
excess of bacterial genes over archaeal genes in eukaryote genomes
trace directly via gene trees to proteobacteria. The excess of bac-
terial genes in eukaryotes continues to generate new thoughts,
new explanations, and debate. There are several different schools
of thought on the issue of how the excess of bacterial genes in
eukaryotes is best explained. Eukaryotic gene acquisitions from
resident organelles (plastids and mitochondria), lateral gene
transfers from casual bacterial acquaintances, and pitfalls of in-
ferring eukaryotic gene origins from gene trees alone stand in
the foreground.

Unexpected Bacterial Genes in Eukaryotic Genomes
Efforts to explain bacterial genes in eukaryotes that have un-
expected branching patterns often involve“supernumerary sym-
bionts,” hypothetical cellular partners that are distinct from the
mitochondrion or its host but that donated genes to eukaryotes as
the only remnant of their ephemeral existence. This idea probably
goes back to Zillig et al. (28), who found genes of bacterial origin
in Giardia long before anyone suspected that it possessed reduced
mitochondria (29). Zillig et al. suggested that such genes betray
the existence of a bacterial symbiontincertae sedisthat preceded
the origin of mitochondria and that brought extra bacterial genes
into the eukaryotic lineage. Gupta and Golding (17) reasoned
similarly, as did others (30, 31), who favored the view that the
nucleus was an archaeal endosymbiont, which the extra bacterium
engulfed, and which became the nucleus. Supernumerary sym-
bionts were thus allied with endosymbiotic theory, but with an
important twist that all of the genes that branched“unexpectedly”
were attributed to the same supernumerary donor, whereby the
expectations were too seldom spelled out (19).

Another school invokes gene acquisition from“food bacteria”
(32): that is, the ancestral eukaryote was a phagotroph (33) that
fed on bacteria and occasionally incorporated genes so ingested.
A different suggestion has it that eukaryotes and archaea are
directly descended from actinobacteria, but that the cause of
higher sequence similarity in eukaryote–bacterial comparisons
stems from cataclysmic elevation of the substitution rate in ar-
chaea, which are however suggested to have arisen about 800 My
ago (33), despite evidence that archaea are far more ancient
(34). De Duve argued that the host for the origin of mitochondria
was a bacterium, the archaeal genes (and ribosomes) of eukar-
yotes having been acquired via LGT from archaea (35). More
recent is Gray’s “premitochondrial hypothesis” (36), which posits
that mitochondrial proteins that do not branch with alphapro-
teobacterial homologues are relicts from a premitochondrion that
existed in the host, although no suggestion is offered for why the
host had bacterial genes to begin with (they are just“there”), nor
is the existence or origin of bacterial proteins in the eukaryotic
cytosol addressed.

Similar to the situation for the eukaryote common ancestor,
the plant lineage was also found to harbor many nuclear genes
whose gene distributions—shared only by plants and prokaryotes—
strongly suggest that they are acquisitions via endosymbiotic
gene transfer from the plastid ancestor even though they do not
all branch with cyanobacteria in phylogenetic trees (25, 37).
Other suggestions have appeared in the literature to address the
excess plant-specific bacterial genes. The shopping bag model
(38) was introduced to explain the observation that plant nuclear
genes acquired from plastids do not all branch with the same
cyanobacterial donor (25). In a nutshell, the shopping bag model
invokes a different donor bacterium for every gene that does not
branch as expected although the expectation is not explicitly
formulated. In that respect it is similar to Doolittle’s food bac-
teria theory (32) for eukaryotic heterotrophs. At the same time,
it entails a distinctly gradualist view of endosymbiotic theory:
that is, the gradual accumulation of genes in preparation for
obtaining a plastid, such that the actual acquisition of a plastid
was a small final step in a long process preparing the host for its

endosymbiont, an element that is also contained in Gray’s pre-
mitochondrion theory (36). A problem with the shopping bag
model is that acquired nuclear genes for plastid functions are
quite useless for a host that has neither a plastid nor a TIC/TOC
protein routing machinery to direct nuclear encoded gene prod-
ucts to the plastid should it finally acquire one, such that gene
acquisitions before the acquisition of the plastid itself would
hardly have a selectable function and would thus be more likely to
be lost than be fixed.

Inherited Chimerism: Cutting Trees a Bit of Slack
As an alternative to supernumerary symbionts, perhaps the too
many bacterial genes in eukaryotes are acquisitions, by an ar-
chaeal host, via gene transfer from the mitochondrion itself (39),
whereby the excess of bacterial genes that do not tend to branch
with any bacterial group in particular, including alphaproteo-
bacteria, is best explained as gene acquisitions from the mito-
chondrion followed by LGT among prokaryotes, in addition to
the many technical shortcomings of deep phylogeny (40). In that
view, the localization of bacterial proteins in the cytosol of non-
photosynthetic eukaryotes comes mainly from endosymbiotic
gene transfer out of the mitochondrion to the host before the
origin of a mitochondrial protein import apparatus, giving rise to
bacterially related cytosolic proteins encoded by nuclear genes of
mitochondrial origin (19, 39, 41). With the advent of the mito-
chondrial protein import machinery, and some gene tinkering in
the nucleus, the same transfer mechanism could also give rise
to nuclear encoded mitochondrial proteins. That view, termed
here “inherited chimerism,” has stressed two main aspects: (i ) we
cannot take single-gene phylogenies that span over a billion years
back to the origin of mitochondria (and plastids) at face value; we
need to be skeptical of their topologies, especially at the deepest
branches; and (ii ) LGT among prokaryotes complicates things in
a manner too seldom appreciated, in that genes acquired via the
mitochondrion and the plastid were sequestered in the eukaryotic
lineage whereas their homologues in prokaryotes were free to
continue undergoing recombination, within and across taxon
boundaries (21, 40, 42–44). Pangenomes, which arise from the
mechanisms of inheritance in prokaryotes, play an under-
appreciated role in this issue, as the following brief consideration
of recombination in prokaryotes and eukaryotes illustrates.

Prokaryotes vs. Eukaryotes, Pangenomes vs. Lineages
Differences in the mechanisms of inheritance across the pro-
karyote–eukaryote divide generate, over long time frames, dif-
ferent patterns of variation. In both prokaryotes and eukaryotes,
there are clonally propagating species that seem never to un-
dergo recombination. Because mutation is inevitable (45), pro-
karyotic or eukaryotic species that never undergo recombination
will continuously accumulate sublethal mutations, which they
cannot purge from their genomes. This process continuously
increases genetic load, for which reason they will eventually go
extinct, a process known as Muller’s ratchet (46–49). Re-
combination has an important role in evolution in that it rescues
genomes from Muller’s ratchet.

In prokaryotes, three main mechanisms of recombination in-
troduce new genes or alleles into the genome to counteract
Muller ’s ratchet: conjugation, transduction, and transformation
(50), in addition to other mechanisms that are restricted to only
some lineages, such as gene-transfer agents (51). Over evolu-
tionary timescales, these mechanisms are superimposed upon the
clonal patterns of variation that prokaryotic cell division produces
(52), leading to a continuous increase in genome size that even-
tually must be counterbalanced by gene losses and results in
clonally descended clusters of sequences that differ substantially
in gene content (Fig. 1A). The genes shared by all members of the
group are called the core genome, those differentially present
across the genomes in question are called the dispensable or
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accessory genome, and the sum of these components is called
the pangenome (53, 54). Importantly, recombination in pro-
karyotes is not reciprocal, but unidirectional from donor to
acceptor, even in archaea that fuse (55). Furthermore, the do-
nor DNA need not come from individuals of the same species;
rather, it can come from any taxon or it can even come from
dead cells (the environment) (49).

In eukaryotes, the mechanism that counteracts Muller’s ratchet
is sex. Although there are many variations on the theme (56–59),
the underlying principle is that gametes containing different com-
binations of genes from the same species fuse to produce indi-
viduals containing two sets of chromosomes harboring variants
(alleles) of the same genes. Meiotic recombination generates new
assortments of alleles in the next generation of gametes. Not-
withstanding the occasional hybridization, allopolyploidization, or
introgression events among closely related species, the process of
recombination in eukaryotes produces lineages and patterns that
reflect, over geological timescales, vertical descent and new com-
binations of alleles from within the same gene set (Fig. 1B).

It is noteworthy that the mechanisms of recombination in pro-
karyotes are simultaneously the mechanisms of LGT. Their op-
eration upon clonal lineages over time produces pangenomes
whereas the mechanisms of recombination in eukaryotes produce
lineages with vertical inheritance. LGT in prokaryotes is just nat-
ural variation in action, and microbiologists have always known that
there was something like a pangenome out there for prokaryotes
because they built 70% DNA–DNA hybridization into the species
definition (60, 61), fully aware that 70% hybridization meant 70%
shared DNA sequences, not 30% sequence divergence (62).

What Do Pangenomes Look Like?
Pangenomes are collections of genes within the species (or within
any taxon) that are or are not uniformly or universally distributed
across individual genomes (53), as shown in Fig. 2, where
we display the distribution of genes for 54E. coli genomes

(Fig. 2A), 44 cyanobacterial genomes (Fig. 2B), and 208 alpha-
proteobacterial genomes (Fig. 2C). Note that the basic nature of
the gene distribution is the same at the species and at the phylum
or class level, except for larger numbers of genes at the higher
levels, which result from the mechanism in Fig. 1A working for
greater amounts of time.

Fig. 2 shows only how the genes are shared within the taxa
whereas Fig. 3 shows how the genes are distributed across taxa,
which is also relevant for the issue of inherited chimerism. This
effect is seen for cyanobacteria in Fig. 3A and for alphaproteo-
bacteria in Fig. 3B. The vast majority of genes found either in
this sample of cyanobacteria or in this sample of alphaproteo-
bacteria are not specific to the taxonomic group. Rather, they are
shared with other groups. However, they are not shared with all
other groups because only about 33 protein-coding genes are
universal to all genomes (67), the rest being distributed in some
manner. How specifically they are distributed goes beyond the
scope of this paper, but it is clear that the distributions mainly
entail network-like patterns of sharing (68–70), not tree-like pat-
terns of inclusive hierarchy. The point is this: Were we to reenact
endosymbiosis today and allow one of the cyanobacteria in Fig. 3A
to become the plastid, we would be selecting and sequestering
a genome-sized sample of the cyanobacterial pangenome. By
putting it into the eukaryotic lineage, we would not affect the
ability of the genes shared by the new plastid ancestor and other
taxa to undergo LGT and reassortment among the free-living
species. If we allow many genes to be relocated to the nucleus
while the free-living prokaryotes undergo recombination for the
next 1.5 billion years (roughly the age of plastid origin) (71), we
might end up with the situation we observe for plants today: Many
or most genes that came in with our new plastid will not branch
with homologs from a particular cyanobacterial lineage, even if
our gene phylogeny is artifact-free. We repeat the experiment for
one of the alphaproteobacteria in Fig. 3B, which becomes our
new mitochondrion, but this time we wait for∼1.8 Ga (roughly

A B

Fig. 1. Recombination and inheritance in prokaryotes and eukaryotes. (A) Gene transfer in prokaryotes leads to new genes in different clonally propagating
lines. Gene gain (colored segments) is counterbalanced by differential loss. (B) Recombination and gamete fusion in eukaryotes (highly schematic) lead to
vertically evolving lineages.
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bacterial DNA. However, bona fide recent bacterial gene acqui-
sitions are very rare, and most—but not all—of the bacterial
sequences that are reported in genome-sequencing projects are
ultimately removed from the databases because they are con-
taminations from the genome-sequencing process. Important
exceptions are the genomes of phloem-feeding insects, which are
regularly found to harbor insertions of bacterial DNA that stems

from the obligate bacterial endosymbionts that grow in the bac-
teriome, a specialized organ that houses the symbionts, which
provide essential functions to their host, most commonly amino
acid biosynthesis. Genome sequences of pea aphids (89), mealy-
bugs (90), psyllids (91), and invertebrates infected byWolbachia
(92) have revealed DNA segments that have been integrated from
endosymbionts. However, such recent DNA transfers from bac-
teria are generally quite rare in eukaryotes, which is probably why
they get so much attention when such verified cases are reported.

By comparison, the transfer of DNA from organelles to the
nuclear genome is ubiquitous among eukaryotic genomes. DNA
transfer from organelles to the nucleus occurs in all eukaryote
genomes studied to date (93).Numts, for nuclear mitochondrial
DNA copies (and nupts for the plastid) (94), are typical com-
ponents of eukaryotic genomes (93–95) whereas segments of bac-
terial chromosomes are not. For example, our genomes harbor 53
numtsthat are specific to the human lineage (96), with 12numts
that are polymorphic in human populations (93), and morenumts
continuously being found in the human 1,000 Genomes data (97).
Five humannumtsare associated with disease (93), one of which
involves a 72-bp numt insertion into exon 14 of the GLI3 gene,
causing a premature stop codon, in a rare case of Pallister–Hall
syndrome stemming from the Chernobyl incident (98). No human
genomes are (yet) known to be polymorphic for recent bacterial
DNA insertions.

The mechanism of gene transfer from organelles to the nucleus
entails the incorporation of bulk organelle DNA into nuclear
chromosomes. Very large copies can be inserted, as the 262-kb
mtDNA of Arabidopsis(99.91% identical) and the 131-kb com-
plete rice chloroplast genome (99.77% identical) attest (99),
suggesting that, during the early phases of organelle origins, large
segments or even whole chromosomes were also being trans-
ferred, followed by the normal DNA dynamics of mutation, re-
combination, fixation, and deletion.Numtsand nuptsare inserted
into double-strand breaks by the nonhomologous end-joining
machinery (100, 101) and enter the genome in open chromatin
regions (101, 102).Numts can be integrated into chromosomes
with a short microhomology of 1–7 bp, implicating a submechanism
of nonhomologous end joining known as microhomology-
mediated repair (103), but insertion can also occur without
microhomology—a process known as blunt-end repair.

Analysis of 90 recentnumt insertions in human and chimpanzee
suggests that 35% of the fusion points involve microhomology of
at least 2 bp; thus, it seems that repair involving microhomology
plays some role innumt integration but is not strictly required
(103). No analyses of recent insertions of bacterial DNA into the
human and chimpanzee lineages have been reported. Notwith-
standing the cases of plant-feeding insects and their tightly as-
sociated bacteria, why we do not observe recent bacterial transfers,
as we do fornumts and nupts? And if all of the prokaryote-to-
eukaryote LGT reports are real, then, at some point, we need to
see evidence for its long-term effects in terms of different lineages
of eukaryotes harboring fundamentally different collections of
genes, as we see in prokaryotes (64). However, except for pho-
tosynthetic eukaryotes, which acquired the plastid and many genes
with it, different eukaryotic lineages tend to possess the very same
collections of genes having prokaryotic homologs, which is not
true for prokaryotes (Fig. 1). We are saying that prokaryotes
recombine via LGT but that eukaryotes have remained geneti-
cally isolated from prokaryotes (except at the origins of organ-
elles) because they recombine via sex. Our critics will thus ask:
Where did sex come from?

Did Sex Rescue the Ancestral Eukaryote from Muller’s
Ratchet?
Like eukaryotes, the origin of sex also counts as one of the major
evolutionary transitions (1) and remains one of evolutionary biol-
ogy’s toughest problems. Existing theories seek the origin of sex

Fig. 4. Histories hidden behind trees. ( A) In an ideal tree of a gene acquired
endosymbiotically from a donor prokaryotic lineage (green), eukaryotes
(black) should be nested within present-day representatives of that lineage.
(B) LGT among prokaryotes results in a prokaryotic sister group consisting of
homologs from both donor and nondonor lineages (nongreen colors). Fur-
ther complicated by gene loss (crosses) and incomplete sampling (only circled
homologs are sampled and used for phylogenetic analyses), the sister group
observed in the tree is an apparent one that is a subsample of the complete
sister group ( C) or does not contain any representative from the true sister
group ( D). (E) The same factors also influence sampling of eukaryotic
homologs, resulting in an apparent acquisition of the gene by a subgroup of
the eukaryotic clade involved in the endosymbiosis event.
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