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The origin of eukaryotes:

a reappraisal

Christian de Duve

Abstract | Ever since the elucidation of the main structural and functional features
of eukaryotic cells and subsequent discovery of the endosymbiotic origin of
mitochondria and plastids, two opposing hypotheses have been proposed to
account for the origin of eukaryotic cells. One hypothesis postulates that the
main features of these cells, including their ability to capture food by endocytosis
and to digest it intracellularly, were developed first, and later had a key role in
the adoption of endosymbionts; the other proposes that the transformation was
triggered by an interaction between two typical prokaryotic cells, one of which
became the host and the other the endosymbiont. Re-examination of this
question in the light of cell-biological and phylogenetic data leads to the
conclusion that the first model is more likely to be the correct one.

The origin of nucleated cells has long been
an object of wonder and speculation. Three
events have marked the modern era of
research in this field. First, discoveries in
the 1950s and 1960s revealed the intricate
organization of eukaryotic cells and the
functional specializations of each type of
structure. Second, the landmark paper by
Lynn Margulis (Sagan at the time)' revived
the endosymbiotic theory of the origin of
mitochondria and plastids, and subsequent
experiments confirmed her proposal. Third,
with the innovative investigations of Woese
and Fox? molecular phylogenies were
extended back to the dawn of life, yielding
a wealth of new data that prompted a
profusion of new hypothetical models.
Surprisingly, these new models often
focus on a single eukaryotic feature, mostly
the nuclear genome or the mitochondria,
ignoring several other cell parts of compa-
rable importance. My main purpose in this
Essay is to restore some balance in the field,
reconciling the equally valid demands of
cell biology and phylogenies. References
to the relevant literature, which has grown to
immense proportions, are necessarily selec-
tive, but should be sufficient to allow retrieval
of further information (see also REF. 3).

The making of a eukaryote

Eukaryotic cells differ from prokaryotic
cells by a number of features: a nucleus,
fenced off by an envelope and containing
elaborately structured chromosomes, along
with the main molecular systems responsi-
ble for replication and transcription of the
chromosomal DNA and for processing of
the RNA transcripts; an extensive system
of cytomembranes, subdivided into a
number of specialized parts; cytoskeletal
elements and associated motor systems;
peroxisomes and related organelles; mito-
chondria and the related hydrogenosomes;
and, in phototrophic eukaryotes only,
plastids (FIC. 1). Another distinguishing
feature of eukaryotic cells is that they divide
by mitosis. When, how and in what order
were these various eukaryotic features
acquired, and what evolutionary advantages
did they provide?

Time and setting. A crucial date in the history
of eukaryotes lies around 2.4 billion years
ago, when molecular oxygen started rising
in the Earth’s atmosphere*. Oxygen-related
organelles, such as peroxisomes, mitochon-
dria and plastids, must have been acquired
after that date. Other eukaryotic features

must likewise have developed under aerobic
conditions if their acquisition accompanied
or followed that of oxygen-related organelles.
If acquired earlier, they could have been
developed under anaerobic conditions, a
point that is relevant to theories that assume
eukaryotic transformation was triggered

by the adoption of mitochondria. Such
theories imply that eukaryotic cells devel-
oped within the period between the rise

of atmospheric oxygen and the appear-

ance of the first eukaryotic organisms.
Unfortunately, estimates of that date vary
widely, from as early as 2.7 billion years ago®
to no more than 0.9-1.3 billion years ago®’,
or even later®’.

The more recent estimates rest almost
exclusively on the lack of undisputed fossil
evidence of more ancient eukaryotic
organisms; which, by itself, is not a strong
argument. Earlier organisms might not
have left any recognizable fossil remains.
Alternatively, they might have occupied a
restricted niche that has not yet been searched
for microfossils. This could have been the
case for the long succession of intermediates
in the development of the main eukaryotic
features, which most likely preceded the
adoption of mitochondria (see below).

Arguments brought forward in favour
of a very ancient origin of eukaryotes, long
predating the first identified eukaryotic
microfossils, perhaps even the appearance
of atmospheric oxygen, have been the
large number and apparent antiquity of
eukaryotic innovations that do not have a
prokaryotic counterpart'®'!. Revealed by
molecular studies, these so-called ESPs
(eukaryotic signature proteins) number
in the hundreds and have led some to
contend that the eukaryotic line could date
back to as early as 3.5 billion years ago, or
perhaps even to the last universal common
ancestor (LUCA). Furthermore, what is
known of most eukaryotic features allows
the assumption that they developed under
anaerobic conditions. Remove peroxisomes
and mitochondria (and plastids) from a
eukaryotic cell, and you are left with what
is essentially an anaerobic organism, one in
which rare oxygen-utilizing systems, such as
cytochrome P, and associated oxygenases,
could be late acquisitions. The same could
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be the case for the eukaryotic cholesterol,
which was most likely preceded by
polyisoprenoids that did not require oxygen
for their synthesis'.

Genomic chimerism. Eukaryotic genes
seem to be partly of eubacterial and partly
of archaebacterial type, implying a mixed
ancestry for eukaryotes. The distribution

of the two types of genes seems to be non-
random. Roughly speaking, genes that have
nuclear functions (informational genes)
have archaebacterial characteristics; those
that have cytoplasmic functions (operational
genes) have eubacterial characteristics'>'.
This genetic mixing has been attributed to
the fusion of a eubacterial and an archae-
bacterial cell®™%, or to the formation of an
endosymbiotic relationship, with either the
eubacterial partner acting as host cell for an
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archaebacterial endosymbiont, destined to
become the eukaryotic nucleus''**, or the
archaebacterial partner serving as host cell
for a eubacterial endosymbiont, ancestral to
the mitochondria*~**,

Notably, all of these models assume
prokaryote—prokaryote interactions that
have never been observed. They all also
raise a serious problem, related to the
chemical composition of the membranes of
the two kinds of prokaryotes (see below).
Furthermore, it is not clear how the two
genomes could have become reorganized
into a single genome, with each partner
providing a given set of genes and losing
the others. This difficulty and other con-
siderations have led some to postulate that
eukaryotic cells go back to a very ancient
protoeukaryote, or ‘urkaryote’, that even
antedates prokaryotes, which are assumed
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Figure 1| The main features of eukaryotic cells. A hypothetical flagellated protist showing
all the components of eukaryotic cells, with the exception of plastids, which are present only in
phototrophic eukaryotes. For comparison, the average prokaryote is about the size of a mitochondrion.
Modified with permission from REF. 51 © (1991) Neil Patterson Publishers.

to have arisen from this ancestral organism
by ‘reductive’ evolution and to have split
into two distinct branches only later-%%.
Others, also invoking very early pheno-
mena, have attributed the genomic chimerism
of eukaryotes to lateral gene transfer, a
process that is thought to have been much
more prevalent among the first primitive
cells than it is today**2. Both of these
models place the origin of eukaryotic cells
long before the acquisition of endosymbi-
onts, pushing the main events of eukaryote
genesis even further back than other
models.

In sharp contrast, Cavalier-Smith®® has
defended the theory that archaebacteria
emerged at the same time as eukaryotes, a
mere 850 million years ago, from a common
ancestor (neomuran) that he believes to
have arisen from eubacteria after these had
been around for more than 2 billion years.
According to this theory, the alleged genetic
chimerism of eukaryotes is really a mosaic-
ism, combining genes inherited from the
eubacterial ancestor (or derived later from
mitochondria) with new genes gained by the
common neomuran ancestor of eukaryotes
and archaebacteria in the course of its
evolution.

A possibility that does not seem to have
been considered is that the archaebacterial
genes were acquired from an endosymbiont
by a eubacterium-related host cell that
already possessed some key eukaryotic
properties, including a nucleus and an
operational phagocytic machinery. Such
an endosymbiont could have abandoned a
number of genes to the host-cell nucleus,
as mitochondria and plastids are known
to have done, and could subsequently
have disappeared (or been converted into
peroxisomes, see below). This possibility
has two advantages: it does not require an
interaction between prokaryotes of a kind
that has never been observed, and it postu-
lates only well-known phenomena that are
associated with other instances of endo-
symbiosis. However, like the other models
of genomic chimerism, it fails to explain
the mechanism by which the informational
genes of the host were selectively replaced
by those of the endosymbiont.

There is the even more drastic possibil-
ity that the very idea of genomic chimerism
might rest on a questionable phylogenetic
basis, and that gene transfers from endo-
symbionts and, perhaps, neighbouring cells
might account for the mosaic composition
of the eukaryotic genome. This opinion
is defended by Kurland et al."’, who have
severely criticized all fusion models.

396 | MAY 2007 | VOLUME 8
© 2007 Nature Publishing Group

www.nature.com/reviews/genetics



Membrane lipids. All biological membranes
are built with phospholipid bilayers. In
eubacteria and eukaryotes, the phospholipid
core consists of long-chain fatty acids linked
by ester bonds to L-glycerol-3-phosphate.
In archaebacteria, this core is made of long-
chain isoprenoid alcohols linked by ether
bonds to D-glycerol-3-phosphate. Transient
coexistence of the two kinds of phospho-
lipids is implicit in almost any model of
genomic chimerism; how was this biochemi-
cal difference resolved? Mixed bilayers are
unstable and are bound to be eliminated by
natural selection in favour of pure types of
one kind or the other.

Fusion models are particularly question-
able in this context. Even between two
kindred prokaryotes, fusion would require
special conditions, such as the absence of
a cell wall, close proximity, surface-protein
compatibility and, perhaps, some joining
agent. With the problems of phospholipid
chimerism and bilayer instability added to
the requirement for these conditions, fusion
between a eubacterial and an archaebacterial
prokaryote could well become highly
improbable, if not impossible.

Another difficulty that is common to
fusion and other ‘encounter’ models con-
cerns the assembly of new membranes. In
present-day cells, membranes always arise
by the insertion of newly made constituents
into pre-existing membranes, eventually
followed by fission: “omnis membrana
e membrana’, all membranes arise from
membranes®. Thus, lipid chimerism and
its attendant difficulties seem to pose an
intractable problem for all encounter mod-
els. The problem is particularly serious in
the model that posits the development of a
eubacterial endosymbiont within an archae-
bacterial host cell, implying that the host
somehow replaced its own ether lipids with
the ester products of enzymes encoded by
endosymbiont genes. The proposed assem-
bly of eubacterial-type membranes in the
cytoplasm of the host, followed by their sub-
stitution for the host’s own membranes**,
strains credibility. Even an archaebacterial
endosymbiont that evolved to become the
nucleus of a eubacterial host would probably
not be able to readily exchange its lipid
bilayers for those of the host.

This issue poses fewer problems for the
model of an archaebacterial endosymbiont
being adopted by a host cell of eukaryotic
character. As pointed out below in con-
nection with the origin of peroxisomes, it
is conceivable that such an endosymbiont
took residence within the host-cell’s cyto-
membrane system and, thus sheltered, lost its

own membrane as well as its genes, leaving
as sole vestiges of its erstwhile presence
those of its genes that were incorporated into
the host’s nuclear genome.

The fact remains that the two lipid
types must have coexisted at some stage of
evolution if the two prokaryotic groups are
derived from a common ancestor®. A key
event in the emergence of archaebacteria
might have been the conversion of a
eubacterial glycerol dehydrogenase into
a D-glycerol-3-phosphate dehydrogenase®.

The cytomembrane system. The cytomem-
brane system is a dynamic, elaborate
network of differentiated, membranous sacs,
intermittently connected with each other and
with the plasma membrane by fusion

and fission events. Channelled and sup-
ported by cytoskeletal and motor elements
(see below), this system is involved in the
endocytic uptake and digestive breakdown
of materials that are imported from the
outside, and in the synthesis, processing,
transport and exocytic discharge of materials
that are destined for export.

The cytomembrane network most likely
originated from infoldings of the plasma
membrane of some wall-less ancestral
cell, probably related to eubacteria, which
likewise possess ester phospholipids. As the
cell’s size increased, the invaginations grew
deeper and more convoluted, splitting
into vesicles that gradually differentiated into
specialized parts, comprising the rough
endoplasmic reticulum (ER), the related
nuclear envelope, the smooth ER, the
Golgi complex, endosomes and lysosomes.
Convincing evidence of such an evolutionary
process is provided by the close similarities
that exist between the co-translational
protein translocation systems in bacterial
membranesand in the rough ER*.

The above hypothesis was first formu-
lated by Wattiaux and myself* at a time
when the endosymbiotic origin of mito-
chondria and plastids was not yet appreciated.
Our aim was to account for the
origin of lysosomes. We suggested that the
highly advantageous conversion from extra-
cellular to intracellular digestion, associated
with membrane internalization, acted
as the evolutionary driving force of
the process (FIC. 2), thereby initiating one
of the most fateful events in cellular evolu-
tion. This heralded (as was also underlined
independently by Stanier*” and by Cavalier-
Smith*®) “...the beginning of cellular
emancipation.”* Henceforth, heterotrophic
cells were no longer obliged to reside within
their food supply; they were free to pursue
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their prey actively, living on endocytized
bacteria and other engulfed materials, which
they digested intracellularly within their
lysosomes. Today, all eukaryotic cells use
this process, not only for nutrition, but also
for various specialized functions, including
the capture and destruction of bacteria. This
defence mechanism is occasionally thwarted.
In exceptional instances, it is followed by
the endosymbiotic adoption of the captured
organisms. The many known cases of endo-
symbiosis are all believed to have occurred
in this way.

When the endosymbiotic origin of
mitochondria and plastids was recognized,
it seemed reasonable to assume that
the development of the cytomembrane
system preceded the acquisition of these
organelles and provided the means for
their adoption. The first phylogenetic
reconstructions, made on the basis of the
comparative sequencing of 16S ribosomal
RNA>%, provided what appeared to be a
clinching confirmation of this hypothesis,
showing that the most ancient positions
in the eukaryotic tree were occupied by
organisms that are devoid of mitochondria,
presumably descendants of lineages that
had split off from the so-called ‘primi-
tive phagocyte’ before the acquisition of
mitochondria®*>%. Subsequent results have
failed to support this idea, instead showing
that the organisms in question probably
did at some time contain mitochondria or
related organelles (see REF. 24 and refer-
ences within). At present, no known
organism qualifies as a direct descendant
of the primitive phagocyte.

In itself, this negative finding merely
fails to confirm, but does not invalidate,

a hypothesis that rests on solid grounds
and has considerable explanatory power.
Biological evolution is landmarked by
‘missing links, of which no living or fossil
trace has yet been identified. This fact is
rarely used as an argument against an other-
wise well-supported evolutionary theory.
In this case, however, the missing-link
argument has served to bolster the theory
that the adoption of mitochondria initiated
eukaryote genesis (see below).

The cytoskeleton. Eukaryotic cells contain
several specific proteins that are not found
in prokaryotes and have the remarkable
ability to self-assemble into complex, three-
dimensional structures, such as fibres (actin),
hollow rods (tubulin) or miniature baskets
(clathrin). These cytoskeletal elements

serve as props for the massive cell bodies of
eukaryotes and, by alternately assembling
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Figure 2 | Hypothetical steps in the development of the eukaryotic
cytomembrane system. a| A putative heterotrophic prokaryotic ancestor
digests its food (represented by an orange oval) extracellularly with the
help of exoenzymes, which are discharged by plasma-membrane-bound
ribosomes (represented by black circles). b | Reversible infolding and
vesiculation of the cell’s plasma membrane allows intracellular digestion
of internalized materials and subsequent excretion of residues; the primi-
tive intracellular vesicle combines the properties of endosomes, rough
endoplasmic reticulum (ER) cisternae and lysosomes. ¢ | Ribosome-bearing
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membranes migrate from the surface to the interior of the cell, forming a
proto-ER, which secretes its products partly into endocytic vesicles, con-
verting them into lysosomes in which intracellular digestion takes place,
and partly outside by exocytosis, allowing extracellular digestion to pro-
ceed. d | The proto-Golgi, formed by differentiation between the ER and
the endocytic system, sorts intracellularly active digestive enzymes, which
are delivered into endosomes and lysosomes, from true secretion prod-
ucts, which are discharged outside the cell. Modified with permission from
REF 51 © (1991) Neil Patterson Publishers.
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and disassembling or with the aid of motors
(myosin, dynein, kinesin), use ATP energy
to bring about all kinds of cellular and
intracellular movements; they also have an
important role in powering and channelling
the vesicular traffic that underlies the opera-
tions of the cytomembrane system. Some of
these structures join with other proteins into
edifices of considerable complexity, such as
flagella, cilia, the myofibrils of muscle cells
and the mitotic spindle.

First believed to be eukaryotic
innovations, several key cytoskeletal and
motor-protein components have now been
traced to prokaryotic precursors®°. These
systems must have developed in parallel with
the cytomembrane system, under the selec-
tive pressure of the growing cell bulk and
the spreading membranes, which depended
on these cytoskeletal and motor systems for
proper functioning®>**%’.

The nucleus. The eukaryotic nucleus is sur-
rounded by an envelope, typically made of
rough ER vesicles and cytoskeletal elements
(lamina) that are associated with each other
and with pore complexes, which are also
related to cytoplasmic components®. In the
cells of animals, plants and some protists,
although not those of most protists or
fungi, this complex assemblage dissociates
before mitosis and, at the end of the mitotic
process, reassembles from pre-existing

ER vesicles into distinct envelopes that
surround the two sets of daughter chromo-
somes. The formation of the nuclear
envelope must have accompanied or
followed the parallel development of the
cytomembrane and cytoskeletal systems.
Of possible significance is the fact that
prokaryotic chromosomes are anchored

to the cell membrane. Perhaps a vesicle
derived from the piece of membrane that
bore the chromosome in the prokaryotic
ancestor joined with other vesicles to form
a double-membranous envelope around the
chromosome?®**$31%7, thereby initiating

the canonical nucleo-cytoplasmic division
that characterizes all eukaryotic cells.

The most important consequence of this
division was the physical separation of DNA
replication and transcription (by nuclear sys-
tems) from RNA translation (by cytoplasmic
ribosomes). In particular, a much finer and
more selective regulation of transcription
became possible, and special RNA-processing
centres, serving for ribosome assembly
(nucleoli) and mRNA splicing (splice-
osomes), were created inside the nucleus. As
a result, only mature mRNAs that had gone
through all transcriptional and spliceosomal
regulatory filters were offered to ribosomes
for translation. It seems likely that the sub-
stantial advantages that were conferred by
these innovations provided the evolutionary
driving force for their development.

The possibility that kinetic factors might
have been involved as well has also been
proposed®.

It is likely that the formation of the
nuclear envelope initiated the entire suc-
cession of events that culminated into the
eukaryotic nucleus®**”*. A primary change
that was imposed by the segregation of
chromosomes within an envelope was the
development of a new mode of cell division,
with the help of what might have been
the first major tubulin-based structure, the
mitotic spindle. Also important was
the creation of multiple replicons, which
allowed genome enrichment without
increasing the duration of replication. Yet
another development was the formation of
linear chromosomes and their organiza-
tion with histones into nucleosomes and
chromatin fibres, which served as important
props for the growing nuclear bulk. Nucleoli,
spliceosomes and traffic-regulating pore
complexes were other key achievements of
this long and complex history, which is only
beginning to be unravelled.

Interestingly, the entire process of
chromosome construction and subsequent
enclosure within an envelope, which takes
place at the end of most mitotic divisions,
occurs spontaneously by a self-assembly
process that can be reproduced in vitro, with
ATP as source of energy and naked DNA as
sole triggering factor®*.
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Peroxisomes. Peroxisomes are among the
most mysterious eukaryotic components.
Surrounded by a single membrane, they
accomplish many functions that differ from
one cell type to another but, collectively,
include various reactions involved in the
oxidative metabolism of carbohydrates,
lipids, amino acids and purines, and the
synthesis of certain lipids®***. The oxida-
tions that take place in peroxisomes are not
coupled with ATP assembly, and character-
istically occur by way of hydrogen peroxide,
which is made by type II oxidases and
broken down by catalase.

First thought to be offshoots of the ER,
peroxisomes were subsequently found to
be morphologically® and chemically®®
unrelated to this structure, and to take up
their proteins from the cytosol by a post-
translational mechanism that is different
from the co-translational mechanism used
by the ER“-°. These new findings prompted
the suggestion that peroxisomes descend
from ancestral endosymbionts, which,
unlike mitochondria and chloroplasts, were
left with a single peripheral membrane and
no residual genome, having lost all their
genes to the host-cell’s nucleus®7”'-74,

More recently, the ER-offshoot theory
has been revived on the strength of new
observations that are purported to show
that some peroxisomal membrane proteins
are assembled in the ER, from which they
bud off as vesicles that fuse with each other
and with pre-existing peroxisomes”’°.
Questioned by some investigators on the
basis of technical considerations®®7%7778,
this proposal has received strong support
from two recent phylogenetic studies”*
that covered more than 25 peroxisomal
membrane proteins in a number of organ-
isms, and independently showed that all of
these proteins are eukaryotic innovations
with no prokaryotic counterpart. Several
were found to be related to the ERAD
(endoplasmic reticulum associated decay)
pathway, which is involved in removing
misfolded proteins from the ER and trans-
ferring them to cytosolic proteasomes for
breakdown.

The possibility that the peroxisomal
membrane might be an evolutionary
offshoot of the ER raises two questions.
First, how did the parts of the ER ancestral
to peroxisomal membranes develop their
characteristic post-translational protein-
translocation system, which is entirely
different from the co-translational system
used by the ER for the import of its own
internal proteins? Admittedly, the peroxi-
somal mechanism also differs greatly from

the post-translational mechanisms of the
authentic endosymbiont descendants,
mitochondria and plastids; it presumably
arose independently in specialized parts of
the ER, perhaps from a pre-existing ERAD
system. However, the question remains as
to what evolutionary advantage could have
driven such a transformation if retrieval of
essential proteins, as presumably occurred
with endosymbionts, had no role.

The second question raised by the
theory that peroxisomes arose from the ER
concerns the origin and selection of the
enzymes that were presumably recruited
by the translocation system to form the
characteristic H,O,-centered, metabolic
core of peroxisomes. It is difficult to see
how such a coherent collection of enzymes
could have been assembled individually, by
a mechanism that would have depended on
each gene being fitted with a sequence that
caused its protein products to be targeted
to a newly arising assemblage. Supply
en bloc by an ancestral organism, followed
by piecemeal retrieval of lost enzymes, fits
the picture better.

Remarkably, unlike the peroxisomal mem-
brane proteins, all the peroxisomal matrix
enzymes that were investigated in the
studies described above were found to have
prokaryotic homologues”*. Some of them
seem to be late acquisitions, mostly from
o.-proteobacteria (presumably by
way of mitochondria), with a small
addition from actinomycetes and cyano-
bacteria”. However, the majority of matrix
proteins studied form an unidentified
group that is merely described as showing
“...homology to prokaryotic sequences
without a tree that specifically supports a
bacterial or archaeal origin””

The proteins of this group might hold
the clue to the origin of peroxisomes. They
could be simple heirlooms derived from the
prokaryotic ancestor of eukaryotes, as pos-
tulated by Cavalier-Smith*, who no longer
defends the endosymbiont hypothesis.
Alternatively, the peroxisomal proteins of
undefined prokaryotic origin could have
originated from an endosymbiont that
took residence in the host cytomembrane
system, either immediately after endocytic
uptake, or later, following autophagic
segregation® (perhaps with participation
of the ERAD), eventually losing its own
membrane to persist within the membrane
provided by the host cell. This loss could
have been tolerated if, unlike the mem-
branes of mitochondria and plastids, the
endosymbiont membrane did not carry any
special selective asset. The loss could even
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have been favoured if the endosymbiont
membrane was incompatible with

the membranes of the host, as would have
been the case, for example, for an endo-
symbiont of archaebacterial nature. Such an
endosymbiont would have been at constant
risk of losing the ability to make the ether
phospholipids of its own membrane, making
rescue by a host-cell-derived membrane
highly beneficial. An intriguing possibility
is that peroxisomes might descend from the
hypothetical archaebacterial endosymbiont
that is suggested above as a possible source
of the informational genes of eukaryotes.
Of course, the two phenomena are purely
conjectural, and furthermore could be
entirely unrelated.

When did peroxisomes first appear in
the history of eukaryotes? Before the adoption
of mitochonderia, as I have long advo-
cated™***? After, as claimed by the defenders
of the mitochondria-first theory? Or close
to concomitantly, as believed by Cavalier-
Smith*? As I discuss below, I see no reason
to change my view. Certainly, the fact that
peroxisomes contain a few proteins of pos-
sible mitochondrial origin” hardly proves
that they arose after the mitochondria. The
once-held idea® of an ancestral organelle
that contained all the enzymes found in
peroxisomes today and evolved only by
attrition is overly simplistic. Peroxisomes
have acquired many new components
in the course of evolution. Particularly
impressive is the cluster of eukaryotic
enzymes that the peroxisomes of trypano-
somatids have gained, presumably from an
endosymbiotic algal cell, on becoming the
glycosomes that characterize these organ-
isms®%. Mitochondria have also acquired
many new components. Amazingly, no
more than about 15% of mitochondrial
proteins have been traced to the ancestral
o-proteobacteria'>®; all others have appar-
ently been recruited later from elsewhere.
Without the presence of a residual genetic
system of a prokaryotic nature, the endo-
symbiotic origin of mitochondria might
never have been uncovered. Unfortunately,
similarly decisive clues are lacking in the
case of peroxisomes.

Mitochondria and hydrogenosomes.
Mitochondria are the centres of aerobic
energy production throughout the eukary-
otic world. They are equipped with the
most efficient known systems of oxidative
phosphorylation, which they have inherited
from a possibly photosynthetic® endo-
symbiotic ancestor related to present-day
o-proteobacteria.
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Margulis first attributed the endosym-
biotic uptake of the ancestors of mitochondria
to an initial attack on a prokaryote by
another prokaryote*”-%. She rejected the
possibility of uptake by phagocytosis because
“...pinocytosis and phagocytosis have never
been seen in prokaryotes”® In her view,
phagocytosis was developed after the uptake
of mitochondria and was responsible for the
subsequent adoption of plastids.

As discussed above, consideration of
the development of the cytomembrane sys-
tem has led to the suggestion that the host
cell of the mitochondrial endosymbionts,
rather than being the victim that was
pictured by Margulis, might actually have
been a captor that had already acquired a
number of eukaryotic properties includ-
ing phagocytic ability. Phagocytosis could
then be responsible for the uptake of the
mitochondrial ancestors, as in the case of
plastids and of virtually all other known
endosymbionts®**%%7,

Originally, Margulis assumed that the
prospective host of the mitochondrial endo-
symbiont was a strict anaerobe, which was
actually rescued by its aerobic guest from
the widespread extinction of anaerobes
believed to have been caused by the rising
oxygen content of the atmosphere. However,
mitochondria contain the most sophisticated
known systems of oxidative phosphoryla-
tion, and must be the outcome of a long
process of aerobic evolution. Therefore, one
would have to assume that the anaerobic
host cells survived during all that time in
some oxygen-free niche until they met their
rescuers and became aerotolerant. It seems

more likely, if there was rescue, that it was
accomplished by the simpler peroxisomal
systems, which could have arisen much
earlier than the mitochondrial systems®.
As to the evolutionary advantage of mito-
chondria, the enormous gain in energetic
efficiency offers the obvious answer.

This theory has been challenged in
recent years by two sets of findings,
leading to a revival of Margulis’s model
of an initial encounter between two
prokaryotes. First, as mentioned earlier,
it seems that the amitochondriate organ-
isms that were thought to be descendants
of the proposed primitive phagocyte
probably did contain mitochondria at
some earlier evolutionary stage, a finding
that is put forward as evidence, which it
clearly is not, that the primitive phagocyte
never existed. Second, hydrogenosomes
— membrane-bounded organelles, found
in certain protists and fungi, that anaerobi-
cally generate molecular hydrogen by
a process linked to ATP assembly — are
related to mitochondria (for details,
see REFS 90,91).

These two findings have inspired the
so-called ‘hydrogen hypothesis, according
to which the development of eukaryotic
cells was initiated by an endosymbiotic
association between an archaebacterial
hydrogen utilizer (for example, a metha-
nogen), which became the host cell, and a
hydrogen-producing eubacterium that com-
bined the properties of hydrogenosomes
and mitochondria and was ancestral to the
two kinds of organelles®-**. This association
is thought to have been initially favoured

by the mutual advantage of a hydrogen-for-
food swap and subsequently to have enjoyed
an enormous evolutionary success because
of its adaptability to both aerobic and
anaerobic surroundings. In today’s world,
oxygen-utilizing mitochondria are clearly
dominant, but hydrogenosomes have found
a few favourable niches.

This imaginative hypothesis has been
well received in the phylogenetic commu-
nity, despite several serious mechanistic
difficulties. The engulfment of one
prokaryote by another, as postulated in the
model, has never been observed except for
a single case®?, which is repeatedly stressed
as proof that the phenomenon is plausi-
ble?**>%, even though the host cell in that
case is not a free-living archaebacterium
but a eubacterial endosymbiont. Against
the many examples of endosymbiont
uptake by endocytosis, the proposed
mechanism by prokaryote—prokaryote
interaction is hardly tenable without strong
corroborative evidence, which is missing.
In addition, the model implies that the
host cell replaced its own membranes with
membranes that were constructed under
endosymbiont instructions. As discussed
above, no credible mechanism has been
suggested to account for such an extraordi-
nary event. Finally, the model implies that
the primordial function of mitochondria,
namely oxidative ATP synthesis, was
acquired almost accidentally because
it happened to accompany anaerobic
hydrogen production, suggested as the true
evolutionary motor despite its marginal
importance today.

Glossary

Archaebacteria

Archaebacteria are one of the two main groups
of prokaryotes (the other being Eubacteria).
Thus named because, when discovered, they
were believed to be particularly ancient (Greek
Archaios), which is no longer unanimously
accepted; they share a number of special genetic
and metabolic characteristics and have ether
lipids in their membranes. They include many
extremophiles, microbes adapted to extreme
environments.

Endocytosis

The uptake of extracellular materials by cells. The
plasma membrane invaginates and vesicles pinch
off that contain trapped extracellular materials
enclosed within the membrane patch derived from
the plasma membrane. Those vesicles, called
endosomes, either fuse with lysosomes, within which
their contents are digested, or migrate to a distant
site, where they fuse with the plasma membrane
by exocytosis, discharging their contents outside
the cell (vesicular transport).

Endosymbiont

An intracellular organism that contributes to the
survival of the host cell and depends on the host

for its own persistence. The relationship can be either
mutualistic (in which both species benefit) or
commensalistic (in which one species benefits,
whereas the other is not affected). Some organelles
(mitochondria, plastids) are derived from degnerate
endosymbionts.

Eubacteria

Eubacteria are one of the two main groups of
prokaryotes (the other being Archaebacteria). They
share a number of special genetic and metabolic
characteristics and have ester lipids in their
membranes. They comprise all the commonly known
bacteria, including those responsible for diseases.

Exocytosis

A process by which the surrounding membrane of

an intracellular vesicle fuses with the plasma membrane,
so that the contents of the vesicle (usually secretory
products) are discharged into the extracellular
membrane.

Heterotrophy

Dependence on organic foodstuffs for survival, as opposed
to autotrophy, which describes self-sufficiency, the ability
to survive on mineral foodstuffs.

Lateral gene transfer
Horizontal transfer of genes between unrelated species, as
opposed to vertical inheritance within a species.

Phagocytosis
A form of endocytosis whereby large particles are taken up.

Pinocytosis
A form of endocytosis whereby droplets of fluid and
soluble molecules are taken up.

Polyisoprenoids

Alarge and diverse class of lipids that are derived from
5-carbon isoprene units and enter into the formation of
many natural substances, including cholesterol.

Protists
Unicellular eukaryotes including protozoans, slime molds
and certain algae.
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Another weakness of the model is that
it does not explain the development of the
other complex features of eukaryotic cells,
or how that development could have been
triggered by the assumed interaction between
two prokaryotes. In fact, these features are
mostly ignored in all relevant discussions.

In particular, no mention is made of peroxi-
somes, even though these organelles are as
ubiquitous as mitochondria. Although the
possibility that peroxisomes were acquired
after mitochondria, which is implicit in the
model, is not implausible in itself, it is much
less likely than the alternative, considering
the simple character of the peroxisomal
oxidizing systems. Also unexplained is the
manner in which the endosymbiont was sus-
tained during the time it took the host cell to
acquire a nucleus to which the endosymbiont
genes could be transferred, a major factor in
the adoption of the organism. Furthermore,
by making eukaryote genesis a consequence
of the adoption of mitochondria, the model
situates the onset of this whole complex series
of events at a time less than 2.4 billion years
ago, when the Earth’s atmosphere had already
gained significant amounts of oxygen. This
time frame disagrees with the view proposed
above: that eukaryote genesis might have
started long before the rise of atmospheric
oxygen. Finally, even the common ancestry
of mitochondria and hydrogenosomes, the
mainspring of the new model, might be ques-
tionable’***. Hydrogenosomes are almost
certainly polyphyletic®*%, and could have
arisen more than once by retargeting to mito-
chondria of gene products that originated
from some other endosymbiont®.

It is to be hoped that future results will
allow a satisfactory solution of the mito-
chondria and hydrogenosomes conundrum.
In the meantime, there seems to be no valid
reason to reject the phagotrophic model in
favour of the new encounter model solely
on the ground of a missing link. The same
opinion has been defended by others'***.

Conclusions

Eukaryotic cells most probably acquired
mitochondria after they had developed the
cytomembrane and cytoskeletal machineries
that are involved in the endocytic uptake

of extracellular materials, and not before,

as claimed in a number of recent theories.
This conclusion would no doubt be stronger
if, as was believed at one time, descendants
of eukaryotes that had never contained
mitochondria had been found in the
present-day world. However, the absence of
such organisms does not suffice to reject an
otherwise eminently plausible theory that is

supported by solid circumstantial evidence.
Mitochondria confer such tremendous
selective advantages on their owners that
the extinction of cells that lacked this asset
should hardly be surprising. In contrast,
the various mitochondria-first theories
postulate improbable events that have never
been observed, while failing to account for
eukaryotic features other than mitochondria.

Given this main conclusion, the manner
and order in which the various eukaryotic
properties were acquired remain debatable.
At the start of the process, there probably
existed a wall-less, anaerobic, heterotrophic,
eubacterial prokaryote with ester-lipid
membranes. According to the proposed
view, this organism went through an
exceedingly long developmental process
that led to the primitive phagocyte, a large
cell that was endowed with all the main
eukaryotic properties other than oxygen-
related organelles, including cytomembranes,
cytoskeletal elements, an organized and
fenced-off nucleus and the capacity for
mitotic division. This process could have
been triggered by the loss of the ability to
build an outside wall; and, it could have
been selectively favoured by the transition
from extracellular to intracellular digestion.

This view agrees with the neomuran
theory of Cavalier-Smith**, except for the
anaerobic character of the ancestral cell
and the assumed time frame of the process.
Contrary to the opinion, which is vigorously
defended by this investigator, that eukaryo-
tes developed no earlier than about 1 billion
years ago, the possibility is left open that
their development might have started long
before the rise of atmospheric oxygen, some
2.4 billion years ago. Such a protracted proc-
ess would have required an exceptionally
stable and sheltered environment, abundantly
supplied with food. An attractive possibility
is that the whole process took place within
giant bacterial colonies of the kind known
as stromatolites (REF 100 and references
within). These formations would have pro-
vided plenty of food and shelter, and there is
evidence that some date back to the dawn of
life and might have persisted for hundreds
of millions of years, if not more. If the proc-
ess that my proposed model assumes left
any fossil traces, which is far from certain,
those traces would be restricted to the inside
of some ancient stromatolites, remaining
undetected for a very long time. Even the
possibility that some ‘living fossils’ are still
going through a similar ‘adventure’ today,
awaiting discovery, cannot be excluded.

The hypothetical primitive phagocyte of
my model need not have completed its entire
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development before adopting mitochondria.
But phagotrophic ability and a nucleus that
was capable of incorporating endosymbiont
genes would have been essential. Another
condition would have been an environment
that was shared with the o.-proteobacterial
ancestors of mitochondria, almost certainly
implying the presence of oxygen. It is
mainly for this reason that I suggest that the
acquisition of peroxisomes preceded that
of mitochondria, converting the anaerobic
phagocyte into an aerotolerant one.

How these organelles appeared remains
one of the most mysterious questions raised
by eukaryote genesis, involving, as it does,
an autogenous envelope with contents of
prokaryotic origin. As argued, an endo-
symbiont origin of peroxisomes can still be
contemplated, but is so far unsupported by
evidence.

Another unsolved question is the appar-
ent genomic chimerism of eukaryotes. An
in-depth discussion of this question, which
is related to the origin of archaebacteria and
ether lipids, falls outside the limits of both
this Essay and the competence of its author.

Perhaps future research will help to answer
the questions that remain pending. Much will
depend on the reliability of the information
that can be extracted from the comparative
sequencing of genes. Molecular phylogenetics
has revolutionized our ability to probe the
history of life on Earth. However, this power-
ful tool is not without pitfalls, which become
increasingly hazardous as the events one tries
to reconstruct are more remote'*'”2. When
dealing with phenomena that took place more
than 1 billion years ago, and that might go
back even as far as the earliest manifestations
of life on Earth, the possibility that the record
has become hopelessly blurred must be seri-
ously contemplated. The enormous degree
of gene wandering that is revealed by recent
investigations should serve as a warning to
this effect, making it imperative that new
models be critically confronted with what is
known of the properties of extant organisms
through other biological disciplines. Many
recently proposed models are singularly
lacking in this respect. Until this omission is
corrected, new models of eukaryote genesis
must be viewed with caution.
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