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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

O6mi t oc hroenldartieodn or ganel |l esd® ( MROs) with redu
mitochondria. To further investigate metamormdaylogeny, genome evolution aMRO
diversity, we generateuigh-quality draft genomes, transcriptomes, and predicted
proteomes fofour novelfree-living anaerobic flagellates: three species of the genus
Skoliomomasand oneBarthelonaspeciesPhylogenomic analyses platihese organisms
inagroup we i nf or ma (Barthelonidshb&aliomonads)adé,Bvhich k 6
emerges as a deeply branchsigter groupo the Fornicata, a metamonad phylum that
includesparasitic and freéving flagellates The sizes of the BaSk genomes vary
significantly, ranging froni0.2 Mbp Barthelonasp. PCE) to 33.5 MbSkoliomonasp.
GEMRC).These differences are the result of the proliferation of transposable elements in
some of these organisnas 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 compartsosther frediving metamonad<One

of the isolatesSkoliomonas litriapotentially lacksa 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 thatliksupported their adaptation to hypoxia and
reduction of their MROs. Notably, the lateral acquisition of a novel-BtéFminimal

system (SMS) for & cluster ibgenesis in a common ancestor of the BaSk group
appears to haveermitted thecomplete loss of the conserved mitochondrial-saifur
cluster(ISC) system in the skoliomonads. In parallel with the foregoing analyses, my
colleagues and | developed a new pipelinarfailico 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 localizationsddication methods, such as internal targeting
signal predictors. This thesis marks an important step towards understanding the
evolution of the genomes of fréiging anaerobic protists and introduces novel methods

for studying their divergent mitochondr
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CHAPTER 1

Introduction

Thebiological diversity on Earth can be categorized into two separate forms thidife

have fundamentally different cell structurpsokaryotesincluding Bacteriaand

Archaeaand eukaryotesVhereas 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 arkamulticellular clades of organisms, such as animals,

fungi, orplants. However, microbial eukaryotes, also known as protists, make up most of
the known diversity of eukaryotic lineages on Earthfatfdl key biological roles in
diverseecosystemsvorldwide (Burki et al., 2020; del Campo et al., 201%he lack of
widespreadecognition 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 factorsatfiattthe tractability of research projects
that aim to isolate, describe, and analyze protists. Though protists have been described
and documented faenturiesthe vast phylogenetic diversity of these organisms was
largely unknown until targeteshd deliberaténvestigations of various esystems were
undertaken and molecular tools for phylogenetic placement were afipligd et al.,

2020) Furthermore, irdepth study of many dhese organismisas been hampered by
difficulties in their isolation and cultivatiozor example, difficulties in the cultivation of
some protists have limited our ability to extract sufficiemtleic acids fogenome or
transcriptomesequencin@nd have inhibited most molecular or cell biological
investigations of their cell structure and functidfortunately, in the past few decades,
dedicated attempts to isolate and bring into culture protists from diverserenents

have yielded exciting discoveries of entirely new groups of organisms that represent
novel branches in the tree of eukaryqsrki et al., 2020; Eglit, Shiratori, et al., 2024;

Lax et al., 2018; Tikhonenkov et al., 2023)is 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 analy8arki et al., 2020)



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 mitochoncklated organelles

(MROs), and an analysis of these data to more broadly explore their evolutionary history.
This group of five organisms that we refer
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, | provide the intellectual context for this thesis by
summarizing our current understanding of the following topics: i) genome sequencing
technology in relation to microbial eukaryotesaiiflescription of the Metamonada, its
phylogenetic position, constituent phyla and genome evolution within the,giptipe

evolution of anaerobic metabolism and MROs in anaerobic protisthevple 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 oldBIA sequencing platforms

limited genomescale studieto model organisms, or organisms for which there was a

medical or economic need to stu@ibbald & Archibald, 2017However, h recent

years, these limitations have been surmouniéi the availability ofmassively parallel

NextGeneratiorSequencing (NGS) technologl is finally cost and timeffective to

completely characterize the genomes of nimshs of microbial life. The advent tfird-

generatiorsequencing platforms such as Oxford Nanopore andi¢®Basciences

(PacBio)have allowed for the sequencing of DNA fragmeatss ofthousands of

nucleotides longAthanasopoulou et al., 202Zenome assembly programs can use such

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

chromosomescale genome assemblies, which are necessary to answer questions about

genome evolutioiiSibbald & Archibald, 2017)Longread data isrucial for the

assembly ohighly contiguous eukaryotic genomes because these reads are long enough

to span repetitive sequences, whereas short reads gdhagtson et al., 2015)



Breakthroughs in sequencing technologaeswell as new strategies in handling and
amplifying nucleic aciddhave also enabled the developmenginglecell sequencing
strategies fohardto-cultureprotists. Not all protistsanbe straightforwardlycultured in

a lab setting, leading to an intrinsic bias in sampled and sequenced organismscedlingle
RNAsegprotocols 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 eukaryotitee 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
sequence@Eren et al., 2021; Saldsiva et al., 2021; Zhao et al., 202Fhese new
methodsfor the first time allow us to tackle genonend transcriptomsequencing
projects for the mosgif thediversty of eukaryotic organisms on Earth. Such data is
necessary to infer a complete and comprehensive eukatngatiof Life, which has been
a longstanding goal of evolutionary biolofBurki et al., 202Q0) This representation of
the diversity of Life can help us answer some of the most basitandingevolutionary
questions, includinghe origin of eukaryotes, trdeep relationships amongaikaryotic
supergroups,the origin and spread of photosynthesis in the eukaryote tree by multiple
endosymbiosesand the order aheemergence of eukarystefining cellular
complexitiegBurki 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 eukaryotidree of Life. They inhabit a variety of ecologically diveosg/gerpoor
habitats worldwide. Thiargest and most diverse known anaerobic protist lineage is the
Metamonada, a supergroup that contains parasitic, commensal ahdirfigee
heterotrophic flagellates and amoelgadl et al., 2012) Our current understanding of

metamonad phylogeny divides the sugesup into four phyla; Preaxostyla, Fornicata,



Parabasalia, and Anaeramoebadl et al., 2019; Stairs et al., 2024jth the
Anaeramoebabeingthe most recently recognized. So far, species oAnaeramoeba
have beercharacterized on the cellular and genomic le&eberamoeba ignavand
Anaeramoebdlamelloides which arefree-living amoeboid organisms withsuperficial
cellular morphology similar to members of AmoebogderistromHultgvist et al., 2023;
Stairs et al., 2021; Taborsky et al., 2Q1Sister to Anaeramoebae are the Parabasalia,
which includes welktudied human pathogens suciTashomonas vaginaliand
Dientamoeba fragiligBarratt et al., 2015; Schneider et al., 20Ijother phylum within
the Metamonad are the Preaxostyla, which are comprfsed/monadshat live within

the guts ofanimalsand freeliving flagellated species from the gendir@mastixand
Paratrimastix(Adl et al., 2019) The Fornicata are a diverse group of metamonads that
branch sister to the Preaxostyla and include bothlifreg flagellates such as
Carpediemonas membranifeaadCarpediemonatike organismgCLOs) (SalasLeiva

et al., 2021; Takishita et al., 201&)d parasitic lineages such@mrdia intestinalis(Xu

et al., 2020andSpironucleus salmonicidu et al., 2014)The latter two parasitic
species form a group with other parasites andlivagy relativescalled the
Diplomonaddat hat are characterizetl by mgAdiggh ot bgyt
al., 2012)

Placing metamonads abroader eukaryotic tree has always been challenging due to their
high levels of sequence divergence, which results in long bra(Brmsn et al., 2018;
Hampl et al., 2009; Leger et al., 2017, Stairs et al., 2021 makes these data
susceptible to phylogenetic artefacts such as-toagch attraction (LBAjFelsenstein,
1978) Previously, metamonads were thought to belong to a larger assemblage of
microbes known as Excavdtsee Figure 1.1placed them in a clade with the supergroup
Discoba and the Malawimonadid@g¢ampl et al., 2009; Simpson, 2008)owever, a
recent phylogenetic analgssuggested thaalthoughmetamonads might be sister to
Malawimonadidaetheyare not sister t®iscoba(CavalierSmith et al., 2018; Heiss et

al., 2018) Thetrueposition ofthe Excavata and the distribution of thecalled
Aexcdv &kteed maontipereakarymtgtnge of Life has important implications on

eukaryotic evolution and the nature of the last eukaryotic common ancestor (LECA). If



malawimonad$ranch withmetamonadand Discobather shared ultrastructure features
would then have likely evolveid theircommonancestal lineage and this placement
would uphold the Excavata group as it was originally defiddtkrnatively, asuming

that the root of the eukaryotic tree falls between Amorphe®@phoretickess recent
analyses suggef@Derelle et al., 201;3Nilliamson and colleagues, personal
communication)if malawimonads are sister to Amorpheahas been inferred from

some recenphylogenetic analyses, then excavéte ultrastructure features are present

in two different places in thieee of Life, suggesting that LECA may have had an
excavatdike morphology (Heiss et al., 2018). To clarify this relationship, more genomic

data from a variety ofxcavatess needed.

Diaphoretickes

"Excavata
TSAR

Alveolata Rhizaria Malawimonadida
Discoba

Stramenopila

Telonemia Metamonada

Amorphea
Amoebozoa

Haptista Obazoa
Cryptista

CRuMs

Archaeplastida

Hemimastigophora
Ancyromonadida

Provora

Figure 1.1. A schematic diagram of the eukaryotic tree of LifeThis cartoon depiction
of the eukaryotic phylogeny includes major eukaryotic supergrigdeow i Amorphea

greeni Excavata; blué¢ TSAR; pinki Diaphoretickes.
1.1.3 Metamonad MROs and the evolutionary adaptations to
low oxygen environments.

Metamonads include frdeving, commensal, and parasitic species that are united by their

adaptation to hypoxienvironments, though these environments are diverse. Onesef the
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major adaptations to hypoxic environments is their functionally reduced mitochondria,
which arereferred to as mitochondrienelated organelle(MROs) (Leger et al., 2017)
Thebeststudiedmetamonad MROs are hydrogenosomes that occur in the urogenital tract
parasiteTrichomonas vaginalis The 0 hydr o-gredudcing matmaaly WsesA T P
enzymes typically not found in aerobic mitochondhiller et al., 2012)These include
pyruvate:ferredoxin oxidoreductase (PR@gtoxidatively decarboxylasgpyruvate to
acetylCoA and reduceferredoxin, acetate:succinate CoA transfef@seST) that

catalyzes the transfer of CoA onto succinate to produce succa#yland an iroronly
[FeFelhydrogenaséHydA) that reduces protons to hydrogen gas bgxidizing the
ferredoxin. ATP is produced from ADP andby the Krebs cycle enzyme succigbA
synthetas€SCS)by substratdevel phosphorylation, converting succixybA to

succinate in the proce@diller et al., 2012)Trichomonad hydrogenosomes also house a
variety of other pathways including a mitochondtigde ironsulfur cluster (ISC)
biogenesis system, amino acid metabolism, and oxygen detoxifi¢8tbneider et al.,
2011; Stairs et al., 2015)

Even more highly reduced MROs called O6mito
parasiteGiardia. These organelles appear to lack any capacity to generate ATP; jnstead
their only known function is in Fe/S cluster biogenesisiveamnitochondrialtype ISC
system(Jedelsky et al., 2011} ike trichomonadsGiardia catalyzes acetyCoA

production from pyruvate using PFO. However, this occurs in the cytoplasm. Awsdy|

is converted to acetate and ATP is produced by substragbphosphorylation catalyzed

by the enzyme ADRorming acetylCoA synthetase (ACS; EC%61.13) Sanchez et al.,
2000) The most extreme form of MRO reduction in Metamonada can be found in the
oxymonad gut commensilonocercomonoides exilig has lost all traces of the

organelle, making it the first truly amitochondriate eukaryote disco\({&@uhkowska et

al., 2016)

More recent investigations of newly discoveredfireimg metamonads have revealed
novel MROs that are unlikieaditionally definedbrganelle classgdiller et al., 2012)
For example, the frektving metamonadysnectes brevigutatively encodes MRO



localizing [FeFe]hydrogenases and associated proteins but lacks orgtargkeed

enzymes for substratevel phosphorylation. This suggests that while the MR&Y be
capable ohydrogen metabolism, ATP is most likely produced in the cythsger et

al., 2017) A similardy predictedhydrogenproducing organelle arcytosolic ATP

production was reported in a transcriptomic investigation of anotheliineg
metamonagBarthelonasp. PAP0O2@Yazaki et al., 2020)Recently, twocAnaeramoeba
species were predicted to possess hydrogenosomes that have retained more mitochondrial
featureghan any other metamonad studied to dstieh asletectable mitochondrial

targeting signals and a more complete set of mitochondrial translocation p(Steins

et al., 2021)The MRO of the freshwat@reaxostylarilagellateParatrimastix 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 productioninstead it produces essential intermediates for the methionine cycle
(Zitek et al., 2022)These studies previously understudiefilee-living metamonads have

provided important insights into the evolution of MROghis group

The multiple independent transitions from aerobically respiring mitochondria to MROs in
the eukaryote tree imostcasesaveinvolved 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 anaerobatipts (Roger et al. 2017). For example, the
O6hydrogenosomal 6 suneasP&®, biydA, ASCT and athefheger et

al., 2016; Stairs et al., 2011, 202the ability to synthesize rhodoquinof&tairs et al.,
2018)and oxygen defense enzyn{@snénezGonzalez et al., 2018}l appear to have

been acquireth multiple distinctprotistlineages by LGT from bacteria or other protists
(Gawryluk & Stairs, 2021; Roger et al., 201The most striking examples of
mitochondrialremodellingin anaerobic protists by means of LGT are the wholesale
replacement of the highly conserved essential mitochondrial ISC system by laterally
acquired prokaryotic Fe/8uster biogenesisystems. In the Archamoebae, a {protein

Fée'S clusterbiosynthesis pathway (recently classified as the minimal iron sulfur system

(MIS) related to the nitrogen fixation systé@arcia et al., 2022)was acquired from



bacteria and, in frelving members of the group, was subsequently duplicated into
cytosolic and MRGfunctioning versiongNyvltova et al., 2015; Zahonova et al., 2022)

In the ancestors of the breviate flagellBjgsuia biformaanarchaeatype SUF system
(recently classified as the SUike minimal system (SMS); see Garcia et al. 202233
acquiredby LGT (Stairs et al., 2004 This breviateSmsCB gene wafenduplicated to
create cytosolic and MR@argetedparalogs in the lineage leadingRobiforma In the
oxymonads, yet another replacement of the ISC system occurred independently by the
lateral acquisition of genes encoding a more complex 1prdtein SUF pathway
(Karnkowska et al., 2016Yhis enabled the ancestral oxymonad to produce Fe/S clusters
in the cytosol, easing the evolutionary pressure to keep the canonical ISC system,
paving the way for the complete loss of MRO#4anocercomonoide@<arnkowska et

al., 2016) Phylogenetic analyses revealed that this SUF system is shared by a variety of
preaxostylansnd is likely bacterial in origifVacek et al., 2018)Clearly, LGT hadveen

an important mechanism 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 & Sz°l | Rsi ,Ho®eet, &s mond aukaryotic gehomeslare
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 haadiaied the transition to anaerobiosis in
metamonads have been questiofiddrtin, 2017) Critics of eukaryotic LGT®ften

argue that there are no known mechanisms for eukaryotic(OCGKu & Martin, 2016;
Martin, 2017) despite the many documented cases of viral transfer, transformation, and
endosymbiotic transfe($&allotLavallée & Blanc, 2017; Lacroix & Citovsky, 2016;
Nakayama & Ishida, 2009ritics also argue that, if LGT occsim 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 eukeeyoticife
(Martin, 2017) Such perspectives on eukaryotic LGT fail to conceptualize theffate

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
pseudogenisedndareno longer detectablg.eger 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., 2018uch analyses are called into question by LGT
critics who claim that phylogenetic inferences as a methodreseproneand fail to

provide evidence of genuine LGMartin, 2017) Todiscount allphylogenies that show
evidence foeukaryoticLGT assimple errors is shortsightechowever it is true that in

some cases, lack of signal in the underlying sequence alignment can cause less than
convincing branching patteriflseger et al., 2016, 2017n such cases, adding more

related sequences can clatifgththe existence of an LGT event as well as the

relationship betweethe gene donor and recipient.

1.1.5 Approaches to reconstructing mitochondrial and MRO

proteomes.
Typically, to understand the function ofratochondrion oMRO of a given specigghe
metabolicand biogenesipathways within the organelle must be reconstructed by taking
an inventory of the proteins that function there. This is accomplished by one of two
approachesexperimentaproteomic analysis an silico reconstruction. Proteomic
analysis can yield fairly complete proteomic map of ce(Zitek et al., 2022)including
compartments likehe MRO, buthis techniqguean be onerous for some organismssTh
approach requires careful isolation of intact orgaséitan thecytoplasm a highly
challenging endeavour requiring specific experfidese organelles must then be
separated on a density gradient without disrupting their membranes and once collected
from the gradient, subjected to mass spectron{dtofvey et al., 2017; Zitek et al.,
2022) Even then, the resulting data may contantaminategbroteins from other
cellular compartments. Robust protocols for isolating organelles are unfortunately
available for onlyafew model organismd-or understudied eukaryotes, methods
upstream of the proteomics experiment such as cell culturing, harvesting, and lysing must
first be carefullyfine-tuned Even when such a protocol is finally established, proteomic

analysis can be complicated by contamimapeptides from other inhabitants of the cell



culture (e.g. prey organisms, which can persist within food vacus®eZitek et al.,
2022)

Because of these limitatioran alternative approach is to reconstmdabchondrial or
MRO proteomesn silico (Gray et al., 2019; Stairs et al., 202Dne of the main methods
used to do this is to determine the set of proteirisariotal proteome of the organism
(either experimentally derived or predicted bioinformaticaigt possess predicted
mitochondrial targeting sequences (MTSs). MTSs are sho@@Ximino acids),

positively charged amphipathic motifs found on théeNninus of proteins that typically

a d o p theliaahcorfbrmatiorfNeupert & Herrmann, 2007 hese sequences guide
nuclearencodedcytosolicallytranslatednitochondrial proteins to the organelle, where
they are recognized by import machinerythe outer mitochondrial membrare brief,
there are five main pathways for the import of cytosolically produced mitochondrial
proteins(Wiedemann & Pfanner, 2017)he 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 mitootrial outer membrane, where it is then passed
through the inner membrane by fhenslocase of the Inner Membrane (TIRB
complex(Wiedemann & Pfanner, 2017The other four import pathways are for proteins
that function in other locations in the mitochondria (wittina inner or outemembranes,
within the intermembrane space, or on the surface of the outer membrane). These utilize
internalsignallingmotifs as well as different import machineries, though the TOM
complex is still theprincipalgateway through the outer membrane in most of these
alternative import pathway®Viedemann & Pfanner, 2017)

Once imported into the mitochondrial matrix, the MTS is removed by mitochondrial
processing peptidases (MPPs), and the protein is refoldedhsitielp of chaperones
within the organelle. Bioinformatic approaches that aim to reconstruct mitochondrial
functions from sequencing datareerfor potentialMTSs (and their MPP cleavage sites)
in protein sequences. Recently developed prediction tools make use of advanced

machinelearningalgorithms to train classifiers to detect MT@smenteros et al., 2019;
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Fukasawa et al., 2015; Savojardo et al., 20B0wever, 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 organisiaskand
sufficient representation from across the tree of eukaryotes. For example, the recently
developed proteitargetingsignal classifier TargetP&as trained on dataset containg

only 32 protist sequences out of over 13,000 proteins (the majority of which are either
metazoan or plantgprmenteros et al., 2019pf 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., 2020Because of this, targeting prediction software usually struggles

to identify targeting sequences in some protistan line@ggecially anaerobic protists

that contain MRO$Zitek et al., 2022)One solution to this problem is a targeting
prediction tool called NommPred, which utilizesearsemble learning algorithtrained

on various databases of mitochondrial and MRO sequences to predict loca(iatioa

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 reaséinrst, metamonads typically have highly
divergent sequences when compared to other eukaryotes (see discussion in Chapter 2).
Second, because metamonads have reduced forms of mitochondria (MROSs), their protein
import machinerys likewise reduced and divergeakiuchi & 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 orgapesiduced by an

electron transport chaiGarg et al., 2015Yhough the discovery of MTSs in the
Anaeramoebae has brought that assumption into quéStiains et al., 2021) astly,

there is evidecethat many MRO localized proteins in metamonads are missing an N
terminal extensionf the amino acid sequeneatirely, suggesting that there is no MTS
(Garg et al., 2015Because of these difficulties, MRO protein localizapoadictionin
metamonads is usually complemented by identifyimegamonadhomologsof proteins

that areMRO or mitochondrion localized in other organis(@aston et al., 2009; Leger
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et al., 2017)However, when a quemetamonagbrotein has both mitochondrial and
cytosolic homologs, localization remains unclear. This is especially true when those
homologs possess similar functional domains. In these cases, phylogenetic amalysis
help topredict protein localizatioby 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
targetedwhereas it is less likely to be mitochondrial if it branches within a cytosolic
clade.

Non-MTS basedioinformatic protocols foMRO localization prediction do exist, such

as CBOrg(Gaston et al., 2009CBOrg utilizes a subtractive database of several model
organi smsod6 proteomes such that each proteo
and a wholecell dataset that lacks mitochondrial/MRO proteins. This program uses

multiple rounds of BLAST searching 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 sequend&aston et al., 2009Because CBOrg predicts protein localization

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

conjunction with a nofmomologybased localization classifiers.

Some studies hawavancecvidence to suggest theimemetamonads rely on internal
mitochondrial targeting signals (iMTS) rather thgpical N-terminal MTSs to deliver
nuclearencodedViRO proteins to the organelle. These studlesised orTrichomonas
vaginalisfor whichareliable transfection protocol is availalflanssen et al., 2018;
Mentel et al., 2008and usedn vivoimmunofluorescencmicroscopy(IFM) assays to
experimentally validate predicted MRO localizations. Ohthesestudes(Mentel et al.,
2008)investigated thioredoxin reductases (TrxR), a component df.thaginalis
hydrogenosome oxygen detoxification syst@imvaginalishas two copies of thioredoxin
reductase, botbf which appear to have dual localization in both the MRO and the
cytosol. TrxR1 has a typical MTS, while TrxR2 does, naticaing that TrxR2 likely
relies on an IMTSExperimentation with the TrxR1 MTS sequence revealed that it is

needed for targeting into the MRO, and cannot be replaced with a differemginalis
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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
trichomonadhydrogenosomal proteins require MTSs, others rely on internal signals, and
some require both for efficient targetifigentel et al., 2008)

In a broader study, seven of the most abun@lamaginalishydrogenosomal proteins

were tested to analyze the importance of MTSs by changingpeach t M-fermidad

region and tracking their subsequent localizaf@morski 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 comniMh&snediated
targeting(Neupert & Herrmann, 2007; Wiedemann & Pfanner, 20Ifgse studies

found that hydrogenosomal proteins that had their MTSs remeeeasstill 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 targetingZimorski et al., 2013)

Finally, yetanother study investigated twovaginalisphosphofructokinase (PFK)
homologs: cytosolic PRiependant PFK, and hydrogenosomal Adeépendant PFK
neither of which have a detectable M{R&da et al., 2015Yhough ATRPFK is

cytosolic in yeast, expression BfichomonasATP-PFK in yeast lead to targeting of this
protein to the cytosollhese findingsuggesthat distantly related ATHPFKs harbour
internal targeting information that is utilized by the hydrogenosome for protein import,
and that perhaps ATPFK is, in general, predisposed to mitochondrial targéiRagla et
al., 2015)

Together, these studissggesthat MTSmediate targeting of MRO proteins is more
complex insomemetamonads 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 eukarybtasthese reasons, attempting to
utilize a single MTS predictor as the only means to assegsdteninventory of an

MRO from a given metamonad lineage is not likely to be accurate. New matlstibe
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developed that amesignedor accurateredicton 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 neldagdquality genomes aralso
required tcclarify the forces shapingenome evolution within this clade, such as the role
of LGT in metamonad adaptatiofihese goalbave motivatedhe work described in this
thesis In Chapter2, | describe theequencing andssembly of four higlguality genomic
datasets for four novel metamona8&oliomonas litriaSkoliomonasp. GEMRC,
Skoliomonasp. RCL, andarthelonasp. PCEI show that hese taxa, as well as
Barthelonasp.PAP020(Yazaki et al., 20204re all members of @ovelmetamonad
groupwe callthe BaSkclade. Using this data, | show thaa$kare sister to the

Fornicata, marking it as a critical group to understand the evolution of anaerobic
adaptation within the metamonads. In this chapt@iso explore their putative MRO
protein content and functions of all fiveBkmembers and discuss potential LGT events
relating toMRO reduction. The BSKMROs are highly diverse, ranging from those that
produce hydrogen bimavelost the ability to prodee ATP inthe barthelonid specig®

the potential complete loss of the organell€koliomonas litriaThe BaSk taxa possess
an SMSFe/S cluster biogenesis system that was acquired in a common ancestor by LGT,;
this appears to have paved the way for compbeste of the mitochondrial ireaulfur

cluster (ISC) system ia common ancestor of tiskoliomonaspecies.

In Chapter3, | further explore the &kgenomes by investigating the differences in their
genome sizes, gene content gaedquencsimilarities | also explore cases of LGT
unrelated taheir MROs by broadly screening the genomes for genes closely related to
prokaryotic sequences. Genome size varies significantly acrosa8telBde, which is
driven in part by the expansion of transposable elemeigkadhomonas litriaeand
Skoliomonasp.GEMRC. By comparing coding content within the genomes, | found low
levels of genome synteny and proteiqueence similaritypetweerthe skoliomonads and
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barthelonidsBy surveying potential LGTs into this group | have uncovered laterally
transferred proteins that function in an oxygen detoxification pathway. Remarkably,

also recoveretivo extremely largéaterally acquired genesrfcoding protein&3,820

and 10,218 amino asdn length that wererelated to giant nenibosomal peptide

synthetase (NRPS) proteifdPRSs ar@rotein factories that produce small bioactive
peptides that are typically involved in antimicrobial defense or iron scavenging\and ha
previously only been found in bacterial, fungal and a handful of other eukaryotic lineages
(Reimer et al., 2018)

In Chapter 4, | describe the development of a pipeline called CG@WRiprehensive
MitochondrialReconstructorjhat utilizes multiple forms of evidencerieconstruct the
mitochondrial/MRO content of an organism from protein sequenceTatawork 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 Cha@G@vR
assessethe results of four different MTS prediction software as well as homology
searching against several different databasz#sding mitochondrial proteome and
correspoding subtractive databases inspired by CB@gston et al., 2009 also

utilizes an HMM profile and corresponding alignment set to place candidate sequences
within a phylogeny of related proteins,dgparses these trees to assess this placetoent
infer homology to mitochondrial protein®nce completed, the CoMR pipeline provides
the output ofall 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, | show
that CoMR is vell suited for predicting mitochondrial localization in diverse eukaryotic

lineages.

In Chapter 5, | 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 wit

molecular assapased studies, | believe we can achieve a maimestunderstanding of

not only the BaSk taxa, bttie evolutiorary processeshaping 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 understandinty of ear
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 aroggoger et al., 2017; Sibbald & Archibald, 201&mongst 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 prot{seger et al., 2017; Zitek et al., 2022)

Many protist lineages have independently adaptedi¢éblow-oxygenenvironments

One of their most conspicuous adaptations are highly modified mitochondria referred to
asi mi t oc hroemldatieoch organel |l esd ( MROs(Rogerh a't
et al., 2017)MROs have been best studied in the Metamonada, the largest anaerobic
protistan group in the eukaryotic tree of Jiehich encompasses a wide array of
organisms with differing lifestyles including parasites, commensals, antvireg

marine or freshwater flagellates or amoeflager et al., 2017; Stairs et al., 2015, 2021,
Zitek 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 pathogefsichomonas vaginaliandGiardia intestinalisare amongst the
best studied metamonads due to their biomedical importalbaman parasites. As a
consequence ofthis,hes e organi sms6é MR Osichargagelles.l s o

These organellediffer considerably in function; th€richomonas vaginalis
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hydrogenosome produces ATP by way of substrate level phosphorylation and produces
hydrogen gas as a by product, while the mitosont@&iafdia intestinalisappears to

mosty functionto supportre/S clustebiogenesis for Fe/S protei{Schneider et al.,

2011; Stairs et al., 2015; Tovar et al., 2003)ough 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; Zitek et al., 2028¢ such metamonad,
Monocercomonoides exiliss the first eukaryote characterized to be completely missing
its MRO (Karnkowska et al., 2016Dther less drastic examples of reduction include
MROsthatretain the ability to produce hydrogen gas but are not likely to produce ATP
(Leger et al., 2017; Yazaki et al., 2028hd mitosomes that produce methionine cycle
substrategZitek 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 breviat®ygsuia biformgStairs et al., 2014}he gutdwelling stemenopile
Blastocystis hominiéNasirudeen & Tan, 2004dhe freeliving amoebozoan

Mastigamoeba balamutiiNyvitova et al., 2015)and the anaerobic jakobBtygiella

incarcerata(Leger et al., 2016)

These examples show that mitochondrial reduction has occurred independently multiple
times over the eukaryotteeeof Life. Thesdransitions usually involve the loss of the
mitochondrial genomandthe 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 ABEBrming acetydCoA synthetase (AC3).eger et al.,

2017) A laterally acquired oxygen defense system has also been identified in
metamonads, with multiple independent acquisgimirsome enzymes involved in this
pathway(JiménezGonzalez et al., 2019 addition, inseveralanaerobigrotist

lineagesthe canonical mitochondrial Fe/S cluster synthesis system, the ISC system, has
been replaced by other pathways of prokaryotic oriffatairs et al., 2014; Vacek et al.,
2018) In the case dflonocercomonoides exilicompletereplacement of the ISC

system with a cytosoliSUF pathway appeatsave been eajorfactorleading tothe loss
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of MROsin this lineaggKarnkowska et al., 2016)

To further investigate the patterns and process of genome and MRO evolution in
metamonads, we sequenced the genomes ofdoantlyisolated frediving
bacterivorous fl agell ates. Thokeliemonak t hese
litria, Skoliomonassp. GEM-RC andSkoliomonasp TZLM3-RCL (RCL) were isolated

from sediments of alkaline hypersaline soda lakes (for detailed descriptidaglisext

al., 2024)Figure2.1A-C). The other two are shallow marisediment dwelling

‘barthelonids’ (Yazaki et al. 202@arthelonasp. strain PCE (Figure

2.1D) andBarthelonasp. 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. Ophylogenomic analyses demonstrate that these five

metamonads form a highly supported cladeenefr ed t o as O6BaSkd (s hol
6Barthel onids+Skoliomonads®), tehsastricemer ges
(diplomonads, retortamonads a@drpediemonasike organisms (CLOs)). Genome size

and coding capacity varies considerably across these organisms, with one possessing the
smallest genome of a fréi@ing eukaryote currently known. Their anaerobic

metabolisms and MRO functional capacities also vargidenably. Unexpectedly, we

found yet another instance of the horizontal acquisition of tii€Egengthe SMS

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

core parts of a mitochondrifpe ISC system, all traces of the ISC system have been lost

in the skoliomonads. F@&koliomonas litriano 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 isolat8&oliomonas litriaSkoliomonasp. RCL and
Skoliomonasp.GEMRC (Eglit, Williams, et al., 2024yvere maintained in variants of

CR mediaGigeroff et al., 2023)Skoliomonas litrian 50 mL of 40 ppt CR with 3% LB,
Skoliomonasp. GEMRC in 50 mL of 40 ppt CR with 1% LB and 3 sterile wheat grains,
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Skoliomonasp. RCL in 50 mL of 25 ppt CR with 1% LB and 3 sterile wheat grains. All

were inoculated into fresh media everl @ days based on culture density, with a second

i nocul ation after 2Barthelonasrps..6 QPudBE u(rYeasz aokfi iest
were maintained in sterile filtered seawater (Bedford Basin, Nova Scotia) supplemented
with 3% LB, and kept at 16 . Cell growth w
done every 3! weeks depending on cell density by sf@nring around 20% dhe 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 litriaSkoliomonasp. GEMRC Skoliomonasp. RCL, andBarthelona

sp. PCE cell material for DNA and RNA extraction was harvested frethlLlof dense

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

200cg and at 4 . The pellets were then combi
again as before. The recovered pellets were resuspended in sterile filtered (0.2 um) spent
culture media and layered over Histopaque, and then subjected to centrifugation at

2000x g for 20 min at room temperature. The pretishtaining 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 spemiedia and pelleted for 8 min, at26@, 4 . The cel |l s

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 Genottickit, and the

QIAGEN MagAttract HMW DNA kit. RNA was extracted using Trizol according to
Invitrogen specificabns. RNA and DNA were sent to Genome Quebec for library
construction and NovaSeq 6000 lllumina sequencing. In the case of the RNA poly
selection was performed to enrich for eukaryotic reads. High molecular weight DNA
from each species was used to cargdta 1D ligation Nanopore library (LSK108 for
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Barthelonasp. PCE, LSK109 EXP-NBD104 forSkoliomonas litrisandSkoliomonasp.
GEMRC, and LSK308 foskoliomonasp. RCL) and was sequenced using a MinlON
flowcell (FLO-MIN106 (R9.4) forSkoliomonas litrilandSkoliomonasp. GEMRC, and
FLO-MIN107 (R9.5) forSkoliomonasp. RCL andarthelonasp. PCE).

ForBarthelonasp. PAP020, cells were cultured as described in Yazaki et al. (2019).

Cells were harvested by pelleting at 1500

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

lllumina Hiseq2500 PE using the Trueseq library prep.

2.2.3 Genome/transcriptome assembly, expression analysis &

gene annotation

For Skoliomonas litriaSkoliomonasp. GEMRC Skoliomonasp. RCL, andarthelona

sp. PCE, lllumina NovaSeq reads were trimmed using Trimmomatic Bd@er et al.,

2014) RNASeqgreads were assembled using Trinity v2 @i€as et al., 2013nd

checked for multiplexing contamination using WinstonCleaner
(https://github.com/kolecko007/WinstonCleaner). Bacterial contamination was removed
from the Trinity a¢Eseeaend]202d)s using Anvi 6o

Raw MinlON sequencing data was basecalled using Albacore v2.1.3 (Albacore has since
been replaced by GupjiyseeWick et al., 2019) These data were assembled using Flye
v2.3(Kolmogorov et al., 2019Ravenvq Vaser & Gank\ill7 (Koréh@tall, )
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 ABruigeasly was chosen moving
forward forSkoliomonas litriaSkoliomonasp. RCL andBarthelonasp. PCE. For
Skoliomonasp. GEMRC, the Canu assembly was used. Raw MinION output was used to
improve the baseall accuracy of these assemblies using Nanopolisore0.8.4

(Loman et al., 2015) and lllumina reads were used to-emoect 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 contéB| &S T search
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results (Altschul et al., 1990). The Eukfinder workflow was used to remove prokaryotic

contaminants from the BaSk genome assemffikao et al., 2023)

Gene prediction utilized a pipeline described in Shkisa et al. (2021). Briefly,
RepeatMaskefFlynn et al., 2020)vas first used to mask the repetitive regions of the
genome. RNAseq reads were then mapped to the genome b$BRT2 (Kim et al.,

2019) GeneMarkeT (Lomsadze et al., 2014)en 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 AUGUST(®anke et al., 2004yvhich generated the
gene predictions. PASfdaas et al., 2003yas then used to validate the coordinates of
these gene model§he predicted protein set was checked for completeness using the
obd9 BUSCO v3.0.1 databag&imao et al., 2015)

To estimate genome completeness we used Merqury(Rbi® et al., 2020yith a kmer

size of 17 (estimated using Merqury). The lllumina reads used for the Merqury analysis
were decontaminated using the Eukfinder workf(@hao et al., 2023)efore genome
completeness estimation. Additionally, RM&qg mapping was used as a measure of
genome completeness, and RIN&q reads were decontaminated using the same method

mentioned used for the DNA lllumina reads.

To construct th@arthelonasp. PAP020 genome, Illlumina reads were assembled using
SpadegPrjibelski et al., 2020)ith default parameters. Bacterial reads were identified by
metaBAT(Kang et al., 2015and CheckMParks et al., 20150nce the identified

bacterial reads were removed, the remain lllumina 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 an@ &ksio checked against
theBarthelonasp. PAP020 transcripton{&azaki et al., 2020)

2.2.4 Gene expression analysis

Expression of predicted protegoding genes was quantified by mapping RNASeq reads

to their respective lorgead genome using HISATEKIm 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 setti(igsjpnell et al., 201Qp
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 dueto insufficient coverage across pertinent species in the anéb@$s site
occupancy cutoff), or excluded due to deep paralogash of the 174 remaining

ortholog alignments were used to construct supgtgein phylogenies, and were used to
screen out nowrthologous data. The final 174 alignments were realigned using mafft
v7.310 einsi, trimmed using BMGE v1.0 (default settingx)jscuolo & Gribaldo, 2010)

and were concatenated together and used to infer a maxikaliinood 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
usedto calculate branch supports using fparametric bootstrapping, approximate Bayes
(aBayesAnisimova et al., 2011and approximate likelihoetatio 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
closelyrelated metamonadkeger et al., 2017; Stairs et al., 202hy, once identified by

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

alsoi nputted into the CoMR pipeline using del
schemeProteins relating to mitochondrial protein translocation were searched for using

both general HMM profile§Leger et al., 2017and 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 maftidd 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 alo201
Tsaousis et al., 20Mere 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 we available, a preliminary alignment was created by retrieving the
top 1000 blast hits and reducing the sequences td208equences using €HIT v.4.6

with recommended word sizes. These sequences were aligned using mafft einsi with
default settings andiere trimmed using trimal v1.4.revi6apellaGutiérrez 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/Batlikée proteins inSkoliomonas litrisand
Skoliomonasp. GEMRC were predicted using the ColabFold v1.5.2 s@iedita et
al.,, 2022) T 4waerel portion of th&koliomonas litridsSam50/BamAlike protein was
aligned to the yeast Sam50 protein strucfliekeda et al., 2021jsing the PyMOL

Aceal igno 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 alignmentteger et al., 2016)f 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 abov

2.2.9 Data availability

Genomes and gene annotations (where applicable) can be found under BidBroject
PRJINA949547 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

Nearcomplete genome assemblieBaifrthelonasp. PCE Skoliomonas litria
Skoliomonasp. RCL andskoliomonasp. GEMRC were generated using a combination
of Oxford Nanopore longead sequencing for assembly and lllumina sheatl
sequencing for errezorrection posassembly. These assemblies were thoroughly

decontaminated using the Eukfinder workfl@hao et al., 2023)

To assess thguality of these assembliesge used Merqgury, a-ker counting tool that
using genomic lllumina reads, assesses the completeness of tde faawdong-read
assembliegRhie 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 eukarglassified RNAseq
reads mapped to the correspomdgenome assembly. The long and shesid data
afforded assemblies that were high coverage and comprised of relatively few large
contigs (see Tabl2.1). A draft genome assembly Barthelonasp. PAP020 was also
generatedisingonly lllumina reads (Tabl2.1). 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 byhansa 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
assembks (Table2.2). To assess potential improvement of the predicted protein set after
curation, the gene predictions f8koliomonas litriavere 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+fragmente8pftinelonasp. PCE

to 77.9% (complete+fragmented) f8koliomonasp. RCL. In general, the BUSCO

scores of the predicted protein sets are very similar to those from the transcriptomes
the BUSCO genes of the former wéges fragmented. The manual curation of
Skoliomonas litriggene predictiongicreased the reported BUSCO number by only one,
indicating that the unsupervised gene prediction pipeline is performing well. Note that
these relavely low BUSCO scores are comparable to other-slediracterized

metamonads which tend to have highly divergent or missing orthologs relative to most
other eukaryote€SalasLeiva et al., 2021; Stairs et al., 2021)

The sizes of the draft genomes and the number of proteins predicted differ markedly
between taxa (Tab21). Notably, at 10.2 Mb@Barthelonasp. PCE appears to possess
the smallest genome for a frieing eukaryote currently known. It is smaller than the
compact genomes of the diplomonad paraSitedia intestinalis(11.7 Mbp, seXu et

al., 2020) the acidophilic alg&aldieria sulphuraria(13.7 Mbp, se&chénknecht et al.,
2013) Saccharomyces cerevisi@lE2.07 Mbp, se&offeau et al., 1996and the genome
of the smallest known freleving eukaryote thatof the marine alg@®streococcus tauri
(12.56 Mbp, se®erelle et al., 2006 Genome reduction is well known to occur in
parasitic and endosymbiotic microb@$anzaneMarin & Latorre, 2016; Xu et al., 2020)
as well as in frediving organisms, where it is thought that compact genomes are an
efficiency adaptation to nutrieqioor environmentgGiovannoni et al., 2014However,

for heterotrophic phagotrophic protists, liRarthelonasp. 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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Table2.1. Summary statistics for the genomes, transcriptomes, and predicted proteomes
of the BaSk clade.

Skoliomonas|SkoliomonasSkoliomonas Barthelona [Barthelona

litria sp. GEMRC |sp. RCL sp. PCE sp. PAP020
*Genome
Coverage 41X 119x 34X 66X lllumina only]
(Nanopore)
*Genome
Coverage 206X 116x 93x 308x 29X
(llumina)
# of lllumina
53.7 M 26.8 M 85.9 M 75.4 M 70.0 M
Reads Generate
% RNAseq read|
) 99.4 99.9 99.6 99.3 -
mapping
Merqury
Completeness [98.7 08.6 98.4 98.4 -
(%0)

Genome Size [31.9Mbp [33.5Mbp [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
DoRepetitive 55.4 48.0 28.1 4.46 -
Predicted

15,224 14,268 9,198 5,064 6,305

Proteins (#)

*Median contig coverage
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Table2.2. BUSCO scores for members of &Sk clade.

Transcriptome

Complete |Complete [Total Fragmented Missing
Single CopyDuplicatedComplete
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 -
. 190 24 214(70.6%)/16 (5.3%) |73 (24.1%)
Transcriptome
S. litria 7 Curated
o 208 17 225 (74.3%]7 (2.3%) 71 (23.4%)
Predictions
S. sp. GEMRC -
168 9 177 (58.4%)27 (8.9%) |99 (32.7%)
Genome
S. sp. GEMRC -
o 183 14 197 (65.0%)29 (9.6%) |77 (25.4%)
Prediction
S. sp. GEMRC -
. 139 77 216 (71.3%)9 (3.0%) 78 (25.7%)
Transcriptome
S. sp. RCL- Genome (182 4 186 (61.4%)16 (5.3%) |101 (33.3%
S. sp. RCL -
o 212 10 222 (73.3%)14 (4.6%) 67 (22.1%)
Prediction
S. sp. RCL -
. 193 27 220 (72.6%)14 (4.6%) |69 (22.8%)
Transcriptome
B. sp. PCE- Genome 142 3 145 (47.9%]15 (4.9%) 143 (47.2%
B. sp. PCEI
o 161 7 168 (55.4%)25 (8.3%) 110 (36.3%
Prediction
B. sp. PCE-
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.Barthelonasp. PCE possesses two contigs with what appear to be telomeres at

one end of the contig with anhATATGEGTCT-Z2d. t el o
Al t hough this telomeric sequence is quite
repeat, other protistacross the eukaryote tree of life have also been reported to have

highly divergent telomeric repediss e e Ful n e | k;the $ignifecanceafithese 2 01 3
unusual telomeres is unknowrhe Skoliomonasp. GEMRC assembly has six telomere
to-telomere assembled chromosomes and an additional nine contigs with telomeres at

only one end of the contig. -TTAGEG3 @tter t e

repeating sequences.

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

Fornicata .

To determine the phylogenetic affinities of the Ba®kkin the metamonads, we added
orthologs from the five draft assemblies to a previously constructed phylogenomic data
set of orthologous proteir{Brown et al., 2018; S. Kang et al., 201&jter singleprotein
alignment manual curation toclude proteins witlsufficientsite occupancy amongst
metamonads, and to remosentaminants and paralogs, the final dataset of 174 highly
conserved proteins was analyzed by maximum likelihood under tHeetgegeneous
model L G+ C6 0 + FZ1E)IiThé resalteng tFeeé apnfirme the placement of
Barthelonasp. PAP020 as previously reporigthzaki et al., 2020and placed
barthelonidstrainBarthelonasp. PCE as its immediate sister. The skoliomonads form a
clade with the barthelonid group, wiBikoliomonas litrisandSkoliomonasp. GEMRC
branching together to the exclusionSKoliomonas p . RCL. The oO6BaSk cl
(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 apprexikaihoodratio tes

support, all evaluated under the PMSF model).
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Figure21. O6BaSkdéd is a clade of anaerobic prot.i

known Fornicata within the Metamonada.Panels AD) Differential interference

contrast light micrographs of skoliomonad lineag§&sliomonas litrigA), Skoliomonas

sp. GEMRC (B), an&koliomonasp. RCL (C)(see Eglit et al., 2024as well as

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

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

proteins encompassing 46,113 sitése depicted topology was estimated using 1Q

TREE under the LG+C60+F+0 model and was us
LG+PMSF(C60) +F+0 model . Support unatlRIr t he
support percentage, aBayes support and nonpararhetistrap percentage based on 100
nonparametric bootstrap regdites. 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 ordal SHsupport
percentage/aBayes/nonparanugbootstrap 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 grouf®impson, 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 6deepd phyl ogenetic pl ayxgeoopent wi
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-skadtillumna

genome assembly &arthelonasp. PAP020 in these searches to supplement our
comparisonsWe utilized the CoMR pipeline (see Chapter 4) to search for mitochondrial
and MRO proteins in the BaSk taxa. Briefly, this pipeline utilsegral mitochondrial
targeting sequence prediction programs to estimate the probability of mitochondrial
localization of each predicted protein in each of the five genditreso 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 lineagessed 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 tlkegBa8@mes, as

well as directly investigate the genomes and transcriptomes. @kisone 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 phylogesestiof
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 Figui2. Below we discuss the systems we investigatetttail 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
methylenetetrahydrofolate (5,:CH.-THF) (Kikuchi, 1973) This pathway is commonly
retained in MROs of freving anaerobic protists including metamonddsger et al.,

2017) but is sometimes missing in parasitic lineages (review&bger et al., 2017)

Except forSkoliomonas litriaall BaSks encode the complete GCS (i.e. thé>T 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 5,14CH>-THF produced by the GCS. GCS and SHMT are found in the MROSs of
a variety of diverse frebving metamonads includinBaratrimastix pyriformigZitek et

al ., 2022; Zu laglalbottse nadiploraohad forni@ated (Be) CLOs and
Chilomastix cuspidatasee Leger et al., 20LTomplete absence of the GCS in
metamonads is seen in the parasitic diplomoGdsdia intestinalisandSpironucleus
salmonicida(JerlstromHultqvist et al., 2013; Leger et al., 201Dther parasitic

metamonads such asichomonas vaginalisetain some of the GCS subun(&ukherjee

et al., 2006)but have repurposed them to function in a peroxide detoxification pathway
(Nyvltova et al., 2016)It was particularly unexpected, therefore, that we found neither
genes encoding GCS or SHMTSkoliomonas litriamaking 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 Ba®ktherefore key

to understanding the reduction of amino acid metabolism that is usually only seen in
parasitic metamonads. As previously repoftéaizaki et al., 2020 Barthelonasp.

PAP020 contains a OsmC homolog, but we were unable to detect this enzyme in any of
the other BaSk data, including tBarthelonasp. PAP020 genome. Because this enzyme
lacks a mitochondrial targeting sequence (MTS), it is unclear where this protein localizes
in Barthelonasp. PAP020, and if it participates in peroxide detoxification in the
Barthelonasp. PAP020 MRO, as it does in the MROToichomonagNyvltova 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 ermogléetectabldSC

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
componets, are homologues of which are only known to function in mitochondria and
the MROs of othermganisms. 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 Tabl2.1 for ISC proteins queried). The absence of some of these
proteins, like Isd11 and ferredoxin reductase (Arh1l), is not unexpected as they have not
been detected in most metamonédslo t y | k o v 8§ . Téd absarice of oth2r@&\3 )
ISC pathway proteins implicated in [2R&] cluster synthesis (e.g. frataxin, Jacl (HscB)
and Mgel (GrpE)) is more puzzling as these components are usually detected in
metamonad§é Mot y | k o v § . Santlarlyg $ome late2RC&thway components
implicated in [4Fe4S] cluster synthesi4ill & Freibert, 2020)are found in other
metamonads (e.g Grx5, Isa2, NFUlandBdg t y| kov § ,butweselnot, 202 3)
detected in any BaSks (Supplementary Tade This is strange given that the
barthelonids possess mitochondrial NuoF subunits that typically house a#S#Fe
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, thei $}etusters

are being produced by an unknown mechanism.

Despite the lack of ISC system proteins in most Ba&k8aSk members appear to
encode a similar partial cytosolic CIA system that includes apoprotein targeting
components CIAL, CIA2, and NAR1, the NBP35 scaffold protein, and TAH18, which
aids in maturation of Fe/S cluster proteins. This reduced CIA pgtisgamilar tothe

CIA pathway found withirGiardia intestinalis(Pyrih et al., 2016)
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Figure 2.2. Presence, absence and predicted localization of key MRO and energy
met abolism enzymes i n 0B aSchematic ghyladenpadftheer me
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 maghcomponents, and

the SmsCB fusion protein. Coloured versus grey circles indicate presence/absence of the
protein from predicted prebmes 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 localizationBrotein abbreviations: PFQPyruvate:ferredoxin
oxidoreductase; NuoE/Respiratorychain NADH dehydrogenase 24/51 kDa subunit; HydA
Iron-only hydrogenase; ASCTI1BAcetate:succinylCoA transferase B; ASCT1C
Acetate:succinylCoA transferase C; SGSSuccinytCoA synthase; ACSAcetyl-CoA synthase;

Fdxi FerredoxinL 1 Glycine cleavage system subunit L= &lycine cleavage system subunit

H; P- Glycine cleavage system subunit P; Glycine cleavage system subunit T; SHMSerine
hydroxymethyltransferaseTom4d ranslocase of outer mitochondrial membrane 40; Tbm?2
Translocase of outer mitochondrial membrane 22; Sdan&irting and assembly machinery 50;
Tim17/22/23- Translocase of the inner membrane 17/22/23; TimBdnslocase of the inner
membrane 44; PamZt@resequence translocasesociated motor 16; PaBi1Presequence
translocas@ssociated motor 18; Ise$ron-sulfur cluster assembly enzyme cysteine desulfurase;

IscU - Iron-sulfur cluster assembly enzyme scaffold; SufCRilfur 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 protisttAnwar et al., 2014; Garcia et al., 2022; Stairs et al., 2014; Vacek et al.,
2018; G§&r s kinalleftthe 8BdSk genothés 2wk ere able to identify a simple
archaeatype SUFlike minimal system (SMS) consisting of a gene encoding an SmsCB
fusion protein that was most similar to the simple archiggpal SmsCB systems found in

the breviatd’ygsuia biformgStairs et al., 2014}he anaerobic jakobigtygiella
incarcerata(Leger et al., 2016nd gut commensal stramenoflastocysti{Tsaousis

et al., 2012; Yubuki et al., 2020)o investigate the origin of this protein, we performed
phylogenetic analysis separately for the SmsC and SmsB domains (Supplementary
Figures2.1 & 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

archaeatype 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 his 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 eukaitpe¢eikaryote LGT events
amongst disparate lineages of arubic 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 fusionngeto 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.eoxymonads anBaratrimastix pyriformi¥ (Vacek et al., 2018nd

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

The resulting reduction and loss of the ISC system following acquisitio®bf&system
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is also similar between these two lineages and the bré&yguia biformaThe gain of

an alternate Fe/S cluster synthesis system
organism to the loss of the ISC system in some of the lineages (e.g. an ancestor of
Skoliomonasp. GEMRC Skoliomonasp. RCL andskoliomonas litria Unlike Pygsuia
biformaand the preaxostylanBarthelonasp. PCE an@arthelonasp. PAP020 retain a

few core components of the early ISC system in addition to possessing th&ki&/el
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/Sanséening
proteins such as the NuoE and NuoF complex | proteins that are predictadtionfin

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 B&astocystispp.(Tsaousis et al., 2012 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 asseoflie/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 pat(Ryai et al.,

2016) In the latter scenario, the SmsCB fusion protein would provide the CIA pathway
with a sulfurcontaining 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 SmsCHusion protein in a variety of anaerobic
eukaryotes (red) and their closest bacterial and archaeal homologBhe 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+0 moTREH. Ulvafast ImogtstrapQalues are displayed on the
branchs, with dots indicating UFBOOT value over 95%.

In any case, the skoliomonaclsmpletely lack any dedicated ISC components and do not

possess proteins with identifiable cysteine desulfurase domains as assessed by HMM

37



profile searches and phylogenetic analysis (see Supplementary ZRjurghis 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 sdtfiin the environment

as the sulfur source for Fe/S clusters, as previously suggesteybfaria biformgStairs

et al., 2014)Indeed, direct sulfide utilization has been demonstrated for methanogenic
archaea that possess a simple cystdewilfurasdacking SMS pathway and which also

live in sulfidic conditiongLiu 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 chape@h{€pn60) andtHsp70.

To distinguish cytosolic Chaperonin Containing FCRCCT) subunits from

mitochondrial Cpn60 (GroEL) homologs and cytosolic and endoplasmic reticiulum (ER)
paralogs oHsp70 from their mitochondriddsp70 (i.e. dnaK orthologs), we used
phylogenetic analyses. F8koliomonas litrieandSkoliomonasp. RCL, all Cpn60
candidates identified disictly branched with CCT subunit clades (Sepplementary
Figure2.4); no bona fide mitochondrial Cpn60s could be identified from these species.
Skoliomonasp. GEMRC Barthelonasp. PCE, an@arthelonasp. 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 inseiietions in the multiple
alignments were identified &l were used in conjunction with wahnotated Hsp70

yeast homolog@\elson et al., 1992p group sequences into cytosolic/ER versus
mitochondrial type Hsp70 groups (see Supplementary FRB)yeThis information was

then checked against the phylogeny for subcellular localization predictions of BaSk
Hsp70 candidates. From this analysis, mitochondyja Hsp70s were identified in all
BaSks excepBkoliomonas litriaWithin 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 litriawe did not detect any genes encoding MRO chaperones, while
Skoliomonasp. 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 detetable by pairwise alignmetiased search algorithms. The main channel
forming protein in the TOM complex, Tom40, was only identifiablS8koliomonasp.

RCL andSkoliomonasp. GEMRC, while the receptor Tom70 was identified in
Barthelonasp. PCEBarthebnasp. PAP020, an8koliomonasp. RCL. TIM subunits

were generally absent except for Tim17 that was identifi@hnthelonasp. PCE only.
Except forSkoliomonas litriaall BaSk members appeared to have thelaperone

Pam18 subunit of the presequence transleaaseciated motor (PAM) complex in

addition to the core mtHsp70 subunit. Pam16 was only identifiS&atiomonasp.

GEMRC and Pam17 appeared to be absemtdidate mitochondrial processing
peptidases (MPPs) that remove the MTS were fourdtaiiomonas litrig Skoliomonas

sp. GEMRC, an&koliomonasp. RCL (Supplementary Figuges). Our phylogenetic
analysis shows that all O6MPP candidates®o
mitochondrial MPPalpha/MPPalpha clade and amaochondrial group of fungal M16
metalloproteases. The BaSk homologs are more segaanitar 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 de#tenerice evolution of
MPPs found in parasitic lineagesGm2 d e t. Ye éven,a higdedde® df 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 identifieBkoliomonas litrigbut

its substrate specificity could not be determined by phylogenetic analysis (Supplementary
Figure2.7, Appendix A. Whether this protein functions in the MRO membrane is

unclear as MCPs are also known to function in peroxisomes or other subcellular
organellegMazurek et al., 2010Finally, a candidate homolog of Sam50 was identified

in Skoliomonas litrieandSkoliomonasp. GEMRC. However, in phylogenetic analysis
these proteins did not emerge within the clade of mitochondrial Sam50 orthologs, but
instead formed an independent group emergingwayf between mitochondrial Sam50

and bacterial BamA cladeSypplementary Figur2.8A, Appendix A. Orthologs of this
Sam50/BamAlike protein were not detectable in any of the other BaSk genomes, even
when this sequence was included inktdM profile used for searching. To determine if

this Sam50/BamAike protein folded into a structure resembling the mitochondrial
orthologs, we used AlphaFold 20umper et al., 20219 predict its structure. The

resulting structuresSupplementary Figurg.8B, C, Appendix A show that while these
candidate Sam50 proteins possess what could be a intermembrane POTRA domain, the
betabarrels are smaller and adopt a different confirmation compared to Sam50 homologs
of yeast Supplementary Figur29, Appendix A and other well characterized examples
(Takeda et al., 2021)

Skoliomonasp. GEMRC and&koliomonasp. RCL contain the most candidate MRO
translocon proteins, which is similar to the repertoire four@iardia intestinalis(Leger

et al., 2017with the notable exception of the absence of GrpE in all members of BaSk.
Barthelonasp. PCEBarthelonasp. PAP020 an8koliomonas litrigpossess 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(Pyrihova et al., 2018Alternatively, in the case &koliomonas litriawhich

lacks all the highly conserved GCS, IS@dprotein import/refolding proteins of MROSs,

it is unclear if the Sam50/Bamlke protein, the MCP and MPP/M16 metalloprotease
homologs are targeted to an organelle at all. It is possibl&kiadibmonas litrialike the

distantly relatedMlonocercomonoides exilismight 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 functioskoliomonas litié s MRO woul d carry out i n t

known conserved mitochondrial pathways and systems.

MTS prediction is a known challenge in inferring MRO function in anaerobic protists,
including metamonad@erlstromHultqvist et al., 2013; Schneider et al., 2011; Tanifuji

et al., 2018)due to highly divergent or missing MTsthese organismgt 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 organel(&arg et al., 2015though recent analysis of

canonical MTSs found in the Anaeramoebakeepbranching metamonadssuggest

that this may not always be the c@Sairs et al., 2021Previous 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., 200Burthermore, 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 diffickleére, we employed several different

MTS prediction software tools to find and annotate these signals in Bsetks

Supplementary Tabl2.1, Appendix A). We found several examples of false positives in
Skoliomonas litrisandSkoliomonasp. 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 predictioo $§ t war e t o be fAstrongly
targeting signals. Based on this criteri8kpliomonas litridacked any strongly

supported targeting signals, while strongly supported targeting signals were rare in all
other BaSk memberBarthelonasp. PCE containthree proteins which possestsongly
supported MTSsan [FeFejhydrogenase, the-prrotein of the glycine cleavage system
(GCST), and on the IscU scaffold protddarthelonasp. 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-sequence
translocatedassociated motor protein PAM18&koliomonasp. GEMRC. Interestingly,
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in Skoliomonasp. RCL we find that a cytosolleCT-gammasubunit 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 Ggdmma subunits, it does not appear to

have an obvious fferminal extension. ASkoliomonasp. RCL has no mitochondrial

Cpn60 homolog but does contain proteins which are homologous tcIbired

proteins in other metamonads, it is possible (but unprecedented) that this CCT subunit has
replaced the mitochondrial homolog in this species by acquiring an MKk&8iomonas

sp. RCL does not have an additional copy of the gamma subunit of CCT. faplow
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@iardia intestinalis(Jedelsky et al., 2011; Sanchez

& Miller, 1996) In this pathway, pyruvate:ferredoxin oxidoreductase (Rie@3lyzes

the oxidation of pyruvate in the presence of ferredoxin and tG@koduce acetyCoA,

CO; and reducederredoxin. AcetyCoA is then transformed to acetate by ACS, amd

the process, converf&DP to ATP. Ferredoxin is reoxidized by [FeHwgjdrogenase

(HydA) that passeslectrons to protons creating gas. Notablypyruvateformate lyase
(PFL) wasalsodetected in all BaSk members, allowing an alternative pathway of acetyl
CoA productian from pyruvatgStairs et al., 2001 Note that there are multiple copies of
both HydA and PFO in each BaSk memisame of which possess additional domains
encoding ferredoxin or flavodoxilike proteins (see Supplementary TabI2, Appendix

B). No components of typical ATP production pathways found in trichomonad
hydrogenosomes, such as acetate:suc€io transferase or succinfloA synthase

(Lahti et al., 1992; Van Grinsven et al., 2008gre detected in any of the BaSks. Though
[FeFe}hydrogenase is present in each BaSk member, none of thefnafeyenase
maturase proteins (HydG, E or F) were detected. This is notable because these maturases,
when present, are always targeted to antmdria or MROgStairs et al., 2021)his,
combined with the lack i detectabl®TSin any of the proteins from the above

pathway, leads us to assume that ATP angad 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. BothBarthelonasp. PCE an@arthelonasp. PAP020 encode NuoE

and NuoF NADHdehydrogenase subunits of complex | that are known to function in the
mitochondria/MRO matrix in eukaryotes. It is widely thought thahmanaerobic

protists that possess them, NuoE and NuoF lifa@iyn acomplex with an MR@ocalized
HydA to perform simultaneous NADH and ferredoxin {jFakidation byanelectron
confurcating reaction that produces ghs, NAD+ and F@Dyall et al., 2004; Stairs et al.,
2015) For this reason, and the fact that onéhefHydA proteins oBarthelonasp. PCE
andBarthelonasp. PAP020 have a predicted MTS, we infer that both barthelonids likely
have MRQassociated hydrogenase activity, as recently suggestBaifibrelonasp.

PAPO020 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 pessibl

that at least one of the two ACS homologs in each of these organisms is also MRO
localized and produceSTP 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 througlLe@ér 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 Figur211 (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 withiG@arpediemonas membranifefargobibamus cyprinoides,
andTrimastix Additional ACS2 homologs frorilonocercomonoidesndParatrimastix

pyriformiswere 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 BaShklso possess a second ACS homolog which branches
separately from other metamonad ACSs. This enzyme seems to be most closely related to
ACS found withinStreblomastixMonocercomonoidegndBlastocystisand is distinct

from other types of ACS in the tree. As previously reported by Yazaki et al. (2019) in

their analysis of th8arthelonasp. PAP020 transcriptome, this is likely to be a novel

homobg 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 witt8pironucleus salmoniciddROs may not be ACS2,

as previously reporte@d.eger et al., 201 Mecause, in our analyses, thesalmonicida
AACS20 ortholog did not form a clade with
instead grouped with several TACK archaea, although the support values for this
relationship are low. A diagram summarizing the evolutiogaips and lossad these

proteins, along with other key metabolic processes and proteins mentioned above, can be
found as Figur@ 4. Thesgatternssuggest that there have been at least three, and

possibly four, independent transfers of ACS into the metamonads. These transfers
occurred at gry 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

Trichomonas vaginalis

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 Figur@.1l). Protein abbreviations are: HydG/B/Aron hydrogenase maturase
G/E/F; ACS- Acetyl-CoA synthase; NuoE/FRespiratorychain NADH dehydrogenase
24/51 kDa subunit; GCEGlycine cleavage system; SESuccinylCoA

synthase;lscS/UIron-sulfur cluster asselly 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 TalR2el, 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 BaS&queried, though the specific anaerobic enzymes in this top 100 list
differed between each species (see Supplementary Z8bkppendix B. For

Skoliomonas litriaSkoliomonasp. GEMRC, an&koliomonasp. RCL this included

two or more copies of genes encoding PFL. $Hasliomonas litrilandSkoliomonasp.

RCL, this also included one copy each of a gene encoding $¥elomonas litriain

addition to PFL, had a copy of an ACS and a malic enzyme gene in its top 100 most

highly expressed gene s&koliomonasp. 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 (Fig@ute The barthelonids PCE and

PAP020 seem to have functionally reduced MROs, but their predicted MRO proteomes
retain similar functions to other fréiwing metamonads such as the GCS and serine
metabolism, hydrogen production and Fe/S cluster biogenesisibyple ISC system.

On the othehand, the MROs dbkoliomonasp. RCL andskoliomonasp. GEMRC

appear to be uniqgue amongst metamonads, as we predict that the organelles only function
in glycine and serine metabolism and are unlikely to produc&at 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
protens homologous toommon MRQIocalizing 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 ancestof 8aSk. This acquisition then led to the simplification of the ISC
system in théarthelonaclade, 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 oxymonadlsarnkowska et al., 2016; Leger et al., 2QIIAis is

remarkable given that many metamonads that display a similar loss of MRO functions are
parasitic or commensalistic and the nutrigah endobiotic lifestyle has often been

assumed to be part of the explanation for extreme MRO proteome stregr(itsirs et

46



al., 2015) Instead, in the case of the fidgang 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 fiteeng 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 severalfete@sd towards the goal of
representing diverse and historically urdampled 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
discoveed instance cinLGT event that has replaced the ISC system in metamonads
with a SUFlike system anderves 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 thedacommon ancestor of the fornicates. In many of the
BaSk taxa, further work is needed to elucidate the exact subcellular localization of several
candida¢ 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. ForSkoliomonas litriawhich lacks all known mitochondrial pathways, it will be
especially important to investigate the localization of its anaerobic ATP synthesis
pathway jts MCP, andthe Sam50/BamAlike proteinto 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 previousy mentionedfreeliving metamonads are understudied organisms compared
to multicellular eukaryotes or microbial eukaryotes that serve as model systems. Previous
studies investigating the biology of novel fileeng metamonads have often relied on
transcriptomics to survey codimgntent within these organisrfiseger et al., 2017;

Stairs et al., 2021)r'his was mainly due to the sequencing technologies available at the
time. Because sheread sequencing was standard at the time butduglity, high
throughput longead sequencing was not widely available until after ~2diéepth
genomic investigations were not always feasible due to the fragmented nature of
eukaryotic genome assemblies achievable with gkad datdLeger et al., 2017,

Sibbald & Archibald, 2017)On the other hand, transcripts are shorter and easier to
assemble using shemtad data. Furthermore, it was possible to enrich for polyadenylated
(poly-A+) eukaryotic messenger RNA before sequencing, limiting the number of
bacterial reads in the resuigj data, which was critical for studyingjcrobialeukaryotes

that could not be easily cultured without bacteria. In addition, if cataloging the gene
content of an organism is the goal, then transcriptomics is moreftestive than short
read genomicsdrause the amount of shoetad data required to create a relatively high
coverage transcriptome is usually far less than what is needed for assembly ef a high
coverage draft genome. In any case, until 2016, the absence -afualiy and

inexpensive log-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 longead sequencing coupled with an egeswing library of communiyt-

made bioinformatic tools and solutions for handling the resulting data. These
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technologies can now be applied to mgmmotist cultures that include an abundance of
prokaryotic flora, or even cultures that contain multiple profStdasLeiva et al., 2021)

These advances are especially relevant to anaerobic protists, who often depend on other
microbes to create a suitalblgpoxic environment or to utilize thieend products of
fermentationHamann et al., 2016; Jerlstréifultgvist et al., 2023)Furthermore,

culturefree approaches such as singid genomicgr transcriptomis and

environmental metagenomic sequencing, are now widely viable, even bypassing the need
for stable cell cultures in some cagbglmont et al., 2022; Lax et al., 201&erhaps

most importantly, breakthroughs in longad 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., 2022ye 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
inaccessiblesuch 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 threbe examinedcross organisms within a taxonomic gr@iatthey

Doret et al., 2022)Similarly, when studying closely related taxa, hagrality 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 transféLGT), to ensure that the candidate laterally acquired genes are
located within &ona fideeukaryotic chromosome, as contamination could rarely be

ruled out with transcriptomes or highly fragmented genome assemblieq@ibbald &
Archibald, 2017) These aspects of genome evolution have not been studied extensively
in freelliving metamonad§_eger 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 unigue 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 parasiia,

which causes an estimated 1.2 million cases of digestive illness each year in the United
StateqScallan et al., 2011Yhis metamonad has a both a reduced genome (12.6 Mbp)

and ahighly reducednitochondrionrelated organelle (MRQ)lassified 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
metaolic potential(Jedelsky et al., 2011; Xu et al., 202@Genomic analysis of this

parasite has uncovered a highly compact genome (5 chromosomes with 81.5% of the
genome being proteicoding) with a low number of introns (only 13 detected in just

under 5000 protein coding genéx) et al., 2020)Another metamonad genome that has
recently been sequenced is the genome of thdiftieg CLO Kipferlia bialata. This

genome which totals51 Mbp, is markedly larger than the genomeGiardia. Curation

of this genome uncovered over 17,000 protein coding genes and just under 125,000
introns(Tanifuji et al., 2018)Yet another frediving fornicate,Carpediemonas
membraniferapossesses an intermediateed genome (24.2 Mbp). Most metamonads
possess a reduced set of proteins that function in DNA processing and segregation, but in
the case ofCarpediemonaghis 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 proteingSalasLeiva 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 neauniversal celluhr machinery or processes, like in the case of
Carpediemonasr the BaSk clade, require higjuality nearcomplete genome data as

another form of evidence.

In the previous chapter, | 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 neatcomplete genomes of the BaSkwe can ask broader questions about genome
evolution in this group including: i) what is the range of genome sizes within the group;

i) what drives the drastic changes in genome sizes and coding capacity across this group,
and iii) what was the genomezsiof their last common ancestor? Another line of
investigation concerns the extent to which LGT has influenced the evolutiors gidlip
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 diplomoisaionucleus barkhanusnd

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 compnents of oxygen defense mechanigdnsménezGonzalez et al., 2019M
transcriptomic analysis of the secondarily fleeng diplomonadTrepomonasp. PC1

revealed that LGT may have had a role in this spétissition away from parasitism

(Xu et al., 2016)Investigation into the role of LGT in metamonad genomes has

repeatedly uncovered innovative adaptatimre variety of environmental niches.

In this chapter, investigatehe factorgesponsible fothe differencedetweerthe BaSk
genomeghat were introduced in ChapterBy analyzing the predicted gene models of
each organism, | examined the raodingregionsof each genomencluding

transposable element content, which revealed that the expansion of these elements is
partially the cause of the size differences in the genomes of this. giaap 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 memb@&y.clusterirg the BaSk genes into orthologous

groups, | found that gene family expansion is another important factor in the differences
in genome sizes amongst the BaSk cldderoader analysis of LGTs within this group,
achieved through phylogenetic and functional annotation of orthologous groups, reveals
transfers including proteins related to adrosomal peptide synthetases and oxygen

detoxification systems. These typdsrmuiries 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 irthese frediving 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., 2@bbserver, 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 BLAKBT to
(https://blast.ncbi.nim.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(Elynn et al., 2020yvas 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 cladeanithdiemonas
membraniferaas 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 usirthe contMap functiorin Phytoolsthat implements a Brownian

motion model of continuous trait evolution otke treeand 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 createtha custo
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 ri@eilios)

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 usinghause
pipeline described iGentekaki et al., 201The data for the comparison@fardia
assemblages was derived from Gentekaki et al. 201 7Tii¢tleomonasiata was

retrieved from TrichDE https://trichdb.org/trichdb/app, see Aurrecoechea et al., 2009)
while other data was sourced as folloWsitrichomonastranscriptoméGenBank
accession numbers CX154307 to CX159216, see Huang et al., 2at@¢diemonas
membranifergd GenBank BioProject PRINA719540, see Sakisa et al., 2021and
Carpediemonagrisia (NCBI accession numbers SRX201268RX2012079 and
SRR4448896RR4448897, see Hamann et al., 2Qdréficted proteins, and
retortamonad dat@genBank BioProject PRINA659466, see Fissy et al., 2021)

3.2.4 Orthologous groups

To cluster the BaSk proteins into orthologous groups (OGs), we used Broccqirv1.2
Derelle et al., 2019¥ith an evalue cutoff 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}o 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 Bscharomyces cerevisipeoteomgEngel 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 @nor 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 individuad(r A si ngl et onso0o) groupings.
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
(Asingleton proteinso) and blasted these a
singleton proteins belonged to an existing OG, or if an OG had failed to be &kknfife

used a pidentity cenff of 65% and an-@alue threshold of 0.001 for this latter search.

We used the online EggNog mapper server (see eggapger.embl.de/) and the Kofam
KOALA online server(Aramaki et al., 2020fo 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 craaachents using mafft

linsi (Katoh et al., 2002) and trimmed by trimal (Cap&latiérrez et al., 2009) using the
ffgappyout o flag. These alignments were ther
hmmbuild (HMMER v 3.3). Using these profiles, we seardhedtukProt, SwissProt,

and trembl databases using hmmsearch withhaadue cutoff of 0.001. The top 1000 hits

were taken and reduced in redundancy usingHIDusing a cutoff value of 0.9. A

similar hmmsearch approach was used against a custom databasanodnad

sequences. For clusters less than five sequences, diamond(Beatdink et al., 2021)

was used instead of hmmsearch, with aaleie cutoff of 0.001. The reduced top hits, as

well as the metamonad database hits, were combined with the clustered BaSk sequences.
TheseFASTA files were aligned using mafft with the FINIS-2 setting, trimmed using

trimal automate@dappgtotuit g fwiatgh tame fi hen wer
maximum likelihood phylogeny for each cluster usingTREE v1.5.5 with the LG4X

model of evolutio. Each tree was evaluated for potential prokaryote to eukaryata late

gene transfer using the methdesscribedn ( G§8 r s k T e®ncearkes werezi2d, )

we selected trees that had both a Directional Score andANoestral 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 EggN®Gfam 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 oe ilBaBk taxa from an
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unrelated group. This also included apparent LGTs into metamonads. Trees that appeared

to have evidence of LGT wereeest i mat ed using the LG+C20+F+

LGTs relating to the oxygen detoxification systems within the BaSk clade were initially
identified using the LGT detection method listed above and were confisyned

constructing phylogenetic trees (as described above) utikgggences derived from a
previous study byiménezGonzalez et al. (2019) investigating such systems within the
fornicates. Classification of LGTs as clear or ambiguous regpect 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 MBarthelonasp. PCE appears to possess
the smallest known genome of a #Hlaeng eukaryote. It is smaller than the compact
genomes of the diplomonad parashi@ardia intestinalis(11.7 Mbp, se&u et al., 2020)
the acidophilic alg&aldieria sulphuraria(13.7 Mbp, se&chdnknecht et al., 2013)
Saccharomyces cerevisi@l2.07 Mbp, se&offeau et al., 1996 and the genome of the
smallest known frediving eukaryote of the marine al@streococcus taui(12.56 Mbp,
seeDerelle et al., 2006 \While the forces driving genome reduction in parasitic and
endosymbiotic microbes are better understddanzaneMarin & Latorre, 2016; Xu et

al., 2020) they are less clear for fréiging organisms.

The loss of intergenic regions is responsible for genome compaction in othierifrge
microbes with remarkably small genon{€relle et al., 2006)t has been suggested that
genomi c 0st r eligingimicrabesisgdde td envirdnmeatal pressure that
drives the optimization of cellular complexity to make use of limited resources
(Giovannoni et al., 2014J-urthermore, the streamlining process may be associated

increasing surface arg¢a-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 nutri@@tsvannoni 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 Tr38&hra et al., 2014fo predict
transport proteins, and BLAST to verify these predictions. We identified 48 putative outer
membrane transport proteinsBarthelonasp. PCHcell size <5um; seeYazaki 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 ~10n; seeEglit et al., 2024)though in a larger

number ranging from 105 iBkoliomonasp. GEMRC to 70 irskoliomonaditria (see

Table 3.1). Other metamonads, sucH agaginalisandS. salmonicidacontain 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 osmatstien their

respective environmen{€arlton et al., 2007; Xu et al., 2014n 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 discernablenegativecorrelation between the small cell size

of Barthelonasp. PCE and the number of detected transporters in the gehloene
relationship between cell size and transporter content observed by Giovannoni et al. 2014
therefore does not straightforwardly extend to théamenads that have been studied on

a genomic levelThis 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.
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Table 3.1. Transport proteins annotated from the BaSk predicted proteomes.

Skoliomonas |Skoliomonasp.Skoliomonasp/ Barthelonasp.
litria GEMRC RCL PCE
Amino acid transporters 0 0 0 0
Anion transporters 0 0 3 0
Cationtransporters 34 44 32 33
Electron transporters 20 38 32 9
Proteins/mRNA transporte 1 2 0 3
Sugar transporters 0 0 0 0
Other transporters 27 44 27 16
Total transporters 70 105 72 48

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 Barthelonasp. PCE an@®arthelonasp. PAP020) and the proliferation of
transposable elements (TEs)Skoliomonaditria andSkoliomonasp. GEMRC. The
Barthelonasp. 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 bpstandard deviation (SR)This is greatly reduced in

comparison té&koliomonaditria,, Skoliomonasp. GEMRC, an&dkoliomonasp. 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 iSBkoliomonaditria, 462 bp inSkoliomonasp. GEMRC, 402 bp in
Skoliomonasp. RCL, and 109 bp iBarthelonasp. PCE) and a large standard deviation
compared to th mean (1332 iBkoliomonaditria, 2191 inSkoliomonasp. GEMRC,

and 1323 irSkoliomonasp. RCL), indicating that intergenic space sizighly variable
across the genome (see Table 3.2). Intergenic regions Batheelonasp. 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
Skoliomonasp. RCL have a TE prediction. In contrast, most intergenic regions in both
Skoliomonastria andSkoliomonasp. GEMRC are associated with TEs (63.4% and

55.5%, respectively).
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To better understand the evolution of TEs within this group, we employed
Repeatmodeler@Flynn et al., 2020jo annotate these genomic features in each of the

four longread assemblies. A summary of our findings can be found in Table 3.3. We
found that over half of th8koliomonaditria 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 longread 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 Barthelonasp. PCE to 32% of th&koliomonasp. GEMRC genome.

Table 3.2. Average and median intergenic space sizes for the BaSk taxa.

Averageintergenic space siMedian intergenic space §
Skoliomonas litria 956 bp (+/1332 bp SD) 516 bp
Skoliomonasp. GEMR( 1125 bp (+2191 bp SD) 462 bp
Skoliomonasp. RCL 805 bp (+/1323 bp SD) 402 bp
Barthelonasp. 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.

Skoliomonas| Skoliomonasp. | Skoliomonasp. Bartshpelona
litria GEMRC RCL PCE
)
Yofgenome | oo 7, 47.26% 26.22% 4.85%
repetitive
Total #TEs 15,259 9,832 3,073 49
Total # LINES 14604 6129 (7.54%) | 1969 (5.12%) | 18 (0.60%)
(25.26%) ' ' '
# CRE/SLAC! 11924 5681 (7.09%) | 1435 (4.01%) | 18 (0.60%)
1 (24.63%) ' ' '

# 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/DIRS

2174 (7.46%)

1110 (3.91%)

462 (3.20%)

31 (0.35%)

#otherLTH g5 (1.05%) |  55(0.06%) | 16 (0.01%) 0
element
Total # DNA 655 (0.96%) | 2485 (2.72%) 596 (1.19%) 0
transposons
# unclassified 12718 25266 (31.86%) | 7840 (15.83%)| (3.55%)
(19.90%) ' ' '

*Percentagesext toeachTE family represergthe total percentage of the genome
composed of thalE family.
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Figure 3.1 Comparing the relative components of the BSk genomes in terms of

coding and nonrcoding 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
estimated using the coordinategpoédicted 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 betweBkoliomonaditria, Skoliomonasp. RCL, andSkoliomonas

sp. GEMRC, and is increasedBarthelonasp. PCE (see Table 3.4). However, the

percent of genes containing at least one intron increases with larger genome sizes ranging
from 13.1% inBarthelonasp. PCE to 25.6% i8koliomonasp. GEMRC. The mean

number of introns in genes with introns remains consistently small across the 8aSk

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.

Skoliomonas| Skoliomonasp. |Skoliomonasp.| Barthelonasp.

litria GEMRC RCL PCE
Total # of introns
3564 4870 2346 789
Median intron sizg¢
(bp) 33 32 32 63

Mean intron size 130.1 (+/ | 115.2 (+/262.6

(bp) 241.1 SD) sSD) 71.6 (+£393.3)[122.6 (+f 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 containin
>1 intron 944 838 402 74

To betterunderstand the dynamics of TEs in this group, we mapped the number of each
TE category in Table 3to the BaSk phylogeny, usir@arpediemonas membranifeas

an outgroup (see Figure 3a)dreconstructed the ancestral numkar$Es using a
Brownian motion model of continuous trait evolutasing the contMap function of
Phytools(Revell, 2012) By mappinghe change itotal TE contenbver the tredas 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 genom&&alfomonas litrieand

Skoliomonasp. GEMRC, as well as loss of TE content inBlagthelonasp. 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 tfenome of the last BaSk common ancestor is
predicted to have little CRE/SLAC content.
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Figure 3.2.Gain and loss of transposable elements over the BaSk phylogehyeach
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can be found over the scale bar.
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To assess the contribution of gene family expanar@hskoliomonad specific gene
familiesto the size disparity within the BaSk clade, | analyzed orthologous groups (OGs;
see below) to count the number of OGs that either i) did not conBartlaelonasp. PCE
sequence, or ii) contained more skoliomonad sequenceBéndnelonasp. PCE. | then
computed the contribution of these genes to the overall size expansion in the
skoliomonads, in base pairs. | found that 50% of OGs contained at least one gene from all
skoliomonad species but did not contaiBaathelonasp. PCE sequence. Additionally, |
found that 2% of OGs contained a sequence from all Ba&kbutcontained less
Barthelonasp. PCE sequences thamy skoliomonad taxa. These OGs combined
represent an expansion of 6.53 Mizpss the skoliomonad lineages. By examining the
contributions of singleton protesin each species, | found that the total number of base
pairs from singleton genes Barthelonasp. PCE (5.2 Mbp) was greater thhavalue
calculated in the skoliomonads (4.58 MbSikoliomonas litria3.78 Mbp in

Skoliomonasp. GEMRC, and 2.20 Mbp Bkoliomonasp. RCL).

There are 1550Gs that contain at least one gene from all four BaSk clade members
analyzed A c o r e lbcon(p&@ed the number génesn eachof theseOGsin each
skoliomonad genome to the correspondingber inBarthelonasp. PCE. genome. On a
per OG basisSkoliomonas litrighad 0.67 more copieSkoliomonasp GEMRC had 1.1
more copies, an8koliomonasp. RCL had 0.5 additional copies relativBrthelona

sp. PCEThese average differences are statistically significant accordbahiche Z

test andhe Wilcoxon SigneeRanktest (sed able 35). By calculating the nucleotides
that these differences represent, | found that these OGs indicate an additional 4.47 Mbp in
Skoliomonas litriaan additional 4.39 Mbp iBkoliomonasp. GEMRC, and an
additional 4.00 Mbp irskoliomonasp. RCL, all relative t®arthelonasp. PCEThese
results suggest that gene family expansiod reductionn 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 oumbers ofjene copies in core OGs for each skoliomonad

versusBarthelonasp. PCE

S. litria vs. |S.sp. GEMRC |S.sp. RCL vs
B.sp PCE |vs.B.sp PCE [B.sp PCE
Average differencever all OGs* 0.67 1.1 0.5
(# in specieXi # in specie¥)/1562
Z-testp-value 0.002¢ 0.0007 0.0034
Wilcoxon SignedRanktest pvalue 5.329el5 0 3.163ell
Genome size effect 4.47 Mby 4.39 Mby, 4.00 Mby

*-speciesX is each of the three skoliomonads and specisBarthelonasp. 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 SynIhilbon 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 genointe most syntenic regions iddigd

were between th8koliomonas litrisand Skoliomonasp. 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 syntksy bloc

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 regiorfgedienti

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 rearrangeiidedtges &
Deininger, 2007; Thybert et al., 2018)

Table 36. Proteirsin syntenic regions identifiely Synchro with theitop BLAST hit
annotation.

Synchro Protein Identifier Top nonrhypothetical BLAST description

Prot 1 Kinesin motor domainQarpediemonas membranifera]

Prot 2 cofilin [Allomyces javanicus]

Prot 3 26S proteasome neliTPase regulatory subunit 14 [Zychaea
mexicana]

Prot 4 rasrelated protein RaB3 [Tetranychus urticae]

Prot 5 60S acidic ribosomal protein P2 [Coccidioides immitis RS]

Prot 6 deoxyribosephosphate aldolase [unclassified Gemella]

Prot 7 ubiquitin-conjugating enzyme E2 5 isoform X1 [Arabidopsis lyr
subsp. lyrata]

Prot 8 emp24/gp25L/p24 family protein [Tieghemostelium lacteum]

Prot 9 putative protein serine/threonine kinase [Tieghemostelium lac

Prot 10 coiled-coil domaincontaining protein 98ke isoform X2
[Centruroides sculpturatus]

Prot 11 pten protein [Capsaspora owczarzaki ATCC 30864]

Prot 12 armadillotype protein [Gorgonomyces haynaldii]

Prot 13 sjogren syndrome antigen B [Thecamonas trahens ATCC 500
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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 represe
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 blocksGreeni

Skolomonas litriascaffold; blue’ Skoliomonasp. GEMRC scaffold; yellow

Skoliomonasp. RCL scaffold; red Barthelonasp. PCE scaffold.
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To evaluate the degree of sequence divergence between the BaSk taxa, we compared
amino acid identiteumulativedistributionsbetweerortholog setgor pairs of BaSk
speciego thecomparable distributions for a variety of pairs of flieeng and parasitic
metamonads. To do this, we identified protein orthologs by pairwise BLAST search of
closely related metamonad proteonti@snchimol et al., 2017; Carlton et al., 2007; Fussy
et al., 2021; Gentekaki et al., 2017; Hamann et al., 2017;-Baies et al., 2021)We

then plotted cumulative ortholog frequency agapastwiseortholog identity (see Figure
3.4). We found that BaSk taxa are very distinct from one anotherBaithelonasp.

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 litriaSkoliomonasp. GEMRC, an&koliomonasp. RCL were all equally
dissimilari with dissimilarities comparable ©arpediemonas membranifevarsus
Carpediemonasisia, 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 thairs ofparabasalid parasite orthologs from different

generai.e., Trichomonas vaginaligersusTritrichomonas foetus
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Figure 3.4.Cumulative ortholog frequency in BaSk pairs compared to otherclosely
related metamonads Each line represents the cumulative ortholog frequency for a pair
of metamonadas function of the amino acid identity between orthal&jsts that trend
closer to the 100% amino acid identity threshold have orthologs that are more similar at
the amino acid leveRed solidi Skoliomonas litriars. Skoliomonasp. GEMRC,; light

blue dashed Skoliomonas litriavs. Skoliomonasp. RCL; dark blue solitd Skoliomonas
litria vs.Barthelonasp. PCE; grey dashé&dSkoliomonasp. GEMRC vsSkoliomonas
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Next, we utilized two orthologgssignment programs to cluster BaSk proteins into
orthologous groups (OGs). We used both Broddddirelle et al., 2019nd 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 2690d&xcoli 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 spetissiin gl et ond genes)
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 canurelfas Figure 3.5.
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Skoliomonas litria Skoliomonas sp. GEMRC

4409 (21)

3049 (76) 2107 (22)

Barthelona sp. PCE

Figure 3.5 Shared and unique orthologous groups (OGs) within the &k clade
predicted proteome.This Venn diagram displays the common OGs within the
Skoliomonas litriaSkoliomonasp. GEMRC Skoliomonasp. RCL, andarthelonasp.
PCE predicted proteins as clustered by Broccoli. For individual taxa, the number
represents the total number of singleton protendi\{idual proteins not clustered with
any other proteins), while the number in parenthesis repraseitisopy OGs thatvere

found in only that taxan

We used EggNOG mappé@tluertaCepas et al., 2019 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 fourfSupplementaryfable 31 (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 thaB#rthelonasp. PCE singleton
proteins were enriched in functions related to Golgi membrane organization and function,
such as SAC1 phosphoinositide phosphatase aacelylglucosamind-

phosphotransferase. We also found an enrichment in cyclins and-dgpkemdant qotein
kinases irSkoliomonas litriaincluding cyclin mediated serine/threonine kinases, and
cyclin proteins such as cyclifil and cyclinE2. Skoliomonasp. GEMRC singleton

proteins appeared enriched in GO terms relating to calmodulin binding, sudtuas.en
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 EQgNOG continue to grow and more diverse sequences are annotated,
perhaps greater meaning mayftend 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 detegifotocol( G§ r s kT et al
Because | was interested in making inferences about functions of transferred genes, |
followed up on those genes for which a function could be assigned using either EQGNOG
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 Bg 36 into the last common ancestor of the
skoliomonads, 11 intBarthelonasp. PCE, and 6 into a broader metamonad group. By
assessing the COG categories, as well as the KEGG assignments for these LGTSs, it

appears that the majority of LGTs into the Bag&ind to involve amino acid metabolism
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and related transport (see Tabl@)3This same trend can be seen by analyzing subgroups
within the BaSk (such as the skoliomonads) as well. Below, | focus on particularly

interesting cases of LGT that were detected using this screen.

Table 37. COG and KEGG categories amongst det#cG T candidates in the BaSk
taxa.
COG category Count
Energy production and conversion 7
Inorganic ion transport and metabolism 5
Translation 2
Coenzyme metabolis 4
3
6

Replication and repair
Posttranslational modification, protein turnover, chaperone function
General Functional Prediction only 12
Amino Acid metabolisn and transport 0
Defense mechanisms 1
Nucleotide transport and metabolism 3
Cell motility 1
Carbohydratéransport and metabolism 5
Cell wall/membrane/envelope biogenesis 4
1
1
3
1
1

H

Transcription

Intracellular trafficking, secretion, and vesicular transport

Signal transduction mechanisms

Secondary metabolites biosynthesis, transport and catabolism

RNA processing and modification

KEGG category Count

Cell growth 1

Drug resistance 1

Secondary metabolites 1

Nucleotide metabolism 4
4
5
9

Genetic information processing
Cofactormetabolism

Transporters

Amino acid metabolism 16
Lipid metabolism 1
Environmental Information Processing 2
Energy metabolism 17

Oneparticularly interestingnstanceof LGT wasa pair of novel fusion proteirteatwere
detected irBarthelonasp. PCE an®arthelonasp. PAP020. These fusion proteins
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contain two fused PFO domains at theéekminus and a formate dehydrogenase domain
at the Gterminus, with a flavodoxin domain in the center (see Figure 3.6a). Though the
function of these proteins withiBarthelonasp. PCE an@arthelonasp. PAP020 is
currently unknown| hypothesize thahese 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 (s&eipplementaryigure 31, Appendix A), indicating that

the two domains may be the result of a gene duplication and subsequent fusion within the
last common ancestor Barthelonasp. PCE an®arthelonasp. PAP020. Formate
dehydrogenase is not typically found in metamonads. Phylogenetic analysis of these
formate dehydrogenase domaissipplementaryigure 32, Appendix A show that they
are closely related to formate dehydrogenase suburiiainttomycetesa group of
environmentally ubiquitous bacteria that are essential to the worlds agrterthrough

their ability to break down complex carbohydraf@éegand et al., 2018)
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Figure 3.6 Hypothetical functional diagram for the PFO-formate dehydrogenase

fusion protein in Barthelonasp. PCE and Barthelonasp. PAP020.A) A domain map

of theBarthelonasp. PCEPFOformate 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 domarus.

pyruvate:ferredoxin oxidoreductase; Fldidavodoxin; FdhF formate dehydrogenase.

Also unique tdBarthelonasp. PCE an@®arthelonasp. PAP020 are a set of proteins
homologous to nonibosomal 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., 201&8)d which have not previously been identified in
metamonadNRPSs 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 pedjdes 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 discoverediarthelonasp. PCE is huge, encoding a 13,820
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amino acid protein. Though the antiSMASH NRPS server predicts thBattieelonasp.

PCE NRPS can produce a 12 amino acid product (Figdyef@ur out of the twelve

amino acids in the peptide were unable to be predictedBatbkelonasp. PAP020
genome in contrast has five 6genesd that
are five separate genes or if these sequences belong to the same operon and have been
artificially separated due to the fragmented nature oBtréhelonasp. 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 Gaamd®acids,
respectively (see Figure7. Using these antiSMASH predictions, we searched the

Norine databasglissi et al., 2020%0 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 tother 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,
andsiderophoresave beeidentified 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 bacteri@Zhang et al., 2014)
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Figure 3.7. Schematic representations of the NRPS proteins iBarthelonasp.PCE

and Barthelonasp. 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 thegptide. 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, pdyticula
the diplomonads, which contain a number of parasitic species that routinely come in
contact with oxygen as part of their infection cydl#isménezGonzalez et al., 20197 his

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. Jiméné&onzalez and collegues (2019) separate the oxygen
detoxifaation 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 oxdized by free radicals. Our LGT analyséveakdthat the BaS&share a

conservd pathway to reduce oxygen to water in the typical tistep process
(Supplementaryigure 33, 34, Appendix A). In the first step, oxygen is reduced to a
superoxide radical by either FA@ependent oxidoreductase or nitroreductase
Phylogenetic analysis suggests that while the fe&pPendent oxidoreductases in

Fornicata, the BaSkand Preaxostyla were likely horizontally acquired in their last
common ancestor, the nitroreductase appears to be ancestral to all metaheniags

been acquired prior to their last common ancestor (Figdje Blext, the superoxide

radical is converted to hydrogen peroxideasuperoxide dismutase, which also appears

to have been ancestrally acquired in metamonads. Finally, water is generated from
hydrogen peroxide by hybrid cluster protein (acquirethelineage 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 skaliismon
possesses rubrerythrin and the barthelonids possess thioredoxin reductase. Both groups
possess peroxiredoxin and protein sulfide dismutase (PDI), though only the badtheloni
appear to possess thioredoxin reductase, which uses electrons of NAD(P)H to reduce
peroxidoxin after water production. 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 protefdgnénezGonz 8l ez et al . , 201
al., 2017) Interestingly, we found that all copies of PDI in the Balskve strong

secretion signals, indicating that PDI may mediate oxygen defense outside of the cell in

these organisms as well.

In addition to this3-stepprocess, both the skoliomonads andilghelonidshare 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-@cetyltransferase and phosphoserine aminotransferase were
likely acquired by the BaSKkast 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. Unigue the skoliomonads is a-#pe flavoprotein, which indrnicates
participates in the reduction of oxygen to water, and passes the electrons to ferredoxin
and PFO, for use in cytosolic ATP productidménezGonzélez 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 disulfideeductase, 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 thougivieto
beenacquired within the fornicate tree, before threergenceof Kipferlia bialata
(JiménezGonzalez et al., 2019pur 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 diplommads, 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 themetamonadree, hough 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 ancestqdiménezGonzalez et al., 2019Dur current analysis suggests that

there were two transfers into metamonads, thedfrathich was into the lineage leading

to the last common ancestor of the fornicates, the Bakl Preaxostyla. Interestingly,

in our phylogenetic analysis there is a groupin§kdliomonasp. GEMRC,

78



TrichomonasandKipferlia superoxide dismutase sequences away from other metamonad
sequences, suggesting that these are perhaps independent transfers into each species (see
Supplementaryigure 35, 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 an¢éisténez

Gonzalez et al., 2019Dur analysis suggests this is true, however it may have been

acquired even earlier, prior to the last metamonad common ancestor and subsequently

lost in PreaxostylaAnaeramoebgand 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
metamonadg§liménezGonzélez et al., 2019However, our analysis reveals that hybrid
cluster protein sequences from the Ba&kd various fornicates branch separately from
Trichomonashomologs, suggesting at least two independent transfers into metamonads
(Figure 38). JiminezGonzalez and colleagues (2019) previously reported that

thioredoxin reductase was acquired within the fornicate phylogeny, most likely before the
emergence dErgobibamusOur analysis shows that fornicate arrcchomonas

sequences branch together in the tree, suggestinthése proteins are instead ancestral

to metamonads (Figure§}.
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Figure 3.8. Gains and losses of key oxygen detoxification enzymes across the
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3.4 Conclusion

We have taken our highuality genome sequence data (described in Chapter 2) and have
analyzed theorrespondingredicted 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 trangtomic data. This includes nawdingandrepetitive

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 oSkoliomonadgitria andSkoliomonasp. 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 tlegt #ine quite divergent from one
another, though they are each otherds cl os
findings indicate that LGT has shaped the functional capacity of the BaSk genomes,
especially with respect to vaus anabolic amino acid and eneiggnerating pathways.

In addition, our survey of LGTs have allowed us to reconstruct oxygen detoxification
pathways in tts 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 fdllow-up studies to investigate the functions of these proteins

that have seldom, if ever, bemported previously within protistan eukaryotes.
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CHAPTER 4

CoMR i a new pipeline for predicting mitochondrial proteomes
in model and non - model eukaryotes

4.1 Introduction

Mitochondria and their associated metabolisms have é&densively studied in diverse
aerobic eukaryotes. The human mitochondrial proteome is one of thehbestterized
examples, as human mitochondrial dysfunction is correlated with poor health outcomes
(Sorrentino et al., 2018Most aerobianitochondria participate in many important

cellular functions, most notably through the generation of ATEhé\electron transport
chain and the citric acid cycle that fuelshtitochondria in humanand other aerobese

also responsible for energy production through fatty axidation which is the main

source of ATP for the cell when glucose levels are(Bhandel, 2021)These organelles
also participate in a variety of other metabolic functions such as amino acid synthesis and
degradatio{Guda et al., 2007)nitochondrial genome expression and maintenance, and
FelS cluster biogenedkill & Freibert, 2020) Due to its similarity in mitochondrial
pathways and function§accharomyces cerevisieeoften utilized as a model system to
study human mitochondrial diseagEsanco et al., 2020)

Investigations into the mitochondria of organisms outside of opisthokonts have yielded
interesting findings. For example, the first protrstochondrionstudied indepth was
that of the ciliateletrahymena thermophilavhich revealedhe presence @nzymesf
glycolysis in the organelle pathway thais typically thought of asytosolic(Smith et
al., 2007) The mitochondrial genome of the jakobid spegéirdalucia godoywas
recently shown to be the most bactdika and gene&ich mitochondrial genomand
proteomediscovered to dat@Gray et al., 2019)investigations into the mitochondrial
functions ofAcanthamoeba castellarsiiggest that this organidikely can produce ATP
both aerobically (through the electron transport chain) and anaerobically (through a
hydrogenosomdike pathway with pyruvate:ferredoxin oxidoreductag&eawryluk 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 cawssgious diseasgSorrentino et al., 2018)
However, in anaerobic eukaryotes, such as metatsotine lack of aerobic

mitochondrial metabolic pathways within their mitochondsietated organelles (MROS)

is the result of evolutionary pressures to adapt to hypoxic condifdth®ugh MROs

differ in detail in many lowoxygeradapted lineages in the eukaryotic tree of Life,

similar patterns of metabolic reduction are commonly found in these disparate organisms
(Roger et al., 20175tudying MROsand the evolutionary events that hahaped 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 experimentahailico approaches, attempts to
define molecular systems and metabolic pathways that operate within the organelle, to
better understand its functional role. The study of metamonad NMR©mplicated by a
variety of factors. Though experimental proteomic techniques can construct organellar
maps, and have been achieved in some metamonads to great &itekst 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 foneter®onads.
MRO pathways and systems can also be predicted usgilico methodsased on

predicted gene sets from either genomic or transcriptomic data. This method is not
without its own drawback$owever Firstly, if a candidate MRO protein hasldn

terminal mitochondrial targeting signal (MTS), it may not be predicted by traditional
MTS prediction softwaréools whicharetrained to predict MTSH model organisms.
Metamonad MTSs are often highly divergent compared to those of model organisms,
reflecting the divergent nature of the MRO import machinery in metamdSéaiss et

al., 2021) Furthermoremetamonad MRO sequences are often missing-tmrinal
extension entirely, and are thought to nelgre heavilyon internal signal§MTSs; see
Mentel et al., 2008; Rada et al., 2015)
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Internal mitochondrial targeting signals, like iIMTSs, 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 re complex by preventing the aggregation of iM{Eackes et al., 2018;
Yamamoto et al., 2009)n response to these findingmy@w approach has been proposed
to adaptTargetP2 to detect iIMTSs. This is done by iteratively removing amino acids from
the Niterminus of the sequence in question, and running the truncated sequences through
the targeting predictor, to see if MTSs are revealed as amino acids are réBumyedt

al., 2018) However this method has not been broadly tested on either known
mitochondrial proteins from model organisms or on metamonad MRO prdtsins.
performance at predictinyITSs in metamonads therefore currently unknown

In this chapter, | discuss the development of Col@BniprehensivéMitochondrial
Reconstructor), a new mitochondrial/MRO proteome predictor and reconstruction
pipeline that can be used for both model organismsakdryotes 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 origgee T

methods include a variety of MTS predictors, homology searching against several
databases (including a subtractive mitochondrial database), HMM profile searching, and
automated phylogenetic analysis. | show that the combination of these methodsrtogeth
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 nanodel organismghat can be further investigated

bioinformatically,and their localizations tested experimentally.

84



4.2 Methods
4.2.1 Automating the prediction of iIMTS; the Sauron pipeline.

To test if accurate prediction of IMTSs was possible using the method of Boos and
colleaguesBoos et al., 20131 created the Sauron pipelinehe Sauron scrigierforms

the described steps of Boos and colleagues (2018) in a fully automated Python script. It
takes in &ASTA 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 eaBIASTA file (containing the original protein sequence and

all of its truncations) using TargetP2 vZArmenteros et al., 2019pauron evaluates the
TargetP2 output for IMTSs by reporting the score for each protein sequence in each
FASTA file, smoothing the values reported usinfiyst order SavitzkyGolayfilter with

a filter length of 21 (seBoos et al., 2018)and then parses the TargetP2 output scores by

a user defined threshold. The final output is adeparated file with a row for each

original input sequence header that lists the location of detected iIMTSs in the original
sequence by amino acid positiabove the defined score threshold. Sauron was used to
detect iIMTSs in a set of human proteins that includes the human mitochondrial proteome
(annotated by MitoCarta3, 2241 proteins; Re¢h et al., 2021and cytosolic human

proteins (annotated by Unig, 5320; se€onsortium, 2028 This output was used to
assess Saurond6s performance by calcul ating
rate (FPR), as defined below:

Yi W& i QO QL Qi
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o6 & O 5100 "0G &l £ Q6 QU Qi
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These rates were then used to construct a receiver iogeriadracteristic (ROC) curve,
and the area under the curve (RBUOC) was approximated as a measure of

performance.
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4.2.2 CoMR pipeline T general workflow.

CoMR takes in the name of a configuration file as its input argument. The configuration

file is a tabseparated 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.nfhegeatein
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 gdeks,mo

transcriptomes, or proteomic analysis. Note that targeting prediction will be skipped for

any sequence that is truncated atNheerminus( s equences that do not
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 completior\atehainus
(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 v2.0Armenteros et al., 201MitoProt 11v1.10% Claros, 1995Mitofates;

Fukasawa et al., 2018nd DeepMitoSavojardo et al., 202@nd 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-ss@plied sequences, and the CoMR Subtractive
Mitochondrial Database (SMD) using Diamovi2i0.10b | a st p moresehsitit®h e
setting(Buchfink et al., 2021)Below is the description of the construction and usage of

the SMD.

The SMD is derived from welturated wholecell proteomes and mitochondrial
proteome®f six model organism#\ndalucia godoy(Genbank accession
VRVR00000000 seeGray et al., 2019)letrahymena thermophilgredicted protein
Genbank accessidbAR80512 to EAS0793ZeeEisen et al., 2006; Smith et al., 2007)
Arabidopsis thaliangNCBI BioprojectPRINA10719 and SAMNO03081423eeCheng
et al., 2017; The Arabidopsis Genome Iniative, 20B@mo sapies(International
Human Genome Sequencing Consortium, 2@@ifochondrial proteins from UniProt
(G0O:000573Y), Acanthamoeba castellar(iNCBI BioprojectPRINA59933%nd
PRJINA487265seeGawryluk et al., 2014; MattheRoret et al., 2022)and
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Saccharomyces cerevisiddtps://www.yeastgenome.orgleeEngel et al., 2014 )¥or

each of the six organisms, each sequence in the mitochondrial proteome was used as a
guery in a Diamond search of -tbBesiwhblVveodocsetk
and an evalue cutoff 0f0.0001 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 contaigimitochondrial and mitochondribike protens, 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 quergritoad search

against the SMD, the results of which are then filterethby bit score.

| also constructed HMM profiles based on the SMD by clustering the proteomes of all six
organisms using Broccolil.2 (Derelle et al., 201%p create orthologous groups (OGSs),
which were then manually curated. These OGs contain proteins with headers signifying if
they belong to a mitochondrial or nomtochondrial dataset within the SMD. These OGs
were then aligned with mafit7.310einsi (Katoh et al., 2002)trimmed with trimal
vl.4.revl5(CapellaGutiérrez et al., 2009)sing the-gappyout setting, and the resulting
alignments were used to construct HMM profiles using HMMER2(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 HM& Iprofil
more than one hit is identified, the input sequence is added to alignment with the HMM
profile that has the highest scoring hit based®evalue. These sequences are then
aligned and trimmed using the methods mentiateal/e and used to estimate

phylogeny with IQTree 1.5.5(Nguyen et al., 2015)ith 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 assesseddaelationship t@ther sequences in the tree that
wereeither mitochondrial or nemitochondrial The Fitch parsimony algorithm for

ancestral reconstruction of states was then used to predict whether the query sequence
was fimi tochondr i-mil too o ivd nTdOr) i,(Bitbhg19{HDM TOHE R )
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All relevant outputs areeported in a singleommadelimitedfile, with each line

representing the resuliisr each sequena#d the input protein sequencdsis output file

containsi) the results of the four mitochondrial targeting prediction software tgotae

top result of the Diamond search against a-sgeplied custom databaseHASTA file

containing proteins against which the user wants to search) basede &i) the top

results of the Diamond search against the nr database filteredabyee(and additiorky

filtered by top hit, top hit containing a mitochondrial description, and top non

hypothetical hit)jv) the top hit against the SMD filtered by bitore v) the number of

times the top hit in the SMD was for the mitochondrial datafvaseeach of the six

organismsyi) the top hit against the HMM profile database detifrem the SMD

filtered by evalue, andsii) the results of the phylogenetic tree parsing (where

applicable). CoMR then scores each sequence from the input proteome based on the
outputresults. The scoring scheme is defined by estabp ar at ed fAscorecar d:¢
customized according to the userds prefere
each sequence one point for each of the three targeting predictors that positivety predi

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 hiBtmitochondrial datasets in the

SMD, one pointf the tree parsinguggests that the sequencesisonstructed as
Amitochondrial 6, and one point if the sequ
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 sexspuarecmitochondrial,

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 CoOMR so® or otherwise), so that the user naggociatehe protein

with thesuborganellar 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 fAequal 6 scoring scheme) can aw

of 0 points. A schematic of the CoMR workflow can be found in Figure 4.1.
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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 homoligged approaches, target signal prediction, and
phylogenetic analysi®luei programs or databases utilized by CoMR; grieen

intermediate results accessible to the user; yéllapplication of a usedefined scoring
scheme to intermediate results; pinknal CoMR output summarizing intermediate

results and including scare

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& cerevisiag, as well as a metamonaelaratrimastix pyriformi$. To
examineS. cerevisiaewe constructed a modified SMD and subsequent alignment/HMM
profile database witho cerevisiaesequencesSince the nr database used also included
S cerevisiaesequences, nr database matche&s terevisiaesequences (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
Amitochondrial o | abelled protein in this r
that protein score count. In addition, | tested CoMRs' performance usiRgpieformis

whole cell and annotated MRO proteoniéiek et al., 2022)

Similar to the Sauron performance testing
evaluated for both th& cerevisiaeandP. pyriformisproteomes by plotting a ROC curve

and approximating the AUC. In addition, | plotted ROC curves and calculated AUC
scores for the baseline performance of TargetP2 with both tezevisiaeandP.
pyriformisproteomes to compare it with CoMRs performance. Becaude theiformis
proteome contains very few verified MRO proteins compared to the whole proteome, |
plotted Preision-Recall (PR) curves for the. 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, | created
aP. pyriformissubset proteome by randomly sampling 100-MB0O 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 w&hason.

4.3 Results & Discussion
4.3.1 The Sauron method fails to accurately predict internal

targeting sequences.

| tested the efficacy of the Sauron method for detecting iMyS8st automating the
workflow in a Python script, and then testing this method on a set of human
mitochondrial and cytosolic proteinhe ROC curve for Sauron can be found in Figure
4.2. The ROCAUC was calculated at 0.70. Compared to the REMT score of a
random classifier of 0.5 and a perfect classifier score of 1.0, thisROCscore
indicates a mediocre performance. Its performasnoeainly hindered by its high false
positive (FP) ra, which is only slightly less than the number of true positives (TP) it
captured. This is likely due to the nepecific nature of the targeting sequence, and its
subsequent presence as a motif in manymaachondrial 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 theC of
Sauron ROC curve 8.70.

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 identityaagains
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variety of databases, mitochondrial targeting prediction from four different MTS

prediction software¢ools and automated phylogenetic analysis. In addition to harvesting

these results, CoOMR reports a score for each query sequence which sums the number of
Apositivedo hits across all search strategi
out lowscaing sequences or to select higtoring sequences for inclusiomthe

reconstruction of thenitochondrialproteome

To test the performance of COMR, we created a SMD witBotgrevisiagoroteins and

used this dataset with CoMR to predict mitochondrial proteins fror8. iterevisiae
proteome. We scored the output according t
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 neqatNesnd

false negatives (FN) over all possible CoMR scores, which ranged betweeé® OVile

used these values to plot a ROC curve for the equal scoring scheme, which can be found

in Figure 4.3. The RO@UC using this scoring scheme is 0.922, indicating that the

CoMR workflow as reported by the equal scoring scheme is well suited forrdisge

between mitochondrial and naonitochondrial proteins within th& cerevisiagoroteome.

92



1.00 1 4

0.75

2
b
©
>
P 3
8 0501
o
g 4
=
0.25+
5 ¢
6 6

T
0.00 0.25 0.50 0.75 1.00
False positive rate

Figure 4.3.The ROC curve for the yeast proteome evaluated by CoMRhis 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 cO®2.is

We investigated which of the four individual targeting predictors worked best to identify
S cerevisiaeMTSs by plotting the total number of TP and FP, as wellNsnd FNfor

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, whitelatively rarelyflagging mitochondrial proteins

as normitochondrial. 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 theS. cerevisiagproteome, we applied alternate scoring schemes
which either i) removed MitoProt from the CoMR score or ii) demgighted MitoProt

scoring to lessen its contribution to the score, by halving its scoring value.

T
MitoFates

. ' : ! '
MitoFates MitoProt T-‘\f{]!‘[\’? MitoProt Inrgosl’z
Classifier Classifier

4000

5004 Type Type

False positive

. True positive

False negative

. True negative

2000

04

Figure 4.4. True and false positiveand negativerates for the yeast proteome

evaluated by 3targeting 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 positive8) 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 R@C test. A comparison of these ROC curves can be
found in Figure 4.5 and a summary of the R®QC scores can be found in Table 4.1.
Overall,we found that downweighting the most poorly performing targeting predictor
increased the AUC 10.927 while removing MitoProt from the scoring scheme decreased
the AUC relative to the equal CoMR scoring scheme. This suggests that further fine
tuning of tre CoOMR scoring scheme to maximize performance could be beneficial for

certain datasets.
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Table 4.1 AUC scores of ROC curves summarizing CoMR performance on both the

yeast andParatrimastixproteomes, using a variety of scoring schemes.

Scoring schemé ROC curves

YeastAUC 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 Amitoo nr sea 0.837998632153789 0.795058005
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Figure 4.5 CoMR ROC curves to evaluate the effectiveness of Mitoprot targeting

prediction on classifying the yeast proteomelhese 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 represkeatROC curve for a random classifier.
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To further investigate the impact of each search strategy on the CoMR scoresSfor the
cerevisiagproteome, we systematically removed search strategies from the scoring
scheme and evaluated the change in QI 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 saing 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 numbeelyf clo
related sequences in the database (such as other fungal taxa), which allows for easy

identification of mitochondrial proteins in ti8cerevisiagoroteome.

0.754

0.50 1

True positive rate

Equal scoring
No tree search scoring
No subtractive database scoring

0.25 1 No TargetP2 scoring
No Mitofates scoring
No nr search scoring

Random classifer

0.00 0.25 0.50 0.75 1.00
False positive rate

Figure 4.6.CoMR ROC curves to evaluate the effectiveness other search

strategies on classifying the yeast proteom&hese 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 frons¢being scheme (green), when

TargetP2 is removed from the scoring scheme (pink), when Mitofates is removed from
the scoring scheme (mle), and when the NCBI neredundant 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 orgp@dsiic

and cannot be broadly applied to all potential query proteomes without further
investigations. To assess if these observations on search strategy effectivendss apply
diverse eukaryotes, we performed the same series of tests on the CoMR output of the
anaerobic protigParatrimastix pyriformigoroteome by taking advantage of its spatial
proteomicsderived MRO proteomgitek 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 ROXLC for theP. pyriformisto be 0.854 (see Figure 4.7 and
Table 4.1)
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True positive rate
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Figure 4.7.The ROC curve for the Paratrimastix proteome evaluated by CoMRThis

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 p@sitiveegative

classes. The AUC of this ROC curve is 0.85.

Similar to what was observed with tBecerevisiaeanalysis, Mitoproteported a large
number of false positives (see Figure 4.8A and 4.9B). Downweighting the score

contribution of Mitoprot increased the REXLIC scores for th®. pyriformisdata (see
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Table 4.1 and Figure 4.9). Unlike tBecerevisiaeresults, we found that fd?.

pyriformis both the nr and SMD search strategies contributed substantially to the AUC
value (see Table 4.1 aid pyriformisROC curves in Figure 4.)10These datauggest

that when utilizing CoMR to investigate the mitochondrial proteome of model organisms,
and perhaps organisms within wstudied eukaryotic clades, additional search strategies

will rarely outperform traditional search methods such as targeting precdaotiomr

searching. Howevefor more obscure organisms that belong to understudied eukaryotic
groups, such as metamonads, having a broader variety of search options can help recover
mitochondrial or MRGassociated proteins not often detected by traditional search
methodsNote 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-eatisstion tests

but can also be used to improve the detection of mitochondrial/MRO proteins from data

thatarenot abundantly available in nr.
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False positive 60001

. True positive
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300 3000

MitoFates MitoProt TargetP2 MitoFates MitoProt TargetP2
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Figure 4.8.True and false positiveand negativesates for the Paratrimastix

proteome evaluated by 3argeting 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 fal$eeega
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Figure 4.9.CoMR ROC curves to evaluate the effectiveness of Mitoprot targeting
prediction on classifying theParatrimastix 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 repraben®OC curve for a random

classifier.

99



1.00 1
0.754
2
o
(o)
=2
% 0.504
O
o
g Equal scoring
= ,
No tree search scoring
No subtractive database scoring
0.254
No TargetP2 scoring
No Mitofates scoring
No nr search scoring
Random classifer
0.004

0.00 0.25 0.50 0.75 1.00
False positive rate

Figure 4.10.CoMR ROC curves to evaluate the effectiveness other search

strategies on classifying th&aratrimastix 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 frostdnmg scheme (green),
when TargetP2 is removed from the scoring scheme (pink), when Mitofates is removed
from the scoring scheme (purple), and when the NCBiredandant database search is
removed from the scoring scheme (brown). The orange line egpisethe 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 b&lcénevisiae
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andP. pyriformisproteomes, using the equal scoring scheme (see Figures 4.11A and
4.11B). For both datasets, the TargetP2 curve had a lowerRIWCscore compared to
CoMR (see Table 4.2), indicating that for b&lterevisiaeandP. 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 afemdge for mitochondrial

localization.

Table 4.2. Comparing the performance of COMR and TargmtiRBe yeast and

Paratrimastixproteomesising AUGROC scores.

ROC curves YeastAUC score Paratrimastix AUC score
CoMR Equal Score 0.922199919707599 0.853880036671875
TargetP2 0.79272526150554 0.659258456314007
A B
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Figure 4.11 A comparison of CoMR function vs. TargetP2 using thgeast 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)

Paratrimastixproteome.

Datasets with a small number of positives compared to negative cases can sometimes lead
to biased ROC curves with inflated RQC scoreqFawcett, 2006)To better analyze
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theP. pyriformisdataset, 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 th&URRfor CoMR was 0.099
compared to &rgetP2 which waB.017 indicating that the CoMR equal scoring scheme

is still an improvement over the TargetP2 method under the Preélsicall criteria.

These PRAUC scores are much lower compared to the REMEC discussed above,

howevae, it is important to view these values compared to theAPR of a random

classifier, which 19.0024 (equal to the number of positives over the total number of
proteins assessed. The lower values of these scordnditsatethat the prediction of

mitochondrial localization is, in general, not a precise operation.

Table 4.3PR-AUC scores comparing the performance of CoMR and TargetP2 on the
Paratrimastixproteome.

PR Curve AUC score
Paratrimastix- COMR 0.099538061625
Paratrimastix- TargetP2 0.0174697842846219
Random classifiefTP/All data) 0.00236459026084386

0.37

o
(S}
1

CoMR Equal scoring
TargetP2

Random classifer

True positive rate

o

0.04

T T T T T
0.00 0.25 0.50 0.75 1.00
False positive rate

Figure 4.12.PrecisionRecall curves comparing the performances of CoMR
TargetP2 on the Paratrimastix proteome.PR curves for CoMRusing the equal scoring

scheme are plotted in blue, TargetP2 in red, and a random classifier in orange.

102



Finally, we tested the CoMR equal scoring scheme against the Boos and colleagues iMTS
method (Boos et al., 2018mplemented in Sauron. To minimize the effect of the small
number of TPs in thB. pyriformisproteome, we subsampled tRAepyriformisproteome

to contain the 32 MRO proteins along with 100 randomly chosemmimthondrialP.
pyriformisproteins. These curves, found in Figure34Have ROGAUC scores 00.843

for CoMR, and 0.691 for Sauron (see Table 4.4), indicating that CoMR outperforms the
IMTS search strategy for the pyriformisdata.As in the case of the human proteome
analyses, these results suggest that while IMTS may exist WitpyriformisMRO

proteins, the potential motifs are also present in manyMiR@ proteins, makig it

difficult to accurately predict bioinformatically.

Table 4.4. ROEAUC scores comparing CoMR and Sauron performancesoibset

Paratrimastixproteome.

ROC curves AUC score
Paratrimastixsubset CoMR 0.843125
Paratrimastixsubset Sauron 0.69109375

1.004

0.754

0.50 1

True positive rate

CoMR
0.25
Sauron

Random classifer

0.00

T T T T T
0.00 0.25 0.50 0.75 1.00
False positive rate

Figure 4.13. ROC curves comparing the performances of CoMRand Sauronon a
subset ofthe Paratrimastix proteome.ROC curves for COMR using the equal scoring

scheme are plotted in blugauronin red, and a random classifier in orange.
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4.4 Conclusion

Although investigations of the genomes and proteomes of diverse microbial eukaryotic
lineaged particularly those that live in hypoxiahave 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 Aotodel eukaryote systems. Becaus®&/Ro
utilizes a variety of search strategies an
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 eveAtshough this comparative genomic
investigation of skoliomonads and barthelonids has reveajesbh deabbout genome

and MRO evolution in this group, it has also raised many new questions about their

biology & well.

In Chapter 2, | described the generation of four highly contiguous genomes for the newly
described BaSk clade. | reconstructed the MRO functions of these organisms using
predicted proteome information and discovered that one of the skoliomonads,
Skoliomonas litriamay 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 amitochon¢Katakowska et al.,
2016) Two candidate MRO membrane proteins have been identifiékdliomonas

litria that warrant further investigatioa Sam5éike protein and an MCRomolog One
possible experimental approach to investigate these proteins further is to use
immunofluorescence microscopy (IFM) or immuelectron microscopy (IEM) using
antibodies raised against either one or both candidate MRO proteins. The resulting
images cold indicate to which membrane within the cells these candidate proteins
localize. While membranbound proteins are not usually realistic targets for anttbody
based assays, the Sam50 candidagkaliomonas litriacontains an intermembrane
POTRA danain(Takeda et al., 2021yhich is a potential target for antibody production
and could be investigated using IFM and IEMpecific antibodies can be raised to this

epitope

Another possible approach to investigate these candidate menridaame MRO proteins

is to construct a proteomic map of the cell throudcalization of organelle proteins by
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isotope taggingLOPIT) techniquéMulvey et al., 2017; Zitek et al., 2022y 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 spectrgifdulvey 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 theipsateclusters

with. For example, if theandidateSam50protein inSkoliomonas litriavere to cluster

with proteins known to function in the endoplasmic reticulum, this would be further
evidencehatthis proteinis not in a dedicated MRO compartment. Alternatively, if it
clusters with theandidateMICP and proteingelating toanaerobic energy metabolism,
thenthese proteins may becated in a discrete MR@ne 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 betweerkdfieraonads and specific

species of bacteria in their cultures (e.g. preferred food bacteria or potential symbiotic
associations), astherquestions 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 LOP diegrgMulvey 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 fmriwed

bacteriain this hypothetical LOPIT experiment is not expected to cause problems.
However, if the bacterial proteins are too abundant, it may be difficult to achieve
sufficientSkoliomonas litrigproteome 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, | 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. | showed that genome size differences in this group appear to bendriven

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 skoliomonad&he foregoinglE analysisvasthe result of an anadys
thattreaedthe numbers of TEs of each type as if they were continuousitrafits

genomehat 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
bebetter to use a method that considers the duplications and losses of TEs within
genomes over a phylogenetic tree and adalitionallyallowsfor theacquisiton of these
elements by lateral transf@.uch Adupl i cation, transfer and
family evolution have been implemented in several software packages (e.g. AdeRax

Morel et al., 2023put 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 differenfTE familiesdetected in the BaSk genomas well a®utgroup genomes.

Given the large numbers of TEs in some of the BaSk genomes, this couldgpbeava
challengingendeavoubut 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 lowroxygen environments. Unexpectedly, however, | also found laterally

aquired 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, | speculated that the peptide produced by
these azymes 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
comparinga 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
methodgCarretereMolina et al., 2021; de la Cruz et al., 201fhe 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 functichased assayd. 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, | 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 searstiaesult
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 alsbgttghhow

the emerging iIMTS identification method proposedBops et al. 2018as 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 CoOMR 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
datalases CoMR uses to construct phylogenies and perform horAoésgyg sarching

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 mitdalabn

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 asm@achondrial homlmgs

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. Ithefuture these genomes will be important resourceswiiat

enable indepth 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.3. Phylogenetic relationships amongst several different types of cysteine

desulfurase enzymes and several enzymes that share structural similarities with thefhe

ML tree was estimated usingiQREE wi t h t he LG+C20+F+0 evol uti
bootstrap values are displayed on the branches. Several families of related proteins have been
collapsed into wedges. BaSk sequences are bolded and highlightédAblbecviations are:

MCS’i Molybdenum cofactor sulfurase; SmsSURlike minimal system; CsdA Cysteine

sulfinate desulfinase A; MisSMinimal iron-sulfur system; IscSIron-sulfur cluster assembly

enzyme; SelD Selenide water dikinase
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Supp. Figure 4.
Phylogenetic
relationships
amongst
chaperonin 60
(cpn60)
homologs in a
eukaryotes.
These ML trees
were estimated
using IQTREE
with the
LG+C20+F+1
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)
homologsare
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.



Supp. Figur@ 5. Phylogenetic relationships amongst heat shock protein 7816p70) paralogs

in eukaryotes and prokaryotes A) The ML tree was estimated using-TREE with the
LG+C20+F+0 evolutionary model . Ultrafast boots
Cytoplasmic and ER (purple) and mitochondrial (green) homologs are labeled according to indel
mapping patterns ithe alignment. BaSk sequences are bolded and highlighted in red. B) An

example of indel patterns within the alignment used to assapaple localizations dfisp70

homologs in the tree. Amino acid residues are colour coded.
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