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ENDOSYMBIOTIC GENE TRANSFER:
ORGANELLE GENOMES FORGE
EUKARYOTIC CHROMOSOMES
Jeremy N. Timmis*, Michael A. Ayliffe‡, Chun Y. Huang* and William Martin§
Genome sequences reveal that a deluge of DNA from organelles has constantly been
bombarding the nucleus since the origin of organelles. Recent experiments have shown
that DNA is transferred from organelles to the nucleus at frequencies that were previously
unimaginable. Endosymbiotic gene transfer is a ubiquitous, continuing and natural process
that pervades nuclear DNA dynamics. This relentless influx of organelle DNA has abolished
organelle autonomy and increased nuclear complexity.

CYANOBACTERIA

The group of pigmented,
photosynthetic bacteria that
contains the endosymbiont
ancestors of chloroplasts.

α-PROTEOBACTERIA
A subgroup of gram-negative
bacteria, often called the purple
bacteria, that are thought to be
the endosymbiont ancestors of
mitochondria.
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Mitochondria and plastids were once free-living
prokaryotes. They have retained the bulk of their
prokaryotic biochemistry but harbour only a remnant of the eubacterial genome that their respective
ancestors possessed. Over time, chloroplast (the photosynthetic plastid) and mitochondrial genomes have
shrunk by orders of magnitude from the size of fullyfledged eubacterial genomes to approximately the
size of plasmids. Concurrently, eukaryotic nuclear
genomes have been the recipients of mitochondrial
(mt) and chloroplast (cp) DNA donations and have
expanded, often to enormous size and complexity.
Signs of such chromosome rebuilding through
endosymbiotic gene transfer are unmistakable in
sequenced genomes.
Studies make it clear that, during the roughly two
billion years since eukaryotes arose, many genes have
relocated from the ancestral organellar genomes to
the nucleus. Many of these genes have become functionally competent nuclear copies that now drive the
biogenesis of mitochondria and chloroplasts, but
some others have evolved to control further essential
cellular processes. As remodelled nuclear copies of
organelle genes usurped the functions of those
located in the organelle, biochemical pathways were
transferred wholesale from the organelles to the
cytosol and the mitochondrial and plastid genomes
were reduced in size.

More than 20 years have elapsed since it first became
apparent that mitochondrial- and chloroplast-DNA
sequences are also present in the nuclear genomes of
most eukaryotic species. Genome sequencing projects
have now uncovered abundant organelle-to-nucleus
transfers. Rates of organelle DNA transfer to the nucleus
are now measurable in the laboratory, and the results of
the first studies show that it occurs at staggeringly high
frequencies. Controversy surrounds the impact of
endosymbiotic gene transfer on eukaryote genome evolution, on transgenic crop technology and on natural
variation within species. Here, we review comparisons of
nuclear, organellar, CYANOBACTERIAL and α-PROTEOBACTERIAL
genomes that address endosymbiotic gene transfer. We
discuss direct observations of organelle-to-nucleus gene
transfer in the laboratory, their evolutionary implications and their consequences for organelle-based transgene containment strategies in genetically modified
(GM) crops.
Organelle genomes — prokaryotic remnants

That eukaryotic organelles contain genes with a nonMendelian mode of inheritance was inferred at the
beginning of the 1900s (REF. 1) (BOX 1), as was an endosymbiotic origin for organelles2. However, it was not until the
1970s that the notion that organelles originated from
endosymbiotic prokaryotes gained some acceptance3
and, later still, that sequence comparisons unequivocally
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DISOMIC

The condition in which
there are two sets of similar
(homologous) chromosomes,
such that there are two alleles
for each gene locus. These
homologous chromosomes pair
at meiosis and their segregation
and transmission results in
Mendelian inheritance.
HAPLOID

The condition in which there is
only a single chromosome, or set
of chromosomes, such that all
loci are represented by only a
single allele.
CYTOPLASMIC ORGANELLES

Here, confined to mean
mitochondria and plastids.
PROMISCUOUS DNA

DNA that is present in more
than one genetic compartment
of the eukaryotic cell.

identified proteobacteria and cyanobacteria as ancestors
of mitochondria and chloroplasts, respectively4 (BOX 2).
To account for the observation that many proteins that
are encoded by the nuclear genome are essential to
chloroplasts and mitochondria5,6, it was suggested that
genes had been relocated from the ancestral organelles
to the nucleus during evolution7.
This hypothesis has proved to be robust, although the
details of the process are more complex than initially
predicted. Cytoplasmic organelles contain a minuscule
set of genes compared with the nuclear genome. Both
chloroplasts and mitochondria generally contain multiple circular haploid genomes that are present as monomers and multimers. The protein-coding capacity of
organelle genomes varies markedly across eukaryotic lineages. Sequenced plastid genomes encode from 20 to 200
proteins8,9 and mitochondrial genomes encode anything
from 3 to 67 proteins10,11 (see TABLE 1). However, some
unusual mitochondrial genomes are composed of many
linear chromosomes with one gene each12 and there are
even cases in which the mitochondrial genome is missing altogether13. Similarly, circular DNA molecules with
one gene each have been identified in some plastids14 and
occasionally the entire plastid has apparently disappeared15,16. In addition to their genomic diversity,

Box 1 | Inheritance of cytoplasmic and nuclear genes
The nuclear genomes of most higher eukaryotic organisms are diploid and are
characterized by DISOMIC inheritance and sexual reproduction. So, nuclear genes come
in allelic pairs that are often subtly different from each other. Gametes that result from
meiosis are HAPLOID and carry only a single allele (in this example, alleles A, B and C
from the female parent and a, b and c from the male parent). The zygote that results
from fertilization inherits one nuclear allele of each gene from each parent (that is, at
the three example loci, it is Aa, Bb and Cc). By contrast, the CYTOPLASMIC ORGANELLES
characteristically contain multiple, homogeneous genomes that are usually inherited
from one parent only (in this example, and most commonly, the female parent). In
tobacco and many other plants, the mitochondrial and chloroplast genomes are
specifically degraded before fertilization (red crosses). There are many exceptions to
this common inheritance pattern of genes in mitochondria and chloroplasts (for a
review, see REF. 119).
Female parent
AA,BB,DD, diploid nucleus
cp, mt, cytoplasmic genomes

Male parent
aa,bb,dd, diploid nucleus
cp, mt, cytoplasmic genomes

Female gamete

Male gamete
cp
Fertilization

A,B,C

a,b,c

mt
mt

cp
cp

Aa, Bb, Cc
mt

Diploid zygote
Aa,Bb,Dd, diploid nucleus
cp, mt, cytoplasmic genomes
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organelles themselves are biochemically diverse. Some
mitochondria consume oxygen, some produce hydrogen
(hydrogenosomes)13, some make ATP with or without
oxygen17 and some extremely reduced types (mitosomes)
make no ATP at all, but make iron-sulphur clusters for
the cell instead18. Plastids are an even more diverse
assemblage of organelles16.
The closest cousins of mitochondrial and chloroplast genomes are free-living α-proteobacteria and
cyanobacteria respectively, but which lineages among
those groups gave rise to present-day organelles
remains unresolved10,19,20. The modern α-proteobacterium Mesorhizobium loti harbours 7 Mb of DNA that
encodes more than 6,700 proteins and its relative
Bradyrhizobium japonicum contains a 9.1 Mb genome
and more than 8,300 proteins. The cyanobacterium
Nostoc PCC 7,120 has a 6.4 Mb genome, which
encodes approximately 5,400 proteins, whereas that of
Nostoc punctiforme is >9 Mb, coding for more than
7,200 proteins. Comparing these genome sizes with
those of organelles puts the magnitude of organelle
genome reduction into perspective (TABLE 1).
Although microbial parasites can also have highly
reduced genomes, genome reduction in parasites (loss
of genes and functions) is fundamentally different from
genome reduction in organelles (loss of genes, but not
functions), a distinction that is too seldom underscored
(BOX 3).
Comparative analyses

Today, we know that genes have been transferred to the
nucleus from the ancestral genomes of organelles but
key questions are, at present, how many and what kinds
of genes were transferred, how did the transfer occur and
how often did it occur. Two main categories of comparative analyses address these questions. First, studies that
identify copies of genes that are still present in an
organelle genome but that are also in other compartments of the same cell indicate the process of DNA
movement and identify evolutionarily recent transfer
events. Second, studies that analyse nuclear genomes,
organelle genomes and the genomes of candidate
prokaryotic ancestors to identify genes in the nucleus
that are no longer present in the organelle show more
ancient transfer events.
Evolutionarily recent transfers shown by genome
comparisons. Initial evidence that DNA could move
among cell compartments came when fragments of
cpDNA were found in the maize mitochondrial
genome21. Reports of mtDNA sequences22,23 and chloroplast sequences24 in nuclear DNA followed, and the term
‘PROMISCUOUS DNA’ was coined by J. Ellis25 to connote DNA
mobility among the genetic compartments of eukaryotic
cells (FIG. 1). These findings were important not only
because they provided evidence that gene transfer
among cell compartments could occur, but also because
they indicated that this might be a continuing process
given how recently (in evolutionary terms) the DNA
must have been transferred. Subsequently, complete
copies of mtDNA were discovered in cat genomes and
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Box 2 | Endosymbiotic evolution and the tree of genomes
Intracellular endosymbionts that originally descended from free-living prokaryotes have been important in the evolution of eukaryotes by giving
rise to two cytoplasmic organelles. Mitochondria arose from α-proteobacteria and chloroplasts arose from cyanobacteria. Both organelles have made
substantial contributions to the complement of genes that are found in eukaryotic nuclei today. The figure shows a schematic diagram of the
evolution of eukaryotes, highlighting the incorporation of mitochondria and chloroplasts into the eukaryotic lineage through endosymbiosis and
the subsequent co-evolution of the nuclear and organelle genomes. The host that acquired plastids probably possessed two flagella113. The nature of
the host cell that acquired the mitochondrion (lower right) is fiercely debated among cell evolutionists. The host is generally accepted by most to
have an affinity to ARCHAEBACTERIA but beyond that, biologists cannot agree as to the nature of its intracellular organization (prokaryotic, eukaryotic
or intermediate), its age, its biochemical lifestyle or how many and what kind of genes it possessed120. The host is usually assumed to have been
unicellular and to have lacked mitochondria.
Eukaryotes

Plants

Early diversification of
algal/plant lineages and
gene transfer to the host

Origin of
plastids
Ancient
protozoon
Early diversification of
eukaryotic lineages and
gene transfer to the host
Ancient
cyanobacterium
Origin of mitochondria

Ancient
proteobacterium

Cyanobacteria

ARCHAEBACTERIA

An ancient group of organisms
that have ribosomes and cell
membranes that distinguish
them from eubacteria. They
sometimes show
environmentally extreme
ecology.
NUMT

An acronym to describe nuclear
integrants of mitochondrial
DNA.
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Proteobacteria

the term ‘NUMTS’ was coined to designate these nuclear
stretches of mtDNA26. Numts have been found in the
nuclear genomes of grasshoppers27, primates28,29 and
shrimps30, and are often mistaken for bona fide
mtDNA31,32.
Eukaryotic genome sequences have more fully
exposed the scale of integrated mitochondrial and
cpDNA in the nuclear genome. Fragments of organelle
DNA are becoming recognized as a normal attribute of
nearly all eukaryotic chromosomes. For example, the
yeast genome contains tracts with 80–100% similarity
to mtDNA that range in size from 22 to 230 base pairs
(bp) integrated at 34 sites33. This range of sequence

The host
that acquired
mitochondria

Archaebacteria

divergence indicates recurrent transfer events, from
ancient to contemporary. The human genome has at
least 296 different numts of between 106 bp and 14,654
bp (90% of the mitochondrial genome) that cover the
entire mtDNA circle34. Other studies tallied 612 mtDNA
insertions in the human genome35, a greater number
because different sequence conservation criteria for
identifying numts are used in different studies36. Older
numts are more abundant in the human genome than
recent INTEGRANTS, indicating that mtDNA can be amplified once inserted36,37 and many are organized as tandem
repeats35. Barely detectable numts are present in
Plasmodium32, but highly conserved numts have now
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been identified in genome data for Rattus norvegicus,
Caenorhabditis elegans, Drosophila melanogaster,
Schizosachharomyces pombe, Ciona intestinalis,
Neurospora crassa and Fugu rubripes38.
Plant genomes provide even more abundant evidence of endosymbiotic DNA transfer. The nuclear

genome of Arabidopsis contains a large (~620 kb)
insert of mtDNA on chromosome 2 (REFS 39,40), as
well as an extra ~7 kb that is distributed among 13
small integrants and 17 insertions of cpDNA (‘NUPTS’:
the plastid counterparts of numts), totalling 11 kb
(REF. 41) . In the rice genome, chromosome 10 alone

Table 1 | Sizes and coding content of some organelle and prokaryote genomes
Genome

Length [kbp] Number of protein-coding genes

GenBank accession number

191
165
122
136
120
143

200
197
148
136
124
58

PPU38804
AF022186
AF041468
CPU30821
OSCHLPLXX
CLEGCGA

121
151
156
134
140
120

84
78
76
76
76
69

CHMPXX
AB001684
CHNTXX
X15901
ZMA86563
PINCPTRPG

35
35
70

26
28
21

U87145
AY217738
EPFCPCG

3573
1660
6413
~9000

3168
1884
5368
~7400

AB001339
NC_005071
AP003602
http://www/jgi/doe/gov

59
187
38
32
367
26
43

52
41
39
34
31
25
20

NC_003055
MPOMTCG
AJ344328
NC_000887
MIATGENA
MTCCGNME
NC_002254

69
47
50
48
56
38
42
43
77
63
24
40
25
6

67
49
46
44
40
40
36
34
32
20
14
13
12
3

NC_001823
AF295546
NC_002573
NC_002572
NC_000895
NC_002387
U12386
NC_000946
AF538053
AB027295
AY182006
NC_002653
NC_004336
NC_001677

0

0

4017
7596
~9100

3767
7281
~8300

AE006573
BA000012
BA000040

13,469

6,327

http://www.ebi.ac.uk

Algae
cp Porphyra purpurea
cp Cyanidium caldarium
cp Guillardia theta
cp Cyanophora paradoxa
cp Odontella sinensis
cp Euglena gracilis
Land plants
cp Marchantia polymorpha
cp Chlorella vulgaris
cp Nicotiana tabacum
cp Oryza sativa
cp Zea mays
cp Pinus thunbergii
Non-phosynthetic plastids
cp Toxoplasma gondii
cp Eimeria tenella
cp Epifagus virginiana
Cyanobacteria
Synechocystis sp.
Prochlorococcus marinus
Nostoc PCC 7120
Nostoc punctiforme
Plants and algae
mt Pylaiella littoralis
mt Marchantia polymorpha
mt Laminaria digitata
mt Cyanidioschyzon merolae
mt Arabidopsis thaliana
mt Chondrus crispus
mt Scenedesmus obliquus
Various protists and fungi
mt Reclinomonas americana
mt Malawimonas jakobiformis
mt Naegleria gruberi
mt Rhodomonas salina
mt Dictyostelium discoideum
mt Phytophthora infestans
mt Acanthamoeba castellanii
mt Cafeteria roenbergensis
mt Monosiga brevicollis
mt Physarum polycephalum
mt Harpochytrium sp
mt Candida albicans
mt Cryptococcus neoformans
mt Plasmodium falciparum
Anaerobic mitochondria
mt Hydrogenosomes*
α-proteobacteria
INTEGRANT

Here, used to describe nuclear
tracts of DNA that resemble
plastid DNA or mitochondrial
DNA.
NUPT

An acronym to describe nuclear
integrants of plastid DNA.

126

Caulobacter crescentus
Mesorhizobium loti
Bradyrhizobium japonicum
Yeast
(nuclear)

An excellent, up-to-date list of sequenced organelle genomes is available at http://megasun.bch.umontreal.ca/ogmp/projects/other/
all_list.html. Prokaryote data was gratefully received from http://dna-res.kazusa.or.jp and http://www.jgi.doe.gov/JGI_microbial/html.
*Hydrogenosomes are anaerobic forms of mitochondria that usually lack a genome. cp, chloroplast genome; mt, mitochondrial genome.
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Box 3 | Genome reduction in organelles and parasites
In addition to organelles, microbial parasites can also have highly reduced genomes.
Examples are Rickettsia prowazeckii with ~830 protein-coding genes, Mycoplasma
genitalium with ~470 and the parasitic eukaryote Encephalitozoon cuniculi with ~2,000
genes (half as many as Escherichia coli). However, the mechanism of genome reduction
in parasites differs fundamentally from that in organelles. Whereas parasites simply lose
the genes that they no longer need70, organelles do require the products of many of the
genes that they relinquish to the chromosomes of their host. So, organelle genome
reduction is not simply an extension of parasite genome reduction. The nature of the
two processes — reduction through specialization to a nutrient-rich intracellular
environment in the case of parasites versus reduction through export of essential genes
to the host’s genetic apparatus with import of thousands of essential proteins from the
cytosol in the case of organelles — could not differ more.

contains 28 cpDNA fragments >80 bp long, including
two very large insertions (33 kb (REF. 42) and ~131 kb
(REF. 43)). Similarly, the draft sequence of rice chromosome 1 shows many plastid insertions44. MtDNA
insertions are also plentiful in the rice genome: chromosome 10 has 57 such segments that range from 80
to 2,552 bp (REF. 43). Whether larger nuclear genomes
generally harbour more promiscuous DNA than
smaller ones, such as Arabidopsis, remains to be seen.
Transferred organelle DNA segments and sometimes even complete organelle genomes are more or
less ubiquitous as integrated constituents of eukaryotic genomes, as early studies had indicated45,46, but
the evolutionary consequences of such transfers have
yet to be fully explored.

TRANSIT PEPTIDE

A peptide sequence, often at the
N-terminus of a precursor
protein, that directs a gene
product to its specific cellular
destination.
MUTATIONAL DECAY

The process that describes the
random changes that might
occur in a DNA sequence in the
absence of selection pressure.
PROTIST

A single-celled eukaryote.
PHYLOGENETICS

Reconstruction of the
evolutionary relationships
between sequences using any of
a variety of inference methods.
PRODUCT SPECIFICITY
COROLLARY

The situation in which the
product of a gene that is donated
by a cytoplasmic organelle to the
nucleus is expected to be
returned to that organelle.
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Recurrent transfers and convergent gene losses. The deletion and functional replacement of mitochondrial genes
by nuclear copies has effectively stopped in higher animals47 in which mitochondria encode 12 to 13 proteins,
but the process is still actively continuing in higher
plants, which have larger numbers of mitochondriallyencoded proteins. Thorough studies among flowering
plants have uncovered many cases of transfer that result
in expressed genes48,49. For example, the mitochondrial
rps10 gene has been independently transferred to the
nucleus many times49,50. Most mitochondrial transfer
and activation events seem to involve recombination
into pre-existing promoter and/or TRANSIT PEPTIDE-coding
regions8,48–57.
Similar to rps10, the chloroplast translation initiation
factor 1 gene (infA) also shows striking evidence of
mobility58. Nuclear relocations of this chloroplast gene
were accompanied by MUTATIONAL DECAY and/or deletion
of the corresponding chloroplast sequence. However,
unlike rps10, characterization of transplanted nuclear
infA genes indicated the appearance of de novo transit
peptides rather than the parasitization of existing nuclear
genes. Genes such as infA underscore earlier findings
from genome analyses that parallel losses in independent lineages are regular occurrences in chloroplast
genome evolution59. Plotting the process of chloroplast genome reduction over time (gene losses from
cpDNA) onto a chloroplast genome phylogeny19 shows
that parallel losses in independent lineages outnumber

unique losses that are shared by descendant lineages by a
ratio of more than10 to 1. Therefore, the similarity in
gene content among contemporary plastid genomes is
the result of immensely convergent evolution (FIG. 2).
Ancient transfers that are shown by genome comparisons.
The recognition of functional gene relocations, like the
identification of numts and nupts, relied on sequence
similarity between nuclear and organelle genomes. The
discovery of genes that were transferred to the nucleus,
but are no longer present in most organelle genomes,
requires a different approach. To detect such transfers,
searches of nuclear genomes with sequences that are present in the organelle genome of at least one species have
been undertaken. The PROTIST Reclinomonas americana
has the mitochondrial genome with the largest known
gene content, and homologues of nearly all these genes
have been found in the nucleus of other eukaryotes60.
Similarly, most genes that are contained in the larger
chloroplast genomes can be found as transferred homologues among plant and algal nuclear genomes19,59.
Comparative studies have also shown gene transfer during secondary symbiosis — the origin of plastids from
eukaryotic algae instead of from cyanobacteria — in the
evolution of unicellular eukaryotes61–63.
A search for nuclear genes in the Arabidopsis genome
that branch with cyanobacterial homologues in PHYLOGENETIC trees (or that have homologues in cyanobacteria
only) showed that approximately 1,700 of the 9,368
Arabidopsis proteins that are sufficiently conserved in
sequence to allow phylogenetic analysis, come from
cyanobacteria, indicating that roughly 18% of the
protein-coding genes in Arabidopsis are acquisitions
from the plastid19. Many of these acquired genes clearly
control cellular systems other than chloroplast biogenesis and many are targeted to the cytosol or the secretory
pathway64. Among eukaryotes, 630 nuclear-encoded
proteins were identified that originated from mitochondria65, of which <30% were predicted to be targeted to
mitochondria in yeast and human. So, the proteins
encoded by many nuclear genes that are derived from
organelle DNA ultimately take on new functions in new
compartments.
Targeting and retargeting of proteins that are encoded
by transferred genes. Case studies8,66–68 and genomewide analyses64,69 show that the relationship between
organelle gene donations and organelle protein imports
is complex and difficult to predict. This contrasts with
the older idea that proteins were always targeted to the
cell compartment from which the genes that encoded
them originated (the PRODUCT SPECIFICITY COROLLARY7 (see
REF. 66 for a discussion) to endosymbiotic theory). In
Arabidopsis, fewer than half the proteins that are identifiable as acquisitions from cyanobacteria are predicted
to be targeted to chloroplasts. Many are targeted to the
cytosol, the secretory pathway or the mitochondrion.
Conversely, a similar proportion of proteins that are
targeted to the plastid do not seem to be acquired from
cyanobacteria70,71. Clearly, the products of nuclear genes
that originated from endosymbionts are free to explore
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Proteobacterium-like
endosymbiotic ancestor

Mitochondrion

Organelle
DNA
Chloroplast

Proteins
Nucleus

Organelle
DNA

Other

Cyanobacterium-like
endosymbiotic ancestor

Figure 1 | Organellar DNA mobility and the genetic control of biogenesis of mitochondria and chloroplasts. The
eukaryotic mitochondrion is derived from a proteobacterial endosymbiotic ancestor but most of the genes that were originally
present in this ancestor’s genome have been transferred to the nucleus (thick black arrow), with only a small number being retained
in the organelle (blue circle). Similarly, most of the genes from the cyanobacterial endosymbiont ancestor of the chloroplast were
also transferred to the nucleus (thick black arrow). So, as a result, cytoplasmic organelles are heavily dependent on nuclear genes
and import more than 90% of their proteins from the cytoplasm (white arrows). The dotted arrows indicate how DNA of
mitochondrial (blue) and chloroplast (green) origin is still being transferred to the nucleus. Chloroplast and nuclear sequences are
also found in the mitochondrial genome but little or no promiscuous DNA is located in the chloroplast.

EPISOME

A unit of genetic material that is
composed of a series of genes
that sometimes has an
independent existence in a host
cell and at other times is
integrated into a chromosome of
the cell, replicating itself along
with the chromosome.
BIOLISTIC TRANSFORMATION

A commonly used
transformation method in
which metal beads are coated
with gene contructs and shot
into cells.
LEAF EXPLANTS

Small sterile sections of leaf or
other plant tissue from which
whole plants might sometimes
be regenerated.
UNIPARENTAL INHERITANCE

The mode of inheritance that
generally characterizes the genes
of cytoplasmic organelles in
which only one of the two sexual
partners contributes to the
offspring.

128

new patterns of compartmentalization in the cell11.
Moreover, gene donations from organelles often lead to
functional replacement of pre-existing and functionally
equivalent host genes, a process known as endosymbiotic gene replacement69.
The number of proteins that are predicted to be
imported into mitochondria varies markedly across
eukaryotic groups, ranging from ~150 proteins in the
parasitic fungus Encephalitozoon cuniculi to ~4,000 proteins in humans. Only ~50 proteins were common to
the mitochondria of all non-parasitic eukaryotes72.
Similarly, the number of nuclear-encoded proteins that
are predicted to be targeted to chloroplasts differs by a
factor of two between rice and Arabidopsis73. Such predictions still have clear limitations but are improving
with the accumulation of more direct experimental data
for localization73,74.
For biochemical pathways that are present in both
the original host and its endosymbionts, competition
can ensue8,66. In some cases, the pathway of the symbiont can predominate18,75 but hybrid pathways can
develop from both host and endosymbiont sources66,76,77.
Organelle division is a prime example of lineage-specific
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mixing and matching of endosymbiotically inherited
functions with newly evolved, eukaryote-specific biochemistry78,79.
In summary, retargeting of proteins among organelles and, most notably, the cytosol is a highly dynamic
and influential process in eukaryotic evolution. When
genes are donated from organelles to the nucleus, there
is no homing device that automatically re-routes the
protein product back to the donor organelle. Rather,
chance, natural selection and lineage diversification
seem to govern the intracellular targeting fate of genes
that organelles donate to the chromosomes of their
host. In this sense, gene donations from organelles are
important starting material for the evolution of new
genes that are specific to the eukaryotic lineage.
Laboratory estimates of transfer frequencies

Comparative genome analyses show us that gene transfers have occurred at different times in the past, and
indicate that the process is continuing. The challenge
has been to get direct empirical estimates of the frequency at which DNA is being transferred among cellular
compartments.
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Mitochondrion-to-nucleus transfers. In yeast, a recombinant plasmid, which was introduced into a genomelacking mitochondrion, was shown to relocate to the
nucleus as an EPISOME (that is, not recombined into
nuclear DNA) at a frequency of 2 x 10–5 per cell per
generation80. A lower frequency (5 x 10–6 per cell per generation) of episomal relocation was observed when the
plasmid was integrated into the mitochondrial chromosome81. In these experiments, the released DNA was episomal, indicating that release of DNA from the yeast
mitochondrion is frequent, but integration might be rare
in yeast nuclei because of their characteristically high level
of reliance on homologous recombination for DNA
incorporation. Newer work indicates that mtDNA escape
in yeast occurs through an intracellular mechanism that
depends on the composition of the growth medium and
the genetic state of the mitochondrial genome, and is
independent of an RNA intermediate82.

Chloroplast genome reduction
and gene transfer to the nucleus
Photosynthetic electron
transport, respiration, ATPase
Functional
categories

Translation
Other

Genome reduction

Guillardia

Odontella

Cyanidium

Euglena

Chlorella

Nephroselmis

100

87

73

80

81

80

80

136 3,200 ~2,000 –
>7,000

Other cyanobacteria

92

Synechocystis

79

Cyanophora

59

Flowering plants

181

Pinus

125

Marchantia

141

Mesostigma

201

Porphyra

Evolutionary
time

Lineage diversification

Figure 2 | Reduction of the chloroplast genome over time. We know that plastids
originated more than 1.2 billion years ago, because fossil red algae of that age have
been found121. The ancestor of plastids was a free-living cyanobacterium and therefore
must have possessed several thousand genes as did its contemporaries. Subsequent to
the invention of a plastid protein import apparatus (a prerequisite for relocating genes
that encode proteins required by the organelle to the nucleus), plastids relinquished most
of their genes to the genome of their host cell. This gene relocation process occurred
massively at the onset of endosymbiosis and continued in parallel during algal
diversification, yet the same core set of genes (for photosynthesis and translation) has
been retained in all lineages. The size of the bars shown indicates the genome sizes of
chloroplasts from a diversity of plant lineages, from red algae (Porphyra) to angiosperms
(flowering plants) and Cyanophora (belonging to the most ancient lineage of
photosynthetic eukaryotes), and their free-living cyanobacterial relatives (cyanobacteria).
The reduction in chloroplast genome size has been mapped onto a phylogenetic tree of
the relationships among these genomes. Numbers at the end of branches indicate the
number of genes that are present in the respective genome. These genes are divided into
three functional categories that are represented by the three different colours making up
the bars. Data from REF. 19.
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Chloroplast-to-nucleus transfers in higher plants. Only
more recently has it been possible to quantify the process
of chloroplast-to-nucleus DNA transfer. To determine
the frequency of plastid DNA transfer and integrative
recombination into the higher plant nuclear genome, the
plastome of tobacco was transformed with a neomycin
phosphotransferase gene (neoSTLS2) that was tailored
for expression only in the nuclear genome83 (BOX 4). In 16
out of ~250,000 seedlings, the neoSTLS2 marker had
been integrated into a nuclear chromosome, each time
in a different location, which equates to a chloroplastto-nucleus DNA transfer frequency of one in 16,000
gametes tested. The diversity of insertion locations
indicates that the marker might be transposed during
meiotic or postmeiotic events during male gamete formation because the extreme alternative explanation for
these integrations — a single transfer event that is subsequently amplified by somatic cell division — would lead
to the same integration site being found in all plants with
chloroplast integrants83. In agreement with the DNA
integrations induced by BIOLISTIC TRANSFORMATION, these
transfers show no particular preference for recombination sites in either the nuclear or plastid genomes.
Using a similar experimental strategy with a transgene in a different plastomic location, the frequency of
chloroplast-to-nucleus transposition was estimated in
tobacco somatic cells84. Leaf tissue from transplastomic
tobacco that contained an intron-less neo gene was cultured on medium that contained high concentrations of
kanamycin (100–400 mg/L). Twelve highly resistant
plants were regenerated, 11 of which showed Mendelian
inheritance of the antibiotic-resistant phenotype. After a
courageous approximation of the number of regeneratable cells that were present in LEAF EXPLANTS, a chloroplastto-nucleus transposition frequency of one event in ~five
million somatic cells was estimated84. Taken at face value,
the frequency in somatic cells is ~300 times lower than
that in male gametes of the same species83. The programmed degeneration of plastids that occurs during
pollen-grain development — the process that underpins
UNIPARENTAL INHERITANCE of plastid genes (FIG. 1) — might
explain this difference. After the chloroplast genomes are
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Box 4 | Design of experiments that showed DNA transfer from organelles to nucleus in real time

TRANSPLASTOME

The condition of a plastid
genome after the insertion of
non-native genes.
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degraded, fragmented DNA could become more available for transfer. In yeast, an enhanced rate of mtDNA
escape to the nucleus has been linked to increased degradation of abnormal mitochondria85. Similarly, in animals
— which have a sequestered germline — the transfer of
mitochondrial sequences to the nucleus might be most
likely during sperm mitochondrial degeneration following fertilization37. Assuming that a proportion of the
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A construct that consists of chloroplast sequences
(C and D) that flank two selectable marker genes is
inserted into the chloroplast genome through
homologous recombination, thereby transforming
the native plastome into a TRANSPLASTOME (a). In the
experiments of Huang et al.83, the flanking chloroplast
sequences were in the inverted repeats of the tobacco
plastome. One of the selectable genes (aadA in the
case illustrated) is designed for exclusive expression in
the chloroplast and incorporation of this marker
confers spectinomycin resistance. The other gene, a
neomycin phosphotransferase gene neoSTLS2 (that
encodes NPTII and incorporates a nuclear intron;
here neo), is tailored, by virtue of a nuclear-specific
promoter and the presence of a nuclear intron in the
reading frame, for expression only when it is
transposed to the nucleus. Continuous selection of
growing leaf cells on spectinomycin medium allows
transformed plastomes to be selected and eventually
the transplastome entirely replaces the native
chloroplast genome, such that all copies of the
chloroplast genome contain the two selectable marker
genes (b).
Selection of cells or progeny seedlings on kanamycin
medium allows the detection of the rare cases in which
the neo gene has changed its location, such that strong
expression is promoted from the nuclear environment
(c). The progeny of self-fertilized transplastomic
plants were not screened directly83. Rather, to
eliminate low-level expression of neoSTLS2 from the
chloroplast genome, transplastomic plants were
crossed with wild-type female plants such that,
because of strict maternal inheritance of tobacco
plastids (BOX 1), progeny that contained only wildtype chloroplasts were produced. Therefore,
chloroplast-to-nucleus transposition must have
occurred at some stage during the life cycle of the male
parent of the seedlings that were screened on
kanamycin plates.
The observation that 1 in 16,000 male tobacco
gametes contained a newly integrated segment of
chloroplast DNA (REF. 83) was unpredictably high, but
it must be an underestimate of the true chloroplast-tonucleus transposition frequency. In this experiment,
the detection strategy enabled the identification only
of those events that resulted in an entire, expressed
neoSTLS2 gene in the nucleus. Other regions of the
tobacco plastome that integrated in the nucleus
without this selectable marker necessarily remained
undetected. A similar strategy was used by Stegmann
et al.84 and by Lister et al.85.
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somatic events84 occurs early and enters the germline, we
would expect, given a sufficient sample size, to find
whole flowering branches that clonally transmit de novo
nupts to pollen nuclei.
Chloroplast-to-nucleus transfers in algae. Chloroplastto-nucleus transfer has also been investigated in the
unicellular alga, Chlamydomonas reinhardtii 71. Some 13
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billion haploid cells were screened, but no chloroplastto-nucleus DNA transfer was detected. This finding
implies a transfer of at least six orders of magnitude
lower than in higher plants, which is consistent with the
paucity of integrated cpDNA in the nuclear genome of
C. reinhardtii 71. The presence of only one chloroplast in
this alga might explain this difference: if chloroplast lysis
and subsequent genome degradation is required for
endosymbiotic gene transfer (see above), then organisms
with only one essential chloroplast would not survive.
However, specific degradation of cpDNA in C. reinhardtii
does occur during zygote formation in the MT STRAIN at
fertilization so it would be interesting to determine
whether gene transfer can occur after mating.
–

Mechanisms, constraints and consequences

The above findings provide a glimpse of how often
DNA is transferred among cellular compartments —
but what has been learned about the mechanisms and
constraints that govern the process?
As in pre-genomic sequencing studies45,46, most
numts and nupts had >95% nucleotide identity to the
homologous organelle genes, probably because most of
these sequences are rapidly eliminated or perhaps
because regions with lower homology were not sought.
The lack of divergence in most known numts and nupts
indicates that they must have been transferred to the
nucleus recently. Also, in all these examples, there has
been no evidence of preferential transfer of a particular
region or type of organelle sequence — for example,
coding versus non-coding regions, introns in the case of
the nuclear copy of mtDNA in Arabidopsis, structural
RNA genes or promoters.

MT – STRAIN

One of the two mating types (the
other is mt+) of Chlamydomonas
reinhardtii; one of each is
required to form a zygote.
RNA EDITING

Changes in the RNA sequence
after transcription is completed.
Examples include modification
of C to U or of A to I by
deamination, or insertion and/or
deletion of particular bases.
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How is organelle DNA transferred? How do organelle
genes physically get into the nucleus to recombine with
chromosomal DNA? There are two opposing and hotly
debated views on this topic that are based on different
observations and that can be termed ‘bulk DNA’ and
‘cDNA intermediates’.
The ‘bulk DNA’ view, based on early comparative
studies53, yeast genetics53 and genome sequence comparisons52, argues that recombination between escaped
organelle DNA molecules and nuclear chromosomes is
the mechanism of gene transfer followed by further
recombination52. It is founded on evidence from experimental transfer in yeast53 and on the observation that
in comparisons between organelle DNA and nuclear
DNA of the same species (numts and nupts), intergenic
spacers and other non-coding regions of organelle
DNA are found in nuclear-transferred copies as often as
are coding sequences26,34,39–43. When whole organelle
DNA molecules that are >100 kb long are found
recombined into eukaryotic chromosomes39–43 that
contain the organelle introns, the tRNAs and hundreds
of kb of organelle non-coding regions39,40, bulk DNA
transfer seems likely52.
The view of ‘cDNA intermediates’ holds that
cDNAs of organelle mRNAs are the vehicle of gene
transfer to the nucleus48–51. It is based on taxon sampling studies in flowering plants, in which genes that

are present in the mtDNA of some species are sought
among many other species to monitor loss of the
gene in the mtDNA, accompanied by the occurrence
of a functional copy in the nuclear DNA (reviewed in
REFS 48,49). As mitochondrial protein-coding genes of
flowering plants often have introns and RNA EDITING48,
and because the nuclear copies of mtDNA so detected
lack the organelle-specific introns and the edited sites,
the inference has been that cDNA intermediates of
edited and spliced mRNAs are directly involved in the
physical transfer process48–51.
However, there are alternative interpretations for
observations that underpin the cDNA intermediate
view52. When cDNA intermediates of spliced and edited
higher-plant mitochondrial transcripts occur, they
should arise in the mitochondrion and so be more
likely to recombine with mtDNA — thereby erasing
edited sites and introns in the mitochondrial gene —
than with nuclear DNA52. In this way, cDNA-mediated
dynamics of intron loss and edited sites in higher-plant
mtDNA can mimic potential cDNA intermediates in
sequence comparisons, even if bulk mtDNA only were
physically being transferred for recombination in the
nucleus52. Adding to this is the complex nature of flowering plant mtDNA genomes, which are a heterogeneous mixture of DNA molecules that are smaller
than the ‘master copy’48.
Although the possibility that cDNA intermediates
might be involved in the transfer of genes from mitochondria to the nucleus in flowering plants cannot be
excluded, as is often suggested48–51,68, there are alternative
interpretations of the same data52. On a broader scale,
evidence that implicates cDNA intermediates in mtDNA
transfers in eukaryotic groups other than flowering
plants is so far lacking (yeast mutants lacking mitochondrial RNA polymerase transfer mtDNA efficiently53), as
is evidence that implicates cDNA in the transfer of
chloroplast genes. The view of bulk DNA transfer finds
support from genome comparisons33–44 and from experimental organelle-to-nucleus studies in yeast and higher
plants80–85. In the early evolution of mitochondria and
chloroplasts, in which the brunt of endosymbiotic gene
transfer occurred10,11,19 (FIG. 2), cDNA intermediates
would have been unnecessary in our view, because editing and introns in free-living α-proteobacteria and
cyanobacteria are extremely rare at best.
Where does transferred DNA integrate? There is no
evidence from genomes that organelle DNA is integrated into preferred chromosomal regions or
sequence contexts. In human nuclear DNA, 98% of all
numts are integrated into sequences that are not annotated as potential genes and the remaining 2% are in
introns37. Integration of mtDNA has been implicated
in human somatic mutations leading to neoplasms86,
but only one case of a numt causing heritable mutation has been reported87. The time and place of this
insertion coincided with the Chernobyl nuclear reactor accident87, indicating that radiation-induced
mtDNA fragmentation (or recombination involving
pre-existing numts) might have been involved.
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Evidence has been found for a clustering of genes that
are involved in mitochondrial nucleic-acid processing in
Arabidopsis 88, but it is unlikely that the clustering reflects
a relic of ancestral mitochondrial genome organization.
From the standpoint of transcription, evidence has
been found for important groups of nuclear-encoded
genes that respond to the physiological state of the plastid in Arabidopsis, but it is unclear whether this reflects
a relic of ancestral plastid gene regulation89.
Why do some genes remain in organelles? Given the continual ingress of organelle DNA into the nucleus, why
should there be any genes left in organelles? The main,
and hotly debated, theories on this issue fall largely into
two groups:‘hydrophobicity’49 and ‘redox control’90. The
former view holds that hydrophobic proteins are poorly
imported by organelles, and so must be encoded in
organelle genomes49. It accounts for organelle encoding
of some membrane-integral proteins in chloroplasts
and mitochondria, but not for all (for example, lightharvesting proteins or mitochondrial importers). The
‘redox control’ view holds that individual organelles
need to control the expression of genes that encode
components of their electron-transport chain so that
they can be synthesized when they are needed to maintain redox balance, thereby avoiding the production of
highly toxic reactive oxygen species90. Both sides can
draw on good experimental evidence in their favour91–93,
adding to the controversy.
However, many mitochondria have a modified
genetic code, extensive RNA editing or both. In such
cases, the mitochondrial genes are locked in place93, as
are genes for such proteins that have evolved organellespecific assembly or translation mechanisms94. The
types of gene that plastids (FIG. 2) and mitochondria of
diverse lineages most tenaciously retain fit well with the
redox-control hypothesis90, as do the findings that
hydrogenosomes (anaerobic mitochondria) lack electron transport and a genome, despite possessing many
hydrophobic proteins in their membranes13. Clearly,
many factors can influence the evolutionary trends of
organelle genome persistence49,54,90–96, and continued
debate on this important issue is assured.

PROMOTER TRAP

A genetic engineering technique
that involves randomly inserting
into the genome constructs that
encode an easily detectable
marker, such as GFP, but contain
no promoter sequences. Marker
expression is only detected when
the construct lands near an
endogenous genomic promoter.
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Transfers and natural variation. The observation that
1 in 16,000 male gametes in tobacco contains a brand
new plastid DNA integrant raises the question as to why
plant nuclear genomes are not overflowing with such
sequences. A process of sequence elimination must
counterbalance insertion. Genome sequencing has
shown that although organelle sequences that are present in the nuclear genome vary in age, most are very
similar to their organelle counterpart (often having
>95% sequence identity). If promiscuous sequence
elimination were a slow process, we would expect that
most of these sequences would be highly divergent.
These data indicate a high turnover of organelle
sequences in the nucleus that is similar to that observed
for other non-essential, intergenic sequences97, but with
recombination events occasionally leading to selection
fixation as functional genes98.
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How important is the continuing contribution of
organellar DNA to genetic variation in the nuclear
genome? Unlike transposable elements, nuclear-encoded
organelle sequences cannot undergo autonomous transposition, which probably explains their modest colonization of the nuclear genome compared with that achieved
by bona fide transposons. Nonetheless, if the transfer
rates that were calculated recently are typical, one in
every few thousand plants we see in nature possesses a
fresh piece of cpDNA in its nucleus that it acquired only
one generation ago83, a frequency that compares with the
nuclear mutation rate84,98, in which case nearly every
plant would have its own individual nupt content.
GM crops and gene transfer

In addition to its pivotal role in eukaryotic genome
evolution, gene transfer from organelles to the
nucleus is also relevant in the debate that concerns
the containment of GM crops. The chloroplast genetic
compartment is the focus of one important strategy
for transgene containment in GM crops99. The high
estimates for chloroplast-to-nucleus transfer rates83,84
cast doubt on claims that chloroplast transgenes can be
reliably contained in most potential crop plants
through strict maternal inheritance. This has evoked a
heated debate100,101 on the issue of whether crop biotechnology strategies that focus on cpDNA should recognize
a measurable potential for escape of transgenes in
pollen nuclei.
Of course, the experimental strategies that are applied
to detect high-frequency transfer used genes that carry
their own nuclear promoter so that any integrant that
carries the whole gene can readily be detected. By contrast, genes that are tailored for expression in the chloroplast would need to acquire a nuclear promoter through
recombination, analogous to the PROMOTER-TRAPPING technique. The functional transfer and expression of an
organelle-specific transgene should therefore be orders
of magnitude less frequent than the primary event of
DNA relocation. The introduction of organelle-specific
introns into chloroplast transgenes might further aid
the prevention of their functional transfer to the
nucleus. The chloroplast-specific marker genes that are
used to select for plastome transformation were nearly
always transferred to the nucleus along with the selectable marker but not expressed from that new
location83,84. Therefore, it should be possible to equip
genes that are designed for high activity in the chloroplast with tight control of expression that would essentially preclude any nuclear function. Nuclear-specific
suicide cassettes that are introduced adjacent to or
within cpDNA transgenes might also aid containment
strategies.
Endosymbiotic gene transfer: bigger questions

Is endosymbiotic gene transfer a quirk of evolution that
affects only the tips in the tree of life, or is it the mechanism that forged eukaryotes out of prokaryotes? The
answer to this question hinges on the issue of how
many genes eukaryotes acquired from their mitochondrial and chloroplast endosymbionts102,103 and what
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kinds of genes those free-living prokaryotes possessed.
Today, thinking on the relatedness of prokaryotes and
eukaryotes is still dominated by the ‘universal’ tree of
rRNA, which would have us believe that eukaryotes
should possess mainly, if not exclusively, genes that are
archaebacterial in origin104. As we gather more data,
this view is looking increasingly insecure85. For example, Rivera et al.105 found that about two-thirds of the
genes in the yeast genome that had identifiable
prokaryotic homologues are more similar to eubacterial homologues than to archaebacterial homologues.
Current views on how so many genes of eubacterial
origin came to reside in the eukaryotic nuclear
genome fall into a range, the extremes of which can
be labelled as ‘mitochondria’ and ‘lateral gene transfer’ (LGT). One extreme (‘mitochondria’), holds the
view that all these eubacterial-like genes ultimately
stem from the ancestral mitochondrial genome. At
the other extreme is the view that the overall gene
contribution from mitochondria is small and that
various eukaryotic lineages have acquired eubacterial
genes either through lineage-specific lateral transfers
or from a mysterious symbiont in the ancient past.
The main difficulty with the ‘mitochondria’ view is
that most eubacterial-like genes in the eukaryotic genome
do not branch specifically with α-proteobacterial
homologues in phylogenetic trees. To account for this,
the ‘mitochondria’ view requires a few tenable corollary assumptions. First, gene phylogenies are imperfect
(that is, gene trees produce erroneous branches for
mathematical reasons)19,106–109. Second, sampling is
incomplete (that is, more α-proteobacterial genomes
will provide a fuller picture)20. Third, LGT among
prokaryotes in the ~two billion years since the origin
of mitochondria has mixed up the chromosomes of
free-living prokaryotes, thereby confounding today’s
trees110. Fourth, when genes are transferred from
organelles to the nucleus, they undergo a phase of evolution during which they acquire some odd mutations
before they become fully functional8, which can alter
their position in gene trees76.
The main difficulty with the LGT view is the lack of
direct evidence from eukaryotic genomes in its favour.
Initial analysis of the human genome sequence indicated that LGT from free-living prokaryotes to eukaryotes is widespread. However, a broader sampling of
eukaryotic lineages showed that the initial evidence was
far from conclusive69 — a salutary reminder that our
sample of genomes (specifically among eukaryotes,
cyanobacteria and α-proteobacteria) is still extremely
small. Nonetheless, there do seem to be some lineagespecific acquisitions in eukaryotes, as recent findings
attest103,110. However, most of the evidence that favours
LGT over eukaryotes is based on conflicting gene trees63,
whereas theory and practice indicate that conflicting
trees are to be expected even without LGT (REFS 106–109).
The argument that mysterious symbionts from the
ancient past donated genes to eukaryotes has recently
taken a blow. Mystery symbionts helped explain how
‘primitive’ eukaryotes that were thought to lack mitochondria, such as the paradigmatic Giardia intestinalis,
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could have obtained their eubacterial genes 111,112.
However, new data show that Giardia is not primitive108,113, and that it has mitochondria18 too, so a possible mitochondrial origin of eubacterial-like genes
applies to the Giardia genome as well.
On balance, the evidence from the increasing number of eukaryotic genome sequences might tend to
favour the ‘mitochondria’ end of this range of views.
Specifically, there is abundant evidence for integrated
fragments of organelle DNA but no reports of an integrated bacterial chromosome segment have emerged
from genome sequences98, not even Drosophila, which
harbours symbiotic α-proteobacteria20 (a possible
transfer in a different insect114 aside). So, organelle-tonucleus transfer is widespread, continuing, real and
abundant, but outright prokaryote-to-nucleus transfer
seems to be rare, as a simple calculation illustrates. The
sum of ~800 individual insertions of organelle DNA
in yeast, human and Arabidopsis genomes, as well as
chromosome 1 and 10 of rice, totals ~1.2 Mb of DNA,
but there is no reported evidence at all for integrated
chromosome fragments from free-living prokaryotes
in those genomes. Accordingly, the contribution of
LGT from prokaryotes to eukaryotic DNA in recent
evolutionary history can be inferred from the small
sample, which is, at most, 1/800th that of the contribution from organelles, and, at most, 1/12,000th that
of organelles in terms of length of integrated DNA
fragments that are more than 100 bp long. In terms of
its directly observable impact on those eukaryotic
genomes today, endosymbiotic gene transfer tends to
outpace LGT.
Looking into the depths of eukaryotic evolutionary history when organelle genomes were still as big
as their prokaryotic ancestors, and when the host
genome lacked everything that it later acquired from
organelles, the downpour of DNA from organelles
must have decisively shaped the eukaryotic genome.
After all, at the time when ancestral mitochondria
first took up residence in their host, there were neither transit peptides nor was there a protein import
machinery115 to target the protein products of transferred genes back to mitochondria. Accordingly, early
transfers from the primitive mitochondrion (a fullyfledged eubacterium) would have enriched the
archaebacterial-derived chromosomes of the host
with a whole genome’s worth of eubacterial genes,
over and over again. However, expressed products
could have been targeted only to the host’s cytosol
and plasma membrane and not to the organelle 116.
Only after protein import into mitochondria had
evolved (and later, independently for chloroplasts117),
could the process of organelle genome reduction
begin. In its youth, endosymbiotic gene transfer was a
powerful and chimaera-generating mechanism of
natural variation that is truly unique to the eukaryotic lineage. Indeed, a look into prokaryotic chromosomes shows that they possess nearly all the attributes
of eukaryotic chromosomes 118; what is unique in
eukaryotes is that there is more than one genetic
compartment1,2.
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Conclusions

Only 20 years have passed since gene transfers between
eukaryotic genetic compartments became known.
Individual case studies and genome sequences have
marshalled overwhelming evidence for its continuous
workings over evolutionary time. However, with
organelle transformation now on the go, endosymbiotic
gene transfer has changed from a compelling logical
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