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Genomes hold within them the record of the evolution of life on Earth. But genome fusions and horizontal gene transfer seem to
have obscured sufficiently the gene sequence record such that it is difficult to reconstruct the phylogenetic tree of life. Here we
determine the general outline of the tree using complete genome data from representative prokaryotes and eukaryotes and a new
genome analysis method that makes it possible to reconstruct ancient genome fusions and phylogenetic trees. Our analyses
indicate that the eukaryotic genome resulted from a fusion of two diverse prokaryotic genomes, and therefore at the deepest levels
linking prokaryotes and eukaryotes, the tree of life is actually a ring of life. One fusion partner branches from deep within an
ancient photosynthetic clade, and the other is related to the archaeal prokaryotes. The eubacterial organism is either a
proteobacterium, or a member of a larger photosynthetic clade that includes the Cyanobacteria and the Proteobacteria.
The origin of the eukaryotic cell is enigmatic and complex. Early
studies of nuclear-encoded enzymes, transfer RNAs, ribosome
structures and ribosomal RNA catalogues implied deep, but unresolved, connections between prokaryotes and eukaryotes1–3. Subsequent analyses of ribosomal sequences suggested that eukaryotes
were either the sister group to the Archaea4, or the sister group to the
archaeal Eocyta5,6 in the rooted tree of life7,8. But as additional
eukaryotic genes were sequenced, their analyses frequently
suggested just the opposite; that is, that many eukaryotic genes
were more closely related to the Bacteria than to the Archaea9–12. A
further complication arose from the finding that the function of
each eukaryotic gene is strongly correlated with its ancestry.
Informational genes (genes involved in transcription, translation
and other related processes) are most closely related to archaeal
genes, whereas operational genes (genes involved in cellular metabolic processes such as amino acid biosynthesis, cell envelope and
lipid synthesis, and so on) are most closely related to eubacterial
genes13. Recently, comprehensive analyses involving large numbers
of genomes14 have shown the strength of this correlation.
It has been difficult to reconcile these conflicting results with the
origin of eukaryotes because of the complicating effects of genome
fusions and horizontal (or lateral) gene transfer (HGT) on phylogenetic reconstructions. Genome fusions convert trees into rings,
which cannot be analysed by conventional phylogenetic algorithms.
Although multiple, independent events of HGT cannot make rings,
the extensive horizontal transfer observed among prokaryotes13,15–19
can obscure the identities of those prokaryotes that may have
contributed genes to eukaryotes.
Recently a new algorithm, conditioned reconstruction, based on
the two character states of gene presence and absence has been
developed, which can reconstruct genome fusions20. Analyses of
the presence or absence of genes have been used previously to
reconstruct phylogenetic trees21–26, but these methods cannot detect
genome fusions. Conditioned reconstructions, when used in conjunction with Markov-based quartet methods, can rigorously analyse the fusion of two genomes and ameliorate biases due to HGT.
Here we apply this new method to investigate the evolution of
eukaryotes, and present evidence that the eukaryotic genome arose
through the fusion of two diverse prokaryotic genomes.

The topology of the ring of life
Ten complete genomes from prokaryotic and eukaryotic organisms,
comprising a representative sampling of the diversity of life, were
analysed using the method of conditioned reconstruction to obtain
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a better understanding of eukaryotic origins. (See Supplementary
Data for the analyses of 24 further prokaryotic genomes and
additional control experiments.) The five most probable trees
from a set of three Bacteria, three Archaea and two eukaryotes are
shown in Fig. 1 (the names of the taxa are listed in the legend). The

Figure 1 Conditioned reconstructions provide evidence for the ring of life. The genomes
are from two yeasts (Y1, Schizosaccharomyces pombe and Y2, Saccharomyces
cerevisiae), a g-proteobacterium (Pg, Xylella fastidiosa), a bacillus (B, Staphylococcus
aureus MW2), a halobacterium (H, Halobacterium sp. NRC-1), a methanococcus
(M, Methanosarcina mazei Goe1), an eocyte (E, Sulfolobus tokodaii) and an
archaeoglobium (not shown; the conditioning genome Archaeoglobus fulgidus
DSM4304). The five most probable unrooted trees are shown with leaves pointing upward
to emphasize that each is part of a repeating pattern. Cumulative probabilities are shown
at the right of each tree. Fully and partially resolved rings are at the lower left and right,
respectively.
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cumulative probabilities of these five trees are shown at the right of
each tree. The upper tree is supported by 60.5% of the conditioned
reconstruction bootstraps, the second tree by 16.8% of the conditioned reconstruction bootstraps, for a cumulative probability of
77.3%, and so on. It initially appears that the resolution of the tree is
poor because the most probable tree is supported by a low bootstrap
value, and the other trees are supported by even lower values.
However, when the five most probable unrooted trees are aligned by
shifting each to the left or the right, until their leaves match, they
form a repeating pattern indicating that the five trees are simply
permutations of an underlying cyclic pattern. This implies that they
are derived from the single cycle graph (ring) shown at the bottom
left of Fig. 1 (ref. 20). When that ring is cut at any one of the five
central arcs and then unfolded, the resulting unrooted tree will
correspond to one of the five most probable trees. In other words,
the data are not tree-like they are ring-like.
A rigorous combinatorial analysis of the genomic fusion of two
organisms valid for all possible initial pre-fusion trees has shown
that the conditioned reconstruction algorithm recovers all permutations of the cycle graph, and only those permutations20. Hence,
these results may be interpreted, in a manner analogous to the

Figure 2 Eubacterial relationships within the ring of life. The genomes are from two yeasts
(Y1, S. pombe and Y2, S. cerevisiae), a g-proteobacterium (Pg, X. fastidiosa 9a5c), an
a-proteobacterium (Pa, Brucella melitensis 16M), a cyanobacterium (C, Synechocystis
sp. PCC6803), a halobacterium (H, Halobacterium sp. NRC-1), an eocyte (E, S. tokodaii)
and a bacillus (not shown; the conditioning genome S. aureus MW2). The five unrooted
trees consistent with the ring are shown with leaves pointing upward to emphasize that
each is part of a repeating pattern. Cumulative probabilities are at the right of each tree.
Fully and partially resolved rings are at the lower left, right and centre, respectively.
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interpretation of restriction digests of a circular plasmid or the
mapping of a circular chromosome, as implying a ring of life. The
ring shown at the lower left of Fig. 1 is completely consistent with all
five of the fully resolved trees shown at the top of the figure, hence
we refer to it as a fully resolved ring. That ring explains 96.3% of the
bootstrap replicates, and the partially resolved ring at the lower right
of Fig. 1 explains 99.2% of the bootstrap replicates. The ring is
supported for all possible conditioning genomes (see Supplementary Data). This provides strong evidence for the completely
resolved ring on the left, and even stronger evidence for the lessresolved ring on the right. From these results we infer that the
eukaryotic nuclear genome was formed from the fusion of the
genomes of a relative of a proteobacterium (Pg) and a relative of an
archaeal eocyte (E).

Eubacterial roots of the ring of life
By analysing additional taxa, one can discover whether the eubacterial fusion partner branches even deeper than the g-proteobacterium
Xylella. The data set for this second analysis, described in the legend
for Fig. 2, specifically included the a-proteobacterium Brucella and
the cyanobacterium Synechocystis. The results are shown in Fig. 2.
The cumulative probability of the five trees, shown at the top of the
figure, corresponds to 87.1% of the total bootstraps, indicating
significant statistical support for the ring shown at the lower left
of Fig. 2. The percentage increases to 92.8% when the a-proteobacterium and the g-proteobacterium are allowed to form an
unresolved bifurcation, and rises to 99.7% when the a-proteobacterium, g-proteobacterium and cyanobacterium are allowed to
form an unresolved trifurcation. The ring is also supported for all
possible conditioning genomes (see Supplementary Data). The
combined analyses in Figs 1 and 2 provide strong evidence for the
ring in Fig. 3, and indicate that the immediate relative of the
eubacterial fusion partner was probably a primitive proteobacterium, or possibly a primitive photosynthetic eubacterium.
The second analysis, illustrated in Fig. 2, did not detect an
additional ring connecting the a-Proteobacteria, the phylum from
which mitochondria arose27, to the eukaryotes. There is increasing
evidence that eukaryotes have received a deluge of DNA from
organelles28. In one study, 630 nuclear-encoded genes in eukaryotes

Figure 3 A schematic diagram of the ring of life. The eukaryotes plus the two eukaryotic
root organisms (the operational and informational ancestors) comprise the eukaryotic
realm (see Supplementary Discussion). Ancestors defining major groups in the prokaryotic
realm are indicated by small circles on the ring. The Archaea49, shown on the bottom right,
includes the Euryarchaea, the Eocyta and the informational eukaryotic ancestor. The
Karyota5, shown on the upper right of the ring, includes the Eocyta and the informational
eukaryotic ancestor. The upper left circle includes the Proteobacteria49 and the
operational eukaryotic ancestor. The most basal node on the left represents the
photosynthetic prokaryotes and the operational eukaryotic ancestor.
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were identified as having mitochondrial antecedents29. A substantial
and continuous influx of mitochondrial DNA to the eukaryotic
nucleus has been documented28–33, and the a-proteobacterial relatives of mitochondria might have undergone HGT with other
prokaryotic groups16–19. Hence the present data do not reveal
whether the eubacterial fusion partner was distinct from the
ancestor of mitochondria or identical with it. Further lineage
sampling with conditioned reconstruction among a-Proteobacteria
and other prokaryotes might help to resolve this issue.

Identifying the fusion organism
We have, so far, interpreted these results as strongly supporting the
conclusion that two prokaryotes fused their genomes, thereby
closing the ring of life and creating the first eukaryote. However
the formal alternative exists that it was a prokaryote rather than a
eukaryote that resulted from the genome fusion and closed the ring
of life. Hence we explicitly tested the identity of the fusion organism
as follows.
In tree analyses, each leaf contacts only one node of the tree, so
that eliminating one taxon from the analysis will delete that leaf, but
not otherwise change the tree. Similarly, in a conditioned reconstruction analysis, eliminating a non-fusion organism from the
analysis will delete that leaf from the tree, or ring, without affecting
the ring. However, eliminating a fusion organism, which necessarily
contacts two nodes of a ring, will delete the leaf, open the ring and
convert it into a tree20. When the taxa that comprise the ring in Fig. 2
were systematically removed, the ring opened only when both yeast
genomes were simultaneously removed, indicating that the eukaryotic genome had inherited genes from its prokaryotic fusion
partners. When the eukaryotes were removed, the fully resolved
tree (Fig. 2, lower left) minus eukaryotes was supported by 88.6% of
the bootstraps. The poorly resolved tree (Fig. 2, bottom) minus
eukaryotes was supported by 99.96% of the bootstraps, thereby
demonstrating that the yeast lineage is the fusion product of
prokaryotes, as illustrated in Fig. 3. Furthermore, the conditioned
reconstruction analysis of an additional 24 prokaryotic genomes in
the absence of eukaryotic genomes reconstructed only trees, and not
rings (Supplementary Fig. S1). This adds further support to the
conclusion that eukaryotes are indeed the products of genome
fusions.

Discussion
Various theories have been proposed for the origin of the nuclear
genes of eukaryotes. These include autogenous theories, chimaeric
theories and genome fusion theories. The results derived in this
paper argue against autogenous theories; that is, tree of life theories
in which eukaryotes are proposed to have evolved clonally from a
single, possibly very ancient, prokaryote. In this paper chimaeric
theories refer to the acquisition of genes by eukaryotes from
multiple sources through unspecified mechanisms. The data presented here argue against them, except of course for chimaeric
theories that specifically propose genome fusions.
Genome fusion theories, in which eukaryotic nuclear genes are
obtained through the fusion of two diverse genomes, are strongly
supported by the analyses presented here. By default, an endosymbiosis between two prokaryotes is probably the mechanism responsible for the genome fusion described here, although the fusion
signal may have been augmented by gene contributions from
eukaryotic organelles. Symbiotic relationships are fairly common
among organisms living together, and in rare cases this leads to
endosymbiosis, the intracellular capture of former symbionts34. We
and others have previously proposed endosymbiotic theories for the
origin of eukaryotes26,35–39. Given a genome fusion, and in the
absence of other mechanisms that could produce fusions, we
conclude that an endosymbiosis was the probable cause.
The ring of life is consistent with, and confirms and extends, a
number of previously reported results. It implies that prokaryotes
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pre-date eukaryotes, as two pre-existing prokaryotes contributed
their genomes to create the first eukaryotic genome. This probably
places the root of the ring below the eubacterial–eukaryotic last
common ancestor and the eocytic–eukaryotic last common ancestor, as shown in Fig. 3. This partial rooting of the ring of life is
consistent with the eukaryotic rooting implied by the EF-1a insert
that is present in all known eukaryotic and eocytic EF-1a sequences
and lacking in all paralogous EF-G sequences12,40. Given the limited
sampling here, the prokaryotic connections in the ring are broadly
consistent with the results from insert distributions and concatenated gene trees12,41–43.
The ring of life explains a number of confusing observations that
motivated this study. Because the eukaryotic genome resulted from
a fusion it is expected that in some gene trees eukaryotes will be
related to Bacteria, whereas in other gene trees eukaryotes will be
related to Archaea, in accord with the results of others9–12. Our
observations and those of others13,14 suggesting that the informational genes of eukaryotes are primarily derived from Archaea and
the operational genes are primarily derived from Bacteria are also
consistent with the ring of life. Those observations suggest that the
operational genes have come from the eubacterial fusion partner
and the informational genes from the archaeal fusion partner. The
ring of life does not explain why this happened, but it does provide a
broad phylogenetic framework for testing theories for the origin
and evolution of the eukaryotic genome.
A

Methods
Conditioned reconstructions20 use Markov-based methods to determine phylogenetic
trees and graphs based on the two character states ‘gene presence’ and ‘gene absence’
defined by gene orthologue sets. Gene orthologue sets used in these reconstructions were
calculated in a three-step process to ensure that each gene orthologue set was (1) a globally
optimal, strongly connected digraph, with orthologues explicitly distinguished from (2)
paralogues and (3) recent duplications.
Globally optimal orthologue sets were constructed using gapped BLAST analyses
(BLASTP, v.2) using the BLOSUM62 matrix and default parameters44. Because the top
BLAST score is often not the most closely related orthologue41, we used the best three
scores to construct preliminary orthologue sets (for details see ref. 20). Each gene
orthologue set was defined by using a specific gene in the conditioning genome for
reference. For example, if Escherichia coli was used as the conditioning genome, and the
EF-Tu gene was used for reference, each non-E. coli genome would be searched for the top
three BLAST hits for E. coli EF-Tu. From this collection, 2,187 unique sets of orthologues
(3n21 where n equals eight genomes total) were constructed. The sum of all possible
pairwise BLAST scores between orthologues was calculated for each set. The set with the
highest sum was chosen as a tentative orthologue set. In the second step of the procedure,
gene paralogues were detected through computations based on the properties of digraphs.
We have observed that paralogues are frequently unilaterally or even weakly connected to
other nodes in a BLAST-based digraph. Hence each tentative orthologue set was
systematically analysed to determine all non-empty, strongly connected subsets of the
tentative orthologue set. These subsets of putative orthologous genes were ordered
according to the sum of their reciprocal BLAST scores, from largest to smallest. The final
step identified recently duplicated genes based on the observation that they are separated
from each other by less time than they are from other members of an orthologue set. Hence
BLAST scores between recently duplicated genes are, on average, larger than scores
between orthologous genes. The top three tentative recent duplications for each member
of the orthologue sets were examined and putative recent duplications were identified.
Simultaneously, through a sequential, iterative process, gene orthologue sets were selected
from largest to smallest BLAST scores making sure that every gene was contained in one,
and only one, orthologue set.
Eight genomes were analysed to compute the global orthologue alignments. Organisms
included in the analyses were chosen according to two criteria: they should span the
diversity of life (see Supplementary Data for an analysis of 24 additional prokaryotic
genomes) and their genomes should contain similar numbers of genes20. The slowly
evolving yeast sequences facilitated comparisons with prokaryotic sequences
(Schizosaccharomyces pombe, 5,000 genes, and Saccharomyces cerevisiae, 6,329). Both yeast
genomes contained all nuclear genes, including those annotated as mitochondrial. The
prokaryotes included four Bacteria (a g-proteobacterium, Xylella fastidiosa 9a5c, 2,766
genes; an a-proteobacterium, Brucella melitensis 16M, 3,198; a cyanobacterium,
Synechocystis sp. PCC6803, 3,169; and a bacillus, Staphylococcus aureus MW2, 2,632) and
four Archaea (a halobacterium, Halobacterium sp. NRC-1, 2,605; a methanococcus,
Methanosarcina mazei Goe1, 3,371; an archaeoglobium, Archaeoglobus fulgidus DSM4304,
2,408; and an eocyte, Sulfolobus tokodaii, 2,826). Archaeoglobus and Staphylococcus were
used as the conditioning genomes for Figs 1 and 2, respectively. The analyses shown in
Fig. 1 are based on 2,408 orthologous gene sets. Of these, 433 sets contained all seven
orthologues, whereas 239, 285, 292, 329, 293, 204 and 333 contained six, five, four, three,
two, one and no orthologues, respectively. The analyses shown in Fig. 2 are based on 2,632
orthologous gene sets. Of these, 432 sets contained all seven orthologues, whereas 191, 208,
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208, 230, 218, 266 and 879 contained six, five, four, three, two, one and no orthologues,
respectively.
The big genome attraction artefact was partially compensated by using Paralinear/
LogDet distances45,46 for tree reconstruction, and the artefact was further reduced by using
genomes of similar size; that is, containing similar numbers of genes. Bootstrappers
Gambit47 was used for the analyses as it, and possibly most quartet methods, can naturally
accommodate graphs. Corrections for site-to-site variation used Pattern Filtering48 and
were applied to the gene order found in the conditioning genome, as this can considerably
reduce errors introduced by violations of the assumption that sites are independent and
identically distributed. The big genome attraction artefact did not appear to be significant
for this set as the largest prokaryotic genomes were not directly connected to the
eukaryotes in Figs 1 and 2.
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