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Abstract

Large-scale genomic data have provided new insights into the evolutionary relationships of various eu-
karyotes. Of particular interest were the excavates, a group of morphologically similar protists whose
placement within the eukaryote Tree of Life (eToL) has long been problematic for researchers. The pro-
tein sequences of different taxa, representing all major lineages within Eukaryota, were here compared
to identify the number of orthologous sequences that are shared amongst pairs of lineages. A high
number of proteins shared uniquely between two eukaryote groups was proposed as evidence that the
gene families encoding these proteins represented synapomorphies. This approach is an alternative to
conventional phylogenetic analyses which do not always provide consistent results when inferring deep

relationships amongst eukaryotes.

Analysis of the three excavate lineages Metamonada, Discoba and Malawimonadidae did not return
a significant number of uniquely shared orthogroups in any pairwise comparison, therefore lending no
support to the idea of a monophyletic Excavata. Other groups shared a considerably greater num-
ber of orthogroups, however. The orphan lineage Telonemia, comprising the sole genus Telonema,
was inferred to have a specific relationship with another recently discovered orphan species, Anco-
racysta twista. Similarly, Ancyromonadida was found to be related to members of the CRuMs (Col-
lodictyonidae, Rigifilida, and Mantamonas) lineage, specifically Diphylleia rotans and Rigifila ramosa.
Phylogenetic constraint analyses were performed to test these relationships. Neither the topology con-
straining Telonemia + A. twista nor that constraining Ancyromonadida + CRuMs could be rejected by

the approximately unbiased (AU) test at a significance of 5%.

Based on these results, and the presence of a collection of ’excavate-like’ morphological characters
found with punctate distribution throughout the eToL, it is suggested here that the excavates may be a
paraphyletic lineage and that the last eukaryotic common ancestor (LECA) may have been an excavate-

like organism.
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0.1 List of Abbreviations

AU = approximately unbiased

BLAST = Basic Local Alignment Search Tool

CRuMs = Collodictyonidae, Rigifilida and Mantamonas
eggNOG = evolutionary genealogy of genes: Non-supervised Orthologous Groups.
eTolL = eukaryote Tree of Life

LECA = Last Eukaryotic Common Ancestor

LGT = lateral gene transfer

LBA = long-branch attraction

MRO = mitochondrion-related organelle

OG = orthogroup

SAR = Stramenopiles, Alveolates and Rhizaria

TSAR = Telonemia, Stramenopiles, Alveolates and Rhizaria.

Morphology

B1 = basal body 1
B2 = basal body 2
R1, R2, R3, R4 = microtubular roots.

Vii



Chapter 1

Introduction

1.1 Background

In recent years there has been a massive increase in the amount of genomic data made avail-
able in public repositories. New sequencing techniques, such as single-cell transcriptomics as
well as environmental metagenomics projects, are providing huge amounts of information for
an ever-broader range of taxa (Keeling et al., 2014; Escobar-Zepeda et al., 2015). This has
enabled comparisons to be made amongst species spanning the tree of life, including those
that have hitherto been largely ignored, or were until recently completely unknown. By carefully
analysing the abundance of new sequence data, researchers are working to resolve some of

the key unanswered questions in evolutionary biology.

Despite advances in our understanding of eukaryote evolution, many of the deep relationships
amongst major groups remain unresolved. Understanding the shape of the tree of life is crucial
— it provides the framework for deducing patterns of change and adaptation seen in different

taxa, and has use as a predictive tool when comparing related species (Keeling et al., 2005).

The general appearance of the eukaryote Tree of Life (eToL) has shifted over the past few
decades to one increasingly resembling a ‘supergroups’ model, wherein all eukaryote diversity
is divided into a handful of major lineages (Baldauf, 2003; Parfrey et al., 2006; Burki et al.,
2019). One possible configuration of the eToL is shown here as an example (Fig. 1). As
both taxon and gene sampling have improved, many of these groups have been fleshed out,
becoming better defined, in some cases coalescing with one another or alternatively splitting
and shuffling to other locations on the tree. For instance, the chromalveolates were origi-

nally thought to have arisen from a common ancestor that underwent a single endosymbiosis



event with a red algal symbiont (Cavalier-Smith, 1999). This grouping has since been dis-

rupted as its constituent members, the stramenopiles (formerly heterokonts) and alveolates

were shown to form a robust clade with rhizarians, forming the supergroup known as SAR

(Burki et al., 2007). Meanwhile, Cryptista (formerly cryptomonads) and Haptista (comprising

the haptophytes and centrohelids) have emerged as distinct clades in their own right (Yabuki

et al., 2014; Cavalier-Smith et al., 2015) with affinities to Archaeplastida and SAR, respectively

(Burki et al., 2016). Together, Cryptista, Haptista, Archaeplastida and SAR have all been as-

signed to the megagroup Diaphoretickes (Adl et al., 2012), along with some orphan lineages.

One of these groups, the ecologically abundant but seemingly less diverse telonemids (sole

genus Telonema) (Klaveness et al., 2005) frequently branches with SAR in molecular analyses

(Burki et al., 2012), leading to an extension of the original moniker: TSAR (Strassert et al.,

2019).
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Figure 1 — Unrooted eukaryote phylogeny. Maximum Likelihood tree of major eukaryote groups
recovered under the LG+C60+F+I'-PMSF model. Taken from Brown et al. (2018).



Elsewhere in the tree, a trio of orphan lineages have recently been recognised as mono-
phyletic. The group comprising Collodictyonidae, Rigifilida and Mantamonas has been in-
formally termed the CRuMS lineage (Brown et al., 2018). Earlier studies were inconsistent
in the placement of these taxa, with analyses missing some of the representatives (Cavalier-
Smith et al., 2014) or otherwise using only a very small number of genes to infer phylogenies
(Yabuki et al., 2013b). Obazoa, comprised of Opisthokonta, Breviatea and Apusomonadida
(Brown et al., 2013), and Amoebozoa, which together form an even larger assemblage known
as Amorphea (Burki, 2014), have shown affinity to the CRuMs lineage in recent phylogenomic
analyses (Brown et al., 2018; Lax et al., 2018). Another lineage that may be related to Amor-
phea are the ancyromonads (Paps et al., 2013), although this group has so far evaded consis-
tent placement in the eToL. It may yet emerge that this taxon occupies its own deeply diverged
position, as appears to be the case for the newly established Hemimastigophora (Lax et al.,
2018). Alternatively, it may be related to the excavate taxa, as the marked similarities in cellular
ultrastructure would suggest (Heiss et al., 2011). More rigorous analyses are needed to deter-
mine the ancyromonads’ true evolutionary position. Given that it may be a lineage diverging
close to the root of the tree, and that it has the potential to shed light on another controver-
sial group, the excavates, a better understanding of this group’s relationships may answer key

questions in the field of eukaryote evolution.

1.2 The excavates

The excavate taxa are some of the best-studied of all protists, yet remain perhaps the most
puzzling pieces in the eToL. Early research found morphological links between the jakobids
and retortamonads (O’Kelly, 1993), which, it soon emerged, were a suite of characters com-
mon (for the most part) to a wider group also including the diplomonads, heteroloboseids,
Carpediemonas, Trimastix and Malawimonas (O’Kelly and Nerad, 1999; O’Kelly et al., 1999;
Simpson and Patterson, 1999, 2001). This group was subsequently proposed as a formal

taxon, Excavata, by Cavalier-Smith (2002).

Three excavate lineages are currently recognised: Metamonada (Cavalier-Smith, 2003), Dis-
coba (Hampl et al., 2009) and the orphan lineage Malawimonadidae (O’Kelly and Nerad, 1999).
Most notable amongst their unifying morphological features are the ventral feeding groove and
cytoskeletal features of the flagellar apparatus (Simpson, 2003). Authors put forward the idea
that, because of these typical ‘excavate’ characteristics, the group may be monophyletic, or

possibly paraphyletic, in what has been termed the excavate hypothesis (Simpson and Patter-



son, 1999; Simpson et al., 2000). The distinction between monophyly and paraphyly is signifi-
cant, as the latter hypothesis suggests that the last eukaryotic common ancestor (LECA) may
have been an excavate-like organism, and that over the course of evolution many eukaryote
lineages have lost the characteristic excavate morphology. This idea was originally proposed
by (O’Kelly, 1993), and more recently an analysis of cytoskeletal architecture has similarly
suggested that the excavate morphology may represent an ancestral condition (Yubuki and
Leander, 2013). This was reiterated by Keeling and Burki (2019), who suggest that the exca-
vates may be paraphyletic and interpret the presence of a ventral feeding groove in a number

of different protist lineages as evidence that the excavate condition may be ancestral.

1.2.1 Ecology

The excavates exhibit a variety of lifestyles: many are free-living heterotrophic flagellates,
some of which occupy oxygen-poor environments (Bernard et al., 2000). Others are known
to be medically significant parasites of humans and other animals, responsible for diseases
including African Sleeping Sickness (Trypanosoma) (Barrett et al., 2003), trichomoniasis ( Tri-
chomonas) (Carlton et al., 2007) and giardiasis (Giardia) (Ortega and Adam, 1997). Tendency
towards a parasitic lifestyle has primarily occurred in metamonads, leading some authors to
suggest that parasitism was an ancestral trait in this lineage, arising after the appearance of
the animal gut (Cavalier-Smith, 2003). Adaptation to the anoxic environments found within
host species has involved the reductive evolution of mitochondria into the hydrogenosomes
and other mitochondrion-related organelles (MROs) of parasitic metamonads (Roger et al.,
2017). In the extreme case of Monocercomonoides, this has led to the complete loss of the

organelle (Karnkowska et al., 2016).

A small number of euglenids (Discoba) are photosynthetic, a nutritional mode that is combined
with osmotrophy in most plastid-bearing species (Vesteg et al., 2019). The existence of pho-
tosynthetic excavates has led to the suggestion that phototrophy may have been an ancestral
trait for the group (assuming excavate monophyly) and was subsequently lost in the majority
of species (Cavalier-Smith, 2003). However, there is now compelling evidence that a far more
recent endosymbiosis event occurred between a euglenid ancestor and a prasinophyte green
alga (Turmel et al., 2009).



1.2.2 Morphology in detail

Protists can usually be compared by examining the various cytoskeletal structures associated
with their flagella. These and their associated basal bodies may have arisen just once over the

course of eukaryote evolution, i.e. they are homologous amongst protists (Moestrup, 2000).

The ventral feeding groove is found in a number of protist groups, and this feature has been
proposed as being homologous between the excavate taxa and at least some other groove-
bearing organisms (Heiss et al., 2011), although whether or not the groove had a single origin
amongst all eukaryotes remains unclear. In any case, it appears to have been lost in a number
of excavates — most euglenozoans, parabasalids and oxymonads (Simpson, 2003). Aside from
the ventral feeding groove, the excavate taxa can be characterised by the number and orienta-
tion of their basal bodies (the intracellular components of flagella that give rise to axonemes),
and the various microtubular structures that are found supporting them. Most species have
either two or four basal bodies; three is uncommon, although this appears to be the case for
Carpediemonas membranifera (Simpson and Patterson, 1999), and in most diplomonads a to-
tal of eight are recognised (Mclnally and Dawson, 2016). In typical excavates, one of these is
a posteriorly-directed basal body associated with a flagellum that beats in order to generate
a current, thus directing food particles into the ventral feeding groove (Simpson, 2003). This
basal body (known as B1) is most often associated on either side by a right and a left micro-
tubular root, which each extend to support the feeding groove. In the case of the Preaxostyla
(i.e. Trimastix and the oxymonads), these microtubular structures occur as a sheet, known as
the preaxostyle, and this is inferred to be homologous to the roots found in typical excavates
(Simpson et al., 2002a). Similarly, the euglenozoans, which in most species lack a ventral
feeding groove, have nevertheless retained a structural link between the right microtubular root

and the feeding apparatus (Simpson, 2003).

A second basal body, the anterior basal body (known as B2), is found in some excavates to
associate with an anterior root, which itself is associated, to a greater or lesser degree, with
an expanding dorsal fan of microtubules (Simpson and Patterson, 1999). In other species the
microtubular root of B2 is instead found on its ventral side, or simply not present, for example

in the case of most jakobids (O’Kelly and Nerad, 1999).

The right microtubular root of excavates is usually split into an outer root and an inner root.
This split occurs close to the root’s origin in some taxa, for example Malawimonas (O’Kelly and
Nerad, 1999). In others, such as Reclinomonas, the split occurs much further from the origin

(O’Kelly, 1997). The right root of some heteroloboseids also has the characteristic of being



C-shaped (viewed in cross-section) at its origin. This has been inferred as being homologous

to the hook-band microtubular feature found in retortamonads (Bernard et al., 1997).

Another interesting comparison is that of the costae of trichomonad parabasalids and the C
fiore seen in other excavates. Costae are striated roots found in association with the basal
bodies (Viscogliosi and Brugerolle, 1994). The layered sheet substructure of costae appears
to be highly similar to that seen in the C fibre (although costae are composed of many more lay-
ers) and as such it has been suggested that the two structures could be homologous (Simpson
and Patterson, 2001)

In addition to the C fibre, excavates also possess a number of other fibres that support the
cytoskeleton: the B fibre, first described as ‘root B’ (Patterson, 1990), originates on the right
side of B1 and runs alongside the right microtubular root. Also connected to the right root is
the | fibre (O’Kelly, 1997). These fibres are not present in all excavates. In diplomonads, for
instance, | fibres appear to be absent, although | fibre-like structures have been reported in

some species, e.g. Brugerolleia algonquinensis (Desser et al., 1993).

1.2.3 Molecular analyses

Though a suite of morphological characters unite the excavate taxa, the supporting evidence
provided by molecular analyses has been somewhat mixed. Early molecular analyses recov-
ered the diplomonads as one of the most deeply diverged eukaryote groups (Sogin et al.,
1989; Leipe et al., 1993), which, being apparently amitochondriate organisms, was congruent
with the idea that they had split before the acquisition of the first mitochondrion in eukaryotes
(Cavalier-Smith, 1993). Phylogenies of alpha- and beta-tubulins found the diplomonads to be
closely related to Carpediemonas, and those of small subunit ribosomal RNA (SSU rRNA)
further recovered the retortamonads in this clade (Simpson et al., 2002b). The inclusion of
these other excavate taxa led authors to question the legitimacy of the diplomonads’ deep po-
sition within the eToL, since molecular analyses excluding this group found the retortamonads
and Carpediemonas to be nested much further from the base. The possibility that the topolo-
gies of SSU rRNA phylogenies arose due to long-branch attraction (LBA) artifacts also fuelled

uncertainty (Embley and Hirt, 1998).

Meanwhile, other phylogenetic studies bolstered support for intra-excavate relationships: Sil-
berman et al. (2002) recovered a retortamonad + diplomonad clade; Dacks et al. (2001) recov-
ered a Trimastix + Pyrsonympha (oxymonads) clade. The above studies highlighted the pos-

sibility that the amitochondriate taxa under examination may have lost their organelles secon-



darily, given the presence of certain membrane-bounded organelles in their inferred sister taxa
(Roger, 1999), which have since been confirmed as hydrogenosomes or other mitochondrion-
related organelles (MROs) (Hampl et al., 2008; Roger et al., 2017). Aside from shedding light
on the evolution of mitochondria, these initial molecular studies showed little support for an
overall Excavata clade. Phylogenies based on just one or two loci found the excavate taxa to
be polyphyletic (Edgcomb et al., 2001; Simpson et al., 2002b), but with the addition of more

taxa analysed over more loci, a more consistent picture of excavate evolution began to emerge.

A clade resembling the discobid excavates (then named Discicristata) was first recovered by
Baldauf et al. (2000) using a combined protein phylogeny of elongation factor 1 (EF-1), actin,
alpha- and beta- tubulin. Notably, this clade was not recovered with strong support in most
molecular analyses of individual loci. A similar clade, with the addition of jakobids, was recov-
ered in a six-gene phylogeny with a greater focus on the excavate taxa, along with a clade
resembling Metamonada (when alpha-tubulin was excluded from the analysis), albeit weakly
supported (Simpson et al., 2006a). Metamonada was recovered by Hampl et al. (2005), who

also opted to exclude tubulins from part of the analysis due to conflicting phylogenetic signal.

The increase from a handful of loci to dozens or hundreds of proteins in molecular analyses
further cemented support for Discoba and Metamonada, yet the malawimonads’ position re-
mained unstable (Rodriguez-Ezpeleta et al., 2007; Burki et al., 2007; Katz and Grant, 2015).
The excavate taxa, including Malawimonadidae, were recovered as a monophyletic group by
Hampl et al. (2009) after certain long-branching gene sequences were removed from the anal-
ysis, and then only with moderate bootstrap support. Parfrey et al. (2010) also found the
excavates to be monophyletic in a 451-taxon analysis using 16 loci, and Heiss et al. (2018) re-
covered a Metamonada + Malawimonadidae clade after the removal of fast-evolving sites and
long-branch taxa from their initial dataset. However, these studies have been the exceptions
rather than the rule. The monophyletic concept of Excavata has proved elusive in the majority
of phylogenomic analyses to date; more often the group has been recovered as polyphyletic
(Burki et al., 2009; Zhao et al., 2012; Brown et al., 2013; Cavalier-Smith et al., 2014; Yabuki
et al., 2014; Brown et al., 2018; Lax et al., 2018).

To complicate matters, metamonads — especially parabasalids and diplomonads — are often the
most problematic taxa in phylogenetic analyses, and due to their fast-evolving nature are known
to be some of the longest-branching of all eukaryotes (Simpson et al., 2006a). As a result these
taxa are sometimes omitted from pan-eukaryotic phylogenies (Burki et al., 2016; Strassert

et al., 2019) or removed following initial analysis because they are fast-evolving (Hampl et al.,



2009).

1.3 Rooting the EtoL

One of the enduring challenges faced by researchers has been to pinpoint the root of the
eukaryotic tree. The vast evolutionary timescales separating extant Eukaryotes from their
prokaryotic ancestors, i.e. the Asgard archaea and Alphaproteobacteria, respectively, makes
this an especially difficult task. One approach has been to propose the presence/absence of
genomic markers as synapomorphies. These are chosen due to their highly conserved yet
complex nature, the idea being that such markers are unlikely to arise multiple times in dif-
ferent lineages. For instance, the dihydrofolate reductase-thymidylate synthase (DHFR-TS)
gene fusion was put forward as a possible derived trait in those eukaryotes that possess it
(Chromalveolata, Excavata, Plantae and Rhizaria), whilst those in which the genes are split
(Opisthokonta) were inferred to be ancestral since the two genes are also split in bacteria,
therefore this ought to be the primitive condition, and the root ought to lie between these
two eukaryote clades (Stechmann and Cavalier-Smith, 2002). This was soon revised to in-
clude Amoebozoa (whose position was previously uncertain) on the same side of the root as
opisthokonts when it was discovered that this group also lacked the DHFR-TS gene fusion, and
furthermore it was found that members of this Opisthokonta/Amoebozoa clade also possess
a triple-fused multienzyme protein involved in pyrimidine synthesis — a fusion not observed in

any bikont organisms (Stechmann and Cavalier-Smith, 2003).

The unikont-bikont root, positioned between opisthokonts and all other eukaryotes (Cavalier-
Smith, 2002), was based on the inferred cytoskeletal condition of the ancestral eukaryote,
although with the phylogenomic placement of non-unikont taxa into the unikont clade, for ex-
ample breviates (Minge et al., 2009), this morphology-based scheme appeared somewhat
uncertain (Roger and Simpson, 2009). However, with the unikont-bikont root recovered in
molecular analyses (Derelle and Lang, 2012) and the unikont clade frequently found in un-
rooted analyses (Burki et al., 2007; Hampl et al., 2009; Burki et al., 2016), the unikont-bikont

divide has remained a popular notion.
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Figure 2 — Rooted eukaryote phylogeny. Two bayesian consensus trees constructed with different

datasets display possible root positions for the eukaryote tree under the CAT-GTR+I'4 model. Taken
from Derelle et al. (2015).

An alternative position placed the root between Euglenozoa (comprising euglenids, trypanoso-
matids, kinetoplastids and relatives) and all other eukaryotes on the basis of a humber of
genomic and cellular characters (Cavalier-Smith, 2010), an arrangement that put the exca-
vate taxa as a paraphyletic group with respect to all other eukaryotes. A phylogeny somewhat

resembling this hypothesis was recovered by He et al. (2014), who used a set of mostly mi-



tochondrial genes, and included a number of bacteria — those with sequences inferred to be
most closely related to the 37 eukaryote genes in the dataset — so as to obtain as close an
outgroup as possible. Here the root was located between Discoba and all other eukaryotes in
a well-supported tree, however metamonad representatives were conspicuously absent from

the analysis (excluded on account of their lack of aerobic mitochondria).

Derelle et al. (2015) then reanalysed the dataset used in He et al. (2014) under a different
model, and recovered a tree rooted between what closely resembled a unikont-bikont divide
(the main differences being the position of Malawimonas and Collodictyon at the base of the
unikonts). In the same study a highly similar tree was recovered using a modified version
of an earlier dataset from Derelle and Lang (2012). Both trees can be seen in Fig. 2. The
position of Discoba and Malawimonadidae on either side of the root alluded to the ancestral
excavate hypothesis, though the authors alternatively suggested that typical excavate charac-
ters may have evolved multiple times; again the lack of metamonad representatives (due to the
genes selected for this analysis being poorly represented in a group with unusual mitochondrial

states) meant that part of the picture was still missing (Derelle et al., 2015).

These studies highlight the lack of consensus in attempts to locate the root of the eToL.

1.4 Excavate affinities to other groups

Beyond the recognised excavate taxa there are a number of other eukaryotes with morpho-
logical characters that bear resemblance to the typical excavate morphology. The question of
whether these evolved independently or are retained plesiomorphies (plesiomorphy = ancestral
character state) has not been answered convincingly. Most obvious of these putative homologs
is the ventral groove. This character has been identified in CRuMs members Collodictyon tricil-
iatum, Diphylleia rotans (Brugerolle et al., 2002), and Sulcomonas lacustris (Brugerolle, 2006),
apusomonads (Karpov, 2007), ancyromonads (Heiss et al., 2011), colponemids (Tikhonenkov

et al., 2014), and Ancoracysta twista (Janouskovec et al., 2017).

Another member of the CRuMs lineage, Rigifila ramosa, has a ventral aperture with a differ-
ent structure. Nevertheless, it has been suggested that this character is still derived from the
same ventral groove-bearing ancestor as the diphylleids (Yabuki et al., 2013b). Although ven-
tral groove-bearing cells are present in the CRuMs lineage (Collodictyon and Diphylleia spp.),
their relatedness to the excavates on the basis of other ultrastructural features of the flagel-

lar apparatus has been doubted (Brugerolle et al., 2002). In contrast to this, the diphylleid
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cytoskeleton has been inferred to be derived from an ancestral excavate (undergoing a recon-
figuration of the microtubular roots and basal bodies), as has the apusomonad cytoskeleton,
wherein both left and right roots are found to be highly similar in supporting the ventral groove,
and the bicosoecid stramenopiles on the basis of the shared spilit right root character (Cavalier-
Smith and Chao, 2010). Similarly it has been proposed, based on the scattered distribution of
various components of the flagellar apparatus in the major eukaryote groups, retained in en-
tirety only by the excavates, that these components were present ancestrally in an excavate-like

organism, and that Excavata is a paraphyletic group (Yubuki and Leander, 2013).

To summarise, A. twista, ancyromonads, bicosoecids (Strampenopiles), colponemids (Alveo-
lata), and CRuMs members all have cytoskeletal components that are putatively homologous

to the excavate cytoskeleton.

1.5 Evolutionary relationships amongst non-excavate orphans

Aside from the excavates, a number of “orphan” eukaryotes — Ancoracysta twista, ancyromon-
ads, CRuMs, telonemids — have also proved difficult to place in the eToL. On the basis of
morphology it is possible to make tentative links, for example the sectorised extrusomes of
Telonema subtilis may be related to the ancoracyst of A. twista (Janouskovec et al., 2017),
which may also be related to the extrusomes of Metromonas simplex (Rhizaria) (Yabuki et al.,
2013a). A. twista has been linked to Colponema marisrubri (Alveolata), based primarily on
similarities of the cortical alveoli (Cavalier-Smith et al., 2018). Though these morphological
comparisons may appear tenuous, associations with the SAR supergroup are nevertheless
interesting given the increasing phylogenomic evidence for a Telonemia + SAR relationship
(Strassert et al., 2019).

Elsewhere in the eToL the CRuMs member Mantamonas has been associated with the ancy-
romonads on the basis of morphology, as has the orphan Micronuclearia (Gliicksman et al.,
2011). Molecular studies have supported the former relationship, albeit only weakly (Cavalier-
Smith et al., 2014). Conversely CRuMs form a well-supported clade that does not branch with
the ancyromonads in the study of Brown et al. (2018). In the case of the latter, Micronuclearia
has been mostly absent from phylogenetic studies, yet it has been recovered in a concatenated
18S and 28S rDNA tree as the sister to Rigifila ramosa in a strongly supported clade, which

was itself the sister clade to Collodictyon triciliatum (Yabuki et al., 2013b).

By comparing the number of OGs shared uniquely by different pairs of lineages, this study
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aims to identify potential evolutionary relationships amongst deep-branching protists. In par-
ticular, it aims to clarify relationships amongst the three excavate taxa Metamonada, Discoba
and Malawimonadidae, which exhibit striking morphological similarities, yet tend not to be re-

covered as a natural group in most molecular analyses.
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Chapter 2

Data Chapter

2.1 Materials and methods

2.1.1 Proteome analysis

The protein sequence data of 97 taxa were studied, representing all known major eukary-
ote lineages. 15 distinct groups of eukaryotes were initially analysed (Fig. 3A). The original
15 were then further divided and reanalysed in order to obtain more fine-grained results for
certain lineages: SAR was divided into Stramenopiles, Alveolata and Rhizaria; Haptista was
divided into Haptophyta and Centrohelida, for a total of 18 eukaryote groups (Fig. 3B). Initially,
2,355,252 sequences were analysed using OrthoFinder 2.1 (Emms and Kelly, 2015), using
DIAMOND (Buchfink et al., 2015) to align sequences and IQ-TREE 2.0 (Minh et al., 2020) as
the tree inference program. In this way, sequences were clustered into orthogroups (OGs) —
groups in which all sequences present share an evolutionary history. To be considered an OG,
a minimum of four sequences were required to cluster together. During the OrthoFinder clus-
tering, a total of 843,109 sequences were not assigned to any OG. The remaining 1,512,143
sequences clustered into 45,821 OGs. The OG data used in this analysis can be viewed and

downloaded using the following DOI: 10.6084/m9.figshare.14465367.

Custom Python scripts were used to identify which OGs were unique to each pair of eukaryote
lineages analysed (find_group.py, group.py, og_to_heatmap.py — GitHub repository for these
scripts can be found at https://github.com/RDScambler/Ex OG code/tree/master/OG results_
pipeline). This required that, at minimum, one member of both lineages under consideration
should be present in the OG, with no taxa from any other lineages present. A high number of

uniquely shared OGs was taken to signify a potential relationship, indicating that two eukaryote
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lineages may form a clade and their OGs may represent synapomorphies.

2.1.2 Search for functional OGs

Using the same criteria as for the pairwise searching, unique OGs shared among three or
more lineages were searched within the dataset. This allowed OGs of potential functional
importance relating to the taxa under consideration to be identified. In particular, searches
were focused on the identification of OGs unique to lineages with common cytoskeletal fea-
tures, namely those that make up the typical excavate morphology. Lineages targeted for their
ventral groove character were Ancoracysta twista, Ancyromonadida, Apusomonadida, CRuMs,
Discoba, Malawimonadidae and Metamonada. Although the colponemids, belonging to Alve-
olata, are also known to possess a ventral groove (Tikhonenkov et al., 2014), there were in
fact no colponemid species in the dataset being searched, so this lineage was excluded from
these searches. Lineages with other cytoskeletal characters of interest were selected using

the morphological evidence described in Yubuki and Leander (2013).

2.1.3 Calculation of proportional proteome data

In order to determine total proteome size of each eukaryote lineage, a custom Python script
(total_genome.py) was used to count the number of OGs with at least one sequence belonging
to a member of the eukaryote lineage in question. The OG total for each lineage was used to
calculate the uniquely shared OG data as a proportion of its collective proteome, i.e. the total
protein content of a lineage, accounting for the fact that not every species within a lineage has
every protein of that lineage (excepting instances where species are the sole representatives
of their lineage). This will be the intended meaning when referring to a group’s proteome
throughout the text. Since the total proteome size of each lineage varies, the number of OGs
that two lineages share uniquely will convert to different percentages of the total proteome,

depending on which of the two lineages is being considered.

2.1.4 Identification of contaminants and functional annotation

OGs of interest were tested for contamination using eggNOG 2.0 (Huerta-Cepas et al., 2017,
2019), aligned with DIAMOND (Buchfink et al., 2015). The default e-value cut-off of 0.001
was used. If 70% or more of the sequences of an OG recovered best-matching orthologs of
bacterial origin, this OG was removed from further analysis. OGs remaining in the analysis

were annotated using eggNOG. Functional categories are based on those defined in the COG
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database (Galperin et al., 2015). Information from this analysis was corroborated with func-

tional annotation of protein domains inferred using Interproscan 5.44 (Mitchell et al., 2019).

2.1.5 Constraint analysis

Maximum likelihood phylogenies of the 97 taxa were reconstructed using IQ-TREE 2.0 (Minh
et al., 2020). An alignment of 42 proteins, totalling 11,836 amino acid sites, was analysed under
the LG+F+R8 model. This was found to be the best-fitting model according to the Bayesian
Information Criterion (BIC). A second analysis of the same 97 taxa was carried out using
an alignment of 116 proteins, totalling 20,272 amino acid sites. The BIC also determined

LG+F+R8 to be the most appropriate model for this alignment.

Topological constraint tests were performed with IQ-TREE under the LG+F+R8 model. The
approximately unbiased (AU) test (Shimodaira, 2002) was performed, along with the one-sided
Kishino-Hasegawa (KH) test (Kishino and Hasegawa, 1989), and the Shimodairo-Hasegawa
(SH) test (Shimodaira and Hasegawa, 1999), in order to compare the maximum likelihood
tree with alternative tree topologies, using 10,000 RELL replicates (resampling estimated log-

likelihoods). This analysis was performed for both the 42 and 116 alignments.

2.1.6 Identification of cytoskeletal proteins by BLAST searching of dataset

In order to identify proteins potentially involved in excavate cytoskeletal structure within the
dataset, a number of sequences from public repositories were searched by using BLASTp
(Altschul et al., 1997). The following proteins were searched for: SF-assemblin (beta- and
delta-giardin), alpha-giardin and gamma-giardin (Dawson, 2010); centrins (Weerakoon et al.,
1999); costa proteins (Viscogliosi and Brugerolle, 1994); proteins associated with the cy-

toskeleton of T. vaginalis (Preisner et al., 2016).

Proteins producing significant alignments (with an e-value cut-off of 0.001) to sequences be-
longing to primarily excavate taxa, as well as non-excavate taxa with excavate-like cytoskeletal
characters, were further analysed by inspection of their phylogenies using the Interactive Tree
of Life (iTOL) (Letunic and Bork, 2019).
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2.2 Resulis

2.2.1 Analysis of uniquely shared OGs

Uniquely shared OGs were compared between different pairs of taxa, with the eukaryotes in
this dataset split into 15 distinct groups (Fig. 3A) and then reanalysed in 18 distinct groups (Fig.
3B). In the 15-way analysis, the greatest number of uniquely shared OGs between two different
lineages was 947 (SAR + Haptista), followed by 609 (Ancoracysta twista + Telonemia). The
609 of A. twista + Telonemia became the highest number of uniquely shared OGs in the 18-way
analysis upon the splitting of the SAR and Haptista lineages, followed by Ancyromonadida +
CRuMs with 3883.

In the 15-way analysis, the A. twista + Telonemia relationship is equally pronounced when the
total number of OGs are converted to the percentage of each group’s proteome (Fig. 4A).
The 609 OGs account for 7.55% of the A. twista proteome, and 5.23% of the Telonemia pro-
teome. The SAR + Haptista relationship is less pronounced, with the 947 OGs accounting
for 6.67% of the Haptista proteome and 3.43% of the SAR proteome. In the 18-way analysis,
after A. twista + Telonemia, the Ancyromonadida + CRuMs relationship is the most significant
when total OGs are converted to percentage of proteome (Fig. 4B). The 383 OGs account for
5.23% of the CRuMs proteome and 3.92% of the Ancyromonadida proteome. Every pair of
eukaryote groups shared at least one OG uniquely, with a few exceptions: Apusomonadida +
Hemimastigophora, Apusomonadida + Malawimonadidae, and Haptophyta + Malawimonadi-

dae.

The three excavate lineages shared a comparatively small number of unique OGs with one an-
other (Fig. 5). Notably, no OGs were found to be exclusively shared by Metamonada, Discoba
and Malawimonadidae together. As a supergroup comparison to the excavates, an Alveolata +
Rhizaria + Stramenopiles search was conducted, resulting in 31 uniquely shared OGs (0.17%
of Alveolata’s, 0.36% of Rhizaria’s and 0.22% of Stramenopiles’ proteome). Further, mega-
group searches of the OGs unique to members of Amorphea (Amoebozoa + Apusomonadida
+ Opisthokonta) and Diaphoretickes (Alveolata + Archaeplastida + Centrohelida + Cryptista +
Haptophyta + Rhizaria + Stramenopiles + Telonemia) resulted in 3 and 4 uniquely shared OGs,

respectively.
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Figure 3 — Heat maps of uniquely shared OGs. Eukaryotes are divided into (A) 15 and (B) 18 distinct
groups and their OGs compared.
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Figure 4 — Heat maps of uniquely shared OGs as a percentage of proteome. The same data from
Fig. 3 are used to calculate the percentage of each group’s total proteome that is made up of uniquely
shared OGs. Percentages correspond to the proteome of the eukaryote group in each row, calculated
from the number of OGs shared uniquely with the group in the corresponding column. Analyses are

done for the (A) 1
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A search for OGs belonging exclusively to ventral groove-bearing lineages found there to be
no OGs common to all of these lineages alone. Another round of searches was performed,
allowing for one of each lineage in turn to be missing from the OGs found. Again, no OGs were

found in the search.

Searches for lineages sharing other interesting aspects of cytoskeletal organisation did not
return any uniqgue OGs when eukaryote ‘sets’ were defined based on the presence of the fol-
lowing cytoskeletal features: microtubular root R1 with a multi-layered structure, split right root
R2, singlet root, microtubular root R3 with an array of superficial microtubules, and microtubular
root R4 (presence/absence of these features is based on Yubuki and Leander (2013), although
due to uncertainty over the assignment of characters to members of either Apusomonadida,
Ancyromonadida or both, since they are sometimes considered together within Apusozoa,

searches were conducted including both, and then excluding each subgroup individually).

Metamonada Discoba

Malawimonadidae

Figure 5 — OGs shared uniquely between the excavate taxa. The venn diagram displays each
excavate lineage with the number of OGs unique to itself, as well as unique pairwise OGs and those
unique to all three. Numbers in brackets indicate adjusted OG values after the removal of probable
bacterial contaminants from each OG set.
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2.2.2 Contaminant removal and functional annotation
Ancoracysta twista and Telonemia

Sequences of the 609 OGs shared exclusively between Ancoracysta twista and Telonemia
were analysed using eggNOG 2.0. A total of 195 OGs returned hits in eggNOG. Of these,
17 were removed as potential bacterial contaminant sequences. Functional categories were
inferred from the remaining 178 OGs (Fig. 6). The most frequently occurring category was
‘unknown’ (37), followed by ‘signal transduction mechanisms’ (32). The most consistent an-
notation, found in eight OGs, related to calcium-binding sites/domains and calcium-dependent

channels, including voltage-sensitive calcium channels (VSCCs).

Ancyromonadida and CRuMs

Of the 383 OGs shared exclusively between Ancyromonadida and CRuMs, 60 returned hits
in eggNOG. Of these, 33 were removed as potential bacterial contaminant sequences. Func-
tional categories were inferred from the remaining 27 OGs (Fig. 6). The most frequently occur-
ring category was ‘unknown’ (9), followed by ‘cell cycle control, cell division and chromosome

partitioning’, ‘transcription’, ‘signal transduction mechanisms’ and ‘cytoskeleton’ (3).

Excavate taxa

The 45 OGs shared exclusively by Discoba and Metamonada returned a total of 38 hits in
eggNOG. Of these, 21 were removed as potential bacterial contaminants. Functional cat-
egories were inferred from the remaining 17 OGs (Fig. 6). The most frequently occurring
category was ‘unknown’ (8), followed by ‘replication, recombination and repair’ (4). The seven
OGs shared exclusively between Discoba and Malawimonadidae returned three hits, two of
which were suspected of being bacterial contaminants. The remaining OG was annotated as
a RAN GTP-ase activating protein. The three OGs shared exclusively between Malawimona-
didae and Metamonada returned one hit, not thought to be a bacterial contaminant, annotated

as belonging to a multiprotein E3 ubiquitin ligase complex involved in protein quality control.
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Number of orthogroups
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A: RNA processing and modification
81 C: Energy production and conversion
D: Cell cycle control, cell division and chromosome partitioning
I E: Amino acid metabolism and transport
6 Il G: Carbohydrate metabolism and transport
I |I: Lipid transport and metabolism
Bl |: Translation, including ribosome structure and biogenesis
K: Transcription
4 4 I L: Replication, recombination and repair
B O: Posttranslational modification, protein turnover, chaperones
B P: Inorganic ion transport and metabolism
S: Function unknown
2 T: Signal transduction mechanisms
U: Intracellular trafficking, secretion and vesicular transport
V: Defence mechanisms
04 Il Z: Cytoskeleton

Figure 6 — Functional categories of uniquely shared OGs. Different functional categories are shown
as inferred from eggNOG 2.0. Note some OGs are assigned multiple categories, and some did not return
any annotation. OGs are shared between (A) Ancoracysta twista + Telonemia, (B) Ancyromonadida +
CRuMs, and (C) Discoba + Metamonada. The other excavate pairwise comparisons are omitted due to
lack of eggNOG annotation.

2.2.3 Distribution of cytoskeletal proteins

The majority of excavate-associated cytoskeletal proteins in the literature examined here (Viscogliosi

and Brugerolle, 1994; Weerakoon et al., 1999; Dawson, 2010; Preisner et al., 2016) were not
found to be specifically associated with excavate taxa when searched in the dataset, either
being ubiquitous or without significant matches in any taxa. However, SF-assemblin and delta
giardin did produce significant matches with excavate taxa. Both proteins matched with the
same OG, confirming their common evolutionary ancestry. SF-assemblin had significant simi-
larity to sequences in every eukaryote lineage in the dataset with the exception of Centrohelida,
Opisthokonta, CRuMs, Apusomonadida and Hemimastigophora. Delta giardin had significant

similarity only to sequences of the Metamonada.
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2.2.4 Comparison of individual species’ OGs within Ancyromonadida and CRuMs

In order to obtain a better idea of potential specific relationships between members of Ancy-
romonadida and CRuMs, the number of OGs belonging to individual species were counted
and compared. These groups were focused on for closer post hoc analysis due to their high
number of uniquely shared OGs as well as the high morphological diversity of the constituent
species. Unlike A. twista and Telonemia, which are comprised of just one genus each, the
members of Ancyromonadida and CRuMs are represented here by five species in five different
genera. If the 383 OGs shared uniquely between Ancyromonadida and CRuMs are unevenly

distributed, specific relationships may be revealed.

Scanning the 383 OGs revealed the following in Ancyromonadida species: Ancyromonas sig-
moides (312), Fabomonas tropica (250), Nutomonas longa (319). In CRuMs: Diphylleia rotans
(267), Rigifila ramosa (272).

There does not appear to be any significant bias in number of OGs found in the constituent
species of Ancyromonadida and CRuMs. Members of the same taxon can be seen to share
a similar number of OGs out of the 383, except in the case of Fabomonas tropica which has
62-69 fewer OGs than the other members of Ancyromonadida. However, in neither taxon is

there a single standout species with significantly more OGs.

2.2.5 Constraint analysis

In order to further assess the likelihood of true evolutionary relationships between A. twista
and Telonemia, and between Ancyromonadida and CRuMs, phylogenetic constraint analyses

were conducted with IQ-TREE 2.0. Results of the AU, KH and SH test can be seen in Table 1.

Neither the constrained topology of A. twista + Telonemia, nor that of Ancyromonadida +
CRuMs, could be rejected at a 5% level of significance in any of the tests. In the 42 alignment
the A. twista + Telonemia topology had the lowest p-value for the AU test at 0.193, whereas in

the 116 alignment the Ancyromonadida + CRuMs topology had a lower p-value, at 0.071
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Topology logL deltalL p-KH p-SH p-AU

42 alignment
Unconstrained -782520.4485 0 0.736 1 0.8
((A, Cr) E) -782539.6124 19.164 0.265 0.491 0.324
((At, T) E) -782577.7984 57.35 0.166 0.234 0.193

116 alignment
Unconstrained -1200255.118 0 0.9 1 0.926
((A, Cr) E) -1200357.348 102.23 0.0593 0.0806 0.071
((At, T) E)  -1200323.06 67.942 0.0998 0.193 0.134

Table 1 — Constraint analysis of alternative tree topologies. The results from IQ-TREE 2.0 include
the Kishino-Hasegawa (KH) test, Shimodaira-Hasegawa (SH) test and approximately unbiased (AU)
test. Testing was performed on the maximum likelihood trees inferred from two alignments of 42 and 116
proteins. Results are shown comparing the unconstrained maximum likelihood tree with two alternative
topologies. A = Ancyromonadida, Cr = CRuMs, At = Ancoracysta twista, T = Telonemia, E = all other

eukaryotes.
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Chapter 3

Discussion

The presence of OGs that are unique to any given taxa indicates a shared evolutionary history
of some kind. However, patterns of gene gain/loss as well as lateral gene transfer (LGT) — a
phenomenon known to occur in eukaryotes as well as prokaryotes (Andersson, 2005) — within
and amongst different lineages means it is difficult to say with certainty whether the OGs found
in two taxa uniquely are present due to relatively recent genomic innovations, or are instead
the remnants of more ancient gene families that have been lost in other lineages. An argument
could, in theory, be given for any tree topology if a particular series of gene gain/transfer/loss

events is invoked.

Nevertheless, there is a case to be made for taxa that share a significant number of unique
OGs, especially when corroborated with other lines of evidence, as it becomes more parsi-
monious to conclude that they represent relatively recent genomic changes that occurred in a
putative common ancestor after its divergence from other lineages but before the divergence

of the taxa in question. In other words, they are more likely to be synapomorphies.

3.1 Evolutionary relationships among the excavate taxa

Based on the data used in this study, there does not appear to be strong evidence for a recent
evolutionary relationship between any of the three excavate taxa, either when examining each
of their pairwise relationships or when considering the three together as a set. The 45 OGs
uniquely shared between Discoba and Metamonada is the most significant of the excavate
taxon comparisons (equating to 0.84% of Metamonada’s and 0.42% of Discoba’s proteome),
and this is not especially significant relative to the comparisons of other taxa. The fact that no

OGs are shared uniquely between Discoba, Malawimonadidae and Metamonada does nothing
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to support the idea of a monophyletic Excavata clade. The probable non-monophyly of the
excavate taxa suggested by this study is in agreement with recent phylogenomic analyses

(Brown et al., 2018; Lax et al., 2018; Price et al., 2019).

One notable issue in identifying relationships using genomic data is the demarcation of OG
boundaries. The method for clustering OGs may disfavour sequences with sufficiently low
similarity due to rapid evolution. In fact, it has been demonstrated that for at least some genes,
assumed to be lineage-specific, orthologs evolving at a constant rate will likely fail homology
searches even if present in outgroup lineages (Weisman et al., 2020). If sequences found in
the three excavate lineages are fast-evolving, their orthologous sequences are more likely to
have diverged to a point where they no longer cluster in the same OG. Certainly in the case
of Metamonada species have undergone rapid evolution, and this is evidenced in the long-

branched sequences seen in molecular phylogenies that include them (Simpson et al., 2006a).

3.2 Comparison of Uniquely shared OGs in other supergroups

and megagroups

The absence of OGs shared uniquely between the excavates is notably lower than the uniquely
shared OGs of other supergroups analysed. This analysis recovered Obazoa (Apusomonadida
+ Opisthokonta) with 25, SAR (Alveolata + Rhizaria + Stramenopiles) with 31, and Haptista
(Centrohelida + Haptophyta) with 32 uniquely shared OGs.

When supergroups are further lumped into even larger assemblages — Amorphea and Di-
aphoretickes — the results are closer to those of the excavate analysis. Amorphea share just
4 OGs uniquely, and Diaphoretickes just 3. These data appear to be compatible with the idea
that the excavates diverged at a comparatively deep node in the eTolL to these megagroups
(i.e. the excavates may be monophyletic, but are a very ancient branch) which have all simi-
larly experienced the loss of most/all of their shared OGs over extended lengths of evolutionary
time. However, it should be noted that such inferences are highly speculative when based on a
shared absence of supporting data. The fact that Diaphoretickes’ subgroups show, for the most
part, far greater affinity to one another than the excavate subgroups do, strengthens the case
for the monophyly of the former relative to the latter. SAR + Cryptista have 308 uniquely shared
OGs, SAR + Archaeplastida have 586, and SAR + Haptista have 947 — some of the most signif-
icant relationships in the analysis. The Amorphea subgroup comparisons are less significant,

and fall in the same ballpark as the excavates: Amoebozoa + Apusomonadida share 4 OGs
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uniquely, Apusomonadida + Opisthokonta share 25, and Amoebozoa + Opisthokonta share
105.

The lack of uniquely shared OGs within both Amorphea and Diaphoretickes reflects the lack of
unifying morphological characters in each of these groups. The same cannot be said for the

excavates.

3.3 Asymmetry in proteome size

The consequence of different eukaryote lineages having different proteome sizes is that the to-
tal number of OGs shared between two (or more) lineages may appear more or less significant

depending on perspective, i.e. depending on which lineage’s proteome is being considered.

The conversion of total OGs to proportion of proteome that those OGs make up allows for the
relative significance for each lineage to be inferred (in Fig. 4 the percentage of each group’s
proteome corresponds to the lineage in the row). These apparent differences in significance
are essentially due to differences in the extent of genomic diversity found within each group
of eukaryotes. Those with a greater number of species can be expected to retain a greater
number of gene families over the course of evolution, on average, and in this analysis only
one member of a lineage is required to signify a potential relationship. This may explain the
relatively high number of OGs that SAR (a species-rich lineage) shares exclusively with a
number of other lineages in the 15-way analysis (Fig. 3A), since so long as SAR is regarded
as a monophyletic group, the OGs it shares exclusively with each lineage cannot all be recent

genomic innovations.

At the other extreme, Malawimonadidae has just one representative in this dataset, Gefionella
okellyi. In addition to having low total numbers of exclusively shared OGs with other lineages,
Malawimonadidae also has consistently low proportional proteome data. This suggests it has
no close evolutionary relationship with any other lineages and is in line with the idea that G.
okellyi is one of the few remaining extant species of a very deeply diverged lineage, perhaps
one of the earliest-diverging lineages in the eToL. In future comparative studies it would be in-
teresting to add the genomic data of members of the only other known genus in Malawimona-
didae, Malawimonas jakobiformis and Malawimonas californiana, and compare their OGs with

those of G. okellyi.

Malawimonadidae also has just 17 OGs that are unique to itself (9 after adjusting for probable

bacterial contaminants), which suggests that, if it is a deeply diverged lineage, it is in a state of
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genomic stasis, or otherwise it may have had a larger genome ancestrally that has, over time,

undergone a reduction in size.

3.4 Consequences of lineage-splitting

Unsurprisingly, in the 18-way analysis, the number of exclusively shared OGs in Stramenopiles,
Alveolata and Rhizaria, as well as in the Haptista subgroups Haptophyta and Centrohelida, is
reduced. This is due to there being fewer representative species in each lineage — though this
is accounted for when adjusting for proportion of proteome. OG numbers will also be reduced
due to a multi-lineage masking effect, i.e. OGs that were unique to SAR + Haptista will be lost
from the 18-way analysis whenever three or more subgroups are present, as the OG will no
longer be considered unique to any given pair. As such it is expected that the sum of each
subgroup’s pairwise comparisons within SAR + Haptista will be less than the parent groups’

total (this is observed: combined subgroup pairwise total = 661, SAR + Haptista = 947 OGs).

Although SAR and Haptista have each been recovered as monophyletic (Burki et al., 2007,
2016), it is nevertheless interesting to examine nodes closer to the tips of the eToL. Here
the relationships within SAR are reaffirmed, to an extent: Alveolata + Stramenopiles share
343 OGs uniquely (1.85% of Alveolata’s and 2.41% of Stramenopiles’ proteome). Alveolata +
Rhizaria is less significant with 166 (0.89% of Alveolata’s and 1.93% of Rhizaria’s proteome)
as is Rhizaria + Stramenopiles with 97 unique OGs (1.13% of Rhizaria’s and 0.86% of Stra-

menopiles’ proteome).

When all three SAR lineages are analysed together only 31 OGs are found to be uniquely
shared (0.17% of Alveolata’s, 0.36% of Rhizaria’s and 0.22% of Stramenopiles’ proteome).
Based on this the data support an Alveolata + Stramenopiles relationship more strongly than
an overall SAR relationship. This is reflected in phylogenomic analyses, which tend to recover
an Alveolata + Stramenopiles clade as the crown group of SAR (Burki et al., 2012, 2016;
Strassert et al., 2019). A similar result is found between the constituent lineages of Haptista:
Centrohelida and Haptophyta share 32 OGs uniquely (0.31% of Centrohelida’s and 0.4% of
Haptophyta’s proteome). These results demonstrate that the comparative genomics approach
used in this study is not always congruent with conventional phylogenomic analyses, in which
Haptista is found to be monophyletic (Burki et al., 2016; Strassert et al., 2019) — although this

is not always the case (Price et al., 2019).
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3.5 Lack of reliability in morphological characters

As the quantity of genomic information has exploded in recent years and phylogenetic studies
have incorporated more and more loci with broader taxon sampling, eukaryote phylogenies
have transformed into trees comprised of a small number of ‘supergroups’. Members of the
supergroups as they are currently defined do not, in most cases, have shared derived char-
acters (Burki et al., 2019), although this depends on how the supergroups are delimited (e.g.

Opisthokonta has shared derived characters; Amorphea does not).

It may be the case that, at the supergroups level, identifying shared morphological/cell biolog-
ical characters may not be as crucial for inferring evolutionary relationships as once thought.
There is great variability within these groups, and often similarities with members of other
groups (Baldauf, 2003) that are now thought to result from independent evolutionary events.
For instance, the red plastids of chromalveolates were once thought to share a common ori-
gin (Cavalier-Smith, 1999), but it is now clear that this is not likely to be the case, and the
chromalveolates do not form a natural clade (Burki et al., 2016). The ever-transforming eToL
has necessitated a reinterpretation of the origin of characters such as this, identifying many
as evolutionary red herrings. The amoeboid state of some protists is another example of a
morphological character once thought to have a single evolutionary origin, but since soundly

disproven (Pawlowski, 2008).

3.6 Ancestral and vestigial characters

Did the excavate cytoskeleton evolve multiple times? An important aspect of the excavate hy-
pothesis is the possibility that the excavates are a paraphyletic group — an evolutionary scenario
that has been suggested by various different authors (Simpson, 2003; Yubuki and Leander,
2013; Cavalier-Smith et al., 2014). If the hypothesis is correct, and the excavate cytoskeleton
is homologous, then a paraphyletic Excavata would appear to be a plausible scenario given
the results in this study. An alternative explanation is that the excavate cytoskeleton is homol-
ogous amongst eukaryotes but has been inherited via LGT. This may explain its presence in a
number of scattered lineages, and does not necessarily imply that the condition is ancestral for
eukaryotes. Yet another hypothesis is that the excavate cytoskeleton is polyphyletic. Multiple
independent origins are a possibility that shouldn’t be dismissed out of hand — the results of
this study certainly cannot disprove it — although in the case of centrioles/basal bodies and

the axoneme, at least, convergent evolution seems highly unlikely, as these structures are
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remarkably conserved across eukaryote lineages and were thus likely present in the LECA
(Carvalho-Santos et al., 2011). These structures act as the cell’s microtubule organising cen-
tre (MTOC) (Yubuki and Leander, 2013). The microtubular roots and fibres emerging from the
MTOC, as well as the ventral groove character, are less well conserved and present in fewer
lineages, so a greater degree of uncertainty surrounds their evolutionary origin. Homologous
structures are, by definition, comprised of homologous proteins, which this study has largely
failed to identify both amongst the three main excavate taxa as well as in the non-excavate lin-
eages possessing ‘typical excavate’ morphological characters (this is discussed in more detail
in 3.7).

Simpson (2003) suggested that if a ‘typical excavate’ were proven, by phylogenetic analysis, to
have diverged from within a group whose common ancestor was inferred to be a non-excavate-
like organism, the excavate hypothesis would be proven incorrect. To date such a phylogeny
has not been consistently recovered, however certain other species with excavate-like charac-
ters have arisen from within what are decidedly non-excavate lineages. For instance, Colpone-
midia, whose members possess a ventral groove, a vane on the posterior flagellum and a split
right microtubular root (R2), has been identified as the deepest-branching lineage within Alve-
olata (Tikhonenkov et al., 2020). Yet the group are still nested within SAR and other lineages
within Diaphoretickes, so if the excavate cytoskeleton is homologous in Colponemidia it must

have been lost several times in its neighbouring lineages.

Interestingly, a sister genus to Colponema (Colponemidia), Acavomonas, has been described
as being highly similar to Colponema except in its lack of a ventral groove (Tikhonenkov et al.,
2014), which suggests this character can be readily lost (or gained) over relatively short evo-
lutionary distances. Loss of this character may be in response to a change in ecological role,
i.e. feeding behaviour, in one of the genera, although both are described as obligate predators
of smaller flagellates (Tikhonenkov et al., 2014). A more ancient ventral groove loss event
has been proposed by Cavalier-Smith (2018), who has suggested that Rhizaria evolved from a
Colponema-like ancestor, gaining filopodia as an adaptation to benthic feeding and eventually
losing the ventral groove. This character may not therefore be a prerequisite for a free-living
heterotrophic lifestyle, however all known ventral groove-bearing cells do appear to be free-
living flagellated heterotrophs. It has also been suggested that the ventral groove was an opti-
mal morphological arrangement for enabling the engulfment of algal cells and thus facilitating

endosymbiosis events and plastid evolution (Tikhonenkov et al., 2020).

Taking a broader view of the tree, it can be seen that a number of other organisms, occurring
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in a number of different lineages, possess excavate-like characters in some form or another.
Table 2 lists putatively homologous excavate-like characters in non-excavate lineages. In some
cases there is evidence that typical excavate characters are homologous but have undergone
differentiation. For instance, the split right microtubular root character is thought to have com-
pletely separated into two roots in diphylleids (Cavalier-Smith and Chao, 2010). As the number
of taxa identified as having characters homologous to the excavate cytoskeleton increases,
the hypothesis that the excavate condition is ancestral to most if not all extant eukaryotes be-
comes more plausible. Various combinations of cytoskeletal characters are present throughout
the eukaryotes, but typical excavate taxa alone have a complete set of the major flagellar ap-
paratus components (Yubuki and Leander, 2013). If this condition is ancestral, it would imply
that the LECA was already a fairly complex organism (opposing the traditional evolutionary
view of simple life forms giving rise to those of ever-increasing complexity). Recent genomic
analyses give support to this idea (Fritz-Laylin et al., 2010). It has been suggested that the
LECA was as complex as it was, with no evidence of any earlier intermediate forms remaining
extant, because this organism’s complexity enabled it to comprehensively outcompete simpler
forms that may have lacked a mitochondrial symbiont and advanced cytoskeleton (Wickstead
and Gull, 2011).

Notably, some lineages within the excavate taxa themselves, confirmed as excavates through
phylogenomic analysis, have undergone rapid differentiation and loss of typical characters. For
example, diplomonad and parabasalid genera such as Giardia and Trichomonas, confirmed as
belonging to Metamonada (Simpson et al., 2002b, 2006a), have morphologically adapted to
parasitic lifestyles, thus losing the ventral groove character and associated cytoskeletal com-
ponents. In what appears to be something of a transitory state between typical excavate and
differentiated parasite, commensal oxymonads possess a vestigial, almost disappeared ven-
tral groove character (Simpson et al., 2002a). Within Metamonada there seems to be a pattern
of reductive evolution linked to a change in lifestyle. Similar lifestyle change and morpho-
logical differentiation can be seen in Discoba. Euglenozoans, many of which are parasitic
(Vesteg et al., 2019), do not possess the typical excavate morphology (Simpson, 2003), yet it
is predicted that these taxa evolved from ancestors morphologically and ecologically similar to

jakobids (Simpson et al., 2006b), i.e. organisms that do possess typical excavate characters.

If it is possible for different excavate taxa to readily lose their excavate traits in response to
changing ecological conditions, it is conceivable that all eukaryote lineages could, in theory,
have evolved from an ancient excavate-like organism. In this scenario the LECA would have

been a heterotrophic flagellate feeding via the ventral groove. During subsequent eukaryote
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Taxa Excavate Characters References

VG SRR SR MF (R3)
Ancoracysta twista present Janouskovec et al. (2017)
Ancyromonadida present present present present Heiss etal. (2011)
Colponemidia present present present  Tikhonenkov et al. (2014)
CRuMs present present present  Brugerolle (2006)
Stramenopiles present present present Yubuki and Leander (2013)

Table 2 — Cytoskeletal characters proposed as homologous to those of the excavate taxa. The
characters of non-excavate eukaryotes are compared. VG = ventral groove, SRR = split right root, SR
= singlet root, MF (R3) = microtubular fan associated with R3. Note: Brugerolle (2006) provides a
morphological examination of Sulcomonas lacustris but does not imply that the cytoskeletal characters
are homologous to those of excavates. This inference is made by subsequent authors (Cavalier-Smith
and Chao, 2010; Yubuki and Leander, 2013).

evolution, as various ecological niches became available, different lineages would have diver-
sified and, to a greater or lesser extent, lost the groove and associated flagellar apparatus in
favour of new features — as with the filopodia of Rhizaria (Cavalier-Smith, 2018). Such a sce-
nario would make those organisms still retaining the excavate cytoskeleton examples of ‘living

fossils’, experiencing an extremely long period of morphostasis.

3.7 Absence of OGs linking taxa that have ‘typical excavate’ char-

acters

In each of the set searches based on the flagellar apparatus components as recognised in
Yubuki and Leander (2013), no set is recovered as having any uniquely shared OGs. Likewise,
no uniquely shared OGs were returned in the search for ventral groove-bearing taxa (those
that are reported in the literature — Table 2). This would seem to imply that there is either
no conserved genetic basis for the components under scrutiny, or there are other lineages
within the dataset that possess the components and have been overlooked. Regarding the
former explanation, it does appear to be the case that proteins responsible for assembly of
the flagellar apparatus exhibit a great deal of diversity given the structure’s conserved mor-
phology (Nabais et al., 2020). In some cases, proteins may have diverged in sequence to the
point where they are no longer detectable and comparable (Hodges et al., 2010). This may

be especially true in very ancient proteins — those that could have been present in the LECA.
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Due to the vast evolutionary timescales that have elapsed since the origin of eukaryotes, it
may be that each lineage has its own diverged set of proteins (to the point where they are
unrecognisable by homology searches) that nevertheless maintain structurally and functionally
similar flagellar apparatuses across lineages. It is also possible that although the macromor-
phological components of the flagellar apparatus have remained highly conserved throughout
eukaryote evolution, individual proteins have been lost whilst the same general structure and
function have been retained (Nabais et al., 2020). Intermediate filaments — important compo-
nents in a variety of cytoskeletons — are not thought to be homologous in different eukaryote
groups, but nevertheless display a high degree of structural similarity (Preisner et al., 2016).
In this scenario excavate cytoskeletal proteins would be patchily distributed across lineages.
Alternatively it may be that the same core set of proteins are conserved throughout eukaryotes
(i.e. not unique to ‘typical excavates’) but can be utilised in different ways by the excavate taxa

(Dawson and Paredez, 2013).

Looking specifically at the excavates, the uniquely shared OGs between Discoba and Meta-
monada do in fact include two proteins with a putative function in cytoskeleton formation and
organisation. One of these is a regulator of chromosome condensation (RCC1) domain, which
functions to inhibit the premature initiation of mitosis (Dasso, 1993), and therefore is not ac-
tually involved in the flagellar apparatus. The other is annotated as ARP1, a gene which is a
component of the dynactin complex (Clark and Rose, 2006). ARP1 is more or less ubiquitous
throughout the eukaryotes (Wickstead and Gull, 2011), so the fact that this OG contains only
members of Discoba and Metamonada suggests it is some kind of divergent form. The dynactin
complex is only known to interact with cytoplasmic dynein, as opposed to axonemal dynein —
the type associated with flagellar activity (Carvalho-Santos et al., 2011) — yet although cyto-
plasmic dynein functions in vesicular transport, organelle positioning and spindle microtubule
organisation (Raaijmakers et al., 2013), it has also been implicated in other cellular processes
depending on its structural variants, and may recruit other non-dynein proteins and function to
directly anchor microtubules (Schroer, 2004). This protein is therefore a candidate component

of the typical excavate cytoskeleton, although notably it is not present in Malawimonadidae.

Among the OGs unique to each individual excavate lineage there was a lack of identified
cytoskeletal proteins in the eggNOG analysis, with the exception of one OG unique to the
Metamonada. This was annotated as a microtubule-binding, calmodulin-regulated, spectrin-
associated protein (CAMSAP). Analysis of this protein’s domains in Interproscan revealed that
one end was comprised of a CKK domain, which functions to bind CAMSAP proteins to mi-

crotubules (Baines et al., 2009), while the rest of the sequence was unannotated. CAMSAPs
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regulate microtubule dynamics, binding to microtubule minus-ends to prevent depolymerisation

(Hendershott and Vale, 2014).

3.8 Excavate cytoskeletal proteins within the dataset

Excavates, along with all other eukaryotes, are known to possess a core set of conserved
cytoskeletal structural proteins, including tubulins, and their associated motor protein families
(Dawson and Paredez, 2013; Nabais et al., 2020). Beyond these, however, protein composition

appears to be highly variable in the cytoskeletons of eukaryotes (Wickstead and Gull, 2011).

Certain proteins have been attributed to particular excavate structures, for example B-type
costa proteins have been linked to the costae of trichomonads (Viscogliosi and Brugerolle,
1994). However, in the UniProt database, the protein ‘Costa, isoform B’ (AOAOB4KED?9) is
composed of kinesin-like domains, suggesting it is a motor-protein rather than a structural
protein. A BLASTp search of the dataset confirmed that this protein is present in all eukaryote
lineages. A protein of the same molecular weight (TVAG_339450, 118 kDa) was identified in
T. vaginalis by Preisner et al. (2016), although this did not retrieve significant hits to the same
OG in the current dataset, and in fact did not have significant matches with any metamonads

(note T. vaginalis is absent from this dataset).

Giardin — a protein known to localise to the ventral disc of Giardia lamblia — has a common
evolutionary origin with SF-assemblin (Dawson, 2010), so it is not surprising that the most
significant sequence matches of both proteins belonged to the same OG. However, the fact
that delta giardin here only finds significant matches with Metamonada species within this
OG serves as an example of how a family of homologous proteins can diverge into lineage-
specific functions whilst remaining in the same OG. This highlights the potential masking effect

of lineage- and function-oriented bioinformatics searches.

The cytoskeletal proteins searched for here have been studied in medically-important parasites
— i.e. excavates that no longer possess the typical excavate cytoskeleton, and can therefore
be reasonably expected to have proteins that are divergent from those of typical excavates.
However, typical excavate species are known to be the closest relatives of these organisms
(Simpson et al., 2002b), and so sequence comparisons may still be useful in attempting to
infer the molecular composition of the excavate cytoskeleton. Ultimately, progress in this area
will be made with more proteomic studies, such as that of Preisner et al. (2016), that focus not

on divergent parasites but instead on species with the characteristic excavate cytoskeleton.
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3.9 Evolutionary position of Ancoracysta twista and Telonemia

We identified a potential relationship between A. twista and Telonemia based on OG com-
parisons and phylogenetic analyses. The 609 OGs (592 after subtracting probable bacterial
contaminants) that the two taxa share uniquely is the highest overall number of any pairwise
relationship (in the 18-way analysis), and furthermore the topological constraint analysis forc-
ing the two taxa into a clade could not be rejected by the AU test. This putative relationship
is interesting since there is no mention of it in the literature up to this point (the supplemen-
tary material of Janouskovec et al. (2017) does include an A. twista + Telonemia clade with a

phylogeny based on the rDNA operon sequence, however this node is not well supported).

Recently, Telonemia has been recovered as a sister lineage to the SAR group, leading to the
proposition that the supergroup ought to be renamed ‘TSAR’ and the assertion that Telonemia
is a true eukaryotic phylum in its own right (Strassert et al., 2019). The 424 OGs recovered
in this analysis that are uniquely shared between SAR + Telonemia (15-way split) lends sup-
port to this — after A. twista, this is the most uniquely shared OGs Telonemia has with any
group. Meanwhile, A. twista has been recovered branching as the sister group to Haptista
(Janouskovec et al., 2017). Both taxa are therefore confidently recovered within the mega-

group Diaphoretickes.

In terms of morphology, A. twista + Telonemia have two notable cellular features in common,
the presence of extrusomes (known as ancoracysts in A. twista) and structures resembling
cortical alveoli (Klaveness et al., 2005; Janouskovec et al., 2017; Cavalier-Smith et al., 2018).
These characters are not unique to these taxa, however. Cortical alveoli are found in members
of Alveolata, and these may be homologous to those found in glaucophytes (Archaeplastida)
(Cavalier-smith, 2003). Extrusomes are found in a variety of protists, and may not all be ho-
mologous (Kugrens et al., 1994), however those found in A. twista and Colponema marisrubri
(Alveolata) have been assessed as being nearly identical, to the extent that C. marisrubri has
been reassigned to Ancoracysta marisrubri and a new family established, Ancoracystidae, by
Cavalier-Smith et al. (2018) — although currently there is no molecular data available to support
this.

In another case of organelle affinity, the extrusomes of Telonema spp. and Metromonas sim-
plex have been identified as being highly similar (Yabuki et al., 2013a). M. simplex belongs
to Monadofilosa (Rhizaria), however as with C. marisrubri this species lacks publicly available
genomic data, and so both of their assignments are not currently supported by phylogenomic

analyses. It would be interesting to include these taxa in future genomic analyses to determine
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if their current placement within SAR is inaccurate and they in fact cluster with either Telone-
mia or A. twista or both in a new lineage. Such a coalescence of newly-sequenced species
around orphan taxa is not unheard of (though note this prediction is based on a small number
of morphological characters), nor is it unknown for species with a previously assumed phylo-
genetic position to be drastically reallocated in light of new molecular analyses. For instance,
Hemimastigophora has been previously assigned to Euglenozoa (Simpson, 1997), but is now

known to occupy its own deeply diverged lineage (Lax et al., 2018).

Though there is some morphological evidence for a relationship between A. twista and Telone-
mia, this is not especially strong, and the implications of the high number of uniquely shared
OGs between the two taxa seen in this study are not reflected in recent phylogenies. An al-
ternative explanation is that one taxon has received a portion of the other's genome via LGT.
In eukaryotes this mainly occurs, aside from via plastid acquisition, following the ingestion
of genetic material as a result of phagotrophy (Andersson, 2005) — although eukaryote-to-
eukaryote LGT is relatively rare (Keeling and Palmer, 2008). Both taxa are eukaryotrophs,
however it seems unlikely that one would prey upon the other since both are similar-sized or-
ganisms occupying similar trophic levels (Klaveness et al., 2005; Janouskovec et al., 2017) —
but note this makes the assumption that both taxa have remained in the same ecological role

over the course of their evolution.

The presence of an MIR domain, found in Inositol 1,4,5-triphosphate receptor (IP3R) and ryan-
odine receptor (RyR) — both of which are calcium release channels (Witcher et al., 1991; Kaftan
et al., 1997) — suggests there is some kind of calcium-mediated signal transduction system in
place in the two taxa, given the presence of other calcium-activated proteins in their uniquely
shared OGs. Calpain domain Ill and EF-hand motifs are present (the EF-hand is a component
of calpain). The EF-hand binds to Ca2+, as do sites in calpain domain I, together activating
the molecule (Khorchid and lkura, 2002). Two OGs with voltage-sensitive calcium channel

proteins are also present.

3.10 Evolutionary position of Ancyromonadida and CRuMs

As with A. twista and Telonemia, there appears to be a relationship between Ancyromonadida
and CRuMs, which was inferred on the basis of the uniquely shared OGs among these two
groups. The 383 OGs (350 after subtracting probable bacterial contaminants) shared uniquely
between the two taxa is the second-highest of any pair of taxa in the 18-way analysis, and the

topological constraint analysis could not be rejected by the AU test.
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There is no mention of a specific relationship between these two lineages in the literature,
though it is worth noting that CRuMSs has only recently been formally recognised (Brown et al.,
2018). A Mantamonas + Ancyromonadida clade was recovered by Cavalier-Smith et al. (2014),
however this was not well supported. The study of Brown et al. (2018) strongly supports
CRuMs as the sister lineage to Amorphea, recovering Ancyromonadida as a deeper branch
forming a clade with Malawimonas. Lax et al. (2018) similarly recover CRuMs + Amorphea, but
instead find Ancyromonadida in a clade with Metamonada (though note here only one Meta-
monada representative is present). Evidently the phylogenetic position of Ancyromonadida is

still uncertain.

Morphologically, Ancyromonadida and CRuMs are similar in having a ventral groove — this
is absent only in Mantamonas (Glicksman et al., 2011). However, as discussed in previous
sections this character alone is not indicative of a specific relationship, being found in various
different lineages throughout the eToL. Likewise, both taxa possess the split right microtubular
root and dorsal root characters both thought to be derived from an ancestral excavate body
plan, though neither character is particularly similar in either taxon (Cavalier-Smith and Chao,
2010). Only if the above characters are inferred to have evolved multiple times could they be

potential synapomorphies for an Ancyromonadida + CRuMs clade.

Interestingly, in the original description of Mantamonas, this genus is assigned to Apusozoa
(containing both Apusomonadida and Ancyromonadida) as these taxa have in common highly
acronematic cilia and an exclusively gliding lifestyle, though Mantamonas was deemed distinct

enough to warrant placement in a new family, Mantamonadidae (Glicksman et al., 2011).

Another genus thought to be related to Apusozoa, and more specifically the ancyromonads, is
Micronuclearia, which shares a similar pellicular structure, and has a similar mode of ingesting
bacteria through a depression at the cell surface (Cavalier-Smith et al., 2008). This mode of
feeding sounds very much like that of a typical ventral groove-bearing cell, though note the
morphology is described as a ‘pocket’ rather than a groove (Cavalier-Smith et al., 2008). More
recently Micronuclearia has been inferred to have a specific relationship with Rigifila ramosa,
with the two genera described as having a body plan distinct from all other protists (Yabuki
et al., 2013b). This is somewhat different to the other species within CRuMs. For this rea-
son it was interesting to single out the number of OGs shared uniquely by R. ramosa and
Ancyromonadida, to compare with the number shared uniquely by Diphylleia rotans (the other
CRuMs member in this dataset) and Ancyromonadida, with D. rotans being a less morphologi-

cally divergent species (Yabuki et al., 2013b). There was no significant difference between the
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two, however — D. rotans shared 267, and R. ramosa shared 272.

R. ramosa has been confidently recovered as a CRuMs member in phylogenomic analyses
(Brown et al., 2018). The same cannot be said for Micronuclearia, which has very little publicly
available molecular data, although analysis of rDNA has recovered a Micronuclearia + Rigifila
clade (Yabuki et al., 2013b), and a phylogeny of rDNA plus actin recovered a Micronuclearia
+ Ancyromonas clade (Parfrey et al., 2010). More genomic data for Micronuclearia are clearly
needed to clarify its evolutionary position, however the putative morphological and phylogenetic
links to both CRuMs members and Ancyromonadida are intriguing given the relationship be-
tween Ancyromonadida and CRuMs indicated by the results in this study. Future phylogenomic
analyses including Micronuclearia may be key to understanding the specific relationships be-

tween it, the CRuMs lineage, and Ancyromonadida.

It is interesting to consider the possibility that LGT may have occurred between Ancyromona-
dida and CRuMs, and may account for their high number of uniquely shared OGs. This seems
highly unlikely to have occurred by an ancyromonad phagocytosing another eukaryote, since
they are known to be bacterivorous (Cavalier-Smith et al., 2008). Conversely D. rotans has
been described as ingesting prey as large as itself (Brugerolle and Patterson, 1990), so in

principle this may include members of Ancyromonadida.

It is difficult to say if any of the 383 OGs shared uniquely between the two taxa are attributable
to their morphological similarities. The ‘typical excavate’ characters are not unique to these two
lineages, so one would expect OGs related to this cytoskeletal arrangement to contain repre-
sentatives from the excavate taxa also. This is unless an ancient protein family (or families)
diverged to the point where its sequence homology was no longer detectable in other lineages
with the same characters (Hodges et al., 2010). Most of the 383 OGs did not return functional
annotation in eggNOG. Of the three that were assigned the functional category ‘cytoskeleton’
(Fig. 6B), only one included details of a particular cytoskeletal function — an OG containing

RCC1, i.e. a domain involved in the regulation of mitosis (Dasso, 1993).

In the case of Ancyromonadida in particular, the comparative genomics approach used in this
study has proved valuable in highlighting a potential relationship for a group whose placement
in conventional phylogenomic analyses has been largely inconsistent. Searching for uniquely
shared OGs may not be fruitful in many cases, however it is worth considering, at least for taxa
whose phylogenetic placement is uncertain, especially in an era where genomic data are so

abundant.
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3.11 Missing data

It is worth noting that the OGs analysed in this study are a subset of the total genomic data
available in public repositories, which in turn are a subset of all the genomic data that exists
in nature. New sequencing efforts will add new sequences that can be included in clustering
analyses and will add new sequences to existing OGs, as well as lead to new OGs. Additionally,
more taxa will likely be discovered, especially if current sampling biases are addressed (Keeling
and Burki, 2019). This has the potential to significantly alter the number of OGs that are unique

to a particular set of taxa.

When scanning sequences in eggNOG, attention was drawn to the fact that seed orthologs
used in the analysis usually didn’t belong to taxa in the same lineage as the query sequences.
As a result, those OGs that were unique to pairs of taxa in this dataset would not be considered
unique when incorporating this external data, thus reducing the actual number of uniquely
shared OGs. This does not significantly impact the main relationships identified in this study —
A. twista + Telonemia and Ancyromonadida + CRuMs — since in both these cases the majority

of OGs simply did not find any matches in eggNOG.

3.12 Future work

Though steps are being made towards understanding the molecular components of the exca-
vate cytoskeleton, it is still not particularly well understood. Future proteomic analyses focused
specifically on the microtubular roots and fibres of the excavate taxa may provide answers
where current bioinformatics efforts have fallen short. The lack of uniquely shared OGs among
the excavates, as well as other eukaryotes in possession of excavate characters, is evidence
that there are no straightforward genetic markers mapping genotype to phenotype. Rather,
the genetic basis for the excavate cytoskeleton is likely more cryptic, involving either diverged
proteins with similar functions in different taxa or proteins conserved throughout most or all of
the eukaryotes that fulfil different functions in the excavates. Alternatively, it may simply be
that the excavate hypothesis is incorrect — that the excavate cytoskeleton and the proteins that

comprise it have multiple independent evolutionary origins.

Armed with a better understanding of how cytoskeletal proteins function in different eukaryotes,
the construction of phylogenies for these proteins may allow further insight into the evolution
of the eukaryote cytoskeleton. In the case of proteins unique to the individual lineages of

excavates, characterisation of the many that are currently unknown in function may also prove
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informative.

3.13 Conclusion

The present study’s large-scale comparison of genomic data is interesting as it points to po-
tential evolutionary relationships between taxa that hitherto have not been considered, namely
that between A. twista and Telonemia, and Ancyromonadida and the CRuMs lineage. Though
it is difficult to draw concrete conclusions due to the inherent uncertainty surrounding patterns
of gene gain, loss and transfer deep in the evolutionary history of eukaryotes, the large number
of OGs shared uniquely between the above taxa should certainly encourage future phyloge-
nomic and comparative studies to focus on these relationships. In particular, the addition
of Colponema marisrubri, Metromonas simplex and Micronuclearia podoventralis to datasets
should help to elucidate the phylogenetic position of these species, as well as the position of

A. twista and the species within Telonemia, Ancyromonadida and CRuMs.

The lack of uniquely shared OGs among the excavate taxa makes it difficult to draw specific
conclusions about what their evolutionary relationships are. However, the absence of evidence
does point towards what their relationships, in all likelihood, are not. That is, the excavates
do not appear to be a monophyletic group (notwithstanding the possibility that the group are a
very deeply diverged monophyly whose extant lineages bear limited genomic resemblance to
one another). Furthermore, when considered with morphological evidence from the literature
(Table 2), it seems reasonable to assert that the excavates may well be an ancient assemblage
of protists from which most if not all extant eukaryotes evolved. The strength of this assertion
rests on the inferred homology of the various cytoskeletal components, recognised as being
‘typical excavate’ characters, that are scattered throughout the various eukaryote lineages. If
it is confirmed that some of these characters are in fact not homologous, the ancestral exca-
vate argument will be weakened. Otherwise, the LECA may well have been an excavate-like

organism, with its excavate relatives living on in a very long period of morphostasis.

Future attempts to root the eToL should make sure to include representatives from Metamon-
ada. These are a crucial piece of the eukaryote puzzle, missing from previous rooted analyses
that found the other two excavate lineages, Discoba and Malawimonadidae, branching deeply
on either side of the root (Derelle et al., 2015). Such studies may bring us closer to under-

standing how exactly the excavate taxa fit into the evolutionary history of eukaryotes.
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