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Summary
During evolution, the genomes of eukaryotic cells have
undergone major restructuring to meet the new regu-
latory challenges associated with compartmentalization
of the genetic material in the nucleus and the organelles
acquired by endosymbiosis (mitochondria and plastids).
Restructuring involved the loss of dispensable or redun-
dant genes and the massive translocation of genes from
the ancestral organelles to the nucleus. Genomics and
bioinformatic data suggest that the process of DNA
transfer from organelles to the nucleus still continues,
providing raw material for evolutionary tinkering in the
nuclear genome. Recent reconstruction of these events
in the laboratory has provided a unique tool to observe
genome evolution in real time and to study the molecular
mechanisms by which plastid genes are converted into
functional nuclear genes. Here, we summarize current
knowledge about plastid-to-nuclear gene transfer in the
context of genome evolution and discuss new insights
gained from experiments that recapitulate endosymbiotic
gene transfer in the laboratory. BioEssays 30:556–566,
2008. � 2008 Wiley Periodicals, Inc.

Introduction

Eukaryotic cells arose more than a billion years ago through

endosymbiotic engulfment of free-living eubacteria. Subse-

quently, the enslaved bacterial endosymbionts were gradually

converted into two types of DNA-containing cell organelles:

the mitochondria, which stem from an a-proteobacterium, and

the plastids (chloroplasts), which are derived from a cyano-

bacterium (Fig. 1). Early genetic and biochemical studies

revealed that the genomes of plastids have been greatly

diminished compared with any possible free-living ancestor.

The plastid genome was shown to be far too small to encode

the proteome of the organelle and it was deduced that the

control of plastid biogenesis and function is massively

dependent upon nuclear genes. This conclusion is fully

confirmed by the 122 complete plastid genomes that have

been sequenced to date (http://www.bch.umontreal.ca/ogmp/

projects/other/cp_list.html). Soon after this realization, ele-

gant early experiments(1,2,3) paved the way for the current

understanding of peptide import from the nucleo-cytoplasmic

genetic compartment into the organelle.(4)

An explanation of the observed nuclear control over the

organelle within the framework of the equally convincing

evidence for the endosymbiotic origin of mitochondria and

chloroplasts (Fig. 1) required answers to several fundamental

questions.(5,6) Firstly, what is the evolutionary relationship

between the nuclear genes that encode organellar proteins

and the ancestral prokaryote genes of similar function that

have not persisted in the plastid DNA (ptDNA)? Secondly, how

did the mutual dependence of the separate organellar and

nucleo-cytoplasmic systems arise and what are, or were, the

selective forces involved in its evolution? One answer to these

questions envisaged that redundancy was removed during

the early stages of endosymbiont evolution. In this scenario,

many ancestral host genes adapted to produce the host

product plus another of similar function that was active within

the endosymbiont. The second possibility was that genes of

the symbiont were physically transferred to the evolving

nucleus where they were functionally activated to service the

cytoplasmic compartment. In both hypotheses, genes were

rapidly deleted from the endosymbiont genome. The diminu-

tion of the organelle genomes has been attributed to savings

in DNA synthesis for the highly polyhaploid genomes and,

though it has not been observed under experimental con-

ditions, this process is clearly rapid in evolution as the plastids

of non-photosynthetic parasitic plants, such as Epifagus

virginiana, contain highly reduced genomes that must have

lost many genes relatively recently.(7)

The nuclear control of plastid form and function results in

complex regulation of activity of genes in the two compart-

ments. The situation that exists in cells of the majority of sexually
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reproducing organisms is that a diploid nucleus contains

thousands of paired alleles on multiple linear disomic chromo-

somes. These chromosome pairs are separated to produce

haploid gametes carrying only a single allele after separation of

bivalents during meiosis. Random fertilisation then produces

offspring that show characteristic Mendelian ratios when individ-

ual alleles are tracked between generations. The contrasting

genetic situation in organelles is that they contain multiple haploid

genomes, each with a far smaller set of genes than the nucleus

and, in plants for example, there may be hundreds of polyhaploid

chloroplasts in each leaf cell (Fig. 2). Therefore, although plastid

genomes are genetically simple compared with the nucleus, they

may comprise a large proportion of total cellular DNA in the leaf

cells of some angiosperms, such as spinach (23% of total DNA,

13,000 plastid genomes per cell; Refs 8,9; Fig. 2). However, this

proportion is very variable(9,10) and is smaller in many other

species (e.g. 1,000 to 1,700 plastid genomes per cell in

Arabidopsis thaliana; Ref. 11), being dependent upon the nuclear

genomesize, thedegreeofnuclearendopolyploidy, thenumberof

plastids per cell and the number of genomes per plastid. Thus the

subunit peptides of some plastid protein complexes may be

encoded by both nuclear and organellar genes that differ greatly

in number within the cell. For example, the large subunit of the

most abundant protein on the planet, ribulose bisphosphate

carboxylase/oxygenase (RuBisCO), is encoded by thousands of

identical genes in the chloroplasts of each tobacco leaf cell,

whereas its small subunit is encoded by low-copy-number genes

in the single nucleus (Fig. 3).

Figure 1. Intracellular gene transfer between genomes in the evolution of eukaryotic cells.(62) Arrows indicate the direction of gene

transfer, arrow colors correspond to the color of the compartment from which the transferred genetic material originated (red,

mitochondrion; blue, nucleus; green, plastid). Arrow thickness is roughly proportional to the amount of genetic information transferred at a

given evolutionary stage. Mitochondria arose through endosymbiotic uptake of ana-proteobacterium bya pre-eukaryotic cell. Conversion of

the a-proteobacterium into a mitochondrion was accompanied by massive translocation of genetic information into the nuclear genome. In

a second endosymbiosis, a cyanobacterium was engulfed and gradually converted into a plastid (chloroplast). This second endosymbiosis

event was again followed by large-scale information transfer out of the endosymbiont genome into the nuclear genome of the host cell. At the

same time, gene transfer from the mitochondrion to the nucleus continued on a small scale and, in addition, some nuclear and plastid nucleic

acid sequences invaded the mitochondrial genome. While some plastid DNA sequences transferred into the mitochondrion gave rise to

functional tRNA genes,(32) no example of formation of a functional mitochondrial gene from nuclear DNA has been identified to date. The

plastid genome seems to be remarkably immune to the invasion of foreign DNA sequences and, to date, no evidence of gene transfer

from either the nucleus or the mitochondrion into the plastid has been documented.

Figure 2. A leaf mesophyll cell of Spinacea oleracea stained

with DAPI. This picture of a mature spinach leaf cell illustrates

the disposition of cellular DNA that is concentrated in the

genetically complex diploid nucleus (n) but DNA is also seen in

the chloroplasts (cp). Multiple plastid genome copies form

nucleoids, of which there are several within each chloroplast. In

some species, the plastid genomes, though genetically very

simple compared with the nucleus, comprise almost as much of

the total cellular DNA as the nucleus because they are present

in multiple copies in each organelle and because there are

many chloroplasts in each leaf cell (usually more than in the cell

shown here). However there is wide species variation in the

proportion of cpDNA.(9,11) The chlorophyll molecules within the

plastids show red fluorescence. Mitochondria are not visible in

this preparation. The bar represents 10 mm.
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Ancestral organelle genes can be recognized

in the nucleus

Gene transfer from the plastid ancestor to the nucleus has

played a major role in the evolution of eukaryotes (Fig. 1).

Genome-wide phylogenetic comparisons of individual nuclear

genes of Arabidopsis thaliana(12) with representative prokar-

yote and eukaryotic genomes revealed that 866 of 9,368

nucleus-encoded proteins that were sufficiently conserved to

allow valid comparisons showed closest similarity to proteins

of the cyanobacteria. A further 834 proteins generated

phylogenetic trees that contained cyanobacterial branches.

Extrapolating these data to include genes that could no longer

be readily recognized because of their higher rate of

divergence suggested that about 4,500 of the �25,000 of

A. thaliana nuclear genes (18%) were acquired from a cyano-

bacterial ancestor of the plastid. Only some of the nuclear

genes derived from cyanobacteria were clearly recognizable

as functional in chloroplast biogenesis—others had taken on

novel functions elsewhere in, or outside, the cell.(5) These

results not only explain the dependence of the chloroplast on

nuclear genes but also implicate endosymbiotic gene transfers

as a provider of DNA for successful nuclear experimentation

on a massive scale and they bring into stark focus the

unexpected conclusion that the endosymbiont has made large

contributions to the genetic complexity of eukaryotic nuclei.

The importance of the endosymbiotic contribution to the

evolution of nuclear genes is confirmed by ESTanalyses in the

glaucophyte Cyanophora paradoxa, which showed that 10.8%

of nuclear genes were of cyanobacterial origin, though rather

fewer of them had non-plastid functions.(13) Sato et al.(14) also

made estimates of endosymbiont-derived nuclear genes for

A. thaliana (4.7%) and a red alga, Cyanidioschyzon merolae

(12.7%) and assumed that all those revealed were plastid

directed. Whether a significant proportion of genes that origi-

nated in the ancestral cyanobacterium has been reorganized

to take on non-plastid roles remains to be fully clarified.

Ancient or modern transfer, or both?

Much functional plastid gene transfer must have occurred

soon after the first conglomerate cells were formed but,

remarkably, the process continues, particularly in angio-

sperms. Millen et al.(15) studied the genomic location of the

chloroplast translation initiation factor 1 gene (infA) and

evidence of recurrent mobility emerged. In these experiments,

cases where nuclear relocations were inferred were accom-

panied by various degrees of decay of the corresponding

chloroplast sequence, from minor (but incapacitating) muta-

tions to major sequence decay or comprehensive deletion.

Characterization of nuclear infA genes provided evidence of

the acquisition of de novo transit peptides rather than the

hijacking of pre-existing nuclear genes encoding proteins with

expedient cellular targets (Fig. 4). However, clear cases of

gene hijacking exist. For example, Cusack and Wolfe(16) show

how the plastid gene rpl32 invaded an intron in the nuclear

Figure 3. Contribution of nuclear and plastid genes to the

plastid proteome. The plastid genome in angiosperms contains

a low number of genes (�80) that contribute some polypeptides

to the multisubunit complexes that support photosynthesis and

translation. Several thousands of proteins required for chlor-

oplast biogenesis are not encoded in the ptDNA and are

provided via the nucleocytoplasmic genetic compartment.

Precursors of the required polypeptides are directed to the

chloroplast by N-terminal transit peptides that are removed on

import into the organelle.

Figure 4. Evolutionary changes required to acclimatize

plastid-derived DNA in the nucleus. A plastid gene in

a section of the prokaryotic-type plastome is usually nonfunc-

tional when it has simply been transposed to the nucleus as a

NUPT (a). It must somehow acquire a nuclear, eukaryotic-type

promoter and terminator, a polyadenylation signal and, if the

gene product is to find its way back to the organelle, it must

incorporate a sequence that encodes a transit peptide (b). Only

then will the plastid-like DNA be transcribed (c) and translated

(d) and its protein product become functional after importation

into the plastid (e).
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gene SODcp in an ancestor of mangrove and poplar trees to

give a chimeric SODcp-RPL32 gene. In mangrove, differ-

entially spliced transcripts encoding either the native SOD

precursor or a truncated version of plastid-bound SOD, which

also encodes the plastid RPL32, allow continued viability of the

species. Both proteins use the SOD transit peptide for protein

import into plastids. In poplar, a further evolutionary refinement

occurred following gene duplication and divergence of

SODcp-RPL32, which then allowed each of the two genes to

dedicate themselves to different products. The apparent high

frequency of functional gene transfer in angiosperms may

merely reflect that the group is a strong focus for genomic

analyses. An example outside angiosperms is found in a moss,

Physcomitrella patens, where the rpoA gene has relocated

to the nucleus compared with its chloroplast location in

Marchantia polymorpha.(17)

Another contribution of ptDNA to nuclear genes was

revealed when bioinformatic analyses discovered nuclear

exons in Arabidopsis and rice that are derived from insertions

of ptDNA.(18) Although nucleotide sequences were used to

expose their origins, the amino acid sequences encoded by

these novel nuclear exons show little resemblance to those of

the organellar counterparts from which they originated. For

example, the Arabidopsis gene (At2g28820) encodes a protein

with similarity to alanine aminotransferases. Its carboxytermi-

nal domain is clearly derived from 477 bp of the plastid gene

rpl16 to which it is 84% similar. The 73 nucleotide differences

that distinguish the domain have a larger effect on the encoded

amino acid sequence which is only 74% similar to the

corresponding plastid protein, providing for an entirely new

function.

These data suggest that gene mobility is far from rare in the

plant kingdom. The regularity with which some genes that are

amenable to nuclear relocation have completed the process

implies that many of those that remain in the organellar

genome are forced to do so by strong selection,(19) although

some recalcitrant ones can be transferred experimentally.(20)

The corollary of this conclusion is a paradox. Why did the

transposition of genes predisposed to nuclear transfer not

occur much earlier in evolution? It is as though novel

mechanisms of transfer have evolved that were at first absent

from the cell and the advent of their availability resulted in a

recent flush of independent relocations. Such evolutionary

developments could include a new system of protein import

into organelles, consistent with the variety of sequences that

lead to efficient targeting.

DNA per se or are RNA intermediates involved?

DNA molecules themselves could move between genetic

compartments, but some studies have reported evidence for

the involvement of RNA intermediates. The possibility of direct

DNA transfer is founded on evidence from experiments in

yeast(21,22) and on comparisons between organellar DNA and

nuclear DNA of the same plant species, which show that

intergenic spacers and other non-coding regions of organellar

DNA are found in nuclear-transferred copies as often as are

coding sequences.(23) When plant nuclear genome sequen-

ces reveal uninterrupted organelle-like DNA tracts that contain

the organellar introns, tRNAs and hundreds of kilobases of

organellar non-coding regions, DNA transfer seems most

likely to have been involved. The possibility of RNA inter-

mediates is based on observations of certain functional

mitochondrial protein-encoding genes that are present in the

mitochondrial DNA (mtDNA) in some species of angiosperms,

but are located in the nucleus in others.(24,25) Mitochondrial

protein-coding genes often have introns and their mRNAs are

post-transcriptionally modified by RNA editing, but the nuclear

copies seem to lack these organelle-specific marks suggest-

ing theyare derived from a fully processed mRNA.(26) 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, there are other interpretations of

the same data.(27) The predominance of C-to-T (and the

associated G-to-A) substitutions caused by the hypermut-

ability of 5-methylcytosine that is abundant in plant nuclear

DNAs,(28) might be misinterpreted as signs of mitochondrial

editing. This class of substitution is by far the most-common

mutation in long tracts of mtDNA or ptDNA in the nucleus

(dubbed NUMTs and NUPTs, respectively; see below), whose

formation must have been directly from organellar DNA.(28) On

a broader scale, evidence that implicates RNA intermediates

in nuclear transfers in eukaryotic groups other than flowering

plants is so far lacking,(22) as is evidence that implicates cDNA

in the transfer of plastid genes.(23)

Non-functional gene transfer: promiscuous

plastid DNA in the nucleus

During evolution, most ptDNA transfer events do not result in

functional nuclear genes because of the differences between

the nuclear and plastid genetic environments. The prerequisite

and first step in any scenario in which organellar genes

relocate to, and function in, the nucleus necessarily involves

migration and integration of nucleic acid molecules. After or

during nucleic acid transit, additional complex modifications

are required to overcome the ‘‘culture shock’’ for an expatriate

gene as it moves from a prokaryotic to a eukaryotic compart-

ment (Fig. 4). Experiments demonstrated fragments of extant

ptDNA integrated in the maize mitochondrial genome(29) and

into both mitochondrial and nuclear DNA of spinach.(30) In

tobacco, it was demonstrated that very long tracts of ptDNA,

some inferred to be as large in size as the entire plastid

genome (plastome), were abundant in the nucleus.(31)

More-recent genome sequencing confirmed that plastid-

like DNA sequences (NUPTs) are common in the nuclear

genomes of photosynthetic species and other species that

contain a relict plastid.(23,32,33) The diminutive nuclear genome
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of Arabidopsis contains relatively little plastome-like DNA, but

the rice nuclear genome, which is also small, contains many

NUPTs totaling>800 kb (Refs 34–36). Chromosome 10 of rice

alone contains 28 tracts of ptDNA greater than 80 bp in length

including two large insertions of �131 and 33 kb (Ref. 37).

These integrants showed greater than 95% sequence identity

to the bona fide organellar genomes and they are assumed

to reveal recent transposition events. Shotgun sequencing

projects are prone to underestimate organellar DNA insertions

because they may be discarded as contaminants during

assembly. The BAC-by-BAC approach that first characterized

the 33 kb ptDNA insert on rice chromosome 10 (Ref. 37) must

be used to determine efficiently the presence or absence of

organelle DNA in the nucleus. This is important as initially it

was thought that norgDNAs were not present in the honeybee

genome,(33) whereas recent analysis indicates that they are

present, and in high copy numbers.(38)

The data pertaining to NUPTs are currently sparse as the

plant genomes available for analysis were chosen specifically

for their small size. Evidence suggests that norgDNAs are

much more abundant in other species. For example, although

we now know that NUPTs are present in Arabidopsis, Ayliffe

et al.(39) were unable to detect any by the same Southern

blotting method that revealed a plethora of such sequences in

all other species tested. It is clear that the Nicotiana tabacum

nucleus has a very large representation of NUPTs and we

speculate that the species whose genomes are an order of

magnitude larger still, have correspondingly more NUPTs.

Genomic analysis suggests that, though they may be

initially integrated into the nucleus as long continuous tracts,

norgDNAs are far from static and evolve rapidly via multiple

substitutions, insertions, deletions and duplications.(28) Alter-

natively, they may have been fragmented and reassembled

during insertion or there may be mixtures of existing and

incoming DNA involving baroque interchromosome rear-

rangements that culminate in the formation of complex

mosaics containing both mitochondrial and plastid DNA from

many disjoined parts of the two original organelle genomes.(33)

The apparent paucity of more diverged copies is surprising

and may be due to a dynamic equilibrium between ingress and

egress (i.e. insertion of new copies versus decay of old copies;

Sheppard and Timmis, unpublished results), or to preserva-

tion of the sequence by continuous copy correction (gene

conversion) with ptDNA and mtDNA.(40) In the absence of such

mechanisms, the sequence of some promiscuous DNAs may

diverge to the extent that their origin cannot be recognized.

Reconstruction of gene transfer processes in

the laboratory

To be able to decipher the precise mechanisms of gene

transfer from the plastid to the nuclear genome, an exper-

imental system is needed that facilitates the observation of

gene transfer processes in real time. The phylogenetic

evidence discussed above suggested that natural transfer

events can be monitored only over large evolutionary time

scales. This made it clear that strong selective pressure would

be needed to identify gene transfer events in laboratory

experiments. The development of techniques to alter the

genetic information of the plastid and, most importantly, the

ability to integrate foreign genes into the plastid genome by

transformation(41,42) have made it possible to design such

experiments. A key experiment demonstrating the ongoing

transfer of genetic material from plastids into the nucleus is

illustrated in Fig. 5. By chloroplast transformation, two genes

for antibiotic resistances are introduced into the plastid

genome of tobacco (N. tabacum) plants: a spectinomycin-

resistance gene (aadA) with plastid expression signals (a

plastid promoter and 50 untranslated region (50 UTR) and a

plastid 30 UTR conferring mRNA stability) and a kanamycin-

resistance gene (nptII) fused to nuclear expression signals

(promoter and terminator from the 35S gene of the cauliflower

mosaic virus, CaMV; Fig. 5A). Transplastomic plants contain-

ing these marker genes in their plastid genomes are resistant

to spectinomycin, but not to kanamycin, because the nuclear

expression signals of the nptII gene do not function efficiently

in the organelle. Background expression can be further

suppressed by insertion of a nuclear spliceosomal-type intron

into the nptII gene which cannot be spliced out in the plastid

(Fig. 5A). However, if the kanamycin-resistance gene were to

jump into the nucleus, it is immediately capable of expression,

allowing cell division and plant growth in the presence of

kanamycin (Fig. 5B).

Using these transplastomic lines with a eukaryotic-type

kanamycin-resistance gene in the plastid genome, two

alternative strategies were pursued to select for DNA transfer

from the plastid to the nucleus. In one approach, seeds

produced by fertilization of wild-type plants with pollen from

transplastomic plants were sown on synthetic medium

containing kanamycin.(43) In an alternative approach, leaf

explants from the transplastomic plants were subjected to

kanamycin selection on a plant regeneration medium.(44) Both

screens resulted in kanamycin-resistant plants at unexpect-

edly high frequencies. The seedling selection produced 16

antibiotic-resistant lines in a sample of 250,000 seeds (equal-

ing one transfer event in 16,000 pollen grains). The leaf

selection yielded 12 antibiotic-resistant lines from 1,200 tissue

explants subjected to regeneration in the presence of

kanamycin. If the data from the leaf selection are roughly

converted into an estimate for the gene transfer frequency at

the cellular level, this frequency is lower (approximately one

transfer event per 5 million somatic cells) than in pollen grains.

It should not be formally excluded that this discrepancy can be

attributed to differences in the experimental design and/or the

in vitro selection procedures used. For example, the trans-

plastomic lines used in the pollen experiment have two copies

of the nptII per plastome, the lines used in the leaf experiment
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Figure 5. Experimental reconstruction of gene transfer from the plastid to the nuclear genome. A: Transgenic chloroplast genomes were

produced to facilitate selection for gene transfer events in two independent studies.(43,44) Genes above the line are transcribed from the left

to the right; genes below the line are transcribed in the opposite direction. Introns are shown as open boxes. For selection of chloroplast

transformants, both studies employed the spectinomycin-resistance gene aadA tethered to plastid-specific (i.e. prokaryotic-type)

expression signals: a promoter taken from the plastid ribosomal RNA operon (Prrn) or the psbA gene (PpsbA) followed by a Shine-Dalgarno

sequence mediating translation initiation, and the 30 untranslated region from the psbA gene (TpsbA) which folds into a stable stemloop-type

RNA secondary structure conferring transcript stability. In contrast, the kanamycin-resistance gene nptII was provided with nuclear (i.e.

eukaryotic-type) expression signals: the strong promoter and terminator from the 35S transcript of the cauliflower mosaic virus (CaMV). In

one of the studies,(43) a nuclear spliceosomal intron was additionally incorporated into the nptII cassette to reduce background expression of

the nuclear-type nptII gene in the chloroplast. The two chloroplast transformation constructs also differed in the targeting region of the

plastid genome: the antibiotic-resistance genes were either incorporated into the intergenic spacer between the trnV gene and the rps12-

rps7 operon in the inverted repeat region of the tobacco plastid genome(43) or were targeted to the spacer between two tRNA genes (trnfM

and trnG) in the large single copy region.(44) B: Selection for gene transfer events from the plastid genome to the nucleus. Integration of

the two selectable marker gene cassettes into the plastid genome produces cells that are resistant to spectinomycin (because the aadA

gene is driven by plastid-specific expression signals), but sensitive to kanamycin (because the nuclear expression signals of the nptII

gene are not efficiently recognized by the prokaryotic gene expression machinery of the plastid). Acquisition of kanamycin resistance

requires movement of the nptII gene from the plastid to the nuclear genome. Thus, subjecting seedlings(43) or leaf tissue explants(44) to

selection on kanamycin-containing medium allows identification of gene transfer events. Note that in Ref. 44, after gene transfer in

somatic cells, the plastids of the cell still harbor both resistance genes. This is because the genes integrated into the nucleus are likely to

come from a single disintegrated plastid leaving all other plastids and plastid genome copies in the cell unchanged. Due to the maternal

mode of plastid inheritance, the transgenic chloroplasts can be eliminated by crosses to wild-type plants in which the transplastomic

plants serve as pollen donor (see Fig. 6). When seedlings were screened,(43) all but one instance of kanamycin resistance was selected

after the elimination of the transplastome by backcrossing to female wild-type plants.
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only one (Fig. 5A). However, a higher gene transfer frequency

in pollen would be compatible with the idea that plastid

degradation triggers ptDNA transfer to the nucleus.(32) In

tobacco and most other angiosperms, plastids are maternally

inherited and largely excluded from pollen transmission.(45)

One of the cytological mechanisms implicated in the elimi-

nation of plastids from sperm cells during pollen grain

maturation is plastid disintegration (for review see Ref. 46).

Decaying plastids could release huge amounts of ptDNA

(Fig. 2) into the cytosol, thus providing ample material for

incorporation into the nuclear genome at high frequency. If this

is so, it is tempting to speculate that natural selection may have

favored uniparental inheritance simply because it increases

organellar DNA transfer to the nucleus in addition to, or rather

than, the other explanations that have been offered for its

existence.(47,48)

It also should be noted that the data obtained from the

selection experiments give rather conservative estimates of

the gene transfer frequencies: all those transfer events that did

not include the entire selectable kanamycin marker gene went

undetected in the screens. Also, integrations into unfavorable

genomic locations, such as transcriptionally incompetent

heterochromatic regions, may not have allowed for sufficiently

strong expression of the nptII to give rise to kanamycin-

resistant lines. Thus it seems entirely possible that the real

frequencies are even higher than the ones measured in the

laboratory experiments.

The mapping of the transferred ptDNA pieces and the

analysis of integration sites in the nuclear genome(49) revealed

several interesting insights into the mechanisms of gene

transfer. First, large pieces of ptDNA (between 6 and more than

22 kb) were found to be transferred largely excluding involve-

ment of RNA/cDNA intermediates and lending support to the

idea that direct DNA-mediated transfer represents the

prevailing mechanism of nucleic acid transfer from the plastid

to the nucleus. Second, some NUPT loci displayed a complex

structure and were composed of multiple transferred ptDNA

fragments. This may indicate that more than one copy of the

plastome is released at the onset of a transfer event, which

makes organelle destruction a prime candidate process

initiating gene transfer. Finally, microhomologies of 2 to 5 bp

were found at the integration sites, possibly suggesting that

NUPT integration proceeds via microhomology-mediated

illegitimate recombination.(49)

It is insightful to note that attempts to reproduce the tobacco

gene somatic cell transfer experiments in the haploid uni-

cellular green alga Chlamydomonas reinhardtii have failed.(50)

This seems surprising at first sight, but there may be a simple

explanation: unlike angiosperms (Fig. 2), Chlamydomonas

has only a single large chloroplast. As discussed above, it is

reasonable to assume that the release of DNA from the

chloroplast does not occur via an active export process,

but rather requires chloroplast decay, as it could occur, for

example, after irreversible photooxidative damage. If the cell

has only a single chloroplast, its lysis would be a lethal event,

explaining why gene transfer from the plastid to the nucleus is

not observed in Chlamydomonas. Nevertheless, many short

NUPTs certainly occur in Chlamydomonas,(51) suggesting that

a search for transfer during sexual reproduction, and the asso-

ciated destruction of the mt� plastid DNA,(52) may be fruitful.

The surprisingly high frequency of DNA escape from

plastids to the nucleus has profound implications, not only

for the experimental reconstruction of eukaryotic genome

evolution, but also for understanding nuclear genome stability

and dynamics. For example, the rate of DNA transfer

measured in tobacco exceeds by far the number of cells in a

single leaf, leading to the somewhat shocking conclusion that

the cells within a single leaf of a plant are genetically

heterogeneous and differ in their patterns of NUPT (and

presumably also NUMT) integrants. Thus, plastid-to-nuclear

gene transfer must be considered as a major source of

intraspecific and even intraorganismic genetic variation.(39) In

addition, the high frequency of gene transfer should regularly

result in the disruption of nuclear genes (or their cis-regulatory

elements) or in the generation of chimeric genes by in-frame

fusion of a nuclear gene with an incoming plastid gene. To what

extent such integration events cause phenotypically signifi-

cant somatic mutations and/or new functional gene variants is

yet to be learnt but, in the extreme, DNA transfer from

organelles to the nucleus could turn out to be more important

to genome evolution and represent a much more significant

source of genetic variation than, for example, transposons or

retrotransposons.

Functional activation of transferred plastid

transgenes in the nucleus

As a consequence of the plastid’s prokaryotic origin, tran-

scription of plastid genes as well as RNA processing and

translation are controlled by prokaryotic-type regulatory

sequence elements, which do not function in the eukaryotic

environment of the nucleus. In addition to eukaryotic-type

promoter elements, nuclear genes contain specific sequences

that direct faithful mRNA 30 end cleavage and polyadenylation,

which are essential processing steps for transcript stabilityand

translation. Therefore, any piece of plastid DNA arriving in the

nucleus is unlikely to be expressed (Fig. 4). Consistent with this

expectation, the chloroplast selectable marker gene aadA,

although co-transferred with the kanamycin-resistance gene

nptII, was found to be inactive in the gene transfer lines selected

as described above (Figs. 5 and 6). Consequently, the selected

gene transfer lines were sensitive to spectinomycin (and the

structurally related aminoglycoside antibiotic streptomycin). The

structure of the nuclear locus resembles the landing of a

transferred plastid gene, the aadA, downstream of a functional

nuclear gene, the nptII (Fig. 5A upper panel; Fig. 6). To test

whether or not transferred silent plastid genes can give rise to
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functional nuclear genes, a second genetic screen was

designed to select for activation of the transferred aadA gene

in the nuclear genome. To this end, three gene transfer lines

were selected in which the entire nptII and aadA gene

cassettes were successfully transferred to the nucleus. In

order to facilitate selection for aadA functionalization in the

nucleus, the transgenic plastids were crossed out and

replaced by wild-type plastids (Fig. 6). These plant lines were

then subjected to a second large-scale screen byexposing leaf

explants to plant regeneration medium containing spectino-

mycin.(53) Spectinomycin and streptomycin-resistant lines with

a functionally activated aadA gene in the nucleus could indeed

be obtained, demonstrating that DNA-mediated gene transfer

can give rise to functional nuclear genes when followed by

suitable mutations or rearrangements in the nuclear genome.

Selection from over 5,500 leaf explants resulted in the isolation

of eight lines that showed transcriptional activation of the

transferred aadA gene in the nucleus,(53) a frequency that is

not much lower than the frequency of plastid-to-nuclear DNA

transfer measured in the leaf explant system.(44)

Characterizing the molecular changes that had occurred in

these lines revealed that the acquisition of gene function was

always associated with the capture of the promoter of an

upstream nuclear gene. In all lines, rearrangements had

placed the aadA gene under the control of the nptII promoter.

This was accomplished by deletions occurring either in short

directly repeated sequences (presumably via microhomology-

mediated illegitimate recombination) or, alternatively, after the

rejoining of adjacent DNA double-strand breaks. As a result of

these deletions, nptII gene function was knocked out such that

acquisition of spectinomycin resistance was always accom-

panied by loss of kanamycin resistance(53) (Fig. 6). Interest-

ingly, when the downstream regions of the activated aadA

were analyzed to determine if and how the genes might have

acquired mRNA 30 end cleavage and polyadenylation signals,

no evidence of rearrangements was found in any of the eight

lines obtained in the screen. Instead, mapping of the cleavage

and polyadenylation site in the aadA transcripts indicated that

the signals needed for mRNA 30 end formation had been

provided by the plastid 30 UTR downstream of the aadA coding

region (i.e. the 30 UTR from the plastid psbA gene; Fig. 5A,

upper panel). Inspection of the sequence in the psbA 30 UTR

that wasutilized as cleavage and polyadenylation site revealed

that it matched the loose consensus sequence for mRNA 30

end formation in plants, which is highly AU rich. ATrichness is

commonly found in plastid genomes, particularly in UTRs and

intergenic regions. This raises the intriguing possibility that the

lack of the need to acquire specific sequences for faithful

mRNA 30 end formation could be responsible for the high

success rate of gene transfer during evolution by limiting the

requirements for gene functionalization in the nucleus to

promoter capture.(53)

Obviously, the frequency of functional gene transfer would

be lower if, additionally, it required acquisition of a transit

peptide sequence for re-routing of the protein product into

the plastid (Fig. 4). However, somewhat counter intuitively,

Figure 6. Experimental reconstruction of the activation of transferred plastid genes in the nuclear genome.(53) Removal of the transgenic

plastids from kanamycin-resistant plant lines obtained in the genetic screen for gene transfer to the nucleus (Fig. 5) yields progeny plants

with wild-type chloroplasts and two antibiotic-resistance genes in the nucleus: a functional kanamycin-resistance gene nptII and a silent

spectinomycin-resistance gene aadA, whose prokaryotic-type plastid expression signals are not recognized by the eukaryotic gene

expression machinery of the nucleocytosolic compartment. Selection for appearance of spectinomycin resistance thus screens for

activation of the transferred plastid-type aadA gene in the nucleus. The results from such a screen suggest that aadA activation in the

nucleus occurs by capture of the promoter of an upstream nuclear gene via an appropriate genomic deletion (in the region upstream of the

aadA coding region; Ref. 53). This deletion results in loss of the kanamycin-resistance gene nptII and thus produces cells that are now resistant

to spectinomycin, but no longer resistant to kanamycin. Surprisingly, no rearrangement at the 30 end is required to make the aadA functional in

the nucleus. Instead, plastid sequences in the 30 UTR of the aadA (TpsbA; see Fig. 1A) can serve as efficient cleavage/polyadenylation signals in

the nucleus.(53)
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re-import has not been the rule in evolution and the proteins

encoded by many genes that were transferred from the cyano-

bacterial endosymbiont to the A. thaliana nucleus are now

targeted to cellular compartments other than the plastid.(12)

In summary, the design of efficient screens for gene

transfer from the plastid genome to the nucleus has made it

possible to reproduce events in the laboratory that normally

were expected to occur only over large evolutionary time

scales. The successful experimental reconstruction of DNA

transfer and gene functionalization in the nucleus, together

with analyses of the molecular mechanisms involved in these

processes, have provided important insights into how plastid

gene functions can be taken over by the nucleus, and how

organellar DNA may take on other diverse genetic roles within

the cell. Clearly, these insights go far beyond what has been

inferred from comparative genomics and phylogenetic analy-

ses and thus highlight the great potential of experimental

evolution.

Why have genes been retained in the plastid?

Given the high frequency of gene transfer and the successful

translocation of more than 95% of the genes of the

cyanobacterial endosymbiont into the nucleus, an intriguing

question is why plastids have retained a remnant genome at

all. In view of the existence of mitochondria without a genome

(e.g. manyof the so-called hydrogenosomes; Refs54–56) and

the absence of a genome from many other membrane-bound

cell organelles (e.g. peroxisomes, lysosomes, glyoxisomes),

there seems to be no obvious reason why plastids would need

a genome. In fact, since plastids are asexual genetic systems

and excluded from sexual recombination, the location of genes

in the plastid should even pose a serious disadvantage. This is

because asexual reproduction is thought to result in the

accumulation of mutations over time, a hypothesis known as

Muller’s ratchet.(57) Since the vast majority of mutations are

deleterious, anyasexual genetic system is expected to suffer a

continuous decline in fitness. However, in spite of their asexual

reproduction, plastid genomes have even lower mutation rates

than nuclear genomes.(58) A recent study has provided

experimental evidence that may resolve this conundrum: the

plastid’s high polyhaploidy, together with the presence of gene

conversion as an efficient mutation-correcting mechanism,

counteracts the detrimental effects of Muller’s ratchet and

keeps mutation rates in plastid genomes tolerably low.(59) This

suggests a molecular link between asexual reproduction, high

genome copy numbers and low mutation rates and thus could

also explain why there may be no strong selective pressure

driving genes out of present-day plastids into the nucleus.

Interestingly, the set of genes that has been retained in

the chloroplast genome appears not to be the result of chance.

For example, a conspicuous pattern seen in the encoding

of membrane protein complexes is that the core subunits (e.g.

the reaction center proteins of the two photosystems) are

encoded by the plastid genome whereas most peripheral

subunits are encoded by the nuclear genome. Many different

hypotheses have been entertained to explain why a specific

set of genes has been retained in the plastome.(60) One of

them posits that nuclear encoding of the core subunits of

membrane protein complexes potentially could be deleterious

because the complexes could, at least partially, assemble in

non-target membranes, such as the plasma membrane, the

endoplasmic reticulum or the vacuolar membrane. Another

hypothesis proposes that these proteins are difficult to import

into the plastid due to their high hydrophobicityand/or unwieldy

three-dimensional structure. Yet another hypothesis, termed

‘co-location of gene and gene product for redox regulation of

gene expression’ (CORR) postulates a selective advantage

conferred by redox-regulated expression of reaction center

proteins directly in the plastid. Such a feedback regulation by

redox signals would allow the individual chloroplast to control

autonomously the accumulation of those protein complexes

that are the key to environmental adaptation. It is conceivable

that, even within a single cell, different chloroplasts have

different needs for the protein complexes of the photosynthetic

electron transport chain (photosystem II, cytochrome b6f

complex, photosystem I, ATP synthase). Plastid encoding of

core subunits whose availability limits complex assembly

could provide a direct way to regulate these genes by redox

signals from the electron transport chain and thus to adjust

complex stoichiometries at the level of the individual plastid.(60)

It is probably fair to say that none of these hypotheses is

supported by more than circumstantial evidence. Also, it

should be noted that they are not necessarily mutually

exclusive. It seems entirely possible that a combination of

chance and the selective advantages or disadvantages of

plastid versus nuclear location would account for the

composition of the set of genes found in present-day plastids.

Another intriguing question asks whether the current

status, in the most-gene-attenuated functional plastomes,

reflects a more or less final stage of the evolutionary

optimization of endosymbiosis in that all those genes that

are better off in the chloroplast are still there while all others

have been transferred to the nucleus. Obviously, this question

is difficult to answer, but the possibility to relocate genes

between the plastid and the nuclear genomes by genetic

transformation techniques(20) should allow the design of

suitable experiments to test whether or not we are now

witnessing an evolutionary static state of affairs.

Conclusions and outlook

Genomics, bioinformatics and experimental data have pro-

vided compelling evidence for gene transfer from the plastid

to the nuclear genome. In evolution, the translocation of

thousands of genes from the cyanobacterial endosymbiont to

the nucleus has shaped decisively the plant nuclear genome.

Moreover, DNA transfer from the plastid to the nucleus is an
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ongoing process that keeps providing new raw material for

genome evolution and represents a constant source of

intraspecific genetic variation. The rapid progression of

whole-genome sequencing is expected to provide new in-

sights into the evolutionary dynamics of plastid-to-nucleus

gene transfer. It will be particularly interesting to search the

genomes for evolutionary intermediates of functional gene

transfer processes, including pseudogenes in plastid ge-

nomes and plastid genes in the nucleus that show signs of

incipient functional activation.(18)

The experimental demonstration that the transfer of large

pieces of plastid DNA into the nucleus occurs at high

frequency raises a number of intriguing prospects. First, it will

be interesting to see to what extent these transfer events

contribute to the production of new functional genes in the

nucleus. Second, the steady inflow of genetic material from

plastids (and mitochondria) into the nuclear genome raises the

question of how the nuclear genome deals with these large

amounts of incoming DNA. It seems plausible to assume that

mechanisms must be in place to eliminate efficiently most of

the transferred DNA, which otherwise would cause rampant

enlargement of the nuclear genome and severely compromise

genome stability. One possible mechanism could be recombi-

nation at small direct repeats. Microhomologies at insertion

sites of plastid sequences in the nuclear genome(49) and at the

breakpoints of deletions resulting in the functional activation of

transferred plastid genes,(53) suggest that microhomology-

mediated illegitimate recombination represents a major

mechanism underlying genome rearrangements in the

nucleus. Thus it is possible that most gene transfer events

are reversed by the very same microhomology-mediated

recombination event that caused the integration of the plastid

DNA into the nuclear genome. Whether or not plastid DNA

sequences are particularly good substrates for this recombi-

nation type is unknown, but high AT content and lack of

cytosine methylation in plastid DNA could help the genome

surveillance machinery in the nucleus to identify promiscuous

plastid sequences reliably and to eliminate most of them

successfully. Finally, it will be interesting to test whether or not

the frequency of gene transfer and the frequency of functional

activation of transferred plastid genes in the nucleus are

dependent on environmental conditions, such as exposure to

biotic and abiotic stresses. Recent work has demonstrated

that, in yeast, microhomology-mediated illegitimate recombi-

nation is stimulated by ionizing radiation and other DNA-

damaging treatments.(61) Thus, it is conceivable that certain

stresses, such as UV light stress or pathogen infection, could

not only trigger the release of plastid DNA into the nucleocy-

tosolic compartment by causing plastid damage and decay,

but could also stimulate the integration of the released DNA

into the nuclear genome.

Last but not least, we believe that the experimental

reconstruction of key evolutionary processes, such as gene

transfer from endosymbiotic organelles to the genome of their

host cell, has important educational and societal implications.

The past few years have witnessed a bizarre increase in

attempts to discredit evolutionary theory and deny the existence

of compelling scientific evidence for the evolution of life on earth.

It is hoped that, with the growing number of evolutionary

processes that can be reproduced in the laboratory, these

dogmatic and ideological arguments will lose more and more

ground such that public understanding and acceptance of

evolutionary theory will concomitantly increase.
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