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PERSPECTIVES

OPINION

The hybrid nature of the Eukaryota
and a consilient view of life on Earth

James O. Mclnerney, Mary J. O’Connell and Davide Pisani

Abstract | The origin of the eukaryotic cell, which is known as eukaryogenesis, has
puzzled scientists for more than 100 years, and many hypotheses have been
proposed. Recent analyses of new data enable the safe elimination of some of
these hypotheses, whereas support for other hypotheses has increased. In this
Opinion article, we evaluate the available theories for their compatibility with
empirical observations and conclude that cellular life consists of two primary,
paraphyletic prokaryotic groups and one secondary, monophyletic group that has

symbiogenic origins — the eukaryotes.

In 1905, Konstantin Mereschkowski pos-
tulated a symbiotic origin of plastids and
animal cells', and in 1923, Ivan Wallin argued
for a bacterial origin of the mitochondrion?.
Since then, dozens of scenarios have been put
forward to explain eukaryogenesis®*'°. How
then should the different lines of evidence be
viewed and how should their contributions
to the arguments be weighted?

Although many readers will be familiar
with Karl Popper'!, who advocated falsifi-
ability — that is, generating, testing and
rejecting hypotheses — as the framework for
generating knowledge, the framework by
which we understand evolution to be a
strong theory is that of consilience'>. Con-
silience is said to be the ‘jumping together’
of facts or, in other words, the analysis of
whether there is agreement across different
classes of evidence, thereby amounting to
a single unifying theory'?. For example,
evolution is a strong theory because there is
consilience between empirical observations
from genetics, palaeontology, chemistry,
physics and behaviour, and together, these
observations support an overall theory of
evolution.

In this Opinion article, we argue that
hypothesis testing and inductive reasoning
are consilient with a symbiogenic hypothesis
for the origin of the Eukaryota. We address
eukaryogenesis from four perspectives —
molecular phylogenetics, palacontology,

bioenergetics, and modern cell biology and
biochemistry — each of which has contrib-
uted important and surprisingly congruent
insights relating to this argument. It is the
consilience of these lines of evidence that
leads us to conclude that eukaryotes are
not a primary lineage of life; rather, they
are a relatively late innovation, are perhaps
younger than any of the two prokaryotic
groups and emerged from both of them.
Indeed, the ‘eukaryotes-late’ hypotheses
imply that there was a merger between an
archaebacterium and a eubacterium.

A recent report focusing on the evidence
that supports a paraphyletic organization of
the Archaebacteria® has indicated that life is
divided into two domains. In this Opinion
article, we explore the evidence for eukaryotic
origins for all parts of the eukaryotic cell.

Background: the proposed models

The origin of eukaryotes is intimately inter-
twined with the study of endosymbiosis,
particularly with the origin of the mitochon-
drion. Various endosymbiotic hypotheses
for eukaryogenesis have been suggested,

and specific prokaryotic groups have

been proposed as the sister groups of the
mitochondrion and the plastid*”**-'7. The
origin of the mitochondrion is key to dis-
tinguishing between alternative hypotheses
regarding the origins of eukaryotes. Both
endosymbiotic*' and autogenous'®"” models

of eukaryogenesis have been proposed.
There is substantial molecular support for
endosymbiosis***, and the mechanism (that
is, selective advantage) for this model has
also been explored®***-?2. By contrast, autog-
enous models, which imply that eukaryotes
arose by stepwise mutations without the
external acquisition of genetic material,
require an excessive amount of ad hoc expla-
nation®. In addition, as it has been found
that amitochondriate eukaryotes, such as
microsporidia* and Giardia spp.”, are not
primitively amitochondriate but are instead
derived from mitochondrion-bearing ances-
tors, the evidence suggests that acquisition
of the mitochondrion occurred early in
eukaryotic evolution and certainly predates
the origin of all known extant eukaryotes.
The details of the process of mitochon-
drial acquisition are still debated. Much of
our understanding of the nature of life on
Earth and the deepest philosophical rami-
fications of this knowledge depend almost
entirely on a precise understanding of the
origin of the mitochondrion*'***%*. One sce-
nario that is commonly seen in textbooks?’
describes Eukaryota as a lineage that sepa-
rated from the Archaebacteria before the
diversification of the Archaebacteria. In this
scenario, mitochondrial origins merely cor-
respond to the introgression® of a symbiont
into an otherwise well-defined eukaryotic
lineage. This is known as the three-domains
hypothesis? (FIG. 1a). The three-domains tree
recognizes Eubacteria, Archaebacteria and
Eukaryota as three primary, monophyletic
lineages of ancient origins. The rooting of
this tree, which was achieved using deeply
diverging paralogues®, identified Eukaryota
as the sister lineage to the Archaebacteria.
An alternative rooting of the three-domains
tree places the Eukaryota as the sister line-
age to a monophyletic prokaryotic group
(which consists of the Archaebacteria and
the Eubacteria)>*, This is known as the
‘eukaryotes-early” hypothesis (FIG. 1b). In this
scenario, an ancient complex eukaryotic cell
underwent various reduction events to give
rise to prokaryotes’; no recent phylogenetic
analysis has provided convincing support
for this hypothesis. Other alternatives to the
three-domains tree include a phagotrophic
hypothesis', hypotheses that suggest an

NATURE REVIEWS ‘ MICROBIOLOGY

© 2014 Macmillan Publishers Limited. All rights reserved

ADVANCE ONLINE PUBLICATION | 1



PERSPECTIVES

a Three-domains

hypothesis Eubacteria

Archaebacteria

Eukaryota

b Eukaryotes-early
hypothesis Eukaryota

Archaebacteria
Eubacteria

¢ Eocyte hypothesis
Eubacteria
Other
Archaebacteria
Eukaryota
Eocytes

d Ring of life hypothesis Eubacteria
Eukaryota
Eocytes
Other

Archaebacteria

Figure 1| Competing scenarios for the origin
of the eukaryotes and the highest-level struc-
ture for describing the diversity of cellular
life. a|The ‘three-domains’ phylogenetic tree,
which is also known as the three-domains tree of
life. b| The ‘eukaryotes-early” hypothesis implies
that prokaryotes are derived from a eukaryotic
ancestor. ¢ | The Eocyte hypothesis postulates
that eukaryotes are derived from a lineage of the
Archaebacteria that post-dates the diversifica-
tion of the Archaebacteria. d | The ‘ring of life’
hypothesis postulates that eukaryotes arose from
two lineages of prokaryotes, one of which was
archaebacterial and one of which was eubacte-
rial, and consequently, it is the only monophyletic
group, although with symbiogenic origins. The
ring of life hypothesis also implies that eukary-
otes are late to arise and are a secondary group-
ing of life, whereas the two prokaryote groups are

primary groupings.

involvement of viruses® and hypotheses
that suggest a role for Planctomycetes as
intermediate forms between prokaryotes
and eukaryotes". No convincing evidence
supports these hypotheses, and the involve-
ment of Planctomycetes has been refuted®.

Other autogenous theories include the
gradual evolution of eukaryotes from within
the Archaebacteria® or from the Eubacteria,
with some lateral gene transfer (LGT) from
the Archaebacteria®.

Current, viable alternatives to autoge-
neous models are represented by a set of
hypotheses in which the eukaryotic lineage
was established as a consequence of a
merger in which two (or more) prokaryotes
either fused or entered a process of sym-
biosis’*!>202134% These hypotheses differ
in the number of mergers they assume, the
phylogenetic affinities of the mergers and
the order in which the mergers occurred.
Nevertheless, they all imply that the Eukary-
ota are not a primary lineage of life, and
hence — in contrast to the three-domains
hypothesis — they do not entail the existence
of a proto-eukaryotic lineage as old as the
Archaebacteria.

It is important to note that not all
hypotheses that propose the existence of
only two primary lineages of life are equally
well supported. Although many homologues
are shared by Eukaryota and Archaebacteria,
the observed contribution to eukaryotic
genomes from specifically hydrogen-
dependent archaebacteria is limited, which
weakens support for the hydrogen hypoth-
esis? and for sulphur-syntrophy hypotheses?'.
Furthermore, the contributions from Delta-
proteobacteria’ and Spirochaetes'>* are not
significant in number'” and are probably
limited to individual LGTs. This effectively
argues against the serial endosymbiotic
theory (SET) of Margulis'>** and the syn-
trophy hypothesis of Lopez-Garcia and
Moreira’. Considering that the ancestor of
the mitochondrion was a eubacterium and
that it must have engaged in pre- and post-
symbiotic LGTs", comparative genomic
evidence can be interpreted, parsimoniously
and confidently, as showing that only two
prokaryotes had a role in the origin of the
eukaryotes — an archaebacterium and an
alphaproteobacterium®.

A particular perspective on the origin of
eukaryotes proposed by Lake et al.’, which
is known as the Eocyte hypothesis, suggests
that the Eukaryota emerged from within
the Archaebacteria. A broader hypothesis
of greater consequence, which is known as
the ring of life hypothesis, was more recently
proposed by Rivera and Lake’. This hypoth-
esis postulates that eukaryotes emerged
from an already diversified archaebacte-
rial group — the Eocytes (FIC. 1¢,d) — that
merged with a eubacterium. The authors
do not explicitly say whether this eubac-
terium was distinct from the ancestor of

the mitochondrion or identical to it. In its
original definition®, Eocyte simply referred
to those organisms that are a sister group to
the Eukaryota within the Archaebacteria.
The ring of life hypothesis argues that the
Eukaryota emerged from within the Archae-
bacteria®>**% at the same time as from
within the Eubacteria and that the Eocytes
are the archaebacterial sister group of the
Eukaryota.

Regardless of the placement of the root
of life, whether it is within the Eubacteria®
or between the Eubacteria and Archaebacte-
ria®®*, the ring of life and the three-domains
tree are mutually incompatible. Indeed, the
ring of life type of model has a profound
implication for how we view life, as it sug-
gests that the Eukaryota are not a primary
lineage but are a secondary lineage of life
and that the Archaebacteria and Eubacteria
are not monophyletic (FIC. 2). The first step
towards understanding the origins of eukary-
otes is therefore to clarify whether the cur-
rent evidence supports the Eocyte—eukaryote
grouping, which is compatible with the ring
of life, or the three-domains grouping, which
is not.

Evidence from phylogenetic analyses

The phylogenetic relationships of eukaryotes
have been analysed using both genome-scale
data sets*®* and smaller sets of genes (vary-
ing from one to approximately 85 genes,

and often encoding ribosomal proteins)

that are assumed to be ‘genealogy-defining’
(REFS 27,37,40,41). Woese originally pro-
posed ribosomal RNA genes to be the ideal
molecules for inferring phylogenies”, and
later studies broadened the list of preferred
genes. However, a recent analysis has shown
that even these genealogy-defining genes
undergo a constant rate of horizontal trans-
fer*?, and the use of such a small collection of
genes has been criticized for only being able
to recover a “tree of one percent” (REF. 43).
Of particular interest are the methods of
analysis that are used in different studies and
the different perspectives that are given by
different approaches.

Many studies have addressed the phylo-
genetic relationships among all cellular life
forms, but, as these studies often disagree
with each other***, some authors have
claimed that we have reached a ‘phylogenetic
impasse’ (REF. 46). However, a critical assess-
ment of these studies shows that there is no
impasse at all. Genome-scale data sets have
shown that eukaryotic genes manifest in
only three important placements: one that
groups eukaryotes with the Cyanobacteria
(which indicates the symbiotic origin of
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the plastid), one that associates the eukary-
otes with the Alphaproteobacteria (which
indicates the symbiotic origin of the mito-
chondrion) and one that nests the eukary-
otes within the Archaebacteria (which
indicates the archaebacterial origin of the
host cell)®. The three-domains tree has been
generally — although not universally —
recovered using data sets of pre-selected
genealogy-defining genes****. In addition,
the three-domains tree is frequently recov-
ered when long concatenations of genes
that are affiliated with the Archaebacteria
are analysed using methods that are more
easily swayed by tree-reconstruction arte-
facts'®*>*. Eukaryotes are subtended by a
long branch (as can be seen in small subunit
ribosomal RNA (SSU rRNA) trees), indicat-
ing a rapid evolutionary rate in the stem
eukaryotic lineage, and can be attracted
by the highly divergent Eubacteria® via
long-branch attraction. Initial analyses of
nuclear SSU rRNA genes supported the
three-domains tree*, as did analyses of the
eukaryotic transcription and translation
machinery*. By contrast, analysis of ribo-
some structural features®, an insertion in
the gene encoding elongation factor Tu
(EF-Tu)* and further analyses of nuclear
SSU rRNA data* provided support for the
Eocyte hypothesis.

In phylogenetics, the substitution model
is a major determinant of tree topology®.
Initial analyses of SSU and large subunit
(LSU) rRNA genes used simplistic sub-
stitution models (or no model at all) and
provided support for the three-domains
tree using neighbour joining, maximum par-
simony and evolutionary parsimony***®, This
cemented the three-domains tree as the
accepted interpretation of the data. How-
ever, these studies — even when they used
a model — unrealistically assumed the
homogeneity of both nucleotide composi-
tion and substitution rate across different
positions in their alignments and lineages.
Later applications of heterogeneous models
that focused on modelling among-site rate
variation (ASRV) and compositional and
rate variation across sites and along the
tree*>*%2 obtained very different results
and instead supported an Eocyte topology.
The use of a node discrete compositional
heterogeneity model (NDCH model)*, the
CAT mixture model** and the correction for
ASRYV applied to a genealogy-defining gene
set, as well as to a novel data set of 51 pro-
teins, by contrast, supported the extended-
Eocyte tree (FIC. 1¢) over the three-domains
tree®™? (FIG. 1a). Here, extended-Eocyte tree
refers to the inclusion of new lineages of
archaebacteria® that were unknown at the
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time that the Eocyte hypothesis was initially
formulated. Posterior-predictive simulations
showed that heterogeneous models fit the
data significantly better than homogeneous
alternatives, which strengthens the support
for the extended-Eocyte topology®'. Further
development of these models included the
incorporation of node discrete rate hetero-
geneity (NDRH)®, accommodating across-
site compositional heterogeneity and
across-tree compositional and rate-matrix
heterogeneity. Interestingly, a taxonomically
extended data set that included a further
seven crenarchaeotes (in addition to the
three that had already been published by
Cox et al.*") was analysed using homogeneous
models and maximum parsimony and pro-
vided support for the three-domains tree®.
However, Bayes-factor analyses showed a
significant improvement of the fit of the
model to the data when additional param-
eters that were needed to account for the
covarion and heterogeneous processes
across the data were used. Using these
better-fitting models, the Eocyte tree was
recovered®’. These studies are compelling,
as they concomitantly show that, as the

fit of the model to the data is improved, a
shift from the three-domains to the Eocyte
tree is observed and that, when simplistic
approaches that are more likely to be swayed

Glossary

Among-site rate variation

A term used to describe the fact that different nucleotide
or amino acid positions in a molecular sequence can
change at different rates. This is usually caused by variation
in selection pressure, although it may also be caused by
variation in mutation rate.

CAT mixture model

A phylogenetic model that assumes that alignment
positions might evolve according to different processes.
The number of processes, the equilibrium frequencies of
amino acids and the assignation of sites to categories are
all free parameters of this model.

Eocyte hypothesis

A hypothesis relating to nucleocytosolic genes in
eukaryotes that evolutionary history has placed within the
Archaebacteria in a sister-group relationship with ‘Eocyte’
archaebacteria. This Eocyte hypothesis implies that the
Archaebacteria are not a monophyletic taxon and that
eukaryotes arose from within the Archaebacteria.

Evolutionary parsimony

(Also known as ‘Lakes invariants’). A method of resolving a
four-taxon problem. A set of equations calculate three
invariants — one for each topology. For the correct
phylogenetic tree, the invariant is non-zero, whereas the
invariant is zero for the other two topologies.

Heterogeneous models
Phylogenetic models that allow for different evolutionary
processes in different parts of the data and evolutionary

history. Heterogeneity can be allowed in evolutionary rates
and sequence composition.

Homogeneous model

A phylogenetic model that implies that there has been a
constant rate of evolution, a constant sequence
composition, or both, for the duration of the evolutionary
history of the sequences that are under consideration.

Maximum parsimony

A method that prefers phylogenetic trees that

minimize the number of substitutions required to explain
the observed distribution of character states in a

data set.

Neighbour joining

A fast clustering approach to infer phylogenetic trees
based on distance matrices that have been derived from
alignments.

Node discrete compositional heterogeneity model
A model that allows different branches of a phylogenetic
tree to evolve using different sequence compositions.
Composition vectors are distributed throughout the tree
and their placement is calculated as part of the
optimization process.

Nucleomorph

A vestigial eukaryotic nucleus thought to be descended
from algae that were themselves engulfed by other
eukaryotes. Therefore, nucleomorphs represent secondary
endosymbiotic events.

Ring of life hypothesis

A proposal that eukaryotic genomes are composed of
genes that have two separate sources — one from within
the Eubacteria and one from within the Archaebacteria —
effectively creating a ring of life, not a tree of life.

Sequence similarity network

A network that consists of nodes that can either represent
genes or genomes; the edges that connect these nodes are
statements of homology. Therefore, the basic unit of a gene
similarity network is a pair of nodes connected by an edge;
however, these networks can be very large, consisting of
connected components that embed thousands, or even
millions, of nodes.

Symbiogenic
Aterm used to describe the merging of two separate
organisms to form one new organism.

TACK group

A group of Archaebacteria that consists of four smaller
groups (equivalent to phyla); these are the
Thaumarchaeota, the Aigarchaeota, the Crenarchaeota
and the Korarchaeota.

Three-domains hypothesis

A hypothesis that depicts the Eukaryota, the Eubacteria
and the Archaebacteria as three monophyletic groups,
generating a three-domains tree of life. This topology is
generally recovered using nucleocytosolic informational
proteins and homogeneous models of sequence
evolution.
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Figure 2 | The ring of life hypothesis. Schematic representation of the flow of genetic material
from the two major prokaryotic groups into the base of the eukaryotes and the separate flow of
genetic material from cyanobacteria into plastid-containing eukaryotes.

by tree-reconstruction artefacts are used,
the three-domains tree is recovered. The
maximum parsimony analysis is an elegant
counter experiment that undermines

the credibility of the three-domains tree
considerably.

Contrary to the opinion of Gribaldo et al.*,
we conclude that we have not reached a
phylogenetic impasse, and instead, the
extended-Eocyte tree has constantly been
gaining support, whereas support for the
three-domains tree is diminishing. The
Eocyte taxon is currently considered to
most probably be synonymous with the
TACK group®, although new prokaryotes
are constantly being discovered'® and the
true Eocyte group might still be unknown.
Irrespective of this, it is clear that the
extended-Eocyte topology for the relation-
ship between Eukaryota and Archaebacteria
should be the current standard, rather
than the three-domains tree. The question
therefore arises: how should we test the
extended-Eocyte hypothesis? From a phylo-
genetic perspective, the answer is obvious.
Given the relevance of dense taxonomic
sampling and the importance of using well-
fitting models to counter systematic biases
and ensure phylogenetic accuracy, further
studies should aim at extending sampling
both within and outside the Eukaryota and
analysing these extended data sets using
well-fitting models. Interestingly, the recent
study of Rinke and collaborators'® substan-
tially extended taxonomic sampling in the
context of an analysis of 38 protein-coding
genes and rRNA sequences, and they found
support for the three-domains tree. How-
ever, poorly fitting models were used in the

analyses. ASRV was modelled using the
CAT approximation®, which should not
be confused with the well-fitting, site-
heterogeneous CAT mixture model that is
implemented in the PhyloBayes software*.
In addition, the outdated JTT model of
amino acid substitution was used for the
protein data set. Furthermore, a mixture
of nuclear, mitochondrial and plastid
sequences was used to represent eukary-
otes*. Accordingly, the support for the
three-domains tree that was generated
by this study should be considered dubi-
ous. Indeed, Williams and Embley have
recently shown that, when these problems
are accounted for, the data set of Rinke
and collaborators'® does not support the
three-domains hypothesis and instead
supports the extended-Eocyte tree”.
Specific relationships between eukaryotes
and archaebacteria have not solely been
inferred by modelling of the phylogenetic
history of informational proteins. Phyloge-
netic analysis of membrane remodelling and
cell division proteins across all domains
of life has also revealed a complex pattern of
homologues, with a eubacterial-like ftsZ
homologue being absent in the Crenarchaeota,
but present in most other archaebacteria.
Concomitantly, the Sulfulobales and the
Desulfurococcales use the ESCRT-III sys-
tem for cell division, which is homologous
to the system that is used by eukaryotes®.
These similarities in gene content between
the Eukaryota and the Crenarchaeota and
between the Euryarchaeota and the Eubac-
teria may reflect lineage history, although
LGT or other complications cannot be
ruled out.

Evidence from the fossil record
The Earth is about 4.5 billion years old,
and the evidence for life on Earth dates
back almost to this date (~3.86 billion
years ago). The earliest evidence for life is
found in rocks from the Isua supergroup in
Greenland and is based on inclusions that
are enriched in light isotopic carbon®. The
earliest possible evidence for cells in the fossil
record is from the Apex Chert in the Pilbara
formation of Western Australia (which is
~3.4 billion years old)*. To which extant
organism lineage these fossils relate (if any)
is not known, but what can be taken for
granted is that they do not have any of the
morphological features that characterize
the eukaryotes. Indeed, the first confirmed
eukaryotic fossil (Shuiyousphaeridium
macroreticulatum) is from the Ruyang group,
China, and is dated at ~1.6-1.8 billion years
old®. The presence of eukaryotic biomarkers
(specifically, steranes, which are presumed
to be fossil derivatives of eukaryotic-specific
sterols) in 2.7 billion-year-old bitumens
from the Pilbara formation®!, Western Aus-
tralia, had been interpreted as evidence that
extends the fossil history of the eukaryotes
to almost 3 billion years ago. If correct, this
would make the eukaryotes almost as old as
the prokaryotes. However, this evidence was
suggested to be invalid by further studies
showing that steranes could have percolated
in the 2.7 billion-year-old bitumens from
younger strata®>®.

The three-domains tree implies that
the eukaryotic lineage is at least as old
as the Archaebacteria (which is inferred to
be its sister group). If the three-domains
tree is rooted in such a way as to represent
the eukaryotes-early hypothesis, then the
eukaryotic lineage is even older than
the prokaryotes. Such early-stem eukaryotes
— if they existed — were unlikely to possess
all of the morphological features that are
seen in extant (that is, crown) eukaryotes.
They could certainly not have possessed
chloroplasts and mitochondria (given that
the ancestors of these organelles did not yet
exist). Hence, it is unlikely that 3.4 billion-
year-old fossil eukaryotes (if they exist)
would be distinguishable from prokaryotes.
However, it would be expected that the
autogenous features that are found in
eukaryotic cells (for example, the endoplas-
mic reticulum or pseudopods) should be
progressively acquired in the proto-eukaryote
lineage and that fossils that are gradually
more similar to present-day eukaryotes
should be found when moving towards the
present. We have not seen this pattern in
the fossil record. However, hypotheses in
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which eukaryotes are not seen as a primary
lineage of life (that is, originating from the
merger of the Eubacteria and the Archaebac-
teria) imply that eukaryotes must be younger
than both primary prokaryotic lineages

and — more importantly — younger than
the Alphaproteobacteria. Not much is cur-
rently known about the date of origin of the
different prokaryotic phyla. However, geo-
biologists are constantly looking for reliable,
lineage-specific, prokaryotic biomarkers in
Precambrian rocks, and important advances
are being made® in the definition of the
minimal ages of specific prokaryotic
lineages. Potential fossil biomarkers are
known for some Gammaproteobacteria
(Okenane) and Alphaproteobacteria
(2a-Methylhopanes)*, and, on the basis of
these biomarkers, the oldest possible evidence
for the Proteobacteria is currently found in
~1.64 billion-year-old Australian rocks.

The first eukaryotic fossil is approximately
1.6-1.8 billion years old, and molecular
clock studies that estimated the age of the
extant eukaryotic diversity have system-
atically inferred that this lineage radiated
1.7 billion years ago® or less®. Overall,
these results are inconsistent with the three-
domains hypothesis and instead suggest a late
emergence of eukaryotes — a finding that is
more consistent with ring of life hypotheses.

Evidence from bioenergetics

Lane and Martin® have shown that a very
important problem for the transition from

a relatively simple single-celled or colonial
prokaryote to a complex eukaryote is the
requirement for energy. Only eukaryotic cells
can become complex, and Lane and Martin
assert that this can only happen when a cel-
lular power generator that is based on trans-
membrane chemiosmotic energy coupling
can provide the requisite energy. In other
words, it is not possible to become a eukary-
ote without a mitochondrion. The argument
is that power production per gram of cells

is higher in prokaryotes, such as Escherichia
coli, than in eukaryotes, such as Euglena spp.
However, when viewed in terms of power per
haploid genome (bearing in mind that E. coli
is orders-of-magnitude smaller than Euglena
spp.), a protozoan has approximately 5,000
times more metabolic power than a single
bacterium. Taking the massively expanded
genomes of protozoans into consideration,
prokaryotes and eukaryotes have similar
amounts of metabolic energy per Mb of
genome. So, why did prokaryotes not evolve
into eukaryotes more than once? The rea-
son is that it is impossible to generate this
amount of energy in a single cell unless that

cell has a powerhouse of energy production
with a large membrane surface — that is, a
mitochondrion. In addition, it is necessary
for the mitochondrion to lose most genes, so
that they are not synthesized in thousands

of copies when they are not needed. This
requirement would have created a massive
selective advantage for those lineages of early
eukaryotes in which endosymbiotic gene
transfer (EGT) took place®’.

Lynch and Conery®* reported the
counter-intuitive result that the likelihood
that a newly arisen gene will survive the
accumulation of mutations increases with
decreasing effective population size. If the
first eukaryotic cells arose as a consequence
of cellular or genome merging, then it is at
least possible that this created a substantial
decrease in population size, which would
then have enabled the accumulation of all
kinds of rapid evolutionary events. In addi-
tion, Lynch and Conery showed that fea-
tures such as introns within protein-coding
genes are extremely unlikely to establish in
small genomes. Although this is a distinct
argument, it is compatible with, and aug-
ments, the assertion by Lane and Martin
that larger genomes can only be found in
organisms with a power source that is based
on transmembrane chemiosmotic potential.
The smaller effective population sizes that
are found in a bottleneck, and also in those
organisms with genomes larger than 10 Mb,
make the radical reorganization of a stem
eukaryotic genome a very likely possibility.
These calculations make a eukaryotes-early
hypothesis or a proto-eukaryote hypothesis
very unlikely.

Evidence from modern cell biology

If a merger scenario for eukaryogenesis is
probable, then we might expect this event
to be detectable in various features of the
cellular and molecular biology of extant
eukaryotes. In a study of the best under-
stood eukaryotic genome (that of the yeast
Saccharomyces cerevisiae), significant differ-
ences were found between archaebacteria-
affiliated and eubacteria-affiliated genes in
terms of expression level, likelihood of being
lethal-upon-deletion, duplicability and
position in protein-interaction networks
(PINs)*. The genes that have archaebacte-
rial affiliation are more highly expressed
than those that have eubacterial affilia-
tion, are more likely to be lethal if they are
deleted or disrupted and are more central in
PINs (using both closeness-centrality and
betweenness-centrality measures), whereas
the eubacteria-affiliated genes are more
highly duplicated on average. When the data
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were split into two groups — that is, into
informational genes and operational genes®
— the informational genes were more likely
to be affiliated with the Archaebacteria.
However, when the data were examined
across both informational and operational
genes with respect to lethality, the archae-
bacterial homologues were more likely to
be lethal-upon-deletion in both cases. Gene
provenance and essentiality are therefore
linked for both classes of genes. These
results have also been shown to be true for
the human genome™. Archaebacteria-
affiliated genes are more highly and broadly
expressed in humans, they evolve more
slowly than eubacterial genes and are

more central in human PINs. By contrast,
eubacterial genes have duplicated much
more than archaebacterial genes, and the
proportion of eubacteria-affiliated genes

in humans exceeds that in yeast. In terms of
human disease, eubacterial genes are signifi-
cantly more likely to be involved in Men-
delian diseases than archaebacterial genes.
This is because archaebacterial genes are
more important for human cellular func-
tioning, and mutations are more likely to be
lethal and less likely to feature in diseases of
living individuals™.

In an analysis of genome-content evolu-
tion across a broad range of cellular life
forms, recently developed sequence similarity
network approaches were used. These net-
works included eukaryotes, archaebacteria
and eubacteria and revealed the presence
of 28 connected components with a four-
element chain-like structure’. In these
connected components, the basic structure
consists of eukaryotic genes connected
to archaebacterial genes, which are con-
nected to eubacterial genes, which are
connected to other eukaryotic genes. It is
impossible to fit the evolution of these 28
chain-like structures onto a tree, but they
can be easily accommodated by a ring. In
an analysis of gene copy-number varia-
tion, when duplications or losses occur,
they occur in the eubacteria-affiliated
components of those genomes to a far
greater extent than in the archaebacteria-
affiliated components. In terms of ratio, tiny
nucleomorph genomes tend to have a greater
proportion of archaebacterial genes than of
eubacterial genes, whereas vertebrates and
plants, which have large genomes, tend to
have a much greater proportion of eubac-
terial genes. That is, the archaebacterial
component of the eukaryotic cell seems to
be less changeable in terms of gene number.
These facts argue again that eukaryotes are
a merger of two lineages, which contributed
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different numbers of genes that differ in
their importance to the eukaryote.

Is a ‘merger’ hypothesis even plausible?
The absence of evidence that prokaryotic
cells undergo fusion has been used as a
criterion to suggest that hypotheses that are
based on two primary lineages of life are not
tenable”. However, recent studies’”* show
that some archaebacteria can easily engage
in cell fusions, which result in the genera-
tion of heterodiploid genomes. In addition
to cell fusion, chromosomal recombination
has been observed for Haloferax volcanii and
Haloferax mediterannei’>”. These experi-
ments show that cellular fusions involving
prokaryotic cells can and do occur. A fur-
ther argument that was used against the
merger hypothesis was that archaebacterial
membranes contain glycerol-1-phosphate
lipids, whereas eukaryotic and eubacterial
membranes contain glycerol-3-phosphate
lipids. In this context, it was suggested that
evolution via intermediates was ‘selectively
disfavoured’ (REF. 74), hence the host in the
eukaryogenetic process could not have
been an archaebacterium. However, it has
recently been shown that heterochiral hybrid
membranes that consist of both types of
lipids can be synthesized and that they are
stable”™. Furthermore, an analysis of the yeast
genome has shown that there is no differ-
ence in the percentage of archaebacterial
and eubacterial genes encoding plasma
membrane components’.

It has been argued that phagocytosis is
a eukaryote-specific trait. However, care-
ful phylogenetic and structural analyses of
eukaryotic actin-family proteins and archae-
bacterial actin-like proteins suggests that
ancestral actin-like proteins were capable
of forming branched-filament structures
and networks, which were likely to have
conferred the ability to form the equivalent
of eukaryotic lamellipodia or filopodia that
could facilitate the archaebacterial engulfment
of another prokaryote™.

The question then remains whether it
is possible for a cell to remain robust and
fit following the introduction of an enor-
mous number of completely new genes.
A recent report has identified the flow of
approximately 1,000 eubacterial genes into an
archaebacterial cell at the origin of the Halo-
archaea”. In addition, it has been suggested
that the origin of double-membrane eubacte-
ria occurred as a result of a cellular merger™.
More generally, ‘highways’ of gene sharing,
which have carried many genes into recipient
genomes, have been uncovered”. The demon-
stration of such events shows that large-scale

mergers® have occurred and that introgression
is a fundamental feature of evolution.
Although these results, when taken in
isolation, do not prove that cellular fusion
(consistent with a ring of life hypothesis)
occurred at the origin of eukaryotes, the data
clearly show that such an event was possible.

Conclusions
There is a considerable amount of consil-
ience' between the phylogenetic, cell biology,
population biology, biochemical and pale-
ontological evidence in favour of a scenario
in which a merger of just two prokaryotes
— one eubacterial and one archaebacterial
— formed the eukaryotic cell relatively late
in the history of life. The eubacterial ancestor
subsequently became the mitochondrion.
Many of its genes were transferred to the
nucleus as a consequence of selective pres-
sures against the replication of large amounts
of DNA, the protein products of which were
not needed in such large quantities. Unfor-
tunately, the consideration that this was
the relationship of a ‘host” and a ‘symbiont’
has led to the denigration of the role of the
eubacterial component of the eukaryotic cell
in favour of a focus on the archaebacterial
component. However, in most eukaryotes
(including animals), the eubacterial gene
components are numerically greater and
span all major functions, including both
informational and operational functions.
Therefore, a proper view of eukaryotic ori-
gins needs to take account of both ancestries
of eukaryotic genes. In addition, given the
importance of anaerobic energy metabolism
in the evolution of eukaryotes®, future work
is needed to clarify the nature of this merger.
Eukaryotes are indeed ‘irreducibly com-
plex’ — it is very difficult to envision a situa-
tion in which a complex eukaryotic ancestor
gave rise to two streamlined prokaryotes
with substantially different kinds of genes.
In easily identifiable situations of reduced
genomes, we see that the same kinds, not
different kinds, of genes are lost, and these
are usually metabolic genes®'. Eukaryotes-
early hypotheses imply a pattern of gene
loss that is simply not seen anywhere else,
and these hypotheses can safely be excluded
owing to the high number of unusual ad hoc
explanations they would require. In addi-
tion, autogenous eukaryogenesis seems to
be very unlikely — particularly from the
perspectives of energetics and phylogenet-
ics. A key influence of viral genes has been
proposed®®, but the yeast nucleus is not
enriched in genes that have viral homo-
logues, which might be expected if viruses
played an important part in eukaryogenesis®.

What would falsify the ring of life
hypotheses that are advocated in this Opin-
ion article, causing their reappraisal? First,
the finding of a primitively amitochondriate
eukaryote would falsify this idea. That is, the
finding of a eukaryote that branches deeply
as a sister group of mitochondrion-containing
eukaryotes, inferred using well-fitting phylo-
genetic models, in which no evidence can be
found that this organism possess even one
mitochondria-derived gene. Second, the dis-
covery of fossil eukaryotes that are older than
the Alphaproteobacteria would disprove this
hypothesis. Unfortunately, the precise age of
the Proteobacteria still needs to be clarified,
but there is considerable scope for modern
geobiology to clarify this point in the future®.
Still, it is clear that uncontroversial fossil evi-
dence of eukaryotes that are close to 3 billion
years old would substantially weaken any
ring of life hypothesis.

The chimeric nature of the eukaryotes has
profound implications for our understanding
of the nature of life on Earth. If the Eukaryota
have hybrid origins, then strictly speaking,
both the extant Eubacteria and Archaebacteria
are paraphyletic, whereas the Eukaryota,
as a lineage, is monophyletic, despite its
symbiogenic ancestry. Gribaldo et al.*
characterized the Eocyte hypothesis (and
hence the ring of life hypothesis) as a
two-domain hypothesis. This characteriza-
tion is inherently flawed owing to the chi-
meric nature of the eukaryotes. Given that
the current evidence suggests that there is a
single highest-level category of life with two
(ancient) primary groups — the Eubacteria
and the Archaebacteria — followed by a
secondary group of more recent origins —
the Eukaryota, we advocate a ‘domain—free’
view of life on Earth. It is time to get used
to depicting life on this planet as a graph
with rings.
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