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Abstract
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My thesis aims to solve deep nodes in the eukaryote tree of life (eToL), by developing
new data sets and new approaches to analysing them. In paper I, I described a dataset of
76 universal eukaryotic proteins of bacterial descent (euBacs), in order to test the relations
among the three main divisions of mitochondriate eukaryotes (Amorphea, Diaphretickes and
Discoba). I developed two protocols to identify problematic data. The conJac protocol analyzes
data by jackknifing to detect outlier sequences, while conWin uses a sliding window to find
sequence fragments of potentially foreign origin. Phylogenetic analyses of the 76 euBacs,
with and without conWin or conJac filtering place Discoba as the sister group to Amorphea
and Diaphretickes. The results are largely consistent and highly supported under various
evolutionary models except for highly complex CAT models. In paper IL, I describe a dataset
of 198 universal eukaryote proteins of archaeal ancestry (euArcs), which includes the remaining
eukaryotes, informally referred to as amitochondriate excavate. These were excluded from the
previous study because they lack euBacs. Phylogenetic analyses of the euArc dataset place the
amitochondriate excavate as the first three branches of eToL, followed by Discoba, the only
mitochondriate excavates, which appear as a sister group to the remaining eukaryotes. I also
developed a protocol using predicted protein structures to increase the fitness of the model
without inflating the parameter space, allowing me to conduct a series of control analyses and
further support the multi-excavate root. In Paper III, I describe a new application of reciprocal-
rooting using concatenated sequences, which I then use to test the euArc root. I also developed
two sampling protocols unique to this kind of data. The protocols confirm the multi-excavate
euArc root, which indicates that eukaryotes arose from an excavate ancestor. Paper I'V describes
a follow-up on the ConWin results from Paper 1. These show moderate to strong support
for mosaicism in 16 euBac proteins from diverse metabolic pathways and donor lineages. In
summary, this thesis presents a novel root for the eukaryote tree of life. The new root requires
revision of fundamental theories of eukaryote evolution including the source and timing of
mitochondrial origins. The methods I have developed are applicable to many different kinds of
phylogenetic studies, and the new protein structure model should make these analyses faster,
more flexible, and more widely available.
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Abbreviations

eToL
LBA
HGT
euBacs
euArcs
UB
AM
LECA
FECA
SGT
PIKs
mIBP
SAR

Eukaryotic Tree of Life

Long Branch Attraction

Horizontal Gene Transfer

Eukaryotic loci (genes/proteins) of bacterial ancestry
Eukaryotic loci (genes/proteins) of archaeal ancestry
unikont-bikont

amitochondriate

Last Eukaryotic Common Ancestor

First Eukaryotic Common Ancestor

Single Gene Trees / Single Protein Trees

Potentially Incongruent Kernels

maximum likelihood bootstrap percentage
Stramenopila + Alveolata + Rhizaria



Introduction

Phylogenetic reconstruction

Phylogenetics is the attempt to reconstruct evolutionary history, for the most
part using present-day data. After a rocky early start, phylogenetic analysis of
molecular sequence data now dominates the field. The sub-discipline of
organismal phylogeny is now dominated by analyses of multisequence data,
usually concatenated into a single supermatrix and sometimes referred to as
phylogenomics. Phylogenetic and phylogenomic analyses have radically
revised our understanding of the relationships among organisms at all
taxonomic levels, allowing us to recover what appears to be a reasonably
accurate picture of the universal tree of life. This is especially the case for
eukaryotes, whose evolution appears to have largely been by vertical descent
rather than horizontal exchange between unrelated species.

Molecular phylogeny has also turned out to be surprisingly complex. This is
particularly true for the deeper branches in the tree of life, where repeated
over-writing of gene sequences obscures their true history. Various
evolutionary models have been developed to try to more accurately capture
this history. In addition, new methods are continually being devised to better
identify the most misleading bits of data in order to remove them or to identify
the most appropriate data to use for a particularly phylogenetic question. My
thesis research is aimed at developing better methods for the detection of
misleading data, better models to speed the analyses and allow more in-depth
study of individual data sets, and a new approach to one of the most
challenging phylogenetic problems, rooting the tree. I have then tested these
methods on one of the central questions in eukaryote evolution, the root of the
eukaryote tree of life.

The eukaryote tree of life (eToL)

Over the last twenty years, large phylogenomic (multi-gene) datasets have
confidently and consistently identified the broad outlines of the eukaryote tree
of life (eToL) (Baldauf et al., 2000; Bapteste et al., 2002; M. W. Brown et al.,
2018; Burki et al., 2016, 2020; Strassert et al., 2019). As a result, a handful of
major groups can be defined, which together encompass the bulk of known



eukaryotic diversity. This view comes with two caveats. One is that many of
the major groups of eukaryotes, particularly those that consist largely or
entirely of microbes, are underrepresented in these trees. Moreover, the bulk
of microbial eukaryotic diversity remains to be discovered and described
(Caron & Hu, 2019). Second, the confidence in eukaryote phylogenomics is
based on the assumption that horizontal gene transfer (HGT) is rare (Martin,
2018; Sibbald et al., 2020). This is unlike bacteria, where HGT is widespread
and no gene seems to be entirely immune (Kloesges et al., 2011). However,
new studies are emerging suggesting that HGT is more common in eukaryotes
than previously expected, and it is important to take HGT into account when
reconstructing eukaryote phylogeny (He et al., 2016; Ke et al., 2000; Keeling
& Palmer, 2008; Rice et al., 2013; Sibbald et al., 2020).

Current understanding of eToL places nearly all well characterized eukaryotes
into three supergroups or “suprakingdoms”: Amorphea, Diaphoretickes and
Excavata (Figure 1). Amorphea includes animals (Holozoa), fungi
(Holomycota or Nucletmycea) and amoebozoan amoebas (Amoebozoa),
along with several less well-characterized lineages of uncertain affinity.
Diaphoretickes includes Archaeplastida - red, green and glaucophyte algae
plus land plants, Stramenopila — including chlorophyll a+c algae, oomycetes
and diverse microbes, Alveolata — including mainly Ciliophora,
Dinoflagellata and Apicomplexa, Rhizaria — including Foraminifera,
Radiolaria and Cercozoa, cryptophyte (Cryptista) and haptophyte (Haptista)
algae, plus a number of less-well characterized lineages within each of these
groups. Finally, Excavata includes Discoba and Metamonada and possibly
also Malawimonadida (Figure 1) (Adl et al., 2019).

The monophyly of Amorphea and Diaphoreticks is well established, as it is
strongly and consistently supported by numerous phylogenomic studies with
various gene-taxon sets and phylogenetic methods (Adl et al., 2019; Burki et
al., 2007; Burki, 2014; Cavalier-Smith, 2018). However, the monophyly of
Excavata is based only on a single, if complex morphological character, the
presence of an excavated feeding groove (Simpson, 2003). Within Excavata
only the monophyly of Discoba (Jakobida, Euglenozoa, Heterolobosea) is
well-established (Figure 1) (Kamikawa et al., 2014). Unlike the other
excavates, Discoba are largely free-living and have functional, if diverse
mitochondria. In contrast, Metamonada are universally micro- or anaerobic,
and the best-known species are mostly parasites. Consistent with this,
Metamonads  have  highly-reduced  mitochondria-like  organelles
(hydrogenosomes or mitosomes) that lack mitochondrial DNA and nearly all
nuclear-encoded mitochondrial proteins. Since the monophyly of
Metamonada is not well established, they will be referred to here by the
informal designation of amitochondriate excavates (AM excavates, Figure 1).
Malawimonads have an excavate morphology and aerobic mitochondria, but
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may be just an odd branch of Amorphea (Figure 1) (Derelle et al., 2015; Heiss
et al., 2018). This is all given the caveat that eukaryote diversity is still
probably largely unknown. This is especially the case for eukaryotic microbes,
which are the bulk of eukaryotes, and novel species continue to be described
(e.g., Lax et al., 2018).

/— Diaphoretickes

Stramenopila
/7 Plantae

Amoebozoa

Amorphea Rhizaria

Alveolata

Jakobida Discoba
(mitochondriate excavates)
Euglenozoa :

Metazoa

-
e
-

Fungi  malawimoiiada Heterolobosea

Preaxostyla

Archaea 4
mitochor:dria

Parabasalia Metamonada
(amitochondriate excavates)

Fornicata

VRS .
Bacteria —
VRS

Figure 1. The eukaryote tree of life and taxa studied in this thesis.

Several scenarios have been proposed for relationships among the major
groups of eukaryotes. One of the earliest was the Archaezoa hypothesis, based
largely on rRNA phylogeny. These trees showed a collection of microbes with
divergent sequences and simple cell structure as the deepest branches in the
tree (Cavalier-Smith, 1989; Sogin et al., 1989). These cells appeared to lack
many otherwise common eukaryote features such as golgi stacks and
mitochondria. Thus, the Archaezoa hypothesis proposes that these deep
branching taxa are remnants of early eukaryote evolution, pre-dating the
advent of mitochondria (J. R. Brown & Doolittle, 1995). However, Cavalier-
Smith’s Archaezoa are also mostly parasites, which tend to have divergent
gene sequences that are artefactually drawn toward the base of a tree.
Subsequent protein sequence phylogenies showed that at least one group of
Archaezoa, the obligate parasites of Microsporidia, are actually fungi (Lee et
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al., 2008). Meanwhile, microscopic studies revealed the presence of
mitochondrion-liked organelles (hydrogenosomes and mitosomes; Embley &
Hirt, 1998) in all Archaeozoa. As a result, the archaezoan root was eventually
rejected as a long-branch attraction artefact (Palmer & Delwiche, 1996;
Philippe et al., 2000).

Since the rejection of the Archaezoa root, several alternative scenarios have
been proposed. Predominant among these is the unikont-bikont (UB) root.
This was originally based on the status of the genes for dihydrofolate reductase
(DHFR) and thymidylate synthase (TS), which are separate in predominantly
uni-flagellate eukaryotes (unikonts: mostly animals and fungi) but fused in
eukaryotes with two or more flagella (bikonts: Diaphoretickes and Excavata)
(Stechmann & Cavalier-Smith, 2002). Then, assuming that separate DHFR
and TS genes and a single flagellum are the ancestral condition for eukaryotes,
fused genes and the second flagellum were derived in a unique bikont
ancestor. However, gene fusion and fission are not as rare as originally
thought, including for DHFR and TS (Dohmen et al., 2020; Maguire et al.,
2014). It is also likely that animals and fungi are ancestrally bikont, since the
bi-flagellate Apusozoa now appear to be their sister taxon (M. W. Brown et
al., 2018). Thus, it appears likely that the eukaryote last common ancestor
(LECA) was bikont, and the taxonomic designation unikont is defunct with its
former taxa now subsumed into a larger Amorphea (Opisthokonts: Holozoa +
Holomycoa, Amoebozoa, Apusozoa, Breviata, Subulatomonas, and, possibly,
Malawimonada) (Adl et al., 2012).

Mitochondria

Eukaryotic genomes are mosaics consisting of genes derived from both
Archaea and Bacteria (Brueckner & Martin, 2020; Cotton & Mclnerney,
2010). Eukaryote genes of archaeal ancestry (euArcs) seem largely involved
in essential housekeeping functions, particularly information processing,
while their bacterial-derived genes (euBacs) are largely associated with
mitochondrial and chloroplast function. These organelles were derived from
endosymbiotic bacteria, which brought a large number of genes with them in
order to function and replicate within their host. Of the several thousand genes
presumably present in the original endosymbionts, it is estimated that roughly
half were lost as they were no longer required in the intracellular environment,
while most of the remaining genes were transferred to the host nucleus. As a
result, most organellar proteins are encoded in the nucleus, synthesized on
cytoplasmic ribosomes and post-translationally imported into the organelles.
This is particularly true for mitochondria where roughly 95-98% of their
proteins are nuclear-encoded versus ~90% for chloroplasts. In addition, a large
number of eukaryote genes were adapted or invented to service the organelles
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in their new environment, e.g., to perform endosymbiont unique functions
such as post-translational protein import. As a result, roughly half of nuclear-
encoded mitochondrial proteins are of eukaryotic, rather than bacterial, origin
(Gray, 2015).

A large body of now widely accepted evidence suggests that all eukaryotes
have, or have had, a mitochondrion at some point in their evolutionary history.
However, eukaryotes living in anaerobic or micro-aerophilic habitats mostly
lack respiratory-competent mitochondria and instead have DNA-free
mitosomes or hydrogenosomes. These are interpreted as degenerate
mitochondria and in some cases, there is clear evidence that they are (Embley,
2006; Leger et al., 2016; Makiuchi & Nozaki, 2014; Zimorski et al., 2019).
This leads to the conclusion that mitochondria evolved before the last
eukaryotic common ancestor (LECA), along with nearly all major eukaryote-
defining features such as the nucleus, golgi apparatus and cytoskeleton.

The mosaic nature of eukaryote genomes means that eToL can be rooted using
either archaeal or bacterial homologs as the outgroup. Mitochondrial proteins
are particularly appealing candidates to use in investigating the eToL root.
Since mitochondria almost certainly arose after the origin of eukaryotes (the
first eukaryote common ancestor or FECA) but before LECA, this makes
Bacteria a closer outgroup than Archaea, whose relationship with eukaryotes
pre-dates FECA. Nonetheless, there are important caveats in using
mitochondrial genes to root eToL. For one thing, these analyses exclude
eukaryotes without mitochondria, including most of the former Archaezoa
(e.g., Metamonada; Karnkowska et al., 2016). It is also important to note that,
while the ancestor of mitochondria is assumed to have been an alpha-
proteobacterium (aP-bacteria), only a small fraction of mitochondrial genes
support aP-bacteria as the sister group to mitochondria (Gabaldon, 2018;
Gray, 2015; Kurland & Andersson, 2000; Pittis & Gabaldén, 2016).
Mitochondrial proteomes are also surprisingly host-specific, and only ~10%
of the ~1000 mitochondrial proteins are universal among mitochondriate
eukaryotes (Gray, 2012; Gray et al., 2004). This considerably limits the
number of genes that can be used to investigate the eukaryote root and
excludes potentially important taxa from the analysis.

The first use of mitochondrial traits to define the eukaryote root proposed
Diaphoretickes as the earliest branch of eukaryotes. This was based on the ER-
mitochondria encounter structure, which is found in all eukaryotes except
Diaphoretickes (Wideman et al., 2013). However, no published phylogenomic
data have been found to support this root. The first multi-gene mitochondrial
protein (mitoP) phylogeny supported the unikont-bikont (UB) root using 42
a-proteobacterial-like mitochondrial proteins with an o-proteobacterial
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outgroup. However, these analyses only recovered this root in analyses using
the site-specific CAT-GTR mixture model (Derelle & Lang, 2012). He et al.
(2014) showed that over half of the 42 protein alignments used by Derelle and
Lang were not suitable for phylogeny, either because of extremely short
alignments, sporadic taxon sampling, or deeply problematic single-protein
control trees. Furthermore, two strongly opposed phylogenetic signals were
found in the data by both automated congruence testing (Leigh et al., 2011)
and taxon jackknifing (He et al., 2014). Instead, He et al. (2014) surveyed all
universal eukaryotic proteins of bacterial ancestry (euBacs) and identified 37
that produced credible trees. Phylogenetic analyses of these data with a variety
of methods and models placed Discoba as the sister group to the rest of
Eukaryotes, referred to as the neozoan-excavate root. However, further
analyses by Derelle et al. (2015) rejected the He et al. root, claiming that the
latter data were corrupt and again showing strong support for a UB root but
again only with CAT-GTR (Derelle et al., 2015).

It is striking that the results of these three studies are so different despite the
fact that their approaches are generally similar, and the data used overlap
considerably in terms of taxon sampling and genes. However, there are a
number of important differences. These include phylogenetic model selection,
inclusion/exclusion of malawimonads, outgroup composition, and
inclusion/exclusion of fast-evolving alignment positions. These are
potentially major differences. For example, poorly represented taxa with large
amounts of missing data such as the malawimonads can introduce conflict into
a supermatrix tree, because sequence orthology is hard to establish (Aberer et
al., 2013; Jeffroy et al., 2006; Philippe et al., 2017; Young & Gillung, 2020).
Model selection for phylogenetic analysis is important since, while parameter-
rich models may give a better fit to the underlying data, they do not necessarily
provide more accuracy (Kelchner & Thomas, 2007). This is due to the risk of
overfitting and potential bias when training models on the data set to be tested.
There are also contradictory views regarding the removal of fast-evolving
sites, which is crucial to support the UB root (Derelle et al., 2015; Derelle &
Lang, 2012). While some studies suggest that removing the faster evolving
alignment positions can improve the tree (Wu et al., 2012; see also Kiick &
Wigele, 2016), others suggest that it tends to degrade tree accuracy (Tan et
al., 2015). There is also a striking difference in the ingroup-outgroup distance,
which is considerably shorter for the a-proteobacterial derived proteins used
by Derelle et al. (2015) versus the combination of a - and y-proteobacterial
derived proteins used by He et al. (2014).
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Testing congruence

Phylogenomics uses multiple genetic loci combined as a single concatenated
alignment to construct evolutionary trees. The core premise of this approach
is the assumption of congruence, i.e., a single shared phylogenetic history for
all of the concatenated loci (Huelsenbeck et al., 1996). The idea is that, with
increasing data, the true phylogenetic signal should accumulate while random
error (noise) will cancel out. Violation of the congruency assumption can give
unsupported or positively misleading results (Kupczok et al., 2010; Philippe
etal., 2011; Wégele et al., 2009). Thus, assessing congruence across a multi-
gene dataset is a critical task. Incongruence is primarily evaluated by visual
inspection of single-gene/protein trees (SGTs) reconstructed from nucleotide
sequences or their conceptually translated proteins. Ideally, these trees should
reproduce substantial amounts of the known underlying tree (canonical
phylogeny) making it possible to assess the reliability of the data, or at least
not produce any non-canonical phylogeny with strong statistical support (e.g.,
bootstrap support > 60-70%). However, SGTs invariably lack sufficient
phylogenetic signal to resolve the deepest branches in the tree making it
difficult to assess congruence at these levels. The varying length and
conservation of different loci also make it challenging to apply a uniform
standard evaluation process for SGTs. As a result, evaluating SGTs
individually becomes a complicated process for large numbers of loci, as well
as laborious and time-consuming. Various attempts to devise algorithmic
solutions to these problems have been implemented with an uncertain degree
of success (De Vienne et al., 2012; Leigh et al., 2008, 2011; Planet & Sarkar,
2005; Smith et al., 2020).

The primary source of incongruence among genetic loci is when paralogs or
xenologs, sequences acquired by HGT, are mistakenly classified as orthologs.
This problem is particularly challenging when genes or taxa evolve with
substantially different patterns. Strategies for tackling multi-gene congruency
can be classified into two categories: detecting outliers by measuring the
deviation from a global reference point or clustering partitions into subsets
based on a compatibility score. Each approach has its merits. In both cases, a
metric is needed to measure the compatibility of deviation scores, whether
between loci (genes or proteins) or between loci and a global reference point.
This metric is usually based on tree dissimilarity (distance), tree likelihood, or
a combination of the two. There are several metrics designed to measure the
distance between trees. Three of the most basic and commonly used ones in
multi-gene congruency tests are the Robinson-Foulds (RF) distance
(Robinson & Foulds, 1981), path difference (Penny et al., 1982; W. T.
Williams & Clifford, 1971) and Quartet metric (Day, 1986; Estabrook et al.,
1985). There are many other methods to measure tree-to-tree distances, but
these are harder to compute, especially for large trees, because they involve
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searching for the minimum steps of change needed to transform one tree into
another, for example, geodesic distance (Kupczok et al., 2008). Such methods
are also computationally expensive for large trees.

There are two major problems with tree distance measurements — missing data
and evolutionary pattern differences. Regardless of the metric, missing data is
especially challenging for clustering approaches, because with missing taxa,
congruency becomes a non-transitive relation. That is, given a set of three
genes {A, B, C}, if A and C have taxon data that is missing in B, then it is
possible for B to be congruent with both A and C, even if A and C are not
congruent with each other (Figure 2). Misplacement of a few taxa can push
the distance between two otherwise identical trees to the maximal limit, and,
in some instances, one taxon is enough to induce such an effect. Clustering
tools that use partition compatibility or RF distance tend to eliminate non-
shared taxa, which helps in the calculations but does not address the
transitivity problem. Outlier detection methods are not troubled by the
transitivity conflict irrespective of the metric because each partition’s taxon
set is a subset of the global reference. Nevertheless, outlier detection methods
still need to incorporate techniques to account for missing data in their
implementation either through imputation or normalization.

A B C
1 1

2 3
3 3 2
4 4 4

Figure 2 — Illustration of non-transitivity of congruency relations between three trees
A, B, and C in which A and C are not congruent with each other but both are congruent
to B because B is missing leaf node 2.

The second major problem is when different partitions have substantially
different signal-to-noise ratios. Since the distance between trees is used as an
indicator of incongruence, large amounts of random noise can cause two
evolutionary congruent loci with only slightly different tree topologies to have
a large distance between them. For instance, a gene with a low but true signal
may produce a topology where one taxon is misplaced and seems incongruent.
In contrast, another gene may produce a similar topology but with a strong
signal (e.g., HGT). This problem is controlled for in visual SGT assessment
when support values are used for guidance, albeit requiring a substantial
amount of manual work. However, there is no definitive and reliable way to
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automate the assessment process, especially for sorting out paralogs and
xenologs.

Outlier and clustering approaches have different advantages over each other.
Outlier tools are especially important for congruence analysis when
examining deep nodes. This is because alternative topologies at the deepest
nodes have very little impact on the overall tree distances. In other words, the
topological distance between competing alternative topologies is smaller than
the vast majority of topologies produced by single genes from the same data.
On the other hand, a clustering approach is more useful if the competing
hypotheses are relatively far apart and involve many alternative topologies,
that is, when there is no approximate reference point.

Another interesting aspect of incongruence is the possibility that incongruence
does not affect the entire gene. This could be due to genetic recombination
between paralogous genes or between a host gene and a homolog acquired by
HGT (xenolog). In either case, the result will be a mosaic gene consisting of
fragments with different evolutionary histories. Both HGT and paralogous
recombination can give very strong phylogenetic signals so that even a
relatively small amount of non-orthologous sequence may make the entire
sequence appear incongruent. Recombination between xenologs may not be
uncommon because successful HGT includes incorporation of foreign DNA
into the new host genome. This could be either random illegitimate
recombination or recombination with a host homolog already present. One of
the few clear examples of this is plant mitochondrial DNA, which carry
foreign DNA recently acquired from distant relatives (Hao et al., 2010). Even
if the xenologous fragments are small, they could still influence even
multigene phylogeny. This could occur if, for example, there are multiple
HGT events from the same or closely-related donors such as a symbiont,
endosymbiont, parasite or common food source. Such contaminating signal
could distort the species’ phylogenetic signal or lead to a mosaic gene being
flagged as incongruent and unnecessarily deleted in its entirety from a
concatenated data set.

Various methods have been developed for automated testing of congruence in
phylogenomic data. A relatively recent one is Conclustador (Leigh et al.,
2011), a clustering tool that relies on tree distance. It uses a distribution of
bootstrap or posterior trees for each locus and measures the distance between
each pair of loci by counting the number of shared bi-partitions in their tree-
set, excluding non-shared taxa. This is followed by loci clustering analyses
using either k-means or spectral clustering. While the exclusion of non-shared
taxa is necessary for calculating the distance between two loci, it ignores the
transitivity of the relations between them. The transitivity problem seems
more suitably addressed as a maximal clique problem (Day & Sankoff, 1986)
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but using loci instead of characters. Conclustador also requires developer
support which is no longer available.

The other more popular method is Phylo-MCOA (De Vienne et al., 2012).
This one can be classified as an outlier detecting tool that relies on tree
distance. It addresses the problem of missing data by imputation using mean
substitution. This is possible because Phylo-MCOA first transforms the trees
into distance matrices (either nodal or patristic), which allows filling of the
missing data from the average values calculated from other matrices where
the absent relation is present. Phylo-MCOA uses multiple co-inertia analysis
(MCOA) to compare the topologies and identify outliers at two levels:
complete outliers (either gene or species), and cell by cell outliers. The main
drawback of Phylo-MCOA is taking one tree as the sole representative of each
locus so that it cannot evaluate the significance of the observed topological
differences between loci.

Various other tools have been developed for testing congruence, but these are
either no longer supported or not used due to their limited ability to cope with
the deep conflicts of phylogenomic data. Concaterpiller (Leigh et al., 2008) is
a clustering tool that relies on likelihood ratio tests between constrained and
relaxed topologies, a concept introduced by Huelsenbeck and Bull (1996). The
program uses a hierarchical clustering procedure starting from the pair of loci
that has the lowest likelihood ratio, combines them and then tests their
significance of congruency using a user-defined a threshold and bootstrap
analysis. The analysis stops when the p-value is less than the predefined «
threshold. Smith et al. (2020) proposed a somewhat similar but more
sophisticated method that incorporates RF distances and bipartition analysis
of the single gene trees with reference to constrained topologies as well as
heuristic strategies to find the most congruent subset of data. Shen et al. (2017)
applied the same concept in their work to calculate the log-likelihood
differences, site-wise and loci-wise, on full data between topologies of
alternative hypotheses and then contrasted the distribution these differences
across the data between the two topologies. As with Conclustador, these three
methods only identify incongruent genes, and not which taxa are the source of
incongruence. Planet and Sarkar (2005) implemented an automated process in
their mILD tool, which identifies incongruence at the sequence level through
sequential (one by one) jackknife until all partitions are congruent. The
jackknife analysis is provided in mILD in addition to the main analysis, which
is the pairwise Incongruence Length Difference (ILD) test. CADM (Campbell
et al., 2009) is another congruency test that differs from the previous ones in
that it assumes complete incongruency as the null hypothesis. It also uses
distance matrices to represent trees, but it does not deal with missing data
which makes it unsuitable for most phylogenomic datasets.
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Evolutionary models

Evolutionary models are an important part of any phylogenetic analysis.
Models and methods have evolved in parallel with computer power, from
simple unweighted parsimony and distance methods to complex parameter-
rich models used in Bayesian inference and maximum likelihood. Since their
introduction in 2004 (Lartillot & Philippe, 2004), site heterogeneous (mixture)
models have been gaining in popularity, particularly the CAT-GTR model
implemented in the program PhyloBayes (Lartillot et al., 2013) and the
empirical profile mixture models implemented in IQTree (Le et al., 2008;
Wang et al., 2018). These highly computationally demanding models are
trained on the data and thus expected to be more flexible and better at
modeling the underlying evolutionary history. This is thought to make tree
reconstruction much more resistant to the highly problematic artefact of long-
branch attraction, whereby unrelated taxa with high evolutionary rates tend to
be drawn together in phylogenetic trees (Bergsten, 2005; Felsenstein, 1978).
In fact, phylogenomic analyses with PhyloBayes CAT-GTR have been found
to support several hypotheses undetected by other methods (Cannon et al.,
2016; Feuda et al., 2017; Laumer et al., 2015; H. Li et al., 2015; Sharma et al.,
2014; Simion et al., 2017; Song et al., 2016; Struck et al., 2014).

Parameter-rich evolutionary models are especially appealing as they should
have the flexibility to cope with complex and varying evolutionary patterns
that are especially problematic in “deep” phylogeny. However, this flexibility
comes at a high computational cost, which hampers model evaluation and
analytical testing of results such as evaluating alternative hypotheses or testing
the influence of taxon or data subsets by jackknifing. Such complex models
also run the risk of overfitting and, in the presence of incongruence, of
estimating misleading parameters that fit to artefact rather than true signal
(Kelchner & Thomas, 2007). The presence of non-orthologous sequences
becomes more critical as more parameters are estimated from the data, making
the removal of deviant data a critical step to prevent bias model parameters
(Philippe et al., 2011, 2017). The problem of over-fitting comes from the
trade-off between model complexity and parameter estimation error; every
added parameter carries an estimation error cost. Thus, the simplest model that
fits the data “reasonably” well is to be preferred (Abdo et al., 2005;
Huelsenbeck et al., 2004; Minin et al., 2003; Ripplinger & Sullivan, 2008).

Although the potential problem of over-fitting is well-recognized, determining
when increased model complexity is justified is not. The potential benefit of
increased parameterization can be evaluated with measures such as the Akaike
information criteria (AIC) or Bayesian information criteria (BIC). However,
these grade the performance of the model on a given data set and do not test
the reliability or the consistency of the model on unseen data as the resampling
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methods try to simulate. Standard non-parametric bootstrapping (Efron, 1981)
is the most widely used and accepted resampling method in phylogenetics,
and bootstrap support values are generally expected to decrease with over
parameterization. However, bootstrapping is often computationally infeasible
with parameter-rich models like CAT-GTR and C60. Therefore, the analyses
either rely on the posterior probabilities in the case of Bayesian Inference
(Lartillot et al., 2013) or implement model approximation techniques to
minimize the computational burden as in the case of posterior mean site
frequency modeling (PMSF; Wang et al. 2018). However, posterior
probabilities tend to be extremely high so there is little to distinguish between
strong and weak hypotheses. Thus, posterior probabilities of below 0.95 have
been found to be unreliable (Alfaro et al., 2003; Cummings et al., 2003;
Douady et al., 2003; Erixon et al., 2003). Moreover, testing of this type is
simply not feasible with computationally demanding rich-mixture models.

The development of new and more fit evolutionary models, especially for
protein data, has been an ongoing quest since the first general substitution
matrix (Dayhoff et al., 1978). Mixture models aim to capture more data
patterns by incorporating more empirical substitution matrices (Le, Lartillot,
et al., 2008) or frequency profiles (Le, Gascuel, et al., 2008). This means
higher computational demands and likely higher risks of over-fitting. A safer
approach is to make the substitution model more specific to the data, either to
certain groups of organisms (Minh et al., 2021) or to the underlying protein
structure (Le & Gascuel, 2010). For reconstructing eToL, the latter seems
reasonable but requires the data to have a previously solved protein structure,
which is likely unavailable for most of the data.
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Main research aims

The primary aim of my doctoral thesis is to reconstruct major branches in the
eukaryote tree of life (eToL), focusing on the root and relationships among
the major groups. To reach this goal, these are the main objectives:
1. Assemble a data set of eukaryote genes of bacterial origin and use
this to construct a phylogeny rooted with Bacteria (Paper I).
2. Assemble a data of eukaryote genes of archaeal origin in order to
include amitochondriate excavates groups in a phylogeny rooted
with Archaea (Paper II).
3. Develop new tools and pipelines to automate the process of curating
phylogenomic datasets and minimizing their incongruency and to
better understand how their constituent genes evolve (Paper I).
4. Development of a new model for fast and accurate phylogeny that
incorporates predicted protein structures (Paper II).
5. Develop an alternative to outgroup rooting by combining
reciprocal-rooting with phylogenomics (Paper III).
6. Investigate the significance of detected incongruent sequence
fragments in protein data (Paper 1V).
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Paper Summaries

Paper 1

Al Jewari C, Baldauf SL. 2022. Conflict over the eukaryote root resides
in strong outliers, mosaics and missing data sensitivity of site-specific
(CAT) mixture models. Systematic Biology 12:syac029. doi:
10.1093/sysbio/syac029.

Theoretical considerations suggest that phylogenetic rooting is most accurate
with data from the closest outgroup (Kinene et al., 2016; Wheeler, 1990; T.
A. Williams, 2014). The eukaryote tree can be rooted with either Bacteria or
Archaea, since both contributed to the origin of eukaryotes. Bacteria have
been favored over Archaea to root the eukaryote tree (eToL) because most of
the bacteria-related eukaryote genes encode mitochondrial functions, and the
acquisition of mitochondria is believed to post-date the original split of
eukaryotes from Archaea, but pre-date the eukaryote last common ancestor.
This is confirmed by the generally closer evolutionary distance between
bacteria and eukaryotes in phylogenies based on eukaryotic genes of bacterial
ancestry (euBacs) versus eukaryotic genes of archaeal ancestry (euArcs).

Three previous phylogenomic studies have attempted to root eToL using
supermatrix phylogeny and a bacterial outgroup (Derelle et al., 2015; Derelle
& Lang, 2012; He et al., 2014). Despite the similarity between the approaches
and their assembled data, these studies found very different results regarding
the earliest split in eToL. He et al. (2014) concluded that Excavata,
represented in these data by Discoba, is a sister group to the other two major
groups of mitochondriate eukaryotes, Amorphea and Diaphoretickes (He et
al., 2014). However, studies by Derelle and Lang (2012) and Derelle et al.
(2015) supported Amophorea as the sister group to Diaphoretickes and
Discoba, similar to the older unikont-bikont hypothesis (Stechmann &
Cavalier-Smith, 2002).

In order to try to resolve this conflict, [ assembled a dataset combining all the
data from the three previous studies into one larger supermatrix of 76 protein
and systematically analysed the data for possible sources of artefact. To do
this, I designed two protocols to investigate and remove the causes of
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phylogenetic conflicts. While there have been several methods and tools to
assess the congruency (agreement) among the different component sequences
of multigene dataset, all of these methods do the assessment based on
single/protein gene trees (SGTs). However, small but systematic artefacts can
not necessarily be detected in SGTs but still can substantially influence the
supermatrix phylogeny. Therefore, I developed a protocol to assess the
consistency of individual loci in multiple random subsets of the full data, using
aprotocol I call ConJac. I also wanted to screen the alignments for mosaicism,
which could result from partial horizontal gene transfer (HGT). HGT of whole
genes is fairly easy to detect in SGTs, but detection of small exogenous
fragments should be much harder. Given their small size, it is unlikely they
could impact the supermatrix phylogeny unless there are many fragments
derived from the same source, such as a parasite or symbiont. For this, I
developed the sliding windows method ConWin. I then used these protocols
to screen the euBac supermatrix and tested the root using phylogenetic
analysis of the different versions of the data, including before and after
screening, as well as the different evolutionary models used in the previous
studies.

With Conlac, I created 1976 data subsets, each with 14 loci, where each locus
is represented in 364 subsets. Trees are inferred for each subset, each tree is
converted to a distance matrix and then the full set of matrices is analyzed
collectively to identify which sequences appear in the most deviated subsets
relative to a globally estimated mean. I then removed the top 10% most
deviant points from the original supermatrix. I could then construct
phylogenetic trees from the data before and after masking to test whether
persistent outliers were affecting the results. For the ConWin analyses, I
focused on assessing the Discoba since they are the least taxonomically
sampled eukaryotic supergroup in the data set. In contrast, the other two
groups, Amorphea and Diaphoretickes, are much better sampled and showed
fewer outliers in the conJac results. These analyses identified 587 potentially
mosaic fragments (potentially incongruent kernels or PIKs) in the 76 euBac
genes of the Discoba. By analyzing the data before and after masking of these
PIKs, I could test whether mosaicism was affecting the position of the Discoba
in the resulting phylogenetic trees.

I then analysed the full 76 protein euBac supermatrix, with data from 178 taxa,
using various versions of the data. This included before and after masking with
ConWin and ConJak as well as data sets where the amount of missing data
was severely reduced. Each of these different versions of the euBac data was
also analysed using a variety of phylogenetic methods and models. The results
indicate that the Discoba root is overall the most consistent hypothesis. In fact,
it was only with unfiltered data, or data sets with large amounts of missing
entries, that the alternative hypothesis was supported. Moreover, the

23



conflicting results are mostly associated with the most complex evolutionary
models. Despite the current popularity of these models, my results suggest that
they are overly sensitive to outliers and missing data, such that these models
can support radically different outcomes depending on how or whether the
data are curated.

Paper 11

Caesar Al Jewari and Sandra L. Baldauf. An excavate root for the
eukaryote tree of life (in review)

Excavata is a highly diverse collection of unicellular eukaryotes that was first
recognized two decades ago based on the shared trait of a morphologically
complex “excavated” feeding groove (Simpson & Patterson, 1999). The
monophyly of these taxa is uncertain and has never been tested in a rooted
multigene phylogeny. The Excavata is currently classified into three main
groups, Discoba, Malawimonada and Metamonada. The first two have fairly
normal mitochondria, while the metamonads live exclusively in anaerobic or
low-oxygen environments and have only highly-reduced mitochondria-like
organelles (hydrogenosomes or mitosomes). These organelles lack
mitochondrial DNA, and thus metamonads also lack nearly all of the euBac
proteins used in Paper 1.

Discoba monophyly has been confirmed by several previous studies, and I
showed in Paper I that they are likely to be the earliest branch in eToL, or at
least the earliest branch of actively mitochondriate eukaryotes. However, this
study was based on bacterial proteins and therefore it excluded the
metamonads. Therefore, I developed a new data set to test the position of the
various metamonads in the eukaryote tree of life. Metamonada actually
consists of three very distinct groups - the Preaxostyla, Fornicata and
Parabasalia. Since their monophyly is not well-established, I choose to refer
to these taxa by the informal designation, amitochondriate excavates.

In order to construct a multigene data set including all eukaryotes and a well-
defined outgroup, the only other option is to work with eukaryote proteins of
archaecal ancestry (euArcs). To obtain the data, I screened a large
comprehensive database of archaeal genomes, the arCOGs database
(Makarova et al.,, 2015), to identify proteins that are universal among
eukaryotes and widely distributed in Archaea. This led me to assemble a
dataset of 198 euArc proteins for 178 taxa, including substantial taxon
representation of all well-established major divisions of eukaryotes and
archaea. The critical challenge was the amitochondriate excavates, for which
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little fully-assembled public sequence data was available. However, [ was able
to find many publicly available raw transcriptome data files for the three
metamonad groups, which I assembled and screened for usable sequences. I
then screened the data extensively for evidence of HGT and paralog
(multicopy genes). The latter was particularly challenging and critical,
because early eukaryote evolution appears to have been rife with gene
duplication.

Phylogenetic analyses of the 198-protein euArc data using a wide selection of
evolutionary models all place the three groups of amitochondriate excavates
as separate branches at the base of the first eukaryote tree. Each of the excavate
branch points receives full maximum likelihood bootstrap (mIBP) support
(100% mIBP) with all combinations of evolutionary models and
implementations. The next higher branch of eukaryotes in all cases consists of
the mitochondriate excavate group Discoba, again with 100% mIBP support.
Thus, it appears that the mitochondriate eukaryotes are evolutionarily deeply
embedded in a series of excavate lineages. This means that the eukaryote last
common ancestor was an excavate, and that eukaryotes probably were
exclusively excavate for much of their early history. This “multi-excavate”
root also suggests that the advent of aerobic mitochondria was not, as some
argue (Lane & Martin, 2010; Tria et al., 2021), the earliest defining event in
eukaryote evolution.

Model selection has become something of a holy grail in the field of
phylogenetics, and especially phylogenomics, which uses large supermatrices
composed of 10’s to 100’s of sequences for each taxon in the data set. The
general consensus in the field is that more complex models have a better fit to
the data and therefore result in more accurate trees, however, this may not
necessarily be the case (Spielman, 2020). Complex models also come at a very
high cost in terms of speed and computer resources. Since a single analysis of
a large data set using such models can take weeks or even months to complete,
additional control analyses are unfeasible. Meanwhile, my results from Paper
I and a few other studies (Y. Li et al., 2021; Whelan & Halanych, 2017)
suggest that these complex models also have serious drawbacks in terms of
over-fitting the data, which makes the models hyper-sensitive to artefacts such
as outliers and missing data. This appears to be a result of the very large
number of variables that must be estimated for complex models, since the
uncertainty of these estimates is additive. Meanwhile, simpler models can
often provide consistent and well-supported results. Nonetheless, simpler
models generally display less fit to the data and may be more susceptible to
artifacts such as long branch attraction effect.

In order to increase model fitness without increasing the number of categories
or the number of free parameters in the model, I sought to incorporate protein
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structural information into the phylogenetic inference. For this, I took
advantage of a new deep learning approach to predicting protein solubility and
secondary structure (Haie et al., 2022). This allowed me to quickly predict the
structure of each protein for ten taxa from across the data set and use the
consensus of these predictions to partition the alignment into six structure
categories. Phylogenetic trees were then constructed using a corresponding set
of six previously estimated structure-based protein substitution matrices (Le
& Gascuel, 2010). I also ran a fitness benchmark analysis between various
models and compared these to those of my predicted structure-based partition
model. The results show that the new model has a fitness similar to the most
complex models (Le et al., 2008), but with a fraction of the computational cost
(Le & Gascuel, 2008). The reduced computational cost of the new model
allowed me to conduct further control analyses, all of which produced the
same phylogeny as the full data set analyses and with 100% mIBP support for
the full multi-excavate root.

The multi-excavate root raises questions a number of interesting questions,
including mode of the origin of mitochondria. If the mitochondrion was
already present in the eukaryote last common ancestor, that would require that
the organelle was lost three times independently, once near the origin of each
of the three lineages of amitochondriate excavates. Therefore, we propose an
alternative scenario where the mitochondrial-like organelles of the earliest
eukaryotes were augmented by a second bacterial acquisition after the
divergence of amitochondriate excavates but before the divergence of the
mitochondriate excavates (Discoba) from the remainder of eukaryotes.

Paper 111

Caesar Al Jewari and Sandra L. Baldauf. Reciprocal rooting with
concatenating supports the multi-excavate root (manuscript).

The multi-excavate root for eukaryotes contradicts the currently dominant
hypothesis of early eukaryote speciation, which places the Amorphea group,
the supergroup that includes animals and fungi, as the first branch in the
eukaryote tree (M. W. Brown et al., 2018; Cerdon-Romero et al., 2022; Derelle
et al., 2015; Katz et al., 2012). This makes it imperative to cross-check these
results with an alternative method or data set. Reciprocal rooting is a viable
alternative that obviates the need for an external outgroup and instead relies
on paralogous loci to determine the root of the tree. The logic behind this is
that the duplication node itself will be the root of the tree, since the duplication
pre-dates all speciation events. In essence, the two paralogs serve as outgroups
to each other. Since many duplication events predate the last common ancestor
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of eukaryotes, it is possible to assemble a multi-locus data set to test the
excavate root with a reciprocally rooted data set large enough to contain
sufficient phylogenetic signal to resolve the deepest nodes. While this
approach has been used before in a few cases, these cases have so far been
limited to single locus trees.

In this study, I extended the reciprocal-rooting approach to multi-locus
supermatrix phylogeny. I assembled a dataset of 35 pairs of orthologous
proteins in which each pair consists of two orthologous sequence sets that are
related via a duplication event that pre-dated the eukaryote last common
ancestor. This means that both orthologous sequences for each paralog pair
are found in all taxa. The data set was constructed by searching the 198 protein
euArc data set from Paper II for clearly-distinct eukaryote-universal paralogs
with the smallest branch distance between their component orthologs.
Analyses of these data produce a phylogeny nearly identical to that derived by
analyses of the full euArc supermatrix (Paper II). That is, the tree shows four
separate branches of excavate taxa at the base of eukaryotes, with nearly all
excavate branch points supported by 100% mIBP.

Unlike the outgroup-rooted supermatrix, the reciprocal supermatrix has the
unique advantage of allowing various ways to concatenate the data. This is
because the reciprocal supermatrix consists of two mirrored halves, referred
to here as the upper and lower half of the matrix. This means that each
paralogous pair of loci can be concatenated in two different ways: switching
the component orthologs between the upper and lower half of the mirrored
matrix. This leads to a vast number of potential random combinations that can
be created allowing for control analyses similar to 50% sampling.
Alternatively, all the loci can be concatenated in a scheme we are calling a
‘supramatrix’ where all the loci are combined in both possible orientations.
This doubles the size of the matrix and maximizes the phylogenetic signal. In
a third alternative, taxa can be deleted from either the upper or lower matrix,
which makes it possible to conduct a jackknifing type of analysis to test the
effects of individual taxa or groups of taxa on the resulting phylogeny. I used
the latter approach to show that the multi-excavate was unaffected by the
presence or absence of fast-evolving or phylogenetically unstable taxa, such
as the supergroup SAR. In fact, all results of these analyses are compatible
with the excavate root hypothesis placing the three amitochondriate excavate
lineages as 2-3 separate branches at the base of the tree followed by Discoba
as a sister clade to the remaining eukaryotes (Amorphea and Diaphoretickes).
The tree node not definitively solved by these analyses is the branching order
between the Parabasalia and Fornicata, which appear as the first and second
major split in the full 198 protein analysis of Paper II. This suggests that the
smaller 35 protein data set used in these analyses has insufficient phylogenetic
signal to resolve the earliest split in the eukaryotes tree. However, even if
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Parabasalia and Fornicata are sister taxa, rather than two separate branches,
this still leaves a minimum of three major excavate branches at the base of the
eukaryote tree.

Paper IV

Sandra L. Baldauf and Caesar Al Jewari, Widespread mosaicism in
eukaryotic genes of bacterial ancestry (manuscript)

Horizontal gene transfer (HGT) refers to the non-vertical transfer of genetic
material between unrelated organisms and is a major driving force in
evolution, especially for Bacteria and Archaea. Sequences of HGT origin
(xenologs) can have a strong impact on the accuracy of multi-locus
phylogenies, with both supertree and supermatrix approaches. Identification
of xenologs is a complex process and even more complex for partial transfer
leading to mosaic genes. For Paper I, I developed a sliding window method
to scan for possible mosaicism in multiple sequence alignments and applied
the method to a multi-locus data set of euBac proteins. The method is designed
to perform quick and rough scanning through sliding window trees targeting
a specific taxon or taxon group of interest, in this case, the three main divisions
of Discoba (Jakobida, Heterolobosea, and Euglenazoa). The goal of Paper I
was to detect and eliminate any potential HGT fragments in order to reduce
the error in the data. However, for individual mosaics, further analysis is
needed to test their fidelity, identify their possible sources and detect any
gene- or taxon-specific trends.

In this work, we investigate the top 18 euBac proteins predicted to be mosaics
in one or more divisions of Discoba in Paper 1. Proteins for the study were
selected based on how deep the target taxon was found to be nested within a
foreign group in the sliding window trees. The objective is to test the veracity
of the ConWin results and investigate whether there are discernible patterns
of transfer between identified donors and recipients. The latter could give
some indication as to whether mosaics tend to arise from specific interactions
such as symbioses or parasitism, or are more likely to be random acquisitions
from the host’s diet. We find that 10 out of the 18 predicted mosaics could be
confirmed with bootstrap support above 70%. This shows that the ConWin
protocol is sensitive enough to identify true mosaics. The most common
donors are Amorphea, especially Amoebozoa, but overall, the mosaics appear
to trace to taxonomically diverse sources. This suggests that mosaics are
largely derived from food rather than specific species interactions. Most of the
mosaics also appear to be old, affecting whole groups rather than individual
taxa suggesting that mosaics arise rarely but can be long-lived once they do.
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Popular science summary

Phylogenetic analyses aim to describe the kinship between different genes and
organisms, mostly now by comparative analyses of their physical traits or
sequences. Before the era of cheap molecular data, phylogenetics was mostly
based on the examination of morphologically observable traits between life
forms. However, this was not very useful for single-celled organisms
(microbes), since they have little morphology to compare amongst them.
Within the last few decades, the continuous advancement in cheap and fast
sequencing techniques coupled with the ever-increasing power of computers
has led to a massive increase in the availability of sequence data from across
the tree of life, most of which is composed of microbes. This has
revolutionized our understanding of the diversity of life and how it arose.
Nowadays, almost all described species relationships are inferred using
molecular data enabled by numerous and carefully optimized computational
tools and statistical models. While a vast sampling of the diversity among
living organisms has now been described and classified, some relationships
are still unclear, especially the most ancient relationships in the tree of life.
Indeed, evolution has proven to be a much more complex process than
expected and therefore difficult to accurately model. As a result, numerous
efforts have been made to improve the methods and the quality of data to
reduce the amount of estimation error and provide a more accurate picture of
the history of early life. Early speciation events are generally hard to estimate
because the amount of the accumulated error increases in tandem with the
evolutionary distance between organisms. This is furthered complicated by
the fact that many of the evolutionary models we use do not generalize well
to all organisms. However, data quality, evolutionary models, and
sophisticated statistical approaches have been continuously improving, and
we are gradually resolving more of such ancient relationships. This in turn
gives us a much more accurate picture of how life first arose and how it has
evolved through time.

The current classification of the tree of life into three main domains of life,
Archaea, Bacteria, and Eukaryotes is now well established based on a very
large body of data and scientific studies. Among, these the eukaryotic domain
is particularly intriguing as it includes all complex-celled organisms, which
encompass the vast majority of large, visible organisms such as Animals,
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Plants, and Fungi. Our understanding of the evolutionary relationships among
the major phyla of eukaryotes has been relentlessly revised as new species are
described. However, some nodes in the tree are considerably tougher to
resolve than others. Among the toughest questions are the composition of, and
relationships among, the earliest branches of the eukaryote tree. Although
these have received lots of attention due to their taxonomic and evolutionary
importance, the problem has turned out to be one of the most difficult in
phylogenetics and systematics. These are speciation events that date back to
more than a billion years. While many theories have been proposed, proving
any of them is a tremendous challenge, and so far, no consensus has emerged.
Foremost among these questions is the identity of the root of the eukaryote
tree of life. This defines the last common ancestor of eukaryotes, the
organisms from which all extant eukaryote life evolved.

For my thesis research, I approached this problem from several angles. My
goal was not only to identify the eukaryote root but to develop new methods
to better understand the data and its strengths and weaknesses. In Paper I, I
design two protocols to systematically detect, rank and remove outlier data
points. The goal was to test how far such points could disturb the reconstructed
phylogenies and which models of evolution are best suited to handle such data.
Outliers are any data points that violate the assumptions under which the
analysis is conducted. These include contaminated data or any conflicting data
point that is likely not to follow the species tree and distort an already weak
signal. I tested these protocols using a data set of eukaryote proteins derived
from bacteria (euBacs) that I constructed in order to examine eukaryote
relationships using the corresponding bacterial sequences as an external point
of reference (outgroup) to root the tree. The euBac genes are especially for the
function of mitochondria, which are referred to as the powerhouse of the
eukaryote cell and arose early in eukaryote evolution from an endosymbiotic
bacterium. I found that the data are highly complex and include many outlier
sequences and fragments of foreign DNA, which have variable effects on the
resulting tree depending on which evolutionary model is used to calculate it.
This is especially a problem with the model most commonly used in these
types of studies, referred to as the CAT model. However, by taking these
inconsistencies into account, I was able to show that the earliest speciation
event for the organisms included in these data is the Discoba, a type of
eukaryotes referred to as excavate. Thus, [ conclude that Discoba is the earliest
branch of eukaryotes with active mitochondria.

Discoba is the only excavate group included in this study because Discoba are
the only excavates that maintain functioning mitochondria, and therefore the
only excavate with euBac proteins. This leaves open the question as to where
the rest of the excavates fit in the eukaryote tree of life. To address this
question, I needed to develop a new data set with a new outgroup. For this, I
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took advantage of the fact that eukaryotes originally arose by the joining of
cells from Archaea and Bacteria. The core set of eukaryote genes derived from
bacteria, the euBacs, are mostly involved in mitochondrial function, and
therefore found only in eukaryotes with active mitochondria. However,
eukaryote genes of archaeal ancestry (euArcs) are universal and largely
essential for all eukaryote life.

For Paper 11, I constructed a data set of 198 euArc proteins with sequences
from large and diverse sets of Archaea and eukaryotes. Most importantly these
data include the three other major types of excavates, namely the Parabasalia,
Fornicata and Preaxostyla. Data on these organisms are quite scarce, therefore
I enriched these data by surveying and assembling protein sequences from
large raw data files (transcriptomic SRA data). Assembly and quality control
of these data was the most time-consuming part of the work. To ensure that
the data were of the highest quality, I used a variety of methods of data
assembly and extraction, followed by numerous rounds of phylogenetic
analyses of individual genes to screen for various possible artefacts. In total,
the data set consists of 198 sequences from 186 taxa resulting in 50226
alignment columns with which to build the trees and test the quality of the
results.

I first analysed the full data set using various evolutionary models including
the most commonly used ones and some newer less-well tested but potentially
very powerful models. I also used the CAT model, since, although I and a few
other researchers have now begun to question its validity, including the work
described in my Paper 1, it is still considered by many to be far superior to
any other available model. All analyses of my data with all the different
models yielded a single unambiguous conclusion, that the four excavate
lineages represent the first four major branches of the eukaryote tree of life.
The implications of this are profound. It means that for the first possibly one
billion years of their history, the only eukaryotes were excavates, a complex
morphology previously thought to be a unique aberration. Moreover, the first
three excavate branches lack true mitochondria. While some people very
strongly argue that the mitochondrion is what defines eukaryotes, my results
imply that eukaryotes were true ecukaryotes long before they had
mitochondria.

Such novel results require numerous controls to rule out possible artefacts,
particularly for a tree purporting to reconstruct ancient evolution. However,
the CAT model is not only problematic, but is also slow and computationally
demanding, requiring weeks or even months to complete a single analysis on
a supercomputer array. Therefore, I also developed a new fast evolutionary
model based on secondary protein structure and solubility, which have long
been known to be two of the most important factors that control the way
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protein sequences evolve. For this, I took advantage of a new deep-learning-
based approach to predict protein structure, and then compared the speed and
accuracy of my model with other commonly used models, including the CAT.
The results show that my model has an accuracy comparable to CAT, but with
a fraction of computational demand. Moreover, the simplicity of my model
greatly reduces the risk of “over-fitting”, which I showed in Paper I to be a
major problem with the CAT. Having a fast and accurate model allowed me
to run a series of controls for the most troublesome artifacts for such deep
evolutionary trees. The results of these analyses showed that none of these
problems affect the euArc results, and all analyses support the four-excavate
root for eukaryotes.

The “multi-excavate” root essentially turns the eukaryote tree of life on its
head. It will require major revision to current theories of how eukaryotes first
evolved, and what are some of the fundamental forces shaping how cells work.
Therefore, I felt it was important to continue to test the root. One of the biggest
concerns in a “deep” evolutionary tree, such as the euArec tree, is the possibility
that the outgroup (in this case Archaea) is too distantly related to the ingroup
(the eukaryotes) to give an accurate root. Therefore, for Paper III, I used an
alternative rooting technique that does not require an outgroup, a method
referred to as reciprocal rooting. This uses gene duplications to root the tree.
Early eukaryote evolution appears to have involved many gene duplications,
which helps explain why most eukaryotes have much larger genomes than
Bacteria or Archaea. Therefore, if we construct trees using genes that were
duplicated before any speciation events in the tree, the sequences should result
in two complete parallel phylogenies, since all organisms have both copies of
each gene. Since the duplicated genes (paralogs) arose from an ancient
duplication event, the root of the tree must lie between the two mirror trees.
Essentially, each of the trees serves as each other’s outgroup. This method was
used previously with single pairs of duplicated genes. In fact, it was originally
used to root the tree of life, showing that Archaea are the sister group to
eukaryotes. However, the method has never before been applied to many
genes at once. Since my 198 euArc protein data set includes many such gene
pairs, I decided to try applying the reciprocal rooting approach to test the
eukaryote root.

In all, I identified 35 pairs of duplicate genes in my original euArc data. I then
combined these pairs of genes in all possible orientations and calculated a
phylogenetic tree. This resulted in a tree with two mirror halves, as predicted,
and these two halves had nearly identical topologies. Most importantly, both
halves showed the four excavate lineages as the first four major branches of
eukaryotes. Thus, these analyses confirmed the results of Paper 11, i.c., a
multi-excavate root for the eukaryote tree of life. I also experimented with
different ways to combine the paired genes by randomly shuffling genes
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between the two mirrored halves of the matrix. In addition, I tried deleting
whole sets of taxa from the upper or lower half of the matrix. This allowed me
to test whether some of the odder taxa in the tree were affecting the results and
was able to show that they did not. This test also showed that the method
should work even if the data are incomplete, which tends to be a problem in
these types of studies. Thus, the method appears to be robust and potentially
applicable to many problems in taxonomy, even when substantial chunks of
the data are missing. Most importantly the results confirm that the earliest
eukaryotes were excavates, from which all other eukaryotes have emerged.

In the final chapter of my thesis, Paper 1V, I investigated some of the results
from Paper 1. One of the methods of data screening [ developed for Paper I
was a sliding-window method. The method moves along a sequence in steps,
testing the gene for anomalies at each step. When I applied the method to the
euBac genes of Discoba, I found evidence of foreign DNA fragments in many
of the genes (mosaic genes). However, the method, which I named ConWin,
was rapid but only approximate. This allowed me to screen a lot of data, but
the mosaics identified were considered only potential. This was sufficient for
the purpose of testing the impact of potential mosaics on the euBac phylogeny
but does not definitely identify the mosaics or where they come from. Paper
IV describes detailed analyses of 18 of the potentially mosaic euBac proteins.
Surprisingly, all but two of these potentially mosaic proteins appear to be true
mosaics. The foreign sequence fragments appear to have come from very
different sources, suggesting that they probably originated from DNA leaked
from the hosts' digestive food vacuoles rather than a specific symbiont or
parasite. The genes also encode proteins involved in diverse functions, which
further supports the idea that mosaics are random acquisitions rather than
adaptation of specific pathways.

Throughout my work, I assembled large amounts of proteomic data from
across the diversity of eukaryotes, Bacteria and Archaea. A major emphasis
of my work was to rigorously examine these data to filter out instances of
noise and erratic data points and to test the data under a variety of evolutionary
models. In all, I have developed two new methods for screening large data sets
for hidden artefacts, a new model for molecular phylogeny and a new
approach to phylogenetic rooting. In the process, I have defined a new root for
the eukaryote tree, with important implications for evolutionary theory. All
the results of my work converge on a single major conclusion, that the earliest
forms of eukaryotes bore a striking excavate morphology. Moreover, it seems
likely that the current form of the mitochondrion arose at a much later stage
in eukaryote evolution than previously thought, possibly involving more than
one endosymbiotic event.
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Svensk sammanfattning

Fylogenetiska analyser syftar till att beskriva sléktskapet mellan olika gener
och organismer, huvudsakligen nu genom jamforande analyser av deras
egenskaper eller sekvenser. Innan upptickten av molekyldra data har
fylogenetiken lédnge varit baserad pa undersdkning av morfologiskt
observerbara egenskaper mellan livsformer. Detta var dock inte sarskilt
anvindbart for encelliga organismer (mikrober), eftersom de har liten
morfologi att jimfora mellan dem. Under de senaste decennierna har den
kontinuerliga utvecklingen av billiga och snabba sekvenseringstekniker i
kombination med datorernas standigt okande kraft lett till en massiv 6kning
av tillgdngligheten till sekvensdata fran livets trad, varav de flesta bestar av
mikrober. Detta har revolutionerat var forstaelse av livets mangfald och hur
det uppstod. Nufortiden antas néstan alla beskrivna artforhallanden med hjélp
av molekyldara data som mojliggérs av manga och noggrant optimerade
berdkningsverktyg och statistiska modeller. Medan ett stort urval av
mangfalden bland levande organismer nu har beskrivits och klassificerats, ar
vissa samband fortfarande oklara, sdrskilt de dldsta relationerna i livets trad.
Evolution har faktiskt visat sig vara en mycket mer komplex process an
forvantat och darfor svar att modellera exakt. Som ett resultat har méanga
anstrangningar gjorts for att forbattra metoderna och kvaliteten pa data for att
minska méngden uppskattningsfel och ge en mer korrekt bild av historien om
det tidiga livet. Tidiga artbildningshéndelser &r i allmanhet svara att uppskatta
eftersom mingden av det ackumulerade felet 6kar i takt med det evolutionéra
avstandet mellan organismer. Detta kompliceras ytterligare av det faktum att
manga av de evolutiondra modellerna vi anvinder inte generaliserar i stor
utstrackning till alla organismer. Datakvaliteten, evolutiondra modeller och
sofistikerade statistiska tillvigagangssitt har dock kontinuerligt forbattrats,
och vi 16ser gradvis fler av sddana uraldriga samband. Detta 1 sin tur ger oss
en mycket mer korrekt bild av hur livet forst uppstod och hur det har utvecklats
genom tiden.

Den nuvarande klassificeringen av livets trdd i tre huvuddoméner av livet,
Archaea, Bakterier och Eukaryoter dr nu véletablerad baserat pa en mycket
stor miangd data och vetenskapliga studier. Bland dessa ar den eukaryota
domiénen sarskilt intressant eftersom den inkluderar alla komplex-celliga
organismer, som omfattar den stora majoriteten av stora, synliga organismer
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som djur, vaxter och svampar. Var forstaelse av de evolutionidra férhallandena
mellan de viktigaste Phyla av eukaryoter har bearbetats obevekligt nidr nya
arter beskrivs. Vissa noder i tradet dr dock betydligt svarare att 16sa dn andra.
Bland de svaraste fragorna dr sammansattningen av, och relationerna mellan,
de tidigaste grenarna av eukaryottridet. Aven om dessa har fatt mycket
uppmaérksamhet pa grund av sin taxonomiska och evolutionéra betydelse, har
problemet visat sig vara ett av de svaraste inom fylogenetiken och
systematiken. Dessa &r artbildningshéndelser som gar tillbaka till mer 4dn en
miljard &r. Aven om manga teorier har foreslagits, ir det en enorm utmaning
att bevisa ndgon av dem, och hittills har ingen konsensus uppstatt. Framst
bland dessa fragor ar identiteten for roten till livets eukaryota trid. Detta
definierar den sista gemensamma forfadern till eukaryoter, organismerna frén
vilka allt existerande eukaryotliv utvecklades.

For min avhandlingsforskning ndrmade jag mig detta problem frén flera hall.
Mitt mal var inte bara att identifiera eukaryotroten utan att utveckla nya
metoder for att béttre forsta data och dess styrkor och svagheter. I uppsats 1
designar jag tva protokoll for att systematiskt uppticka, rangordna och ta bort
avvikande datapunkter, s& kallade Outlier data. Malet var att testa hur langt
sddana punkter kunde stora de rekonstruerade fylogenierna och vilka
evolutionsmodeller som &r bést lampade for att hantera sddana data. Outlier ar
alla datapunkter som bryter mot de antaganden under vilka analysen utfors.
Dessa inkluderar fororenade data eller andra motstridiga datapunkter som
sannolikt inte foljer arttradet och forvranger en redan svag signal. Jag testade
dessa protokoll med hjdlp av en datamingd av eukaryota proteiner hiarledda
fran bakterier (euBacs) som jag konstruerade for att undersoka eukaryota
relationer med hjdlp av motsvarande bakteriesekvenser som en extern
referenspunkt (utgrupp) for att finna roten av trddet. EuBac-generna ar
speciellt for funktionen av mitokondrier, som kallas kraftverket for den
eukaryota cellen och uppstod tidigt i1 eukaryotevolutionen frén en
endosymbiotisk bakterie. Jag fann att data &r mycket komplexa och inkluderar
manga avvikande sekvenser och fragment av frimmande DNA, som har
varierande effekter pa det resulterande tradet beroende pa vilken evolutionir
modell som anvénds for att berdkna det. Detta ar sérskilt ett problem med den
modell som oftast anvédnds i dessa typer av studier, kallad CAT-modellen.
Men genom att ta hinsyn till dessa inkonsekvenser kunde jag visa att den
tidigaste artbildningshéndelsen for de organismer som ingar i dessa data ar
Discoba, en medlem av en storre grupp eukaryoter som kallas utgravningar.
Saledes drar jag slutsatsen att Discoba &r den tidigaste grenen av eukaryoter
med aktiva mitokondrier.

Discoba dr den enda excavata-gruppen som ingér i denna studie eftersom
Discoba dr de enda utgrdvningarna som uppritthaller fungerande

mitokondrier och déarfor den enda utgravningen med euBac-proteiner. Detta
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lamnar fragan 6ppen om var resten av excavata far plats i livets eukaryota tréd.
For att ta itu med denna fraga behdvde jag utveckla en ny datamédngd med en
ny utgrupp. For detta utnyttjade jag det faktum att eukaryoter ursprungligen
uppstod genom sammanfogning av celler fran Archaea och Bakterier.
Kérnuppsittningen av eukaryota gener som erhallsfran bakterier, euBacs, ar
mest involverade i mitokondriell funktion och finns darfor endast i eukaryoter
med aktiva mitokondrier. Emellertid dr eukaryota gener av arkéal bord
(euArcs) universella och till stor del vasentliga for allt eukaryotliv.

For uppsats II konstruerade jag en datamingd av 198 euArc-proteiner med
sekvenser fran stora och olika uppséittningar av Archaea och eukaryoter.
Viktigast av allt inkluderar dessa data de tre andra huvudtyperna av
utgravningar, nimligen Parabasalia, Fornicata och Preaxostyla. Data om dessa
organismer ar ganska otillriackliga, darfor berikade jag dessa data genom att
kartligga och sammanstélla proteinsekvenser frén stora rédatafiler
(transkriptomiska SRA-data). Montering och kvalitetskontroll av dessa data
var den mest tidskrdvande delen av arbetet. For att sikerstélla att data var av
hogsta kvalitet anviande jag en médngd olika metoder for datasammansattning
och extraktion, foljt av ménga omgangar av fylogenetiska analyser av
individuella gener for att screena for olika mdjliga artefakter. Totalt bestar
datamidngden av 198 sekvenser fran 186 taxa vilket resulterar i 50226
justeringskolumner for att bygga trdden och testa kvaliteten pa resultaten.

Jag analyserade forst hela datamingden med hjdlp av olika evolutiondra
modeller inklusive de mest anvdnda och nagra nyare mindre vél testade men
potentiellt mycket kraftfulla modeller. Jag anvidnde ocksd CAT-modellen,
eftersom dven om jag och négra andra forskare nu har borjat ifragasétta dess
giltighet, inklusive det arbete som beskrivs i min artikel I, anses den
fortfarande av ménga vara vida Overldgsen alla andra tillgdngliga modeller.
Alla analyser av mina data med alla olika modeller gav en enda entydig
slutsats, att de fyra excavata-linjerna representerar de fyra forsta stora
grenarna av livets eukaryota trdd. Konsekvenserna av detta dr djupgaende. Det
betyder att under de mojligtvis forsta miljarder dren av deras historia var
Excavata de enda eukaryoterna, en komplex morfologi som tidigare ansags
vara en unik abnormitet. Dessutom saknar de tre forsta excavata grenarna dkta
mitokondrier. Medan vissa manniskor mycket starkt hdavdar att mitokondrien
ar det som definierar eukaryoter, menar mina resultat att eukaryoter var riktiga
eukaryoter langt innan de hade mitokondrier.

Sadana nya resultat kriver méanga kontroller for att utesluta mojliga artefakter,
sdrskilt for ett trdd som pastar sig rekonstruera forntida evolution. CAT-
modellen dr dock inte bara problematisk, utan den dr ocksd langsam och
berdkningskridvande, som kriver veckor eller till och med ménader for att
slutféra en enda analys pa en superdator-array. Darfor utvecklade jag ocksa

36



en ny snabb evolutiondr modell baserad pa sekunddr proteinstruktur och
16slighet, som ldnge har varit kdnda for att vara tvé av de viktigaste faktorerna
som styr hur proteinsekvenser utvecklas. For detta utnyttjade jag en ny
djupinlérningsbaserad metod for att forutsdga proteinstruktur och jamforde
sedan hastigheten och noggrannheten hos min modell med andra vanliga
modeller, inklusive CAT. Resultaten visar att min modell har en noggrannhet
jdmforbar med CAT, men med en brédkdel av berdkningsbehovet. Dessutom
minskar min modells enkelhet avsevért risken for "Gveranpassning”, vilket jag
visade i uppsats I vara ett stort problem med CAT. Att ha en snabb och exakt
modell gjorde att jag kunde kora en serie kontroller for de mest besvérliga
artefakterna for sddana djupa evolutiondra trdd. Resultaten av dessa analyser
visade att inget av dessa problem paverkar euArc-resultaten, och alla analyser
stoder fyra-excavata-roten for eukaryoter.

Den "multi-excavata" roten védnder i huvudsak livets eukaryota trdd pa
huvudet. Det kommer att krdva stor éversyn av nuvarande teorier om hur
eukaryoter forst utvecklades, och vilka ar nagra av de grundlaggande krafterna
som formar hur celler fungerar. Déarfor kinde jag att det var viktigt att fortsitta
testa roten. Ett av de storsta problemen i ett "djupt" evolutionért trdd, som
euArc-triadet, &r mojligheten att utgruppen (i det har fallet Archaea) &r for
langt beslaktade med ingruppen (eukaryoterna) for att ge en korrekt rot. Darfor
anvinde jag for uppsats I1I en alternativ teknik till att finna roten som inte
krdver en utgrupp, en metod som kallas reciprok rotning. Detta anvinder
gendupliceringar for att rota trddet. Tidig eukaryotevolution verkar ha
involverat ménga gendupliceringar, vilket hjilper till att forklara varfor de
flesta eukaryoter har mycket stérre genom &n Bakterier eller Archaea.
Foljaktligen, om vi konstruerar trdid med gener som duplicerades fore
eventuella artbildningshindelser i trddet, borde sekvenserna resultera i tva
fullstdndiga parallella fylogenier, eftersom alla organismer fick bada kopiorna
av varje gen. Eftersom de duplicerade generna (paralogerna) uppstod fran en
urdldrig dupliceringshidndelse maste tridets rot ligga mellan de tva
spegeltrdden. I huvudsak fungerar vart och ett av trdden som varandras
utgrupp. Denna metod anvéndes tidigare med enstaka par av dubblerade
gener. Faktum &r att det ursprungligen anvéndes for att rota livets trad, vilket
visar att Archaea dr systergruppen till eukaryoter. Metoden har dock aldrig
tidigare tillimpats pd manga gener samtidigt. Eftersom min 198 euArc-
proteindatauppsittning innehéller ménga sddana genpar, bestdmde jag mig for
att forsoka tillampa den omsesidiga metoden till att finna roten for att testa
eukaryotroten.

Sammanlagt identifierade jag 35 par dubbletter av gener i mina ursprungliga
euArc-data. Jag kombinerade sedan dessa genpar i alla mdjliga orienteringar
och berdknade ett fylogenetiskt trdd. Detta resulterade i ett trdd med tva
spegelhalvor, som forutspatt, och dessa tvd halvor hade néstan identiska
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topologier. Viktigast av allt, bada halvorna visade de fyra excavata-linjerna
som de forsta fyra stora grenarna av eukaryoter. Salunda bekriftade dessa
analyser resultaten av uppsats I1, det vill sdga en multi-excavata rot for livets
eukaryota trdd. Jag experimenterade ocksé med olika sitt att kombinera de
parade generna genom att slumpmassigt blanda gener mellan de tva speglade
halvorna av matrisen. Dessutom forsokte jag ta bort hela uppséattningar av taxa
fran den Gvre eller nedre halvan av matrisen. Detta gjorde att jag kunde testa
om nagra av ovanliga taxa i trddet paverkade resultaten och kunde visa att de
inte gjorde det. Detta test visade ocksé att metoden borde fungera dven om
data ar ofullstindig, vilket tenderar att vara ett problem i den hér typen av
studier. Saledes verkar metoden vara robust och potentiellt tillimpningsbar i
manga problem inom taxonomi, dven ndr betydande bitar av data saknas.
Viktigast av allt bekréftar resultaten att de tidigaste eukaryoterna ar Excavata,
fran vilka alla andra eukaryoter har dykt upp.

I det sista kapitlet av min avhandling, uppsats IV, undersokte jag nigra av
resultaten frén uppsats I. En av metoderna for datascreening som jag
utvecklade for uppsats I var en sliding window metoden ror sig ldngs en
sekvens i steg och testar genen for anomalier i varje steg. Nér jag tillampade
metoden pa Discobas euBac-gener hittade jag bevis pd fraimmande DNA-
fragment i manga av generna (mosaikgener). Metoden, som jag dopte till
ConWin, var dock snabb men bara ungefarlig. Detta gjorde det mojligt for mig
att screena en hel del data, men de identifierade mosaikerna anségs bara vara
potentiella. Detta var tillrackligt for att testa effekten av potentiella mosaiker
pa euBac-fylogenin, men identifierar inte definitivt mosaikerna eller var de
kommer ifran. Artikel IV beskriver detaljerade analyser av 18 av de potentiellt
mosaik-euBac-proteinerna. Overraskande nog verkar alla utom tva av dessa
potentiellt mosaikproteiner vara sanna mosaiker. De frimmande
sekvensfragmenten verkar ha kommit frdn mycket olika killor, vilket tyder pa
att de troligen hédrstammar fran DNA som ldckt fran vérdarnas
matsmaltningsvakuoler snarare 4n en specifik symbiont eller parasit. Generna
kodar ocksa for proteiner involverade i olika funktioner, vilket ytterligare
stoder tanken att mosaikproteiner representerar slumpmaéssiga forvarv snarare
dn anpassning av specifika vagar.

Under hela mitt arbete samlade jag ihop stora méngder proteomisk data fran
mangfalden av eukaryoter, bakterier och archaea. En stor huvudpunkt i mitt
arbete var att noggrant undersoka dessa data for att filtrera bort forekomster
av brus och oregelbundna datapunkter och att testa data under en méangd olika
evolutiondra modeller. Sammantaget har jag utvecklat tva nya metoder for att
screena stora datamingder for dolda artefakter, en ny modell for molekylér
fylogeni och ett nytt forhéallningssétt till fylogenetisk rotbildning. [ processen
har jag definierat en ny rot i eukaryottradet, med viktiga implikationer for
evolutionsteorin. Alla resultat av mitt arbete sammanfaller med en enda viktig
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slutsats, att de tidigaste formerna av eukaryoter bar en sldende excavata-
morfologi. Dessutom verkar det troligt att den nuvarande formen av
mitokondrien uppstod i ett mycket senare skede i eukaryotevolutionen 4n man
tidigare trott, mdjligen involverat mer dn en endosymbiotisk hidndelse.
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Concluding remarks and future perspectives

I came to this work with a background in computer science, bioinformatics
and statistics. I started working on eukaryote phylogeny as a course project in
2016, during my MSc in Bioinformatics. This was the first [ knew about the
controversy over the eukaryote root, and I found I wanted to be involved in
this work. Therefore, I choose my master’s project to try and resolve the euBac
root of eukaryotes. Unsurprisingly, the problem turned out to be much more
complex, and I concluded that the data carry mixed signals. I started my
doctoral studies in 2018 and the main goal was to work on the root node and
solve it. However, I found much of my time was spent devising ways to work
reliably with complex data. After almost six years of working with eukaryotes
phylogenies, I realize that carefully designed phylogenetics will usually result
in useful answers. However, like all evolutionary biology, we can never be
100% sure about what we find. The truth also reveals itself in increments. The
conclusions I reach here appear to be correct, and they are certainly highly
supported, but new facts may emerge. For instance, so much of eukaryote
diversity is undiscovered, and there may be yet unknown organisms out there
that represent even earlier branches of eukaryotes and with very different
morphologies and organelles. Therefore, there will always be some doubt and
I hope other researchers will continue to dispute these conclusions.

I have also learned some basic principles, most importantly that data quality
is paramount. No method or model, no matter how sophisticated, can recover
the past if the past is not accurately reflected in the data. Garbage in garbage
out. Unfortunately, the large size of modern supermatrices can give a fast
sense of confidence, under the assumption that, if there is enough data, any
problems will sort themselves out and the true signal will emerge. The
complexity of resolving deep nodes in any phylogenetic tree with multi-locus
data can be narrowed down to three main factors: reliability of the data, model
selection, and controls. The way these factors affect each other is what really
makes the problem hard. First, it is impossible to make sure that all loci are
pure orthologs because there is rarely enough phylogenetic signal with single
loci, especially for the deeper nodes in a tree. Second, it is very difficult
without external evidence to tell whether a contentious node is the result of a
lack of phylogenetic signal, which may lead to LBA artefact, or due to hidden
orthology violations. Both LBA and orthology violations often lead to highly
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supported erratic resolutions. More complex models are undoubtedly better at
handling weaker phylogenetic signals, therefore better suited at handling
LBA, but they are also conceivably worse at handling orthology errors. Since
LBA nodes result from weak signal, then such nodes will also be at the mercy
of orthology violations if such signals reach them. In order to test for both
LBA and orthology violations, the analyses should be conducted with both
simple and complex models, with sufficient resampling controls. However, it
is mostly unfeasible, and in many cases practically impossible, to run
sufficiently reliable test controls with locus or site-wise resampling under the
most complex models. Breaking the long branches is an alternative remedy
for LBA in which more taxa closely related to the long branches are
incorporated. However, such an approach would increase the computation
demand, and also the added taxa may increase the risks of orthology
violations, especially if these taxa are newly sequenced and/or their data are
loosely vetted.

For this, I aim to focus in future work on two points. First, continue improving
the structure-partition-based model I have presented in Paper I, to make the
model easier to use, better fit to diverse data, and more robust to the two types
of errors I described, orthology violations and LBA. The concomitant
reduction in computation demand should help open the field to less well-
resourced labs, especially if I can design a user-friendly implementation of the
model. Second, I hope to continue a paused project on methodically
simulating and benchmarking the interactive effects of these errors on
synthetic multi-locus data. The motivation of this project is to see how these
errors interact and how different models handle them. LBA is often seen as
some type of invidious artefact — hard to test for, hard to avoid, but potentially
devastating in effect.

In terms of the eukaryote tree, many taxa were not included in my analyses.
This was mostly because either they lacked sufficient data at the time, or the
available data seemed to be problematic making the taxa phylogenetically
unstable. Excluding these taxa allowed me to focus on very specific questions,
i.e., the relationships among the known major divisions of eukaryotes. These
relationships will remain stable to the addition of new taxa, but new taxa may
add new dimensions to the data by extending major groups, defining new ones,
and possibly revealing even deeper branches in the tree. However, I have built
aresilient data set and a strong tree that will make it easier to accurately place
new taxa. It will also be easier to expand to other important outstanding
questions, which should be easier to solve using the stable framework I
provide. The ConJak and ConWin methods may also be useful in these studies,
as extremely outliers and mosaicism are possible explanations for the
instability of some taxa in the tree, particularly within the supergroup
Diaphoretickes. Finally, the new structure-partition model should ease the
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burden that the complex models have placed on the field of phylogenomics,
which has limited the types of analyses that can be run and the people who
can afford to run them. This should help make the field more accessible in
general and allow more complete and flexible analyses of the data. This will
be important as the size of the data sets and the complexity of the data and
taxa involved will only increase as we try to reconstruct the full eukaryote tree
of life.
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