliomonas litria and Skoliomonas sp. GEMRC, and 

FLO-MIN107 (R9.5) for Skoliomonas sp. RCL and Barthelona sp. PCE). 

 

For Barthelona sp. PAP020, cells were cultured as described in Yazaki et al. (2019). 

Cells were harvested by pelleting at 1500 rpm for 5 minutes at 4  and were washed with 

PBS prior to phenol chloroform DNA extraction. The purified DNA was sequenced on an 

Illumina Hiseq 2500 PE using the Trueseq library prep. 

 

2.2.3   Genome/transcriptome assembly, expression analysis & 

gene annotation  
 

For Skoliomonas litria, Skoliomonas sp. GEMRC, Skoliomonas sp. RCL, and Barthelona 

sp. PCE, Illumina NovaSeq reads were trimmed using Trimmomatic v0.36 (Bolger et al., 

2014). RNASeq reads were assembled using Trinity v2.6.6 (Haas et al., 2013) and 

checked for multiplexing contamination using WinstonCleaner 

(https://github.com/kolecko007/WinstonCleaner). Bacterial contamination was removed 

from the Trinity assemblies using Anviôo v5 (Eren et al., 2021). 

 

Raw MinION sequencing data was basecalled using Albacore v2.1.3 (Albacore has since 

been replaced by Guppy ï see Wick et al., 2019). These data were assembled using Flye 

v2.3 (Kolmogorov et al., 2019), Raven v0 (Vaser & Ġikiĺ, 2021) Canu v1.7 (Koren et al., 

2017) and ABruijn v2.2b (Lin et al., 2016). The resulting assemblies were evaluated for 

completeness and contiguity by comparing assembly size, contig number, N50 and L50 

values, and ALE scores (Clark et al., 2013). The ABruijn assembly was chosen moving 

forward for Skoliomonas litria, Skoliomonas sp. RCL and Barthelona sp. PCE. For 

Skoliomonas sp. GEMRC, the Canu assembly was used. Raw MinION output was used to 

improve the base-call accuracy of these assemblies using Nanopolish version 0.8.4 

(Loman et al., 2015) and Illumina reads were used to error-correct the assemblies using 

Unicycler version 0.4.3 (Wick et al., 2016). Bacterial contamination was assessed and 

removed from the resulting contigs using read coverage, GC content, and BLAST search 
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results (Altschul et al., 1990). The Eukfinder workflow was used to remove prokaryotic 

contaminants from the BaSk genome assemblies (Zhao et al., 2023). 

 

Gene prediction utilized a pipeline described in Salas-Leiva et al. (2021). Briefly, 

RepeatMasker (Flynn et al., 2020) was first used to mask the repetitive regions of the 

genome. RNA-seq reads were then mapped to the genome using HISAT2 (Kim et al., 

2019). GeneMark-ET (Lomsadze et al., 2014) then utilized this mapping information to 

generate gene coordinates and intron splice sites, creating a training set of genes. This 

training set was then used to train AUGUSTUS (Stanke et al., 2004), which generated the 

gene predictions. PASA (Haas et al., 2003) was then used to validate the coordinates of 

these gene models. The predicted protein set was checked for completeness using the 

obd9 BUSCO v3.0.1 database (Simao et al., 2015). 

  

To estimate genome completeness we used Merqury v.1.0 (Rhie et al., 2020) with a kmer 

size of 17 (estimated using Merqury). The Illumina reads used for the Merqury analysis 

were decontaminated using the Eukfinder workflow (Zhao et al., 2023) before genome 

completeness estimation. Additionally, RNA-seq mapping was used as a measure of 

genome completeness, and RNA-seq reads were decontaminated using the same method 

mentioned used for the DNA Illumina reads. 

 

To construct the Barthelona sp. PAP020 genome, Illumina reads were assembled using 

Spades (Prjibelski et al., 2020) with default parameters. Bacterial reads were identified by 

metaBAT (Kang et al., 2015) and CheckM (Parks et al., 2015). Once the identified 

bacterial reads were removed, the remain Illumina reads were then used to assemble a 

new genome. This process was repeated until no bacterial contamination was detected. 

The final contigs were verified by checking kmer content and were also checked against 

the Barthelona sp. PAP020 transcriptome (Yazaki et al., 2020). 

 

2.2.4   Gene expression  analysis  
 

Expression of predicted protein-coding genes was quantified by mapping RNASeq reads 

to their respective long-read genome using HISAT2 (Kim et al., 2019). Using this 
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mapping information and gene model coordinates, the expression level was normalized 

using Cufflinks (Cuffquant and Cuffnorm under default settings)(Trapnell et al., 2010) to 

compute a FPKM value for each gene. 

 

2.2.5   Phylogenomic analysis  
 

The phylogenomic dataset was constructed based on a previously published set of 351 

highly conserved protein orthologs (Brown et al., 2018), with 177 orthologs excluded 

mainly due to insufficient coverage across pertinent species in the analysis (50% site 

occupancy cutoff), or excluded due to deep paralogies. Each of the 174 remaining 

ortholog alignments were used to construct single-protein phylogenies, and were used to 

screen out non-orthologous data. The final 174 alignments were realigned using mafft 

v7.310 einsi, trimmed using BMGE v1.0 (default settings) (Criscuolo & Gribaldo, 2010), 

and were concatenated together and used to infer a maximum-likelihood tree under the 

LG+C60+F+gamma model of evolution with IQTree v1.5.5 (Nguyen et al., 2015). A 

PMSF model based on this tree and mixture model (Wang et al., 2018) was estimated and 

used to calculate branch supports using non-parametric bootstrapping, approximate Bayes 

(aBayes; Anisimova et al., 2011) and approximate likelihood-ratio support (aLRT; 

Guindon et al., 2010). 

 

2.2.6   Inventory of anaerobic metabolism proteins  
 

Proteins of interest were searched for in the predicted proteome, transcriptome, and 

genome of each species using both BLAST and HMM profile searching using Hmmer 

v3.1b2 (hmmer.org). For each search, queries included both orthologous sequences from 

closely related metamonads (Leger et al., 2017; Stairs et al., 2021) and, once identified by 

these methods, the orthologs from other BaSks. The protein sets of the BaSk taxa were 

also inputted into the CoMR pipeline using default settings and the ñequalò scoring 

scheme. Proteins relating to mitochondrial protein translocation were searched for using 

both general HMM profiles (Leger et al., 2017) and profiles tailored for searching in 

metamonads. The latter profiles were created by retrieving the profiles from Pfam for 

each protein of interest and then retrieving the best hits using the Pfam profile against the 
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several publicly available metamonad sequencing data databases with hmmsearch. Using 

an evalue cutoff of <0.01, metamonad sequences were added to the corresponding Pfam 

seed alignment using the mafft ïadd function. If there were more than two detected 

sequences from metamonads, an alignment was made with these sequences and was then 

used to build a profile to search for more hits. Each candidate protein identified was used 

to reciprocally search the BLAST database to confirm protein identity. In ambiguous 

cases, the Pfam and InterPro databases were searched to analyze protein domain 

structure. 

 

Phylogenies for key proteins identified were constructed to aid in identification in cases 

with deep paralogy (Hsp70 and Cpn60). Phylogenies were also made to identify the 

origin of enzymes that act in anaerobic metabolism. Alignments from Leger et al. 2017 or 

Tsaousis et al., 2014 were utilized as a starting point, and we added the corresponding 

BaSk sequences. Where relevant, the protein sequences of the top 10 BLAST hits from 

each BaSk homolog were also added to the appropriate alignments. In cases where no 

starting alignments were available, a preliminary alignment was created by retrieving the 

top 1000 blast hits and reducing the sequences to 100-120 sequences using CD-HIT v.4.6 

with recommended word sizes. These sequences were aligned using mafft einsi with 

default settings and were trimmed using trimal v1.4.rev15 (Capella-Gutiérrez et al., 2009) 

with the -gappyout setting. These phylogenies were inferred using the 

LG+C20+F+gamma model of evolution with IQTree. 

 

2.2. 7   Protein structure prediction and alignment  
 

The structure of candidate Sam50/BamA-like proteins in Skoliomonas litria and 

Skoliomonas sp. GEMRC were predicted using the ColabFold v1.5.2 server (Mirdita et 

al., 2022). The ɓ-barrel portion of the Skoliomonas litria Sam50/BamA-like protein was 

aligned to the yeast Sam50 protein structure (Takeda et al., 2021) using the PyMOL 

ñcealignò function. 

 

2.2. 8   SMSCB (SUFCB) phylogeny  
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The SmsCB fusion protein identified in each BaSk member was added to previously 

constructed alignments (Leger et al., 2016) of SmsC and SmsBD. This dataset was 

aligned using mafft einsi with default settings and was trimmed by hand. The dataset was 

then concatenated together, and the phylogeny was inferred using the same methods as 

the single protein phylogenies mentioned above. 

 

2.2. 9   Data availability  
 

Genomes and gene annotations (where applicable) can be found under BioProject ID 

PRJNA949547 and are also available to download from Dryad 

(doi:10.5061/dryad.73n5tb331). 

 

2 .3  Results & Discussion   

2.3.1   Near - complete draft genomes of four novel metamonads .  
 

Near-complete genome assemblies of Barthelona sp. PCE, Skoliomonas litria, 

Skoliomonas sp. RCL and Skoliomonas sp. GEMRC were generated using a combination 

of Oxford Nanopore long-read sequencing for assembly and Illumina short-read 

sequencing for error-correction post-assembly. These assemblies were thoroughly 

decontaminated using the Eukfinder workflow (Zhao et al., 2023). 

 

To assess the quality of these assemblies we used Merqury, a k-mer counting tool that 

using genomic Illumina reads, assesses the completeness of the four de novo long-read 

assemblies (Rhie et al., 2020). Based on the Merqury analyses, all four assemblies 

exceeded 98% completion. Genome completeness was further supported by the fact that, 

for each of the four organisms, >99% of their respective eukaryotic-classified RNAseq 

reads mapped to the corresponding genome assembly. The long and short-read data 

afforded assemblies that were high coverage and comprised of relatively few large 

contigs (see Table 2.1). A draft genome assembly of Barthelona sp. PAP020 was also 

generated using only Illumina reads (Table 2.1). This relatively fragmented assembly was 

included with other metamonads considered in this study to supplement our analyses 

concerning MRO reconstruction, metabolic pathway inventory, and phylogenomic 

inference, discussed below. 
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Gene predictions for these assemblies were generated by an in-house pipeline. To 

compare the qualities of the various gene predictions, BUSCO analyses were conducted 

based on the whole genomes themselves, the gene predictions and the transcriptome 

assemblies (Table 2.2). To assess potential improvement of the predicted protein set after 

curation, the gene predictions for Skoliomonas litria were further manually curated (Table 

2.2).  The percent of BUSCO genes identified amongst the gene predictions (i.e. 

predicted protein set) ranged from 63.7% (complete+fragmented) for Barthelona sp. PCE 

to 77.9% (complete+fragmented) for Skoliomonas sp. RCL. In general, the BUSCO 

scores of the predicted protein sets are very similar to those from the transcriptomes but 

the BUSCO genes of the former were less fragmented. The manual curation of 

Skoliomonas litria gene predictions increased the reported BUSCO number by only one, 

indicating that the unsupervised gene prediction pipeline is performing well. Note that 

these relatively low BUSCO scores are comparable to other well-characterized 

metamonads which tend to have highly divergent or missing orthologs relative to most 

other eukaryotes (Salas-Leiva et al., 2021; Stairs et al., 2021).  

 

The sizes of the draft genomes and the number of proteins predicted differ markedly 

between taxa (Table 2.1). Notably, at 10.2 Mbp, Barthelona sp. PCE appears to possess 

the smallest genome for a free-living eukaryote currently known. It is smaller than the 

compact genomes of the diplomonad parasite Giardia intestinalis (11.7 Mbp, see Xu et 

al., 2020), the acidophilic alga Galdieria sulphuraria (13.7 Mbp, see Schönknecht et al., 

2013), Saccharomyces cerevisiae (12.07 Mbp, see Goffeau et al., 1996), and the genome 

of the smallest known free-living eukaryote, that of the marine alga Ostreococcus tauri 

(12.56 Mbp, see Derelle et al., 2006). Genome reduction is well known to occur in 

parasitic and endosymbiotic microbes (Manzano-Marín & Latorre, 2016; Xu et al., 2020), 

as well as in free-living organisms, where it is thought that compact genomes are an 

efficiency adaptation to nutrient-poor environments (Giovannoni et al., 2014). However, 

for heterotrophic phagotrophic protists, like Barthelona sp. PCE, nutrients are obtained 

predominantly from their bacterial prey, so it is unclear whether these generalizations 

hold and what other forces may drive genome reduction. 
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Table 2.1. Summary statistics for the genomes, transcriptomes, and predicted proteomes 

of the BaSk clade. 

 Skoliomonas 

litria  

Skoliomonas 

sp. GEMRC 

Skoliomonas 

sp. RCL 

Barthelona 

sp. PCE 

Barthelona 

sp. PAP020 

*Genome 

Coverage 

(Nanopore) 

41x 119x 34x 66x Illumina only 

*Genome 

Coverage 

(Illumina) 

206x 116x 93x 308x 29x 

# of Illumina 

Reads Generated 
53.7 M 26.8 M 85.9 M 75.4 M 70.0 M 

% RNAseq reads 

mapping 
99.4 99.9 99.6 99.3 - 

Merqury 

Completeness 

(%) 

98.7 98.6 98.4 98.4 - 

Genome Size 31.9 Mbp 33.5 Mbp 21.1 Mbp 10.2 Mbp 13.2 Mbp 

Contigs (#) 16 21 18 8 1,035 

N50 3,724,615 2,551,763 2,069,101 1,587,787 24,218 

L50 4 6 4 3 156 

%GC 35.8 36.9 36.0 40.3 30.5 

%Repetitive 55.4 48.0 28.1 4.46 - 

Predicted 

Proteins (#) 
15,224 14,268 9,198 5,064 6,305 

*Median contig coverage 
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Table 2.2. BUSCO scores for members of the BaSk clade.  

Complete 

Single Copy 

Complete 

Duplicated 

Total 

Complete 

Fragmented Missing 

S. litria - Genome 178 4 182 (60.1%) 15 (4.9%) 106 (35.0%) 

S. litria - Prediction 215 9 224 (73.9%) 7 (2.3%) 72 (23.8%) 

S. litria - 

Transcriptome 
190 24 214 (70.6%) 16 (5.3%) 73 (24.1%) 

S. litria ï Curated 

Predictions 
208 17 225 (74.3%) 7 (2.3%) 71 (23.4%) 

      

S. sp. GEMRC - 

Genome 
168 9 177 (58.4%) 27 (8.9%) 99 (32.7%) 

S. sp. GEMRC - 

Prediction 
183 14 197 (65.0%) 29 (9.6%) 77 (25.4%) 

S. sp. GEMRC - 

Transcriptome 
139 77 216 (71.3%) 9 (3.0%) 78 (25.7%) 

      

S. sp. RCL - Genome 182 4 186 (61.4%) 16 (5.3%) 101 (33.3%) 

S. sp. RCL - 

Prediction 
212 10 222 (73.3%) 14 (4.6%) 67 (22.1%) 

S. sp. RCL - 

Transcriptome 
193 27 220 (72.6%) 14 (4.6%) 69 (22.8%) 

      

B. sp. PCE - Genome 142 3 145 (47.9%) 15 (4.9%) 143 (47.2%) 

B. sp. PCE ï 

Prediction 
161 7 168 (55.4%) 25 (8.3%) 110 (36.3%) 

B. sp. PCE - 

Transcriptome 
5 157 162 (53.5%) 31 (10.2%) 110 (36.3%) 
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Two of the genome assemblies have apparent telomeric repeats on the ends of some 

contigs. Barthelona sp. PCE possesses two contigs with what appear to be telomeres at 

one end of the contig with an unusual telomere repeat sequence of 5ô-TATATGGTCT-3ô. 

Although this telomeric sequence is quite different from the eukaryotic óconsensusô 

repeat, other protists across the eukaryote tree of life have also been reported to have 

highly divergent telomeric repeats (see Fulneļkov§ et al., 2013); the significance of these 

unusual telomeres is unknown. The Skoliomonas sp. GEMRC assembly has six telomere-

to-telomere assembled chromosomes and an additional nine contigs with telomeres at 

only one end of the contig.  The latter telomeres have the canonical 5ô-TTAGGG-3ô 

repeating sequences.  

 

2.3.2   The BaSk taxa are the sister group to known members of 
Fornicata .  
 

To determine the phylogenetic affinities of the BaSks within the metamonads, we added 

orthologs from the five draft assemblies to a previously constructed phylogenomic data 

set of orthologous proteins (Brown et al., 2018; S. Kang et al., 2017). After single-protein 

alignment manual curation to include proteins with sufficient site occupancy amongst 

metamonads, and to remove contaminants and paralogs, the final dataset of 174 highly 

conserved proteins was analyzed by maximum likelihood under the site-heterogeneous 

model LG+C60+F+ ũ (see Figure 2.1E). The resulting tree confirms the placement of 

Barthelona sp. PAP020 as previously reported (Yazaki et al., 2020) and placed 

barthelonid strain Barthelona sp. PCE as its immediate sister. The skoliomonads form a 

clade with the barthelonid group, with Skoliomonas litria and Skoliomonas sp. GEMRC 

branching together to the exclusion of Skoliomonas sp. RCL. The óBaSk cladeô 

(Barthelonids + Skoliomonads) are sister to fornicates with maximum support (i.e. both 

the fornicate group and the fornicate + BaSk clade are supported with 100% non-

parametric bootstrapping support, aBayes support, and approximate likelihood-ratio test 

support, all evaluated under the PMSF model). 
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Figure 2.1. óBaSkô is a clade of anaerobic protists that branches as sister to all 

known Fornicata within the Metamonada. Panels A-D) Differential interference 

contrast light micrographs of skoliomonad lineages Skoliomonas litria (A), Skoliomonas 

sp. GEMRC (B), and Skoliomonas sp. RCL (C) (see Eglit et al., 2024), as well as 

Barthelona sp. PCE (D) showing overall morphology. Scale bars indicate a length of 10 

µm. (E) A maximum likelihood (ML) phylogeny based on 174 concatenated aligned 

proteins encompassing 46,113 sites.  The depicted topology was estimated using IQ-

TREE under the LG+C60+F+ũ model and was used as a guide tree for estimating the 

LG+PMSF(C60)+F+ũ model. Support under the latter model was evaluated by SH-aLRT 

support percentage, aBayes support and nonparametric bootstrap percentage based on 100 

nonparametric bootstrap replicates. The scale bar indicates the expected number of amino 

acid substitutions per site under the PMSF model. When at least one support value was 

less than maximal, all three are shown on the branch in the order SH-aLRT support 

percentage/aBayes/nonparametric bootstrap percentage. A black dot on the branch 

indicates all three approaches yielded full (i.e. 100/1/100) support. The BaSk clade is 

highlighted in red. 

 

Members of Fornicata possess a particular cytoskeletal feature, a distinct fibrous arch, 

that defines the group (Simpson, 2003). As there are no ultrastructural data for the 
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flagellar apparatus cytoskeleton of any BaSk member to date, it is unclear whether they 

should be classified within the Fornicata or remain as a distinct sister group. Regardless, 

the BaSks ódeepô phylogenetic placement within the metamonads make them a key group 

for investigations into the origins and evolutionary trajectories of genes involved in 

parasitism and MRO reduction within the Metamonada supergroup. 

 

2.3.3   The BaSks  all possess highly reduced MROs and share 

the same core anaerobic metabolism .  
 

We searched the genomes, transcriptomes, and predicted protein sets of all four BaSks 

using a variety of bioinformatic approaches (see Methods) to recover proteins related to 

MRO function and anaerobic metabolism. We also utilized a draft short-read Illumina 

genome assembly of Barthelona sp. PAP020 in these searches to supplement our 

comparisons. We utilized the CoMR pipeline (see Chapter 4) to search for mitochondrial 

and MRO proteins in the BaSk taxa. Briefly, this pipeline utilizes several mitochondrial 

targeting sequence prediction programs to estimate the probability of mitochondrial 

localization of each predicted protein in each of the five genomes. It also used the 

predicted proteins from the BaSk genomes as queries in a BLAST search of a database 

comprised of mitochondrial proteomes from six diverse eukaryote lineages. We used the 

predicted proteins as queries against the nr database using BLAST and looked for outputs 

relating to mitochondrial localizing proteins. Next, we utilized datasets of known 

metamonad MRO proteins to query the predicted protein sets from the BaSk genomes, as 

well as directly investigate the genomes and transcriptomes. This was done through both 

BLAST search and HMM profile searching. In cases where search results were 

ambiguous, we utilized appropriate Pfam profiles to search for protein domain 

information. Finally, we assessed candidate proteins by constructing phylogenetic trees of 

corresponding MRO proteins with additional cytosolic homologs, to further verify the 

probable localization of BaSk proteins. A summary of the results of all of these searches 

can be found as Figure 2.2. Below we discuss the systems we investigated in detail by 

first highlighting the pathways that, when present, function exclusively in MROs and are 

therefore strong indicators of the presence of the organelle. 
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We first investigated whether the BaSk genomes encoded homologs of the glycine 

cleavage system (GCS), an exclusively mitochondrial pathway which converts glycine to 

ammonia and carbon dioxide while also reducing NAD+ to NADH and generating 5,10-

methylene-tetrahydrofolate (5,10-CH2-THF) (Kikuchi, 1973). This pathway is commonly 

retained in MROs of free-living anaerobic protists including metamonads (Leger et al., 

2017), but is sometimes missing in parasitic lineages (reviewed in Roger et al., 2017). 

Except for Skoliomonas litria, all BaSks encode the complete GCS (i.e. the T-, P-, L- and 

H-proteins). Additionally, all BaSks possessing the GCS also have a single serine 

hydroxymethyltransferase (SHMT) gene. This enzyme produces serine using both glycine 

and the 5,10-CH2-THF produced by the GCS. GCS and SHMT are found in the MROs of 

a variety of diverse free-living metamonads including Paratrimastix pyriformis (Zítek et 

al., 2022; Zub§ļov§ et al., 2013) and all of the non-diplomonad fornicates (i.e. CLOs and 

Chilomastix cuspidata; see Leger et al., 2017). Complete absence of the GCS in 

metamonads is seen in the parasitic diplomonads Giardia intestinalis and Spironucleus 

salmonicida (Jerlström-Hultqvist et al., 2013; Leger et al., 2017). Other parasitic 

metamonads such as Trichomonas vaginalis retain some of the GCS subunits (Mukherjee 

et al., 2006), but have repurposed them to function in a peroxide detoxification pathway 

(Nývltová et al., 2016). It was particularly unexpected, therefore, that we found neither 

genes encoding GCS or SHMT in Skoliomonas litria, making it the only known free-

living metamonad completely lacking this pathway and the only BaSk member to have no 

detectable MRO amino acid metabolism. The MROs within the BaSks are therefore key 

to understanding the reduction of amino acid metabolism that is usually only seen in 

parasitic metamonads. As previously reported (Yazaki et al., 2020), Barthelona sp. 

PAP020 contains a OsmC homolog, but we were unable to detect this enzyme in any of 

the other BaSk data, including the Barthelona sp. PAP020 genome. Because this enzyme 

lacks a mitochondrial targeting sequence (MTS), it is unclear where this protein localizes 

in Barthelona sp. PAP020, and if it participates in peroxide detoxification in the 

Barthelona sp. PAP020 MRO, as it does in the MRO of Trichomonas (Nývltová et al., 

2016). 

 

Next, we investigated the highly conserved mitochondrial Fe/S cluster (ISC) pathway that 
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is also exclusively found within mitochondria or MROs. Unexpectedly, amongst all the 

BaSks, only the barthelonid PCE and PAP020 assemblies encoded any detectable ISC 

system components. These two genomes encode cysteine desulfurase NFS1 (also known 

as ISCS), the scaffold protein ISCU and a ferredoxin. Notably, they also encode Fe/S 

cluster containing NuoE and NuoF subunits of complex I, which, like core ISC 

components, are homologues of which are only known to function in mitochondria and 

the MROs of other organisms. Surprisingly, with the exceptions of mitochondrial Hsp70 

(discussed further below) and ferredoxin, no other genes encoding ISC pathway 

components were detected in the barthelonids or any other of the BaSks (see 

Supplementary Table 2.1 for ISC proteins queried). The absence of some of these 

proteins, like Isd11 and ferredoxin reductase (Arh1), is not unexpected as they have not 

been detected in most metamonads (Motyļkov§ et al., 2023). The absence of other early 

ISC pathway proteins implicated in [2Fe-2S] cluster synthesis (e.g. frataxin, Jac1 (HscB) 

and Mge1 (GrpE)) is more puzzling as these components are usually detected in 

metamonads (Motyļkov§ et al., 2023). Similarly, some late ISC pathway components 

implicated in [4Fe-4S] cluster synthesis (Lill & Freibert, 2020) are found in other 

metamonads (e.g Grx5, Isa2, NFU1 and BolA; Motyļkov§ et al., 2023), but were not 

detected in any BaSks (Supplementary Table 2.1). This is strange given that the 

barthelonids possess mitochondrial NuoF subunits that typically house an [4Fe-4S] 

cluster (Ohnishi, 1998). This means that if these NuoF subunits are indeed found within 

the MROs of the barthelonids, as they are with other eukaryotes, their [4Fe-4S] clusters 

are being produced by an unknown mechanism. 

 

Despite the lack of ISC system proteins in most BaSks, all BaSk members appear to 

encode a similar partial cytosolic CIA system that includes apoprotein targeting 

components CIA1, CIA2, and NAR1, the NBP35 scaffold protein, and TAH18, which 

aids in maturation of Fe/S cluster proteins. This reduced CIA pathway is similar to the 

CIA pathway found within Giardia intestinalis (Pyrih et al., 2016). 
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Figure 2.2. Presence, absence and predicted localization of key MRO and energy 

metabolism enzymes in óBaSksô and other metamonads. A schematic phylogeny of the 

Metamonada is shown on the left based on Fig. 1, with the BaSk clade highlighted in red. 

The pathways depicted include anaerobic extended glycolysis/energy metabolism 

enzymes, conserved MRO proteins, MRO protein targeting machinery components, and 

the SmsCB fusion protein.  Coloured versus grey circles indicate presence/absence of the 

protein from predicted proteomes and/or transcriptome data and the colours indicate 

probable localization. Circles split in half indicate that more than one paralog was present 

with different predicted localizations. Protein abbreviations: PFO - Pyruvate:ferredoxin 

oxidoreductase; NuoE/F - Respiratory-chain NADH dehydrogenase 24/51 kDa subunit; HydA ï 

Iron-only hydrogenase; ASCT1B ï Acetate:succinyl-CoA transferase B; ASCT1C - 

Acetate:succinyl-CoA transferase C; SCS - Succinyl-CoA synthase; ACS - Acetyl-CoA synthase; 

Fdx ï Ferredoxin; L ï Glycine cleavage system subunit L; H - Glycine cleavage system subunit 

H; P - Glycine cleavage system subunit P; T - Glycine cleavage system subunit T; SHMT - Serine 

hydroxymethyltransferaseTom40 - Translocase of outer mitochondrial membrane 40; Tom22 - 

Translocase of outer mitochondrial membrane 22; Sam50 ï Sorting and assembly machinery 50; 

Tim17/22/23 - Translocase of the inner membrane 17/22/23; Tim44 - Translocase of the inner 

membrane 44; Pam16 - Presequence translocase-associated motor 16; Pam18 - Presequence 

translocase-associated motor 18; IscS - Iron-sulfur cluster assembly enzyme cysteine desulfurase; 

IscU - Iron-sulfur cluster assembly enzyme scaffold; SufCB - Sulfur formation CB fusion protein. 
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2.3.4   BaSks  possess simple archaeal - type SUF - like minimal 

system (SMS) fusion proteins.  

 
We investigated the possibility that the lack of ISC system components in BaSk members 

may be complemented by the presence of an alternative Fe/S cluster system such as the 

minimal Fe/S (MIS) or sulfur mobilization (SUF) systems found in a number of other 

anaerobic protists (Anwar et al., 2014; Garcia et al., 2022; Stairs et al., 2014; Vacek et al., 

2018; Ģ§rskĨ et al., 2021). In all of the BaSk genomes, we were able to identify a simple 

archaeal-type SUF-like minimal system (SMS) consisting of a gene encoding an SmsCB 

fusion protein that was most similar to the simple archaeal-type SmsCB systems found in 

the breviate Pygsuia biforma (Stairs et al., 2014), the anaerobic jakobid Stygiella 

incarcerata (Leger et al., 2016) and gut commensal stramenopile Blastocystis (Tsaousis 

et al., 2012; Yubuki et al., 2020). To investigate the origin of this protein, we performed 

phylogenetic analysis separately for the SmsC and SmsB domains (Supplementary 

Figures 2.1 & 2.2) before concatenating the domains together for the final tree (Figure 

2.3). The BaSk SmsCB proteins form a strongly supported clade that is sister group to all 

archaeal-type SmsCB fusion proteins from anaerobic protists. 

 

Consistent with previous reports, the anaerobic protistan clade of SmsCB fusion proteins 

is sister group to the orthologs from members of the Methanomicrobiales order of 

Archaea (Tsaousis et al., 2012). This phylogenetic pattern is most easily explained if 

there were an original transfer and fusion of SmsCB to an anaerobic protist from a 

methanomicrobiales donor, followed by a series of eukaryote-to-eukaryote LGT events 

amongst disparate lineages of anaerobic eukaryote lineages. The deeply branching 

position of the BaSk clade amongst the anaerobic protists suggests it is possible that an 

ancestral BaSk was the first recipient of these genes and an early offshoot from the BaSk 

lineage passed the fusion gene to other anaerobic protists, although it is impossible to rule 

out alternative scenarios. Regardless, this SMS system is phylogenetically distinct, and 

has a separate origin from, the more complex SUF system found within the metamonad 

preaxostylans (i.e. oxymonads and Paratrimastix pyriformis) (Vacek et al., 2018) and 

therefore represents an interesting case of convergence by LGT within the Metamonada. 

The resulting reduction and loss of the ISC system following acquisition of a SMS system 
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is also similar between these two lineages and the breviate Pygsuia biforma. The gain of 

an alternate Fe/S cluster synthesis system in these cases likely ópreadaptsô the ancestral 

organism to the loss of the ISC system in some of the lineages (e.g. an ancestor of 

Skoliomonas sp. GEMRC, Skoliomonas sp. RCL and Skoliomonas litria). Unlike Pygsuia 

biforma and the preaxostylans, Barthelona sp. PCE and Barthelona sp. PAP020 retain a 

few core components of the early ISC system in addition to possessing the novel SMS 

system, suggesting that their MRO ISC system is at least partially functional. This 

retention of the ISC proteins may be related to the possession of Fe/S cluster-containing 

proteins such as the NuoE and NuoF complex I proteins that are predicted to function in 

the MRO. Although we cannot definitively determine the subcellular localization of the 

SmsCB in BaSks bioinformatically, it is likely that this system is cytosolic as in other 

anaerobic protists such as Blastocystis spp. (Tsaousis et al., 2012). If it is indeed 

cytosolic, it is unclear whether it would function in coordination with the cytosolic CIA 

Fe/S biogenesis system. One possibility is that the CIA system and the SmsCB system 

may function in parallel with each responsible for the assembly of Fe/S clusters for 

different specific subpopulations of apoproteins. Alternatively, the two systems may work 

together, similar to how the ISC system coordinates with the CIA pathway (Pyrih et al., 

2016). In the latter scenario, the SmsCB fusion protein would provide the CIA pathway 

with a sulfur-containing intermediate, which the CIA pathway would then use to 

assemble Fe/S clusters and insert them into recipient apoproteins. 
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Figure 2.3. A phylogeny of the SmsCB fusion protein in a variety of anaerobic 

eukaryotes (red) and their closest bacterial and archaeal homologs. The alignment 

contains the SmsCB fusion protein from the eukaryotes and concatenated SmsC and 

SmsB proteins from the prokaryotes.  This ML tree was estimated under the 

LG+C60+F+ũ model using IQ-TREE. Ultrafast bootstrap values are displayed on the 

branches, with dots indicating UFBOOT value over 95%. 

 

In any case, the skoliomonads completely lack any dedicated ISC components and do not 

possess proteins with identifiable cysteine desulfurase domains as assessed by HMM 
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profile searches and phylogenetic analysis (see Supplementary Figure 2.3). This is 

surprising because for most Fe/S cluster synthesis systems, cysteine is the source of sulfur 

and a cysteine desulfurase is the key enzyme involved in mobilizing it. We suspect that 

the SmsCB system of these organisms may directly utilize sulfide from the environment 

as the sulfur source for Fe/S clusters, as previously suggested for Pygsuia biforma (Stairs 

et al., 2014). Indeed, direct sulfide utilization has been demonstrated for methanogenic 

archaea that possess a simple cysteine-desulfurase-lacking SMS pathway and which also 

live in sulfidic conditions (Liu et al., 2010). The exact mechanism by which such 

organisms construct Fe/S clusters is unknown and more work needs to be done to 

understand their biogenesis in these organisms. 

 

2. 3.5   Presence or absence of other conserved mitochondrial 
proteins in the BaSk taxa .  
 

The next highly conserved mitochondrion/MRO proteins that we investigated were the 

mitochondrial orthologs of the molecular chaperones chaperonin-60 (Cpn60) and Hsp70. 

To distinguish cytosolic Chaperonin Containing TCP-1 (CCT) subunits from 

mitochondrial Cpn60 (GroEL) homologs and cytosolic and endoplasmic reticiulum (ER) 

paralogs of Hsp70 from their mitochondrial Hsp70 (i.e. dnaK orthologs), we used 

phylogenetic analyses. For Skoliomonas litria and Skoliomonas sp. RCL, all Cpn60 

candidates identified distinctly branched with CCT subunit clades (See Supplementary 

Figure 2.4); no bona fide mitochondrial Cpn60s could be identified from these species. 

Skoliomonas sp. GEMRC, Barthelona sp. PCE, and Barthelona sp. PAP020 appear to 

have both CCTs and mitochondrial Cpn60. Phylogenetic analysis of Hsp70 proved more 

difficult, due in part to a greater degree of similarity between paralogous copies of the 

chaperone. To supplement this analysis, signature insertion-deletions in the multiple 

alignments were identified that were used in conjunction with well-annotated Hsp70 

yeast homologs (Nelson et al., 1992) to group sequences into cytosolic/ER versus 

mitochondrial type Hsp70 groups (see Supplementary Figure 2.5). This information was 

then checked against the phylogeny for subcellular localization predictions of BaSk 

Hsp70 candidates. From this analysis, mitochondrial-type Hsp70s were identified in all 

BaSks except Skoliomonas litria. Within MROs, Cpn60 and Hsp70 aid in protein 
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translocation into the matrix and help newly translocated proteins adopt their native 

structure (Bahr et al., 2022). These chaperones are ubiquitously predicted to function in a 

variety of MROs, so it is notable that they are missing in some of the BaSks data. For 

Skoliomonas litria, we did not detect any genes encoding MRO chaperones, while 

Skoliomonas sp. RCL appears to contain Hsp70 but lacks Cpn60. This further highlights 

the highly reduced nature of the MROs found within these protists, especially within 

Skoliomonas litria. 

 

All mitochondria and MROs have membrane associated proteins, including the 

TIM/TOM complex proteins involved in protein translocation into the organelle. To 

search for these, we used HMM profiles as many of these sequences are highly divergent 

and not detectable by pairwise alignment-based search algorithms. The main channel 

forming protein in the TOM complex, Tom40, was only identifiable in Skoliomonas sp. 

RCL and Skoliomonas sp. GEMRC, while the receptor Tom70 was identified in 

Barthelona sp. PCE, Barthelona sp. PAP020, and Skoliomonas sp. RCL. TIM subunits 

were generally absent except for Tim17 that was identified in Barthelona sp. PCE only. 

Except for Skoliomonas litria, all BaSk members appeared to have the co-chaperone 

Pam18 subunit of the presequence translocase-associated motor (PAM) complex in 

addition to the core mtHsp70 subunit. Pam16 was only identified in Skoliomonas sp. 

GEMRC and Pam17 appeared to be absent. Candidate mitochondrial processing 

peptidases (MPPs) that remove the MTS were found in Skoliomonas litria, Skoliomonas 

sp. GEMRC, and Skoliomonas sp. RCL (Supplementary Figure 2.6). Our phylogenetic 

analysis shows that all óMPP candidatesô in the BaSks branch between the true 

mitochondrial MPPalpha/MPPalpha clade and a non-mitochondrial group of fungal M16 

metalloproteases. The BaSk homologs are more sequence-similar to the M16 

metalloproteases, making it unlikely that they are true MPPs. The divergent nature of 

metamonad MPPs is caused in part by the degeneration and evolution of mitochondrial 

targeting signals in these organism and has caused marked differences in the evolution of 

MPPs found in parasitic lineages (Ġm²d et al., 2008). Yet even a high degree of sequence 

divergence in metamonad MPPs cannot explain why the BaSk homologs end up being 

more similar to the fungal M16 metalloproteases. 
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A candidate mitochondrial carrier protein (MCP) was identified in Skoliomonas litria but 

its substrate specificity could not be determined by phylogenetic analysis (Supplementary 

Figure 2.7, Appendix A). Whether this protein functions in the MRO membrane is 

unclear as MCPs are also known to function in peroxisomes or other subcellular 

organelles (Mazurek et al., 2010). Finally, a candidate homolog of Sam50 was identified 

in Skoliomonas litria and Skoliomonas sp. GEMRC. However, in phylogenetic analysis 

these proteins did not emerge within the clade of mitochondrial Sam50 orthologs, but 

instead formed an independent group emerging half-way between mitochondrial Sam50 

and bacterial BamA clades (Supplementary Figure 2.8A, Appendix A). Orthologs of this 

Sam50/BamA-like protein were not detectable in any of the other BaSk genomes, even 

when this sequence was included in the HMM profile used for searching. To determine if 

this Sam50/BamA-like protein folded into a structure resembling the mitochondrial 

orthologs, we used AlphaFold 2.0 (Jumper et al., 2021) to predict its structure. The 

resulting structures (Supplementary Figure 2.8B, C, Appendix A) show that while these 

candidate Sam50 proteins possess what could be a intermembrane POTRA domain, the 

beta-barrels are smaller and adopt a different confirmation compared to Sam50 homologs 

of yeast (Supplementary Figure 2.9, Appendix A) and other well characterized examples 

(Takeda et al., 2021). 

 

Skoliomonas sp. GEMRC and Skoliomonas sp. RCL contain the most candidate MRO 

translocon proteins, which is similar to the repertoire found in Giardia intestinalis (Leger 

et al., 2017) with the notable exception of the absence of GrpE in all members of BaSk. 

Barthelona sp. PCE, Barthelona sp. PAP020 and Skoliomonas litria possess a remarkably 

reduced MRO translocon complex by comparison. This may be due to the highly 

divergent nature of membrane bound MRO proteins, which makes detecting such proteins 

challenging (Pyrihová et al., 2018). Alternatively, in the case of Skoliomonas litria which 

lacks all the highly conserved GCS, ISC, and protein import/refolding proteins of MROs, 

it is unclear if the Sam50/BamA-like protein, the MCP and MPP/M16 metalloprotease 

homologs are targeted to an organelle at all. It is possible that Skoliomonas litria, like the 

distantly related Monocercomonoides exilis, might completely lack a mitochondrial 
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compartment and these proteins have taken on roles elsewhere in the cell. Further work 

needs to be undertaken to determine the cellular localization of these proteins and, if it 

exists, the function Skoliomonas litriaôs MRO would carry out in the absence of all 

known conserved mitochondrial pathways and systems. 

 

MTS prediction is a known challenge in inferring MRO function in anaerobic protists, 

including metamonads (Jerlström-Hultqvist et al., 2013; Schneider et al., 2011; Tanifuji 

et al., 2018), due to highly divergent or missing MTSs in these organisms. It has been 

suggested that the lack of a long positively charged MTS in metamonads is due to the loss 

of the proton gradient in the organelles (Garg et al., 2015), though recent analysis of 

canonical MTSs found in the Anaeramoebae ï deep-branching metamonads ï suggest 

that this may not always be the case (Stairs et al., 2021). Previous work has shown that 

some MRO proteins rely on cryptic internal signals to target proteins to the organelle with 

high fidelity (Garg et al., 2015; Mentel et al., 2008). Furthermore, most available MTS 

prediction software tools were trained on experimentally validated datasets of targeted 

proteins that are lacking for most protists. For these reasons, making accurate MTS 

predictions in metamonads is exceedingly difficult. Here, we employed several different 

MTS prediction software tools to find and annotate these signals in BaSks (see 

Supplementary Table 2.1, Appendix A). We found several examples of false positives in 

Skoliomonas litria and Skoliomonas sp. GEMRC, as homologs of transposons and 

nuclear targeting proteins were predicted to possess an MTS by some targeting prediction 

software with high confidence. Because of this, we considered proteins with MTS 

predictions from two or more MTS prediction software to be ñstrongly supportedò 

targeting signals. Based on this criterion, Skoliomonas litria lacked any strongly 

supported targeting signals, while strongly supported targeting signals were rare in all 

other BaSk members. Barthelona sp. PCE contains three proteins which possess strongly 

supported MTSs: an [FeFe]-hydrogenase, the T-protein of the glycine cleavage system 

(GCST), and on the IscU scaffold protein. Barthelona sp. PAP020 also contained a 

strongly supported MTS on its ortholog of IscU, as well as a different component of the 

glycine cleavage system (GCSP2). Another MTS detected was found on pre-sequence 

translocated-associated motor protein PAM18 in Skoliomonas sp. GEMRC. Interestingly, 
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in Skoliomonas sp. RCL we find that a cytosolic CCT-gamma subunit contains a strongly 

predicted MTS, where in other BaSks, all cytosolic CCT subunits appear to be missing a 

MTS. However, when aligned to other BaSk CCT-gamma subunits, it does not appear to 

have an obvious N-terminal extension. As Skoliomonas sp. RCL has no mitochondrial 

Cpn60 homolog but does contain proteins which are homologous to MRO-localized 

proteins in other metamonads, it is possible (but unprecedented) that this CCT subunit has 

replaced the mitochondrial homolog in this species by acquiring an MTS. Skoliomonas 

sp. RCL does not have an additional copy of the gamma subunit of CCT. Follow-up 

localization experiments are needed to deduce the subcellular localization of this 

particular CCT subunit. 

 

2.3.6   The BaSks  share a core ATP generation pathway .  
 

All BaSk members share a similar hypothetical ATP production pathway that is 

reminiscent of the pathway found in Giardia intestinalis (Jedelský et al., 2011; Sanchez 

& Müller, 1996). In this pathway, pyruvate:ferredoxin oxidoreductase (PFO) catalyzes 

the oxidation of pyruvate in the presence of ferredoxin and CoA to produce acetyl-CoA, 

CO2 and reduced ferredoxin. Acetyl-CoA is then transformed to acetate by ACS and, in 

the process, converts ADP to ATP. Ferredoxin is reoxidized by [FeFe]-hydrogenase 

(HydA) that passes electrons to protons creating H2 gas. Notably, pyruvate-formate lyase 

(PFL) was also detected in all BaSk members, allowing an alternative pathway of acetyl-

CoA production from pyruvate (Stairs et al., 2011). Note that there are multiple copies of 

both HydA and PFO in each BaSk member, some of which possess additional domains 

encoding ferredoxin or flavodoxin-like proteins (see Supplementary Table 2.2, Appendix 

B). No components of typical ATP production pathways found in trichomonad 

hydrogenosomes, such as acetate:succinyl-CoA transferase or succinyl-CoA synthase 

(Lahti et al., 1992; Van Grinsven et al., 2008), were detected in any of the BaSks. Though 

[FeFe]-hydrogenase is present in each BaSk member, none of the [FeFe]-hydrogenase 

maturase proteins (HydG, E or F) were detected. This is notable because these maturases, 

when present, are always targeted to mitochondria or MROs (Stairs et al., 2021). This, 

combined with the lack of a detectable MTS in any of the proteins from the above 

pathway, leads us to assume that ATP and H2 gas are likely produced in the cytosol of the 
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skoliomonads. 

 

However, the pathways in the barthelonids appear to be slightly different in function and 

likely localization. Both Barthelona sp. PCE and Barthelona sp. PAP020 encode NuoE 

and NuoF NADH-dehydrogenase subunits of complex I that are known to function in the 

mitochondrial/MRO matrix in eukaryotes. It is widely thought that in the anaerobic 

protists that possess them, NuoE and NuoF likely form a complex with an MRO-localized 

HydA to perform simultaneous NADH and ferredoxin (Fd-) oxidation by an electron 

confurcating reaction that produces H2 gas, NAD+ and Fd (Dyall et al., 2004; Stairs et al., 

2015). For this reason, and the fact that one of the HydA proteins of Barthelona sp. PCE 

and Barthelona sp. PAP020 have a predicted MTS, we infer that both barthelonids likely 

have MRO-associated hydrogenase activity, as recently suggested for Barthelona sp. 

PAP020 by Yazaki et al. (2019). However, unlike the hypothesis of Yazaki and 

colleagues (see Fig. 4b in Yazaki et al. 2019), we suggest that the reduced ferredoxin 

may, in fact, get produced within their MROs by PFO activity. If so, it is also possible 

that at least one of the two ACS homologs in each of these organisms is also MRO-

localized and produces ATP within the organelle, though no MTSs are predicted on any 

of the ACS homologs. Further localization experiments in these barthelonids are needed 

to test these hypotheses. 

 

Previous studies have shown that some of the enzymes involved in ATP synthesis found 

within metamonads have a complex phylogenetic history. In particular, ACS is thought to 

have been transferred into the metamonads multiple times through LGT (Leger et al., 

2017). To determine the evolutionary histories of the BaSk ACSs, we constructed a 

phylogenetic tree containing ACSs from a variety of metamonads, which can be found as 

Supplementary Figure 2.11 (Appendix A). Our results show that, as in previous studies, 

most metamonad ACSs branch in one of two clades, known as ACS1 and ACS2. The 

ACS homologs found in the BaSks also form two distinct groups; one appears to be 

related to ACS2 found within Carpediemonas membranifera, Ergobibamus cyprinoides, 

and Trimastix. Additional ACS2 homologs from Monocercomonoides and Paratrimastix 

pyriformis were also identified, which also branch with the metamonad ACS2 group. This 
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suggests that ACS2 was inherited in the last common ancestor of Preaxostyla and the 

fornicates + BaSk. The BaSks also possess a second ACS homolog which branches 

separately from other metamonad ACSs. This enzyme seems to be most closely related to 

ACS found within Streblomastix, Monocercomonoides and Blastocystis, and is distinct 

from other types of ACS in the tree. As previously reported by Yazaki et al. (2019) in 

their analysis of the Barthelona sp. PAP020 transcriptome, this is likely to be a novel 

homolog of ACS (ACS3) and was probably transferred into metamonads through a LGT 

event distinct from the event that gave rise to ACS1 and ACS2. Our analysis also 

suggests that the ACS found within Spironucleus salmonicida MROs may not be ACS2, 

as previously reported (Leger et al., 2017) because, in our analyses, the S. salmonicida 

ñACS2ò ortholog did not form a clade with other metamonad ACS2 sequences but 

instead grouped with several TACK archaea, although the support values for this 

relationship are low. A diagram summarizing the evolutionary gains and losses of these 

proteins, along with other key metabolic processes and proteins mentioned above, can be 

found as Figure 2.4. These patterns suggest that there have been at least three, and 

possibly four, independent transfers of ACS into the metamonads. These transfers 

occurred at very different points in time along the evolution of various metamonad 

groups and highlights the role of LGT in the evolution of anaerobic metabolism. 
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Figure 2.4. Gain and loss of anaerobic enzymes and MRO proteins over the tree of 

Metamonada. Gains (red) and losses (green) of key metabolic pathway components 

discussed throughout this paper are mapped on a schematic phylogeny of Metamonada 

(based on Figure 2.1). Protein abbreviations are: HydG/E/F ï Iron hydrogenase maturase 

G/E/F; ACS - Acetyl-CoA synthase; NuoE/F - Respiratory-chain NADH dehydrogenase 

24/51 kDa subunit; GCS ï Glycine cleavage system; SCS - Succinyl-CoA 

synthase;IscS/U - Iron-sulfur cluster assembly enzyme system. 

 

To investigate the expression level of these key metabolic enzymes, we mapped RNASeq 

reads to each gene model, then normalized read counts and compared the fragments per 

kilobase of transcript per million mapped reads (FPKM) value amongst these gene 

models (see Supplementary Table 2.1, Appendix B). We found that some enzymes 

relating to anaerobic metabolism were amongst the top 100 most highly expressed genes 

in all four of the BaSks queried, though the specific anaerobic enzymes in this top 100 list 

differed between each species (see Supplementary Table 2.3, Appendix B). For 

Skoliomonas litria, Skoliomonas sp. GEMRC, and Skoliomonas sp. RCL this included 

two or more copies of genes encoding PFL. For Skoliomonas litria and Skoliomonas sp. 

RCL, this also included one copy each of a gene encoding PFO. Skoliomonas litria, in 

addition to PFL, had a copy of an ACS and a malic enzyme gene in its top 100 most 

highly expressed gene set. Skoliomonas sp. GEMRC was the only organism with a 
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SmsCB gene represented its top 100 expressed list; other BaSk members have 

comparatively lower expression levels of this gene. 

 

 

2. 3.7   Implications for the evolution of MROs within the 

Metamonada supergroup .  
 

Based on our reconstructions of MRO properties on the metamonad tree, we suggest that 

the last common ancestor of BaSk possessed an already highly reduced MRO compared 

to the common ancestor of fornicates + BaSk (Figure 2.4). The barthelonids PCE and 

PAP020 seem to have functionally reduced MROs, but their predicted MRO proteomes 

retain similar functions to other free-living metamonads such as the GCS and serine 

metabolism, hydrogen production and Fe/S cluster biogenesis by a simple ISC system. 

On the other hand, the MROs of Skoliomonas sp. RCL and Skoliomonas sp. GEMRC 

appear to be unique amongst metamonads, as we predict that the organelles only function 

in glycine and serine metabolism and are unlikely to produce H2. For Skoliomonas litria, 

the only proteins typically associated with mitochondria and MROs detected were a 

candidate MCP and a homolog of Sam50; of these, only the latter is exclusively 

associated with mitochondrial organelles in eukaryotes. The complete lack of all other 

proteins homologous to common MRO-localizing proteins could indicate that an MRO 

may not even exist in this organism. In any case, this extreme reductive evolutionary path 

may relate to the acquisition of a simple fused SmsCB gene that was acquired by LGT in 

a common ancestor of BaSk. This acquisition then led to the simplification of the ISC 

system in the Barthelona clade, and the outright loss of the ISC system in the 

skoliomonads, as Fe/S proteins for organellar functions were no longer needed. 

 

Regardless of the evolutionary forces involved, the BaSks demonstrate reduction in MRO 

function that is independent of the loss seen in other metamonad groups, such as 

diplomonads and oxymonads (Karnkowska et al., 2016; Leger et al., 2017). This is 

remarkable given that many metamonads that display a similar loss of MRO functions are 

parasitic or commensalistic and the nutrient-rich endobiotic lifestyle has often been 

assumed to be part of the explanation for extreme MRO proteome streamlining (Stairs et 
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al., 2015). Instead, in the case of the free-living BaSk members, it appears that gain of a 

simple SMS system was amongst the first triggers leading to the extreme reductive MRO 

evolution in this group. 

 

2 .4  Conclusion  

   
We have generated high quality draft genomes, transcriptomes, and curated predicted 

proteome sets for a novel group of free-living metamonads. The placement of BaSk 

within the tree of Metamonada as the sister group to the Fornicata make them a key group 

to study in terms of genome evolution, LGT events, and adaptation to various 

environmental niches. These data place us several steps forward towards the goal of 

representing diverse and historically under-sampled microbial eukaryotes in the tree of 

eukaryotic life. 

 

Our findings demonstrate the diversity of MRO configuration and function amongst the 

metamonads. As a group, BaSks display a level of MRO reduction not typically seen in 

free-living metamonads and which is independent of the reduction displayed in the 

parasitic diplomonads. BaSk members share many interesting parallels with the MRO 

reduction and loss seen in other metamonads, as all BaSks possess a SMS Fe/S cluster 

system that has, in some cases, replaced the canonical ISC system. This is the second 

discovered instance of an LGT event that has replaced the ISC system in metamonads 

with a SUF-like system and serves to highlight the role of adaptive LGTs in MRO 

evolution. Based on these findings, we speculate that the last common ancestor of the 

BaSks possessed both a compact, streamlined genome with a highly reduced MRO, and 

was markedly different from the last common ancestor of the fornicates. In many of the 

BaSk taxa, further work is needed to elucidate the exact subcellular localization of several 

candidate MRO proteins including enzymes in the anaerobic ATP synthesis pathway and 

to determine the breadth of functions carried out by the MROs in this newly discovered 

group. For Skoliomonas litria, which lacks all known mitochondrial pathways, it will be 

especially important to investigate the localization of its anaerobic ATP synthesis 

pathway, its MCP, and the Sam50/BamA-like protein to determine whether this free-

living flagellate has completely dispensed with the organelle. 
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CHAPTER 3  

 

Comparing genomes and detecting lateral acquired genetic 

content in the BaSk clade . 

 

3.1  Introduction  

   
As previously mentioned, free-living metamonads are understudied organisms compared 

to multicellular eukaryotes or microbial eukaryotes that serve as model systems. Previous 

studies investigating the biology of novel free-living metamonads have often relied on 

transcriptomics to survey coding content within these organisms (Leger et al., 2017; 

Stairs et al., 2021). This was mainly due to the sequencing technologies available at the 

time. Because short-read sequencing was standard at the time but high-quality, high-

throughput long-read sequencing was not widely available until after ~2016, in-depth 

genomic investigations were not always feasible due to the fragmented nature of 

eukaryotic genome assemblies achievable with short-read data (Leger et al., 2017; 

Sibbald & Archibald, 2017). On the other hand, transcripts are shorter and easier to 

assemble using short-read data. Furthermore, it was possible to enrich for polyadenylated 

(poly-A+) eukaryotic messenger RNA before sequencing, limiting the number of 

bacterial reads in the resulting data, which was critical for studying microbial eukaryotes 

that could not be easily cultured without bacteria. In addition, if cataloging the gene 

content of an organism is the goal, then transcriptomics is more cost-effective than short-

read genomics because the amount of short-read data required to create a relatively high-

coverage transcriptome is usually far less than what is needed for assembly of a high-

coverage draft genome.  In any case, until 2016, the absence of high-quality and 

inexpensive long-read sequencing technologies made it difficult to study aspects of 

protistan nuclear genome evolution other than gene content and expression analysis 

(Sibbald & Archibald, 2017). 

 

However, recent endeavours in sampling the diversity of microbial eukaryotic life are 

producing new genomes at a rapid rate. This is due to the increasing affordability of both 

short and long-read sequencing coupled with an ever-growing library of community-

made bioinformatic tools and solutions for handling the resulting data. These 
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technologies can now be applied to mono-protist cultures that include an abundance of 

prokaryotic flora, or even cultures that contain multiple protists (Salas-Leiva et al., 2021). 

These advances are especially relevant to anaerobic protists, who often depend on other 

microbes to create a suitable hypoxic environment or to utilize their end products of 

fermentation (Hamann et al., 2016; Jerlström-Hultqvist et al., 2023). Furthermore, 

culture-free approaches such as single-cell genomics or transcriptomics and 

environmental metagenomic sequencing, are now widely viable, even bypassing the need 

for stable cell cultures in some cases (Delmont et al., 2022; Lax et al., 2018). Perhaps 

most importantly, breakthroughs in long-read sequencing strategies have permitted the 

assembly of highly contiguous genomes, paving the way for investigations of genome 

structure and evolution across the eukaryotic tree of life. 

 

Now that DNA sequencing and subsequent genomic assembly is becoming more feasible 

(Athanasopoulou et al., 2022), we have the opportunity to investigate genome evolution 

in diverse understudied lineages of protists such as the metamonads. These investigations 

can uncover aspects of genome evolution beyond gene content that were previously 

inaccessible, such as the evolutionary dynamics of introns, intergenic spaces, and 

repetitive sequences like transposable elements (TEs). Likewise, near complete and 

sufficiently contiguous genomes can inform us about chromosome structure and genome 

size, which can then be examined across organisms within a taxonomic group (Matthey-

Doret et al., 2022). Similarly, when studying closely related taxa, high-quality genomes 

are needed to examine genome synteny, chromosomal rearrangements and duplications 

within a clade. Finally, complete genomes can be extremely helpful in investigating 

lateral gene transfer (LGT), to ensure that the candidate laterally acquired genes are 

located within a bona fide eukaryotic chromosome, as contamination could rarely be 

ruled out with transcriptomes or highly fragmented genome assemblies alone (Sibbald & 

Archibald, 2017). These aspects of genome evolution have not been studied extensively 

in free-living metamonads (Leger et al., 2017; Stairs et al., 2021). 

 

My phylogenetic analysis (see Chapter 2, Figure 2.1) reveals that the BaSk taxa are sister 

to the fornicates, a large group of metamonads that live in diverse hypoxic settings, and 
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which possess unique adaptations to their environmental niches. There have been few 

genomic investigations into metamonads, but the studies that have utilized genomes have 

garnered interesting results. One example is the enteric diplomonad parasite Giardia, 

which causes an estimated 1.2 million cases of digestive illness each year in the United 

States (Scallan et al., 2011). This metamonad has a both a reduced genome (12.6 Mbp) 

and a highly reduced mitochondrion-related organelle (MRO) classified as a mitosome. 

Its mitosome is known to primarily function in Fe/S cluster assembly, though it also 

harbours a collection of proteins of unknown function which are not similar to other 

sequences in the databases, suggesting that the organelle may have undiscovered 

metabolic potential (Jedelský et al., 2011; Xu et al., 2020). Genomic analysis of this 

parasite has uncovered a highly compact genome (5 chromosomes with 81.5% of the 

genome being protein-coding) with a low number of introns (only 13 detected in just 

under 5000 protein coding genes) (Xu et al., 2020). Another metamonad genome that has 

recently been sequenced is the genome of the free-living CLO Kipferlia bialata. This 

genome, which totals 51 Mbp, is markedly larger than the genome of Giardia. Curation 

of this genome uncovered over 17,000 protein coding genes and just under 125,000 

introns (Tanifuji et al., 2018). Yet another free-living fornicate, Carpediemonas 

membranifera, possesses an intermediate-sized genome (24.2 Mbp). Most metamonads 

possess a reduced set of proteins that function in DNA processing and segregation, but in 

the case of  Carpediemonas, this set of proteins have been even further reduced showing 

a complete lack of the origin of replication (ORC) proteins and a stripped down set of 

kinetochore proteins (Salas-Leiva et al., 2021). Absences of genes in genomes are always 

difficult to prove if the data relies only on transcriptome studies, where culture and RNA 

extraction conditions can influence gene expression. Therefore, studies that seek to show 

the lack of near-universal cellular machinery or processes, like in the case of 

Carpediemonas or the BaSk clade, require high-quality near-complete genome data as 

another form of evidence. 

 

In the previous chapter, I presented four new metamonad genomes and used these to 

predict their MRO proteomes and to investigate the evolutionary dynamics of these 

organelles. That work included cataloguing laterally transferred genes that function in 
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adaptation to anaerobic environments, such as ACS and the SmsCB fusion protein. Using 

the near-complete genomes of the BaSks, we can ask broader questions about genome 

evolution in this group including: i) what is the range of genome sizes within the group; 

ii) what drives the drastic changes in genome sizes and coding capacity across this group, 

and iii) what was the genome size of their last common ancestor? Another line of 

investigation concerns the extent to which LGT has influenced the evolution of this group 

beyond MRO reduction and anaerobic metabolism. Previous investigations into 

metamonads have revealed a variety of potential LGT events into this group. By 

investigating the genomes of the parasitic diplomonads Spironucleus barkhanus and 

Giardia lamblia, Andersson et al. (2003) identified several laterally transferred genes 

involved in not only anaerobic metabolism, but also amino acid and nucleotide 

metabolism. A similar study aimed at a broader range of metamonads identified laterally 

acquired components of oxygen defense mechanisms (Jiménez-González et al., 2019). A 

transcriptomic analysis of the secondarily free-living diplomonad Trepomonas sp. PC1 

revealed that LGT may have had a role in this speciesô transition away from parasitism 

(Xu et al., 2016). Investigation into the role of LGT in metamonad genomes has 

repeatedly uncovered innovative adaptations to a variety of environmental niches. 

 

In this chapter, I investigate the factors responsible for the differences between the BaSk 

genomes that were introduced in Chapter 2. By analyzing the predicted gene models of 

each organism, I examined the non-coding regions of each genome, including 

transposable element content, which revealed that the expansion of these elements is 

partially the cause of the size differences in the genomes of this group. I also searched for 

synteny between these genomes and assessed the amino acid identities amongst 

orthologous proteins in this group in a pairwise fashion, to better understand the level of 

divergence between BaSk members. By clustering the BaSk genes into orthologous 

groups, I found that gene family expansion is another important factor in the differences 

in genome sizes amongst the BaSk clade. A broader analysis of LGTs within this group, 

achieved through phylogenetic and functional annotation of orthologous groups, reveals 

transfers including proteins related to non-ribosomal peptide synthetases and oxygen 

detoxification systems. These types of inquiries are important to understand how such 
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organisms adapt to anaerobic niches, which cellular systems are being adapted in 

response to environmental pressures, and how genome expansion and contraction is 

mediated in these free-living metamonad genomes. 

 

3.2 Methods  

3. 2.1   Transporter analysis  
 

To retrieve candidate transporters, we utilized the TrSSP 

(https://www.zhaolab.org/TrSSP/, see Mishra et al., 2014) webserver, using the AAindex 

+ PSSM based (Uniref90) setting, to analyze the predicted proteins of each BaSk clade 

member. The resulting set of candidate transporter proteins was then reciprocally 

searched against the nr database using the online BLAST tool 

(https://blast.ncbi.nlm.nih.gov/Blast.cgi) to find putative transport proteins in each 

species. 

 

3. 2.2   Transposable elements, intergenic space & intron 

content  
 

Repeatmodeler2 v 2.0.2 (Flynn et al., 2020) was utilized, using default settings, to 

annotate transposable elements (TEs) in the four new BaSk genomes described in Chapter 

2. These results were mapped onto a phylogeny of the BaSk clade with Carpediemonas 

membranifera as an outgroup, constructed from a subsampled dataset and the same 

methods used in the phylogenomic analysis in Chapter 2. These results were mapped onto 

the BaSk phylogeny using the contMap function in Phytools that implements a Brownian 

motion model of continuous trait evolution over the tree and estimates ancestral trait 

values (Revell, 2012). 

 

We utilized several custom scripts to measure the both the distance between gene models 

and between exons in gene models containing multiple exons. The mean and median 

length in bp was measured for each value. For the intergenic regions, we created a custom 

BED file that excluded gene models that shared coordinates with a predicted TE from our 

Repeatmodeler2 analysis. We then recalculated the mean and median intergenic distance 

and compared the two outputs. 
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3. 2.3   Genome synteny & Ortholog %ID  
 

Syntenic genome blocks were computed using SynChro (January 2015 release) (Drillon 

et al., 2014). Here, we utilized three different stringency settings (delta values of 2, 4, and 

6) to explore how these influenced the reconstruction of the synteny blocks. 

Cumulative distributions of pairwise ortholog identities were computed using an in-house 

pipeline described in Gentekaki et al., 2017. The data for the comparison of Giardia 

assemblages was derived from Gentekaki et al. 2017. The Trichomonas data was 

retrieved from TrichDB ( https://trichdb.org/trichdb/app, see Aurrecoechea et al., 2009), 

while other data was sourced as follows: Tritrichomonas transcriptome (GenBank 

accession numbers CX154307 to CX159216, see Huang et al., 2013), Carpediemonas 

membranifera (GenBank BioProject PRJNA719540, see Salas-Leiva et al., 2021) and 

Carpediemonas frisia (NCBI accession numbers SRX2012078-SRX2012079 and 

SRR4448896-SRR4448897, see Hamann et al., 2017) predicted proteins, and 

retortamonad data (GenBank BioProject PRJNA659466, see Füssy et al., 2021). 

 

3. 2.4   Orthologous groups  
 

To cluster the BaSk proteins into orthologous groups (OGs), we used Broccoli v1.2 (R. 

Derelle et al., 2019) with an e-value cut-off of 0.001, an ortholog ration threshold of 0.5, 

and the maximum likelihood phylogeny settings. We also utilized Orthofinder2 v 2.5.4 

(Emms & Kelly, 2019) to compute OGs and did this using DIAMOND as the sequence 

search program, the multiple sequence alignment tree setting, and mafft as the sequence 

aligner. In both cases, we used the Saccharomyces cerevisiae proteome (Engel et al., 

2014) as an outgroup. We then compared the Broccoli and Orthofinder2 OGs to 

determine which program to use in subsequent analyses. We found 2013 matching 

orthologous groups between the two programs. We inspected 30 cases of OGs that were 

different but shared one or more sequences and determined that, in most cases, the 

Broccoli OGs were a more logical and complete representation of OGs. In contrast, we 

found that Orthofinder2 often segmented orthologs into many groups, sometimes 

separating them into individual (or ñsingletonsò) groupings. For this reason, we chose to 

move forward with the Broccoli OGs for downstream analyses. To further curate the 
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Broccoli OGs, we took protein sequences that failed to cluster with any other sequence 

(ñsingleton proteinsò) and blasted these against the whole proteome, to see if these 

singleton proteins belonged to an existing OG, or if an OG had failed to be identified. We 

used a pidentity cut-off of 65% and an e-value threshold of 0.001 for this latter search. 

 

We used the online EggNog mapper server (see eggnog-mapper.embl.de/) and the Kofam 

KOALA online server (Aramaki et al., 2020) to retrieve functional annotations for both 

singleton proteins and also for all OGs predicted by Broccoli. 

 

3. 2.5   LGT analysis  
 

In the case of OGs with more than five sequences, we created alignments using mafft-

linsi (Katoh et al., 2002) and trimmed by trimal (Capella-Gutiérrez et al., 2009) using the 

ñ-gappyoutò flag. These alignments were then used to create hmm profiles using 

hmmbuild (HMMER v 3.3). Using these profiles, we searched the EukProt, SwissProt, 

and trembl databases using hmmsearch with an e-value cutoff of 0.001. The top 1000 hits 

were taken and reduced in redundancy using CD-HIT using a cutoff value of 0.9. A 

similar hmmsearch approach was used against a custom database of metamonad 

sequences.  For clusters less than five sequences, diamond search (Buchfink et al., 2021) 

was used instead of hmmsearch, with an e-value cutoff of 0.001. The reduced top hits, as 

well as the metamonad database hits, were combined with the clustered BaSk sequences. 

These FASTA files were aligned using mafft with the FFT-NS-2 setting, trimmed using 

trimal automated setting with the ñ-gappyoutò flag, and then were used to estimate a 

maximum likelihood phylogeny for each cluster using IQ-TREE v1.5.5 with the LG4X 

model of evolution. Each tree was evaluated for potential prokaryote to eukaryote lateral 

gene transfer using the method described in (Ģ§rskĨ et al., 2021). Once trees were scored, 

we selected trees that had both a Directional Score and Non-Ancestral Score above 0.5 

for further curation. Trees (and corresponding alignments) that had at least one BaSk 

sequence that had a function assigned from either EggNOG or Kofam KOALA were then 

manually inspected and further trimmed as needed. After alignment inspection and 

subsequent rounds of trimming, the resulting trees were curated for branching patterns 

indicating probable lateral transfer of the gene into one or more BaSk taxa from an 
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unrelated group. This also included apparent LGTs into metamonads. Trees that appeared 

to have evidence of LGT were re-estimated using the LG+C20+F+ũ model of evolution. 

 

LGTs relating to the oxygen detoxification systems within the BaSk clade were initially 

identified using the LGT detection method listed above and were confirmed by 

constructing phylogenetic trees (as described above) utilizing sequences derived from a 

previous study by Jiménez-González et al. (2019) investigating such systems within the 

fornicates. Classification of LGTs as clear or ambiguous with respect to metamonad 

sequence relationships and donor taxa were determined with a 90 ultrafast bootstrap score 

threshold. 

 

 

3. 3  Results & Discussion  

3. 3.1   The size, structure  and content of BaSk genomes vary 

significantly .  
 

The size of the draft genomes and the number of proteins predicted differ markedly 

between taxa (Table 2.2). Notably, at 10.2 Mbp, Barthelona sp. PCE appears to possess 

the smallest known genome of a free-living eukaryote. It is smaller than the compact 

genomes of the diplomonad parasite Giardia intestinalis (11.7 Mbp, see Xu et al., 2020), 

the acidophilic alga Galdieria sulphuraria (13.7 Mbp, see Schönknecht et al., 2013), 

Saccharomyces cerevisiae (12.07 Mbp, see Goffeau et al., 1996), and the genome of the 

smallest known free-living eukaryote of the marine alga Ostreococcus tauri (12.56 Mbp, 

see Derelle et al., 2006). While the forces driving genome reduction in parasitic and 

endosymbiotic microbes are better understood (Manzano-Marín & Latorre, 2016; Xu et 

al., 2020), they are less clear for free-living organisms. 

 

The loss of intergenic regions is responsible for genome compaction in other free-living 

microbes with remarkably small genomes (Derelle et al., 2006). It has been suggested that 

genomic óstreamliningô in free-living microbes is due to environmental pressure that 

drives the optimization of cellular complexity to make use of limited resources 

(Giovannoni et al., 2014). Furthermore, the streamlining process may be associated 

increasing surface area-to-volume cellular ratios, due to evolutionary pressures to 
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optimize the process of nutrient capture. This is illustrated in some bacterial lineages, 

where a small cell size is correlated with an increase in encoded transport proteins to 

better capitalize on scarce environmental nutrients (Giovannoni et al., 2014).  

To determine if a similar pattern could be discerned amongst the BaSk taxa specifically 

and within the fornicates more generally, we used TrSSP (Mishra et al., 2014) to predict 

transport proteins, and BLAST to verify these predictions. We identified 48 putative outer 

membrane transport proteins in Barthelona sp. PCE (cell size <5 µm; see Yazaki et al., 

2020), which include amino acid transporters, cation/anion exchangers, and small solute 

carriers. A similar repertoire of transporters was also found in the other BaSk genomes 

(typical skoliomonad cell size is ~10 µm; see Eglit et al., 2024), though in a larger 

number ranging from 105 in Skoliomonas sp. GEMRC to 70 in Skoliomonas litria  (see 

Table 3.1). Other metamonads, such as T. vaginalis and S. salmonicida, contain a larger 

proportion of putative transport proteins (387 and 219, respectively), and were 

determined primarily using sequence similarity. In these species, the high number of 

transporters are thought to allow these protists to regulate osmotic pressure in their 

respective environments (Carlton et al., 2007; Xu et al., 2014). In comparison, there are 

far fewer confirmed transporters in the BaSk taxa. However, it is unclear whether this 

may be due to lower sequence similarity to transporters found in the nr database. These 

results show that there is no discernable negative correlation between the small cell size 

of Barthelona sp. PCE and the number of detected transporters in the genome. The 

relationship between cell size and transporter content observed by Giovannoni et al. 2014 

therefore does not straightforwardly extend to the metamonads that have been studied on 

a genomic level. This may be because obligately bacterivorous protists, such as the BaSk 

clade, likely acquire most of their nutrition through the ingestion of bacteria and not 

through direct transport of nutrients from the environment. 

 

 

 

 

 

 



57 

 

 

Table 3.1. Transport proteins annotated from the BaSk predicted proteomes. 

 

 

3.2.2   Intergenic space, transposable elements, and intron 

content  in the BaSk clade.  
 

The size disparity amongst the BaSk genomes and numbers of proteins predicted appears 

to be due to both the reduction of intergenic space in the last common ancestor of the 

barthelonids (Barthelona sp. PCE and Barthelona sp. PAP020) and the proliferation of 

transposable elements (TEs) in Skoliomonas litria  and Skoliomonas sp. GEMRC. The 

Barthelona sp. PCE genome appears to have regions of high gene density which are 

interspersed with short intergenic regions. Overall, the intergenic spaces are on average 

243 bp in length (+/- 462 bp standard deviation (SD)). This is greatly reduced in 

comparison to Skoliomonas litria , Skoliomonas sp. GEMRC, and Skoliomonas sp. RCL, 

which have average intergenic region sizes of 956, 1125, and 805 bp, respectively. All 

BaSk members have a notably lower median intergenic space size compared to their 

average (516 bp in Skoliomonas litria , 462 bp in Skoliomonas sp. GEMRC, 402 bp in 

Skoliomonas sp. RCL, and 109 bp in Barthelona sp. PCE) and a large standard deviation 

compared to the mean (1332 in Skoliomonas litria , 2191 in Skoliomonas sp. GEMRC, 

and 1323 in Skoliomonas sp. RCL), indicating that intergenic space size is highly variable 

across the genome (see Table 3.2). Intergenic regions of the Barthelona sp. PCE genome 

are not often associated with repetitive elements; less than 10% of intergenic spaces 

contain predicted TEs (see Figure 3.1). Similarly, only 12.2% of the intergenic regions in 

Skoliomonas sp. RCL have a TE prediction. In contrast, most intergenic regions in both 

Skoliomonas litria  and Skoliomonas sp. GEMRC are associated with TEs (63.4% and 

55.5%, respectively). 

 Skoliomonas 

litria  

Skoliomonas sp. 

GEMRC 

Skoliomonas sp. 

RCL 

Barthelona sp. 

PCE 

Amino acid transporters 0 0 0 0 

Anion transporters 0 0 3 0 

Cation transporters 34 44 32 33 

Electron transporters 20 38 32 9 

Proteins/mRNA transporters 1 2 0 3 

Sugar transporters 0 0 0 0 

Other transporters 27 44 27 16 

Total transporters 70 105 72 48 



58 

 

 

To better understand the evolution of TEs within this group, we employed 

Repeatmodeler2 (Flynn et al., 2020) to annotate these genomic features in each of the 

four long-read assemblies. A summary of our findings can be found in Table 3.3. We 

found that over half of the Skoliomonas litria  genome is predicted to be repetitive using 

this method. The majority of the repeats found in the BaSk genomes are classified as long 

interspersed nuclear elements (LINEs), specifically SLAC CRE elements. Other, less  

common TEs found in the BaSk genomes include Gypsy/DIRS1 LTR elements and some 

DNA transposons. Short interspersed nuclear elements (SINEs) were not identified in any 

of the long-read assemblies. All genomes surveyed also contained a significant portion of 

repeats that were not classifiable. Unclassified repeats ranged from 3.5% of the genome 

in Barthelona sp. PCE to 32% of the Skoliomonas sp. GEMRC genome. 

 

Table 3.2. Average and median intergenic space sizes for the BaSk taxa. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Average intergenic space size Median intergenic space size 

Skoliomonas litria 956 bp (+/-1332 bp SD) 516 bp 

Skoliomonas sp. GEMRC 1125 bp (+/-2191 bp SD) 462 bp 

Skoliomonas sp. RCL 805 bp (+/-1323 bp SD) 402 bp 

Barthelona sp. PCE 243 bp (+/- 462 bp SD) 109 bp 
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Table 3.3. Transposable element content prediction and classification in the BaSk taxa. 

 

*Percentages next to each TE family represents the total percentage of the genome 

composed of that TE family. 

 
Skoliomonas 

litria  

Skoliomonas sp. 

GEMRC 

Skoliomonas sp. 

RCL 

Barthelona 

sp.  

PCE 

% of genome 

repetitive 
55.17% 47.26% 26.22% 4.85% 

Total # TEs 15,259 9,832 3,073 49 

Total # LINES 
14604 

(25.26%) 
6129 (7.54%) 1969 (5.12%) 18 (0.60%) 

# CRE/SLACS 
11924 

(24.63%) 
5681 (7.09%) 1435 (4.01%) 18 (0.60%) 

# other LINES 425 (0.43%) 12 (0.01%) 390 (0.82%) 0 

Total # LTR 

elements 
2680 (8.51%) 1218 (4.02%) 508 (3.27%) 31 (0.35%) 

# Gypsy/DIRS1 2174 (7.46%) 1110 (3.91%) 462 (3.20%) 31 (0.35%) 

# other LTR 

elements 
85 (1.05%) 55 (0.06%) 16 (0.01%) 0 

Total # DNA 

transposons 
655 (0.96%) 2485 (2.72%) 596 (1.19%) 0 

# unclassified 
12718 

(19.90%) 
25266 (31.86%) 7840 (15.83%) (3.55%) 
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Figure 3.1. Comparing the relative components of the BaSk genomes in terms of 

coding and non-coding elements. The number of nucleotides contributing to protein-

coding genes (blue), transposable elements (TEs; green), and intergenic regions (pink) in 

each of the BaSk genomes is displayed. The total ógene spaceô of each gene was 

estimated using the coordinates of predicted genes. The total TE space was estimated 

using annotations from RepeatMasker. The total intergenic space was calculated as the 

amount of the genome that was neither gene space nor TE space. 

 

The distribution of intron sizes, as based on annotations by the gene prediction pipeline, 

seems to be similar between Skoliomonas litria , Skoliomonas sp. RCL, and Skoliomonas 

sp. GEMRC, and is increased in Barthelona sp. PCE (see Table 3.4). However, the 

percent of genes containing at least one intron increases with larger genome sizes ranging 

from 13.1% in Barthelona sp. PCE to 25.6% in Skoliomonas sp. GEMRC. The mean 

number of introns in genes with introns remains consistently small across the BaSks, as 

genes with multiple introns are not common (see Table 3.4). Thus, a key contribution to 

genome size disparity within this group is due to the loss of intergenic space in the 

barthelonid lineages and the expansion of TEs in the remaining skoliomonads. 
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Table 3.4. Intron information in the predicted protein models of the BaSk taxa. 

 

 

To better understand the dynamics of TEs in this group, we mapped the number of each 

TE category in Table 3.3 to the BaSk phylogeny, using Carpediemonas membranifera as 

an outgroup (see Figure 3.2) and reconstructed the ancestral numbers of TEs using a 

Brownian motion model of continuous trait evolution using the contMap function of 

Phytools (Revell, 2012). By mapping the change in total TE content over the tree (as well 

as both total classified and unknown TE content), it appears that the overall difference in 

TE content is due to both expansion in the genomes of Skoliomonas litria and 

Skoliomonas sp. GEMRC, as well as loss of TE content in the Barthelona sp. PCE 

genome. However, by examining the most abundant type of TE in these genomes 

(CRE/SLAC LINES), we see that the increase in these elements is mainly due to an 

expansion in the skoliomonads, while the genome of the last BaSk common ancestor is 

predicted to have little CRE/SLAC content. 

 

 

 

 

 Skoliomonas 

litria  

Skoliomonas sp. 

GEMRC 

Skoliomonas sp. 

RCL 

Barthelona sp. 

PCE 

Total # of introns 
3564 4870 2346 789 

Median intron size 

(bp) 33 32 32 63 

Mean intron size 

(bp) 
130.1 (+/- 

241.1 SD) 

115.2 (+/- 262.6 

SD) 
71.6 (+/- 393.3) 122.6 (+/- 246.2) 

% of genes with 

introns 23.9% 25.6% 18.4% 13.1% 

Mean number of 

introns per gene 1.42 1.33 1.38 1.19 

# genes containing 

>1 intron 944 838 402 74 
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Figure 3.2. Gain and loss of transposable elements over the BaSk phylogeny. In each 

panel, the gains and losses of a transposable element family/group is mapped onto a 

phylogeny of the BaSk clade using ancestral reconstruction with a Brownian Motion 

model of continuous trait evolution (Revell, 2012). Transposable element classification 

can be found over the scale bar.  
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To assess the contribution of gene family expansion and skoliomonad specific gene 

families to the size disparity within the BaSk clade, I analyzed orthologous groups (OGs; 

see below) to count the number of OGs that either i) did not contain a Barthelona sp. PCE 

sequence, or ii) contained more skoliomonad sequences than Barthelona sp. PCE. I then 

computed the contribution of these genes to the overall size expansion in the 

skoliomonads, in base pairs. I found that 50% of OGs contained at least one gene from all 

skoliomonad species but did not contain a Barthelona sp. PCE sequence. Additionally, I 

found that 2% of OGs contained a sequence from all BaSk taxa but contained less 

Barthelona sp. PCE sequences than any skoliomonad taxa. These OGs combined 

represent an expansion of 6.53 Mbp cross the skoliomonad lineages. By examining the 

contributions of singleton proteins in each species, I found that the total number of base 

pairs from singleton genes in Barthelona sp. PCE (5.2 Mbp) was greater than the value 

calculated in the skoliomonads (4.58 Mbp in Skoliomonas litria, 3.78 Mbp in 

Skoliomonas sp. GEMRC, and 2.20 Mbp in Skoliomonas sp. RCL).  

 

There are 1562 OGs that contain at least one gene from all four BaSk clade members 

analyzed (ñcoreò OGs). I compared the number of genes in each of these OGs in each 

skoliomonad genome to the corresponding number in Barthelona sp. PCE. genome.  On a 

per OG basis, Skoliomonas litria had 0.67 more copies, Skoliomonas sp GEMRC had 1.1 

more copies, and Skoliomonas sp. RCL had 0.5 additional copies relative to Barthelona 

sp. PCE. These average differences are statistically significant according to both the Z-

test and the Wilcoxon Signed-Rank test (see Table 3.5). By calculating the nucleotides 

that these differences represent, I found that these OGs indicate an additional 4.47 Mbp in 

Skoliomonas litria, an additional 4.39 Mbp in Skoliomonas sp. GEMRC, and an 

additional 4.00 Mbp in Skoliomonas sp. RCL, all relative to Barthelona sp. PCE. These 

results suggest that gene family expansion and reduction in the core set of BaSk OGs has 

significantly contributed to the genome size differences in this clade. 
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Table 3.5.  Comparison of numbers of gene copies in core OGs for each skoliomonad 

versus Barthelona sp. PCE  

 S. litria  vs. 

B. sp. PCE 

S. sp. GEMRC 

vs. B. sp. PCE 

S. sp. RCL vs. 

B. sp. PCE 

Average difference over all OGs* 

(# in species X ï # in species Y)/1562 

0.67 1.1 0.5 

Z-test p-value 0.0029 0.0001 0.0034 

Wilcoxon Signed-Rank test p-value 5.329e-15 0 3.163e-11 

Genome size effect 4.47 Mbp 4.39 Mbp 4.00 Mbp 

*-species X is each of the three skoliomonads and species Y is Barthelona sp. PCE  

 

 

3. 3.3   BaSk genomes show little evidence of synteny and high 

levels of sequence divergence .  
 

To further investigate the evolutionary events that shaped these genomes, we attempted to 

identify syntenic regions of the BaSk genomes using SynChro (Drillon et al., 2014), 

which constructs synteny blocks using pairwise genome comparisons. We utilized three 

different comparison stringency measures. Using highly stringent settings, we found very 

few syntenic regions amongst the BaSk genomes ï the most syntenic regions identified 

were between the Skoliomonas litria and Skoliomonas sp. RCL genomes. A total of 107 

regions were identified between these two genomes, with an average size of just under 

6.5 kbp and containing on average 3.58 genes per block. Using moderately and very 

relaxed settings increased the number of syntenic regions identified to 175 and 238 

respectively when comparing these two genomes, while also approximately doubling the 

average syntenic block size. Using very relaxed settings, we recovered 13 synteny blocks 

shared between all four BaSk members analyzed (see Figure 3.3).  

 

These syntenic regions included genes involved in cytoskeleton maintenance, protein 

degradation, RNA binding and intracellular protein trafficking (see Table 3.5). The low 

number of syntenic regions, along with rearrangements of the syntenic regions identified, 

suggests that there has been extensive rearrangement of genomic content since the last 
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BaSk common ancestor, which is not surprising given the substantial TE proliferation 

within this group as TEs are known to mediate intragenomic rearrangements (Hedges & 

Deininger, 2007; Thybert et al., 2018). 

 

Table 3.6. Proteins in syntenic regions identified by Synchro with their top BLAST hit 

annotation. 

 

 

Synchro Protein Identifier Top non-hypothetical BLAST description 

Prot 1 Kinesin motor domain [Carpediemonas membranifera] 

Prot 2 cofilin [Allomyces javanicus] 

Prot 3 26S proteasome non-ATPase regulatory subunit 14 [Zychaea 

mexicana] 

Prot 4 ras-related protein Rab-23 [Tetranychus urticae] 

Prot 5 60S acidic ribosomal protein P2 [Coccidioides immitis RS] 

Prot 6 deoxyribose-phosphate aldolase [unclassified Gemella] 

Prot 7 ubiquitin-conjugating enzyme E2 5 isoform X1 [Arabidopsis lyrata 

subsp. lyrata] 

Prot 8 emp24/gp25L/p24 family protein [Tieghemostelium lacteum] 

Prot 9 putative protein serine/threonine kinase [Tieghemostelium lacteum] 

Prot 10 coiled-coil domain-containing protein 93-like isoform X2 

[Centruroides sculpturatus] 

Prot 11 pten protein [Capsaspora owczarzaki ATCC 30864] 

Prot 12 armadillo-type protein [Gorgonomyces haynaldii] 

Prot 13 sjogren syndrome antigen B [Thecamonas trahens ATCC 50062] 
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Figure 3.3. The BaSk 

genomes have 

undergone significant 

rearrangements since 

their last common 

ancestor. A synteny map 

highlighting the 13 

proteins identified within 

synteny blocks (white 

squares) recovered from 

Synchro, using very 

relaxed settings, across 

all four BaSk genomes. 

Each protein is 

numbered (see Table 

3.5), with the relative 

direction of the coding 

region indicated in 

parentheses. Coloured 

squares represent 

scaffolds and are labeled 

with both organism and 

scaffold numbering. The 

placement of the synteny 

blocks on the scaffold is 

relative to its position in 

that scaffold and to other 

synteny blocks. Green ï 

Skoliomonas litria scaffold; blue ï Skoliomonas sp. GEMRC scaffold; yellow ï 

Skoliomonas sp. RCL scaffold; red ï Barthelona sp. PCE scaffold. 
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To evaluate the degree of sequence divergence between the BaSk taxa, we compared 

amino acid identity cumulative distributions between ortholog sets for pairs of BaSk 

species to the comparable distributions for a variety of pairs of free-living and parasitic 

metamonads. To do this, we identified protein orthologs by pairwise BLAST search of 

closely related metamonad proteomes (Benchimol et al., 2017; Carlton et al., 2007; Füssy 

et al., 2021; Gentekaki et al., 2017; Hamann et al., 2017; Salas-Leiva et al., 2021). We 

then plotted cumulative ortholog frequency against pairwise ortholog identity (see Figure 

3.4). We found that BaSk taxa are very distinct from one another, with Barthelona sp. 

PCE being the most dissimilar to all other members of the skoliomonads, which is 

consistent with relationships recovered in our phylogenetic analysis (see below). 

Skoliomonas litria, Skoliomonas sp. GEMRC, and Skoliomonas sp. RCL were all equally 

dissimilar ï with dissimilarities comparable to Carpediemonas membranifera versus 

Carpediemonas frisia, with a median ortholog sequence identity ranging between 42% 

and 44% for these pairwise comparisons. The BaSk members are shown here to be more 

dissimilar to each other than the pairs of parabasalid parasite orthologs from different 

genera: i.e., Trichomonas vaginalis versus Tritrichomonas foetus. 
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Figure 3.4. Cumulative ortholog frequency in BaSk pairs compared to other closely 

related metamonads. Each line represents the cumulative ortholog frequency for a pair 

of metamonads as function of the amino acid identity between orthologs. Plots that trend 

closer to the 100% amino acid identity threshold have orthologs that are more similar at 

the amino acid level. Red solid ï Skoliomonas litria vs. Skoliomonas sp. GEMRC; light 

blue dashed ï Skoliomonas litria vs. Skoliomonas sp. RCL; dark blue solid ï Skoliomonas 

litria  vs. Barthelona sp. PCE; grey dashed ï Skoliomonas sp. GEMRC vs. Skoliomonas 

sp. RCL; brown dashed ï Skoliomonas sp. GEMRC vs. Barthelona sp. PCE; pink dashed 

ï Skoliomonas sp. RCL vs. Barthelona sp. PCE; black solid - T. vaginalis vs. T. foetus; 

purple solid ï G. intestinalis assemblage WB vs. G. intestinalis assemblage GS; green 

solid ī C. membranifera vs. C. frisia; orange solid ī Retoramonas caviae vs. R. dobelli. 
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Next, we utilized two orthology assignment programs to cluster BaSk proteins into 

orthologous groups (OGs). We used both Broccoli (Derelle et al., 2019) and Orthofinder2 

(Emms & Kelly, 2019) and compared outputs to determine which set of orthologous 

groups to use in subsequent analyses. We found that of the 4703 OGs identified by 

Broccoli, 2013 were identical to an Orthofinder2 derived OG. We inspected a sub-

selection of the remaining 2690 Broccoli OGs and compared them manually to 

corresponding Orthofinder2 OGs and determined that the Broccoli assignments were 

usually better in terms of OG clustering. We further refined the Broccoli OGs by 

inspecting sequences found in only one BaSk species (ñsingletonò genes) by comparing 

these genes to each protein sequence in the other BaSk protein sets. After this curation, 

we were left with 4709 Broccoli derived OGs and 13,484 singleton proteins. A Venn 

diagram of the shared and singleton groups can be found as Figure 3.5. 
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Figure 3.5. Shared and unique orthologous groups (OGs) within the BaSk clade 

predicted proteome. This Venn diagram displays the common OGs within the 

Skoliomonas litria, Skoliomonas sp. GEMRC, Skoliomonas sp. RCL, and Barthelona sp. 

PCE predicted proteins as clustered by Broccoli. For individual taxa, the number 

represents the total number of singleton proteins (individual proteins not clustered with 

any other proteins), while the number in parenthesis represents multicopy OGs that were 

found in only that taxon. 

 

 

We used EggNOG mapper (Huerta-Cepas et al., 2019) to assign functional gene 

ontologies (GO terms) to these OGs. We then performed an enrichment analysis using 

topGO (https://bioconductor.org/packages/topGO/) to find GO terms that were enriched 
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in within the OG categories. Tables summarizing the functional annotations for respective 

groups and enriched GO terms can be found in Supplementary Table 3.1 (Appendix B). 

Most singleton proteins were not annotated by EggNOG, likely due to extreme sequence 

divergence from orthologous proteins in the EggNOG database. By examining the 

enriched GO terms of singleton proteins, we found that the Barthelona sp. PCE singleton 

proteins were enriched in functions related to Golgi membrane organization and function, 

such as SAC1 phosphoinositide phosphatase and N-acetylglucosamine-1-

phosphotransferase. We also found an enrichment in cyclins and cyclin-dependant protein 

kinases in Skoliomonas litria, including cyclin mediated serine/threonine kinases, and 

cyclin proteins such as cyclin-A1 and cyclin-E2. Skoliomonas sp. GEMRC singleton 

proteins appeared enriched in GO terms relating to calmodulin binding, such as enkurin. 

Enkurin is a protein that interacts with cation channels and allows for calcium entry into 

cells (Sutton et al., 2004). Given that most singleton proteins were not annotated by the 

EggNOG database, the significance of these findings is unclear. As functional OG 

databases like EggNOG continue to grow and more diverse sequences are annotated, 

perhaps greater meaning may be found in these data. 

 

3. 3.4   Potential laterally acquired genes in the BaSk clade .  
 

We constructed trees for both OGs and singleton proteins to screen for evidence of LGT 

within the BaSk members. In the 4570 trees corresponding to an orthologous group, 2462 

trees showed evidence of LGT using an LGT detection protocol (Ģ§rskĨ et al., 2021). 

Because I was interested in making inferences about functions of transferred genes, I 

followed up on those genes for which a function could be assigned using either EggNOG 

or KoFam KOALA. Similarly, to decrease the number of trees produced by this 

workflow, we only estimated phylogenies for singletons that had an assigned function. 

After functional assignment and manual parsing, we had 82 total trees; 60 belonging to an 

OG, and 22 derived from singleton sequences. Of these trees, 11 appear to be transfers 

into the last common ancestor of the BaSks, 35 into the last common ancestor of the 

skoliomonads, 11 into Barthelona sp. PCE, and 6 into a broader metamonad group. By 

assessing the COG categories, as well as the KEGG assignments for these LGTs, it 

appears that the majority of LGTs into the BaSks tend to involve amino acid metabolism 
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and related transport (see Table 3.7). This same trend can be seen by analyzing subgroups 

within the BaSks (such as the skoliomonads) as well. Below, I focus on particularly 

interesting cases of LGT that were detected using this screen. 

 

Table 3.7. COG and KEGG categories amongst detected LGT candidates in the BaSk 

taxa. 

 

 

One particularly interesting instance of LGT was a pair of novel fusion proteins that were 

detected in Barthelona sp. PCE and Barthelona sp. PAP020. These fusion proteins 

COG category Count 

Energy production and conversion 7 

Inorganic ion transport and metabolism 5 

Translation 2 

Coenzyme metabolism 4 

Replication and repair 3 

Post-translational modification, protein turnover, chaperone functions 6 

General Functional Prediction only 12 

Amino Acid metabolism and transport 10 

Defense mechanisms 1 

Nucleotide transport and metabolism 3 

Cell motility 1 

Carbohydrate transport and metabolism 5 

Cell wall/membrane/envelope biogenesis 4 

Transcription 1 

Intracellular trafficking, secretion, and vesicular transport 1 

Signal transduction mechanisms 3 

Secondary metabolites biosynthesis, transport and catabolism 1 

RNA processing and modification 1 

KEGG category Count 

Cell growth 1 

Drug resistance 1 

Secondary metabolites 1 

Nucleotide metabolism 4 

Genetic information processing 4 

Cofactor metabolism 5 

Transporters 9 

Amino acid metabolism 16 

Lipid metabolism 1 

Environmental Information Processing 2 

Energy metabolism 17 
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contain two fused PFO domains at the N-terminus and a formate dehydrogenase domain 

at the C-terminus, with a flavodoxin domain in the center (see Figure 3.6a). Though the 

function of these proteins within Barthelona sp. PCE and Barthelona sp. PAP020 is 

currently unknown, I hypothesize that these fusion proteins could potentially perform a 

reaction similar to pyruvate formate lyase (see Figure 3.6b). The two PFO domains in 

these proteins appear to be related to PFOs found within a variety of metamonads, 

including the skoliomonads (see Supplementary Figure 3.1, Appendix A), indicating that 

the two domains may be the result of a gene duplication and subsequent fusion within the 

last common ancestor of Barthelona sp. PCE and Barthelona sp. PAP020. Formate 

dehydrogenase is not typically found in metamonads. Phylogenetic analysis of these 

formate dehydrogenase domains (Supplementary Figure 3.2, Appendix A) show that they 

are closely related to formate dehydrogenase subunits in Planctomycetes, a group of 

environmentally ubiquitous bacteria that are essential to the worlds carbon cycle through 

their ability to break down complex carbohydrates (Wiegand et al., 2018). 
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Figure 3.6. Hypothetical functional diagram for the PFO-formate dehydrogenase 

fusion protein in Barthelona sp. PCE and Barthelona sp. PAP020. A) A domain map 

of the Barthelona sp. PCE PFO-formate dehydrogenase fusion protein to scale. Scale bar 

represents length in amino acid residues. B) The light pink rectangle represents the 

protein in its entirety while the circles within represent functional domains. PFO ï 

pyruvate:ferredoxin oxidoreductase; Fldx ï flavodoxin; FdhF - formate dehydrogenase. 

 

 

Also unique to Barthelona sp. PCE and Barthelona sp. PAP020 are a set of proteins 

homologous to non-ribosomal peptide synthetases (NRPS). These large multidomain 

proteins are found in bacteria and fungi and are responsible for the synthesis of small 

peptides (McErlean et al., 2019) and which have not previously been identified in 

metamonads. NRPSs are arranged in a modular fashion, where each module is 

responsible for the addition or modification of an amino acid in the peptide product. 

Typically, these peptides function as secondary metabolites, such as antibiotics or 

siderophores, and are utilized in drug discovery (Walsh, 2004; Reimer et al., 2018). The 

single NRPS gene we discovered in Barthelona sp. PCE is huge, encoding a 13,820 
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amino acid protein. Though the antiSMASH NRPS server predicts that the Barthelona sp. 

PCE NRPS can produce a 12 amino acid product (Figure 3.7), four out of the twelve 

amino acids in the peptide were unable to be predicted. The Barthelona sp. PAP020 

genome in contrast has five ógenesô that are related to NRPSs, though it is unclear if these 

are five separate genes or if these sequences belong to the same operon and have been 

artificially separated due to the fragmented nature of the Barthelona sp. PAP020 

assembly. Three of these genes are too short for product prediction through antiSMASH. 

The other two genes, encoding NRPSs (or NRPS fragments) that are 6722 and 3496 

amino acids in length, are predicted to produce peptides containing 6 and 2 amino acids, 

respectively (see Figure 3.7). Using these antiSMASH predictions, we searched the 

Norine database (Flissi et al., 2020) to predict possible products for these NRPS, but no 

significant hits were found to other NRPSs in this database. Though it is unclear what the 

function of these proteins are in the barthelonids, we speculate that they may make a 

similar peptide product to other NRPSs. One possible product are siderophores, which are 

low molecular weight enzymes produced by microbes to scavenge iron. Anaerobic 

microbes require iron for ATP production, oxygen defense, and other essential functions, 

and siderophores have been identified as a virulence factor in some pathogenic microbes 

(Ellerman & Arthur, 2018). Another possibility is that the products of the barthelonid 

NRPSs are antibacterial in nature, as NRPSs are known to produce peptides with these 

properties in bacteria (Zhang et al., 2014). 
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Figure 3.7. Schematic representations of the NRPS proteins in Barthelona sp. PCE 

and Barthelona sp. PAP020. Each purple box contains the information for a single gene 

replating the NRPS function in either organism. This information includes the length of 

the gene and the predicted peptide product, the primary sequence of the peptide as well as 

a diagram of the peptide. The line with coloured circles represents a map of the peptide 

product with predicted functional domains. 

 

 

Our LGT analysis also revealed proteins relating to oxygen detoxification within the 

BaSks. Oxygen detoxification is vital to organisms such as the BaSk taxa that live in 

hypoxic conditions, but which experience intermediate or low levels of oxygen exposure. 

Previous studies have focused on oxygen detoxification within the fornicates, particularly 

the diplomonads, which contain a number of parasitic species that routinely come in 

contact with oxygen as part of their infection cycles (Jiménez-González et al., 2019). This 

previous study suggests that much of the oxygen defense system found in the fornicates 
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was transferred laterally after the divergence of the last fornicate common ancestor, and 

that some pathway components were acquired independently in cases of apparent 

convergent evolution. Jiménez-González and collegues (2019) separate the oxygen 

detoxifcation system in the fornicates into two main pathways; one that works to reduce 

oxygen to water in a stepwise fashion, and another which repairs proteins which have 

become oxidized by free radicals. Our LGT analysis revealed that the BaSks share a 

conserved pathway to reduce oxygen to water in the typical three-step process 

(Supplementary Figure 3.3, 3.4, Appendix A). In the first step, oxygen is reduced to a 

superoxide radical by either FAD-dependent oxidoreductase or nitroreductase. 

Phylogenetic analysis suggests that while the FAD-dependent oxidoreductases in 

Fornicata, the BaSks, and Preaxostyla were likely horizontally acquired in their last 

common ancestor, the nitroreductase appears to be ancestral to all metamonads, having 

been acquired prior to their last common ancestor (Figure 3.4).  Next, the superoxide 

radical is converted to hydrogen peroxide by a superoxide dismutase, which also appears 

to have been ancestrally acquired in metamonads. Finally, water is generated from 

hydrogen peroxide by hybrid cluster protein (acquired in the lineage leading to the 

fornicate and BaSk last common ancestor), though an associated hybrid cluster protein 

reductase was not found. Interestingly, both the skoliomonads and the barthelonids have 

separate enzymes that may work in the final generation of water, as the skoliomonads 

possesses rubrerythrin and the barthelonids possess thioredoxin reductase. Both groups 

possess peroxiredoxin and protein sulfide dismutase (PDI), though only the barthelonids 

appear to possess thioredoxin reductase, which uses electrons of NAD(P)H to reduce 

peroxidoxin after water production. In Giardia, PDI and peroxiredoxin are thought to be 

secreted to the cell surface, where they can function to eliminate oxygen from the surface 

of the cell, or repair oxidized surface proteins (Jiménez-Gonz§lez et al., 2019; Maôayeh et 

al., 2017). Interestingly, we found that all copies of PDI in the BaSks have strong 

secretion signals, indicating that PDI may mediate oxygen defense outside of the cell in 

these organisms as well. 

 

In addition to this 3-step process, both the skoliomonads and the barthelonids share a 

conserved pathway for the production of cysteine. The final enzyme in this pathway 
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(cysteine synthase) appears to be independently acquired by the skoliomonads and the 

barthelonids while serine O-acetyltransferase and phosphoserine aminotransferase were 

likely acquired by the BaSks last common ancestor. The barthelonids have two additional 

enzymes for the conversion of cysteine and glutamate into glutathione, both of which 

produced phylogenies that are not resolved enough to infer the evolutionary histories of 

these proteins. Unique to the skoliomonads is a A-type flavoprotein, which in fornicates 

participates in the reduction of oxygen to water, and passes the electrons to ferredoxin 

and PFO, for use in cytosolic ATP production (Jiménez-González et al., 2019). 

Additonally, the skoliomonads also possesses a methionine sulfoxide reductase (msrA) 

which likely repairs damaged proteins by reducing their methionine residues. The 

associated disulfide reductase, FixW, was not detected in any of the BaSk taxa. 

 

The foregoing LGT analysis changes our understanding of the history of these pathways 

in several ways. First, the ability to convert oxygen to an oxygen radical (through 

FAD/FMN dependent oxidoreductase or nitroreductase) was previously thought to have 

been acquired within the fornicate tree, before the divergence of Kipferlia bialata  

(Jiménez-González et al., 2019). Our analysis suggests that FAD/FMN dependent 

oxidoreductase was likely acquired instead by the last common ancestor of the fornicates 

and the BaSk clade, with losses of the protein in many of the fornicates, an independent 

gain of this protein in diplomonads, and additional gains of these proteins within the 

barthelonids. In the case of nitroreductase, the phylogeny suggests that there was an 

ancestral transfer into the metamonad last common ancestor, with additional transfers 

within the metamonad tree, though the phylogeny is not sufficiently resolved to confirm 

the timing of these transfers.  

 

In the case of superoxide dismutase, which converts superoxide radicals to hydrogen 

peroxide, previous analysis suggested that it was likely acquired before the fornicate last 

common ancestor (Jiménez-González et al., 2019). Our current analysis suggests that 

there were two transfers into metamonads, the first of which was into the lineage leading 

to the last common ancestor of the fornicates, the BaSks, and Preaxostyla. Interestingly, 

in our phylogenetic analysis there is a grouping of Skoliomonas sp. GEMRC, 
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Trichomonas, and Kipferlia superoxide dismutase sequences away from other metamonad 

sequences, suggesting that these are perhaps independent transfers into each species (see 

Supplementary Figure 3.5, Appendix A). Peroxiredoxin, which works in tandem with 

thioredoxin and associated reductases to reduce hydrogen peroxide to water, was 

previously thought to be present in the last fornicate common ancestor (Jiménez-

González et al., 2019). Our analysis suggests this is true, however it may have been 

acquired even earlier, prior to the last metamonad common ancestor and subsequently 

lost in Preaxostyla, Anaeramoeba, and various CLOs. 

 

For the final step of the reduction of oxygen to water, hybrid cluster protein was 

previously reported to be a single ancestral transfer into the last common ancestor of 

metamonads (Jiménez-González et al., 2019). However, our analysis reveals that hybrid 

cluster protein sequences from the BaSks and various fornicates branch separately from 

Trichomonas homologs, suggesting at least two independent transfers into metamonads 

(Figure 3.8). Jiminez-Gonzalez and colleagues (2019) previously reported that 

thioredoxin reductase was acquired within the fornicate phylogeny, most likely before the 

emergence of Ergobibamus. Our analysis shows that fornicate and Trichomonas 

sequences branch together in the tree, suggesting that these proteins are instead ancestral 

to metamonads (Figure 3.8). 
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Figure 3.8. Gains and losses of key oxygen detoxification enzymes across the 

Metamonada. In this diagram representing the metamonad phylogeny, the branch labels 

represent inferred gains (+) and losses (-) across the group. Solid, black-lined shapes 

represent proteins of probable bacterial origin, red-lined shapes of eukaryotic origin, and 

dashed-lined shapes represent transfers of ambiguous origins. Blue triangle ï A-type 

flavoprotein; pink square ï superoxide dismutase; green triangle ï hybrid cluster protein; 

yellow square ï serine o-acetyltransferase; green circle ï peroxiredoxin; yellow triangle ï 

thioredoxin reductase; blue circle ï FAD/FMN dependent oxidoreductase; pink triangle ï 

nitroreductase; blue square ï phosphoserine aminotransferase; pink circle ï rubrerythrin; 

green square ï methionine sulfoxide reductase A; yellow circle ï cysteine synthase. 
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3. 4  Conclusion  

   
We have taken our high-quality genome sequence data (described in Chapter 2) and have 

analyzed the corresponding predicted proteomes to better understand the evolutionary 

history of the BaSk clade. By investigating this newly discovered clade of metamonads 

using genomic data, we were able to interrogate aspects of genome evolution which 

cannot be studied using transcriptomic data. This includes non-coding and repetitive 

regions of the genome, like intron and TE content, of which we have found that the clades 

differing genome sizes are partially due to a proliferation of TEs in the last common 

ancestor of Skoliomonas litria  and Skoliomonas sp. GEMRC. This makes the BaSk clade 

a potential candidate group to study the factors underpinning TE proliferation within 

anaerobic eukaryotes. The lack of genome synteny within the BaSk clade and low 

average pairwise ortholog identities suggests that they are quite divergent from one 

another, though they are each otherôs closest known relatives on the metamonad tree. Our 

findings indicate that LGT has shaped the functional capacity of the BaSk genomes, 

especially with respect to various anabolic amino acid and energy-generating pathways. 

In addition, our survey of LGTs have allowed us to reconstruct oxygen detoxification 

pathways in this newly discovered group and allow us to better understand the 

evolutionary history of these pathways in the metamonad supergroup of eukaryotes. 

Finally, the novel transferred genes we identified in the barthelonids (e.g. the NRPS 

proteins) are deserving of follow-up studies to investigate the functions of these proteins 

that have seldom, if ever, been reported previously within protistan eukaryotes. 
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CHAPTER 4  

 

CoMR  ï a new pipeline for predicting mitochondrial proteomes 

in model and non - model eukaryotes  

 

4.1  Introduction  

   
Mitochondria and their associated metabolisms have been extensively studied in diverse 

aerobic eukaryotes. The human mitochondrial proteome is one of the best-characterized 

examples, as human mitochondrial dysfunction is correlated with poor health outcomes 

(Sorrentino et al., 2018). Most aerobic mitochondria participate in many important 

cellular functions, most notably through the generation of ATP by the electron transport 

chain and the citric acid cycle that fuels it. Mitochondria in humans and other aerobes are 

also responsible for energy production through fatty acid oxidation, which is the main 

source of ATP for the cell when glucose levels are low (Chandel, 2021). These organelles 

also participate in a variety of other metabolic functions such as amino acid synthesis and 

degradation (Guda et al., 2007), mitochondrial genome expression and maintenance, and 

Fe/S cluster biogenesis (Lill & Freibert, 2020). Due to its similarity in mitochondrial 

pathways and functions, Saccharomyces cerevisiae is often utilized as a model system to 

study human mitochondrial diseases (Franco et al., 2020). 

 

Investigations into the mitochondria of organisms outside of opisthokonts have yielded 

interesting findings. For example, the first protist mitochondrion studied in-depth was 

that of the ciliate Tetrahymena thermophila, which revealed the presence of enzymes of 

glycolysis in the organelle, a pathway that is typically thought of as cytosolic (Smith et 

al., 2007). The mitochondrial genome of the jakobid species Andalucia godoyi was 

recently shown to be the most bacteria-like and gene-rich mitochondrial genome and 

proteome discovered to date (Gray et al., 2019). Investigations into the mitochondrial 

functions of Acanthamoeba castellanii suggest that this organism likely can produce ATP 

both aerobically (through the electron transport chain) and anaerobically (through a 

hydrogenosome-like pathway with pyruvate:ferredoxin oxidoreductase) (Gawryluk et al., 

2014). 
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In humans, mutations that lead to the loss of metabolic potential within the organelle, also 

called mitochondrial dysfunction, often cause serious diseases (Sorrentino et al., 2018). 

However, in anaerobic eukaryotes, such as metamonads, the lack of aerobic 

mitochondrial metabolic pathways within their mitochondrion-related organelles (MROs) 

is the result of evolutionary pressures to adapt to hypoxic conditions. Although MROs 

differ in detail in many low-oxygen-adapted lineages in the eukaryotic tree of Life, 

similar patterns of metabolic reduction are commonly found in these disparate organisms 

(Roger et al., 2017). Studying MROs and the evolutionary events that have shaped them 

not only enables us to understand complex metabolic processes within anaerobic 

eukaryotes but also puts mitochondrial evolution into perspective by exploring the 

plasticity of the organelle. 

 

MRO reconstruction, whether through experimental or in silico approaches, attempts to 

define molecular systems and metabolic pathways that operate within the organelle, to 

better understand its functional role. The study of metamonad MROs is complicated by a 

variety of factors. Though experimental proteomic techniques can construct organellar 

maps, and have been achieved in some metamonads to great success (Zítek et al., 2022), 

these techniques are not applicable to all metamonads. This is because spatial proteomics 

requires careful preparation of cell lysate to ensure organelles remain intact throughout 

the experimental procedure, and such protocols are not established for most metamonads.  

MRO pathways and systems can also be predicted using in silico methods based on 

predicted gene sets from either genomic or transcriptomic data. This method is not 

without its own drawbacks, however. Firstly, if a candidate MRO protein has an N-

terminal mitochondrial targeting signal (MTS), it may not be predicted by traditional 

MTS prediction software tools, which are trained to predict MTSs in model organisms. 

Metamonad MTSs are often highly divergent compared to those of model organisms, 

reflecting the divergent nature of the MRO import machinery in metamonads (Stairs et 

al., 2021). Furthermore, metamonad MRO sequences are often missing an N-terminal 

extension entirely, and are thought to rely more heavily on internal signals (iMTSs; see 

Mentel et al., 2008; Rada et al., 2015). 
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Internal mitochondrial targeting signals, like iMTSs, are not unique to metamonads. 

Studies in model systems suggest that the mitochondrial import receptor Tom70 is 

responsible for recognizing internal signals, and may help import peptides into the 

Tom40 pore complex by preventing the aggregation of iMTSs (Backes et al., 2018; 

Yamamoto et al., 2009). In response to these findings, a new approach has been proposed 

to adapt TargetP2 to detect iMTSs. This is done by iteratively removing amino acids from 

the N-terminus of the sequence in question, and running the truncated sequences through 

the targeting predictor, to see if MTSs are revealed as amino acids are removed (Boos et 

al., 2018). However, this method has not been broadly tested on either known 

mitochondrial proteins from model organisms or on metamonad MRO proteins. Its 

performance at predicting iMTSs in metamonads is therefore currently unknown. 

 

In this chapter, I discuss the development of CoMR (Comprehensive M itochondrial 

Reconstructor), a new mitochondrial/MRO proteome predictor and reconstruction 

pipeline that can be used for both model organisms and eukaryotes with cryptic MTSs.  

CoMR is based on an initial framework conceived by Dr. Courtney W. Stairs. 

This pipeline utilizes several different and redundant methods for identifying MTSs and 

other evidence of mitochondrial localization and evaluates each output to compute a score 

that describes how likely a given sequence is to be mitochondrial in origin. These 

methods include a variety of MTS predictors, homology searching against several 

databases (including a subtractive mitochondrial database), HMM profile searching, and 

automated phylogenetic analysis. I show that the combination of these methods together 

leads to a more accurate list of potential mitochondrial proteins than any of the widely 

used mitochondrial targeting prediction software tools currently available. Overall, 

CoMR can be used to rapidly generate mitochondrial/MRO protein localization 

predictions in both model and non-model organisms that can be further investigated 

bioinformatically, and their localizations tested experimentally. 
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4.2 Methods  

4.2.1   Automating the prediction of iMTS; the Sauron pipeline.  
 

To test if accurate prediction of iMTSs was possible using the method of Boos and 

colleagues (Boos et al., 2018), I created the Sauron pipeline. The Sauron script performs 

the described steps of Boos and colleagues (2018) in a fully automated Python script. It 

takes in a FASTA file of query protein sequences. For each input sequence, it generates a 

FASTA file of truncated sequences by iteratively removing one amino acid from the start 

of the sequence until the sequence is 20 amino acids in length. It then predicts the 

presence of an MTS for each FASTA file (containing the original protein sequence and 

all of its truncations) using TargetP2 v2.0 (Armenteros et al., 2019). Sauron evaluates the 

TargetP2 output for iMTSs by reporting the score for each protein sequence in each 

FASTA file, smoothing the values reported using a first order Savitzky-Golay filter with 

a filter length of 21 (see Boos et al., 2018), and then parses the TargetP2 output scores by 

a user defined threshold. The final output is a tab-separated file with a row for each 

original input sequence header that lists the location of detected iMTSs in the original 

sequence by amino acid position above the defined score threshold.  Sauron was used to 

detect iMTSs in a set of human proteins that includes the human mitochondrial proteome 

(annotated by MitoCarta3, 2241 proteins; see Rath et al., 2021) and cytosolic human 

proteins (annotated by Uniprot, 5320; see Consortium, 2023). This output was used to 

assess Sauronôs performance by calculating the true positive rate (TPR) and false positive 

rate (FPR), as defined below: 

ὝὶόὩ ὴέίὸὭὺὩ ὶὥὸὩ
ὝὶόὩ ὖέίὭὸὭὺὩί

ὝὶόὩ ὖέίὭὸὭὺὩίὊὥὰίὩ ὔὩὫὥὸὭὺὩί
 

 

ὊὥὰίὩ ὴέίὸὭὺὩ ὶὥὸὩ
ὊὥὰίὩ ὖέίὭὸὭὺὩί

ὊὥὰίὩ ὖέίὭὸὭὺὩίὝὶόὩ ὔὩὫὥὸὭὺὩί
 

 

These rates were then used to construct a receiver operating characteristic (ROC) curve, 

and the area under the curve (ROC-AUC) was approximated as a measure of 

performance. 
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4.2.2   CoMR pipeline ï general workflow.  
 

CoMR takes in the name of a configuration file as its input argument. The configuration 

file is a tab-separated file that contains the paths to databases utilized by CoMR, as well 

as the name and path of the input set of protein sequences for CoMR. These input protein 

sequences should be in FASTA format, containing only amino acid sequences that are at 

least 20 amino acids in length, and have only alphanumeric characters and underscores in 

its headers. The input protein sequences can be derived from gene models, 

transcriptomes, or proteomic analysis. Note that targeting prediction will be skipped for 

any sequence that is truncated at the N-terminus (sequences that do not start with an óMô) 

because such sequences will not be accepted by MTS prediction software. 

CoMR preprocesses the input set of protein sequences by splitting each sequence into its 

own FASTA file and sorts these files based on sequence completion at the N-terminus 

(presence/absence of methionine as the first amino acid in the sequence). This is done to 

more easily pass the sequences into the four MTS targeting predictors utilized by CoMR 

(TargetP2 v2.0; Armenteros et al., 2019, MitoProt II v1.101; Claros, 1995, Mitofates; 

Fukasawa et al., 2015, and DeepMito; Savojardo et al., 2020) and to simplify the process 

of parsing the resulting outputs. The input sequences are also used to search against the nr 

database, an optional database of user-supplied sequences, and the CoMR Subtractive 

Mitochondrial Database (SMD) using Diamond v2.0.10 blastp with the ñmore-sensitiveò 

setting (Buchfink et al., 2021). Below is the description of the construction and usage of 

the SMD. 

 

The SMD is derived from well-curated whole-cell proteomes and mitochondrial 

proteomes of six model organisms: Andalucia godoyi (Genbank accession 

VRVR00000000; see Gray et al., 2019), Tetrahymena thermophila (predicted protein 

Genbank accession EAR80512 to EAS07932, see Eisen et al., 2006; Smith et al., 2007), 

Arabidopsis thaliana (NCBI Bioproject PRJNA10719 and SAMN03081427; see Cheng 

et al., 2017; The Arabidopsis Genome Iniative, 2000), Homo sapiens (International 

Human Genome Sequencing Consortium, 2001; mitochondrial proteins from UniProt 

(GO:0005739)), Acanthamoeba castellanii (NCBI Bioproject PRJNA599339 and 

PRJNA487265; see Gawryluk et al., 2014; Matthey-Doret et al., 2022), and 
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Saccharomyces cerevisiae (https://www.yeastgenome.org/; see Engel et al., 2014). For 

each of the six organisms, each sequence in the mitochondrial proteome was used as a 

query in a Diamond search of the whole cell proteome, using the ñmore-sensitiveò setting 

and an e-value cutoff of 0.0001. I collected the hits from the whole cell proteome that 

were >90% identical to a mitochondrial query on the amino acid level and removed these 

hits from the whole cell proteome. This generated two datasets for each of the six 

organisms: a dataset containing mitochondrial and mitochondrial-like proteins, and a 

dataset containing proteins <90% identical to a mitochondrial protein in each organism. 

The SMD consists of all twelve datasets generated above. For the CoMR pipeline, each 

sequence from the input set of protein sequences is used as a query in a Diamond search 

against the SMD, the results of which are then filtered by their bit score. 

 

I also constructed HMM profiles based on the SMD by clustering the proteomes of all six 

organisms using Broccoli v1.2 (Derelle et al., 2019) to create orthologous groups (OGs), 

which were then manually curated. These OGs contain proteins with headers signifying if 

they belong to a mitochondrial or non-mitochondrial dataset within the SMD. These OGs 

were then aligned with mafft v7.310 einsi (Katoh et al., 2002), trimmed with trimal 

v1.4.rev15 (Capella-Gutiérrez et al., 2009) using the -gappyout setting, and the resulting 

alignments were used to construct HMM profiles using HMMER 3.3.2 (Eddy, 2011) with 

default settings. For the CoMR pipeline, each sequence in the input set of protein 

sequences is searched against these HMM profiles. If a hit is identified, that input 

sequence is then added to the corresponding alignment that produced the HMM profile. If 

more than one hit is identified, the input sequence is added to alignment with the HMM 

profile that has the highest scoring hit based on its e-value. These sequences are then 

aligned and trimmed using the methods mentioned above, and used to estimate a 

phylogeny with IQTree v1.5.5 (Nguyen et al., 2015) with the LG+gamma model of 

evolution. Each phylogeny is parsed by rooting the tree at the input sequence in question, 

and the input sequence is assessed for its relationship to other sequences in the tree that 

were either mitochondrial or non-mitochondrial. The Fitch parsimony algorithm for 

ancestral reconstruction of states was then used to predict whether the query sequence 

was ñmitochondrialò (MITO), or ñnon-mitochondrialò (OTHER) (Fitch, 1971). 
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All relevant outputs are reported in a single comma-delimited file, with each line 

representing the results for each sequence of the input protein sequences. This output file 

contains: i) the results of the four mitochondrial targeting prediction software tools, ii) the 

top result of the Diamond search against a user-supplied custom database (a FASTA file 

containing proteins against which the user wants to search) based on e-value, iii) the top 

results of the Diamond search against the nr database filtered by e-value (and additionally 

filtered by top hit, top hit containing a mitochondrial description, and top non-

hypothetical hit), iv) the top hit against the SMD filtered by bit score, v) the number of 

times the top hit in the SMD was for the mitochondrial database from each of the six 

organisms, vi) the top hit against the HMM profile database derived from the SMD 

filtered by e-value, and vii) the results of the phylogenetic tree parsing (where 

applicable). CoMR then scores each sequence from the input proteome based on the 

output results. The scoring scheme is defined by a tab-separated ñscorecardò that can be 

customized according to the userôs preference. The default scoring scheme is to award 

each sequence one point for each of the three targeting predictors that positively predict 

an MTS (or, in the case of targeting predictors that only report their own score, a score 

above 70%), one point if a sequence has a top hit to ² 3 mitochondrial datasets in the 

SMD, one point if the tree parsing suggests that the sequence is reconstructed as 

ñmitochondrialò, and one point if the sequence has a ñmitochondrialò labelled hit 

description against the nr database. Note that a CoMR point is not awarded based on the 

DeepMito output, as this targeting predictor assumes that all sequences are mitochondrial, 

and instead tries to predict submitochondrial localization. The DeepMito output is 

provided in the case that the user strongly believes that input sequences are mitochondrial 

(through the overall CoMR score or otherwise), so that the user may associate the protein 

with the suborganellar localization information. In cases where the user does not believe 

that the protein is mitochondrial, the DeepMito result can be ignored. This default scoring 

scheme (the ñequalò scoring scheme) can award a maximum of 6 points and a minimum 

of 0 points. A schematic of the CoMR workflow can be found in Figure 4.1. 

 



89 

 

 

Figure 4.1. An overview of the CoMR pipeline. This diagram summarizes the major 

steps taken by CoMR to reconstruct mitochondrial and MRO inventory. This includes the 

major search strategies using homology-based approaches, target signal prediction, and 

phylogenetic analysis. Blue ï programs or databases utilized by CoMR; green ï 

intermediate results accessible to the user; yellow ï application of a user-defined scoring 

scheme to intermediate results; pink ï final CoMR output summarizing intermediate 

results and including scores. 

 

4.2. 3   Testing the CoMR pipeline performance .  
 

To test the performance of CoMR we examined its ability to identify MTSs in both a 

model organism (S. cerevisiae), as well as a metamonad (Paratrimastix pyriformis). To 

examine S. cerevisiae we constructed a modified SMD and subsequent alignment/HMM 

profile database without S. cerevisiae sequences. Since the nr database used also included 

S. cerevisiae sequences, nr database matches to S. cerevisiae sequences (which add 1 

point to the score count) were further validated by searching against an nr database 
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without S. cerevisiae. If these protein sequences failed to find a hit against a 

ñmitochondrialò labelled protein in this reduced nr database, 1 point was removed from 

that protein score count. In addition, I tested CoMRs' performance using the P. pyriformis 

whole cell and annotated MRO proteomes (Zítek et al., 2022). 

  

Similar to the Sauron performance testing outlined above, CoMRôs performance was 

evaluated for both the S. cerevisiae and P. pyriformis proteomes by plotting a ROC curve 

and approximating the AUC. In addition, I plotted ROC curves and calculated AUC 

scores for the baseline performance of TargetP2 with both the S. cerevisiae and P. 

pyriformis proteomes to compare it with CoMRs performance. Because the P. pyriformis 

proteome contains very few verified MRO proteins compared to the whole proteome, I 

plotted Precision-Recall (PR) curves for the P. pyriformis CoMR output, as well as the 

TargetP2 output. AUC scores were generated for these curves to enable comparisons. 

Finally, to compare the performance of CoMR with the performance of Sauron, I created 

a P. pyriformis subset proteome by randomly sampling 100 non-MRO proteins and 

including all 32 MRO proteins. This subset proteome was used to test the performance of 

both CoMR using the equal scoring scheme, as well as Sauron. 

 

4.3 Results & Discussion  

4.3.1   The Sauron method fails to accurately predict internal 

targeting sequences.  
 

I tested the efficacy of the Sauron method for detecting iMTSs by first automating the 

workflow in a Python script, and then testing this method on a set of human 

mitochondrial and cytosolic proteins. The ROC curve for Sauron can be found in Figure 

4.2. The ROC-AUC was calculated at 0.70. Compared to the ROC-AUC score of a 

random classifier of 0.5 and a perfect classifier score of 1.0, this ROC-AUC score 

indicates a mediocre performance. Its performance is mainly hindered by its high false 

positive (FP) rate, which is only slightly less than the number of true positives (TP) it 

captured. This is likely due to the non-specific nature of the targeting sequence, and its 

subsequent presence as a motif in many non-mitochondrial proteins. This casts doubt on 

the general utility of the iMTS detection method proposed by Boos and colleagues (Boos 

et al. 2018). 
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Figure 4.2. The ROC curve for the Sauron implementation of iMTS prediction 

(blue). This curve was generated by using differing cutoff thresholds for the TargetP2 

scores that were considered positive (noted next to each data point). In orange is the ROC 

curve for a classifier that randomly assigns positive and negative classes. The AUC of the 

Sauron ROC curve is 0.70. 

 

4.3.2   CoMR can detect mitochondrion - related proteins from 
both model and non - model organisms.  
 

We constructed a pipeline for mitochondrial localization prediction that utilizes a variety 

of different search strategies to provide evidence of mitochondria or MRO targeting. 

These strategies include sequence searching based on amino acid identity against a 
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variety of databases, mitochondrial targeting prediction from four different MTS 

prediction software tools, and automated phylogenetic analysis. In addition to harvesting 

these results, CoMR reports a score for each query sequence which sums the number of 

ñpositiveò hits across all search strategies. This score can be utilized by the user to filter 

out low-scoring sequences or to select high-scoring sequences for inclusion in the 

reconstruction of the mitochondrial proteome. 

 

To test the performance of CoMR, we created a SMD without S. cerevisiae proteins and 

used this dataset with CoMR to predict mitochondrial proteins from the S. cerevisiae 

proteome. We scored the output according to an ñequalò scoring scheme (where all six 

search criteria outlined above can contribute 1 point to the overall CoMR score) and then 

investigated rates of true positives (TP), false positives (FP), true negatives (TN), and 

false negatives (FN) over all possible CoMR scores, which ranged between 0 and 6. We 

used these values to plot a ROC curve for the equal scoring scheme, which can be found 

in Figure 4.3. The ROC-AUC using this scoring scheme is 0.922, indicating that the 

CoMR workflow as reported by the equal scoring scheme is well suited for discerning 

between mitochondrial and non-mitochondrial proteins within the S. cerevisiae proteome. 
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Figure 4.3. The ROC curve for the yeast proteome evaluated by CoMR. This data 

was evaluated using the equal scoring scheme, with possible scores ranging between 0 

and 6 (noted next to data points). In orange is the ROC curve for a classifier that 

randomly assigns positive and negative classes. The AUC of this ROC curve is 0.92. 

 

We investigated which of the four individual targeting predictors worked best to identify 

S. cerevisiae MTSs by plotting the total number of TP and FP, as well as TN and FN for 

each predictor separately (see Figure 4.4A and 4.4B). Comparing TN and FN counts, we 

found that the three MTS predictors perform similarly, mostly assigning non-

mitochondrial proteins correctly, while relatively rarely flagging mitochondrial proteins 

as non-mitochondrial. However, comparing TP and FP counts, we found that MitoProt 

has the highest FP count. To test the MitoProt effect on CoMRs performance in 
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identifying MTSs in the S. cerevisiae proteome, we applied alternate scoring schemes 

which either i) removed MitoProt from the CoMR score or ii) down-weighted MitoProt 

scoring to lessen its contribution to the score, by halving its scoring value.  

 

 

Figure 4.4. True and false positive and negative rates for the yeast proteome 

evaluated by 3 targeting predictors. The proportion of true positives/negatives is shown 

in black while the proportion of false positives/negatives is shown in blue. The threshold 

for the classifiers was based on the recommended cutoff for each respective program. A) 

True and false positives, B) true and false negatives. 

 

We then recalculated both the TPR and FPR for these new scoring schemes to see its 

impact on the ROC curve and ROC-AUC test. A comparison of these ROC curves can be 

found in Figure 4.5 and a summary of the ROC-AUC scores can be found in Table 4.1. 

Overall, we found that downweighting the most poorly performing targeting predictor 

increased the AUC to 0.927 while removing MitoProt from the scoring scheme decreased 

the AUC relative to the equal CoMR scoring scheme. This suggests that further fine-

tuning of the CoMR scoring scheme to maximize performance could be beneficial for 

certain datasets. 

 

 

A B 
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Table 4.1. AUC scores of ROC curves summarizing CoMR performance on both the 

yeast and Paratrimastix proteomes, using a variety of scoring schemes. 

Scoring scheme ï ROC curves Yeast AUC score Paratrimastix AUC score 

Equal scoring 0.922199919707599 0.853880036671875 

No Mitoprot scoring 0.920018128561674 0.850073601359375 

Mitoprot downweighted 0.926979778841424 0.858390118328125 

No tree search scoring 0.92035176920847 0.854679745671875 

No subtractive database scoring 0.924576591106399 0.828921237171875 

No TargetP2 scoring 0.921256794156868 0.85447836809375 

No Mitofates scoring 0.91970688581614 0.854283941796875 

No ñmitoò nr search scoring 0.837998632153789 0.795058005 

 

 

 

Figure 4.5. CoMR ROC curves to evaluate the effectiveness of Mitoprot targeting 

prediction on classifying the yeast proteome. These ROC curves plot the effectiveness 

of the CoMR pipeline when using the equal scoring scheme (blue), when Mitoprot is 

removed from the scoring scheme (red) and when Mitoprots contribution to the total 

score is halved (green). The orange line represents the ROC curve for a random classifier. 
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To further investigate the impact of each search strategy on the CoMR scores for the S. 

cerevisiae proteome, we systematically removed search strategies from the scoring 

scheme and evaluated the change in ROC-AUC for the subsequent ROC curves (see 

Table 4.1). These ROC curves can be found in Figure 4.6. We found that the greatest 

positive impact in scoring strategies came from homology searching the nr database, and 

the remaining search strategies contributed similar amounts to the overall score. The high 

contribution of the nr database search strategy is likely due to the large number of closely 

related sequences in the database (such as other fungal taxa), which allows for easy 

identification of mitochondrial proteins in the S. cerevisiae proteome. 

 

 

Figure 4.6. CoMR ROC curves to evaluate the effectiveness of other search 

strategies on classifying the yeast proteome. These ROC curves plot the effectiveness 

of the CoMR pipeline when using the equal scoring scheme (blue), when the automatic 

phylogenic analysis is removed from the scoring scheme (red), when the subtractive 

mitochondrial database search is removed from the scoring scheme (green), when 

TargetP2 is removed from the scoring scheme (pink), when Mitofates is removed from 

the scoring scheme (purple), and when the NCBI non-redundant database search is 

removed from the scoring scheme (brown). The orange line represents the ROC curve for 

a random classifier. 
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Note that these observations in search strategy effectiveness are likely organism-specific 

and cannot be broadly applied to all potential query proteomes without further 

investigations. To assess if these observations on search strategy effectiveness apply to 

diverse eukaryotes, we performed the same series of tests on the CoMR output of the 

anaerobic protist Paratrimastix pyriformis proteome by taking advantage of its spatial 

proteomics-derived MRO proteome (Zítek et al., 2022), which indicated the organelle 

contains 32 proteins. By applying the same equal scoring scheme, we plotted the ROC 

curve and estimated the ROC-AUC for the P. pyriformis to be 0.854 (see Figure 4.7 and 

Table 4.1). 

 

Figure 4.7. The ROC curve for the Paratrimastix proteome evaluated by CoMR. This 

data was evaluated using the equal scoring scheme, with possible scores ranging between 

0 and 6 (noted next to data points). Note that scores 5 and 6 share the same data point. In 

orange is the ROC curve for a classifier that randomly assigns positive and negative 

classes. The AUC of this ROC curve is 0.85. 

 

Similar to what was observed with the S. cerevisiae analysis, Mitoprot reported a large 

number of false positives (see Figure 4.8A and 4.9B). Downweighting the score 

contribution of Mitoprot increased the ROC-AUC scores for the P. pyriformis data (see 
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Table 4.1 and Figure 4.9). Unlike the S. cerevisiae results, we found that for P. 

pyriformis, both the nr and SMD search strategies contributed substantially to the AUC 

value (see Table 4.1 and P. pyriformis ROC curves in Figure 4.10). These data suggest 

that when utilizing CoMR to investigate the mitochondrial proteome of model organisms, 

and perhaps organisms within well-studied eukaryotic clades, additional search strategies 

will rarely outperform traditional search methods such as targeting prediction and nr 

searching. However, for more obscure organisms that belong to understudied eukaryotic 

groups, such as metamonads, having a broader variety of search options can help recover 

mitochondrial or MRO-associated proteins not often detected by traditional search 

methods. Note that CoMR also has the capacity to include a custom database of user-

defined sequences to search against and can incorporate the results of these searches into 

its scoring scheme. This function was not utilized in the foregoing cross-validation tests 

but can also be used to improve the detection of mitochondrial/MRO proteins from data 

that are not abundantly available in nr. 

 

Figure 4.8. True and false positive and negatives rates for the Paratrimastix 

proteome evaluated by 3 targeting predictors. The proportion of true 

positives/negatives is shown in black while the proportion of false positives/negatives is 

shown in blue. The threshold for the classifiers was based on the recommended cutoff for 

each respective program. A) True and false positives, B) true and false negatives. 

A B 
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Figure 4.9. CoMR ROC curves to evaluate the effectiveness of Mitoprot targeting 

prediction on classifying the Paratrimastix proteome. These ROC curves plot the 

effectiveness of the CoMR pipeline when using the equal scoring scheme (blue), when 

Mitoprot is removed from the scoring scheme (red) and when Mitoprots contribution to 

the total score is halved (green). The orange line represents the ROC curve for a random 

classifier. 
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Figure 4.10. CoMR ROC curves to evaluate the effectiveness of other search 

strategies on classifying the Paratrimastix proteome. These ROC curves plot the 

effectiveness of the CoMR pipeline when using the equal scoring scheme (blue), when 

the automatic phylogenic analysis is removed from the scoring scheme (red), when the 

subtractive mitochondrial database search is removed from the scoring scheme (green), 

when TargetP2 is removed from the scoring scheme (pink), when Mitofates is removed 

from the scoring scheme (purple), and when the NCBI non-redundant database search is 

removed from the scoring scheme (brown). The orange line represents the ROC curve for 

a random classifier. 

 

We observed that, of the three targeting predictors scored by CoMR, TargetP2 appeared 

to perform the best in terms of minimizing the number of false positives. Therefore, we 

utilized TargetP2 as a benchmark to test CoMRs' performance on both the S. cerevisiae 
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and P. pyriformis proteomes, using the equal scoring scheme (see Figures 4.11A and 

4.11B). For both datasets, the TargetP2 curve had a lower ROC-AUC score compared to 

CoMR (see Table 4.2), indicating that for both S. cerevisiae and P. pyriformis, the CoMR 

pipeline performs better than the best targeting predictor. MTS prediction is the standard 

method of mitochondrial reconstruction for model organisms; however, this data suggests 

that this strategy is improved by incorporating other forms of evidence for mitochondrial 

localization. 

 

Table 4.2. Comparing the performance of CoMR and TargetP2 on the yeast and 

Paratrimastix proteomes using AUC-ROC scores. 

ROC curves Yeast AUC score Paratrimastix AUC score 

CoMR Equal Score 0.922199919707599 0.853880036671875 

TargetP2 0.79272526150554 0.659258456314007 

 

 

Figure 4.11. A comparison of CoMR function vs. TargetP2 using the yeast and 

Paratrimastix proteomes. ROC curves for CoMR using the equal scoring scheme (blue), 

TargetP2 (red), and a random classifier (orange) are displayed. A) Yeast proteome, B) 

Paratrimastix proteome. 

 

Datasets with a small number of positives compared to negative cases can sometimes lead 

to biased ROC curves with inflated ROC-AUC scores (Fawcett, 2006). To better analyze 

A B 
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the P. pyriformis dataset, we calculated the precision and recall values for this data using 

both the CoMR equal scoring scheme and TargetP2 and used these values to create PR 

curves (see Figure 4.12 and Table 4.3). We found that the PR-AUC for CoMR was 0.099 

compared to TargetP2 which was 0.017, indicating that the CoMR equal scoring scheme 

is still an improvement over the TargetP2 method under the Precision-Recall criteria. 

These PR-AUC scores are much lower compared to the ROC-AUC discussed above, 

however, it is important to view these values compared to the PR-AUC of a random 

classifier, which is 0.0024 (equal to the number of positives over the total number of 

proteins assessed. The lower values of these scores also indicate that the prediction of 

mitochondrial localization is, in general, not a precise operation. 

 

Table 4.3. PR-AUC scores comparing the performance of CoMR and TargetP2 on the 

Paratrimastix proteome. 

PR Curve AUC score 

Paratrimastix - CoMR 0.099538061625 

Paratrimastix - TargetP2 0.0174697842846219 

Random classifier (TP/All data) 0.00236459026084386 

 

 

Figure 4.12. Precision-Recall curves comparing the performances of CoMR 

TargetP2 on the Paratrimastix proteome. PR curves for CoMR using the equal scoring 

scheme are plotted in blue, TargetP2 in red, and a random classifier in orange. 



103 

 

 

Finally, we tested the CoMR equal scoring scheme against the Boos and colleagues iMTS 

method  (Boos et al., 2018) implemented in Sauron. To minimize the effect of the small 

number of TPs in the P. pyriformis proteome, we subsampled the P. pyriformis proteome 

to contain the 32 MRO proteins along with 100 randomly chosen non-mitochondrial P. 

pyriformis proteins. These curves, found in Figure 4.13, have ROC-AUC scores of 0.843 

for CoMR, and 0.691 for Sauron (see Table 4.4), indicating that CoMR outperforms the 

iMTS search strategy for the P. pyriformis data. As in the case of the human proteome 

analyses, these results suggest that while iMTS may exist within P. pyriformis MRO 

proteins, the potential motifs are also present in many non-MRO proteins, making it 

difficult to accurately predict bioinformatically. 

 

Table 4.4. ROC-AUC scores comparing CoMR and Sauron performance on a subset 

Paratrimastix proteome. 

ROC curves AUC score 

Paratrimastix subset - CoMR 0.843125 

Paratrimastix subset - Sauron 0.69109375 

 

 

Figure 4.13. ROC curves comparing the performances of CoMR and Sauron on a 

subset of the Paratrimastix proteome. ROC curves for CoMR using the equal scoring 

scheme are plotted in blue, Sauron in red, and a random classifier in orange. 



104 

 

4.4  Conclusion  

   
Although investigations of the genomes and proteomes of diverse microbial eukaryotic 

lineages ï particularly those that live in hypoxia ï have historically been challenging, 

novel protists are now being sampled and their genomes completely sequenced at a rapid 

rate. The study of unique forms of mitochondria and MROs across the eukaryotic tree of 

Life allows insight into the evolution of this essential organelle and reveals its functional 

plasticity. The CoMR pipeline fills an important niche in this field allowing prediction of 

mitochondrial and MRO proteomes in non-model eukaryote systems. Because CoMR 

utilizes a variety of search strategies and doesnôt rely only on MTS prediction, it is 

uniquely suited for investigation into anaerobic eukaryotes and other eukaryotes with 

uncommon forms of mitochondria that may not possess canonical MTSs. 
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CHAPTER 5  

 

Conclusion  

 

This thesis documents the genomic investigation of a novel clade of anaerobic microbial 

eukaryotes. It highlights how the exploration of understudied eukaryotic lineages can 

uncover novel adaptations to environmental niches, and how new data can revise our 

understanding of such evolutionary events. Although this comparative genomic 

investigation of skoliomonads and barthelonids has revealed a great deal about genome 

and MRO evolution in this group, it has also raised many new questions about their 

biology as well. 

 

In Chapter 2, I described the generation of four highly contiguous genomes for the newly 

described BaSk clade. I reconstructed the MRO functions of these organisms using 

predicted proteome information and discovered that one of the skoliomonads, 

Skoliomonas litria, may be missing its MRO entirely, while other members of this clade 

have highly reduced MROs. MRO reduction is not uncommon in metamonads, and a 

distantly related metamonad lineage is completely amitochondriate (Karnkowska et al., 

2016). Two candidate MRO membrane proteins have been identified in Skoliomonas 

litria  that warrant further investigation: a Sam50-like protein and an MCP homolog. One 

possible experimental approach to investigate these proteins further is to use 

immunofluorescence microscopy (IFM) or immuno-electron microscopy (IEM) using 

antibodies raised against either one or both candidate MRO proteins. The resulting 

images could indicate to which membrane within the cells these candidate proteins 

localize. While membrane-bound proteins are not usually realistic targets for antibody-

based assays, the Sam50 candidate in Skoliomonas litria contains an intermembrane 

POTRA domain (Takeda et al., 2021) which is a potential target for antibody production 

and could be investigated using IFM and IEM if specific antibodies can be raised to this 

epitope. 

 

Another possible approach to investigate these candidate membrane-bound MRO proteins 

is to construct a proteomic map of the cell through a localization of organelle proteins by 
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isotope tagging (LOPIT) technique (Mulvey et al., 2017; Zítek et al., 2022), or a similar 

spatial proteomics method. In brief, this method entails lysing cells while keeping their 

organelles intact, separating these subcellular compartments using a density gradient, and 

then subjecting fractions of this gradient to mass spectrometry (Mulvey et al., 2017). The 

resulting data is then used to create a spatial proteomic map of the cell by utilizing the 

sequences of known organellar proteins as a guide. Using a spatial proteomic map, 

candidate protein localization could be identified by investigating the proteins it clusters 

with. For example, if the candidate Sam50 protein in Skoliomonas litria were to cluster 

with proteins known to function in the endoplasmic reticulum, this would be further 

evidence that this protein is not in a dedicated MRO compartment. Alternatively, if it 

clusters with the candidate MCP and proteins relating to anaerobic energy metabolism, 

then these proteins may be located in a discrete MRO. One advantage of this approach is 

that spatial proteomic methods generate a large amount of data that can be used to answer 

additional questions, such as the relationship between the skoliomonads and specific 

species of bacteria in their cultures (e.g. preferred food bacteria or potential symbiotic 

associations), or other questions relating to the subcellular organization of these cells. 

One potential pitfall with this technique, however, is the current lack of antibodies raised 

against skoliomonad proteins. Antibodies are typically used in western blots to assess the 

fractionation of subcellular compartments along the resulting LOPIT gradient (Mulvey et 

al., 2017). Without western blots to confirm sufficient compartment separation, it may be 

difficult to discern gradient fractionation ahead of mass spectrometry. An additional 

complication to the LOPIT approach is that the skoliomonads depend on the bacteria in 

co-culture with them to survive. Separating the skoliomonads completely from co-

cultured bacteria appears to result in rapid degradation of the cells, and in some cases, 

encystment. The presence of a small number of bacterial peptides from co-cultured 

bacteria in this hypothetical LOPIT experiment is not expected to cause problems. 

However, if the bacterial proteins are too abundant, it may be difficult to achieve 

sufficient Skoliomonas litria proteome coverage in mass spectrometry to recover a 

comprehensive spatial proteomic map of the cells. More work is needed to optimize a cell 

isolation and lysis procedure to produce suitable skoliomonad lysate for LOPIT 

experiments. 
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In Chapter 3, I further investigate the genomes of the BaSk clade by comparing their sizes 

and content and exploring mechanisms of genome evolution that explain their size 

differences. I showed that genome size differences in this group appear to be driven in 

part by the expansion of TEs within some of the skoliomonad lineages and in part by 

differences in the protein gene coding content (e.g. gene family expansions) between 

barthelonids and skoliomonads. The foregoing TE analysis was the result of an analysis 

that treated the numbers of TEs of each type as if they were continuous traits in the 

genome that evolved by a Brownian motion type diffusion model over the phylogeny. 

This is, of course, not a realistic model as TE numbers are discrete traits.  To better 

understand the evolutionary history of repetitive elements within these genomes, it would 

be better to use a method that considers the duplications and losses of TEs within 

genomes over a phylogenetic tree and that additionally allows for the acquisition of these 

elements by lateral transfer. Such ñduplication, transfer and lossò (DTL) models of gene 

family evolution have been implemented in several software packages (e.g. AleRax, see 

Morel et al., 2023) but they require the prior estimation of individual gene trees for each 

gene of interest. In this case, this would correspond to estimating the phylogenies of each 

of the different TE families detected in the BaSk genomes, as well as outgroup genomes.  

Given the large numbers of TEs in some of the BaSk genomes, this could prove to be a 

challenging endeavour but would be worth attempting in future. 

 

My comparative analyses of the BaSk genomes in Chapters 2 and 3 confirmed the role of 

LGT in shaping the gene content of metamonads, particularly in facilitating adaptations 

to their low-oxygen environments. Unexpectedly, however, I also found laterally 

acquired NRPS genes in the barthelonids. This is the first report of these types of 

enzymes encoded in metamonad genomes; most NPRSs to date have been identified in 

bacterial and fungal genomes. In Chapter 3, I speculated that the peptide produced by 

these enzymes may be related to either iron acquisition or antimicrobial activity. 

However, this assumes that the barthelonid NRPSs retain a function similar to other 

organisms' NRPSs. Typically, the nature of the product of the NRPS can be inferred by 

comparing a given NRPS domain configuration with experimentally validated enzymes 
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(Flissi et al., 2020). However, because of the divergent nature of these barthelonid 

proteins, this approach has not yielded any results. In future, a directed search for the 

peptide product in the growth media could be conducted and, using various biochemical 

methods (Carretero-Molina et al., 2021; de la Cruz et al., 2017), the sequence and 

potential function could be determined. Alternatively (or in addition), the function of each 

NRPS domain could be determined by expressing each of the domains in bacteria and 

utilizing the purified domain in function-based assays (J. Ku et al., 1997; Shi et al., 2021). 

Determination of this peptide product and further characterization of its function could 

provide insights into why the barthelonids acquired these genes. 

 

In Chapter 4, I described the creation of a new tool for predicting mitochondrial and 

MRO proteomes from protein data called CoMR. This tool utilizes multiple redundant 

search methods to identify potential organellar proteins. It parses these search results to 

provide a simplified score so that the user may quickly identify probable mitochondrial 

localized proteins. These results show that CoMR outperforms classical methods of 

mitochondrial localization prediction, such as targeting predictors. It also highlights how 

the emerging iMTS identification method proposed by Boos et al. 2018 has a high false 

positive rate and is not suitable for localization prediction. These data also showed that, 

similar to organelle targeting predictors, the accuracy of CoMR is sensitive to the 

databases used to perform homology searching, as well as the alignment databases used 

to perform phylogenetic reconstruction. Further work can be done to improve the 

databases CoMR uses to construct phylogenies and perform homology-based searching 

by including examples of mitochondrial proteins from diverse eukaryotic lineages. Future 

updates to CoMR should add proteomes from additional diverse eukaryote lineages to the 

subtractive mitochondrial database (SMD) once additional whole mitochondrial 

proteomes have been characterized. In addition, the HMM profile/alignment database 

used to construct phylogenies of query proteins could be further refined to include more 

examples of both mitochondrial/MRO proteins, as well as non-mitochondrial homologs 

to use as outgroups. 

 

This work has provided genomes, transcriptomes, and predicted protein sets for a novel 
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group of anaerobic protists. These data were used for various analyses including 

reconstructing their MRO functions, investigating their genome evolution, and exploring 

LGT in these taxa. In the future, these genomes will be important resources that will  

enable in-depth cell biological investigations of the BaSk clade. This thesis also 

documents the creation of the CoMR pipeline, which is a powerful new method for the 

reconstruction of mitochondria and MROs from diverse eukaryotes across the tree of 

Life. 
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Supp. Figure 2.1. A phylogeny of the SmsC protein from eukaryotes, bacteria, and archaea. 

The ML tree was estimated using IQ-TREE under the LG+C60+F+ũ model of evolution. 

Ultrafast bootstrap values are displayed on the branches. For eukaryotic homologs, the N-terminal 

portion of the protein of the eukaryote SmsCB fusion that aligned with prokaryotic SmsC was 

used in the alignment. BaSk sequences are bolded and highlighted in red. 
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Supp. Figure 2.2. A phylogeny of SmsBD protein from eukaryotes, bacteria, and archaea, 

The ML tree was estimated using IQ-TREE under the LG+C20+F+ũ model of evolution. 

Ultrafast bootstrap values are displayed on the branches. For eukaryotic homologs, the C-terminal 

portion of the protein of the eukaryote SmsCB fusion that aligned with prokaryotic SmsB was 

used in the alignment. BaSk sequences are bolded and highlighted in red. 
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Supp. Figure 2.3. Phylogenetic relationships amongst several different types of cysteine 

desulfurase enzymes and several enzymes that share structural similarities with them. The 

ML tree was estimated using IQ-TREE with the LG+C20+F+ũ evolutionary model. Ultrafast 

bootstrap values are displayed on the branches. Several families of related proteins have been 

collapsed into wedges. BaSk sequences are bolded and highlighted in red. Abbreviations are: 

MCS ï Molybdenum cofactor sulfurase; SmsS ï SUF-like minimal system; CsdA - Cysteine 

sulfinate desulfinase A; MisS - Minimal iron-sulfur system; IscS - Iron-sulfur cluster assembly 

enzyme; SelD ï Selenide water dikinase 
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Supp. Figure 2.4. 

Phylogenetic 

relationships 

amongst 

chaperonin 60 

(cpn60) 

homologs in a 

eukaryotes. 

These ML trees 

were estimated 

using IQ-TREE 

with the 

LG+C20+F+ũ 

evolutionary 

model. Ultrafast 

bootstrap values 

are displayed on 

the branches. 

BaSk sequences 

are bolded and 

highlighted in red. 

A) Both cytosolic 

(purple) and 

mitochondrial 

(orange) 

homologs are 

included in this 

tree. The major 

groups of proteins 

are displayed as 

wedges. B) A 

reconstruction of 

the mitochondrial 

(purple), bacterial 

(orange), and 

choroplasatic 

(green) Cpn60 

subunit GroEL. 
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Supp. Figure 2.5. Phylogenetic relationships amongst heat shock protein 70 (Hsp70) paralogs 

in eukaryotes and prokaryotes. A) The ML tree was estimated using IQ-TREE with the 

LG+C20+F+ũ evolutionary model. Ultrafast bootstrap values are displayed on the branches. 

Cytoplasmic and ER (purple) and mitochondrial (green) homologs are labeled according to indel 

mapping patterns in the alignment. BaSk sequences are bolded and highlighted in red. B) An 

example of indel patterns within the alignment used to assign probable localizations of Hsp70 

homologs in the tree. Amino acid residues are colour coded. 

 




























