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         I. Introduction 

 The nucleus, with its translational machin-
ery in the cytoplasm, and the mitochondrion 
comprise two separate genetic compart-
ments of eukaryotic cells. In plants, algae 
and some protist lineages, the plastid is a 
third genetic compartment. The mitochon-
dria and plastids (herein referred to as “cyto-
plasmic organelles” or simply “organelles”) 
have an endosymbiotic origin and are 
the extant descendants of once free-living 
 a -proteobacteria and cyanobacteria, respec-
tively. Following their incorporation into the 
ancestor of the eukaryote cell, the ancestors 

of these two cytoplasmic organelles under-
went large-scale genome reduction so that 
their current genomes contain only 1–5% of 
the gene complement found in any candidate 
modern free-living prokaryotic relative. This 
genome reduction was enabled both by intra-
cellular redundancy after cohabitation and by 
functional relocation of genes to the nucleus. 
In plants, recent functional relocation of 
organellar genes has been documented and 
transfer of non-functional DNA to the nucleus 
is still happening at very high frequency. As 
a result of the latter process, tracts of DNA 
that are essentially identical to regions of 
the extant plastid and mitochondrial genomes 
are found within all photosynthetic (or once 
photosynthetic) eukaryote nuclear genomes.  

   II. Organelle Genome Reduction 

   A. Evolutionary Gene Transfer to the Nucleus 

 Consistent with their endosymbiotic origin, 
 chloroplasts and mitochondria retain essen-
tially prokaryote-like genomes. They are 
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separate genetic compartments in that they 
enclose separate transcriptional and trans-
lational machineries necessary for intraor-
ganellar gene expression. Their respective 
genomes are much reduced in size when 
compared with those of the extant relatives of 
their free-living ancestors, retaining few of the 
ancestral protein coding genes. Mitochondrial 
genomes are the most reduced in size – 
containing only 3–67 protein-coding genes 
(Timmis et al .   2004  ) , while chloroplast 
genomes generally encode several more pro-
teins – around 80 in land plants and over 200 
in some algae (Timmis et al .   2004  ) . 

 The reduction in genome size has been, in 
part, due to loss of genes made redundant when 
the endosymbiont became resident within the 
eukaryote cell. However, much of the disap-
pearance of genes from the endosymbiont’s 
genome is due to the functional relocation of 
cytoplasmic organelle genes to the nuclear 
genome. In many cases, proteins encoded by 
these relocated genes retain their original role 
in organellar biogenesis. These, now nuclear-
encoded, genes that control organelle biogene-
sis and function are transcribed in the nucleus, 
their mRNAs are translated on cytoplasmic 
ribosomes and the proteins are then imported 
into the appropriate organelle. 

 The acquisition of nuclear-encoded pro-
teins from the cytoplasm required the devel-
opment of sophisticated protein import 
machineries, most notably the TOM/TIM 
and TOC/TIC protein import pathways of the 
mitochondrion and chloroplast, respectively 
(Neupert  1997 ; Soll and Schleiff  2004  ) . 
Other protein import pathways also exist, 
such as via the secretory pathway (Villarejo 
et al .   2005  ) , but these are little understood 
(Millar et al .   2006 ; Li and Chiu  2010  ) . The 
establishment of protein import mechanisms 
may have been the limiting step in the transi-
tion from an endosymbiont to an organelle 
(Cavalier-Smith and Lee  1985  ) . Once pro-
tein import was  established, proteins had a 
route back to the organelle, thereby enabling 
the transfer of organelle genes to the nucleus, 
cementing the genetic interdependence of 
the organelle and host cell. Not all genes that 
have relocated to the nucleus encode proteins 

predicted to be re-imported into the organ-
elles (Martin et al .   2002  ) , suggesting translo-
cation of pathways to other compartments, 
protein/enzyme shuffl ing between pathways 
or the acquisition of novel non-organelle 
related function. Therefore, the relocation of 
genes from the cytoplasmic organelles to the 
nucleus has been a major contributor to the 
complexity of nuclear genomes and has 
given rise to many genes of novel function. 
Shorter stretches of organelle DNA, rather 
than whole genes, have also contributed to 
the complexity of nuclear genomes and these 
are observable as exonic sequences in nuclear 
contexts that otherwise appear unrelated to 
mitochondrial or plastid DNA (Noutsos et al .  
 2007  )  and as putative modifi ers of gene 
expression (Knoop and Brennicke  1991  ) . 

 With the current availability of the nucle-
otide sequence of well over 2,400 mitochon-
drial genomes and over 200 plastid genomes 
(NCBI  2011  ) , it is clear that there is consid-
erable diversity in the size of organelle 
genomes and the number of proteins that 
they encode. Animal mitochondrial genomes 
are relatively conserved at around 16 kb in 
length but much more diversity is seen in 
plants whose mitochondrial genomes range 
from 13 kb in  Polytomella capuana  [chloro-
phyta] (Smith and Lee  2008  )  to 983 kb in the 
seed plant species  Cucurbita pepo  (Alverson 
et al .   2010  ) . The largest chloroplast genome 
currently known is that of  Floydiella ter-
restris , a chlorophycean alga whose plastome 
has a length of 521 kb (Brouard et al .   2010  ) . 
Whilst this is the largest sequenced to date, it 
encodes only 69 conserved proteins, whereas 
some red algae have smaller genomes 
that encode over 200 proteins (Reith and 
Munholland  1995  ) . 

 The most reduced organelle genomes are 
found in organisms that have lost the major 
organelle biosynthetic pathways of oxidative 
phosphorylation (in the case of mitochondria) 
and photosynthesis (in the case of plastids). 
Hydrogeno somes –  organelles that produce 
molecular hydrogen and ATP in anaerobic 
organisms – are highly reduced mitochondria 
found in diverse eukaryotes (Boxma et al .  
 2005  ) . In most cases they appear to have lost 
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their entire genome (van der Giezen et al .  
 1997 ; Clemens and Johnson  2000  ) . Similarly, 
the smallest plastid genomes are found in 
lineages that have lost the ability to photosyn-
thesise. The chloroplast genome of the parasitic 
underground orchid,  Rhizanthella gardneri  is 
59 kb in size and codes for only 20  proteins 
(Delannoy et al .   2011  ) . The non- photosynthetic 
apicoplasts – vestigial plastids of Apicom-
plexan parasites – have even smaller genomes 
which, in the malaria parasite  Plasmodium 
falciparum , is around 34 kb in size (Wilson 
et al .   1996  ) . Though it has lost its photo-
synthetic capacity the apicoplast and its 
genome appear to be indispensable, offering 
an interesting target for antimalarial therapy 
(Lim et al .   2010  ) . 

 The evolutionary mechanisms and selec-
tion pressures that have driven organelle 
genome relocation to the nucleus are poorly 
understood but the presence of nuclear DNA 
sequences, within nearly all eukaryotic 
genomes, that are very similar to extant cyto-
plasmic organellar DNA, is clearly signifi -
cant. These insertions of organelle DNA, 
which are the major focus of this chapter, are 
referred to as  numts  ( nu clear integrants of 
 m i t ochondrial DNA) and  nupts  ( nu clear 
integrants of  p las t id DNA) or collectively as 
 norgs  ( n uclear integrants of  org anellar 
DNA). Hazkani-Covo et al .   (  2010  )  recently 
instituted defi nitive pronunciation for these 
mtDNA and ptDNA integrants as “new-mights” 
and “new-peats”, respectively.  

   B. Recent Gene Transfer Events 

 The number of genes found in plastid 
and mitochondrial genomes varies between 
species, but in all cases there are relatively 
few compared with the genomes of free-
living prokaryotes. Therefore, it is thought 
that the majority of endosymbiotic gene 
transfer occurred early in the evolutionary 
history of the organelles (Timmis et al .   2004  ) . 
In some lineages, including all animals where 
the set of mitochondrial genes is almost 
invariant, functional gene transfer appears to 
have ceased completely. In the few cases 
where genes are missing this is probably due 

to complete loss rather than transfer to the 
nucleus (Gissi et al .   2008  ) . In plants, how-
ever, there is evidence of a fl urry of recent 
functional gene transfer. Adams et al .   (  2000  )  
reported 26 independent relocation events of 
 rps10  from the mitochondrial genomes to 
the nucleus amongst 277 angiosperms exam-
ined. Molecular characterisation of a number 
of the nuclear  rps10  genes indicated that 
each loss from the mitochondrial genome 
was likely to represent an independent 
transfer to the nucleus. A comparable study 
(Millen et al .   2001  )  looked at the loss of  infA  
(encoding translation initiation factor I) from 
the chloroplast genome and discovered 24 
cases of functional relocation among over 
300 angiosperms. Again, molecular charac-
terisation of nuclear  infA  genes suggested 
that each loss from the chloroplast genome 
was due to an independent transfer to the 
nucleus. Other elegant analyses have unco-
vered the complexity with which functional 
gene relocation has been achieved (Cusack 
and Wolfe  2007  ) . A number of other genes, 
mainly encoding ribosomal proteins, have 
been lost from mitochondrial or chloroplast 
genomes and transferred to the nucleus in 
angiosperms (Rousseau-Gueutin et al .   2011  ) , 
leading to considerable diversity in plant 
cytoplasmic organelle gene content. 

 In a few instances, mitochondrial genes 
have been replaced by nuclear genes of 
chloroplast origin. This is the case for  rps13  
in rosids (Adams et al .   2002  )  and for  rpl10  
in Brassicaceae and monocots (Kubo and 
Arimura  2010  ) . In both cases, a nuclear 
gene of chloroplast origin was duplicated 
and one of the copies diverged so that its 
product is imported into mitochondria. 
Similarly, replacement of a chloroplast gene 
by a nuclear gene of mitochondrial origin 
has been observed. The two examples 
known so far are  rpl21  in  Arabidopsis thali-
ana  (Gallois et al .   2001  )  and  rps16  in 
 Medicago truncatula  and  Populus alba  
(Ueda et al .   2008  ) . The RPS16 protein is 
encoded by a single nuclear gene which is 
targeted to both the mitochondria and the 
chloroplasts. Dual targeting of ribosomal 
protein S16 has also been observed in 
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 species which still retain  rps16  within the 
chloroplast genome. These cases may rep-
resent an intermediate step in replacing the 
function of an organelle gene with that of a 
nuclear gene (Ueda et al .   2008  ) . 

 The reasons that functional gene transfer 
has apparently been reawakened in the angio-
sperms are far from clear. Given the length 
of time available for gene relocation prior to 
the invention of the seed plants, it is astoni-
shing that  infA , for example, was not trans-
ferred earlier, given the ease with which the 
event has occurred since the advent of this 
particular taxonomic group. It may be that 
the selection pressures on  infA  in other taxa 
were unamenable to nuclear location and this 
situation was reversed in angiosperms. 
Perhaps a change in the constraints imposed 
by various developmental pathways reopened 
means of gene relocation that were available 
early in evolution but were lost in the interim. 
The development of the gametophyte in 
angiosperms is one possible place to look for 
such modifi cations. There may also be other 
forces that contribute to the reawakening of 
functional gene transfer in angiosperms. For 
example, novel mechanisms are required to 
explain the hypermutation observed in  ycf4  
in  Lathyrus sativus  (Magee et al .   2010  ) . The 
observed hypermutation also spreads into 
the adjacent genes  accD  and  psaI  and 
their intergenic region and is of great interest 
because the plastid genes that show hypermu-
tation have a recent history of relocation to the 
nucleus (Magee et al .   2010  ) . It is as though 
sequence decay of the plastid genes has 
enhanced gene relocation to the nucleus. 

 Of course any essential gene must be 
functionally duplicated before either one or 
the other copy can be lost. Thus, a functional 
nuclear copy of  ycf4  is expected in  L. sativus , 
but extensive efforts were unable to identify 
it (Magee et al .   2010  ) . A mechanism that 
could cause hypermutation in specifi c chlo-
roplast genes has not yet been suggested.  

   C. Why Relocate? 

 What are the possible advantages of organ-
elle genes being located in the nucleus? The 

highly energetic compartments where photo-
synthesis and oxidative phosphorylation are 
carried out are clearly not the ideal environ-
ments in which to maintain genetic integrity. 
Proposed explanations include the high rate 
of oxidative stress-induced mutation within 
organelles (Allen and Raven  1996  ) , genome 
streamlining (Selosse et al .   2001  ) , more 
frequent fi xation of benefi cial mutations 
(Blanchard and Lynch  2000  ) , avoidance of 
Müller’s ratchet (the accumulation of mutation 
in asexually reproducing organelles) through 
the benefi ts of sexual recombination for 
elimination of deleterious mutation in nuclear 
genes (Lynch  1996 ; Martin and Herrmann 
 1998  )  and the advantages of allelic variation 
and meiotic recombination. These suggestions, 
however, seem not to apply to plant organelles 
which have a much lower rate of accumula-
tion of mutations (Wolfe et al .   1987  ) , have 
larger organelle genomes with more non-
coding DNA (Timmis et al .   2004  ) , and 
where more gene loss is observed in taxa that 
reproduce asexually or by self-fertilisation 
(Brandvain et al .   2007  ) . 

 It is likely that a key factor is the unidirec-
tional nature of transfer of genes to the 
nucleus. This is promoted by the high 
frequency translocation of gene rich organelle 
DNA into the nucleus and the relatively rare, 
or entirely absent, transfer of DNA encoding 
complete genes from the nucleus to the organ-
elles. If transfer leads to two functional copies, 
one copy may then be lost. If the nuclear copy 
is lost the chloroplast gene is able to transfer 
again at a later stage, but if the organelle copy 
is lost then the nucleus becomes the perma-
nent location of the gene establishing a ‘gene-
transfer ratchet’ (Doolittle  1998  ) . As long as 
there remains a  polarity in the direction of 
DNA transfer, then relocation to the nucleus 
would be an inevitable consequence, even in 
the absence of a selective advantage (Berg 
and Kurland  2000  ) . 

 From this background of selectively neu-
tral gene transfer, the various mutational and/
or selective pressures described above may 
contribute to the likelihood of gene transfer 
by altering the respective likelihoods of 
organelle or nuclear gene inactivation. These 
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pressures may have been considerably differ-
ent early in evolution when the majority of 
transfer is likely to have occurred. The low 
rate of mutation in extant plant organelle 
genomes (Wolfe et al .   1987  ) , presumably 
due to the establishment of plant-specifi c 
DNA repair and/or recombination pathways 
(Marechal and Brisson  2010  ) , together with 
effi cient gene  conversion mediated by poly-
haploidy (Khakhlova and Bock  2006  ) , may 
well have led to a slowing in the rate of gene 
transfer. This could explain the differences in 
genome size and gene content between plant 
and animal mitochondrial genomes. If this is 
the case, it would suggest that the accumula-
tion of mutations rather than the energetic 
and replicative advantage of a small organelle 
genome drive gene transfer to the nucleus.  

   D. Why Retain an Organellar Genome? 

 Thousands of genes have relocated from the 
plastids and mitochondria to the nucleus, so 
why do any remain given the energy outlay 
in maintaining all of the transcriptional and 
translational machinery required for the 
retention of alternative genetic systems. The 
hydrophobicity hypothesis suggests that 
highly hydrophobic proteins are hard to 
export from the cytosol to the organelles and 
that this precludes relocation of these genes 
to the nucleus (Vonheijne  1986 ; Daley and 
Whelan  2005  ) . Counter to this, however, the 
chloroplast-encoded hydrophobic protein D1 
can be imported from the cytosol to the chlo-
roplast when experimentally equipped with a 
transit peptide and expressed from a nuclear 
gene (Cheung et al .   1988  ) . In addition, sev-
eral other hydrophobic organellar proteins 
(such as the ADP-ATP carriers) are known to 
be nuclear encoded (Allen  2003  ) . The  Co -
location for  R edox  R egulation or CoRR 
hypothesis (Allen  2003  )  maintains that there 
is a key set of genes whose expression must 
be directly controlled by the redox state of 
their gene product or interacting electron 
carriers. This requires separate (organellar 
rather than nuclear) gene expression, as 
redox state is likely to vary between the many 
organelles within a single cell. Recently a 

sensor kinase has been identifi ed that links 
the redox state of an electron carrier con-
necting the two photosystems, with chloro-
plast gene expression (Puthiyaveetil et al .  
 2008  ) . Neither of these hypotheses, however, 
appear to explain the retention of genomes in 
non-photosynthetic plastids such as those 
found in parasitic plants or the apicoplasts of 
the Apicomplexa and several other hypotheses 
have been proposed to explain the situation 
in these cases (Barbrook et al .   2006  ) . The 
‘essential tRNA’ hypothesis was proposed 
based on the observation that the tRNA 
encoded by the plastid gene  trnE  is involved 
in tetrapyrrole biosynthesis and so may be 
essential even in the absence of organellar 
protein biosynthesis (Barbrook et al .   2006  ) . 
The ‘limited transfer window’ hypothesis 
posits that organisms containing a single 
organelle per cell will have little opportunity 
for gene transfer as organelle breakdown, 
which may be necessary for the release of 
DNA, will be lethal (Barbrook et al .   2006  ) . It 
may be that no single hypothesis is able to 
explain adequately the retention of organelle 
genomes in all cases and different combina-
tions of factors may be responsible in different 
taxonomic groups.   

   III. Promiscuous DNA: Ongoing 
Organelle DNA Transfer to the 
Nucleus 

   A. Organelle Sequences in 
Nuclear Genomes 

 A prerequisite for the functional relocation of 
plastid and mitochondrial genes to the nucleus 
is a nucleic acid transfer mechanism. The fi rst 
indications that transfer of organelle DNA to 
the nucleus continues today came to light 
about 30 years ago with the identifi cation of 
nuclear sequences that are closely similar 
or identical to extant organelle DNA (van 
den Boogaart et al .   1982 ; Timmis and Scott 
 1983  ) . The relatively recent transfer of these 
sequences to the nucleus was subsequently 
inferred from their high sequence identity (i.e. 
>99%) to existing organelle genes (Fig.  9.1 ). 
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Whole genome sequencing has since revealed 
extensive tracts of chloroplast and/or mito-
chondrial DNA in the nuclear genomes of 
almost all eukaryotes studied (Timmis et al .  
 2004 ; Hazkani-Covo et al .   2010  ) .  

 The arrangement of these sequences has 
been studied in detail in Arabidopsis and rice 
and has been found to be quite varied (Richly 
and Leister  2004a,   b ; Noutsos et al .   2005  ) . A 
large proportion of the total  norg  content is 
found in a relatively small number of large 
 norgs  that can be tens or hundreds of kb in 
length. The remainder is found in a large 
number of smaller  norgs  scattered through-
out the genome (Richly and Leister  2004b  ) . 
Of the large  norg  loci, some are continuous 
sequences of chloroplast or mitochondrial 
origin and are clearly the result of the insertion 
of a single molecule, while others contain 
multiple fragments of DNA from diverse 
parts of the chloroplast or mitochondrial 
genome or both (Noutsos et al .   2005  ) . Some 
loci of the latter type, probably represent 
insertions of a single contiguous fragment of 
organelle DNA that has since undergone 
deletion and/or rearrangement (Matsuo et al .  
 2005  ) . However, these loci may also be 
formed by the insertion of multiple frag-
ments of DNA from diverse regions of the 
chloroplast genome in a single event (Lloyd 
and Timmis  2011  ) , or by multiple sequential 

insertions at a single locus (Noutsos et al .  
 2005  ) . Several other  norg  loci are highly 
complex mosaics containing up to 80 dispa-
rate ~50–100 bp segments of the chloroplast 
and mitochondrial genome arranged end to 
end (Noutsos et al .   2005  ) . How these loci 
arise is yet to be explained satisfactorily, but 
similar mosaics have been observed that are 
comprised of many short stretches of trans-
posable element sequence (David    Adelson 
2011, personal communication). 

 Large  norg  insertions have also been 
observed in other species. Recently, in situ 
hybridization in the maize inbred line B73 
identifi ed a  nupt  that includes almost the 
entire 140 kb chloroplast genome on chro-
mosome 5 (Roark et al .   2010  )  and a  numt  
containing the majority of the 570 kb mito-
chondrial genome on chromosome 9 (Lough 
et al .   2008  ) . These studies also showed 
that  numts  and  nupts  varied greatly among 
different inbred maize lines indicating that 
there have been frequent recent insertions of 
organelle DNA into maize nuclear genomes. 
Current investigations such as the 1,000 
genomes projects in humans and Arabidopsis 
should contribute greatly to understanding the 
intra-species variation of  norgs  and perhaps 
reveal potential evolutionary ramifi cations. 

 The precise contribution of  nupt  and  numt  
sequences to the nuclear genome is hard to 

  Fig. 9.1.    Promiscuous DNA in the three genetic compartments of a plant cell.  n  nucleus,  mt  mitochondrion, 
 cp  chloroplast.       
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determine. Based on current genome assem-
blies it is estimated that  nupt s and  numt s each 
generally make up about 0.1–0.2% of the 
nuclear genome in fl owering plants and sig-
nifi cantly less in algae and the moss  Physcomi-
trella patens  (Table  9.1 ). This, however, may 
be the ‘tip of the iceberg’ as whole genome 
assemblies often underestimate the contribu-
tion of organelle-derived sequences to nuclear 
genomes. This is in large part an artefact of the 
elimination of seemingly ‘contaminating’ orga-
nelle DNA sequences – a process which must 
also often exclude  norgs . An example is the 
honeybee genome which was initially thought 
to have little or no mitochondrial DNA within 
the nucleus (Leister  2005  )  but has since been 
found, using a different assembly, to have 
one of the most extensive  numt  complements 
(Behura  2007 ; Hazkani-Covo et al .   2010  ) .  

 Another problem lies in the assembly of 
regions of the genome that contain large 
duplications. Chromosome 2 in Arabidopsis 
was initially reported to contain a 270 kb 
 numt  (Lin et al .   1999  )  but Stupar et al .   (  2001  )  
later showed that this  numt  was in fact 
~620 kb in length and contained several 
large internal duplications. The authors were 
only able to determine the  numt  size using 
fi bre-FISH and showed that contig  assembly 
using BACs tended to minimise clone length, 
missing large duplications. Despite this fi nd-
ing, this region is still only 270 kb in length 
in the current chromosome 2 assembly 
(Build 9.1, 14th Oct 2009) and recent studies 
(Richly and Leister  2004a ; Hazkani-Covo 
et al .   2010  )  have therefore greatly underesti-
mated total  numt  size in Arabidopsis. This 
problem presumably holds for  nupts  as well 
and will be compounded in genomes shot-
gun sequenced using high-throughput short-
read platforms.  

   B. Evidence of Frequent Plastid 
and Mitochondrial DNA 
Transfer to the Nucleus 

 In some species it has been possible to deter-
mine experimentally the frequency with 
which organellar DNA moves into the 
nucleus. This was initially investigated in 

yeast by measuring the transfer of a mito-
chondrial plasmid to the nucleus (Thorsness 
and Fox  1990  )  which was found to occur at 
high frequency (~2 × 10 −5  per cell per genera-
tion). Although the plasmid DNA in these 
fi rst experiments was not incorporated into 
the nuclear chromosomes, subsequent work, 
also in yeast, observed integration of mito-
chondrial DNA at sites of nuclear double 
strand break repair (Ricchetti et al .   1999  ) . 
With the development of chloroplast trans-
formation in tobacco (Svab et al .   1990  ) , sim-
ilar studies became possible in higher plants. 
In the fi rst of these studies (Huang et al .  
 2003  )  a selectable marker gene ( neo ), 
equipped for exclusive nuclear expression, was 
introduced into the chloroplast genome of 
tobacco. Transplastomic pollen was used to 
fertilise female wild-type plants and the 
resultant progeny was screened for kanamy-
cin resistance ( neo  expression). In a large 
screen of 250,000 seedlings, 1 in 16,000 pol-
len grains were inferred to carry a copy of 
 neo  transferred from chloroplast DNA to the 
nucleus in the germline of the transplastomic 
male parent. A similar study measured the 
rate of transfer in somatic cells (Stegemann 
et al .   2003  )  and transfer was shown to 
occur once in approximately 5,000,000 cells. 
Although still relatively frequent, this was 
substantially less common than the transfer 
observed in the male germline and prompted 
the suggestion that degradation of the chloro-
plast during pollen development (associ-
ated with uniparental inheritance) may 
provide more opportunity for nuclear DNA 
transfer by liberating fragments of chloro-
plast DNA. This hypothesis was supported 
by a third study that measured the rate of 
gene transfer in both the female and male 
germline (Sheppard et al .   2008  ) . An even 
greater frequency of gene transfer through 
the male germline was reported (1 in 11,000 
pollen) which far exceeded transfer in the 
female germline where a single transfer event 
was observed in a screen of over 270,000 
ovules (Sheppard et al .   2008  ) . 

 In each of these screens the chloroplast 
gene not only transfers to the nucleus but also 
must integrate into the nuclear chromosomes. 
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To investigate the steps in this process, 
Sheppard et al .   (  2008  )  introduced a  GUS  
reporter gene (again designed exclusively for 
nuclear expression) into the chloroplast 
genome and leaves of the transplastomic 
plant were stained for GUS activity to detect 
cells in which the gene had transferred to the 
nucleus. In this instance blue staining cells 
represented transient expression from the 
nucleus/cytoplasm as well as transfer fol-
lowed by stable integration into a transcrip-
tionally active region of the nuclear genome. 
Interestingly, total  transfer (transient and sta-
ble) was found to be 25–270-fold higher than 
the stable somatic transfer of  neo  detected by 
Stegemann et al .   (  2003  )  suggesting that most 
blue spots resulted from transient expression. 
The lack of any large and the rarity of small 
groups (mitotic lineages) of GUS-expressing 
cells suggested that few stable integrations 
occurred early in leaf development.  

   C. Evolutionary Fate of Nuclear Located 
Cytoplasmic Organelle DNA ( norgs ) 

 Given the constant deluge of organellar DNA 
entering the nuclear genome in recent evolu-
tionary time (see also Sect.  IV  below), it is 
expected that a counterbalancing eradication 
of these sequences occurs to prevent contin-
ual genome expansion. This was fi rst alluded 
to with the observation that, for  nupts  over 
500 bp in length, there is an inverse relation-
ship between their age (based on sequence 
identity to the chloroplast genome) and their 
size (Richly and Leister  2004b  ) . This fi nding 
has subsequently been found to hold true for 
 norgs  in  Brachypodium distachyon  (Vogel 
et al .   2010  )  and  Carica papaya  (Ming et al .  
 2008  )  and suggests that insertion of large 
 nupts  is followed by fragmentation and 
deletion. Direct experimental observation 
of frequent  deletion of about 50% of newly 
transferred chloroplast sequences has dem-
onstrated the extreme instability of plastid 
DNA integrants in the tobacco nucleus 
(Sheppard and Timmis  2009  ) . So far, it has 
not been possible to determine how much 
of the integrant is lost by recovering the 
sequence that remains. This  nupt  deletion 

occurred within 1–2 generations of insertion 
and it may be that more integrant loci would 
show instability over longer, but still evolu-
tionarily relevant, timescales. 

 The deletion of organelle DNA is most 
unlikely to be an exact excision and partial 
deletion would lead to novel arrangements 
of organelle and nuclear DNA. The deletion 
may also be accompanied by other rearrange-
ments including inversions and new insertions 
of organellar DNA and transposable elements 
(Guo et al .   2008  ) . Richly and Leister  (  2004b  )  
observed ‘tight’ and ‘loose’ clusters of organ-
ellar sequence in nuclear genomes of rice 
and Arabidopsis which they suggest represent 
progressive steps of degradation and rear-
rangement of large initial insertions. Deletions 
and other rearrangements may be part of the 
mutational processes that, in rare instances, 
lead to the activation of newly transferred 
genes (Bock and Timmis  2008 ; Lloyd and 
Timmis  2011  ) . 

 Base substitution and indels appear to 
play a signifi cant role in the evolution of 
 norgs.  In plants, a signifi cant bias in C→T 
and G→A mutations has been observed in 
large recent integrants of organelle DNA 
(Huang et al .   2005  ) . This mutational bias is 
consistent with spontaneous deamination of 
5-methylcytosine inferring that these  norgs  
are methylated. Studies linking the stability of 
 norg  sequences with methylation and chro-
matin structure have not yet been reported.   

   IV. Mechanisms of Gene Transfer 
to the Nucleus 

   A. Relocation of Genetic Material 

 The fi rst step in transfer of a gene to the 
nucleus is the relocation of genetic material 
from the organelle. In general, the availability 
of cytoplasmic organelle nucleic acid 
 fragments for transfection of the nucleus is 
likely to be made possible through loss of 
integrity of the organelle membrane, either 
through various physiological stressors or 
programmed degradation during develop-
ment. Various environmental stress factors 
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and developmental stages are known to trig-
ger programmed organelle degradation 
(Kundu and Thompson  2005 ; Stettler et al .  
 2009 ; Wada et al .   2009  )  and these may lead 
to increased ingress of organelle DNA to the 
nucleus. Recently, cold stress (Ruf et al .  
 2010  )  has been shown to increase the rate at 
which a chloroplast gene relocates to the 
nucleus in tobacco. 

 Uniparental inheritance is also implicated 
in leading to the presence of organelle nucleic 
acids in the cytoplasm that may fi nd their 
way into the nucleus. In many sexually repro-
ducing eukaryotes, only one sex contributes 
cytoplasmic genes to the zygote. How this 
uni-parental inheritance is achieved varies 
amongst species, but in general, the cytoplas-
mic organelles are degraded and/or excluded 
from one of the gametes or sex-specifi c loss 
of organelles occurs after fertilisation (Birky 
 2001  ) . In tobacco, chloroplast genes are 
maternally inherited and this parallels the 
observation that DNA transfers from the 
chloroplast to the nucleus far more frequently 
in the male germ line than that of the female 
(Sheppard et al .   2008  ) . This difference has 
been suggested to be due to the release of 
chloroplast DNA into the cytoplasm during 
chloroplast degradation/exclusion in the 
developing male gametophyte. For unicellular 
organisms that have only a single organelle 
per cell, DNA transfer is likely to be very 
limited, as degradation of the single but 
essential organelle will lead to cell death 
(Barbrook et al .   2006  ) . The  Chlamydomonas 
reinhardtii  nuclear genome has a low  norg  
content (Table  9.1 ) and large screens failed 
to detect transfer of a chloroplast gene to the 
nucleus (Lister et al .   2003  ) . We considered 
whether transfer could occur during the dip-
loid phase when the chloroplast is briefl y 
duplicated but screens of many millions of 
germinated zygotes from reciprocal crosses 
between transplastomic and wild type 
 C. reinhardtii  failed to identify DNA transfer 
(unpublished results). 

 Further understanding of how various 
stress factors and modes of organelle inheri-
tance affect chloroplast-to-nucleus DNA 
transfer should be an interesting area of 

future research in the context of the wide cli-
matic and ecological ranges that plants have 
colonised. The increasing wealth of genome 
sequence data will pave the way for analysis 
of  norgs  in different ecotypes and it will be 
interesting to see if any relationship exists 
between  norg  content and environmental 
conditions or geographical distribution. Further 
understanding of how stress and organelle 
integrity affect endosymbiotic DNA transfer 
will also be of biotechnological signifi cance 
in view of the desire to minimise transfer of 
chloroplast transgenes to the nucleus.  

   B. Is There an RNA or DNA Intermediate? 

 It is generally held that the majority of organ-
elle nucleic acid transfer to the nucleus occurs 
via DNA (Timmis et al .   2004 ; Kleine et al .  
 2009  ) , although this still remains to be exper-
imentally proven. Some studies of the trans-
fer of plant mitochondrial genes to the nucleus 
showed that nuclear copies resembled spliced, 
edited mRNAs and led to the suggestion that 
transfer was via a reverse transcribed RNA 
intermediate (Nugent and Palmer  1991 ; 
Grohmann et al .   1992 ; Adams et al .   2000  ) . 
There are, however, alternative explanations, 
such as the elimination of introns and editing 
sites in mitochondrial genomes through 
cDNA recombination (Henze and Martin 
 2001  ) , that account for these observations 
without involving RNA-mediated transfer. 
Some further evidence also suggests DNA-
mediated transfer: non-coding regions of the 
chloroplast genome are found in nuclear 
genomes as abundantly as highly transcribed 
genic regions of the organellar genomes 
(Matsuo et al .   2005  )  and some very large 
nuclear insertions of organellar sequence 
(>100 kb) have been found (Stupar et al .  
 2001 ; The Rice Chromosome 10 Sequencing 
Consortium  2003  ) , suggesting direct DNA 
transfer. Direct experimental evidence of 
RNA mediated transfer is lacking, as is the 
determination of the relative contributions of 
RNA and/or DNA mediated transfer. At least 
one study designed to observe transfer via an 
RNA intermediate failed to detect any such 
transfer (   Sheppard et al .   2011 ).  
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   C. Integration into Nuclear Chromosomes 

 Once the organelle nucleic acid has entered 
the nucleus it must be integrated into nuclear 
 chromosomes and be included in the gametes 
of sexually reproducing organisms if it is to 
make a contribution to the evolution of the 
nuclear genome. It is thought that most inte-
gration of organellar DNA occurs via non-
homologous end joining at sites of double 
strand break (DSB) repair (Kleine et al .   2009  )  
and this has been shown to occur in yeast 
(Ricchetti et al .   1999  ) . DSBs were induced in 
the yeast nuclear genome through expression 
of the rare cutting endonuclease I-SceI and 
insertion of mitochondrial DNA was observed 
in a proportion of repair events. Interestingly, 
in some repair events, DNA from two dispa-
rate regions of the mitochondrial genome was 
inserted at a single location. Similar capture 
of non-mitochondrial DNA has also been 
observed at sites of DSB repair in yeast 
(Haviv-Chesner et al .   2007  )  as well as in plant 
and mammalian systems (Salomon and Puchta 
 1998 ; Lin and Waldman  2001  ) . In these stud-
ies DSBs were induced by transiently intro-
ducing a plasmid, or T-DNA, encoding a rare 
cutting endonuclease. This rare-cutting endo-
nuclease cuts at a specifi c restriction site intro-
duced into the nuclear genome and repair 
events were then analysed by PCR. Insertion 
of the T-DNA or plasmid DNA was often 
observed, as were insertions of nuclear repeti-
tive elements such as retro-transposons and 
micro-satellites. While insertion of organellar 
DNA has so far only experimentally been 
observed in yeast, the fact that extra-chromo-
somal DNA can be captured at sites of DSB 
repair in plants and animals suggests this pro-
cess applies more widely. 

 The insertion of  norgs  has been also inves-
tigated in several bioinformatic analyses and 
these suggest more than one pathway for 
integration (Leister  2005  ) . Some integrants 
show a very simple arrangement likely origi-
nating when a single organellar DNA frag-
ment inserted at a single location. Others are 
much more complex and are the result of 
multiple fragments being inserted in a single 
event or multiple insertions at a single 
 location. Organelle sequences may also insert 

into areas of the genome that already contain 
 norgs  or other repetitive sequences which also 
adds to the complexity of these loci. There is 
some evidence that organellar DNA integrates 
more frequently into intergenic regions in rice 
and Arabidopsis (Richly and Leister  2004b  ) , 
in particular those containing mobile ele-
ments (Mishmar et al .   2004  ) . Large  nupts  
have also been shown to preferentially locate 
to pericentromeric regions in rice (Matsuo 
et al .   2005  )  which are known to be DSB 
hotspots (Blitzblau et al .   2007  )  and to contain 
a high density of transposable elements (Hall 
et al .   2006  ) . A recent study has also linked 
 numt  insertion sites in yeast to origins of rep-
lication (Lenglez et al .   2010  ) , which led the 
authors to suggest that these sites may be 
prone to DSBs resulting in high levels of 
insertion. These fi ndings point toward DSB 
repair, possibly at sites of transposon excision 
(Leister  2005  ) , as a pathway for the nuclear 
insertion of orga nellar sequences. The pres-
ence of such a DNA repair/integration mech-
anism would contri bute signifi cantly to the 
complex arrange ment of organellar sequences 
integrating into the nuclear genome. This 
would be important from an evolutionary per-
spective as it would lead to the creation of 
novel sequence arrangements which, in some 
instances, may result in nuclear activation of 
the transferred organelle genes. 

 The cross-over in the insertion pathway 
and chromosomal location of  norgs  and 
repetitive DNA elements shows that these 
sequences can be dealt with in very similar 
ways by the nuclear DNA repair/maintenance 
machinery. To date, studies have focussed 
exclusively on either organellar DNA or 
transposons and other repetitive sequence. 
There may be signifi cant advantage to both 
fi elds if a more unifi ed approach is taken to 
investigating these areas. 

 Although bioinformatic analyses of  norgs  
due to evolutionary transfer have added 
considerably to our understanding of these 
sequences, they are limited in that a  norg  
sequence cannot usually be compared with 
that of the nuclear sequence prior to inser-
tion. This makes identifi cation of micro-
homology and other indicators of NHEJ 
diffi cult to assess. Also it is impossible to 
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determine how much of the observed com-
plexity of  norg  sequences is due to the pri-
mary insertion event and how much is due to 
subsequent fragmentation or insertion at this 
locus. Some partial characterisation of exper-
imentally transferred  norgs  has been under-
taken and suggests that micro-homology is 
involved in the insertion of these sequences 
(Huang et al .   2004  ) . A fuller understanding 
will come with complete characterisation of 
de novo  norgs  and comparison with their 
pre-insertion sequences. This remains an 
important future step but is a challenging 
task. The reason for this is that the new 
integrants are often very large (dozens of kb) 
and the nuclear genome already contains 
 norg  sequences in high copy number. These, 
together with the superabundant cellular 
plastid DNA, preclude the design of primers 
in organellar sequences. Therefore, techniques 
generally used for determining the junction 
sequence in transgenic lines, such as genome 
walking, TAIL-PCR or inverse PCR, cannot 
be used in determining the pre-insertion site 
unless one of the marker genes is very close 
to the integrant boundary (Sheppard and 
Timmis  2009  ) .   

   V. Activation of a Newly Transferred 
Organelle Gene 

   A. Examples of Organellar Gene 
Activation in the Nucleus 

 Only in a very few instances will transfer of 
organellar DNA to the nucleus lead to the 
functional relocation of an organelle gene. 
In most cases, organelle sequences transferred 
to the nucleus have the same fate as other 
non-coding DNA – freely accumulating 
mutation and degrading over time. The low 
mutation rate in plant organelle genomes 
means that the extant organelle genomes 
 provide a historic reference for the sequence 
at the time of insertion, from which it is 
 possible to derive many insights into the var-
ious ways in which  norg  sequences evolve 
that would otherwise not be possible. In a 
few rare cases, these sequence rearrange-
ments and changes in base composition lead 

to activation of newly transferred genes. 
Activation, in the majority of cases, must be 
a multistep process and requires the acquisi-
tion of a nuclear promoter, a polyadenylation 
signal and, if the protein is to be targeted 
back to the organelle, a transit peptide or an 
alternative mechanism for protein targeting. 
Several bioinformatic studies have high-
lighted various means by which organellar 
genes have recently become activated in 
nuclear genomes. One such study investi-
gated transfer of the maize gene encoding 
the mitochondrial protein RPS14 to the 
nucleus (Figueroa et al .   1999  ) . The gene had 
inserted into an intron of the iron-sulphur 
protein subunit of succinate dehydrogenase 
( sdh2 ) gene and was expressed by differen-
tial splicing of the mRNA with both proteins 
using the SDH2 transit peptide for targeting 
to the mitochondria. In a similar case, the 
chloroplast  rpl32  gene was transferred to the 
nucleus in an ancestor of mangrove and pop-
lar (Cusack and Wolfe  2007  )  where it inserted 
into an intron of the gene encoding the chlo-
roplast superoxide dismutase ( SODcp ) to 
form the chimeric  SODcp-rpl32  gene. In 
mangrove, the SODcp protein and a SODcp 
amino terminus/RPL32 fusion protein are 
expressed from the single promoter through 
differential splicing. Both proteins are then 
targeted to the plastid using the SODcp tran-
sit peptide. In poplar, evolutionary experi-
mentation has taken the process one step 
further with the duplication and subfunction-
alization of the  SODcp-rpl32  gene. One copy 
has lost the RPL32 coding sequence and now 
solely encodes SODcp, the other now exclu-
sively expresses the SODcp amino terminus/
RPL32 fusion protein. There are numerous 
other examples of genes that have recently 
transferred to the nucleus in angiosperms, 
many of which have also hijacked transit 
peptides from existing nuclear encoded 
organellar proteins (Liu et al .   2009  ) .  

   B. Experimental Attempts to Detect 
Activation of a Chloroplast Gene 
After Transfer to the Nucleus 

 Experimental attempts have been made to 
reconstruct functional gene transfer to gain a 
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better understanding of the diverse processes 
involved and the frequency with which newly 
transferred prokaryotic genes become acti-
vated in the nucleus. Stegemann and Bock 
 (  2006  )  showed functional activation of a 
chloroplast marker gene  aadA  that had been 
recently transferred to the nucleus in tobacco. 
In each case,  aadA  was activated, through 
intervening deletions, by the nearby strong 
CaMV 35S nuclear promoter that was inte-
gral to their experimental cassette and pres-
ent in the same transcriptional polarity. In no 
case was activation achieved by acquisition 
of a native nuclear promoter and so the 
frequency of a ‘natural’ gene transfer event 
remains unclear. 

 Interestingly, they found that the  aadA  
transcripts were polyadenylated despite the 
lack of any changes in the  psbA  3’ UTR 
found downstream of the  aadA  open reading 
frame. Examination of the  psbA  terminator 
revealed a sequence that matched the rather 
fl exible AT-rich plant polyadenylation con-
sensus sequence and this was the in vivo site 
of  aadA  polyadenylation. This led the authors 
to suggest that the AT-rich nature of plastid 
non-coding sequences may provide many 
fortuitous polyadenylation sites – greatly 
aiding the process of functional gene trans-
fer. This could possibly be extended to other 
AT-rich regulatory motifs such as a TATA box. 
Indeed, the tobacco chloroplast  psbA  pro-
moter has been shown to have weak nuclear 
activity that is dependent upon TATA and 
CAAT boxes present fortuitously (Cornelissen 
and Vandewiele  1989  ) , but cryptic nuclear 
activity of any other chloroplast promoters 
remains unknown.   

   VI. Plastid DNA in Higher Plant 
Mitochondria 

 Most angiosperms also have large chunks of 
plastid DNA in their mitochondrial genome. 
The fi rst report of the existence of DNA 
sequences that have been transferred from 
the chloroplast to the mitochondrion in higher 
plants was published three decades ago by 
Stern and Lonsdale  (  1982  ) . In this study, they 

showed that a 12 kb DNA sequence present 
in the maize mitochondrial genome was 
essentially identical to part of the inverted 
repeat of the maize chloroplast genome. 
These chloroplast-derived sequences or mito-
chondrial plastid DNA sequences were later 
designated “ mtpts”  (mighty-peats) (Wang 
et al .   2007  ) . 

 With the current availability of the nucleo-
tide sequence of 48 plant mitochondrial 
genomes (NCBI 2010), it is now clear that 
mitochondrial genomes of seed plants are 
rich in sequences derived from the chloro-
plast. These  mtpts  constitute 1–11% of the 
mitochondrial genome in different species of 
seed plants (Table  9.2 ) and the transfer seems 
to involve random sections of the chloroplast 
genome (Wang et al .   2007  ) . While no 
sequences homologous to chloroplast DNA 
have been detected in the mitochondrial 
genomes of bryophytes or algae (Oda et al .  
 1992 ; Turmel et al .   2003 ; Terasawa et al .  
 2007 ; Li et al .   2009  ) , an insertion of chloro-
plast DNA has been observed in the mito-
chondrial genome of the lycophyte  Isoetes 
engelmannii  suggesting that plastid-to-mito-
chondrion DNA transfer phenomena began 
during or after the origin of vascular plants.  

 In vascular plants, the accumulation of 
 mtpts  is positively correlated with the 
increase of the mitochondrial genome size 
(Wang et al .   2007  ) . However, the  mtpts  are 
not the only cause of this mitochondrial 
genome expansion; extra sequences also 
originate from the nucleus (e.g., fragments 
of nuclear transposable elements; Knoop 
et al .   1996  ) , from other organisms (horizon-
tal gene transfer; Goremykin et al .   2009  )  and 
also by the duplication or amplifi cation of 
pre-existing sequences (Kitazaki and Kubo 
 2010  ) . An interesting study (Allen et al .  
 2007  )  showed that the chloroplast DNA 
present in the mitochondrial genome does 
not only vary between species but may even 
vary among maize cytotypes, ranging from 
16,929 bp in the maize B37 inbred line with 
male-sterile CMS-C cytoplasm to 29,470 bp 
in the male-fertile inbred line A188 (NA 
cytoplasm). From this study, it appears that 
plastid DNA can be gained and lost rapidly 
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from the mitochondrial genome. However, 
most of the variation in plastid DNA amount 
among the newly sequenced maize genomes 
is due to only 10 out of the 45 segments of 
plastid origin and only three major differ-
ences account for much of the variation in 
plastid DNA content. 

 In most cases, the predicted protein- 
coding  mtpts  present in the mitochondrial 
genome are assumed to be non-functional 
based on the  presence of frameshift muta-
tions and indels. However, for a minority of 
the  mtpt  sequences, mitochondrial functions 
have been discovered. For example, a tRNA 
sequence of plastid origin functions as a 
tRNA for mitochondrial translation (Kanno 
et al .   1997 ; Miyata et al .   1998  ) . Indeed, a 
number of chloroplast-derived tRNA genes 
are transcribed and processed to mature 
tRNAs in mitochondria. However, the acqui-
sition of function does not seem to be imme-
diate, since at least one mitochondrial tRNA 
gene presenting 100% identity to the native 
plastid gene is not transcribed (Miyata et al .  
 1998  ) . Amongst seed plant species, both the 
number and the type of mitochondrial tRNA 
genes replaced by a chloroplast-derived 
tRNA gene vary (Miyata et al .   1998  ) . A sec-
ond known impact of the  mtpt  sequences is 
as a source of promoters for mitochondrial 
genes, as demonstrated for the rice mito-
chondrial  nad9  gene (Nakazono et al .   1996  ) . 
In this study, it was determined that the tran-
scription of the  nad9  gene is initiated in a 
chloroplast-derived sequence that is located 
in a region upstream of the mitochondrial 
 nad9  gene. 

 In addition to the known positive impact 
of some chloroplast-derived sequences on 
mitochondrial gene function ,  it has recently 
been observed that sequences of chloroplast 
origin may be used in gene conversion events 
within the mitochondrial genome (Hao and 
Palmer  2009  ) . This study reports that an 
internal segment ( ranging from 14 to 78 bp 
in different species) of mitochondrial  atp1  
(encoding the alpha subunit of ATP syn-
thase) has been replaced with a plastid  atpA  
sequence in a number of angiosperms 
belonging to diverse families. The plastid 

 atpA  sequence is found within a region of 
mitochondrially located chloroplast DNA 
and it seems that independent conversions 
occurred by intra-mitochondrial genome 
recombination, probably occurring well 
after the integration of the chloroplast  atpA  
genes. The resulting “chimeric” genes – 
composed of mitochondrial and chloroplast 
sequences – might still be functional, since 
 atp1  has an intact open reading frame, is 
presumed to be a single copy gene in the 
mitochondrion and is not known to have 
been transferred to the nucleus in any 
angiosperm.  

   VII. Perspective 

 The constant integration of organellar DNA 
has had profound consequences in the evo-
lution of eukaryote nuclear genomes 
(Timmis et al .   2004 ; Kleine et al .   2009  ) . 
The ingress of DNA is followed by decay, 
deletion and rearrangement of these 
sequences, which leads to novel sequence 
combinations. In rare instances, these new 
sequences can lead to the functional reloca-
tion of organelle genes to the nucleus or the 
generation of genes with novel function. 
This process is of great evolutionary inter-
est as it has been a major pathway for the 
generation of new genes in eukaryote 
nuclear genomes. It is also of great interest 
both to plant biotechnologists and the wider 
public in assessing the level of transgene 
containment provided by chloroplast trans-
formation (Ruf et al .   2007  ) .      
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