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Abstract

The relationship between the three domains of life—Archaea, Bacteria, and Eukarya—is one of Biology’s greatest mys-
teries. Current favored models imply two ancestral domains, Bacteria and Archaea, with eukaryotes originating within
Archaea. This type of models has been supported by the recent description of the Asgardarchaeota, the closest prokary-
otic relatives of eukaryotes. However, there are many problems associated with any scenarios implying that eukaryotes
originated from within the Archaea, including genome mosaicism, phylogenies, the cellular organization of the Archaea,
and their ancestral character. By contrast, all models of eukaryogenesis fail to consider two relevant discoveries: the
detection of membrane coat proteins, and of phagocytosis-related processes in Planctomycetes, which are among the
bacteria with the most developed endomembrane system.

Consideration of these often overlooked features and others found in Planctomycetes and related bacteria suggest an
evolutionary model based on a single ancestral domain. In this model, the proximity of Asgard and eukaryotes is not
rejected but instead, Asgard are considered as diverging away from a common ancestor instead of on the way toward the
eukaryotic ancestor. This model based on a single ancestral domain solves most of the ambiguities associated with the
ones based on two ancestral domains. The single-domain model is better suited to explain the origin and evolution of all
three domains of life, blurring the distinctions between them. Support for this model as well as the opportunities that it

presents not only for reinterpreting previous results, but also for planning future experiments, are explored.
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Introduction

Deciphering the Relationship between the Three
Domains of Life: Difficult and Still Unsolved

Life on earth is classified into three domains: Archaea,
Bacteria, and Eukarya. The first two domains are prokaryotes,
so named to differentiate them from the eukaryotes, which
are characterized by a developed cellular organization (the
name derives from the Greek “eu” for “true” and “karyon” for
“nucleus”). The eukaryotic cell has many apparently unique
features, and there is a tremendous gap between prokaryotic
and eukaryotic cells in terms of their complexity and devel-
opment. Despite this apparent gap, few features are truly
eukaryotic only, which suggests a mixed contribution from
the other two domains. It is now well accepted that the
eukaryotic cell is an evolutionary mosaic composed of bacte-
rial and archaeal characteristics, as well as eukaryotic innova-
tions. The role of bacterial “capture” by the ancestor of the
eukaryotic cell, that is, endosymbiosis, leading to the devel-
opment of the mitochondria, has been recognized as a result
of the work of Lynn Margulis (Cornish-Bowden 2017), and
this process is commonly accepted as one of the main steps in

eukaryogenesis. However, the nature of both the host and
guest in this inaugural event is not clear (Martijn et al. 2018).
Thus, how the three domains are related and how they
emerged via eukaryo-, archaeo-, and bacterio-genesis, are still
unknown.

There is considerable agreement that life began some 4—
3.5 billion years ago but, the very nature of the last universal
common ancestor (LUCA) is still a mystery, although it
appears likely that it was a prokaryote-like organism of con-
siderable genomic and organizational complexity. Indeed, it is
well accepted now that LUCA was a prokaryotic cell using
nucleic acids as genetic material, ribosomes for template-
directed protein synthesis based on a genetic code for 20
amino acids, and membranes that allowed for energy gener-
ation by chemiosmotic coupling (Krupovic et al. 2020).
However, if it was a bacterium or an archaeon, or a hybrid
between both, is still unknown, with important implications,
owing to the major differences between central systems in
the two prokaryotic domains, for example, the replication
and membrane machineries.

Deciphering the origin of the three domains of life is dif-
ficult as it is one of the most ancient events. Most recent

© The Author(s) 2021. Published by Oxford University Press on behalf of the Society for Molecular Biology and Evolution.
This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://

creativecommons.org/licenses/by-nc/4.0/), which permits non-commercial re-use, distribution, and reproduction in any medium,
provided the original work is properly cited. For commercial re-use, please contact journals.permissions@oup.com

Open Access

Mol. Biol. Evol. 38(9):3531-3542  doi:10.1093/molbev/msab186 Advance Access publication July 6, 2021 3531

aA1323dsid


https://orcid.org/0000-0002-9453-4753

Devos - doi:10.1093/molbev/msab186

MBE

analyses provide estimates for the origin of the first eukaryotic
cell in the range of 1-2 billion years (Dacks et al. 2016).
However, the last eukaryotic common ancestor (LECA) could
have been the result of an abrupt change brought about by
the introduction of the mitochondrial precursor in a prokary-
otic host, or, on the opposite, of a gradual increase in com-
plexity from a prokaryote developing eukaryotic features and
slowly accumulating them over time (Martin et al. 2015;
Dacks et al. 2016).

This conundrum is mostly due to the difficulties inherent
with reconstructing ancestral relationships and states based
on extant organisms which are derived as compared with the
ancestral states. For example, if eukaryotes and archaea have
shared a common ancestor, this internal node is not accessi-
ble to us and can only be guessed at based on the features
(e.g, sequences) of extant organisms and their inferred rela-
tionship. There are however many difficulties associated with
ancient phylogenies and the reconstruction of ancestral char-
acters, that is, associated to internal nodes. One important
tool in the reconstruction of phylogenies and ancestral nodes
is the concept of clade-specific genes or proteins, for example,
eukaryotic signature proteins (ESPs) are those proteins that
are found in their majority in eukaryotic proteomes, although
some such proteins can sometimes be found in the other two
domains, for various reasons. This is different from the origin
of the genes which refers to its most likely source based on
phylogenetic inferences. For example, archaeal genes of bac-
terial origin refer to genes found in their majority in archaeal
genomes but whose phylogeny indicates an origin from
bacteria.

Two-Domain Scenarios Uplifted by the Discovery of
the Asgardarchaeota Superphylum

The discovery of the third domain of life, the Archaea, by Carl
Woese and colleagues initially led to versions of the tree of life
based on three ancestral domains with independent origins,
with Archaea more closely related to Eukarya (Fox et al. 1980;
fig. 1A). In these models, Eukarya is the sister group to
Archaea and cellularization events are independent, the
Archaea, the Bacteria, and the Eukarya, each arising from a
“progenote” phase of evolution. Improved phylogenetic tools
combined with increased taxon sampling have led to different
scenarios proposing only two ancestral prokaryotic domains
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(2D models; Lake et al. 1984). In these, Eukarya is sister to one
of the archaeal lineages and branches within the Archaea, and
so the LECA is an archaeon (fig. 1B). Variations of 2D models
that are mostly derived from the genome mosaicism of eukar-
yotes are syntrophy models, which are based on interactions
between various prokaryotes (Lopez-Garcia and Moreira
2020). In most currently accepted 2D models, there are
only two cellularization events, one at the base of Bacteria
and another one before the inception of the common ances-
tor of archaea. These are the main models, variations, and
outsiders exist; for review, see Martin et al. (2015) and Martin
(2017a).

The discovery of the Asgardarchaeota, an archaeal super-
phylum, has been pivotal for addressing many unanswered
questions in eukaryogenesis (Spang et al. 2015). In addition to
the Euryarchaeota, there are currently three archaeal super-
phyla: Asgard, DPANN, and TACK. Asgard archaea currently
consist of Lokiarchaeota, Thorarchaeota, Odinarchaeota, and
Heimdallarchaeota (Baker et al. 2020). In addition to encoding
more ESPs than other archaea, phylogenetic analyses using
various genes placed Eukarya within the Asgard archaea, with
Heimdallarchaeota as the closest archaeal relative of the
Eukarya (MaclLeod et al. 2019).

The genomic data derived from the Asgard lineages, com-
bined with phylogenomic analyses, support the conclusion
that this superphylum comprises the closest prokaryotic rel-
atives of eukaryotes. This close phylogenetic relationship be-
tween Asgard and Eukarya is strengthened by the presence of
a number of ESPs that are unique to Asgard proteomes.
Although some ESPs had previously been discovered in other
archaeal lineages, only with a patchy distribution and not as
complete as for Asgard, the repertoire of these proteins in the
Asgard dwarfed all previous estimates and some of them are
the most closely related orthologs to eukaryotes so far. These
ESPs include the information processing machineries, as well
as some of the proteins that are typically associated with a
developed cell organization and endomembrane system, such
as tubulin; actin and actin-binding proteins, such as profilins
and gelsolin/cofilin; proteins related to vesicle coats, such as
COPII's Sec23/Sec24; the endosomal sorting complex re-
quired for transport (ESCRT; although homologs for ESCRT
complexes Il have been known in non-Asgard archaea for
some time [Samson et al. 2017]); and their regulatory systems,
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Fic. 1. The evolving view of the tree of life. (A) The 3D tree of life, (B) 2D tree of life, and (C) the PVC-based 1D tree of life. Archaea, Bacteria, and

Eukarya are colored red, blue, and green, respectively.
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including small GTPases, SNAREs, BAR, and longin domain
proteins. The discovery of these proteins has led to much
speculation concerning the complexity of the intracellular
organization of the Asgard (Dey et al. 2016; Klinger et al.
2016). However, most of the eukaryotic systems encoded in
Asgard archaea are incomplete (raising the question of the
utility of incomplete systems) and are yet to be functionally
characterized (with few exceptions [Akil and Robinson 2018;
Akil et al. 2020]).

Any doubt about the existence, or sequence purity, of
these organisms, initially identified from metagenomic sur-
veys, has been eliminated by the isolation and visualization of
the first Asgardarchaea. It took a decade to isolate Candidatus
Prometheoarchaeum syntrophicum strain MK-D1, due to its
extreme slow growth (Imachi et al. 2020). Its genome con-
firmed previous observations; it contains many ESPs, phylo-
genetic analyses supported a closer relationship between
Asgard and Eukarya, and evidence for expression of the
many ESPs has been found. In addition, although not unique
in prokaryotes, the cells of MK-D1 present numerous evagi-
nations, or external extensions, of the cell membrane, which
could promote syntrophic relationships with other prokar-
yotes. Metabolic reconstructions of various Asgard members
have suggested that they have limited biosynthetic capacities
(Spang et al. 2019). The combination of deficient metabolism
with these membrane evaginations has been interpreted as
supporting symbiogenetic models based on metabolic sym-
bioses or syntrophies (Bulzu et al. 2019; Spang et al. 2019;
Lopez-Garcia and Moreira 2020). Even more, these observa-
tions are supportive of a creative variant of 2D models, the
“inside-out” hypothesis (Baum and Baum 2014), in which it is
proposed that the eukaryotic endomembrane system devel-
oped by evagination of the external membrane of an archaeal
host that would surround the future symbiont and fuse to
form the eukaryotic endomembrane system. Importantly, de-
spite high expectations, visualization of the Asgard cell did
not reveal any internal membrane or any type of eukaryote-
like cellular organization.

Hence, the discovery of the Asgard has been important. It
confirmed the close relationship between Eukarya and
Archaea, and gave support to 2D scenarios with Eukarya
branching within Asgard (for more information, see recent
research and review articles, e.g, Lopez-Garcia and Moreira
2020; Stairs and Ettema 2020).

The Limitations of 2D Scenarios

There are, however, issues with the proposed origin of eukar-
yotes from within the Asgard which includes the following:
the only Asgard cell visualized so far is very small in size,
0.5 pm, they lack any sign of cellular complexity, that is, mem-
brane organization, and they are metabolically deficient, re-
quiring symbiotic associations. Clearly, this does not look like
the complex LECA. More generally, there are many additional
problems associated with a speculated origin of the Eukarya
within the Archaea, that is, with any 2D model. These are
related to genome mosaicism, phylogenies, and the many
biochemical, metabolic, and cellular differences between
Archaea and Eukarya, including lipid biocompatibility.

Ultimately, the very question of the Archaeal ancestry is
one of the main issues.

Genome Mosaicism
The genomes of eukaryotes, unlike those of bacteria, are mo-
saic when it comes to the origin of the genes comprising
them. Eukaryotic genomes are composed of three unequal
parts. The first part is formed by genes that only have eukary-
otic homologues, which code for the ESPs. The second part is
formed by genes that have an archaeal origin, reflecting the
closest relationship between these two domains. The third
part is composed of genes that have a bacterial origin. This
constitutes the well-recognized mixed heritage of eukaryotic
genomes: genes involved in the eukaryotic genetic apparatus
and information processing, such as ribosomes, polymerases,
and topoisomerases, tend to reflect an archaeal origin,
whereas genes involved in eukaryotic biochemical and met-
abolic processes tend to reflect a bacterial origin (Pisani et al.
2007). Lateral gene transfer (LGT) is often invoked to explain
most of this mosaicism, often without clear evidence, and
without considering the fact that the amount of LGT required
seems unbearable (Ku and Martin 2016; Martin 2017b).
Recognizing this mosaicism, most 2D models invoke only
two partners: an archaeal host and the alphaproteobacteria-
related ancestor of mitochondria as the guest (Lopez-Garcia
and Moreira 2020). Consequently, three predictions follow
from any 2D scenario, ignoring the unlikely possibility of an
unsustainable amount of LGT: 1) host genes (of archaeal or-
igin) must predominate the guest (bacterial) genes in eukary-
otic genomes; 2) the majority of the genes of bacterial origin
must be related to the symbiont and thus to alpha-
proteobacteria; and 3) the bacterial contribution to archaeal
genomes, if any, should be minimal, as in these scenarios,
Bacteria and Archaea are domains with independent origins.
These predictions, however, do not stand up to scrutiny.
First, eukaryotic genomes harbor more bacterial genes (56%
of the prokaryote-like ones) than archaeal genes (44%) overall,
which holds true across all eukaryotes (Martijn et al. 2018). As
Brueckner and Martin wrote, “if eukaryotes were to be clas-
sified by genome-based democratic principle, they would
[...] have to be grouped with bacteria, not archaea
(Brueckner and Martin 2020).” Second, the main sources of
this fraction of genes with bacterial origin are not related to
mitochondria. Instead, these genes are of mixed origin from
various bacterial sources, including but not restricted to
alphaproteobacteria. This has been argued to support sym-
biogenetic models of eukaryogenesis (Lopez-Garcia and
Moreira 2020). However, even elaborate 2D models involve
only a few additional bacteria and do not address the mixed
origin and multiple sources of most of these genes. And third,
similarly to what is observed for eukaryotes, an important
part of most archaeal genomes is related to bacteria
(Nelson-Sathi et al. 2012; Deschamps et al. 2014; Nelson-
Sathi et al. 2015). Even the genomes of the Asgard members
are mosaics composed primarily of bacterial and archaeal
components, followed by eukaryotic components (Spang et
al. 2015).
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Despite the fact that the extent of these gene lists has been
contested, the chimeric nature of archaeal genomes is a reality
(Groussin et al. 2016; Kapust et al. 2018). From the perspective
of 2D models, this important bacterial contribution to ar-
chaeal genomes has been interpreted as the result of massive
independent gene acquisitions from bacteria at the origins of
major archaeal clades (Nelson-Sathi et al. 2012; 2015). Thus, a
recurrent theme in 2D models is the convenient but uncon-
vincing invocation of massive LGT events. Such events, how-
ever, directly implies that Archaea, or at least the major
clades, postdates Bacteria posing a serious problem to 2D
scenarios. Importantly, the opposite is not true. A pattern
corresponding to the acquisition of a significant amount of
archaeal genes at the origin of bacterial groups is not
detected, indicating that gene transfers from Archaea to
Bacteria, although not denied here, do not correspond to
the origin of the major bacterial groups.

Phylogenies and the Tree of Life

Although the closest relationship between Archaea and
Eukarya versus Bacteria is not disputed, the proposed rela-
tionship with the eukaryotes branching within Asgard is still
under debate (Cunha et al. 2017; Fournier and Poole 2018;
Spang et al. 2018; Cavalier-Smith and Chao 2020). The phy-
logenetic placement of Eukarya within the Archaea and
closely related to the Asgard indeed appears only in a few
phylogenies. However, most of these are unrooted or consider
other archaea as the outgroup, providing a 2D-centric frame-
work of experimentation and reflecting a profound bias to-
ward 2D models. In addition, interpreting a small number of
phylogenetic trees too literally is problematic as it ignores the
fact that a majority of genes in eukaryotic genomes have a
bacterial origin. Of course, there are phylogenies in which
eukaryotic sequences branch inside Archaea, and even within
the Asgard clade. However, there are still more genes showing
a bacterial origin, even if their phylogenies are inconclusive
(Pittis and Gabaldon 2016). This is related to the difficulty of
phylogenetic reconstructions across such a vast timespan.
Eventually, it is important to note that those genes showing
Asgard proximity to the eukaryotes are not the ones usually
taken as evolutionary markers and, as such, their reliability
and accuracy are still to be determined.

Although Asgard affiliate strongly with Eukarya in some
phylogenetic analyses, the exact evolutionary relationship be-
tween the two groups has yet to be determined. For example,
a recent comparative analysis of 162 nearly complete Asgard
genomes concluded that phylogenetic analysis does not
strongly support an origin of eukaryotes within Asgard (Liu
et al. 2021). Once again, extensive LGT was invoked. Hence,
the exact nature of the relationship between Eukarya and
Archaea cannot be considered as solved by a limited number
of phylogenies extracted from the minority gene set. The
pattern of inconclusive phylogenies is pointing toward wrong
premises of 2D-centric analyses. This is supported by the
anomalous phylogenetic behavior of ribosomal proteins in
Asgard metagenome-assembled genomes (Garg et al. 2021).
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Biochemical and Metabolic Differences

It is well-known that Eukarya and Archaea are more closely
related in their information manipulation systems, which
constitutes one of the bases of 2D scenarios. By contrast, a
direct consequence of the “silent bacterial majority” in eu-
karyotic genomes is that their metabolism and cell biology are
closer to those of Bacteria than to those of Archaea (Pittis and
Gabaldén 2016; Lépez-Garcia and Moreira 2020). In the pool
of metabolic genes in eukaryotic genomes, 68% have a bac-
terial origin (Brueckner and Martin 2020). Thus, the majority
of the eukaryotic metabolism is of bacterial origin. These
observations raise an interesting question rarely addressed
in-depth by 2D scenarios: How is an archaeal metabolism
changed into a bacteria-like one? If the host was an archaeon,
presumably with an archaeal metabolism, and the end result
was the first eukaryotic cell with a bacteria-derived metabo-
lism, which mechanism explains how the metabolism of the
host was modified so profoundly from archaea-like to bacte-
ria-like?

Similarly, early consideration of the major differences be-
tween Archaea lipids and the ones of the other two domains
led to suggest a difficult evolutionary transition
(Wachtershauser 2003). Membrane components consist of
a hydrophilic head group (glycerol) and long hydrophobic
tails (fatty acid chain). In archaea, the chemical composition
of the head group and tail, and the connection between
them, are different in archaea than in bacteria and eukaryotes.
Although all other living organisms use glycerol-3-phosphate
esters of long-chain fatty acids, archaea use glycerol-1-
phosphate ethers of branched isoprenoids. The recent report
of bacteria with a putative mixed membrane suggests that
the evolutionary transition might not have been so difficult
(Villanueva et al. 2021). In addition, in 2D scenarios, bacterial
and archaeal lipids have independent origins. But, both eu-
karyotic glycerol-3-phosphate and isoprenoid biosynthesis
genes seem to be of bacterial origin (Villanueva et al. 2017;
Hoshino and Gaucher 2018). This apparent contradiction can
only be explained by invoking again large LGT events.

Cellular Differences

There has been much expectation concerning the first obser-
vation of Asgard cells, due to the presence of specific cellular
organization and endomembrane system-associated ESPs in
their genomes. Surprisingly, MK-D1, the only Asgard isolate
that has been visualized thus far, has turned out to be rela-
tively basic in its cellular organization. It is very similar to
prokaryotes, showing a complete lack of internal membrane
organization. In addition, no genes have been found in the
Asgard genomes to code for proteins with the 2-fold types
typical of membrane coat proteins (MCPs) (Spang et al. 2015;
Zaremba-Niedzwiedzka et al. 2017). This is highly relevant, as
the eukaryotic endomembrane system is based on MCPs,
which fuse an N-terminal beta-propeller combined to a C-
terminal stacked pairs of alpha-helices fold in the same pro-
tein (Devos et al. 2004). This architecture is found exclusively
in membrane-interacting proteins, almost always in eukar-
yotes (with few exceptions) and these proteins were
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necessary for the origin of the eukaryotic endomembrane
system. Detecting these two folds in two different proteins,
even if in close genomic proximity, is not comparable to
detecting both in the same protein (Zaremba-Niedzwiedzka
et al. 2017). Thus, the lack of observation of even a minimal
endomembrane system in MK-D1 is congruent with the ab-
sence of MCP-like proteins in Asgard proteomes. In addition,
Archaea, and Asgard in particular, are small (Imachi et al.
2020), which is not compatible with the enlarged size required
to engulf the ancestor of the mitochondria (Hampl et al.
2019). Lastly, it is well-established that the LECA was complex
(Koonin 2015). However, the Asgard ancestor had limited
biosynthetic capacities and partner dependencies, that is, it
was not complex, was most likely metabolically deficient and
required associations of the symbiotic type (Bulzu et al. 2019;
Spang et al. 2019; Lopez-Garcia and Moreira 2020). Thus, the
Asgard ancestor appears unsuited to be the ancestor of a
complex LECA. It is, however, likely that the last archaeal
common ancestor, LACA, was complex and that most ar-
chaeal supergroups evolved by gene losses (Csurés and
Miklés 2009; Koonin and Yutin 2014; Kellner et al. 2018).
Note that defining “complexity” is difficult, but genome size
or the number of metabolic processes or pathways can be
used as a proxy.

The Archaeal Ancestry Misconception

Finally, a fundamental issue linked to all 2D scenarios is the
initial mistake of claiming Archaea as ancestral (Woese et al.
1990). There is currently no evidence that Archaea is ances-
tral, and this proposal sounds now like an educated guess at
best. It is in fact equally, if not more, likely that Archaea are
derived. First of all, shared fundamental features of the three
domains (such as the use of DNA/RNA for conservation and
expression of information, the genetic code, the transcription
machinery, ribosomal translation, ATP as an energy conser-
vation molecule, amongst many others) point strongly to-
ward a unique origin of life. Second, Woese declared the
Archaea to be ancestral based on his belief that the 16S
rRNA molecule was a regular molecular clock (Fox et al.
1980). We know now that this is not the case. Clocks are
not constant (Williams et al. 2020). Finally, a growing list of
archaeal fundamental features appear to be derived from
bacteria, such as lipids (Coleman et al. 2019), C1 metabolism
as methanogenesis and methylotrophy (Adam et al. 2019),
the kynurenine pathway for NAD+ biosynthesis (Bulzu et al.
2019), and many others (Nelson-Sathi et al. 2015).

1D Scenarios

Thus, despite the undisputed proximity between Asgard and
Eukarya, there are many problems associated with any 2D
scenarios. Here, | suggest that most of these issues could be
solved by looking at the situation from a different angle. |
argue that an alternative scenario, based on a single bacterial
ancestral domain, is more likely and explains most of the
issues associated with 2D models. A bacterial rooting of the
tree of life is seldom considered in current hypothesis, despite
evidence supporting it, for example, based on paralogue

duplication studies (Lake et al. 2009; Fournier and Gogarten
2010; Williams et al. 2015). In 3D scenarios, Archaea, Bacteria,
and Eukarya are sister lineages, and all cells originated from an
ancestor that preceded diversification of any domains, with
different possible cellularization events (fig. 1A). In 2D scenar-
ios, Eukarya emerged from within the archaeal radiation, but
Archaea and Bacteria are sister lineages that originated from
an ancestor that preceded their diversification (fig. 1B). In
single-domain (1D) scenarios, both Archaea and Eukarya orig-
inated from within the bacterial radiation. Bacteria is the sole
ancestral domain, and the other two are derived (fig. 1Ctable
1). In this scenario, there is only one cellularization event, at
the base of Bacteria.

Different 1D scenarios have been presented previously
(Cavalier-Smith 2002; de Duve 2007; Devos and Reynaud
2010; Forterre 2011; Reynaud and Devos 2011; Forterre
2013). The most developed such scenario is arguably the
neomura hypothesis, which is based on the major difference
in cell wall between Bacteria and both Eukarya and Archaea,
and proposing that the clade composed of Archaea and
Eukarya evolved from Bacteria where one of the most obvious
changes was the modification of the peptidoglycan cell wall
(Cavalier-Smith 1987). The initial version of this hypothesis
nested the Neomura clade (Archaea and Eukarya) as a sister
group to Actinobacteria, principally due to the numerous
features shared between eukaryotes and this group, including
cholesterols and proteasomes (Cavalier-Smith  2002).
However, the bacterial clade of origin of the Neomura is still
unclear and various proposals have been made.

1D Scenarios Are Supported by Features of the PVC
Bacteria
In addition, two of the discoveries most relevant for key steps
of eukaryogenesis are supportive of 1D scenario and consis-
tently ignored in any 2D models. Those steps are the devel-
opment of the endomembrane system and of phagocytosis
and both phenomena are related to Planctomycetes bacteria.
Based on the homology between many components of the
eukaryotic endomembrane system and those of the bacterial
periplasm, Glinter Blobel and Christian de Duve separately
suggested that the eukaryotic endomembrane system is the
result of the internalization of the bacterial periplasm (Blobel
1980; de Duve 2007). In addition, the emergence and devel-
opment of the eukaryotic endomembrane system has been
based on MCPs (Devos et al. 2004). Planctomycetes have
always been of interest for scenarios of eukaryogenesis be-
cause of their developed endomembrane system (DEMS)
(Fuerst and Nisbet 2004; Forterre 2011), which is arguably
one of the most developed among the prokaryotes
(Santarella-Mellwig et al. 2013; Acehan et al. 2014; Devos
2014; Boedeker et al. 2017). In these bacteria, the cytoplasmic
membrane sends invaginations toward the inside of the cy-
toplasm, forming a complex organization and representing
“true” internalization of the periplasm, as hypothesized by
Blobel and de Duve (Santarella-Mellwig et al. 2013; Devos
2014). However, without a molecular link between the eu-
karyotic and bacterial endomembrane systems, the
Planctomycetes remained a curiosity of the prokaryotic
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world. The detection of proteins showing the structural sig-
nature of MCPs in the proteomes of various Planctomycetes
(and related species), and the demonstration that these pro-
teins sustain their endomembranes, changed this situation
considerably (Santarella-Mellwig et al. 2010). Hence, like
eukaryotes, some Planctomycetes have a DEMS based on
MCPs (fig. 2). Although there is no sequence signal between
the Planctomycetes and eukaryotic MCPs, the presence of
these proteins in prokaryotes is unique and represents the
first molecular link between the eukaryotic and prokaryotic
endomembrane systems. Whether their structural and func-
tional similarities argue in favor of an evolutionary relation-
ship, the exact nature of this relationship, convergent or
divergent, remains to be determined (Devos 2012).

The second discovery relevant to eukaryogenesis is the
development of phagocytosis. Again, Planctomycetes display
related phenotypes. Initially, it was shown that the plancto-
mycete Gemmata obscuriglobus was able to internalize whole
proteins before degrading them internally in a process rem-
iniscent of eukaryotic endocytosis (Lonhienne et al. 2010).
This observation was then extended to other molecules,
such as dextran, and to another Planctomycetes species,
Planctopirus limnophila, suggesting that this capability is
more global (Boedeker et al. 2017). Recently, it was shown
that a divergent Planctomycetes, Candidatus Uab amorphum,
is able to phagocytose other bacteria (Shiratori et al. 2019).
Despite the authors’ carefulness in their use of the term
“phagocytosis-like” and in their interpretation, the phenotype
appears similar to phagocytosis at least in function. Related to
their phagocytic capabilities, Planctomycetes are bigger than
typical bacteria; the spherical G. obscuriglobus measures a few
microns (Santarella-Mellwig et al. 2013), and Ca. Uab

Archaea

Asgard

® Genome size/Complexity
DEMS and MCP

Bacteria LPCA @ ASPs D ESPs
° ° ¢ ® Sterol
q Ftsz D Tubulin
LUCA
° q

Fic. 2. PVC-based one-domain (1D) tree of life and its implications.
Last common ancestors in the PVC-based 1D scenarios. The LUCA
and LPCA are the last universal and PVC common ancestors, respec-
tively, whereas the LAECA, LACA, and LECA are the last archaeal and
eukaryotic, archaeal only, and eukaryotic only common ancestors,
respectively. Domains are colored as in figure 1. Traits are represented
by filled disks or half-disks. Half-disks represent the transition from
one form, left, to the next, right, as in the case of FtsZ to tubulin. Size of
the disks or half-disks is related to the development of those features,
the bigger the more developed. DEMS, developed endomembrane
system; ASP, Archaea signature proteins.
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amorphum is even bigger, reaching ~4-5 microns in diam-
eter (Shiratori et al. 2019).

Thus, Planctomycetes display two features of the prokary-
otic world that are among the most relevant to the process of
eukaryogenesis, and there is a possible, although not demon-
strated, evolutionary connection between the bacterial and
eukaryotic phenomena through their MCPs. Although these
phenomena represent a unique case in microbiology, they
appear to have had limited impact—thus far—on the scien-
tific community. Even if the bacterial and eukaryotic MCPs
are not homologous, the Planctomycetes at least illustrate the
possibility of intermediate steps in the development of the
eukaryotic endomembrane system from the bacterial peri-
plasm, including phagocytosis, which supports any bacteria-
based 1D scenario.

In addition, these bacteria and their relatives in the
Planctomycetes-Verrucomicrobia-Chlamydiae (PVC) super-
phylum display additional features usually not found in bac-
teria and more often associated with eukaryotes or archaea,
or both (Devos and Reynaud 2010; Reynaud and Devos 2017;
Rivas-Marin and Devos 2018; Wiegand et al. 2018 table 1)
suggesting a PVC-based 1D scenario where the ancestor of
the PVC bacteria diverged by developing some features that
would later become known as archaeal, eukaryotic, or shared
between them (fig. 2 and table 1). These features include the
ones described hereafter. Sterol synthesis, previously thought
to have developed during eukaryogenesis, has now been con-
vincingly shown to be of bacterial origin (Santana-Molina et
al. 2020). The planctomycete G. obscuriglobus is one of the
few bacteria that produces sterol (although this list is con-
stantly growing [Wei et al. 2016]) and is the only bacteria thus
far for which sterol essentiality has been described (Rivas-
Marin et al. 2019). Tubulin-related proteins have been de-
scribed in Verrucomicrobia (Pilhofer et al. 2007; 2011) and
proteins containing a tubulin-like domain have been detected
in Planctomycetes too (Makarova and Koonin 2010).
Similarly, the genome of Cand. U. amorphum, the
phagocyte-like planctomycete, encodes an actin-related pro-
tein that is phylogenetically related to its Asgard homolog
(Shiratori et al. 2019). However, the phylogenetic location of
these proteins, tubulin- and actin-like, relative to their eukary-
otic and archaeal homologs is still undefined. The anammox
Planctomycetes, a divergent group, has a wide range of hy-
drocarbon chains that are either ether- or ester-linked to the
glycerol backbone, the so-called ladderane membrane lipids.
Few reports have followed up on this discovery, but it pro-
vides a possible solution to the issue of lipid transition
(Villanueva et al. 2021). In addition, C1 transfer metabolism
genes have been detected in Planctomycetes, and it has been
suggested that they could be related to the origin of meth-
anogenesis (Chistoserdova et al. 2004; but see also Adam et al.
[2019] for an alternative interpretation). Similarly, members
of the Verrucomicrobia and Lentisphaerae phyla have some
of the enzymes from the mevalonate pathway of isoprenoid
biosynthesis, which is usually associated with archaea and
eukaryotes (Hoshino and Gaucher 2018). Homologs to eu-
karyotic serine/threonine kinases and E2 ubiquitin-
conjugating enzymes were detected in Planctomycetes
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Table 1. Differences between Three-Domain (3D), Two-Domain (2D), and One-Domain (1D) Scenarios of the Tree of Life and Their Implications.

Feature

3D Scenarios

2D Scenarios

1D Scenarios

Ancestral domain(s)
Origin

Lipids

Ancestral genome manipulation
machinery

Metabolism

Ancestor complexity

Complexity development

Phylogeny

LGT

A,B,and E
All independent origin

Two ancestral lipids (B/E and A)

Three kinds: A and E are different
from B

A metabolism different from B, E

A and B appeared not complex, E
appeared complex

Few changes

All monophyletic

Many

Band A
E= A + internalized B

Two ancestral lipids (B/E and A)
plus complete lipid overhaul in
LECA, from A to B lipids

Two kinds: A and B

A metabolism changed to B in E
A and B appeared not complex

Increased in E from A, few changed
in Aand B

A paraphyletic, E and B
monophyletic
Many

B only, A and E are derived from B

E = derived B + internalized B, A
= derived B

Only one ancestral type of lipids, B.
A lipids are derived from B

One kind B, A and E are derived

A metabolism derived from di-
vergent B
B not complex

Increase of complexity from B to
LAECA, then increased in E,
erosion in A

B paraphyletic, A and E
monophyletic

Few

Note.—A, Archaea; B, Bacteria; E, Eukarya; LAECA, last archaeal and eukaryotic common ancestor.

species (Arcas et al. 2013). Planctomycetes also contain more
intrinsically disordered protein fragments, intermediary in
terms of numbers between prokaryotes and eukaryotes
(Bordin et al. 2018). In addition, members of the
Verrucomicrobia divide by binary fission using FtsZ, demon-
strating that the last PVC common ancestor (LPCA) had the
ftsZ gene and divided by binary fission, as most bacteria and
the last bacterial common ancestor (LBCA). However, all
members of the Chlamydiae and Planctomycetes have lost
the ftsZ gene, as well as others from the division and cell wall
(dew) cluster, and they divide by asymmetric division (Rivas-
Marin et al. 2016, 2020). Their mechanisms of division are
currently unknown. It is known that loss of ftsZ and develop-
ment of a new mode of cell division occurred during eukaryo-
genesis. Hence, the LPCA is a bacteria that started
accumulating features that will later be recognized as specific
to one, or both, of the Archaea and Eukarya domains
(Reynaud and Devos 20117, fig. 2).

Although the relevance of some of these features for eukar-
yogenesis has been disputed (Mclnerney et al. 2011), the ob-
jectivity and accuracy of these arguments have been criticized
(Forterre 2011; Reynaud and Devos 2011; Devos 2012;
Cavalier-Smith and Chao 2020), and the implications of these
features for eukaryogenesis have not been adequately
addressed. Unfortunately, in most cases, the proteins associ-
ated with these features have not been identified, which
impedes any evaluation of their evolutionary relationship.
Despite the presence of some of these features in other bac-
teria (Mclnerney et al. 2011), the members of the PVC super-
phylum are the only ones to combine so many in a single
group of related organisms (Reynaud and Devos 20171; fig. 2).

Reconciling Both Prokaryotic Superphyla
with Eukaryotes in the 1D Scenario

Thus, the LECA seems to be surrounded by two prokaryotic
superphyla. On the one hand, Asgard have currently the

highest number of ESPs and the phylogenies of some of these
ESPs place the Asgard as the closest archaea to the Eukarya.
On the other hand, the PVC superphylum is the bacterial
group that so far contains the most eukaryotic but also
archaea-related features. Both superphyla have led to scenar-
ios of relationships between the three domains that have
different but equally valid support. How can these two ap-
parently opposed type of scenarios be reconciled? Could the
archaeal proximity to the eukaryotes be reconciled with a
bacterial origin of both phyla?

In the PVC-based 1D scenario, bacteria derived from the
LPCA diverged by developing some features that would later
become known as archaeal, eukaryotic, or shared between
them (fig. 2 and table 1). In this scenario, there is a line, or
community, of organisms (O’Malley et al. 2019)—related to
PVC bacteria and intermediate between the ancestor of
Archaea and Eukarya, on its way to the last archaeal and
eukaryotic common ancestor (LAECA)—that had already de-
veloped some of their signature characteristics (those shared
between the ancestor of eukaryotes and archaea; fig. 2), that
is, on its way to complexity.

In PVC-based 1D model, the LPCA was more complex
than classical bacteria with features not usually observed in
them (table 1). However, the LPCA is not more eukaryotic
than archaeal. In this scenario, the LPCA is, in fact, the first
archaeal and eukaryotic common ancestor, the FAECA. The
“relative complexity” of the LPCA is in agreement with a gain
of complexity toward the LAECA. Of course, complexity does
not have the same meaning in different domains, but their
“relative complexities” (as compared with that of other mem-
bers of their domain) probably meet somewhere in the mid-
dle in some intermediary, bacteria-derived organism, en route
toward Eukarya and Archaea (fig. 2). It is these intermediary
organisms, between the LPCA and the LAECA, that should be
the focus of future research.

Thus, in this scenario, the PVC bacteria are the sister taxa
to the LAECA lineage and the root of the Archaea and
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eukaryotes is possibly, although not necessarily, located be-
tween the Archaea and Eukaryotic lineages. Notice that de-
viation from this prediction would not necessarily falsify the
hypothesis. The discovery of an archaeon with a DEMS, pos-
sibly sustained by MCP(s) would also be in agreement with
this hypothesis (fig. 2).

Importantly, a phylogenetic signal has recently been
detected in ribosomal proteins, which supports the PVC-
based 1D scenario (Cavalier-Smith and Chao 2020). It has
been argued that ribosomal proteins, when treated appropri-
ately, return more informative, accurate, and correct phylog-
enies than any other molecular markers. Comprehensive and
thorough phylogenies based on these proteins have now ro-
bustly placed the PVC superphylum (and Sphingobacteria,
including Bacteroidetes) at the base of the Archaea-Eukarya
domain. Although still limited, this result could have a signif-
icant impact as it is one of the first phylogenetic analyses
based on a coherent data set that supports a PVC-based
1D scenario. In agreement with this analysis, an intriguing
short stem signal was detected for the Verrucomicrobia/
Chlamydiae group of eukaryotic family genes in another phy-
logenomics analysis, possibly indicating a closest proximity
between these groups (Pittis and Gabaldén 2016).

1D Scenario Addresses the Deficiencies of 2D
Scenarios

As most 1D scenarios, the PVC-based 1D model proposes
that the host that engulfed the proto-mitochondrion was
an organism derived from a bacterium but with divergent
features that are now recognized as strictly eukaryotic, ar-
chaeal, or both (fig. 2). These features kept diverging until
the lineages split; one line became the Archaea, whereas
the other eventually ended up with the internalization of a
symbiotic partner, the mitochondria. This proposal immedi-
ately explains why Eukarya is closer to Archaea than to
Bacteria: they are derived from a common ancestor, the
LAECA, which was bacteria derived and not yet an archaeon
or a eukaryote. This also immediately explains the mixed
bacterial contribution to eukaryotic and archaeal genomes,
as this common ancestor is bacteria derived (fig. 2).

This proximity would be particularly noticeable today in
genes related to information processing. Possibly due to their
central role in the cell, these genes that have evolved together
have diverged less after the split of the two lines. This shared
evolution would have led to a seemingly mixed signal, which
is now interpreted as indicating a mosaic origin. The difficul-
ties in identifying the group of origin, expressed in the appar-
ently mixed origin of bacteria-like genes, are proposed to be
the result of signal blurring after accelerated divergence,
which clearly happened in the line diverging from bacteria
and is a well-known issue in phylogenetics, combined with
long diverging time as these events happened between 3 and
1 billion years.

The mixed origin of archaeal genomes is currently
explained by massive LGT from bacteria that occurred at
the origin of the Archaea (Martin et al. 2015). In the PVC-
based 1D scenario, the majority of the inferred LGT events are
in fact the result of continuous evolution in a bacteria-derived
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line, as in eukaryotes. This is supported by the strikingly sim-
ilar bacterial mosaicism of archaeal and eukaryotic genomes,
underlying the similarity between the evolutionary processes
that has been noted before and has been suggested to reflect
similar evolutionary processes, despite the differences be-
tween their evolutionary endpoints (Akanni et al. 2015).

The issue of the complexity of the ancestor of each domain
is also solved in a 1D scenario where the LAECA diverged
from bacteria headed toward more complexity (fig. 2; see
note about complexity before). There is thus a continuous
increase in complexity from Bacteria to Eukarya, only inter-
rupted in the line branching out toward Archaea. Complexity
then increased in Eukarya whereas it decreased in Archaea.

However, the metabolism of this intermediary organism,
or population thereof, would still be mostly bacteria like, with
a minimally DEMS that was possibly not yet differentiated but
already sustained by MCPs (Gonzalez-Sanchez et al. 2015, fig.
2).

The PVC-Based 1D Scenarios Support the
Proximity of Asgard to Eukaryotes

The fact that the genomes of all members of the Asgard
superphylum are enriched in genes encoding ESPs is often
taken as directly supporting the claim that the archaeal an-
cestor of eukaryotes already contained several building blocks
for the subsequent evolution of eukaryotic complexity—such
as tubulin, actin and its regulators, longin, and histones (Grau-
Bové et al. 2015; Stairs and Ettema 2020). This allegedly sup-
ports 2D scenarios, as despite the presence of some of these
genes in bacteria, the Asgard ones are closer to the eukaryotic
ones and claimed as ancestral. But what if it were the other
way around? It is also possible that these ESPs are in fact
remnants of what was present in their common “complex”
ancestor, the LAECA. This would suggest that the archaea are
in fact becoming less, rather than more, complex. This is
supported by the fact that archaeal evolution is likely to
have implied massive losses from a “complex” ancestor
(Koonin 2015). In 1D scenarios, archaea are not ancestral
and the so-called archaeal ancestry of many eukaryotic fea-
tures (e.g, histone, actin, and tubulin) is interpreted as con-
servation from the LAECA in a reductive context. In 1D
scenarios, archaea have lost most of the eukaryotic features,
with Asgard having lost the least and diverged less, immedi-
ately explaining the two facts related with Asgard, their sheer
number of ESPs and the phylogenetic proximity of these ESPs
to eukaryotes (fig. 2). Therefore, 1D scenarios do not contra-
dict the proximity of Asgard to Eukarya, but rather interpret it
differently. Phylogenomic analysis of the structure of the ar-
chaeal population in terms of genes’ presence and absence,
gains and losses, could resolve these issues. The presence of
incomplete systems, pathways or complexes in Asgard also
raises the question of the utility of incomplete sets of molec-
ular players.

In this scenario, Asgard members are still the closest pro-
karyotes to eukaryotes, but this does not imply that the
Asgard are the closest to the root of the Archaea. It just
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means that Asgard have diverged less, both in terms of se-
quence and of gene loss.

Interpretation

It is important to consider the possibility of PVC-based 1D
scenarios, because it has various profound implications—for
ancestral state and associated conditions, the age of the
domains, LGT inference, assumptions of ancestrality, con-
served genes and their context, among other things (table 1).

First, eukaryotes are not the result of a symbiotic merger
between an archaeon and a bacterium, but are rather the
result of diverging bacteria until the split with archaea.
Eukaryotes are still the result of a symbiosis between the
premitochondria and their ancestor, but this ancestor was
not an archaeon, it was a profoundly modified bacterium.
Second, understanding the origin and evolution of archaea
is highly relevant to eukaryogenesis, but archaea are not an-
cestral to eukaryotes. Instead, archaea and eukaryotes have
shared a common ancestor, the LAECA. Archaea is not an
ancestral domain. One of the consequences is that methano-
genesis is probably an ancestral feature of archaea, but not to
life, that is, it was not in the LUCA. The connection with
methylotrophy is obvious, intriguing and worthy of further
consideration (Chistoserdova et al. 2004; Sorokin et al. 2017;
Adam et al. 2019). Similarly, the eukaryotic genome is not a
genome with contributions from both prokaryotic domains.
Instead, it is a genome with contributions from the ancestral
bacteria, but also shared with archaea that developed on the
lineage of their common ancestor. The many features con-
served between archaea and eukaryotes are not ancestral in
archaea but are derived from a common ancestor and thus
ancestral in the LAECA. Another important implication of 1D
scenarios is that the extensive amount of LGT that has been
inferred from bacteria to archaea (Nelson-Sathi et al. 2015)
might possibly represent mostly remnants of a continuous
line of divergence from a bacterial ancestor that was lost in
some archaea and kept divergent in others.

| suggest that the branching of eukaryotes within archaea
in some phylogenetic reconstructions is the product of phy-
logenetic artefacts associated to strong divergence and an-
cient events, including but not limited to long branch
attraction.

Syntrophic interactions are widespread in nature, and it is
possible that such interactions between an archaeon and
various bacteria are at the origin of the eukaryotes (Lopez-
Garcia and Moreira 2020). However, a bacterial origin of
Archaea (and Eukarya) argues against this possibility and
resolves most of the issues associated with syntrophy
scenarios.

Importantly, the PVC-based 1D scenario does not reject
the phylogenetic signal between Asgard and Eukarya but
suggests that new ways of analyzing the relationship between
the three domains are needed. The relationship between
Archaea and Eukarya is undeniable. But it is equally important
to look at the relationship between these two domains and
Bacteria. 2D-centric analyses will only search for more support
for 2D scenarios. Even the creative proposal of considering

Asgard as early diverging members of a broader group includ-
ing eukaryotes and named “Eukaryomorpha” is still 2D centric
(Fournier and Poole 2018). Significantly, the authors con-
cluded that “resolving [the debate over 2 vs. 3 domains of
life] depends upon identifying the root of Archaea with re-
spect to Bacteria.” The consideration of bacterial sequences is
often avoided in order to remedy the requirements of phy-
logeny reconstruction methods. Although technically under-
standable, this de facto eliminates the contemplation of 1D
models. In fact, one of the few analyses considering bacterial
sequences recovers significant signal consistent with the PVC-
based 1D hypothesis proposed here (Cavalier-Smith and
Chao 2020). The signal is weak, but this is expected as dealing
with one of the most ancient relationships in the tree of life. In
fact, it is expected that the signal between PVC bacteria and
eukaryotes would be much less clear than between archaea
and eukaryotes as the former separated much earlier than the
latter. Indeed, the length of the time lag between the LAECA
and the LECA is unknown, but could be anything between 1
and 2 billion years (Dacks et al. 2016). The signal between the
LECA or the LACA and the LAECA is less eroded than the one
between them and the LPCA, as the time elapsed is shorter,
that is, the former split is younger than the latter. The signal
with the archaeal domain is easier to observe, because it is
younger than the one with bacteria, but the signal with the
PVC bacteria is much older and thus mostly erased, requiring
different, more powerful methodologies to be revealed
(Santarella-Mellwig et al. 2010; Cavalier-Smith and Chao
2020).

It should be noted that 1D and 3D scenarios as presented
here are similar in an unrooted perspective. 3D models are
derived from the progenote that Woese imagined as ancestral
to all life forms, including bacteria. A bacterial rooting was not
envisioned by Woese due to his bias toward ancestrality of
the archaea. Passing beyond this bias, and accepting the pos-
sibility of a bacterial root, leads to 1D scenario in agreement
with 3D scenario.

The proposal might appear to be Planctomycetes centric.
This is however not the case and most likely a reflection of the
bias in the exploration of the PVC superphylum. The
Planctomycetes phylum is so far the free-living bacteria
most explored in this superphylum (Wiegand et al. 2020). It
is important to explore more the whole PVC, including non-
cultivable organisms. There is a bias toward chlamydia due to
their human pathogenicity, but they are intracellular patho-
gens with highly reduced and divergent genomes. The explo-
ration of environmental chlamydia is highly relevant
(Collingro et al. 2020). Although the last decade witnessed
a substantial expansion of PVC bacteria diversity, a broader
genomic exploration in nature is still needed.

In conclusion, the Archaea remains central to understand-
ing the history of life, and they are linked to the origin of the
eukaryotes. Asgardarchaeota is also relevant, due to its closer
proximity to Eukarya. | believe that Asgard is the nearest
prokaryote to, but not the prokaryotic ancestor of, the eu-
karyotic lineage. 1D scenarios do not contradict the proximity
of Asgard to Eukarya, but they interpret this proximity differ-
ently. The PVC-based 1D scenario of the origin of life is
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gradual, as opposed to a big jump. It is minimalist regarding
LGT; rather than denying them, it attempts to avoid excessive
recourse to them. In addition, the PVC-based 1D scenario
predicts that archaea are as derived as eukaryotes. Finally,
this scenario is mitochondria late, in agreement with the
shorter branches of alphaproteobacterial genes with respect
to other bacterial genes found in eukaryotic genomes (Pittis
and Gabaldén 2016).

The PVC-based 1D scenario provides a coherent path of
evolution of the three domains of life, addressing most of the
inconsistencies of current scenarios and taking into account
most recent discoveries in the three domains. Future explo-
ration of prokaryotic diversity should focus on the line be-
tween the LPCA and the LAECA, which is currently the main
gap in the history of life on earth (fig. 2).
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