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The origin of the eukaryotic cell, with its compartmentalized nature and generally
large size compared with bacterial and archaeal cells, represents a cornerstone event
inthe evolution of complex life on Earth. In a process referred to as eukaryogenesis,

the eukaryotic cell is believed to have evolved between approximately 1.8 and

2.7 billionyears ago from its archaeal ancestors, with a symbiosis with a bacterial
(proto-mitochondrial) partner being a key event. In the tree of life, the branch
separating the first from the last common ancestor of all eukaryotes is long and
lacks evolutionary intermediates. As aresult, the timing and driving forces of the
emergence of complex eukaryotic features remain poorly understood. During the
past decade, environmental and comparative genomic studies have revealed vital
details about the identity and nature of the host cell and the proto-mitochondrial
endosymbiont, enabling a critical reappraisal of hypotheses underlying the symbiotic
origin of the eukaryotic cell. Here we outline our current understanding of the key
players and events underlying the emergence of cellular complexity during the
prokaryote-to-eukaryote transition and discuss potential avenues of future research
that might provide new insights into the enigmatic origin of the eukaryotic cell.

Eukaryotic cells display multiple characteristics that distinguish them
from cells of prokaryotes, including a nucleus, the feature that gives
eukaryotes their name, other membrane-bound organelles, an elabo-
rate trafficking systemand a dynamic cytoskeleton. This, inaddition to
their comparatively large cell size and large gene content, has resulted in
the view that eukaryotes represent more complex life forms compared
to prokaryotes. The seminal work of Carl Woese and colleagues during
thelast quarter of the previous century unveiled two distinct prokary-
oticdomains: Bacteriaand Archaea'. Biochemical and genetic studies
of some of the few archaeal lineages that could be cultured revealed that
archaea and eukaryotes share components of information-processing
machineries, suchas those responsible for transcription** and genome
replication®. Eukaryotes are now widely believed to have originated
fromboth the archaeal and bacterial domain”®, This has resulted in the
view that only the prokaryotic domains, Archaea and Bacteria, should
be regarded as primary domains of life’. Eukaryotes, rather, evolved
fromanarchaea-related host celland abacteria-related endosymbiont,
whose descendants are still present in modern eukaryotic cells in the
form of mitochondria.

The evolutionary transition from prokaryote to eukaryote, the pro-
cessreferred to as eukaryogenesis (Box 1), isinferred to have taken place
mostly inthe Paleoproterozoic era’®. Recent estimates from molecular
dating analyses suggest that this transition took hundreds of millions of
yearsbetween 2.7 and 1.8 billion years ago'®", although such estimates
are under debate™. The study of this transition is complicated by the
extinction of intermediate lineages, which has contributed to thelong
branch of the eukaryotic clade, its stem, in the tree of life'°. The fossil

and biomarker record of proposed stem eukaryotes is limited, and its
interpretation is debated”® ™, This, combined with the fact that the
cellular complexity of the last eukaryotic common ancestor (LECA)
hasbeen inferred to resemble that of modern eukaryotes' and that the
eukaryotic cell evolved only once, makes eukaryogenesis an evolution-
ary conundrum. Because the eukaryotic features that would define a
stem eukaryote as a eukaryote-grade organism” remain contentious,
here we use the taxonomic definition of eukaryotes” and define eukar-
yogenesis as the period between the first eukaryotic common ancestor
(FECA) and LECA, spanning the entire eukaryotic stem lineage (Fig. 1a).
Different definitions of FECA have been used in the literature. Here we
use the original definition'® of FECA as the first stem eukaryote after
the separation between the eukaryotic lineage and its closest archaeal
sister group. FECA was therefore not unlikeits archaeal relatives and—
merely owing to historical contingency—only had eukaryotes as extant
descendants. Similar to the archaea-related FECA, the mitochondrial
stem lineage starts with the first mitochondrial common ancestor
(FMCA).Itisimportant torealize that FECA and FMCA are entities based
oninferences of genomic data' and that their nature and phylogenetic
positioninthetree of life can change upon the discovery of even closer
sister groups of eukaryotes and mitochondria®. The same would apply
to LECA in case new deep-branching eukaryotic lineages were to be
identified. Theinferred nature of LECA illustrates the fundamental gap
in cellular complexity between prokaryotes and eukaryotes that was
bridged during eukaryogenesis?. Here we review recent progress in
thefield of eukaryogenesis and highlight future research avenues that
could help finding new pieces of this enigmatic evolutionary puzzle.
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Review

Box 1

Glossary

Alphaproteobacteria. A bacterial class comprising numerous
orders, including Rickettsiales, Pelagibacterales, Rhizobiales and
Rhodobacterales.

Archezoa. A proposed paraphyletic group of alleged
amitochondriate eukaryotes that would have originated

from the first splits in the eukaryotic crown group. Later

studies have confidently shown that these eukaryotes do not
represent an ancestral amitochondriate state as they have

evolved from mitochondria-bearing groups and in fact contain
mitochondrion-related organelles themselves.

Asgard archaea. An archaeal phylum (formal name
Asgardarchaeota'®?) comprising Lokiarchaeia, Thorarchaeia,
Odinarchaeia, Heimdallarchaeia and several additional classes
that have been proposed recently.

Endosymbiosis. Symbiosis in which one of the partners, the
endosymbiont, lives inside the cell of the other symbiont, the host.
Eukaryogenesis. The transition from prokaryote-grade to
eukaryote-grade organisms, during which the eukaryotic features
evolved; in essence the period of time between FECA and LECA.
Eukaryotic signature proteins (ESPs). Eukaryotic proteins involved
in conserved eukaryotic functions that, at least previously, were
considered to be specific to eukaryotes—that is, they have no
prokaryotic homologues.

First eukaryotic common ancestor (FECA). The oldest common
ancestor of eukaryotes that only has eukaryotes as its extant
descendants.

First mitochondrial common ancestor (FMCA). The oldest
common ancestor of mitochondria that only has mitochondria as its

Eukaryotes in the changing tree of life

Owingtotherecent shifts of the eukaryoticbranchin the tree of life, our
perception of the starting point of eukaryogenesis—FECA—has changed
considerably. Early phylogenetic analyses of small subunit ribosomal
RNA gene sequences>*2*and various individual proteins®>* generated
conflicting scenarios for the origin of eukaryotes. Throughout the past
three decades, two main hypotheses shaped views on eukaryogenesis.
Intheinitially dominant three-domain (3D) tree of life, eukaryotes were
placed as the sister group of allarchaea®. The main competing scenario
was the ‘eocyte tree’—also known as the two-domain (2D) tree of life—
in which eukaryotes were most closely related to an archaeal group
referred to as eocytes??, Because the eocyte tree pre-dated most of
the currently known archaeal diversity, these eocytes comprised only
members of the Crenarchaea.

Unlike studies based on phylogenetic analyses of single genes, mod-
erneffortstoresolve the position of eukaryotesinthe tree of life utilize
aphylogenomic approach, and aim to simultaneously assess the evo-
lutionary histories of multiple genes. This is most frequently done by
concatenating gene alignments into a single supermatrix, under the
assumption that their inferred shared evolutionary histories signify
verticalinheritance. In practice, this supermatrix comprises alignments
of proteins that are present across all organisms, typically proteins
that are involved in essential processes such as protein synthesis (for
example, ribosomal proteins). Early phylogenomic studies were limited
by the low diversity of available genomic data® . This was particularly
true for the sequence data from archaeal taxa, which were obtained only
through painstaking cultivation efforts and then-costly sequencing
technologies. Additionally, phylogenetic methodologies were only
starting to accommodate both the copious amounts of input data
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extant descendants; also referred to as Alphaproteobacteria-derived
FECA" or pre-mitochondrial alphaproteobacterium®®.

Horizontal gene transfer. Gene exchange between two organisms
that is not due to vertical inheritance.

Last eukaryotic common ancestor (LECA). The most recent
common ancestor of all present-day eukaryotes.

Paleoproterozoic era. The oldest era of the Proterozoic eon,
spanning from 2.5 to 1.6 billion years ago, during which eukaryotes
are likely to have originated.

Phylogenomics. Analyses to reconstruct the evolution of genomes,
typically by assessing the evolutionary histories of multiple genes at
the same time.

Proto-mitochondria. Transitional forms of mitochondria living in
(endo)symbiosis with stem eukaryotes.

Stem eukaryotes. Extinct species that are more closely related

to the eukaryotic crown group (that is, LECA and its descendants)
than present-day Asgard archaea; the oldest stem eukaryote is
FECA.

Supermatrix. A large multiple sequence alignment obtained from
the concatenation of single-marker alignments of protein or DNA
sequences, used to establish evolutionary relationships between
taxa.

Syntrophy. Interdependent, mutualistic metabolic cross-feeding of
at least two partners.

Two-domains (2D) tree of life. A tree topology in which eukaryotes
are nested within archaea, originally proposed in the eocyte
hypothesis?. In the alternative three-domains (3D) tree of life,
eukaryotes are a sister group of archaea.

provided by concatenated alignments and the complex phylogenetic
signals. As aresult, such analyses often still suffered from potential
phylogeneticartefacts (Box 2). Yet, theimplementation of more realis-
tic models of sequence evolution started a trend of increasing support
for 2D trees®*2. As the rapid development of metagenomic sequencing
steadily revealed genome sequences from uncharacterized microbial
groups, more studies provided support for the 2D topology, includ-
ing the monophyly of eukaryotes with the TACK superphylum, which
initially comprised Thaumarchaeota, Aigarchaeota, Crenarchaeota
and Korarchaeota®*~%,

The second half of the 2010s marked the discovery of anovel archaeal
group related to TACK archaea—the Asgard archaea® *'—which have had
asubstantialimpact on the eukaryogenesis field. Asgard archaea were
foundtorepresent the closest extant relatives of eukaryotes, providing
further support for the 2D tree of life”®3**15° (Fig. 1b). However, the
exact position of eukaryotes withrespect to Asgard archaearemained
unclear. Although eukaryotes were placed as asister lineage to Asgard
archaeainseveral studies®™**°, studies utilizing the most sophisticated
phylogenetic analyses obtained support for an affiliation between
eukaryotes and a specific group within the Asgard archaea: the Heim-
dallarchaeia’. These latter analyses examined multiple gene sets and
methods that were explicitly aimed to disentangle the deep, vertical
phylogenetic signal from other sequence patterns (Box 2). The most
exhaustive study to date in terms of dataset size and methodology
indicated that the heimdallarchaeial order Hodarchaeales represents
the closest archaeal relatives of eukaryotes®. Future efforts toaccurately
position eukaryotes with respect to Asgard archaea will corroborate
these findings or find support for alternative phylogenetic scenarios,
and will be key for inferring the genomic properties of FECA, and thus
for increasing our understanding of eukaryogenesis.
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Fig.1| The phylogenetic origins of eukaryotes. a, The tree of life, showing
the chimeric origin of the eukaryoticlineage and the period of eukaryogenesis.
Inthisillustration, the eukaryotic lineage diverges slightly earlier from Asgard
archaea compared with Alphaproteobacteria, as suggested recently. FECA,
firsteukaryoticcommon ancestor; FMCA, first mitochondrial common ancestor;
LECA, last eukaryotic common ancestor. b, Phylogenetic placement of
eukaryotes withrespect to Asgard archaea. The currently sampled diversity of
Asgard classesisshown, inaddition torelevant ordersin the Heimdallarchaeia
(highlighted inblue). The position of eukaryotes that is supported by the
mostsophisticated analyses to date”®, the Hodarchaeales-sister topology,
isshownwithasolidredline. Otherrecovered positions, as sister group of

The nature of FECA

The nature of FECA is illuminated as we study genomic and cellular
features of present-day Asgard archaea and interpret these given
the resolved evolutionary relationships. Several recent studies have
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Njordarchaeales®*’, all Heimdallarchaeia”®*"*3#¢, the Heimdallarchaeia-
Wukongarchaeia clade* or all Asgard archaea**, are displayed with dashed
redlines. ¢, Phylogenetic placement of eukaryotes (mitochondria) with respect
to Alphaproteobacteriaand Magnetococcia. Aselection of alphaproteobacterial
ordersisshown. The position of mitochondriathatis recovered by the most
sophisticated analyses performed so far, the Alphaproteobacteria-sister
topology””%, is shownwith asolid red line. Other recovered positions, as
sister group of Rickettsiales®®%7273757678 pelagibacterales’®” oraclade
comprisingawide range of orders excluding Rickettsiales’>”*, are displayed
withdashed red lines.

significantly expanded the genomic diversity of Asgard archaea, reveal-
ing a phylum comprising atleast ten candidate classes® (Fig.1b). Asgard
genomes display alarge variability in genome size and gene numbers,
but in particular Hodarchaeales and Lokiarchaeia genomes are con-
siderably larger compared with genomes of other archaeal groups®.
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Box 2

Challenges in placing eukaryotes in the tree of life

Resolving deep branches in the tree of life is notoriously challenging
owing to the low and sometimes distorted phylogenetic signal for
such ancient events. A principle of phylogenomics is to utilize
multiple gene markers to increase the number of available
informative sites. However, a variety of factors obscure phylogenetic
signals that are indicative of vertical inheritance, potentially causing
competing non-vertical signals and incongruent trees if not properly
assessed'®16,

The large evolutionary divergence of the groups involved—
possibly dating back to more than two billion years ago'"—
represents a major challenge in placing eukaryotes in the tree
of life. Over such extended time periods, multiple substitutions
can occur per position and the resulting mutational saturation is
difficult to properly accommodate in models of sequence evolution.
This can lead to the erroneous grouping of long branches, a
well-known artefact in phylogenetic analyses. Several lineages
relevant for eukaryogenesis have such long branches, including
the eukaryotic stem lineage and several Asgard archaeal (for
example, Njordarchaeales) and alphaproteobacterial clades (for
example, Rickettsiales and Pelagibacterales). Ideally, this problem
can be mitigated by obtaining sequence data from taxa that break
these long branches®3°4457%80_ Alternatively, it is possible to reduce
branch lengths by removing fast-evolving sites, sequences or even
entire taxonomic groups from the analysis. Another strategy, if
done with care'®, is to recode amino acids into a small number of
saturation-prone categories, consequently only analysing the less
frequent substitutions between these categories'®.

Various factors can cause conflicting signals in phylogenetic
analyses. One significant source of error is the failure to correctly
infer orthologous sequences—that is, homologous sequences
that trace back to a speciation event in their common ancestor.

Althoughinitially suspected as potential contaminants from eukary-
oticgenomes®, itis now well-established that Asgard archaeal genomes
encode a diverse subset of proteins previously deemed unique to
eukaryotes. Many of these eukaryotic signature proteins (ESPs) repre-
senthomologues of eukaryotic proteins that are involved in processes
underlying eukaryotic cellular complexity, such as dynamic cytoskele-
tonformation, membrane remodelling and vesicular trafficking®¥#,
Several families of ESPs, such asthe small GTPase, endosomal sorting
complexrequired for transport-Ill (ESCRT-III) and actin families, have
expanded in certain Asgard clades®****%, illustrating that in parallel
to eukaryotic genome evolution, gene duplication events have con-
tributed to shaping Asgard archaeal genome content. Furthermore,
many ESPs have been found to represent multidomain proteins with
diverse domainarchitectures, suggesting animportant role of domain
shuffling during Asgard archaeal genome evolution®. Recent analy-
ses of expanded and more diverse sets of Asgard archaeal genomes
have revealed substantial numbers of previously undetected ESPs®*.
Besides their pivotal roles in Asgard archaeal cell biology (discussed
below), theinferred presence of ESPsin FECAindicates that FECA was
genetically primed for the emergence of cellular complexity during
eukaryogenesis®.

Recently developed gene-tree-aware reconciliation methods
enable the inference of evolutionary genome dynamics and gene
content of ancestors from present-day genomes>*°, Using this
approach, arecent study inferred larger numbers of genes for most
Asgard archaeal ancestors compared with other archaeal ances-
tors, and increased gene duplication rates in Heimdallarchaeia and
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In these cases, conflicting, non-vertical signals could originate
from horizontally transferred genes, distant gene duplications

or contaminating genes in genome assemblies. Using robust
orthology inference pipelines and evaluating phylogenetic

trees from individual gene markers to identify these conflicts

is therefore essential. Another—often overlooked—source of
potential conflicting signals represents convergent evolution
resulting from compositional bias towards certain amino acids

in protein sequences. Examples include substitutions associated
with AT richness and adaptations to high growth temperatures,
affecting mitochondria and certain alphaproteobacterial
groups’®778%1% (sych as Rickettsiales and Pelagibacterales) and
Asgard archaeal taxa® (such as Njordarchaeales), respectively.
Convergent evolution of sites may erroneously be interpreted as
close relatedness and, as a result, taxa with similar compositional
bias can be artefactually grouped together. These compositional
artefacts can be ameliorated by removing strongly biased

sites or taxa and by utilizing models of sequence evolution
accommodating compositional heterogeneity across sites or
branches®.

Evaluating the effect of the factors described above is far from
straightforward and often requires comparing methodological
approaches, taxon sampling strategies and marker gene sets.

This includes carrying out multiple rounds of inference with
different datasets and parameters, and testing the adequacy and
incongruence of the obtained results. Although more realistic,
complex evolutionary models can improve topology estimation
these models tend to be too computationally demanding for large
datasets. Strategies that involve reducing dataset sizes” or fixing
tree topologies® enable exploration under these more powerful
phylogenetic approaches.

78,80
’

Lokiarchaeia®. On the basis of the inferred origin of the eukaryotic
lineage between the last common ancestors of Heimdallarchaeia and
the Hodarchaeales, inferences of FECA were drawn from the recon-
structed gene content of these ancestors. Notably, multiple copies
of several cytoskeletal and membrane-trafficking proteins were
inferred in FECA in this way®. Various studies have revealed patchy
distributions of ESPs across Asgard archaeal genomes, in particular
of homologues of eukaryotic proteins involved in vesicular traffick-
ingand endosomalsorting®*, highlighted by homologues of adaptor
proteins and subunits of the retromer, Golgi-associated retrograde
protein (GARP), homotypic fusion and protein sorting (HOPS) and
class C core vacuole/endosome tethering (CORVET) complexes,
respectively. These patchily distributed ESPs were likely to be already
presentinthe Asgard archaeal lineage leading to FECA and lost or trans-
ferred multiple times among Asgard archaea, although these ESPs
could also have been acquired by stem eukaryotes via horizontal gene
transfer*s,

Although the metagenomic exploration of Asgard archaea and
subsequent analysis of their gene content provided new views on
the nature of FECA and the process of eukaryogenesis, the functional
roles of ESPs in Asgard archaeal cell biology are largely unknown.
As these ESPs have evolved independently of eukaryotes in diverse
Asgard archaeal groups for billions of years, insilico analyses alone are
insufficient to elucidate the extent of functional equivalence to their
eukaryotic counterparts. Asgard archaea are not easily cultured, let
alone genetically tractable, and therefore studies on Asgard archaeal
proteins and complexes depend on heterologous expressionin suitable



host organisms followed by in vitro characterization. Multiple ESPs
have been characterized using this approach in recent years.

Most Asgard archaea encode actinhomologues®****and actin-binding
proteins such as profilin and gelsolin®***, which together led to specula-
tions of adynamicactincytoskeletonin contemporary Asgard archaea.
The molecular characterization of Asgard archaeal profilinand gelsolin
have indeed demonstrated that they not only adopt a similar fold as
their eukaryotic counterparts but canalso performkey rolesin modu-
lating actin polymerization”~>’, Aside from actin, another structural
component of the cytoskeleton found in Asgard archaeal genomes—
although only identified in Odinarchaeiaso far—is tubulin*. However,
invitrothese Asgard tubulin homologues form curved protofilaments
that spiralaround other protofilamentsto formatubule, more resem-
bling the dynamics of the prokaryotic homologue FtsZ rather than
eukaryotic tubulin®.

The ESCRT systemis one of the major eukaryotic systemsinvolved in
membrane remodelling and endosomal sorting. Eukaryotes transport
ubiquitylated cargo with the concordant action of the highly conserved
ESCRT-1, ESCRT-II, ESCRT-IIl subcomplexes, and the ATPase Vps4°.
Homologues of ESCRT-IIl and Vps4, which execute the last step of mem-
brane fission, can be found in several archaea. However, only Asgard
archaea have been shown to possess additional components related
to ESCRT-1and ESCRT-Il subcomplexes®***%2, Recent experiments
suggest that Asgard archaeal ESCRT-1 and ESCRT-Il homologues are
indeed involved in ubiquitin-directed recruitment of ESCRT-III, as in
eukaryotes®?. Soluble N-ethylmaleimide-sensitive factor attachment
protein receptor (SNARE) proteins are key proteins in the critical last
step of vesicular transport—the fusion of the vesicle with its target
membrane. Homologues of SNARE proteins have been identified in
Heimdallarchaeia and were shown to form stable interactions with
eukaryotic SNARE proteins in vitro®.

Onthebasis of insilico analysis of gene content complemented with
invitrostudies, aglobal picture begins to emerge of Asgard archaeal cell
biology thatinvolves certain complex eukaryotic-like features, such as
adynamic cytoskeleton and vesicular trafficking functions. The cultiva-
tion of two closely related Lokiarchaeia representatives, ‘Candidatus
Prometheoarchaeum syntrophicum’ and ‘Candidatus Lokiarchaeum
ossiferum’, provided an important first glimpse into the physiology
and cell biology of extant Asgard archaea***°. Reminiscent of proposed
models for eukaryogenesis, these lokiarchaeial lineages live in anaero-
bic, syntrophic communities with bacteriaand other archaeathat utilize
their fermentation products. High-resolution microscopy analyses
revealed that their cells form small cocci with complex, sometimes
branched, membrane protrusions. While lacking robust evidence for
vesicular trafficking, ultrastructure analysis revealed anelaborate actin
cytoskeleton within the cell body and protrusions®. Together, these
findings sparked speculation of aninvolvement of such protrusionsin
the potential interaction with, and engulfment of, syntrophic bacteria
during eukaryogenesis***°. However, such speculations should be
made with caution. First, Lokiarchaeia are only distantly related to the
most likely sister clade of eukaryotes. Second, their genomes encode
adistinct subset of ESPs, and they have diverged from the last com-
mon ancestor of all Asgard archaea for probably more than two billion
years®'°", This makes it unlikely that all their cell biological features are
representative of FECA. Given their phylogenetic and genomic diversity
(Fig.1b), itisanticipated that successful cultivation efforts of additional
Asgard archaeal lineages will probably reveal diverse physiological and
cell biological features. For example, recent in situ imaging efforts of
lokiarchaeial and heimdallarchaeial cells extracted from marine sedi-
ments revealed spatial separation of genomic DNA and ribosomes, a
feature thus far not observed in cultured Lokiarchaeia®*. Ultimately,
an amalgamation of computational analyses and experimental work,
including ultrastructure imaging of diverse Asgard archaea isolates
and experimental characterization of ESPs, willbe needed to infer the
nature of FECA and to refine current eukaryogenesis models.

The endosymbiotic origin of mitochondria

Mitochondriaare membrane-bound organelles that aswellas havinga
centralrolein chemical energy generation, are involved in various pro-
cessesineukaryotic cells, including fatty acid and sterol biosynthesis,
Fe/S cluster biosynthesis, apoptosis and calcium homeostasis. Given
their central rolesin eukaryotic cell biology and the fact that allknown
eukaryotes have, or once had, mitochondria, the origin of mitochon-
dria (referred to as proto-mitochondriain stem eukaryotes) has been
acrucial event during eukaryogenesis. It is widely established that—
having evolved from once free-living bacteria—mitochondriahave an
endosymbiotic origin®®, Yet, the identity of the proto-mitochondrial
endosymbiont and the timing and nature of the symbiosis, including
the mechanism of acquisition, have been subject to ongoing debate.

Toinfer details about the nature of proto-mitochondrial symbiosis, it
isrequired totracetheidentity and physiology of the FMCA. In contrast
totherelatively recent discovery of Asgard archaea®*, the evolutionary
relationship of mitochondria with Alphaproteobacteria has beenrecog-
nized for several decades®”. Nonetheless, conflicting results have been
obtained throughout the years regarding the phylogenetic position
of mitochondria in the alphaproteobacterial tree®® 2, although most
past studies reported a common ancestry with Rickettsiales (Fig. 1c).
On the basis of this ‘Rickettsiales—sister’ topology, FMCA was even
inferred to have been an energy parasite”. As for the identification
of the archaea-related host lineage, obtaining a stable phylogenetic
placement of mitochondria has proved difficult owing to high rates
of sequence evolution and compositional bias of mitochondria and
several alphaproteobacterial clades (Box 2). Recent studies that aimed
toadequately address compositional heterogeneity and high sequence
divergence have recovered a deep phylogenetic position of mitochon-
dria outside Alphaproteobacteria, the ‘Alphaproteobacteria-sister’
topology”8°#, Although still challenged’#?, the Alphaproteobacteria-
sister relationship may be further corroborated upon the discovery of
alphaproteobacterial relatives from new metagenomic surveys. These
findings could help todrawaclearer picture of the nature of the FMCA,
which s currently hindered by the deep position of mitochondria as
sister group of Alphaproteobacteria, aphylogenetically diverse bacte-
rial class displaying a wide variety of lifestyles®.

As aresult of the changing inferences about the proposed iden-
tity and nature of both the host and endosymbiont, various hypoth-
eses have been proposed over the past decades to explain the initial
proto-mitochondrial endosymbiosis (reviewed in, for example,
ref. 84). Here we revisit syntrophic hypotheses that have been pro-
posed or revised upon the discovery of Asgard archaea. Inthe revised
hydrogen hypothesis®*®¢ and reverse flow hypothesis* the symbiosis
entailed the exchange of hydrogen and/or monocarboxylic organic
acids between the archaea-related host and the proto-mitochondrial
endosymbiont (Fig. 2a). Where in the hydrogen hypothesis the syn-
trophic interaction involved interspecies hydrogen transfer from
the proto-mitochondrial to the archaea-derived symbiont, the direc-
tion of electron and hydrogen transfer was opposite in the reverse
flow model. In the revised syntrophy hypothesis®”®® and entangle-
engulf-endogenize (E3) hypothesis**, a third symbiotic partner was
involved, a sulfate-reducing (deltaproteo)bacterium. Whereasin the
syntrophy hypothesis this bacterium was the host that first took up the
archaea-derived symbiont and later the proto-mitochondrial ancestor,
therole ofthe sulfate-reducing bacteriumin the E3 model was limited
to hydrogen scavenging in the initial tripartite symbiosis (Fig. 2a).

On the basis of a recent study that placed eukaryotes as a sister
group of the Hodarchaeales, FECA was inferred to have been a meso-
philic heterotroph®. Given the presence of several oxygen-dependent
enzymesin Heimdallarchaeia, including terminal oxidases, FECA may
have been able to occupy both anoxic and (micro)oxic niches and
perform aerobic respiration®*%°, At a minimum, the notion that all
Asgard archaea should be regarded as strict anaerobes is incorrect.
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the prokaryotic partners during eukaryogenesis. a, Symbiotic hypotheses
foreukaryogenesis. The playersinvolved are coloured on the basis of their
phylogenetic affiliation. AAs, amino acids. b, Hypotheses for the timing of
proto-mitochondrial symbiosis withrespect to the cellular complexity
ofthe hostand the transition to LECA. Differences between mito-late,

It opens the possibility that the proto-mitochondrial and archaea-
related symbionts interacted under (micro)oxic conditions, in line
with current data supporting that eukaryogenesis occurred during a
period of variable surface-water oxygenation of the Proterozoic era®.
Forreasonsoutlined above, thelifestyle of FMCA is less clear. According
tomost recent data, FMCA was most probably a free-living, facultative
anaerobic proteobacterium that may have had the capacity to perform
anoxygenic photosynthesis®.. Several studies have reconstructed a
diverse metabolicrepertoirein FMCA, including lipid, aminoacid and
energy metabolism®*®, Yet, whereas the aerobic respiration machinery
in mitochondria can be confidently traced back to FMCA®67389929% this
is not the case for the enzymes involved in anaerobic metabolism,
which are patchily distributed across diverse eukaryotes and generally
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Nucleus

mito-intermediate and mito-early hypothesesregarding the presence of an
endomembrane system, cytoskeleton and phagocytic capabilities in the host
areshown. By contrast, the cellular complexity of LECA with, among other
features, anucleus, endoplasmic reticulum (ER), Golgi apparatus, lysosome,
cytoplasmic vesicles, mitochondria, actin-based and tubulin-based
cytoskeleton, cilium and phagocytosisis widely agreed upon.

do not show an alphaproteobacterial ancestry®®**%, The continuing
presence of oxygen-dependent metabolism in proto-mitochondria
makes prolonged anoxic conditions during eukaryogenesis unlikely®®
(butseeref.90), suggesting that, at least after the proto-mitochondrial
endosymbiosis, stem eukaryotes predominantly inhabited (micro)
oxicenvironments.

Severalmechanismshavebeen proposed for the proto-mitochondrial
acquisition by the host cell. The best known is phagocytosis, in which
the proto-mitochondrial symbiont was engulfed and retained as
some indigested or farmed prey®” ?. Alternatively, a slower engulf-
ment process has been proposed in which host protrusions gradu-
ally entangled or entrapped the proto-mitochondrial symbiont*+1°°,
Recent studies'®'° have questioned the generally accepted phagocytic



nature of LECA™'®, However, the inferred age of Legionellales, a clade
of otherwise obligate intracellular bacteria infecting eukaryotes via
the phagocytic route, supports a pre-LECA origin of phagocytosis'®.
Despite arguments that phagocytosisis only energetically favourable
in the presence of mitochondria and requires the full complexity of a
eukaryotic cell’®, mitochondria-lacking (amitochondriate) eukary-
otes are capable of phagocytosis'® and at least one prokaryote, the
planctomycete bacterium ‘Candidatus Uabimicrobium amorphum’,
can engulf other cells by a phagocytosis-like mechanism'”. The latter
exampleisanotable case of convergent evolution since no homologues
of eukaryotic phagocytosis-related genes have been detected in its
genome, with the notable exception of anactin homologue, which was
possibly acquired from an Asgard archaeon®*'?. Thus, even though
Asgard archaeado not seem to encode most genes that eukaryotes use
for phagocytosis'®, it currently cannot be excluded that the host cell
utilized membrane-deformation-dependent mechanisms to capture
or entrap the proto-mitochondrion.

The timing and role of endosymbiosis

In addition to the identity and nature of the endosymbiont and host,
therelative timing of the symbiosisis a hotly debated topic. Depending
onthelevel of cellular complexity of the host cell, different scenarios
have been proposed (Fig. 2b). According to the mito-early scenario,
the host that took up the proto-mitochondrial symbiont resembled
atypical archaeon (that is, it lacked complex cellular features), and
the symbiosis was the key event that triggered the emergence of
the complex features characteristic of eukaryotic cells. The origi-
nal hydrogen hypothesis® is an archetypical mito-early example. By
contrast, mito-late scenarios posit that the host cell was an amito-
chondriate cell reminiscent of present-day eukaryotic cells in terms
of complexity. The Archezoa hypothesis'®, based on the alleged
existence of several deep-branching amitochondriate protist groups,
represents a mito-late model. However, owing to the discovery of
mitochondria-derived genes, suggesting secondary loss of mitochon-
driain these protists, and their phylogenetic re-classification, sup-
port for this hypothesis has become negligible!®. On the basis of the
presence of ESPsin Asgard archaeal genomes potentially involved in
eukaryote-like membrane biology, a third, mito-intermediate scenario
was proposed in which the archaea-related host displayed a certain—
albeitlimited—degree of eukaryote-like cellular complexity prior to the
proto-mitochondrial endosymbiosis™. Although initial characteriza-
tion of the first cultured Asgard archaea revealed intriguing cellular
biological features, so far there is alack of compelling evidence for
intracellular complexity in Asgard archaea, leaving the debate open
for the moment.

Mito-early proponents have argued that the absence of prokaryotes
that evolved eukaryote-like complexity is paramount evidence for
acritical role of mitochondria. The proto-mitochondria with inter-
nal respiratory membranes controlled by their own genomes have
been proposed to have released stem eukaryotes from bioenergetic
constraints, enabling them to become larger*"?, An increase in
proto-mitochondrial copy number, coupled to a reduction in size of
itsgenomes, would have enabled the nuclear genome to expand by the
surplus of available energy. This reasoning, and the underlying bioen-
ergeticassumptions, have been challenged by others and has sparked
an ongoing debate'*®"™%, For example, recent studies have argued
that prokaryotes should, in principle, be able to achieve eukaryote-like
cell volumes and genome sizes'°*'?, Indeed, larger cell volumes are
possible without mitochondria, as observed in giant bacteria®? and
the recently discovered phagocytic planctomycete bacterium with a
considerable cell size'” (up to 10 um). Furthermore, prokaryotic cel-
lular compartmentationisillustrated by organelles that are surrounded
by alipid bilayer, such as thylakoids, magnetosomes and anammox-
osomes'??, and other internal membrane structures?>?*2¢ Thus, the

evolution of complex eukaryote-like features does not necessarily
require mitochondria.

Several studies have used phylogenetic analyses to assess the relative
timing of genetic influxes during eukaryogenesis**'?. A considerable
influx of bacterial genes was inferred before the proto-mitochondrial
endosymbiosis'”, which has sparked renewed interest in the serial
endosymbiosis theory, asthese early bacterial contributions might have
been the result of pre-mitochondrial (endo)symbioses'?. A later study
that additionally analysed gene duplications inferred that, besides
this early influx of bacterial genes, a first wave of gene duplications
expanded the genome of stem eukaryotes during early stages of eukar-
yogenesis, enabling the emergence of amore complex eukaryote-like
cell with a dynamic cytoskeleton and membrane trafficking**. Some
ofthese early duplicated genes have beeninferred to containintrons,
suggesting the early presence of a proto-nuclear structure separating
transcription from translation'?’, A second wave of gene duplications
following the proto-mitochondrial acquisition has been suggested to
haveresultedinthe evolution of amore sophisticated endomembrane
system and moreintricate systems for cell signalling and gene expres-
sion**. Further development and validation of these timing methods
couldimprove the obtained time estimates of pre-LECA events!7130131,

Together, the above arguments, combined with the observed genetic
potential for cellular complexity in Asgard archaea, suggest that stem
eukaryotes had evolved some cellular complexity prior to, and inde-
pendent of, the acquisition of the proto-mitochondrial symbiont,
lending support for mito-intermediate scenarios of eukaryogenesis.

Genomicinnovation from FECA to LECA

Theinnate complex nature of modern eukaryotic cells is shaped by an
extensive protein repertoire encoded by their large genomes. In con-
trast to earlier studies indicating arelatively limited size'®'*?, the LECA
genome was inferred to have encoded well over 10,000 genesin arecent
study®*. The inferred gene content of the heimdallarchaeial ances-
tor (around 4,000 genes®) from which the eukaryotic lineage is likely
to have emerged, though relatively large compared to that of other
archaea, is still considerably smaller than that of LECA. The abundance
of genomic novelty acquired by stem eukaryotes is the result of several
evolutionary mechanisms that jointly contributed to the emergence
of eukaryotic complexity (Fig. 3). The best characterized mechanism
istheinflux of genes via the proto-mitochondrial endosymbiosis. The
endosymbiontlost most of its gene content, but genes involvedin pro-
teinsynthesis, Fe/S cluster biosynthesis and metabolism (in particular
aerobic respiration®'**) were retained and often transferred to the
nuclear genome in a process known as endosymbiotic gene transfer'>*,
Theevolved dependency of stem eukaryotes on proto-mitochondrial
Fe/S cluster biosynthesis is especially remarkable, as a complete loss
of the organelle has only occurred when mitochondrial Fe/S cluster
biosynthesis was replaced by acytosolic systemacquired via horizontal
gene transfer®, Whereas some of these proto-mitochondrial genes
retained their original function within the mitochondrion, others were
repurposed to operate in other pathways or organelles, such asin the
peroxisome™,

FECA and the proto-mitochondrial symbiont are unlikely to have
been the only contributing lineages to the genome content of LECA:
the eukaryotic stem lineage was also imbued with genes from other
prokaryotes®*'#”'*” and viruses"® (but see ref.139). Nonetheless, we lack a
complete picture of theidentity of the donating lineages, as well as how
andwhen stem eukaryotes acquired these genes. This is most probably
owing to pervasive horizontal gene transfer among prokaryotes and
insufficient phylogenetic signal that is needed to trace the evolution-
ary history of these proteins. A prime example is represented by the
genesinvolvedineukaryotic fatty acid biosynthesis. Whereas eukary-
otic membranes contain bacterial-type, fatty acid-based lipids, FECA
isinferred to have had archaeal, isoprenoid-based lipids. It has been
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proto-mitochondrial genes upon endosymbiosis. The timing estimates of

proposed that eukaryotes obtained their fatty acid lipid biosynthesis
genes from the mitochondrial ancestor*®, yet none of these genes show
aclear alphaproteobacterial provenance'. More generally, given the
magnitude and predominantly pre-mitochondrial origin of genes that
were acquired during eukaryogenesis®*'?, it seems unlikely that most
ofthese genes were ultimately derived from the proto-mitochondrial
endosymbiosis.

In addition to horizontal and endosymbiotic acquisition, genome
expansion during eukaryogenesis has long been recognized to have
encompassed many gene duplication events, accounting for almosta
doubling of the genome content’®>*, Genes of Asgard archaeal origin
were shown to have duplicated particularly frequently**. These genes
often function in processes that are regularly affected by gene dupli-
cations, such as cell-shape formation and intracellular trafficking>*.
Gene duplications increased the complexity of eukaryotic cellular
machineries, such as observed in the proteasome'*?, spliceosome'?,
kinetochore!* or microtubules'. Such complexity is sometimes associ-
ated with functional novelty, but it may also result from non-adaptive
mutations making proteinsinterdependentin aratchet-like, irrevers-
ible process™¢. Additionally, many proto-eukaryotic paralogues operate
in different eukaryotic machineries or processes, such as in different
compartments of the endomembrane system, where duplication and
subsequent divergence of multiple gene families may have contributed
to the emergence of different organelles™”*8,

Truly novel eukaryotic genes that originated de novo through
gene genesis from non-coding DNA are arguably the most enigmatic.
Previous work indicated that a substantial fraction—22% to 40%—of
LECA genes**** do not exhibit discernible homology to prokaryotic
sequences. Some of these seemingly de novo LECA genes may in fact
have prokaryotic homologues—for example, because these homo-
logues are not represented in currently available genomes or because
they are too divergent from the eukaryotic sequences to detect them
ashomologues. Using recently developed protein structure prediction
and comparison algorithms***>°, homology with prokaryotic proteins
may eventually be detected, which will narrow down the extent of true
eukaryotic novelty.

In addition to gene-level innovation, much of the genetic innova-
tionin eukaryotes occurred within genes, giving rise to novel protein
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denovo geneinventions correspond to a minimal estimate of their age based
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total number of genesinthe composite genome, including only those genes
that werestill presentin LECA. The loss of proto-mitochondrial and FECA
genesbefore LECA cannotbe timed. EGT, endosymbiotic gene transfer; HGT,
horizontal gene transfer.

products—for example, through domain rearrangements and duplica-
tions, extreme sequence divergence and the acquisition of coiled-coil
and intrinsically disordered regions™***"} Suchinnovations may have
been facilitated by the emergence of meiosis™* ¢ and the establish-
ment of spliceosomal introns'%8, Although the overall scale and impact
oftheseinnovations and their underlying mechanisms during eukaryo-
genesis are not yet well understood, they are known to have had impor-
tantrolesin other evolutionary transitions, such as the emergence of
animals™®'°, Furthermore, a specific type of domain rearrangement,
between domains of archaeal and of bacterial origin, has been proposed
to have enhanced the evolution of eukaryotic information-processing
machineries, whichmight have contributed to extensive crosstalk and
more efficient functional interactions between proteins of different
evolutionary origins'. In sum, it is becoming increasingly clear that
eukaryotic stem lineages contained an expanded genomic content
and were genetically diverse and dynamic. Future studies will reveal
whether some of the processes underlying the emergence of genomic
novelty and complexity were already established in Asgard lineages
before FECAS*,

Conclusions and future perspective

The metagenomic exploration of Earth’s prokaryotic diversity, com-
bined with the development of powerful computational approachesto
analyse large amounts of genome data, has deeply impacted the field
of eukaryogenesis in the past decade. The discovery of an extended
diversity of archaeal, including Asgard archaea, and bacterial lineages
provided several new insights and hypotheses about the identity and
nature of the symbionts involved, as well as the symbiotic interaction
that drove them together. Of particular interest are efforts to bring
members of the Asgard archaeainto culture. The recent successful cul-
tivation of two Lokiarchaeia-related lineages revealed afirst glimpse of
their unique cellular ultrastructure, with membrane protrusions facili-
tated by aeukaryote-like actin cytoskeleton. Future cultivation efforts
of aphylogenetically diverse set of Asgard lineages, including those
more closely related to eukaryotes, such as the Hodarchaeales, might
reveal additional clues about the cellular and physiological features
of FECA. Given the significant time gap of more than two billion years



estimated between FECA and present-day Asgard lineages'®", however,
inferring details about the process of eukaryogenesis should be guided
by anevolutionary framework. Several computational studies utilizing
such astrategy have started to provide anincreased resolution about
the order and timing of the key events that shaped the complex nature
of eukaryotic cells®>**?, These approaches enable multiple aspects of
eukaryogenesis hypotheses to be scrutinized, although the lack of dis-
tinct nodes in phylogenetic trees for the host and proto-mitochondrial
endosymbiont complicates their direct testing”. The development of
new, sophisticated tools to analyse the growing amounts of molecular
sequence and protein structure data more efficiently will undoubt-
edly help to move the eukaryogenesis field forward. Concerted efforts
of studies implementing such tools, combined with those utilizing
cultivation-based approaches, will certainly reveal new, exciting pieces
of the eukaryogenesis puzzle in the coming decade.
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