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Modern views of eukaryote origins always entail endo-
symbiosis, but the number and nature of
endosymbiotic events is still debated. It is generally
agreed among all theories that the mitochondrion
arose from proteobacteria and that the plastid arose
from cyanobactera. It is also agreed that those were
singlular and rare events in the history of life. The re-
maining debate concerns the origin of the host that
acquired the mitochondrion and whether it was a pro-
karyote or a eukaryote and if the latter, whether addi-
tional endosymbioses were involved in its origin.
Bioenergetic considerations indicate that the host that
acquired the mitochondrion was a prokaryote, because
the energy per gene that mitochondria provide was
necessary to support the origin of the numerous evolu-
tionary novelties that distinguish eukaryotes from
prokaryotes. Yet other theories holding that the eukar-
yotic state arose before the acquisition of mitochondria
remain popular. These include the notion that the nu-
cleus arose as an endosymbiont or the view that eukar-
yotes are directly descended from planctomycetes.
Theories for the origin of eukaryotes are, in principle,
testable with genome data and inference tools of mo-
lecular phylogeny. Comparisons of genes present in the
eukaryote common ancestor to genes in prokaryote
genomes have uncovered evidence for the roles of an
archaebacterium as the source of the genetic apparatus
or informational genes, and a eubacterium as the
source of energy metabolic functions, but for no other
significant contributors. At the same time, the way in
which microbial evolution, and lateral gene transfer
(LGT) in particular, figure into endosymbiotic theory is
gradually becoming apparent.
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Reconstructing the ancestors of bioenergetic or-
ganelles

Endosymbiotic theories for the origin of organelles have
been around for a hundred years. Mereschkowsky (1910)
and Wallin (1926) were important early proponents of the
theory for chloroplasts and mitochondria respectively.
Popular in their early days (Geus and Héxtermann 2006),
endosymbiosis theories were scorned by Wilson in the
1920s (Martin and Kowallik 1999), and stayed scorned
until the 1960s, when the late Lynn Margulis revived them
(Sagan 1967). There is still no universal agreement among
cognoscenti as to how many symbioses involving prokary-
otic partners occurred during eukaryotic evolution. The
minimum number of partners at the origin of eukaryotes is
two: the mitochondrial endosymbiont and its host (Martin
and Miiller 1998; Embley and Martin 2006; Martin and
Koonin 2006; Lane and Martin 2010), the latter of which
under the simplest models was itself a prokaryote, by in-
ference an archaebacterium, because of the archaebacterial
nature of ribosomes in the eukaryotic cytosol. Indeed, the
eukaryotic translation apparatus reflects well their
endosymbiotic origin, with archaebacterial ribosomes in
the cytosol and eubacterial ribosomes in the mitochondri-
on. In “prokaryote host” versions of endosymbitic theory,
as in all modern endosymbiotic theories, the mitochondrial
endosymbiont is seen as a proteobacterium; the host is
seen as either a methanogen or as a Thermoplasma-like
archaebacterium (Embley and Martin 2006).

Models involving more than two endosymbiotic part-
ners at the origin of eukaryotes (“>2 theories”) are also
popular. Zillig’'s model (Zillig et al. 1989) suggested a “fu-
sion“ event between an archaebacetrium and a
eubacterium at the origin of eukaryotes. This suggestion
came from the observation that some genes in eukaryotes
were eubacterial in ancestry, but whose origin could not be
specifically ascribed to the mitochondrion at that time. The
idea that the nucleus arose from an endosymbiosis of an
archaebacterium in a eubacterial host has its supporters.
One version of that theory has it that the host was a delta-
proteobacterium and the nucleus-generating endosymbiont
was a methanogen (a euryarchaeote) (Lopez-Garcia and
Moriera 1999; Lopez-Garcia and Moriera 2006), another
version has it that the host was a planctomycete and the
endosymbiont was a mesophilic crenarchaeote (Forterre
2011). Another “>2” theory posits that in addition to mito-
chondrion and archaebacterial host, an endosymbiotic
spirochaete gave rise to the flagellum and the nucleus
(Margulis et al. 2001). These theories generate predictions
about the patterns of similarity that one might find when
comparing eukaryotic nuclear genes to their prokaryotic
homologues. Accordingly, genomes are a useful source of
data when it comes to testing evolutionary theories.

What do genomes say about symbiotic eukartyote
origins?

Several recent studies have addressed the origin of mito-
chondria, but have focused on sequences residing in mito-
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chondrial DNA (mtDNA) only (Thrash et al. 2011;
Brindefalk et al. 2011; Georgiades and Raoult 2011). Those
studies delivered widely conflicting results because of the
small sample of mitochondrion-encoded protein available,
about 55 of which at most can be used to generate trees
(Esser et al. 2004). Furthermore, the phylogenetic biases
introduced by the rapid evolutionary rate and AT richness
of mtDNA can cause mtDNA-encoded proteins to
artefactually group together with homologues from rapidly
evolving and AT-rich bacterial lineages such as
Rickettsiales (Thrash et al. 2011; Rodriguez-Ezpeleta and
Embley 2012). Nuclear-encoded proteins should, in princi-
ple, be less subject to AT bias and the elevated substitution
rate of mitochondrially encoded proteins. Investigations of
mitochondrial origin using nuclear genes of mitochondrial
origin are still scarce. Trees for pyruvate dehydrogenase
subunits pointed to Rickettsia-like ancestors (Kurland and
Andersson 2000). Trees for Krebs cycle and glyoxylate
cycle enzymes (Schnarrenberger and Martin 2002) as well
as trees for 220 nuclear-encoded mitochondrial proteins
from Chlamydomonas point more frequently to origins
from generalist, facultatively anaerobic a-proteobacteria
(Atteia et al. 2009), than to Rickettsia-like ancestors,
whereby many proteins indicated a eubacterial, but not a
specifically a-proteobacterial ancestry. Recent analysis of
86 yeast nuclear-encoded mitochondrial proteins produced
a similar result: some point to Rickettsia-like ancestors and
some point to facultatively anaerobic Rhodobacter-like
ancestors (Abhishek et al. 2011). The consideration of
anaerobic energy metabolism in eukaryotes, especially its
manifestation in mitochondria (Miller et al. 2012) and
investigation of eukaryotic nuclear genes (Thiergart et al.
2012) support the view that the ancestor of mitochondria
was a gerenalist, facultatively anaerobic proteobacterium.
The origin of plastids has also come under investiga-
tion. Deusch et al. (2008) investigated the evolutionary
relationship of all individual genes encoded in nine
cyanobacterial genomes to all nuclear genes among four
sequenced eukaryotic genomes from the plant lineage.
Those results indicated that among the cyanobacterial
genomes then sampled, representatives of section IV in
Stanier’s traditional classification — filamentous, but non-
branching, heterocyst-forming cyanobacteria — harbor
collections of genes that far more closely reflect those
found in plant nuclear genomes than representatives from
non-nitrogen-fixing cyanobacterial groups. That finding is
consistent with the view pioneered by Maier and colleagues
(Kneip et al. 2007, 2008) that nitrogen fixation might have
played a critical role in the establishment of the ancestral
cyanobacteria endosymbiont that gave rise to plastids at
the origin of the plant (Archaeplastida) lineage. Criscuolo
and Gribaldo (2011) recently studied concatenated gene
phylogenies and found evidence for a deep branching posi-
tion of plastids among cyanobacteria, but that work, like
previous studies was lacking sequences from subsection V.
Indeed, among the ca. 60 cyanobacterial genomes currently
available for comparison, no genome sequences have been
determined from the other main heterocyst-forming line-
age, subection V — filamentous, branching, heterocyst-
forming cyanobacteria. It would be desirable to have se-
quences for representatives from subsection V, transfor-
mation methods for which now exist (Stucken et al. 2012),
but that will have to await future work. As in the case of
mitochondria (Thrash et al. 2011), the very long branches
exhibited by plastid-encoded and plastid derived sequences
causes them to branch deeply and topologically attract to
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other long branch lineages in concatenated pyhlogenies
(e.g. Criscuolo and Gribaldo 2011) rendering the assign-
ment of sister group relationships problematic. The ways in
which LGT among prokaryotes shuffles microbial chromo-
somes (Bapteste et al. 2009) further complicates phyloge-
netic reconstructions of the organellar ancestors (Esser et
al. 2007; Richards and Archibald 2011).

Fluid prokaryotic chromosomes

To test the predictions of competing and mutually exclusive
hypotheses for the origin of eukaryotes, Thiergart et al.
(2012) studied a sample of 27 sequenced eukaryotic and
994 sequenced prokaryotic genomes and found 571 genes
that were present in the eukaryote common ancestor and
that have readily identifiable homologs among eubacterial
and archaebacterial genomes. They reconstructed maxi-
mum likelihood trees to identify the prokaryotic genomes
that most frequently contained genes branching as the
sister to the eukaryotic nuclear homologs. The resulting
distribution showed that among the archaebacteria,
euryarchaeote representatives appeared most frequently
as the sister to the eukaryotic nuclear gene. Among eubac-
teria, the a-proteobacteria were most frequently repre-
sented within the sister group. Homologs from a-
proteobacterial genomes that branched as the sister to
nuclear genes were found more frequently in genomes of
facultatively anaerobic members the rhiozobiales and
rhodospirilliales than in obligate intracellular rickettsial
parasites. Following a-proteobacteria in line, the most
frequent eubacterial sister lineages were y-proteobacteria,
S-proteobacteria and firmicutes. Do we need to add addi-
tional endosymbionts at the origin of eukaryotes in order to
account for those sequence similarity patterns? Thiergart et
al. (2012) did not consider that possibility, rather they
pointed out that because prokaryotic “lineages” have been
laterally acquiring and disseminating genes for more than
1.5 billion years since eukaryote origins, it is quite unlikely
that any modern prokaryote would harbor the same collec-
tion of genes as the ancestral mitochondrion. Their findings
underscored the archaebacterial (host) nature of the eu-
karyotic informational genes and the eubacterial (mito-
chondrial) nature of eukaryotic energy metabolism
(Thiergart etal. 2012).

Some of us have been saying for a long time that LGT
among prokaryotes needs to be taken better into account in
endosymbiotic theory. Martin (1999, p. 102) for example,
wrote:
“Clearly, the origin of mitochondria involved a
straightforward sampling process of a genome-
sized aliquot of eubacterial genes by the host’s ge-
nome. But ancient transfer events between eubac-
teria complicate matters surrounding the biological
source (hence the biological context of acquisition)
of eubacterial genes in eukaryotic chromosomes
[..]. This is not a trivial issue, because there are
many more genes of eubacterial origin in eukaryot-
ic chromosomes than can be accounted for by tra-
ditional formulations of the endosymbiont hypoth-
esis.”

Studying the enzymes of the citric acid cycle,

Schnarrenberger and Martin (2002, p. 1) surmised:
“...about half of the proteins involved in this eukar-
yotic pathway are most similar to their a-
proteobacterial homologues, whereas the remain-



der are most similar to eubacterial, but not specifi-
cally a-proteobacterial, homologues. A considera-
tion of i) the process of lateral gene transfer among
free-living prokaryotes and ii) the mechanistics of
endosymbiotic (symbiont-to-host) gene transfer
reveals that it is unrealistic to expect all nuclear
genes that were acquired from the o
proteobacterial ancestor of mitochondria to branch
specifically with their homologues encoded in the
genomes of contemporary o-proteobacteria. Ra-
ther, even if molecular phylogenetics were to work
perfectly (which it doesn't), then some nuclear-
encoded proteins that were acquired from the a-
proteobacterial ancestor of mitochondria should, in
phylogenetic trees, branch with homologues that
are no longer found in most a-proteobacterial ge-
nomes, and some should reside on long branches
that reveal affinity to eubacterial rather than
archaebacterial homologues, but no particular af-
finity to any specific eubacterial donor.”

Studying genes that plants acquired from cyanobacteria,
Martin et al. (2002, p. 12248) concluded:

“..we found a surprisingly large fraction of Ara-
bidopsis proteins that branch with their homo-
logues from Grampositive (G+ve) bacteria. For ex-
ample, more Arabidopsis proteins branched with
their homolgues from Mycobacterium (148 pro-
teins) than did with either Prochlorococcus (102)
or Synechocystis (82) (Fig. 1). Naively, this might be
interpreted as suggesting that the Arabidopsis line-
age acquired genes specifically from a G+ve donor
subsequent to its divergence from the yeast line-
age. But by that same measure, the data in Fig. 1
would suggest at face value that the Arabidopsis
lineage acquired genes from all organisms sampled
in this study. Such interpretations can hardly be
true and are at odds with the finding that the data
in Fig. 1 would suggest at face value the Arabidopsis
lineage to have acquired genes not from one
cyanobacterium, but from all three sampled [even
at a bootstrap probability (BP) = 0.95, whereby
that view contradicts independent evidence sug-
gesting a single origin of plastids from one
cyanobacterium (42, 43), not three or more in the
Arabidopsis lineage. The G+ve signal in the Ara-
bidopsis data most likely reflects an overall similar-
ity of many proteins in G+ve genomes to homo-
logues in cyanobacteria. [..] In our view, the G+ve
signal in the Arabidopsis data are most easily at-
tributed to genes that entered the plant lineage
through the ancestors of plastids, even though the
gene trees recover a G+ve branch, either because of
shared ancestry or lateral transfer of G+ve and
cyanobacterial genes.”

The same reasoning applied by Martin et al. (2002) to se-
quences that branch with Gram positive homologs applies
directly to chlamydia related genes in plant genomes that
Martin et al. (2002) also observed, and which are currently
a hot topic (Moustafa et al. 2008; Price et al. 2012). Looking
specifically at the phylogenetic purity of a dozen sequenced
a-proteobacterial genomes, Esser et al. (2007, p. 4) wrote:

"Our findings indicate that modern a-proteo-

bacterial genomes represent transient collections

of genes that stem from diverse sources. By infer-
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ence, the ancestor of mitochondria had a mosaic
genome as well; hence, a criterion that is often used
to infer whether a eukaryotic nuclear gene of
eubacterial origin stems from the mitochondrion or
not—namely branching with an a-proteobacterial
gene—is probably too strict, because it tacitly as-
sumes a static model of bacterial chromosome evo-
lution in which LGT and gene loss do not exist, ei-
ther now or in the past. Incorporating a fluid bacte-
rial chromosome model into endosymbiotic theory
generates the prediction that nuclear genes ac-
quired by eukaryotes from the ancestor of mito-
chondria should tend to reflect a single common
eubacterial ancestry—provided that molecular
phylogeny can accurately recover events that oc-
curred more than 1.5 billion years ago—but that
they should not necessarily belong to the known
set of contemporary a-proteobacterial genes, re-
gardless of how one were to define it.”

Those passages lean quite heavily on the view that LGT
among prokaryotes is indeed very prevalent in nature. Is
that really true?

Microbial genome evolution really does impact
endosymbiotic theory
No matter what model for the evolution of organelles ones
agrees with, it is widely accepted that eukaryotic organelles
evolved from prokaryotic endosymbionts. Accordingly, if
we want to reconstruct the origin of organelles from ge-
nomic comparisons with present-day microbes, one has to
take the lateral realities of microbial genome evolution into
account (Esser et al. 2007; Richards and Archibald 2011).
This is more challenging than it might seem at first sight.
Prokaryotic genomes evolve not only through vertical in-
heritance but also through DNA acquisition via lateral gene
transfer. In an LGT event, a recipient genome acquires
genetic material from a donor genome. The acquired DNA
becomes an integral part of the recipient genome and is
inherited by its descendants (Babic et al. 2008). LGT is a
major mechanism for natural variation in prokaryotes, and
several well-characterized mechanisms for DNA acquisition
have evolved, including transformation (Chen and Dubnau
2004), transduction (Thomas and Nielsen 2005), conjuga-
tion (Chen et al. 2005), and gene transfer agents (Lang et al.
2012).

Among prokaryotes, LGT serves as a significant source
of new gene families (Treangen and Rocha 2011) and a
source of genetic novelty (Bapteste et al. 2009). Evolution-
ary speaking, gene acquisition in prokaryotes fulfills the
functions that both sex and gene (and genome) duplications
fulfill in eukaryotes. But in marked contrast to meiotic
recombination in eukaryotes, LGT in prokaryotes is never
reciprocal, it is always unidirectional, from donor to recipi-
ent. Currently there are no known mechanisms for LGT in
eukaryotes except in the case of endosymbiosis where
donors and recipients are found in intimate relations mak-
ing gene transfer feasible and sometimes also beneficial to
the holobiont (Nikoh et al. 2008; Gilbert et al. 2010; Dupuy
etal. 2011). Eukaryotes however have undergone extensive
LGT from the endosymbiotic ancestors of cholorplasts and
mitochondria to the host nuclear genome. This process is
called endosymbiotic gene transfer (Martin et al. 1993;
Timmis et al. 2004; Kleine et al. 2009; Hazcani Covo et al.
2010).
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While evolution by gene transfer during eukaryotic evo-
lution is either ancient or rare, LGT during prokaryotic
evolution is frequent and abundant (Doolittle 1999;
Ochman 2000). The frequency of protein families affected
by LGT during microbial evolution as inferred from gene
phylogenies is estimated to range between 60% (Kunin et
al. 2005; Dagan and Martin 2007) and 90% (Mirkin et al.
2003). Other authors reported much lower frequencies: Ge
et al. estimated that merely 2% of the protein families
evolved by LGT (Ge et al. 2005), and Beiko et al. detected
LGT in only 14% of the protein families (Beiko et al. 2005).
However, these low estimates should be contrasted with
the experimental assessment of LGT frequency calculated
in vitro from gene acquisition rate in Escherichia coli (Sorek
et al. 2007). Out of 246,045 LGTs from 79 different donor
species via a plasmid (similar to LGT by transformation or
conjugation), only 1,402 instances failed to integrate into
the E. coli genome. In remaining 99.4% of the transfers the
gene was transferred successfully (Sorek et al. 2007). Genes
that were identified as resistant to lateral transfer are
common among proteins involved in complex biological
mechanisms, such as the ribosome, where both sequence
conservation and gene copy number confer major selective
constraints on protein function (Sorek et al. 2007). Cellular
pathways posing a barrier to LGT of their member proteins
are most common in information processing pathways (Jain
et al. 1999) but are found in metabolism and cellular pro-
cesses pathways as well (Cohen et al. 2011).

So it turns out that LGT is real in the prokaryotic world
(Popa and Dagan 2011; Popa et al. 2011) and that it can be
studied using network methods (Dagan et al. 2008;
Kloesges et al. 2010; Dagan 2011). When it comes to the
reconstruction of eukaryotic ancestry, the widespread
occurrence of LGT during microbial evolution leads to the
scrambling of the genetic record. That makes testing of
endosymbiotic hypotheses for the origins of eukaryotes
and their organelles a bit tougher, but it can still be done.
We just have to look at all the data openly, and think things
through in full. After all, nothing in the biology of
bioenergetic organelles makes sense except in the light of
endosymbiosis.
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