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Abstract. Eukaryogenesis represented a major evolutionary transition that led to the emergence of
complex cells from simpler ancestors. For several decades, the most accepted scenario involved the
evolution of an independent lineage of proto-eukaryotes endowed with an endomembrane system,
including a nuclear compartment, a developed cytoskeleton and phagocytosis, which engulfed the
alphaproteobacterial ancestor of mitochondria. However, the recent discovery by metagenomic and
cultural approaches of Asgard archaea, which harbour many genes in common with eukaryotes and
are their closest relatives in phylogenomic trees, rather supports scenarios based on the symbiosis of
one Asgard-like archaeon and one or more bacteria at the origin of the eukaryotic cell. Here, we review
the recent discoveries that led to this conceptual shift, briefly evoking current models of eukaryoge-
nesis and the challenges ahead to discriminate between them and to establish a detailed, plausible
scenario that accounts for the evolution of eukaryotic traits from those of their prokaryotic ancestors.

Résumé. L’eucaryogenèse représente une transition évolutive majeure qui a conduit à l’émergence
de cellules complexes à partir d’ancêtres plus simples. Pendant plusieurs décennies, le scénario
le plus accepté impliquait l’évolution d’une lignée indépendante de proto-eucaryotes dotée d’un
système endomembranaire, comprenant un compartiment nucléaire, un cytosquelette développé et
la phagocytose, qui aurait permis d’incorporer l’ancêtre alphaprotéobactérien des mitochondries.
Cependant, la découverte récente par des approches métagénomiques et culturales des archées
Asgard, qui partagent de nombreux gènes avec les eucaryotes et sont leurs plus proches parents dans
des arbres phylogénomiques, soutient plutôt les scénarios basés sur la symbiose d’une archée de
type Asgard et d’une ou plusieurs bactéries à l’origine de la cellule eucaryote. Nous passons ici en
revue les découvertes récentes qui ont conduit à ce changement conceptuel, en évoquant brièvement
les modèles actuels d’eucaryogenèse, et les défis pour discriminer entre ces derniers et établir un
scénario plausible détaillé qui rende compte de l’évolution des traits eucaryotes à partir de ceux de
leurs ancêtres procaryotes.

Keywords. Eukaryogenesis, Symbiogenesis, Symbiosis, Syntrophy, Mitochondria, Nucleus, Asgard
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1. Introduction

The origin of the eukaryotic cell, eukaryogenesis,
represents a major evolutionary transition (“in in-
dividuality”), together with the origins of life and
of complex multicellular organisms [1, 2]. Eukaryo-
genesis resulted in a significant increase of aver-
age cell complexity as compared to generally sim-
pler, prokaryotic, cells. This process was followed by
a rapid and wide diversification of lineages. Most
extant eukaryotic diversity corresponds to unicellu-
lar organisms, generally called protists, but several
lineages include multicellular organisms with more
or less specialised tissues, such as animals, plants,
fungi or kelp, among others [3–5] (Figure 1). This phy-
logenetic radiation was accompanied by the adop-
tion of different life strategies. Although most eu-
karyotes are phagotrophic organisms that can engulf
smaller prey, some of them acquired photosynthe-
sis and yet others, such as fungi or oomycetes (Stra-
menopiles), became osmotrophic and, often, para-
sitic, secreting enzymes for the extracellular diges-
tion of complex molecules [3, 4]. Through these dif-
ferent lifestyles, and having in general bigger cells,
eukaryotes colonised brand new ecological niches,
and contributed to increasing the complexity of
trophic networks in ecosystems [6, 7].

In contrast to complex multicellularity, which
emerged independently several times among eu-
karyotes [3, 5], the origin of the eukaryotic cell was
unique, i.e. it occurred only once during the evolu-
tion of life on Earth. Although the root of the eukary-
otic tree remains to be robustly placed [5] (Figure 1),
molecular phylogenetic analyses show that all extant
eukaryotes form a monophyletic group in the tree
of life [8], and share a same last eukaryotic common
ancestor (LECA) [9, 10]. Comparative genomics al-
lows to infer an already quite complex LECA, which
looked pretty much like a modern eukaryote. With
far more than 5000 genes [9], LECA already had high
metabolic flexibility and complexity, possessing a
developed cytoskeleton and an endomembrane sys-
tem with a nucleus and nuclear pores, a complex
trafficking network (Golgi apparatus, endosomes,
etc.), an endoplasmic reticulum, and endo- and ex-
ocytic pathways. LECA was also endowed with flag-
ella, ubiquitin signalling and proteasomes, an intron
splicing system, RNA interference, mitosis and cy-
tokinesis, and most likely meiosis and sex [9, 11].

LECA also possessed mitochondria [12]. Although
some eukaryotic lineages including Microsporidia
and diplomonads (then referred to as Archezoa) were
initially thought to be truly amitochondriate and ap-
peared to branch deeply in the eukaryotic tree [13],
they were subsequently shown to have mitochon-
drial derivatives and branch within other eukaryotic
clades with more robust methods of phylogenetic in-
ference [12,14]. Consequently, LECA was in all points
comparable to modern eukaryotes.

How did the complex eukaryotic cell originate?
In this short, far from exhaustive, review, we will
briefly examine how early ideas on eukaryogenesis,
which were largely based on autogenetic processes,
transformed over time to increasingly recognise the
crucial role of microbial symbiosis and have now
become openly symbiogenetic. We will discuss the
impact that the discovery of a particular group of
prokaryotes, the Asgard archaea, had in this concep-
tual shift. Finally, we will comment on current chal-
lenges to discriminate between existing eukaryoge-
netic models and build a consensual detailed model
of eukaryogenesis.

2. Early ideas on the origin of eukaryotes

2.1. From autogenous models to a three primary
domain view

The discovery and study of microbial life has al-
ways been linked to the development of technolog-
ical tools, the first of which was, obviously, the mi-
croscope. Since Antonie van Leeuwenhoek’s times,
progress in optical microscopy had led to distinguish
different microbial forms, which incidentally helped
Ernst Haeckel to reconstruct the first universal phy-
logenetic tree based on morphological traits [15].
Photonic microscopy allowed to distinguish two very
broad types of cells, one cell type with rather sim-
ple morphology and usually small size (generically
called bacteria) and another type with typically larger
size and widely diverse, sometimes decorated, forms
(including notably protozoa and microalgae). In the
first decades of the twentieth century, electron mi-
croscopy allowed to show that those two cell kinds
were underlain by distinct ultrastructure. In 1937,
Chatton coined the terms prokaryotic and eukary-
otic for them [16], albeit the final delimitation of
prokaryotes and eukaryotes dates only from the
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Figure 1. Scheme of the tree of eukaryotes showing the phylogenetic relationships among major eu-
karyotic groups and supergroups. Eukaryotic supergroups (indicated by different colors) usually encom-
pass many different phyla and represent major ancestral splits in the eukaryotic tree. Drawings illus-
trate examples of the type of organisms included in the corresponding taxa. The vast majority of eu-
karyotic diversity correspond to unicellular, mostly flagellated and heterotrophic, protists. Eukaryotic
photosynthesis evolved by the endosymbiosis of the cyanobacterial ancestor of plastids at the onset of
Archeplastida, which are primarily photosynthetic, and subsequently spread to other lineages by sec-
ondary endosymbiosis. Clades including photosynthetic members with primary plastids (directly de-
rived from their common cyanobacterial ancestor) and secondary plastids (derived from endosymbi-
otic red or green algae) are indicated by colored circles. Groups comprising complex multicellular lin-
eages are also indicated: Opisthokonta comprise animals, fungi and their unicellular relatives; Chloro-
plastida, green algae and plants; Rhodophyta, red algae; and Stramenopiles, brown algae and many uni-
cellular photosynthetic and heterotrophic lineages. The rest of the groups comprise mostly unicellular
lineages (or possessing simple filamentous or colonial multicellularity). The classical supergroup “Ex-
cavates” may not be monophyletic; it comprises the Discoba (including the photosynthetic euglenids
and diverse heterotrophic protists) and Metamonada (including well-known parasites, such as Giardia
and Trichomonas spp. and several free-living anaerobic protists). The “CRuMs” is a relatively recently
established clade that includes several heterotrophic flagellated protists often displaying filopodia. The
Amorphea include, in addition to the well-known Opisthokonta, the Amoebozoa (classical amoeba), the
heterotrophic flagellated apusomonads and the anaerobic/microaerophilic amoeboflagellated breviates.
In addition to green algae and plants (Chloroplastida) and red algae (Rhodophyta), Archaeplastida in-
clude glaucophyte algae, which encompass a handful of low-abundance species found in freshwater
ecosystems. Cryptista group the photosynthetic cryptophyte algae as well as heterotrophic flagellates.
Haptista is a recently recognized clade that encompass centrohelid heliozoans and haptophyte algae,
some of which, such as Emiliania huxleyii, have calcifying exoskeletons and are abundant in oceans. The
TSAR supergroup includes telonemid flagellates and the classically recognized SAR clade: Rhizaria (ra-
diolarians, foraminiferans, cercozoans—including some photosynthetic species—, and related lineages),
Stramenopiles (widely diverse lineages of heterotrophic nanoflagellates but also of unicellular—diatoms,
golden algae, bolidophytes—and multicellular—phaeophytes or brown algae—algae) and Alveolata (cil-
iates, photosynthetic and heterotrophic dinoflagellates, and related lineages). The position of the root of
the eukaryotic tree is not reliably known (indicated by a multifurcation at the base of the tree).
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1960s [17, 18]. The defining feature of eukaryotes
was the nucleus (etymologically from the Greek eu,
true, good, and κάρυoν, core, kernel). In eukaryotes,
DNA replication and transcription occur in the nu-
cleus while translation occurs in the cytoplasm; by
contrast, in many prokaryotic cells transcription and
translation are often coupled, i.e. protein synthesis
can start as mRNA is being synthesized.

Under this dichotomy of cell structural types,
most early models envisaged that eukaryotic cells
evolved from prokaryotic cells (bacteria) by a pro-
cess of complexification. This process would be au-
togenous, i.e. involving the development of already
existing elements or the evolution of new ones in
an originally prokaryotic cell. One example of such
models is that proposed by Tom Cavalier-Smith in
1975, whereby not only the endomembrane sys-
tem and the nucleus, but also membranous or-
ganelles such as mitochondria and plastids, would
derive from thylakoids in a cyanobacterial-like an-
cestor of eukaryotes [19]. Much less popular, the
idea that prokaryotes evolved by reduction of a
eukaryotic-like ancestor of extant life was also pro-
posed [20–22]. However, this option left the puta-
tive origin of eukaryotic-level complexity from pre-
cellular systems fully unexplained. The initial auto-
genous bacteria-to-eukaryote transition models ap-
peared linear (Figure 2A), but were soon to be chal-
lenged by the discovery of a so-far overlooked group
of organisms, the archaea, and its impact on the tree
of life.

The discovery of archaea was a consequence of
the so-called “molecular revolution” that took place
during the second half of the twentieth century and
has not ceased to develop until today. Any biological
classification system must be based on phylogenetic
relatedness. Based on morphological standards, bac-
terial species were difficult or impossible to distin-
guish from one another, and for a long time microbi-
ologists used numerical taxonomy relying on various
phenotypic traits of cultured clonal species. However,
these traits do not allow the establishment of evolu-
tionary relationships among bacterial taxa, such that
Roger Stanier and collaborators pessimistically con-
cluded in 1963 that “the ultimate scientific goal of bi-
ological classification cannot be achieved in the case
of bacteria” [23]. Fortunately, at about that time, it
became clear that evolutionary information could be
stored in the nucleotide or amino acid sequence of

Figure 2. Evolution of concepts about eu-
karyogenesis. (A) Early models whereby eu-
karyotes would result from the complexifica-
tion of simpler bacteria. (B) Models based
on the existence of three primary domains
whereby eukaryotes would derive from a proto-
eukaryotic lineage sister to archaea that devel-
oped complex features, including the nucleus,
endomembranes and phagocytosis, prior to the
late acquisition of the alphaproteobacterial an-
cestor of mitochondria. (C) Current favored
models whereby eukaryotes derive from the
symbiotic merging of one Asgard-related ar-
chaeon and one or more (dotted line) bacterial
partners. In this view, only archaea and bacteria
are primary domains; eukaryotes form a third,
but secondary, domain of life.

biological polymers [24], paving the way for the de-
velopment of molecular phylogeny. Based on this
and with the aim of establishing a natural phy-
logenetic classification of all extant life, includ-
ing bacteria, Woese and colleagues were the first
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to use conserved molecular markers (small sub-
unit rRNA) to reconstruct a universal phylogenetic
tree [25, 26]. Surprisingly, a clade of bacteria-looking
organisms, which mostly thrived in extreme environ-
ments (hot and/or acidic springs, solar salterns) or
were methanogenic, segregated from both classical
bacteria and eukaryotes. This clade was first called
Archaebacteria [25] before the official definition of
this group as a third domain of life, the Archaea, to-
gether with those of Bacteria and Eucarya [26]. The
discovery of archaea posed a new problem for the
origin of the eukaryotic cell, as now there were two
structural cell types but three different phylogenetic
domains of life. Where did eukaryotes come from?

Interestingly, in the first rooted universal phylo-
genetic trees, archaea appeared as sisters to eukary-
otes [26–28]. Some authors even found a higher sim-
ilarity of some archaea to eukaryotes based on ribo-
some comparisons [29]. Furthermore, this sister re-
lationship was consistent with the progressive reali-
sation that archaeal “informational” genes and pro-
cesses, i.e. involved in DNA replication and repair,
transcription and translation, resembled more (or
only) their eukaryotic counterparts [30, 31]. Accord-
ingly, the scenario that emerged and has been main-
stream until recent years, postulated that eukary-
otes evolved from a third proto-eukaryotic lineage
that shared a more recent common ancestor with ar-
chaea (Figure 2B). This third primary lineage would
have developed all typical eukaryotic features ex-
cept for the mitochondrion, including an endomem-
brane system, the nucleus, a developed cytoskele-
ton and, notably, phagocytosis [32, 33]. Phagocyto-
sis would have been crucial for the acquisition of the
mitochondrial ancestor, which was shown around
the same time to derive from ancient endosymbiotic
bacteria.

2.2. The symbiotic origin of mitochondria and
plastids

The idea that some membranous organelles in
eukaryotes evolved from endosymbiotic bacteria
dates back to the early twentieth century. In 1905,
Konstantin Mereschkowsky suggested that plas-
tids derived from “blue-green algae” (Cyanobacte-
ria) [34, 35] and in 1927, Wallin proposed that mito-
chondria derived from purple bacteria (Alphapro-
teobacteria) [36]. However, those ideas remained

controversial and faded away from stage until 1967,
when Lynn Margulis (then known as Lynn Sagan)
popularised them again [37], making a case for the
importance of symbiosis in eukaryotic evolution [38].
Mitochondria and plastids did not form de novo, but
divided from existing organelles and bore features
that might as well be remnants of a previous free-
living bacterial stage, such as their own genome and
bacterial-like ribosomes [37]. The definitive demon-
stration of a bacterial origin for these organelles
came from molecular phylogenetic analyses of or-
ganellar genes (coxI, rbcL), which unambiguously
placed mitochondria as sister to Alphaproteobacte-
ria and chloroplasts as sister to Cyanobacteria [39].

The cyanobacterial endosymbiosis at the origin
of plastids had major evolutionary and ecological
consequences, as it led to the evolution of pho-
tosynthetic eukaryotes. The primary endosymbiosis
with the plastid ancestor was shown to be unique
and gave rise to the Archaeplastida, which encom-
passes three major clades: glaucophyte algae, red al-
gae, and green algae and land plants [40, 41]. Sub-
sequently, secondary (and even tertiary) endosym-
bioses of red and green algae within a not yet fully es-
tablished number of heterotrophic eukaryotic hosts
gave rise to additional lineages of photosynthetic eu-
karyotes [3,42,43] (Figure 1). For a long time, the spe-
cific cyanobacterial lineage at the origin of the plas-
tids remained elusive. However, it has recently been
shown that the plastid ancestor was related to the
newly discovered clade of the Gloeomargaritales [44,
45]. This cyanobacterial order encompasses unicel-
lular species thriving exclusively in freshwater or ter-
restrial ecosystems, with a marked preference for hot
springs, which suggests that eukaryotic photosynthe-
sis evolved in continental systems [44, 46]. A second
independent event of primary endosymbiosis lead-
ing to a stable symbiosis with a high level of integra-
tion, albeit not as achieved as that of plastids, is also
known. It involved a member of the Synechococcus–
Prochlorococcus clade within a testate amoeba of the
genus Paulinella [47].

Like in the case of plastids, with time and more
mitochondrial sequences from diverse eukaryotes, it
soon appeared clear that mitochondria were mono-
phyletic and descended from a unique mitochon-
drial ancestor related to Alphaproteobacteria, al-
ready present in LECA and likely a facultative aer-
obe [12]. The transition from free-living bacterium
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to organelle involved, like in plastids, the transfer of
many genes to the eukaryotic nuclear genome and
the implementation of targeting pathways for the im-
port of host-produced products into the mitochon-
drion [48]. This reductive process was more drastic
in anaerobic protists, where mitochondria lost aero-
bic respiration, and in some parasitic lineages, which
completely lost the mitochondrial genome and re-
tained only minimal functions, notably iron–sulphur
cluster assembly [49, 50]. The alphaproteobacterial
lineage at the origin of mitochondria remains elusive.
Although affinities with the Rickettsiales, which no-
tably encompass intracellular parasitic bacteria, and
the marine Pelagibacterales were proposed, they re-
sulted from phylogenetic reconstruction artefacts in-
duced by a similar convergent compositional bias,
namely high AT-rich genomes. More robust analy-
ses, including a better taxonomic sampling and more
accurate methods of phylogenetic reconstruction,
currently place mitochondria out of the known al-
phaproteobacterial lineages [51, 52].

2.3. Early symbiogenetic models of the eukaryotic
cell

For the last part of the twentieth century and un-
til recently, the prevailing scenario of eukaryogene-
sis invoked a third proto-eukaryotic lineage sister to
archaea that, at some point, acquired mitochondria
by endosymbiosis. However, several models started
to question the existence of such a primary lineage
for which direct evidence was lacking, especially af-
ter the realization that LECA already possessed mito-
chondria [12,32]. Instead, they proposed that eukary-
otes evolved from a symbiosis directly established
between archaea and bacteria (Figure 2C).

The first detailed symbiogenetic scenario of eu-
karyogenesis was the Serial Endosymbiotic The-
ory proposed by Margulis [37, 53, 54]. She did not
only propose that mitochondria and plastids de-
rived from ancient endosymbiotic bacteria, but that
the host that acquired those endosymbionts also
evolved from a symbiotic event. The latter would
have involved a wall-less, Thermoplasma-like, ar-
chaeon and spirochetes, which would have originally
established a symbiosis by oxidising sulphide to sul-
phur required by the host [55] before evolving into
eukaryotic flagella [37, 53, 54]. By contrast, Margulis
thought that the nucleus, which Mereschkowsky

believed of endosymbiotic origin as well [35], evolved
autogenously [56]. Nonetheless, structural and phy-
logenetic evidence pointing to a symbiotic origin
of eukaryotic flagella was missing, and apart from
the idea of a symbiotic origin for the eukaryotic cell,
Margulis’ hypothesis never became widely accepted.

In the decade of the 1990s, as knowledge of the
biochemistry and molecular biology of archaea pro-
gressed, several models postulating a symbiotic ori-
gin of eukaryotes involving archaea and bacteria
were proposed independently. Some of them did
not put forward any particular mechanism, but re-
lied on increasing evidence showing a chimeric na-
ture of eukaryotes [57, 58]. Indeed, while eukaryotic
informational processes are archaeal-like, the cell
bioenergetics (the so-called “operational” genes) [30]
and also the membrane phospholipids are bacterial-
like [58, 59]. A few models proposed that metabolic
symbiosis, or syntrophy, was the basis of the eukaryo-
genetic symbiosis [60]. One of them was put for-
ward by D. Searcy, who suggested that eukaryotes
derived from a sulphur-dependent Thermoplasma-
like archaeon that would have incorporated a fac-
ultative anaerobic alphaproteobacterium able to ox-
idise sulphide to sulphur [61]. Two other models
were more detailed: the Syntrophy and the Hydrogen
hypotheses.

The Hydrogen hypothesis, by Martin and
Müller, postulated that eukaryotes evolved from
a methanogenic archaeon and an endosymbiotic
and facultatively anaerobic alphaproteobacterium
that would ferment organics in anoxic conditions
(required for methanogenesis), liberating hydro-
gen that would serve for the reduction of CO2 to
CH4 by the archaeal host [62]. The Syntrophy hy-
pothesis, which we first proposed in 1998 [63] and
refined in 2006 [64], invoked three symbiotic part-
ners. First, a symbiosis based on interspecies hy-
drogen transfer established between an endosym-
biotic methanogenic archaeon within a complex,
myxobacterial-like, fermentative deltaproteobac-
terium, the host. A second endosymbiosis involving
a metabolically flexible alphaproteobacterium, fac-
ultatively aerobic but also methanotrophic, would
allow recycling methane within the symbiotic con-
sortium and led to the evolution of the mitochon-
drion. This model had strong roots in microbial
ecology, being based on widespread microbial
interactions in anoxic settings [65]. Searcy’s model
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and the Hydrogen hypothesis converged in the pro-
posal that the mitochondrial endosymbiosis and the
origin of the eukaryotic cell were one and the same.
The Hydrogen and Syntrophy models converged in
proposing a similar metabolic basis (interspecies
hydrogen transfer) for the eukaryogenetic symbiosis,
but clearly differed in the number of symbiotic part-
ners, the specific mechanism of eukaryogenesis and
the selective forces put forward for the evolution of
the eukaryotic nucleus.

Despite increasing support from phylogenomic
data for the existence of only two primary domains,
bacteria and archaea, instead of three [66, 67], which
indirectly supported symbiogenetic models, these re-
mained less popular than the mainstream, three-
domain-based scenario whereby eukaryotes evolved
from an independent proto-eukaryotic lineage sis-
ter to archaea. This prevalent idea changed radically
with the discovery of Asgard archaea.

3. Shifting views on eukaryogenesis

3.1. Exploring the microbial world: Asgard ar-
chaea

The “molecular revolution” that started in the second
half of the twentieth century did not only allow to
infer universal phylogenetic trees but had additional,
far-reaching implications for the study of microbial
diversity, function and evolution in natural ecosys-
tems. Although only a tiny fraction of microorgan-
isms in the wild can be successfully cultured and
studied in the laboratory, the study of genes and
genomes directly from environmental samples has
become fundamental to access information about
this microbial “dark matter”. For many years, 16S and
18S rRNA gene amplicon sequencing has allowed the
characterisation of prokaryotic and eukaryotic diver-
sity in natural microbial communities, leading to the
establishment of large curated reference databases
containing many thousand sequences [68, 69]. While
extremely useful to explore community compo-
sition over space and time, single-gene metabar-
coding studies do not allow functional inferences
based on protein-coding genes. For this, the devel-
opment of high-throughput sequencing techniques
and bioinformatic tools, with the possibility to gen-
erate metagenomes and metagenome-assembled
genomes (MAGs), has become widespread and, to-
gether with single-cell genomics, is allowing access

to the complete genome content of many newly
identified microbial lineages [8, 70–72].

In 2015, Spang and co-workers published an ar-
ticle describing MAGs of a lineage of uncultured
archaea, the Lokiarchaeota, assembled from deep-
sea sediments in the vicinity of the Loki’s castle hy-
drothermal field in the North Mid-Atlantic Ridge [73].
This group of archaea had previously been iden-
tified by 16S rRNA gene amplicon sequences as
Deep Sea Archaeal Group (DSAG) or marine ben-
thic group B [74–76], but its metabolic potential and
other genomic traits were unknown. Lokiarchaeota
MAGs revealed the presence of a relatively high num-
ber of genes that had homologs exclusively in eu-
karyotes and were only sparsely found in other ar-
chaea. In addition, phylogenomic trees including eu-
karyotes placed them as sister to Lokiarchaeota, well
nested within the archaeal tree [73]. This immedi-
ately raised interest in this group of archaea and soon
after, members of the same research team released
additional archaeal MAGs that defined several new
groups forming a clade with Lokiarchaeota: Heimdal-
larchaeota, Thorarchaeota and Odinarchaeota. They
were collectively called Asgard archaea, in reference
to the pantheon of Norse gods [77]. These MAGs re-
vealed the occurrence of even more of the so-called
“eukaryotic signature proteins” (ESPs) shared with
Asgard archaea, notably with the Heimdallarchaeota,
to which eukaryotes seemed more closely related in
phylogenomic trees [77] (Figure 3).

Many more Asgard archaeal MAGs have been
assembled to date. Most of them come from
metagenomes of oxygen-deprived biotopes, in-
cluding marine and freshwater sediments, micro-
bial mats or hot springs [77, 79], although a few
have been assembled from microoxic hypersaline
lakes [80]. This has led to the description of the meta-
bolic potential of many more Asgard archaeal clades,
such as the Helarchaeota, potentially involved in
the anaerobic oxidation of hydrocarbons [81]; the
Hermodarchaeota, likely degrading alkanes and aro-
matic compounds coupled to nitrate reduction [82];
the Gerdarchaeota, using both organic and inor-
ganic carbon [83]; the Sifararchaeota, possibly de-
grading polysaccharides and performing anaerobic
methylotrophy [84]; the Freyrarchaeota and Wukon-
garchaeota, possibly carrying out homoacetogen-
esis [85]. Many of those archaeal groups have now
been reclassified as classes or orders in the Genome
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Figure 3. Schematic tree of archaea showing
the currently most likely placement of eukary-
otes based on phylogenomic analysis of highly
conserved genes. Asgard archaea are classified in
classes according to the GTDB taxonomy [78]. The
DPANN cluster, originally named after its first rec-
ognized member lineages (Diapherotrites, Parvar-
chaeota, Aenigmarchaeota, Nanoarchaeota and
Nanohaloarchaeota) comprises mostly reduced,
parasitic members [8, 70–72]. TACK archaea (now
classified in GTDB as the phylum Thermopro-
teota) include the original taxa Thaumarchaeota
(GTDB Nitrosospheria), Aigarchaeota (GTDB
Caldarchaeales), Crenarchaeota (GTDB Thermo-
protei) and Korarchaeota (GTDB Korarchaeia)
together with relative lineages (Bathyarcheia,
Methanomethylicia). Euryarchaeota, one of the
two archaeal clades defined by Woese together
with Crenarchaeota [25, 26], is now divided in five
separate phyla in GTDB (Halobacteriota, Thermo-
plasmatota, Methanobacteriota, Hadarchaeota,
Hydrothermarchaeota).

Taxonomy Database (GTDB) [78], eukaryotes still
placing deeply within or as sister to the Heimdal-
larchaeota in phylogenomic trees (Figure 3). The
metabolic capabilities displayed by the different As-
gard archaeal groups, as well as those inferred by an-
cestral metabolic reconstruction for their common
ancestor, suggest that most of these archaea (and
their ancestor) are strict anaerobes able to produce
and/or consume hydrogen (electrons). This implies
that these archaea are mostly involved in metabolic
symbioses with other microorganisms that behave as
hydrogen (electron) donors and/or scavengers [85].

The idea that Asgard archaea are involved in syn-
trophic interactions in nature seemed confirmed by
the cultivation of the first two Asgard archaeal mem-
bers, both belonging to the Lokiarchaeota. The first
was Candidatus Prometheoarchaeum syntrophicum,
which lives in syntrophy with either a sulphate-
reducing deltaproteobacterium, a methanogen or
both [86]. These partners serve as sinks for the hy-
drogen produced by the Asgard archaeon. The sec-
ond cultured Asgard archaeon, Candidatus Lokiar-
chaeum ossiferum, also relies on syntrophy with a
sulphate-reducer of the genus Halodesulfovibrio and
a Methanogenium sp. methanogen [87]. Interestingly,
both lokiarchaea exhibit a peculiar morphology with
more or less long thin protrusions that can some-
times intertwine [86, 87]. They also reveal the pres-
ence of a complex actin-based cytoskeleton, as was
predicted from MAGs [88].

The exploration of almost two hundred Asgard ar-
chaeal MAGs led to the identification of over 500
ESPs [85]. Most of them are involved in intracel-
lular trafficking, secretion and vesicular transport.
They include many GTPases, ubiquitin and ESCRT-III
proteins, which are typically involved in membrane
remodelling and vesicular transport in eukaryotes.
This suggests that the eukaryotic ubiquitin-coupled
ESCRT system has evolved through gene duplica-
tion and diversification from Asgard archaeal an-
cestors [89]. They also include actins and proteins,
such as profilins [90] and gelsolin/cofilins [91], in-
volved in the formation and dynamics of the actin
cytoskeleton. Furthermore, the archaeal homologs
of these proteins can complement eukaryotic pro-
teins [90, 91], indicating that these archaea have a
complex actin cytoskeleton and suggesting that the
eukaryotic cytoskeleton evolved from its archaeal
counterpart. Similarly, Asgard archaeal homologs of
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tubulin are much more closely related to eukary-
otic tubulins than FtsZ, a prokaryotic homolog of
the same gene superfamily involved in the forma-
tion of the cell division ring [92]. Furthermore, As-
gard archaeal tubulins form protomers and protofil-
aments most similar to eukaryotic microtubules, al-
though they assemble into ring systems more sim-
ilar to FtsZ, constituting some sort of functional
intermediate [93].

3.2. Eukaryogenesis by symbiogenesis

The discovery of Asgard archaea, which share many
more genes with eukaryotes than other archaea, to-
gether with the phylogenetic position of eukaryotes
within Asgard archaea, based on highly conserved
genes, strongly support that eukaryotes evolved by
some sort of symbiotic merging involving at least
two prokaryotic partners, one Asgard-like archaeon
and the alphaproteobacterial ancestor of mitochon-
dria [73, 77, 94–96] (Figure 2C). Currently available
data indeed support the existence of only two pri-
mary domains, Archaea and Bacteria [97]. Eukaryotes
thus constitute a third, but secondary, domain of life.

Although microbial symbioses are plentiful in na-
ture, particularly in oxygen-deprived environments,
eukaryogenesis only happened once, suggesting that
the mechanism that led to the stable integration of
the symbiotic partners evolving into a complex cell
was not that easy and/or involved contingent aspects
difficult to reproduce de novo. Such a process likely
required a more or less long co-evolution period dur-
ing which many of the typical eukaryotic traits devel-
oped [38]. A first step would have been to yield the
symbiosis obligatory, which might have happened
by the transfer of one or more essential genes from
the bacterial partner(s) to the archaeon followed by
gene loss in the bacterial donor. From this step on,
the consortium evolved as a single selective unit
and the archaeal genome progressively became the
future nuclear genome, gradually integrating more
bacterial genes. Horizontal gene transfer between en-
dosymbiotic and host genomes may have occurred
by different means, from natural transformation to
the mediation of viruses, transposons and other mo-
bile genetic elements. Many of those genes coded for
redundant functions in the archaeon. Accordingly,
many of them were lost, but others were kept and
subfunctionalised, giving rise to new functions [38].

Gene duplication and subfunctionalisation seem to
have been at the origin of many gene families in eu-
karyotes [98, 99]. Some duplicated genes, being free
from original selective constraints, evolved far be-
yond homology recognition, while other genes likely
evolved de novo. The mix of archaeal and bacterial
genes and the acceleration of evolutionary rate of
many of them, readily explain the chimeric origin of
eukaryotic genomes as well as the occurrence of spe-
cific eukaryotic genes.

In addition to genome evolution, the evolution of
some typical eukaryotic traits such as the cytoskele-
ton and most of the membrane-remodelling systems,
can mostly be traced back to the archaeal partner.
Others, such as the operational functions related to
the mitochondrion or membrane phospholipids, can
be traced back to bacterial ancestors [38, 94, 100].
In summary, eukaryogenesis occurred by symbio-
genesis, that is the physical merging of prokaryotic
partners along a co-evolutionary process involving
both chimerism and the formation of de novo traits.
The latter was partly facilitated by the increased evo-
lutionary rate of many duplicated genes and/or
the evolution of truly novel eukaryotic specific
mechanisms.

3.3. Current models of eukaryogenesis

Although current models of eukaryogenesis favour
a symbiosis between an Asgard-like archaeon and
at least one alphaproteobacterium at the origin of
the eukaryotic cell, they vary on the mechanisms
(the how) and the selective forces (the why) in-
volved in the process. Based on the inferred type
of symbiosis established by Asgard archaea with
other microbes in nature, syntrophic interactions
seem the most likely basis for the initial eukaryo-
genetic symbiosis [85, 96, 101, 102]. Currently, four
different models propose a more or less detailed
evolutionary scenario of eukaryogenesis based on
syntrophic interactions. Other models suggest a
more or less developed scenario, but do not point
to any particular basis for the original symbiosis
between the Asgard archaeon and its bacterial part-
ner(s) (Figure 4). Among the latter, the Phagocytos-
ing Archaeon scenario postulates that eukaryotes
evolved from an archaeon that developed an ex-
tensive cytoskeleton, the capacity to develop and
remodel endomembranes, and phagocytosis, which
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Figure 4. Current models of eukaryogenesis based on the symbiotic merging of archaeal and bacterial
partners. (A–C) Depict a selection of scenarios lacking a specified basis for the symbiosis. (D–E) Corre-
spond to more detailed models postulating specific syntrophic interactions. (A) Phagocytosing Archaeon
model: an archaeon develops cytoskeleton, endomembranes and phagocytosis prior to the engulfment
of the mitochondrial ancestor [103]. (B) Inside-Out model: an archaeon develops extrusions that progres-
sively engulf the mitochondrial ancestor [104]. (C) Pre-mitochondrial symbioses model: several bacterial
symbiotic partners contribute genes and traits to an archaeon evolving into a proto-eukaryote prior to the
mitochondrial symbiosis [100,105]. (D) Hydrogen hypothesis: a fermenting alphaproteobacterium liber-
ating hydrogen becomes an endosymbiont in an Asgard-like archaeon and triggers eukaryogenesis [106].
(E) Reverse Flow model: a complex hydrogen-producing archaeon becomes phagotrophic and engulfs its
interacting alphaproteobacterial partner [101]. (F) Syntrophy hypothesis: a hydrogen-producing Asgard-
like archaeon becomes an endosymbiont in a hydrogen-consuming sulphate-reducing deltaproteobac-
terium; mitochondria derive from a facultatively aerobic, sulphide-oxidizing alphaproteobacterium that
also becomes endosymbiotic in the consortium [107]. (G) E3 (Entangle-Engulf-Endogenize) model:
a hydrogen-producing Asgard archaeon in symbiosis with a sulphate-reducing deltaproteobacterium
changes this partner by the facultatively aerobic mitochondrial ancestor [86].

would have been required prior to the acquisition
of the alphaproteobacterial ancestor of mitochon-
dria [103] (Figure 4A). A comparable model would
be the Inside-Out scenario, which inverts the sce-
nario and proposes that, instead of endomembranes,
an Asgard archaeon would develop cell extrusions

that progressively surround alphaproteobacterial
ectosymbionts [104]. The latter would end up being
completely engulfed through a process that could be
assimilated to a “slow phagocytosis” (Figure 4B).

Another model that does not explicitly invoke a
specific basis for the symbiotic interactions at the
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Figure 5. Phylogenetic origins of prokaryotic genes inferred to have been present in LECA. Numbers and
relative proportions are based on Ref. [100, 105].

origin of the eukaryotic cell is the Pre-mitochondrial
Symbioses (or Serial Symbiosis) hypothesis [100,105]
(Figure 4C). This model argues that a binary sym-
biosis between an archaeal host and the alphapro-
teobacterial ancestor of mitochondria does not ex-
plain the complex chimeric nature inferred for the
eukaryotic ancestor. In particular, most of the genes
of prokaryotic ancestry inferred to be present in
LECA are of bacterial rather than archaeal origin,
and from those only a relatively minor fraction is
of clear alphaproteobacterial (or unassigned pro-
teobacterial) origin. The remainder of those genes
affiliate instead to Deltaproteobacteria, Actinobac-
teria, Bacteroidetes or Firmicutes, among others
(Figure 5). In addition, genes of specific bacterial
origin seem to correlate with coherent functions,
which would be consistent with particular types of
functions having been transferred to the archaeal
host from privileged, long-term pre-mitochondrial
symbiotic partners [100]. Accordingly, this model
postulates that successive symbiotic interactions
with other bacteria predated, and facilitated, the mi-
tochondrial endosymbiosis that finally crystallised
in the origin of the eukaryotic cell [105].

Among the current syntrophic models of eukaryo-
genesis, we find revised versions of the Hydrogen
and Syntrophy hypotheses that now accommodate
an Asgard archaeal partner. The revised Hydrogen

hypothesis postulates that the incorporation of a
hydrogen-producing alphaproteobacterium within a
hydrogen-dependent autotrophic archaeal host trig-
gered eukaryogenesis [106] (Figure 4D). Conversely,
the Reverse Flow model, which is a syntrophy-
adapted Phagocytosing Archaeon model, invokes
a hydrogen-producing Asgard archaeon that pro-
gressively develops an endomembrane system and
phagocytosis, which would subsequently allow to en-
gulf a hydrogen (or electron)-consuming alphapro-
teobacterium (future mitochondrion) [101] (Fig-
ure 4E).

The revised Syntrophy hypothesis (or HS Syntro-
phy model) postulates that eukaryotes evolved from
the initial incorporation of a hydrogen-producing
Asgard archaeon (future nucleus) within a sulphate-
reducing deltaproteobacterial host before the acqui-
sition of the facultatively aerobic, sulphide-oxidizing
alphaproteobacterial ancestor of mitochondria
(Figure 4G). This is arguably one of the most de-
tailed models in terms of the ecological context
of the symbiosis and the evolution of metabolism,
genome and endomembrane system, including the
nucleus [107]. The Entangle-Engulf-Endogenize (E3)
model proposed by the team that maintained the
first Asgard archaeon in culture [86], posits that eu-
karyotes evolved from the progressive internalisation
of an alphaproteobacterium (future mitochondrion),
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potentially a parasite, inside a hydrogen-producing
Asgard archaeon. Based on the actual syntrophic
interactions of Ca. Prometheoarchaeum, an ini-
tial tripartite symbiosis of those two partners with
a sulphate-reducing deltaproteobacterium is pro-
posed, but the latter would completely disappear
from the consortium in subsequent steps (Figure 4F).
In this sense, although three original partners are in-
volved, only two, an archaeal host and the mitochon-
drial ancestor, would evolve into the eukaryotic cell,
like most of the other models suggest.

Other models, often variants of the above, are be-
ing proposed. For instance, a more recent model pro-
poses the intervention of an additional symbiont at
the origin of the mitochondrial symbiosis. A sec-
ond bacterium would have cooperated with the mi-
tochondrial ancestor to kill prey with toxins and
reactive oxygen species, before evolving into a di-
gestive symbiosis through the acidification of pro-
tophagocytic cavities by respiration-derived proton
export [108]. However, most scenarios of eukaryoge-
nesis are partial and do not account for all the aspects
involved in the evolution of the eukaryotic cell, leav-
ing many open questions.

4. Open questions

Some questions on the origin of the eukaryotic cell,
such as when and where eukaryotes evolved, or
which specific lineages of Asgard archaea and Al-
phaproteobacteria were involved in eukaryogenesis,
have partial answers or answers that will be refined
with additional data and the improvement of phy-
logenomic and molecular dating analyses. The an-
swer to other questions, such as how many partners
participated in the original symbiosis or how the eu-
karyotic endomembranes and the nucleus evolved,
will refute some models and potentially help to re-
fine the remaining ones. In the following, we briefly
evoke some of the current interrogations about
eukaryogenesis.

Which and how many bacterial partners? Know-
ing which specific lineages of Asgard archaea and
Alphaproteobacteria are closest to the respective
prokaryotic partners involved in eukaryogenesis will
possibly provide some additional clues about the
metabolic potential of the original symbiotic con-
sortium and perhaps help unravel the evolution
of particular eukaryotic traits. The exploration of

microbial diversity in natural ecosystems enriched
in Asgard archaea might help identify new lineages
potentially more closely related to those prokaryotic
ancestors. Determining whether additional bacterial
partners were involved in eukaryogenesis is espe-
cially crucial. In particular, several models involve
more or less explicitly members of the Deltapro-
teobacteria [86, 100], although the Syntrophy Hy-
pothesis makes the strongest case for their partic-
ipation in the process [107]. Potentially, if some
deltaproteobacterial members are found to harbor
more genes/traits in common with eukaryotes, this
can be indicative evidence for their implication in
eukaryogenesis. For instance, some eukaryotic path-
ways can be traced back to myxobacteria (Deltapro-
teobacteria), including mitochondrial fatty acid beta-
oxidation [109] and, most remarkably, given that
membrane sterols are often considered hallmarks of
eukaryotic membranes, steroid biosynthesis [110].
Nonetheless, it will be difficult to ascertain whether
those pathways were acquired by horizontal gene
transfer (HGT) by the Asgard archaeal partner (or by
an intermediate pre-LECA symbiotic stage from co-
existing bacteria in the environment), or by what is
often called endosymbiotic gene transfer (EGT) from
obligate symbionts taking part in the eukaryogenetic
consortium. Additionally, intermediate situations are
possible, with two or more bacterial symbiotic part-
ners participating to eukaryogenesis, but with HGT
from external bacterial donors to LECA or pre-LECA
stages.

When and where did eukaryotes evolve? Current
data based on microfossils that are unambiguously
interpreted as eukaryotic, with traits indicative of
a developed cytoskeleton and external decoration,
support the idea that eukaryotes had already evolved
by the mid Proterozoic (1.5–1.6 Ga) [111, 112]. These
dates are consistent with those obtained by some
molecular dating analyses, which suggest that LECA
lived in the 1.0–1.6 Ga time frame [113]. As the mi-
crofossil record, but also the genome sampling across
the eukaryotic tree and the molecular dating meth-
ods, improve, narrowing these dates might be fore-
seeable. However, it might be more difficult to point
out the date at which eukaryogenesis started. A likely
older boundary seems that of the evolution of oxy-
genic photosynthesis and the start of the oxygena-
tion of the atmosphere, which happened at around



Purificación López-García and David Moreira 67

2.4–2.5 Ga, marking the beginning of the Great Ox-
idation Event (GOE) [107, 114]. Oxygen availability
would have fostered the evolution of aerobic respi-
ration, dangerous because of the resulting oxidative
damage, but also much more efficient in terms of
energy yield than anaerobic respirations. The ances-
tor of mitochondria was likely a facultative aerobe,
respiring oxygen but being able to ferment and to
respire fumarate or nitrate. It probably lived in mi-
crooxic environments and might have been able to
move along the redox gradient established in sedi-
ments or microbial mats. This would have facilitated
its interaction with Asgard archaea [107], which are
mostly and ancestrally strict anaerobes located in
deep sediment layers [77, 85].

Was phagotrophy a requirement for eukaryogene-
sis? This question is tightly linked to that of whether
mitochondria evolved early or late, which is often
considered as discriminant for eukaryogenetic mod-
els. For the Hydrogen hypothesis, eukaryotic-like
phagotrophy was not strictly needed to incorpo-
rate the alphaproteobacterial endosymbiont into
the Asgard archaeon, and this initial endosymbiosis
was the cause triggering eukaryogenesis [62, 106].
By contrast, for the Phagocytosing Archaeon and
related models [101, 103], the evolution of an en-
domembrane system and phagocytosis was manda-
tory prior to any possible bacterial engulfment; in
a sense, an already engaged eukaryogenetic pro-
cess was required for the mitochondrial ancestor
to be engulfed. These latter models relied on the
idea that prokaryotes lack a complex cytoskele-
ton and endomembrane systems. However, many
prokaryotes do harbour endomembrane systems,
including cyanobacterial thylakoids and mem-
branous compartments in proteobacterial methy-
lotrophs, magnetotactic bacteria or anammox planc-
tomycetes [115–117]. Some bacteria, such as the
planctomycete Gemmata obscuriglobus [118] and
members of the phylum Atribacteria [119], even har-
bour nuclear-like compartments. Endomembranes
in archaea have seldom been described, but seem
to exist as well [120]. Likewise, bacterial endosym-
bionts exist within other bacteria, despite the inter-
nalization mechanism being unknown [121]. Finally,
some planctomycete bacteria can carry out phago-
cytosis via a novel mechanism [122]. These observa-
tions suggest that prokaryotes, notably bacteria, can

develop endomembranes and engulf other bacteria
without the need for eukaryotic-like phagocytosis.
Thus, from a mechanistic point of view, an ongoing
eukaryogenetic process does not seem a requirement
for the incorporation of endosymbiotic prokaryotes.

How and why did the nucleus evolve? Although the
nucleus is arguably the most idiosyncratic feature
of the eukaryotic cell, few models of eukaryogen-
esis actually address its origin. The nuclear mem-
brane is continuous with the endoplasmic reticu-
lum and, from a mechanistic point of view, it seems
reasonable to think that both evolved together by
invagination of the plasma membrane thanks to
membrane-remodelling systems of mostly archaeal
origin (ESCRT, actin cytoskeleton, GTPases) [89, 123–
126]. However, the evolution of more specific fea-
tures, such as the nuclear pore, remains more enig-
matic [94]. Certain models even speculated that the
eukaryotic nucleus originated from viruses [127,128],
based notably on the putative resemblance of the so-
called “viral factories” (subcellular locations where
viral replication and morphogenesis take place in
some eukaryotes) to nuclei [129]. Giant viruses were
favourite candidates for a hypothetical viral eukaryo-
genesis, as they contain several homologs of typi-
cal cellular genes and were even proposed to form a
fourth domain of life, sister to eukaryotes [130, 131].
However, by contrast with cells and their membrane
systems, which divide from pre-existing ones (omnia
cellula e cellula), viruses and cells or cell nuclei lack
any structural continuity. Viruses are assembled de
novo at each generation, and mechanisms explain-
ing a putative evolutionary and physical continuity
between viral factories and cell nuclei are lacking.
Furthermore, phylogenetic analyses using complex
sequence evolution models (allowing to cope with
strong differences in evolutionary rate) and a com-
prehensive taxon sampling clearly showed that cell-
like genes in giant viruses were transferred to the vi-
ral genomes from their hosts, and consequently do
not reflect a viral ancestry of eukaryotes [132–136].

The selective forces that led to the evolution of
the nucleus remain mysterious [94]. Some authors
suggested that the nuclear compartment evolved
to prevent chromosome shearing by cytoskele-
tal movement during mitosis [137, 138]. However,
many eukaryotes disintegrate the nuclear membrane
during mitosis (open mitosis) and cope well with
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cytoskeletal movements; also, eukaryotes have sev-
eral or many linear chromosomes and powerful DNA
repair mechanisms, which should limit any potential
mechanical breakage induced by cytoskeletal move-
ment [94]. In the case of the Syntrophy hypothesis,
the nucleus had a partial autogenous origin. The
genome was of archaeal origin, deriving from the
archaeal endosymbiont, but the nuclear membrane
evolved from a bacterial secretory endomembrane
system that developed to transport hydrolytic en-
zymes, whose synthesis became progressively cen-
tralised by the archaeon, to the bacterial periplasm.
The nuclear membrane promoted the uncoupling
of transcription and translation, facilitating intron
spreading, and was subsequently retained to prevent
aberrant protein synthesis [64,107]. Intron spreading
was claimed to be the major trigger for the evolution
of the nuclear membrane within the framework of
the Hydrogen hypothesis; the nuclear membrane
would have evolved to uncouple transcription and
translation, thus avoiding the deleterious synthesis
of aberrant proteins [139]. However, as soon as an
intron interrupts an essential gene in the absence of
an efficient splicing mechanism and transcription–
translation uncoupling, natural selection would
eliminate these cells. Thus, in this case, a selective
mechanism explaining intermediate steps in the evo-
lution of the endomembrane system and the nuclear
membrane needs to be put forward.

Bacterial-like eukaryotic membranes, what ori-
gin? Bacterial and archaeal phospholipids form-
ing the plasma membrane are radically different in
terms of their constituents and properties. Eukary-
otic membrane phospholipids are of bacterial type.
Archaeal phospholipids are composed of isoprenoid
lateral chains linked by ether bonds to glycerol-1-
phosphate [140, 141]. This kind of membrane phos-
pholipids confer archaea a higher resistance to var-
ious extreme conditions; in particular, they prevent
proton leakage at high temperature [59]. Bacterial
phospholipids are composed of fatty acid moieties
linked by ester bonds to glycerol-3-phosphate. It
has been known for a long time that several bac-
teria can use ether linkages, notably thermophilic
ones [142, 143], but also eukaryotes. Therefore, al-
though the ether/ester linkage constitutes part of
what is known as the “lipid divide” [144], the real
divide between archaeal and bacterial phospholipids

is determined by the opposite stereochemistry of
the glycerol-phosphate moieties [141, 145], in com-
bination with the nature of the lateral chains. Both
archaea and bacteria synthesise fatty acids and iso-
prenoids, but these are exclusively incorporated by
one or the other domain into their membrane phos-
pholipids [146]. Except for the Syntrophy hypoth-
esis, which proposes a bacterial host and, accord-
ingly, bacterial origin of the plasma membrane and
endomembranes (the archaeal membrane would
be lost during the evolution of the nucleus [64, 107]),
most models of eukaryogenesis postulate an archaeal
host [86,101,104]. Thus, these models must invoke an
archaeal-to-bacterial membrane phospholipid tran-
sition that is difficult to explain taking into account
that the archaeal membrane (including its proteome,
which was adapted to the local physicochemistry
of archaeal lipids), was adapted to interact with the
environment. It is difficult to see which selective
force would promote such a radical change of mem-
brane phospholipids and associated proteome [94].
Nonetheless, although archaeal–bacterial membrane
transitions have never been observed in nature, li-
posomes of heterochiral (archaeal + bacterial) phos-
pholipids seem to be stable [147]. Attempts to carry
out a bacterial-to-archaeal membrane phospholipid
transition have been made in Escherichia coli by het-
erologously overexpressing archaeal-phospholipid
biosynthesis genes [148]. However, expression levels
that result in the incorporation of more than 30%
archaeal phospholipids in E. coli impair growth,
cause anomalous cell division and secretion of vesi-
cles, and are, in fine, deleterious [148]. Future ex-
periments should show whether such a transition is
possible. However, it remains unclear whether that
transition was feasible in the natural microbial com-
munities in which eukaryotes evolved, as the fitness
of transition stages may have been too negatively
impacted for the hypothesised transition to occur.

5. Perspectives

The exploration of the microbial diversity in poorly
studied, oxygen-deprived, ecosystems has facilitated
the discovery of the Asgard archaea, which share
many genes with eukaryotes and are their closest
relatives in phylogenomic trees based on highly
conserved markers. This discovery has promoted
a shift in the type of scenarios for the origin of the
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eukaryotic cell, which now favour some sort of meta-
bolic symbiosis between archaea and bacteria as
the starting point of eukaryogenesis. While exist-
ing models try to account for some aspects of how
this evolutionary process took place, very few are
detailed enough to explain the evolution of all typ-
ical eukaryotic features. More explicit models are
needed, in particular to explain the origin of the nu-
cleus, the bacterial-like membrane phospholipids of
eukaryotes, and the bacterial heritage in eukaryotic
genomes. Together with improved phylogenomic
analyses and a better exploration of the microbial
world, an increased understanding of the biology
and the ecology of the prokaryotic lineages closest
to eukaryotes should help to discriminate between
existing models and/or to refine some of the existing
ones. New eukaryogenesis models should propose
plausible processes that account for observed traits
and phylogenetic patterns in a realistic ecological
context.
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