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Mitochondrial connection to the origin of the eukaryotic cell

Victor V. Emelyanov

Gamaleya Institute of Epidemiology and Microbiology, Moscow, Russia

Phylogenetic evidence is presented that primitively amito-
chondriate eukaryotes containing the nucleus, cytoskele-
ton, and endomembrane system may have never existed.
Instead, the primary host for the mitochondrial progeni-
tor may have been a chimeric prokaryote, created by
fusion between an archaebacterium and a eubacterium, in
which eubacterial energy metabolism (glycolysis and
fermentation) was retained. A Rickettsia-like intracellular
symbiont, suggested to be the last common ancestor of the
family Rickettsiaceae and mitochondria, may have pene-
trated such a host (pro-eukaryote), surrounded by a single
membrane, due to tightly membrane-associated phospho-
lipase activity, as do present-day rickettsiae. The relatively
rapid evolutionary conversion of the invader into an

organelle may have occurred in a safe milieu via numer-
ous, often dramatic, changes involving both partners,
which resulted in successful coupling of the host glycolysis
and the symbiont respiration. Establishment of a potent
energy-generating organelle made it possible, through
rapid dramatic changes, to develop genuine eukaryotic
elements. Such sequential, or converging, global events
could fill the gap between prokaryotes and eukaryotes
known as major evolutionary discontinuity.
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From a genomics perspective, it is clear that both archae-
bacteria (domain Archaea) and eubacteria (domain Bac-
teria) contributed substantially to eukaryotic genomes [1-7].
It is also evident that eukaryotes (domain Eukarya)
acquired eubacterial genes from a single mitochondrial
ancestor during endosymbiosis [8—14], which probably
occurred early in eukaryotic evolution [10,11,15-17]. This
does not, however, necessarily mean that the mitochondrial
ancestor was the only source of bacterial genes, although the
number of transferred genes could be large enough given the
fundamental difference in gene content between bacteria
and organelles [10,11]. According to the archaeal hypothesis
(Fig. 1A, left panel), a primitively amitochondriate eukary-
ote originated from an archaebacterium, and eubacterial
genes were acquired from a mitochondrial symbiont [1,
18-20]. The alternative fusion, or chimera, theory (Fig. 1A,
right panel) posits that an amitochondriate cell emerged as a
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fusion between an archaebacterium and a eubacterium, with
their genomes having mixed in some way [1,3,6,21-24]. The
so-called Archezoa concept (Fig. 1A) implies that the host
for the mitochondrial symbiont has been yet a eukaryote,
i.e. possessed at least some features distinguishing eukary-
otes from prokaryotes [1,17,25-30]. The gene ratchet
hypothesis, recently proposed by Doolittle [28], suggests
that such an archezoon might have acquired eubacterial
genes via endocytosis upon feeding on eubacteria. In effect,
these firmly established facts and relevant ideas address two
important, yet simple, questions about mitochondrial
origin. (a) Were the genes of eubacterial provenance first
derived from the mitochondrial ancestor or already present
in the host genome before the advent of the organelle? (b)
Did eukaryotic features such as the nucleus, endomembrane
system, and cytoskeleton evolve before or after mitochond-
rial symbiosis?

There is little doubt that mitochondria monophyletically
arose from within the o subdivision of proteobacteria, with
their closest extant relatives being obligate intracellular
symbionts of the order Rickettsiales [9—11,13,22,31-44].
This relationship was established by phylogenetic analyses
of both small [34,37,39] and large [34] subunit rRNA, as well
as Cob and Cox1 subunits of the respiratory chain using all
a-proteobacterial sequences from finished and unfinished
genomes known to date (V. V. Emelyanov, unpublished
results). The four corresponding genes always reside in the
organellar genomes and are therefore appropriate tracers for
the origin of the organelle itself [10,45]. Thus, a sister-group
relationship of eukaryotes and rickettsiae to the exclusion of
free-living micro-organisms of the o subdivision revealed in
phylogenetic analysis of a particular gene (protein), regard-
less of whether or not it serves an organelle, would confirm
the acquisition of such a gene by Eukarya from a
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mitochondrial progenitor. This canonical pattern for the
endosymbiotic origin may provide a reference framework in
attempts to distinguish between the above hypotheses.

It should be realized that the archaeal hypothesis is much
easier to reject than to confirm. Indeed, the latter may be
accepted only if most eubacterial-like eukaryal genes turned
out to be a-proteobacterial in origin, with the origin of the
remainder being readily ascribed to lateral gene transfer
(LGT). Of importance to this issue, several cases of a
putative LGT from various eubacterial taxa to some protists
have recently been reported [46-54] in good agreement with
the above gene transfer ratchet. It is, however, an open
question whether such acquisitions occurred early in euka-
ryotic evolution, e.g. before mitochondrial origin.

Whereas the sources of eubacterial genes may in principle
be established in this way on the basis of multiple
phylogenetic reconstructions, how and when the characteri-
stically eukaryotic structures (and hence the eukaryote itself)
appeared is difficult to assess. At first glance, there can be no
appropriate molecular tracers for the origin of the nucleus,
endomembrane, and cytoskeleton. Nonetheless, phylo-
genetic methods can still be applied to proteins, the
appearance of which might have accompanied the origin
of the respective eukaryotic compartments [21,23].
Unfortunately if one considers a specifically eukaryotic
protein (which implies poor homology with bacterial
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Fig. 1. The main competing theories of euk-
aryotic origin. Schematic diagrams describing
the Archezoa (A) and anti-Archezoa (B)
hypotheses, and their archaeal (a) and fusion
(f) versions as envisioned from genomic and
biochemical perspectives. Abbreviations: AR,
archaeon; BA, bacterium; CH, chimeric pro-
karyote; AZ, archezoon; EK, eukaryote;
MAN, mitochondrial ancestor; FLA, free-
living a-proteobacterium; RLE, rickettsia-like
endosymbiont; N, nucleus with multiple
chromosomes; E, endomembrane system;
f C, cytoskeleton; M, mitochondria.

orthologs), reliable alignment of the sequences needed
for phylogenetic analysis are hardly possible. This is best
exemplified by the cytoskeletal proteins actin and tubulin,
the distant homologs of which have been suggested to be
prokaryotic FtsA and FtsZ, respectively [55,56]. Curi-
ously, actin was recently argued to derive from MreB
[57]. On the other hand, when one considers a eukaryotic
protein highly homologous to bacterial counterparts and
show that it arose from the same lineage as the
mitochondrion, the possibility remains that it first
appeared in Eukarya even before the endosymbiotic
event, but was subsequently displaced by an endosym-
biont homolog. Furthermore, such a single ubiquitous
protein would not be characteristic of a eukaryote.

One way to circumvent this problem was prompted by
Gupta [23]. As convincingly argued in this work, the
emergence of endoplasmic reticulum (ER) forms of con-
served heat shock proteins via duplication of ancestral genes
in a eukaryotic lineage may be indicative of the origin of ER
per se [23]. Here I put forward an approach based on logical
interpretation of phylogenetic data involving such eukary-
otic paralogs (multigene families). If phylogenetic analysis
reveals branching off of the sequences from free-living
a-proteobacteria before a monophyletic cluster represented
by rickettsial and paralogous eukaryotic sequences, i.e. a
canonical pattern, this would mean that paralogous
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duplication (multiplication) of protein, which must have
accompanied the origin of the corresponding eukaryotic
structure, occurred subsequent to mitochondrial origin.
Otherwise it would be improbable that this protein was
multiplied to meet the requirements of the emerging
eukaryotic compartment prior to mitochondrial symbiosis,
but subsequently, two or more copies were simultaneously
replaced by a mitochondrial homolog that similarly
multiplied to accomodate them.

In addition to Rickettsia prowazekii[9], complete genomes
of free-living a-proteobacteria [58—62] and Rickettsia conorii
[63], as well as sequences from unfinished genomes of
Wolbachia sp., Ehrlichia chaffeensis, Anaplasma phagocyto-
phila  (http://www.tigr.org/tdb/mdb/mdbinprogress.html)
and Cowdria ruminantium (http://www.sanger.ac.uk/pro
jects/microbes) — species of a taxonomic assemblage closely
related to or belonging within the family Rickettsiaceae [34]—
have now become available, thus providing an opportunity
to answer the above questions. I here present phylogenetic
data, based on the broad use of a-proteobacterial protein
sequences, which support the fusion hypothesis for a prim-
itively amitochondriate cell (pro-eukaryote) and suggest that
the host for the mitochondrial symbiont was a prokaryote.

Molecular phylogeny

Prokaryotes and eukaryotes (similarly bacteria and organ-
elles) are so fundamentally different that complex charac-
ters, such as morphological traits, are of no use in discerning
their relatedness [11,17,29]. It is the common belief that
evolutionary relationships, including distant ones, can be
deduced from multiple phylogenetic relationships of con-
served genes and proteins using the methods of molecular
phylogeny [1,13,23]. A simple rationale underlying the
molecular approach is the following: the larger the number
of replications (generations) separating related sequences
from each other, the more different (i.e. less related) the
sequences are, because of accumulation of mutational
changes. There are three main phylogenetic methods:
maximum likelihood (ML), the distance matrices-based
methods (DM methods), and maximum parsimony (MP)
[64-67]. The respective computer programs use alignment of
the gene and protein sequences to produce phylogenetic
trees. As the above methods interpret sequence alignments
in different ways, the results are regarded as very reliable if
they do not depend on the method used. The quality of
alignment is strongly affected by the degree of sequence
similarity. The regions that cannot be unambiguously
aligned are normally removed, so as to obtain similar
sequences of equal length. This procedure seems to be
unbiased, given that highly variable regions usually contain
mutationally saturated positions with little phylogenetic
signal [68,69]. Generally, there are three types of homology.
Proteins may be (partially) homologous due to convergence
towards a common function (convergent similarity), in
which case nothing can be ascertained about the evolution-
ary relationship. Two other types of homology are more
evolutionarily meaningful. Homologous genes (proteins) of
these types are called orthologous and paralogous genes
(proteins). By definition, orthologous genes arose in differ-
ent taxonomic groups by means of vertical gene transfer (i.e.
from ancestor to progeny). Orthologous proteins usually
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have the same function and localize to the same or similar
subcellular compartment. Paralogous genes emerged via
duplication (multiplication) of a single gene followed by
specialization of the resulting copies either recruited to
different compartments/structures or adapted to serve
different functions. As the different paralogs can be
inherited separately and independently, their mixing up
would be detrimental to phylogenetic inferences. On the
contrary, recognized paralogy may be highly useful in this
regard [1,70]. In particular, very ancient duplications have
been widely used for unbiased rooting of the tree of life
(reviewed in [1]). For instance, it has been argued that EF-
Tu/EF-G paralogy originated in the universal ancestor via
duplication of the primeval gene followed by assignment to
each copy of a distinct role in translation [71]. Indeed,
bipartite trees, with each subtree comprising one and only
one sort of paralog, were always produced in phylogenetic
analyses based on the combined alignments of such
duplicated sequences. In most cases, reciprocal rooting of
this kind (both subtrees serve the outgroups to one another)
revealed a sister-group relationship of archaebacteria and
eukaryotes [1,71-73], a notable exception being phylo-
genetic evidence based on valyl-tRNA synthetase/
isoleucyl-tRNA synthetase paralogy (see below).

As for paralogy, apparent cases of LGT are not
disturbing but instructive; however, the biological meaning
of the gene transfer needs to be understood [46,52,74-76)].
At face value, the events of an LGT look like a polyphyly of
the expectedly monophyletic groups, the representatives of
which served the recipients of the transferred genes.
(Although monophyletic groups can be cut off the phylo-
genetic tree by splitting a single stem entering the group, two
or more branches lead to polyphyletic assemblages [25].)

The reliability of phylogenetic relationships inferred from
the above methods is commonly assessed by performing a
bootstrap analysis. In particular, a nonparametric bootstrap
analysis serves to test the robustness of the sequence
relationships as if scanning along the alignment. To this end,
the original alignment is modified in such a way that some
randomly selected columns are removed, and others are
repeated one or more times to obtain 100 or more different
alignments, each containing the original number of shuffled
columns. It is clear from this that the longer the aligned
sequences, the more bootstrap replicates are to be used.
Phylogenetic analysis is then performed on each of the
resampled data to produce the corresponding number of
phylogenetic trees. A consensus tree is inferred from these
trees by placing bootstrap proportions at each node. The
bootstrap proportions show how many times given bran-
ches emanate from a given node, and are thus interpreted as
confidence levels. Normally, values above 50% are regarded
as significant.

In contrast with paralogy and LGT, the long-branch
attraction (LBA) artefact and related phenomena are real
drawbacks of phylogenetic methods associated with
unequal rates of evolution [68,69,77]. In contradiction to
the evolutionary model, long branches (which are highly
deviant and fast evolving, but not closely related sequences)
tend to group together on phylogenetic trees [42,77].
Obviously, certain cases of LBA may be erroneously
interpreted as LGT. ML methods are known to be relatively
robust to the LBA artefact [64]. Furthermore, modern
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applications of ML and DM methods take account of
among-site rate variation, invoking the so-called gamma
shape parameter o, a discrete approximation to gamma
distribution of the rates from site to site. This correction is
known to minimize the impact of LBA on phylogeny
[69,78].

Several statistical tests have been developed to assess
evolutionary hypotheses [66,79,80]. Approximately unbi-
ased and Shimodaira-Hasegawa tests are strongly recom-
mended rather than Templeton and Kishino-Hasegawa
tests, when a posteriori obtained trees are compared with the
user-defined trees representing the competing hypotheses of
evolutionary relationship [80]. Relative rate tests are com-
monly used to address the question of whether mutational
changes occur in the sequences in a clock-like fashion
[66,79]. Various four-cluster analyses can help to assess the
validity of three possible topologies of the unrooted trees
consisting of four monophyletic clusters [66,79].

A search for sequence signatures [particular characters
and insertions/deletions (indels)] is another, cladistic,
approach aimed to resolve phylogenetic relationships. It is
argued that such signatures, uniquely present in otherwise
highly conserved regions of certain sequences, but absent
from the same regions of all others, may be shared traits
derived from a common ancestor (reviewed in detail in [23]).

As briefly discussed here, molecular phylogenetics pro-
vides a powerful tool for evolutionary studies. However, it is
becoming evident that phylogenetic data should be consid-
ered in conjunction with geological, ecological and bio-
chemical data, when the issue of eukaryotic origin is
concerned [13,19,23,24].

Chimeric nature of the pro-eukaryote

Origin of eukaryotic energy metabolism

The fundamentally chimeric nature of eukaryotic genomes
is becoming apparent, with genes involved in metabolic
pathways (operational genes) being mostly eubacterial and
information transfer genes (informational genes) being
more related to archaeal homologs [1,2,4,7]. In particular,
eukaryotic enzymes of energy metabolism tend to group on
phylogenetic trees with bacterial homologs [1,9,11,13,20,
46-48,50,51,53,81-87]. This fundamental distinction has
received partial support from the study of archaeal signature
genes. In this study, genes unique to the domain Archaea
were shown to be primarily those of energy metabolism [88].
The aforementioned version of the Archezoa hypothesis
implies that the primitively amitochondriate eukaryote, a
direct descendent of the archaebacterium, might have
acquired eubacterial genes by a process involving endo-
cytosis. If, however, this archezoon possessed energy
metabolism of a specifically archaeal type, it is unlikely
that eubacterial genes for energy pathways were acquired
one by one via gene transfer ratchet. These considerations
suggest that energy metabolism as a whole might have been
acquired by Eukarya in a single, i.e. endosymbiotic, event.

The most popular version of the archaeal hypothesis, the
so-called hydrogen hypothesis (Fig. 1B, left panel), claims
that all genes encoding enzymes of energy pathways were
derived by an archaebacterial host from a mitochondrial
symbiont. The latter is envisioned as a versatile free-living
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a-proteobacterium capable of glycolysis, fermentation, and
oxidative phosphorylation [19,20,85,89]. Indeed, earlier
phylogenetic analysis of triose phosphate isomerase (TPI)
involving an incomplete sequence from Rhizobium etli
revealed affiliation of this single a-proteobacterial sequence
with those of eukaryotes. Keeling & Doolittle [90] pointed
out, however, that an alternative tree topology placing
v-proteobacteria as a sister group to Eukarya was insignifi-
cantly worse. On the contrary, recent reanalysis of TPI
showed a sisterhood of eukaryotes and y-proteobacteria
[85]. This result was corroborated by detailed phylogenetic
analysis involving all a-proteobacterial sequences known to
date (Fig. 2A). It should be noted that some data sets
included R. etli. In agreement with published data [1,47,85],
a close relationship between eukaryal and y-proteobacterial
sequences was also shown using glyceraldehyde-3-phos-
phate dehydrogenase (GAPDH), another glycolytic enzyme
(Fig. 2B). The same relationship was observed when
phylogenetic analysis was conducted on glucose-6-phos-
phate isomerase ([86] and data not shown). Collectively,
these data revealed a complex evolutionary history of
certain glycolytic enzymes [47,49,50,53,54,82,85,86,93,94].
In particular, an exceptional phyletic position of the
amitochondriate protist Trichomonas vaginalis on the
GAPDH tree (Fig. 2B) was assumed to be due to LGT
[94]. Nonetheless, the present and published observations
suggest that not the o but the y subdivision of proteobac-
teria, or a group ancestral to B and y proteobacteria (see
below), might be a donor taxon of eukaryotic glycolysis. A
recently published detailed phylogenetic analysis of glyco-
lytic enzymes also revealed no a-proteobacterial contribu-
tion to eukaryotes [95]. Given an aberrant branching order
of some eubacterial phyla on the above trees (Fig. 2 and
[95]), compared with one based on small subunit rRNA [39]
and exhaustive indel analyses [23], it might be suggested that
the glycolytic enzymes are prone to orthologous replace-
ment and that an initial endosymbiotic origin of eukaryotic
glycolysis has subsequently been obscured by promiscuous
LGT. It would be strange, however, if none of the glycolytic
enzymes escaped such a replacement.

It is worth noting the presence of the genes for GAPDH,
enolase and phosphoglycetrate kinase in the Wolbachia
(endosymbiont of Drosophila) and E. chaffeensis genomes.
Thus, ehrlichiae possess three of 10 key glycolytic enzymes,
whereas R. prowazekii [9] and R. conorii [63] have none. It is
particularly important, bearing in mind the divergence of
the tribes Wolbachieae and Ehrlichieae after the tribe
Rickettsieae (e.g [96]). This means that the last common
ancestor of the family Rickettsiaceac and mitochondria still
possessed the above three glycolytic enzymes, and their loss
from Rickettsia may be an autapomorphy.

Curiously, the functional TPI-GAPDH fusion protein
was recently shown to be imported into mitochondria of
diatoms and oomycetes. Notwithstanding the sister rela-
tionship of y proteobacteria and Eukarya, these data were
interpreted as evidence for the mitochondrial origin of the
eukaryotic glycolytic pathway [85]. Likewise, pyruvate—
ferredoxin oxidoreductase (PFO), a key enzyme in fermen-
tation, was suggested to have been acquired from a
mitochondrial symbiont [19,89,97]. Observations that
mitochondria of the Kinetoplastid Euglena gracilis and the
Apicomplexan Cryptosporidium parvum lack pyruvate
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dehydrogenase but instead possess pyruvate—NADP™"
oxidoreductase, an enzyme that shares a common origin
with PFO, were assumed to support this idea [97,98].
However, the above data may be easily explained in another
way. Some cytosolic proteins, the origin of which actually
predated mitochondrial symbiosis, might be secondarily
recruited to the organelle merely on acquisition of the
targeting sequence and other rearrangements. Such a
retargeting of fermentation enzymes was earlier suggested
to have taken place during evolutionary conversion of
mitochondria into hydrogenosomes [34,41].

Recent phylogenetic analysis of PFO failed to show a
specific  affiliation of eubacterial-like, monophyletic
eukaryal proteins with those of proteobacterial phyla [83].
It is worth mentioning the rather scarce distribution of this
enzyme among o-proteobacteria. In particular, none of the
complete a-proteobacterial genomes harbor the gene enco-

Fig. 2. Phylogenetic analysis of the glycolytic enzymes TPI (A) and
GAPDH (B). Representative maximum likelihood (ML) trees are
shown. Particular data sets included protists, other § and y proteo-
bacteria, and all a-proteobacteria for which the sequences are available
in databases. Species sampling was proven to have no impact on the
relationship of eukaryotic and proteobacterial sequences except for the
cases of a putative LGT [85]. Bootstrap proportions (BPs) shown in
percentages from left to right were obtained by ML, distance matrix
(DM) and maximum parsimony (MP) methods, with those below 40%
being indicated with hyphens. A single BP other than 100% pertains to
the ML tree. Otherwise, support was 100% in all analyses. Scale bar
denotes mean number of amino-acid substitutions per site for the ML
tree. Dendrograms were drawn using the TREEVIEW program [91]. The
sequences were obtained from GenBank unless otherwise specified.
Abbreviations: Cyt, cytoplasm; CP, chloroplast; un, unfinished
genomes. (A) ML majority rule consensus tree (In likelihood =
—7335.8) was inferred from 200 resampled data using SEQBOOT of the
PHYLIP 3.6 package [65], PROTML of MOLPHY 2.3 [64], and PHYCON
(http://www.binf.org/vibe/software/phycon/phycon.html) with the
Jones, Taylor, and Thornton replacement model adjusted for amino-
acid frequencies (JTT-f), as described elsewhere [83,92]. DM analysis
was carried out by the neighbor-joining method using JTT matrix and
Jin-Nei correction for among-site rate variation (PHYLIP) with the
gamma shape parameter o estimated in puzzLE. Unweighted MP
analysis was performed by 50 rounds of random stepwise addition
heuristic searches with tree bisection-reconnection branch swapping by
using PAUP¥, version 4.0 [67]. In DM and MP analysis, the data were
bootstrapped 200 times. The MP trees were also inferred that con-
strained Eukarya to a-proteobacteria (PAUP), then evaluated by several
statistical tests, as installed in the conseL 0.1d package [80]. The best
constrained tree was not rejected at the 5% confidence level, with the
P value of the most adequate approximately unbiased test [80] being
0.053. (B) The ML tree was constructed in puzzLE with 10 000 puz-
zling steps using the JTT-f substitution model and one invariable plus
eight variable rate categories JTT-f + T'" + inv). The gamma shape
parameter o (1.09) was estimated from the data set. DM analysis using
ML distances was conducted on 200 resampled data by the riTcH
program (PHYLIP) with global rearrangement and 15 permutations on
sequence input order (G and J options). Distances were generated
with puzzLEBoOOT (http://www.tree-puzzle.de/puzzleboot.sh) using the
JTT-f + T' + inv model. The MP consensus tree was inferred as
above. Constrained trees were inferred as for TPI and evaluated as
described above. The tree topology placing eukaryotic sequences with
those from a-proteobacteria was strictly rejected by all tests of CONSEL.
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ding PFO. It is, however, quite a widespread protein in
B and vy subdivisions (finished and unfinished genomes).
Neither was hydrogenosomal hydrogenase, another fer-
mentation enzyme, shown to be a-proteobacterial in origin
[51,84,87].

As mentioned above, numerous molecular data point to
the common origin of mitochondria and the order Rickett-
siales. Detailed phylogenetic analyses of the best-character-
ized small subunit rRNA and chaperonin Cpn60 sequences
have consistently shown a sister-group relationship between
the family Rickettsiaceae and mitochondria to the exclusion
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of rickettsia-like endosymbionts classified in the order [34].
On the basis of these data, the mitochondrial origin was
suggested to have been predisposed by the long-term
mutualistic relationship of a rickettsia-like bacterium with
a pro-eukaryote. In this way, the mitochondrial ancestor
was regarded to be a highly reduced intracellular symbiont,
which possessed both aerobic and anaerobic respiration, yet
had lost many genes specifying redundant metabolic
pathways such as glycolysis, fermentation and biosynthesis
of small molecules [34]. In agreement with the fusion theory
[21,23], these were assumed to have previously been
inherited by the host mainly from a eubacterial fusion
partner. Obviously, the above data are consistent with this
contention.

Molecular dating

Timing of the appearance of eubacterial genes in eukaryotic
genomes is another way to attempt to distinguish between
different hypotheses about the origin of the pro-eukaryotic
genome. Available data of this kind are rather controversial.
On the one hand, Feng et al. [2] showed that archaeal genes
appeared in Eukarya about 2.3 billion years ago (Bya) while
eubacterial genes appeared 2.1 Bya. It was suggested that
both estimates relate to the same event, fusion between an
archaebacterium and a eubacterium, and the shift in the
appearance time of bacterial genes to the present day was
merely due to involvement in the analysis of mitochondrial
and a-proteobacterial sequences. The above small difference
would thus just reflect a more recent endosymbiotic event
[96]. On the other hand, Rivera et al. [7] argued that archaeal
(informational) genes were acquired by Eukarya in a single,
very ancient event, whereas acquisitions of eubacterial
(operational) genes were scattered along the timescale [7].
One may realize here that most eubacterial genes appeared
in eukaryotes during both the fusion and subsequent
endosymbiotic event, while others were derived from various
bacterial groups more recently, when the true eukaryotes
capable of endocytosis emerged (see below). Dating of the
divergence of Rickettsiaceae and mitochondria, i.e. effect-
ively the mitochondrial origin, was recently attempted by
using the sequences of Cpn60, a ubiquitous, conserved
protein with clock-like behavior. Rickettsiaceae and mito-
chondria were shown to have emerged 1.78 £+ 0.17 Bya [96],
i.e. significantly later than the appearance of eubacterial
genes in eukaryotic genomes dated in the above-cited work
[2] using a comparable approach.

Eukaryotic valyl-tRNA synthetase

With regard to the origin of the pro-eukaryotic genome, one
important finding has been reported [77,96]. In eukaryotes,
a single gene is known to encode cytosolic and mitochon-
drial valyl-tRNA synthetases (ValRSs), which are different
in that a precursor of the organellar enzyme contains a
mitochondrial-targeting sequence [99-101]. Hashimoto
et al. [18] previously found that ValRS sequences of
eukaryotes, including amitochondriate T. vaginalis and
Giardia lamblia, and y-proteobacteria contain a character-
istic 37-amino-acid insertion which is absent from the
sequences of all other known prokaryotes. Paralogous
rooting of the ValRS tree with the most closely related
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isoleucyl-tRNA synthetases, which lack the insert, revealed
the presence of the insert to be a derived state. The authors
interpreted these data as evidence for acquisition of ValRS
by eukaryotes from the mitochondrial symbiont, but
pointed out a contemporary lack of relevant information
from o-proteobacteria. These results were subsequently
reanalyzed [96] involving archaeal-like ValRS from
R. prowazekii [9] and a sequence from the unfinished
genome of Caulobacter crescentus (a free-living o-proteo-
bacterium). Figure 3A shows a comprehensive alignment of
ValRS including all sequences from o, 6 and € subdivisions
known to date, as well as the representatives from Eukarya
and several prokaryotic taxa. It can be seen that only ValRS
sequences of eukaryotes and PB/y-proteobacteria contain
the characteristic 37-amino-acid insertion. Importantly,
free-living a-proteobacteria possess insert-free enzyme of
the eubacterial type, otherwise highly homologous to
B/y-proteobacterial counterparts, whereas Rickettsiaceae
(R. prowazekii, R. conorii, Wolbachia, E. chaffeensis and
C. ruminantium) also have the insert-free ValRS but of
archaeal genre. Phylogenetic analysis of ValRS, performed
at both the protein and DNA level, revealed monophyletic
emergence of Rickettsiaceae from within Archaea (also
supported by numerous sequence signatures) and a sister
relationship of the free-living o-proteobacteria and
B/y-proteobacteria exclusive of Eukarya (data not shown).
The latter means that the 37-amino-acid insert appeared in
ValRS of B/y-proteobacteria early during their diversifi-
cation. The most parsimonious explanation of these data
is that the pro-eukaryote inherited ValRS from f or y
proteobacteria, or their common ancestor before mito-
chondrial symbiosis (see also [77,96]). It is worth mentioning
an apparent evolutionary (not convergent) origin of the
insert itself (Fig. 3B). Apart from the origin of the pro-
eukaryote, ValRS data shed light on the intriguing question
of the extent and evolutionary significance of LGT
[52,53,75,76]. The inference here is that acquisition of the
archaeal enzyme by the family Rickettsiaceae or the order
Rickettsiales shaped the evolutionary history of the rickett-
sial lineage.

Fig. 3. Signature sequence (37-amino-acid insertion) in ValRS that is
uniquely shared by p-proteobacteria, y-proteobacteria, and Eukarya (A)
and phylogenetic analysis of insertion (B). The present alignment
includes all known ValRSs from proteobacteria of o, & and € sub-
divisions, and several ValRSs from other phyla. All sequences of
eukaryotes and B/y-proteobacteria, which could be retrieved from
finished and unfinished genomes using the BLAST server [102], contain a
characteristic insert. It is lacking in ValRS of other prokaryotes and in
isoleucyl-tRNA synthetase [18]. Identical amino-acid residues are
shaded, and conserved ones are in bold. Two signatures showing the
relatedness of rickettsial (R) homologs to Archaea (A) are printed in
italics. Number and ‘s’ on the top of the alignment indicate the
sequence position of R. prowazekii ValRS and the above two signa-
tures, respectively. Accession numbers of published entries follow the
species names. The unrooted ML tree of the ValRS insert shown here
was constructed using puzzLE 4.0. DM analysis (FITCH) was based on
ML distances obtained in PuzzLEBOOT. MP analysis was carried out
using PROTPARS of PHYLIP with the J option. (A similar tree was
obtained with pauUP parsimony.) For phylogenetic methods and other
details, see legend to Fig. 2.
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Evolutionary ancestry of mitochondrial proteins

Ample data on the origin of mitochondrial proteins come
from the study of the Saccharomyces cerevisiae mitochon-
drial proteome. It has been shown that as many as 160 of
210 bacterial-like mitochondrial proteins are not o-proteo-
bacterial in origin [13,103]. Curiously, these values were far
outnumbered in more recent work [14]. The simplest
explanation of these data is that eubacterial genes related
to the mitochondrion were present in the pro-eukaryotic
genome before endosymbiosis, and easily recruited to serve
the organelle during its origin. Indeed, it is very unlikely that
the above 160 proteins were initially contributed by the
mitochondrial ancestor and, hence, adapted to function in
mitochondria, but subsequently replaced by their orthologs
from other (bacterial) sources. Not to mention that
recruitment of pre-existing genes would require one step
less than acquisition by other ways that first require gene
transfer to the host genome.

The data described in this section could be explained by
pervasive LGT [20,76] mainly to the mitochondrial ances-
tor. However, it would be too strange a creature, an
o-proteobacterial progenitor of mitochondria, with too
many genes of non-a-proteobacterial origin. Of fundamen-
tal importance in this regard is the almost always observed
monophyly of a-proteobacteria (e.g [95] and Fig. 2), with
a striking exception being the above case for ValRS.
Together, the present data reject the archaeal hypothesis
and favor the fusion hypothesis for the primitively amito-
chondriate cell.

Taming of the mitochondrial symbiont: first
step towards the eukaryote

It is evident that ‘domestication’ of the mitochondrial
symbiont by the pro-eukaryotic host was accompanied by
multiple changes in both the host and invader. These
changes are particularly reflected in the protein sequences,
ranging from smooth variations to dramatic ones. As shown
in the above-cited studies [13,103], 47 mitochondrial
proteins are o-proteobacterial in origin. They function
mainly in energy metabolism (Krebs cycle and aerobic
respiration) and translation. The authors were, however,
surprised that as many as 208 proteins of the yeast
mitoproteome have no apparent homologs among pro-
karyotes. They were referred to as specifically eukaryotic
proteins [13]. It may well be, however, that some, or even
many, of these proteins descended from a mitochondrial
progenitor, but changed during coevolution of the host and
endosymbiont to such an extent that they can no longer be
recognized as o-proteobacterial in origin. A prime example
may be accessory proteins of respiratory complexes and
additional constituents of ribosomes. The proteins with
transport functions deserve special attention, because this
category comprises the smallest number of proteins with
prokaryotic homologs [103]. The best example of a protein
that has undergone minor changes is Atml, a transporter of
iron-sulfur clusters. True to expectations, Atml-based
phylogenetic reconstruction showed a sisterhood of mito-
chondria and R. prowazekii [13]. Another example,
mitochondrial protein translocase Oxalp, reflects an inter-
mediate situation. There is little doubt that its ortholog is
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bacterial YidC [104], also present in Rickettsiaceae ([9,63]
and unfinished genomes). There is even little doubt that a
phylogeny of Oxalp/YidC would have revealed an affili-
ation of mitochondria with rickettsiae. Unfortunately, poor
homology of Oxalp and YidC impedes phylogenetic
analysis. Finally, an instance of not merely (dramatic)
changes but of full replacement is the ATP/ADP carrier
(AAQ). It has been suggested [34] that the bacterial carrier
protein, found only in obligate intracellular Rickettsia and
Chlamydia 19,105], originated in rickettsia-like endo-
symbionts or was acquired by them from chlamydiae, and
played a pivotal role in the establishment of mitochondrial
symbiosis. Like mitochondrially encoded Cox1 [106], this
bacterial inner membrane protein contains 12 transmem-
brane domains, and therefore might have been unimport-
able across the outer membrane subsequent to gene transfer
from the rickettsia-like endosymbiont to the host genome in
the course of mitochondrial origin. This rickettsial-type
AAC was therefore suggested [34] to have been replaced by
an unrelated mitochondrial carrier with six transmembrane
domains in each of two subunits [107]. The latter is a
member of the mitochondrial carrier family of tripartite
proteins [107], the single repeat of which might in principle
have derived from some of the rickettsial-like carriers. These
have been suggested to have evolved during a long-term
symbiotic relationship between the intracellular bacterium
and the pro-eukaryote [34].

In summary, various changes in the course of mito-
chondrial origin are believed to represent the very first stage
of a global evolutionary event, the conversion of an amito-
chondriate pro-eukaryote into a fully fledged mitochond-
riate eukaryote.

Tyﬁically eukaryotic traits probably emerged
subsequent to the origin of the mitochondrion

Characteristically eukaryotic proteins

Prokaryote to eukaryote transition first resulted in the
appearance of such subcellular structures as the nucleus
with multiple chromosomes, endomembrane system, and
cytoskeleton [17,25-29]. The question was addressed of
whether these features emerged before or after the advent
of the mitochondrion. As stated above, a sister relationship
of Rickettsiales and Eukarya exclusive of free-living
o-proteobacteria, revealed in phylogenetic analysis of a
particular protein, may be taken as evidence that the
eukaryotic compartment, necessarily involving this protein,
originated after an endosymbiotic event.

A study initially focused on specifically eukaryotic
proteins, which have, nevertheless, highly homologous
orthologs among the prokaryotes. In this regard, two
proteins, which are also present in the R. prowazekii
proteome, seemed attractive [9]. These are Sec7, an essential
component of the Golgi apparatus [105], and adducin, a
protein that plays a part in F-actin polymerization [108]. An
exhaustive search for finished and unfinished prokaryotic
genomes revealed that Sec7 is a feature of R. prowazekii.
Interestingly, Sec7 is lacking in R. conorii, another species of
the genus Rickettsia [63]. It may be therefore that this case
represents reverse LGT, i.e. from Eukarya to rickettsia
[105]. An alternative view that Sec7 was produced by a
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rickettsia-like endosymbiont and transferred to eukaryotes
via a mitochondrial progenitor cannot be ruled out,
however. Adducin is a modular protein composed of an
N-terminal globular (head) domain, and extended central
and C-terminal domains [108]. Phylogenetic analysis after a
careful search for databases revealed that the head domain,
also known as class II aldolase, emerged via paralogous
duplication of the quite widespread fuculose aldolase and
transferred to eukaryotes and rickettsiae from free-living
a-proteobacteria. However, adducin per se seems to be
characteristic only of animals, including Drosophila and
Caenorhabditis elegans. These data imply that this cytoske-
letal protein may be dispensable in lower eukaryotes, albeit
its presence in protists cannot be excluded. Of interest,
S. cerevisiae lacks adducin, whereas Schizosaccharomyces
pombe (unfinished genome) probably bears the head
domain alone, i.e. class II aldolase, which is monophyletic
with the head domain of eukaryotic adducins (V.V.
Emelyanov, unpublished data).

Compartment-specific paralogous families of conserved
proteins

According to Gupta and associates [21,23,109], duplication
of the genes encoding eukaryotic (i.e. nucleocytoplasmic)
heat shock proteins (Hsp40, Hsp70, and Hsp90) that gave
rise to cytosolic and ER isoforms may have accompanied
the origin of ER. While mitochondrial and mitochondrial-
type Hsp70s are thought to have derived from a rickettsia-
like progenitor of the organelle (see below), the origin of
nucleocytoplasmic proteins remains obscure. As indicated
by the presence of a characteristic insertion (indel) in the
N-terminal quadrant of proteobacterial and eukaryotic
homologs, which is lacking in Hsp70 of archaea and Gram-
positive bacteria, as well as in its distant paralog MreB,
eukaryal proteins derive from proteobacteria. This inference
is also supported by other sequence signatures [21,23]. In
contrast, phylogenetic analysis failed to establish with
confidence the position of cytosolic and ER sister groups
among eubacterial phyla. It is only clear from these data
that paralogous duplication of Hsp70 occurred early in
eukaryotic evolution, and that monophyletic eukaryotic
clade may not be considered an outgroup given the presence
of the above insert to be a derived state [23]. On the basis of
a four-amino-acid insert that is uniquely present in § and vy
proteobacteria, the latest diverging proteobacterial groups
[110], Gupta [23] concluded that the donor taxon of
eukaryotic Hsp70 must have been the o, 9, or & subdivision.
Thus, one may suggest (see also [111]) that paralogous ER
and cytoplasmic Hsp70s are descended from an endosym-
biont homolog. (No cases of & and & proteobacterial
contributions to eukaryotes have been found: see, e.g.,
Figure 2.) If so, the ER itself might have originated
subsequent to mitochondrial origin (see the Introduction).
This might have occurred during quite rapid conversion of a
pro-eukaryote into a fully developed eukaryote via tandem
duplication of an endosymbiont gene followed by rapid
speciation of two copies destined to the cytoplasm and ER.
However, the possibility cannot be ruled out that nucleo-
cytosolic Hsp70 appeared in Eukarya via a primary fusion
event involving a lineage leading to B/y-proteobacteria, in
which the characteristic four-amino-acid insert originated
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after fusion but before diversification of  and y proteo-
bacteria. Consistent with this idea, thorough indel analysis
showed that neither a  nor a y proteobacterium could be a
fusion partner [110].

Like the situation for Hsp70, the phyletic position of
paralogous cytosolic and ER isoforms of Hsp40 and Hsp90,
which also originated via ancient duplications [23,109], was
proven to be uncertain ([112] and unpublished results). Only
one indel was found within a moderately conserved region
of Hsp90 sequences which may indicate the evolutionary
origin of the above two eukaryotic heat shock proteins
(Fig. 4). This observation still suggests that nucleocytosolic
Hsp90 may have derived from an a-proteobacterial ancestor
of mitochondria [112].

Recent phylogenetic analysis of eukaryotic protein disul-
fide isomerases discerned a complex evolutionary history of
these enzymes catalyzing disulfide bond formation during
protein trafficking across ER. The nearest relatives of
eukaryotic proteins, including as many as five G. lamblia
paralogs, were shown to be prokaryotic and eukaryotic
thioredoxins [113]. These data encouraged the phylogenetic
analysis of thioredoxins by using the sequences from a
broad variety of prokaryotic taxa. Curiously, eukaryal
thioredoxins were shown to group with chlamydial ones.
Far-reaching conclusions are, however, difficult to reach
because of the small protein size (82 alignable positions) and
low bootstrap support for this relationship (V. V. Emelya-
nov, unpublished observations).

As pointed out above, the appearance of ER-specific
proteins by means of paralogous multiplication may
indicate the origin of ER per se. Similarly, multiplication
of the enzymes of DNA metabolism may be tied to the
origin of the nucleus with multiple chromosomes. A case in
point is the multigene family of eukaryotic MutS-like
(MSH) proteins. This group of DNA mismatch repair
enzymes consists of at least six paralogous members.
Among them, MSHI1 is the mitochondrial form, and
MSH4 and MSHS are specific to meiosis ([114] and
references therein). Curiously, the MutS (MSH1) gene was
reported to persist in the mitochondrial genome of octocoral
Sarcophyton glaucum, a possible relic linking a mitochond-
rial symbiont with a nucleocytosolic MSH family [115]. It
was recently shown that nucleocytosolic MSHs constitute a
monophyletic clade, with MSH1 of yeast and MutS of
R. prowazekii being their closest relatives [114]. In this work,
however, data sets included a limited number of eubacterial
sequences. In particular, a-proteobacteria were represented
by only R. prowazekii. Figure SA shows the results of
phylogenetic analysis of the MSH/MutS family involving all
o-proteobacterial sequences known to date. Of the MSHs,
only the least deviant MSHI1 from Sch. pombe and
S. cerevisine was included. Given that an alignment
of diverse MSHs is somewhat problematic [114], the use of
only mitochondrial proteins allowed properly alignment of
as many as 558 positions. A relationship of mitochondrial
and o-proteobacterial enzymes was also supported by two
sequence signatures (Fig. 5B). Bearing in mind the cano-
nical pattern of endosymbiotic ancestry, it is clear from
these and published data [114,116] that the origin of
mitochondria predated the origin of the multigene MSH
family. Importantly, a gene encoding MSH2 was recently
characterized for the kinetoplastid Trypanosoma cruzi[116].
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Fig. 4. Excerpt from the Hsp90 sequence alignment showing an insert that is present mostly in eukaryotic and o-proteobacterial homologs. It should be

noted that Archaea and many eubacterial species including a-proteobacteria Agrobacterium tumefaciens and C. crescentus lack the htpG gene
encoding Hsp90 [112]. It can be seen from alignment that rickettsial, animal cytoplasmic, and other eukaryotic plus a-proteobacterial homologs
contain an insert one, two, and three residues in length, respectively. Only some representatives of B/y-proteobacteria, cyanobacteria, and Gram-
positive bacteria are shown. Of the two d-proteobacterial sequences known to date, one contains a two-amino-acid insert. Like 7. pallidum,
T. denticola (unfinished genome, not shown) has an 11-residue insert whereas Borrelia burgdorferi does not. Essentially incomplete sequences from
unfinished genomes of the free-living a-proteobacteria are not shown. Among them, Magnetospirillum magnetotacticum apparently lacks the insert,
and Rhodopseudomonas palustris has a five-amino-acid insert. The number at the top refers to position in the Mesorhizobium loti sequence.
Accession numbers are placed at the end of the alignment. If not present, the sequences were retrieved from unfinished genomes (TIGR). Other
details are as in Fig. 3A. Abbreviations: CYT, cytoplasm; ER, endoplasmic reticulum; GSU, green sulfur bacteria; GNS, green nonsulfur bacteria;
CFB, Cytophaga—-Fibrobacter—Bacteroides group; SPI, spirochaetes; CYA, cyanobacteria; HGC and LGC, Gram-positive bacteria with high and

low G + C content.

Kinetoplastids are known to be among the earliest emerging
mitochondriate protists [25]. On the basis of these data, the
following scenario for the origin of the nucleus can be
proposed. A host for the mitochondrial symbiont was a

chimeric prokaryote, and as such possessed a single MutS
gene acquired from a eubacterial fusion partner (Archaea
lack MutS [114]). During mitochondrial origin, the endo-
symbiont gene (occasionally) replaced this pre-existing gene,
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giving rise to the paralogous MSH family, the diversification
of which accompanied the origin of the nucleus. An
alternative scenario would be the following. A host for the
mitochondrion was a eukaryote with the true nucleus. Thus,
like present-day eukaryotes, it possessed several MutS-
related genes. Subsequently, an endosymbiont gene was
introduced, giving rise to the (observed) MSH family.
Thereafter, several pre-existing MutS-like proteins, which
were still adapted to function in the (already existing)
nucleus, were simultaneously lost. The absurdity of this
scenario is apparent.

With respect to linear chromosome origin, telomere-like
retroelements have to date been reported only in two linear
mitochondrial plasmids of a primitive fungus Fusarium
oxysporum. These data suggest that mitochondrial struc-
tures may be an evolutionary antecedent of eukaryotic
telomeres [117].

Collectively, the present data argue that typically eukary-
otic compartments, such as the nucleus with multiple linear
chromosomes and the ER, probably originated after
mitochondrial symbiosis.

Secondarily amitochondriate nature
of archezoa

Mitochondrial-like proteins in amitochondriate protists

The archezoa hypothesis emerged several decades ago as the
favored model of eukaryogenesis, and continues to have a
major influence on the field [16,17,25-29]. As usually
described, the concept of the Archezoa, primitively amito-
chondriate eukaryotes, implies that the very first eukaryotic
cell (archezoon) possessed at least an endomembrane system
and cytoskeleton. Thus, it had an advantage over other
biota because it could engulf and digest surrounding micro-
organisms. In the framework of this concept (Fig. 1A), the
eubacterial progenitor of mitochondrion escaped from
being completely digested by some enigmatic mechanism,
and subsequently gave rise to an energy-generating organ-
elle (e.g. [29]). Three groups of amitochondriate protists,
Microsporidia, Parabasalia, and Diplomonada (Metamo-
nada), have long been considered as the candidates for
Archezoa. Indeed, some trees have consistently shown these
groups to have emerged before mitochondrion-bearing
eukaryotes [15-17,25,118,119]. However, accumulating
molecular data have challenged the Archezoa concept,
instead raising the possibility that these provisional
archezoons are secondarily without mitochondria [15—
17,120]. The most compelling evidence is based on
phylogenetic analysis of the mitochondrial-like heat shock
proteins, Cpn60 and Hsp70, reported in several represent-
atives of the above protist phyla [22,31,34-36,38,40-42]. In
addition, a mitochondrial-like iron-sulfur cluster assembly
protein (IscS) was recently characterized for the diplo-
monad G. lamblia and the parabasalid T vaginalis [43]. As
this study involved a single a-proteobacterium, R. prow-
azekii, extended phylogenetic analysis of the IscS gene and
protein was performed which revealed a full canonical
pattern of mitochondrial ancestry (V.V. Emelyanov,
unpublished data). It is notable that both the eukaryotic
IscS and Atm1 are mitochondrial in origin (see above). As
to Microsporidia, these were argued to be, in effect, highly
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derived fungi [36,92,121-124]. Parabasalia, for example,
the most well-studied 7. vaginalis, lack mitochondria but
instead possess hydrogenosomes [19,25,31,35, 119,125,
126]. It is now becoming evident that the latter are
biochemically modified mitochondria [119,125,127-139].
Assuming an irreversible conversion of mitochondria or
their ancestor into hydrogenosomes [34], Parabasalia are
in no way primitively amitochondriate protists.

Transient symbioses?

However, after a period of enthusiasm, new data appeared
that called into question the idea about the secondarily
amitochondriate nature of Diplomonada. First, an archaeal-
type alanyl-tRNA synthetase (AlaRS) was reported in
G. lamblia, in contrast with other eukaryotes which possess
closely related cytoplasmic and mitochondrial enzymes of
bacterial genre [140-142]. These data suggested that diplo-
monads may have experienced abortive mitochondrial
symbiosis, in which only some genes (e.g. Cpn60) may have
been transferred to the nuclear genome. Diplomonads thus
preserved archaeal AlaRS, while the full establishment of the
organelle in the remaining eukaryotes resulted in replace-
ment of the pre-existing archaeal gene with an endosymbiont
ortholog, which gave rise to both cytoplasmic and mitoch-
ondrial forms [141]. Another explanation is, however,
possible. One may suggest that ancient eukaryotes, such as
Diplomonada, preserved both archaeal and eubacterial
AlaRS for some time after the advent of the mitochondrion.
The loss of this organelle in diplomonads was accompanied
by the eventual loss of eubacterial-derived enzymes, whereas
the stable presence of the mitochondrion in other eukaryotic
lineages resulted in the loss of archaeal-derived enzymes. As
shown in the same work [140,142], along with canonical
CysRS, G. lamblia bears archaebacterial dual-specificity
ProCysRS. These observations imply that archaeal proteins
may persist in primitive protist lineages [93]. The situation
would be reminiscent of the preservation of fermentation
enzymes in mitochondriate eukaryotes [83,84].

Secondly, eubacterial-like Hsp70 (DnaK) of G. lamblia
was recently sequenced as part of a genome sequencing
project [143]. Phylogenetic analysis showed variable posi-
tions of giardial Hsp70, which sometimes diverged before
a-proteobacterial orthologs. These data were interpreted as
supporting the idea, proposed by Sogin [144,145], that some
primitive eukaryotes may have undergone cryptic endo-
symbiosis or harbored an endosymbiont related to a
mitochondrial progenitor. The present reanalysis (Fig. 6)
used similar methods but slightly different input data. An
alignment involved a smaller number of eukaryotic (both
nucleocytoplasmic and mitochondrial/mitochondrial-like)
entries. Also, the highly divergent Ehrlichia sp. (HGE agent)
sequence was replaced by a less divergent sequence from
Wolbachia (unfinished genome). Not unexpectedly, the
eubacterial/mitochondrial-type sequence of G. lamblia
always grouped with the mitochondrial clade (see legend
to Fig. 6). Although in most analyses the Giardia affiliation
to fast evolving lineages may be caused by an LBA artefact
[77,83,92,146], distance matrix analysis with maximum
likelihood distances revealed the deepest rooting within
the mitochondrial clade with bootstrap support of 45%
(Fig. 6). Thus, there is no compelling reason to suggest that
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Fig. 5. Phylogenetic analysis (A) and alignment (B) of MutS/MSH1
proteins. (A) ML tree (InL = -21319.6). The tree was inferred using
puzzLE (see Fig. 2B) with parameter oo = 1.18 (weak rate heterogen-
eity) estimated from the data set. The DM method with ML distances
was used as described in the legend to Fig. 2B (400 resamplings). MP
analysis was performed on 400 resampled data using PROTPARS with
the J option. Similar trees were obtained when employing the same
three methods from other packages, and when using the input data
that involved E. chaffeensis and different free-living a-proteobacteria
(unfinished genomes). For other details see the legend to Fig. 2.
Statistical tests were applied to a tree [(a,b) (c,d)] composed of
monophyletic clusters: a, mitochondria + Rickettsiales; b, free-living
a-proteobacteria; ¢, [/y-proteobacteria; d, other phyla. Using
PHYLTEST 2.0 with combined Poisson and gamma correction [79], an
interior branch was shown to be significantly of nonzero length. Four-
cluster likelihood mapping (PuzzLE) revealed that the occupancy of the
area, representing above the tree, among the main three areas [66] was
91.3%. (B) The number above the alignment indicates the sequence
position of S. cerevisieee MSHI1. Two signatures distinguish mito-
chondria and a-proteobacteria from other species. Other details are as
in Fig. 4.

Diplomonada acquired dnaK via a separate LGT, but not in
the course of mitochondrial origination. Affiliation of
G. lamblia mitochondrial-like Hsp70 with a mitochondrial
cluster has also been reported [147].

Diplomonads and parabasalids

Notably, Hsp70-based phylogenetic analysis typically shows
poor resolution of intergroup relationships [146]. In parti-
cular, a sisterhood of Rickettsiales and mitochondria was
only rarely observed, being sensitive to species sampling
(V.V. Emelyanov, unpublished data). Analysis of Cpn60, on
the contrary, robustly showed not only branching of
G. lamblia with a mitochondrial cluster, but also a sister-
group relationship of rickettsiae and mitochondria
[34,42,148]. Horner & Embley [148] recently reported that
Cpn60 of Spironucleus barkhanus, another diplomonad,
groups with the G. lamblia homolog deep in the mitoch-
ondrial clade. Unlike Giardia, its chaperonin contains an
N-terminal extension similar to the mitochondrial-targeting
sequence. This observation suggests that S. barkhanus may
harbor a sort of remnant organelle resembling the crypton/
mitosome described in secondarily amitochondriate
Entamoeba histolytica [149,150].

The secondary absence of mitochondria in diplomonads
is also strongly supported by the often observed sister
relationship of G. lamblia and T. vaginalis [18,42,43,54,123,
148,151]. Parabasalia may appear to be an even more
ancient group than Diplomonada, as indicated by the
presence of an indel in an enolase uniquely shared by
T. vaginalis and prokaryotes to the exclusion of G. lamblia
and other eukaryotes [152]. Taken together, these data argue
for the secondary absence of mitochondria in diplomonads.

Relatively recent emergence of mitochondriate protists

In an attempt to determine the divergence time of Protozoa,
the apparently paraphyletic nature of the lineage aside [25],
Cpn60-based dating (see above) was extended by involve-
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ment of protist sequences. It appeared that the sequences
from Kinetoplastida (Trypanosoma brucei and Trypanosoma
cruzi) and Apicomplexa (Plasmodium falciparum and
Plasmodium yoelii) passed a relative rate test involving
animals, fungi, and several rickettsiae [96]. Using PHYLTEST
2.0 with both Poisson and gamma correction [79], these
mitochondriate protists were shown to have emerged
1.45 £+ 0.12 Bya, in contrast with 1.78 + 0.17 Bya for
the origin of mitochondria. One may be sceptical about
both the molecular clock and the above estimates. Never-
theless, the present data are thought to be quite reliable for
the following reasons. First, the Cpn60 sequences used
throughout this study have been shown to exhibit clock-like
(quasi-linear) behavior. Given a smooth difference between
sequences, a choice of outgroup for the relative rate test was
always straightforward. Secondly, the same event, i.e.
divergence of animals and fungi [96], was taken as a
reference timepoint for both measurements. Thirdly, time is
nothing more than a measure and a convenient represen-
tation of linear or periodic processes. In other words, the
above estimates may essentially be interpreted as relative
genetic distances and definitely not as absolute time
estimates. In view of these considerations, the first eukary-
otes are thought to have emerged at some time within the
above time frame. The big-bang hypothesis, based on
phylogenetic data, assumes that all major eukaryotic
lineages emerged during a short period of time [69,77,146].
One may suggest that this rapid diversification immediately
followed the origin of mitochondria. In all probability, truly
amitochondriate eukaryotes have not so far been found
because they do not exist and have never even existed.

Conclusions

At least two hypotheses have been advanced that describe
the host for the mitochondrial symbiont as a prokaryote.
Both imply that the primitively amitochondriate host was a
sort of archaebacterium [19,153]. According to Vellai et al.
[153] only the establishment of an efficient energy-producing
organelle made it possible for truly eukaryotic elements such
as the nucleus with multiple chromosomes to develop. The
main idea of the hydrogen hypothesis of Martin and Miiller
(Fig. 1B, left panel) is a syntrophy-based strict dependence
of the host (obligately anaerobic methanogen) upon waste
fermentation products (H, and CO,) of the facultatively
anaerobic symbiont (free-living a-proteobacterium capable
of glycolysis, fermentation, and respiration). Briefly, the
hydrogen hypothesis states that a methanogenic archaecon
embraced a symbiont to a greater and greater extent to gain
H, and CO, with maximum efficiency. This entailed transfer
of genes for carrier proteins, which supply the symbiont
with reduced organic compounds, to the host genome and
incorporation of the carriers into the host envelope. Finally,
glycolysis was relocated to the host cytoplasm, and meth-
anogenesis vanished to prevent futile cycling of carbohy-
drates [19]. Although attractive in its premise, i.e. syntrophy,
the hypothesis suffers several shortcomings. First of all, a
time-course of this process, in which the host engulfs the
symbiont, remains obscure. It is also difficult to understand
how such a chimera might propagate. More generally, the
hydrogen hypothesis requires that several unique evolution-
ary events (in effect, a symbiont completely engulfed by a
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Fig. 6. ML majority consensus tree (InL. = —17895.2) based on global alignment of Hsp70 sequences. An archaebacterium Methanosarcina mazei (not
shown) served as an outgroup. Phylogenetic analyses were conducted on 508 alignable positions. ML analysis was carried out on 400 bootstrap
replicates as described in the legend to Fig. 2A. DM and MP methods were used as above (Fig. 2B) also with 400 resampled data. The gamma
shape parameter used in distance analysis was o = 0.78. BPs shown from top to bottom apply to ML, DM and MP trees, respectively. The MP tree
(InL = —17933.7) constrained for monophyly of mitochondrial/mitochondrial-like sequences excluding G. lamblia was not rejected by statistical
tests. It is noteworthy that the sister relationship of a mitochondrial clade and a-proteobacteria exclusive of B/y-proteobacteria on the MP trees
constrained for monophyly of mitochondrial (including Giardia) sequences. Nonetheless, only weak support for a tree topology grouping mito-
chondrial cluster with a-proteobacteria to the exclusion of y-proteobacteria and a fourth group represented by all other taxa was obtained in four-
cluster analyses (see legend to Fig. SA). It should be noted that trees similar to those depicted here were obtained using other programs.
Furthermore, the relative branching order of y-proteobacteria, a-proteobacteria, and a mitochondrial cluster including G. lamblia proved to be
robust to exclusion from alignment of a proportion of constant sites, the category of fastest evolving sites [83,92,143], and idiosyncratic sites [96].
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host, with its genes for carriers transferred to the host
genome, carrier proteins retargeted to the host membrane,
and glycolysis relocated to the host cytoplasm) have
occurred simultaneously. Otherwise, any such commitment
alone would be fatal to the emerging creature. Finally, the
hydrogen hypothesis is not supported by the molecular data
described in this review.

In contrast, eukaryogenesis is hypothesised here (Fig. 1B,
right panel) which is thought to be consistent with most
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phylogenetic data. Successive steps towards the construction
of the eukaryotic cell are briefly summarized in Fig. 7.
A primarily amitochondriate organism (pro-eukaryote)
emerged as a true chimera [23], with genetic apparatus
acquired from an archaebacterium and core metabolism
from a eubacterium. Bearing in mind the early origin of
respiratory chains [106,154], the bacterial fusion partner
must have been a facultative anaerobe, e.g. similar to the
v-proteobacterium Escherichia coli, capable of oxidative
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Fig. 7. Prokaryote—eukaryote transition and diversification of eukaryotes. As some parts of the eukaryotic tree (in particular, the basal position of the
archezoan protists) cannot be resolved clearly [17,77], the branching order of the major eukaryotic groups is represented as a multifurcation. Shown
in the boxes are some key systems and processes related to hypothetical evolutionary events, and protein/gene data supporting these events.
Question marks indicate cases in which available molecular data are either equivocal or permit an equally parsimonious alternative interpretation
(see text for details). Notably, cysteine desulfurase IscS (but not eubacterial-type Cpn60) was reported in a microsporidian Encephalitozoon cuniculi
[122]. Phylogenetic analysis placed this organism inside the fungal clade (V. V. Emelyanov, unpublished data).
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phosphorylation. In effect, it could resemble a mitochond-
rial progenitor in many respects. Such a similarity may, in
particular, account for the otherwise enigmatic fact that as
many as 75% of bacterial-like mitochondrial proteins are
not endosymbiotic in origin [13,103]. Interestingly, this even
pertains to some enzymes of the tricarboxylic acid cycle
[13,20,81]. At that time (= 2.3 Bya), respiration would be
inefficient, because of low oxygen concentration [155], and
disappear, with oxygen-scavenging mechanisms being pre-
served. Thus, an advantage of the chimeric cell over
Archaea could be more advanced energy metabolism
(glycolysis and fermentation) and oxygen insensitivity, and
a selective advantage over bacteria could be resistance to
antibiotics produced by Gram-positive bacteria [24]. A sort
of syntrophy [19,156] may also be invoked as a driving force
that forged an amitochondriate host. Such a double
advantage could have allowed the chimeric cell to rapidly
propagate, having once become a target for a rickettsia-like
a-proteobacterium. From the start, the latter possessed both
anaerobic and aerobic energy pathways. Like modern
rickettsiae [157], the symbiont entered the host because of
membrane-bound phospholipase activity, with a single
plasma membrane being subsequently repaired to prevent
cytoplasm leakage. Curiously, an endosymbiotic relation-
ship involving two different proteobacteria was recently
reported [158]. Also of interest, rickettsiae are 3—5 times
shorter than free-living bacteria such as E. coli [159]. The
common evolutionary history of Rickettsiales and mito-
chondria (the first part of mitochondrial history) proceeded
by loss of many genes specifying redundant metabolic
pathways including glycolysis. The growing tension of
atmospheric oxygen provided unique conditions under
which the host glycolysis and symbiont oxidative phos-
phorylation were successfully combined. Domestication of
the endosymbiotic bacterium by a former pro-eukaryote
involved dramatic processes which resulted in the emergence
of an ATP-producing organelle with most of its genes,
directly or indirectly supporting respiration, being fixed in
the host genome. This event initiated or merged with
another global evolutionary event, creation of the true
eukaryote with nucleus, endomembrane system, and cyto-
skeleton.
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