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Abstract

Plastid DNA is conserved, highly polyploid and uniform within a plant reflecting
efficient plastid DNA replication/recombination/repair (DNA-RRR) pathways.
We will review the current understanding of the DNA sequences, proteins, and
mechanisms involved in plastid genome maintenance. This includes analysis of
the topological forms of plastid DNA, models of plastid DNA replication, ho-
mologous recombination, replication slippage, DNA repair, and plastid DNA-
RRR-proteins. We will focus on flowering plants but include information from al-
gae when relevant. Plastid DNA is comprised of a multimeric series of circular,
linear, and branched forms. Variant plastid DNA molecules include small linear
palindromes with hairpin ends. Plastid transformation has demonstrated an effi-
cient homologous recombination pathway, acting on short ~200 bp sequences, that
is active throughout shoot development. These functional studies involving plastid
transformation to manipulate DNA sequences, combined with genomics and re-
verse genetics to isolate mutants in plastid DNA-RRR proteins, will be particu-
larly important for making progress in this field.

1 The importance of DNA replication, recombination, and
repair pathways in plastids

All life on earth relies on DNA-replication, recombination, and repair (DNA-
RRR) pathways for stable maintenance and propagation of DNA. Plants are de-
pendent on light for growth and are exposed to the damaging effects of radiation.
Chloroplasts, the light harvesting plastids of plants and algae, are the sites at
which radiation might be expected to cause the greatest damage. Radiation itself
and toxic reactive oxygen species, produced as by products of photosynthesis, are
examples of destructive agents that can damage plastid DNA (Fig. 1). Despite
these damaging agents plastid DNA is relatively well conserved with respect to
sequence and gene content (Palmer 1990) and is widely used for phylogenetic
studies (Soltis et al. 1999). Plastid genomes are present in multiple copies per cell,
which are identical resulting in a uniform population of DNA molecules within an
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Fig. 1. DNA-RRR pathways are responsible for the high copy number, uniformity, and sta-
ble maintenance of plastid genomes.

individual cell or multicellular plant. Highly effective DNA maintenance path-
ways in plastids must underpin the evolutionary stability and uniformity of plastid
DNA.

DNA-RRR pathways must overcome two potential problems associated with
the mode of inheritance and ploidy of plastid DNA. First, in sexual crosses plastid
DNA often exhibits uniparental inheritance (Corriveau and Coleman 1988; Re-
boud and Zeyl 1994) reducing the possibility of DNA recombination between pa-
rental plastid genomes (Chapter 3). Moreover, in flowering plants, when two plas-
tid types are present in the same cell they rarely recombine (Medgyesy et al. 1985)
and segregate away from each other to form cells with pure populations of each
plastid type. Segregation of plastids during vegetative growth is known as cyto-
plasmic sorting or vegetative segregation (Birky 1994). Lack of DNA recombina-
tion between different plastid types means that plastids propagate asexually and do
not have the benefits of sex and DNA recombination between parental alleles (ap-
plicable to nuclear genes) to eliminate deleterious mutations. Muller’s ratchet
(Muller 1964) would operate leading to an accumulation of mutations in plastid
DNA. Second, because plastid DNA is present in multiple copies any new muta-
tions in plastid genes would be masked by the wild type (WT) alleles present in
the cell. Asexual propagation and a high degree of polyploidy are two features of
plastid DNA that would be expected to promote the accumulation of mutations.
Without effective plastid DNA-RRR pathways, plastid mutations would accumu-
late with time resulting in loss of fitness and death.
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1.1 Proteins and DNA targets of plastid DNA-RRR pathways

Plastid DNA maintenance is governed by cis-acting plastid DNA sequences which
are the targets for trans-acting proteins that replicate, recombine, and repair plastid
genomes. The plastid genomes of green algae and plants that have been character-
ised do not encode any known DNA-RRR proteins. A number of non-green algae,
including diatoms, red and cryptomonad algae contain a plastid dnaB-like gene
(Kowallik et al. 1995; Reith and Munholland 1995; Douglas and Penny 1999).
The dnaB gene encodes a DNA helicase involved in replication (Nakayama et al.
1984). In angiosperms the absence of plastid-encoded DNA-RRR proteins is dem-
onstrated by the observation that plastid DNA is replicated in albino cereal (Hess
et al. 1994; Zubko and Day 2002) and Brassica plants (Zubko and Day 1998)
lacking plastid-encoded proteins.

DNA replication, recombination, and repair were once considered to be distinct
pathways but more recent work in bacteria has shown they are interrelated proc-
esses (Kreuzer 2005). Pathways for recombination-dependent DNA replication
and DNA replication-dependent recombination have been described
(Kowalczykowski 2000; Kreuzer 2000, 2005) and are applicable to plastid DNA
(see Section 7 below). This review will summarise our current knowledge on the
mechanisms, DNA sequences and proteins involved in the maintenance of plastid
DNA. We will focus on plastid DNA in flowering plants but will include relevant
work from algal plastids where appropriate.

2 Plastid DNA polyploidy, packaging, and segregation
2.1 Plastid DNA copy number

One thousand to 1,700 copies of plastid DNA are present per cell in Arabidopsis
thaliana leaves (Zoschke et al. 2007) whilst five thousand to over ten thousand
copies of plastid DNA per cell are present in leaves of Pisum sativum (Lamppa
and Bendich 1979), Triticum aestivum (Day and Ellis 1984), Spinacia oleracea
(Lawrence and Possingham 1986), and Hordeum vulgare (Baumgartner et al.
1989). Fewer plastid genomes per cell are found in other organs containing non-
green plastids, such as the roots of P. sativum (~500 copies per cell, Lamppa and
Bendich 1979) and T. aestivum (~300 copies per cell, Day and Ellis 1984). An in-
crease in plastid genome copies is associated with the development of chloroplasts
from precursor plastids. Copy number estimates based on quantifying the DNA
present in purified plastids from leaf cells of different ages indicate the number of
genomes per chloroplast reaches a maximum value in young leaves and then de-
creases in older cells well before senescence. For example, in the developing pri-
mary leaf of four-day-old H. vulgare seedlings, plastids in the basal meristem
were estimated to contain ~130 genomes, this increased to ~210 genomes in
chloroplasts in older cells located one to three cm above the meristem, and de-
creased to ~50 genomes per chloroplast in the oldest cells in the leaf tip
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(Baumgartner et al. 1989). More recent publications also report decreases in ge-
nomes per chloroplasts in mature leaves compared to young leaves. Decreases ob-
served include 225 to 106 genomes per chloroplast in Zea mays (Oldenburg and
Bendich 2004a; Shaver et al. 2006), 135 to 53 genomes per chloroplast in P. sati-
vum, 122 to 47 genomes per chloroplast in Medicago truncatula, and 190 to 70
genomes per chloroplast in Nicotiana tabacum (Shaver et al. 2006). These results
are consistent with the idea that replication of plastid DNA takes place predomi-
nantly in meristematic cells and leaf primordia (Kuroiwa 1991; Fujie et al. 1994;
see Section 13.1) and as plastids divide during leaf development the number of
genomes per plastid falls. We know very little about the replication mechanisms
regulating the copy number of plastid DNA. Some progress has been made in this
field with the recent finding that copy number is influenced by specific plastid
DNA sequences. Deletion of the OriA plastid DNA sequence implicated in DNA
replication (Section 4.1 below) reduces the copy number of plastid DNA in devel-
oping leaves of N. tabacum (Scharff and Koop 2007).

Recent publications detailing two to threefold reductions in DNA levels per
plastid during leaf maturation also suggest the apparent absence of DNA in some
mature chloroplasts: DNA was not observed in approximately 11% of M. trunca-
tula, 9% of P. sativum, 80-90% of Z. mays (Shaver et al. 2006) and 29% of A.
thaliana chloroplasts (Rowan et al. 2004). Loss of DNA from chloroplasts during
leaf ageing was not observed in N. tabacum (Shaver et al. 2006). Based on the re-
sults obtained in Z. mays and A. thaliana a mechanism that actively degrades
DNA in maturing chloroplasts was proposed by the authors (Oldenburg and Ben-
dich 2004a; Rowan et al. 2004). These results appear to suggest that chloroplasts
lacking DNA retain photosynthetic activity for long periods (Oldenburg and Ben-
dich 2004a; Rowan et al. 2004), which conflicts with our current understanding of
the importance of plastid gene expression for maintaining chloroplast functions.
An alternative explanation for the apparent absence of DNA in isolated plastids is
that it is an artefact resulting from the experimental approaches used (Li et al.
20006). In particular, degradation of plastid DNA during the purification of plastids
or during treatment of plastids with DNase I (to remove contaminating extra-
plastidic DNA outside plastids) will give rise to low copy number estimates. This
might be more problematic for old leaf cells of some species where the release of
DNA nucleases during homogenisation and changes in plastid porosity might al-
low nucleases to enter plastids. DNA fluoresces when stained with the DNA-
binding dye 4',6-diamidino-2-phenylindole (DAPI). DAPI stained chloroplasts in
leaf sections of 4. thaliana and N. tabacum fixed immediately after sectioning ap-
peared to show the same pattern of DNA reduction or loss obtained with isolated
chloroplasts supporting the data with isolated chloroplasts (Shaver et al. 2006).
Quantitation of plastid DNA levels in total DNA preparations from liquid nitrogen
frozen leaves using Southern blot analysis is less sensitive to plastid DNA degra-
dation during sample preparation and provides a robust method for estimating
plastid DNA levels. Such an approach using rapidly extracted total DNA can be
used to confirm or dismiss the findings based on isolated chloroplasts. Copy num-
ber estimates can also be obtained using quantitative real-time PCR on total DNA
with controls to rule out contamination or amplification of *promiscuous’ plastid
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DNA sequences present in mitochondria and nuclei (Zoschke et al. 2007). Using
these methods it appears that once chloroplast development is completed the lev-
els of plastid DNA in total DNA appear to remain relatively constant during fur-
ther leaf development in A. thaliana (Zoschke et al. 2007; Li et al. 2006) and N.
tabacum (Li et al. 2006). These results do not support the idea of a dramatic re-
duction in plastid DNA levels during leaf development in 4. thaliana.

Replication of plastid and nuclear DNA do not appear to be tightly co-ordinated
in N. tabacum (Heinhorst et al. 1985) or the green alga Chlamydomonas reinhard-
tii (Chiang and Sueoka 1967). In contrast to the stringent controls restricting nu-
clear DNA synthesis to one round of replication during the S phase of each cell
cycle, plastid DNA replication appears to be less stringent and is not limited to the
S phase (Heinhorst and Cannon 1993). Moreover, plastid genomes appear to be
chosen randomly for replication (Birky 1994). The prereplication factor CDT1 ap-
pears to affect both nuclear DNA replication and plastid division in 4. thaliana
and provides a possible link between the cell cycle and plastid division (Raynaud
et al. 2005). In synchronous cultures of C. reinhardtii, duplication of plastid DNA
could be localised to a particular time period (Chiang and Sueoka 1967) whereas
plastid DNA synthesis, monitored by **P incorporation, was observed throughout
the cell cycle (Grant et al. 1978). The **P-incorporation was suggested to be due to
DNA repair activities which were required to maintain plastid genomes through-
out the cell cycle (Grant et al. 1978).

2.2 Packaging of plastid DNA

Within plastids, the DNA is not dispersed but localised into aggregates of DNA
and protein called nucleoids (Kuroiwa 1991; Sakai et al. 2004). The uniformity of
plastid DNA is governed by DNA-RRR pathways that are likely to be carried out
in nucleoids. The organisation of multiple plastid genome copies into a smaller
number of units will govern the segregation of plastid DNA during plastid and cell
divisions (VanWinkle-Swift 1980) and will facilitate cytoplasmic sorting. The
number, sizes, morphologies, and distribution of nucleoids, visualised by DAPI
staining, vary during development of chloroplasts from proplastids (Miyamura et
al. 1986). T. aestivum proplastids contain one to ten nucleoids and 30 to 40 plastid
genomes whereas chloroplasts contain ten to thirty nucleoids and 70 to 100 plastid
genomes (Miyamura et al. 1990). In Nicotiana, mature chloroplasts contain eight
to forty nucleoids, each with about ten plastid genomes (Kuroiwa 1991). Nu-
cleoids appear to be located in the stroma or attached to the envelope or thylakoids
depending on the plastid type (Sato et al. 2003; Sakai et al. 2004). The functional
significance of changes in the intra-plastidic location of nucleoids is not known.
However, it is interesting to note that constitutive expression of the B. napus
homologue of the P. sativum plastid envelope DNA (PEND) binding protein in N.
tabacum nuclear transformants leads to an albino phenotype possibly due to a lack
of release of DNA from the envelope (Wycliffe et al. 2005). The PEND protein is
targeted to plastids and might be involved in anchoring plastid DNA to the inner
envelope during early chloroplast development (Sakai et al. 2004),
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2.3 Segregation of plastid genomes

The replication and segregation mechanisms in plastids prevent the persistence of
two different plastid genomes in cells. Heteroplasmy can only be maintained for
long periods of time by selection for both plastid genomes (Drescher et al. 2000;
Shikanai et al. 2001; Kode et al. 2005). The fine details of heteroplasmy are not
known and the two plastid DNA types might be mixed within single nucleoids, or
localised to separate nucleoids within a plastid or be separated into two popula-
tions of plastids within a cell. Heteroplasmy within a plastid is required when a le-
thal mutation is plastid autonomous (Kode et al. 2005) and cannot be rescued by
import of cytoplasmic metabolites.

3 Topological forms of plastid DNA

The mechanisms of plastid DNA replication and maintenance will be reflected in
the topologies of DNA molecules found in plastids. Plastids are most likely to be
descendents of ancient cyanobacteria (Martin et al. 2002), which contain circular
double-stranded DNA genomes. Circular DNA overcomes the problems of repli-
cating gaps at the ends of linear DNA molecules following RNA primer removal
at the 5’ ends of newly synthesized DNA (Cavalier-Smith 1974). The sequence
maps of all the plastid genomes that have been characterized are circular (Chapter
3). In the majority of species the genomes can be represented as a single circular
double-stranded DNA molecule containing all genes. Dinoflagellates are an ex-
ception and contain genes dispersed over a number of DNA mini-circles each with
one to three genes (Koumandou et al. 2004). A circular sequence or restriction
map does not necessarily imply the physical structure of a DNA species is a circle
(Streisinger et al. 1964). Tandemly repeated DNA sequences (Fig. 2a), such as nu-
clear ribosomal RNA genes, on a linear chromosome or circularly permuted se-
quences arranged on separate linear DNA molecules of defined (Fig. 2b) or vary-
ing lengths (Fig. 2c) will also give rise to circular maps (Fig. 2d). To study the
structure of plastid DNA requires the analysis of intact DNA isolated from chloro-
plasts. Because double-stranded DNA is prone to breakage by shearing, the analy-
sis of plastid DNA topology requires distinguishing breakage products of the ex-
traction process from intact plastid DNA molecules. Most studies have involved
chloroplasts, which are easily identified, abundant in leaves and relatively easy to
purify. The structure of chloroplast DNA has been studied by microscopic and gel
electrophoretic methods.

An early electron microscopic study showed that monomer circles correspond-
ing in size to a single set of plastid genes represented 37% of the DNA extracted
from P. sativum chloroplasts (Kolodner and Tewari 1972). The remaining DNA
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Fig. 2. a) Tandemly repeated linear DNA sequences, b) Circularly permuted linear DNA
sequences of fixed length, and ¢) Multimeric linear DNA molecules of variable sizes and a
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was mainly comprised of sub-genomic linear DNA forms, which could represent
breakage products of circular plastid DNA molecules or even contaminating nu-
clear DNA (Fig. 3a). Breakage during extraction would give rise to variable ratios
of circles to linear products with each preparation. In a later study, three to four
percent of circular species were found to be dimers (Kolodner and Tewari 1979).
These were arranged head-to-tail in P. sativum chloroplasts, and both head-to-
head and head-to-tail in S. oleracea and Lactuca sativa chloroplasts. The majority
of L. sativa and S. oleracea chloroplast DNA dimers (about 80%) were arranged
head-to-head (Kolodner and Tewari 1979; see also Section 8 and Fig. 8a). In an
independent study on S. olereacea and other dicots 80% of chloroplast DNA
molecules were found as monomer circles and 10 to 15% as dimers. About 15% of
circles were supercoiled (Herrmann et al. 1975).

An elegant more recent study utilised fluorescence in situ hybridization (FISH)
involving extended DNA fibres and plastid DNA probes (Lilly et al. 2001). At the
time of writing this single report remains the only published source for FISH-
based analysis of plastid DNA in flowering plants. Purified chloroplasts were
lysed and DNA fixed directly on a slide before hybridization providing less oppor-
tunity for DNA breakage. Using this method, chloroplast DNA from A. thaliana
and N. tabacum was found to be comprised of a multimeric series of circular and
linear DNA molecules (Fig. 3b). Circles comprised about 40-50% and linear DNA
species about 20-25% of chloroplast DNA molecules. The remaining molecules
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Fig. 3. a) Topological forms of plastid DNA revealed by electron microscopy (Kolodner
and Tewari 1972). Only head-to-tail dimers were found in P. sativum while head-to-head
dimers were predominant in L. sativa and S. oleracea (Kolodner and Tewari 1979). Break-
age of circles during extraction will give rise to a variable percentage of circles and sub-
genomic linear forms. b) Topological forms of plastid DNA in 4. thaliana and N. tabacum
revealed by DNA fibre-based FISH with plastid DNA probes (Lilly et al. 2001). Only the
monomer and dimer are shown in the circular and linear multimeric series. Arrows indicate
sequence orientation. ¢) Structures of plastid DNA molecules in fluorescent images of
ethidium-stained DNA from purified Z. mays chloroplasts lysed in agarose plugs. DNA fi-
bres in compact high MW structures were extended by an electric field or flowing liquid
(Oldenburg and Bendich 2004b).

were unclassified (15%), lasso-like (~10%) or contained bubbles or D-loops (5-
10%). In N. tabacum chloroplasts (Lilly et al. 2001), monomeric circles are the
most abundant (55%) followed by dimers (17%), trimers (10%), tetramers (7%),
pentamers (5%), and hexameric circles (1%). Rare higher-order multimers of unit
genome sized (genome size = 156 kbp) linear DNA molecules were found up to
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the octomer. In A. thaliana and N. tabacum multimers were comprised of mono-
mers arranged head-to-tail (Lilly et al. 2001) in contrast to the earlier results of
predominantly head-to-head dimers in L. sativa and S. oleracea (Kolodner and
Tewari 1979). The ends of the linear DNA molecules were not mapped and they
could represent real linear plastid DNA species or the breakage products of large
circles (Lilly et al. 2001). A number of lines of evidence indicate that linear DNA
molecules found in plastids are not simply breakage products of large circles (see
Section 3.1, 3.2, and 7 below). Using a similar DNA fibre-based FISH method, C.
reinhardtii plastid DNA was found to be mainly comprised of monomeric and
dimeric linear and circular forms (Maul et al. 2002). The multimeric series of lin-
ear and circular DNA molecules found in plastids (Fig. 3b) must result from the
action of plastid DNA-RRR pathways.

Embedding cells in agarose plugs prior to cell and chloroplast lysis reduces
DNA breakage and allows the isolation of large DNA molecules. DNA in agarose
plugs can then be analysed by pulsed-field gel electrophoresis or microscopy after
staining with ethidium bromide. Circular DNA does not enter pulsed field gels and
remains within the agarose plugs at the origin at the relatively short pulse times
used to fractionate DNA in the 100-1000 kbp range (Bendich and Smith 1990;
Backert et al. 1995). Linear chloroplast DNA molecules enter the agarose gel and
can be identified by blot hybridization with chloroplast DNA probes. Some of
these linear DNA molecules might result from breakage of circular DNA mole-
cules (Backert et al. 1995; Bendich 2004). A multimeric series comprised of
monomer (most abundant) and higher molecular weight (MW) linear plastid DNA
forms can be visualised on pulsed-field gels. The largest multimers found were
tetramers for S. oleracea (Deng et al. 1989) and N. tabacum (Lilly et al. 2001),
dimers (Lilly et al. 2001) or trimers for P. sativum, and up to the octomer for
Citrullus vulgaris plastid DNA (watermelon, Bendich and Smith 1990). The band-
ing pattern can be disrupted by altering the activities of plastid DNA-RRR pro-
teins. Inhibition of plastid-targeted gyrase (see Section 13.4 below), which is re-
quired to decatenate newly replicated DNA, reduces the levels of discrete bands
corresponding to the monomer and dimer, and gives rise to a heterogeneous mix-
ture of plastid DNA molecules, some of which are greater than 1000 kbp in size
on pulsed field gels (Cho et al. 2004).

Whilst the bands seen on pulsed-field gels were useful for visualising mul-
timers of plastid DNA they represent a minor proportion of plastid DNA and give
a distorted view of the topological forms of plastid DNA molecules (Bendich
2004). The bulk of plastid DNA molecules including circles, high MW linear
branched forms (Bendich 2004; Oldenburg and Bendich 2004b), tangled DNA fi-
bres and any DNA in unlysed plastids remains immobile in the agarose plugs at
the origin and does not enter pulsed field gels. N. tabacum leaf chloroplast DNA
remained at the origin (migration into the gel was not detected) whereas about
35% of Chenopidium album plastid DNA from a non-green suspension-culture en-
tered the gel revealing monomer and dimer bands (pulse times of 30-60 seconds,
Backert et al. 1995). The presence of electrophoretically-mobile linear plastid
DNA molecules in C. album non-pigmented plastids but not in N. tabacum
chloroplasts might reflect changes in plastid DNA topologies in different plastid
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types, also indicated from other studies on Z. mays (Oldenburg and Bendich
2004a), or result from breakage during extraction. Mild DNase I treatment of high
MW N. tabacum chloroplast DNA and blot hybridization with a plastid probe re-
vealed a smear of DNA (representing molecules of different lengths) within which
discrete monomer to tetramer bands were clearly visualised (Backert et al. 1995).
These discrete linear bands are likely to be derived from circular DNA because a
single double strand break mediated by DNase I will convert a circle to its linear
form.

The structures of plastid DNA molecules in agarose plugs prepared from 10-14
day old Z. mays seedlings have been studied by fluorescence microscopy follow-
ing ethidium bromide staining (Oldenburg and Bendich 2004b). The DNA was
present as simple DNA molecules and high MW DNA complexes with a central
core and attached DNA fibres (Fig. 3c). In the presence of an electric field or lig-
uid flow the simple molecules migrate whereas linear fibres extend from the im-
mobile cores of the high MW complexes. Simple DNA molecules are comprised
of circles and linear molecules and represent 94% of the DNA molecules but only
7% of the mass of DNA in plastids due to their small sizes relative to the high
MW DNA complexes. The high MW complexes contained on average a minimum
of eight plastid genomes (not including bright fluorescent cores) and were sug-
gested to be largely comprised of linear and complex-branched molecules (Olden-
burg and Bendich 2004b). A reduction in high MW complexes and an increase in
simple forms were correlated with chloroplast maturation during leaf development
in Z. mays (Oldenburg and Bendich 2004a). The multigenome complexes were re-
ported to represent 93% of plastid DNA by mass. Following removal of linear
DNA molecules from multigenome complexes by pulsed-field gel electrophoresis
the immobile high MW core was suggested to be comprised of complex-branched
DNA structures representing 50% of the mass of DNA in plastids (Oldenburg and
Bendich 2004b). The complex high MW branched forms have been suggested to
represent replication intermediates and their analysis is particularly important
(Oldenburg and Bendich 2004b; Scharff and Koop 2006). The ~15% of tangled
DNA fibres that were unclassified (Fig. 3b) by Lilly et al. (2001) might corre-
spond to these high MW DNA complexes identified by Oldenburg and Bendich
(2004b). DNA fibre-based FISH using plastid DNA probes would confirm the
presence of plastid DNA in these high MW complexes and might be a useful tool
to study their sequence organisation.

3.1 Linear hairpin DNA molecules in plastids

Genuine linear plastid DNA molecules can be distinguished from linear products
of broken DNA circles by studying their ends. Breakage products would be ex-
pected to possess ends that map to randomly selected regions of the plastid ge-
nome, and these ends would be expected to be indistinguishable from double-
strand breaks with flush or short single-stranded 5’ or 3° DNA extensions. Analy-
sis of plastid DNA deletion mutants in albino cereal plants regenerated from pol-
len provided the first evidence for the presence of linear plastid DNA molecules
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with special ends (Day and Ellis 1985; Ellis and Day 1986). Small linear sub-
genomic molecules have also been found in albino somatic cells from cereals
(Kawata et al. 1997; Zubko and Day 2002) and can represent the predominant
plastid DNA species in albino cereal plants. Their abundance facilitates the analy-
sis of their ends, which have been examined in detail.

Small linear plastid DNA molecules are inverted repeat palindromes with hair-
pin ends, which map to a number of sites in the large single copy region of plastid
DNA near the t7rnE(UUC) gene (Ellis and Day 1986; Harada et al. 1992; Kawata
et al. 1997). The centres of a subset of these linear palindromes are located be-
tween trnG(GCC) and trnfM(CAU) of the 135 to 140 kbp cereal plastid genome
(Ogihara et al. 2000) and retain only 5.2 kbp of plastid DNA (Zubko and Day
2002). Small linear DNA molecules all contain the plastid #7nE(UUC) gene, which
is probably essential for heme synthesis (Howe and Smith 1991; Zubko and Day
2002). Linear hairpin DNA molecules are also found in eubacteria including the
spirochete genus Borrelia (Casjens 1999) and prophage N15 of Escherichia coli
(Rybchin and Svarchevsky 1999). Models for the origin of these linear DNA
molecules include: strand switching during DNA replication (Ellis and Day 1986),
possibly promoted by short inverted repeats (Fig. 4a); repair of double strand
DNA breaks by intra-strand annealing at inverted repeats (Fig. 4b; Qin and Cohen
2000); and an E. coli linear prophage N15-like mechanism involving two cleav-
ages, sealing DNA ends to form hairpins and resolution of replicated DNA into a
linear palindrome (Fig. 4c; Rybchin and Svarchevsky 1999). Hairpin ends provide
a mechanism to overcome the end-replication-problem and stabilise the ends of
linear DNA molecules by protecting them from nucleases (Cavalier-Smith 1974).

Studies on albino cereal plants demonstrate that plastids contain the enzymes
required to maintain and replicate linear DNA molecules. If hairpin molecules
play a role in maintenance of intact plastid DNA they should also be found in the
green chloroplasts of WT plants. Revealingly, hairpin molecules are found in WT
H. vulgare chloroplasts. The hairpin ends do not appear to be localised but map to
various sites within the plastid genome (Collin and Ellis 1991), which is consistent
with their derivation from a population of linear DNA molecules with heterogene-
ous ends. Dispersed ends that are not defined in location are also found in the het-
erogencous populations of linear DNA molecules in plant (Backert and Borner
2000; Oldenburg and Bendich 2001) and Saccharomyces cerevisiae (bakers’
yeast) mitochondria. Mitochondrial DNA in S. cerevisiae is comprised of a
polydisperse population of linear DNA molecules ranging in size between the 75
kb monomer and 150 kbp dimer (Williamson 2002).

3.2 Linear plastid DNA molecules with discrete ends in WT plastids

Restriction enzymes that cleave plastid DNA rarely (once or twice) have been
used to map the ends of linear molecules in high MW DNA prepared in agarose
plugs. When Z. mays plastid DNA was cleaved with an enzyme that cuts once, the
predicted linear 140 kbp genome band was observed. In addition, discrete smaller
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sub-genomic bands were found (Oldenburg and Bendich 2004b). These sub-
genomic bands can be explained if they arise from long linear DNA molecules
containing one natural end found in vivo and one site created by restriction en-
zyme cleavage. These natural ends in sub-genomic fragments map to the large in-
verted repeats of Z. mays plastid DNA. A similar but more detailed analysis on
high MW N. tabacum plastid DNA identified eleven natural ends (Scharff and
Koop 2006). The majority of breaks mapped to the large inverted repeats but ends
were also found in the large and small single copy regions (Scharff and Koop
2006). Some of the Z. mays and N. tabacum ends map close to plastid DNA se-
quences promoting DNA synthesis or exhibiting features resembling D-loops or
replication bubbles (see Section 4.1 below). Only one end corresponded to the
proposed site for initiation of rolling circle replication (Kolodner and Tewari
1975) located at 180° from the two D-loops (Section 4; Fig. 5a) in N. tabacum
(Scharff and Koop 2006). These mapped ends define the termini of linear DNA
present in high MW plastid DNA complexes (Oldenburg and Bendich 2004b;
Scharff and Koop 2006). The structures of the ends of these linear sections of Z.
mays and N. tabacum plastid DNA are not known but their elucidation (e.g. pro-
tected or exposed, hairpin or secondary DNA structure, or simply double-strand
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DNA breaks with flush or 5’ or 3’ protruding ends) is likely to provide informa-
tion on the mechanisms underlying their formation.

4 A replicon model for plastid genome maintenance

Research on plastid DNA replication has been heavily influenced by the ‘replicon
model’ put forward by Jacob, Cuzin, and Brenner (Jacob et al. 1963). The model
proposes a specific DNA element that is recognised by an initiator protein. If plas-
tid DNA replication conforms to the model it would predict initiation of replica-
tion at specific sites in plastid DNA. Replication of bacterial genomes and plas-
mids in bacteria and S. cerevisiae conform to the ‘replicon model’ and involve
origins of replication recognised by specific origin recognition proteins (Gilbert
2004). A variety of methods have been used to try and localise origins of replica-
tion in plastid genomes. Early electron microscopy (EM) studies on DNA isolated
from P. sativum and Z. mays chloroplasts identified structures resembling D-loops
and rolling circles (Kolodner and Tewari 1975). These are well known DNA rep-
lication intermediates and provided early models for plastid DNA replication.
Unidirectional replication from an origin of replication creates a displacement
loop (D-loop), comprised of double stranded DNA and a displaced single stranded
DNA loop. Two D-loops spaced 7 kbp apart were found in monomer circles of P.
sativum plastid DNA and gave rise to the dual D-loop model (Fig. 5a) for initia-
tion of chloroplast DNA replication (Kolodner and Tewari 1975). Convergent rep-
lication forks from the two D-loops pass each other and a bidirectional replication
bubble is formed once the forks pass the starting points of replication. The com-
plete genome is replicated by the replication forks continuing round the circle in
opposite directions, with discontinuous replication on the lagging strands, until
they meet at 180° from the origin of D-loop synthesis (Fig. 5a). For rolling circle
replication, a replication fork displaces the lagging strand at a nick and continues
round the circle (Fig. 5b). Rolling circle replication enables multiple tandem head-
to-tail copies of plastid DNA to be made from a single round of replication initia-
tion. The rolling circles appeared to be initiated at the terminus of bidirectional
replication (Kolodner and Tewari 1975). This early EM study stimulated research
to locate D-loops on sequence maps of plastid DNA.

4.1 Replication origins mapped to the large inverted repeat

Electron-microscopy combined with restriction enzyme digestion enables D-loops
and replication bubbles to be mapped onto restriction fragments of plastid DNA.
The P. sativum D-loops (OriA and OriB) flank the 23S ribosomal RNA gene (Fig.
6a; Meeker et al. 1988). Unlike most angiosperm plastid genomes P. sativum lacks
a large inverted repeat (Chapter 3). Restriction fragments of proplastid DNA with
a high frequency of D-loops from N. fabacum BY?2 suspension culture cells
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mapped close to the end of the 23S rRNA gene in the large inverted repeat (Fig.
6b Nt (pro)) and a less active D-loop mapped to a 2.3 kbp Stu I fragment contain-
ing part of the psad and psaB genes in the large single copy region (Takeda et al.
1992). Later work, using two dimensional agarose gel electrophoresis to map bub-
bles in cloned plastid DNA templates replicated in chloroplast fractions, in vitro
DNA replication assays and primer extension on nascent DNA strands, suggested
different positions for two D-loops (named OriA and OriB) in plastid DNA from
N. tabacum leaves. N. tabacum OriA mapped to the intron of the #7nl (GAU) gene
located between the 16S and 23S rRNA genes (Lu et al. 1996; Kunnimalaiyaan
and Nielsen 1997a). OriB mapped to the large inverted repeat close to the border
of the small single copy region in orf350 or ycf! (Kunnimalaiyaan and Nielsen
1997a; Kunnimalaiyaan et al. 1997b).
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Fig. 6. Schematic diagram showing the locations of potential replication origins. Origin lo-
cations are shown outside the circular maps as triangles or bar-ended lines. a) P. sativum
(Meeker et al. 1988) lacks a large inverted repeat, b) Dicots containing large inverted re-
peats. N. tabacum Nt (Ori A) and Nt (Ori B) (Kunnimalaiyaan and Nielsen 1997; Kunni-
malaiyaan et al. 1997), N. tabacum D-loops Nt (pro) in proplastids (Takeda et al. 1992),
Oenothera hookeri Oe (Ori A) and Oe (Ori B) (Chiu and Sears 1992; Sears et al. 1996),
Glycine max bubbles Gm (Hedrick et al. 1993). ¢) Oryza sativa (Os) replication origins in
suspension culture cells (Os;), leaf blades (Os,), and coleoptiles (Os;) mapped by Wang et
al. 2003, Z. mays (Zm, Gold et al. 1987), linear DNA replicons (Ellis and Day 1986; Ha-
rada et al. 1992; Zubko and Day 2002), Hordeum vulgare (Hv), Oryza sativa (Os). d) C.
reinhardtii Ori A and Ori B (Waddell et al. 1984; Chang and Wu 2000) and initiation of
novobiocin-resistant replication (Woelfle et al. 1993). The large inverted repeats are shown
as converging box arrows on maps b-d; arrow orientation according to rrn operon transcrip-
tion direction.

Two D-loops separated by 4 kbp (Chiu and Sears 1992; Sears et al. 1996) were
found in the large inverted repeat of Oenothera hookeri plastid DNA, where they
flank the 16S ribosomal genes (Fig. 6b). The locations of two origins in the large
inverted repeat suggest four potential replication origins in N. tabacum and O.
hookeri plastid DNA; two in each inverted repeat. The complexity of mapping
plastid origins is illustrated by the observation that the locations of origins appear
to vary in different cells, tissues and organs from the same species. Differences in
the mechanism of DNA replication and locations of plastid origins have been ob-
served in suspension culture cells, coleoptiles, and leaves of Oryza sativa (rice,
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Wang et al. 2003). O. sativa plastid replication origins were mapped to the small
single copy region and to two positions in the large inverted repeat (Fig. 6¢; Wang
et al. 2003). Comparisons of mapped origins show that the location of only one is
conserved in N. tabacum (OriA), O. hookeri (OriB), and P. sativum (OriA). This
is located in the intergenic region between the 16S and 23S rRNA genes (Fig. 6a,
6b; Lu et al. 1996). Conservation in location might suggest this region is important
for plastid genome maintenance. However, deletion of OriA in N. tabacum using
plastid transformation has revealed that it is not essential for plastid DNA replica-
tion and maintenance (Mihlbauer et al. 2002). Of the two copies of OriB present
in the large inverted repeat the one located in orf350 (OriB2) could be deleted.
The other copy of OriB (OriB1) cannot be removed without mutating the essential
yefl gene and hence OriB1 dispensability cannot be addressed by a deletion that
removes ycf! function (Miihlbauer et al. 2002). In a recent study, a stem-loop in
OriB1 was mutated that left ycf1 intact (Scharff and Koop 2007). This allowed the
isolation of plants in which OriB1 was mutated and OriB2 was deleted indicating
that neither OriB sequence was essential. The copy number of plastid DNA ap-
peared to be the same in shoot tips but lower in young and older leaves of deleted
OriA lines (down ~1.5-fold) and lines lacking both OriA and OriB2 (down ~2-
fold) compared to WT. The plastid DNA copy number in young and older leaves
of OriB mutated lines (OriB2 deleted, OriB1 mutated) was higher (up ~1.7-fold)
than WT plants (Scharff and Koop 2007).

4.2 Replication origins located in the single copy regions

Potential replication origins have also been located well away from the ribosomal
genes. In C. reinhardtii two D-loops (OriA and OriB) spaced 7 kb apart (Waddell
et al. 1984) map to the single copy region of plastid DNA (Fig. 6d). C. reinhardtii
OriA was localised to a 224 bp region containing the 7pl//6 gene (Chang and Wu
2000) whereas ”OriB is located in or adjacent to ch/ L” (Wu personal communica-
tion). Replication at OriA is influenced by transcription across rp/16 (Chang and
Wu 2000). Novobiocin inhibition of D-loop replication led to novobiocin-resistant
replication starting close to a ‘hot spot’ of recombination near the 3° end of the
psbA gene in the large inverted repeat of C. reinhardtii plastid DNA (Woelfle et
al. 1993). In Z. mays, preferential DNA synthesis from a 1368 bp plastid DNA se-
quence amongst cloned templates representing 94% of the Z. mays plastid genome
by a partially purified P. sativum plastid DNA polymerase suggested this region
promoted replication (Gold et al. 1987). The Z. mays region promoting DNA syn-
thesis was found to promote bidirectional replication using a partially purified ~90
kDa Z. mays DNA polymerase. This was localised to a 455 bp sequence contain-
ing the 3’ end of the rpl/6 gene in the large single copy region of plastid DNA
(Fig. 6c¢; Carrillo and Bogorad 1988). A one kbp region including the 3’ end of the
psbA gene also promoted DNA synthesis using the Z. mays DNA polymerase frac-
tion (Fig. 6¢; Carrillo and Bogorad 1988). Whilst the sequence organizations of Z.
mays and C. reinhardtii plastid DNA are not conserved it is interesting that a po-
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tential replication origin overlaps with the rp//6 genes in both species (Gold et al.
1987; Chang and Wu 2000).

Two replication bubbles were mapped to 1.8 kbp Sac I-Bam HI and 2.5 kbp
Bam HI fragments in the large single copy region of Glycine max (soybean)
chloroplast DNA by two-dimensional gel electrophoresis (Fig. 6b; Hedrick et al.
1993). The recently published G. max plastid genome (Saski et al. 2005) locates
these bubble-containing fragments to regions containing the rpsi2-clp P1 and pet
B-petD genes in the large single copy region. Petunia hybrida and N. tabacum
plastid DNA sequences located in the small copy region near the location of N. ta-
bacum OriB promote autonomous replication in yeast nuclei (Ohtani et al. 1984;
Dehaas et al. 1986). Although interesting, the finding that some A + T rich plastid
sequences resembling yeast autonomously replicating elements (ARS) promote
replication in S. cerevisiae nuclei would appear to provide weak evidence for lo-
cating plastid origins of replication. The locations of these ARS regions are not
shown in Figure 6. The lack of agreement between different experimental ap-
proaches in locating origins of replication (Fig. 6) has hindered progress in this
difficult area of research. It might indicate a lack of conservation in the location of
plastid replication origins between different species, the presence of multiple ori-
gins, differences in the accuracy of locating origins or limitations of the plastid
dual D-loop replication model.

5 Maintenance of small DNA molecules in plastids

Promotion of autonomous replication of plasmids within plastids themselves
would provide a function-based assay in a homologous system for locating plastid
origins of replication. Free monomeric plasmids are known to persist for a short
period after transformation in C. reinhardtii (Boynton et al. 1988). This persis-
tence might reflect replication and/or excision of complete plasmids integrated by
single recombination events into the plastid genome. Homologous recombination
between 16 bp direct repeats gave rise to an 868-bp DNA minicircle in N. fa-
bacum plastids that was unstable but persisted as a multimeric series for several
months during growth and development of transplastomic plants (Staub and Ma-
liga 1994). The 868 bp excised sequence extends from the #7n/(GAU) intron to the
trnA(UGC) intron in the large inverted repeat and is located about 300 bases from
the 82 bp region containing Ori A (Kunnimalaiyaan and Nielsen 1997a).

In C. reinhardtii, rescue of an atpB photosynthetic mutant with a partial func-
tion atpB allele led to amplification of the transforming plasmid in the form of
large tandem arrays that appeared to be episomal (Suzuki et al. 1997). The main-
tenance of these episomal tandem arrays in plastids required a region of homology
with the resident plastid genome. Revealingly, plastid transformation was not ob-
served if there was no homology between resident plastid genome and transform-
ing plasmid. Moreover, the inclusion of C. reinhardtii Ori A promoted integration
rather than persistent autonomous replication (Suzuki et al. 1997). These results
demonstrate that small plasmids containing mapped plastid replication origins do
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not contain sufficient sequence information for replication and partition to exist as
stable autonomous replicons in plastids. Recombination appears to play a role in
plasmid maintenance in plastids and this may also be true of WT plastid genomes
(see Section 7 below).

6 Deletion mapping delimits DNA sequences capable of
self-replication in plastids

In cereals, most plastid genes are dispensable allowing the isolation of deletion
mutants lacking most of the plastid genome (see Section 3.1 above). This natural
deletion mapping identifies a region of plastid DNA located around the
trnE(UUC) gene (Fig. 6c¢) that is self-replicating as linear DNA molecules (Day
and Ellis 1985; Ellis and Day 1986; Harada et al. 1992; Kawata et al. 1997; Zubko
and Day 2002; Cahoon et al. 2003). The retained region does not contain any
known plastid replication origins mapped by electron microscopy, gel electropho-
resis or biochemical methods (Fig. 6b, 6¢). Maintenance of these linear DNA
molecules might involve a replication origin that is not highly active in WT shoots
and leaves. The relationship between the replication mechanisms maintaining
small linear molecules and WT plastid DNA is not known but hairpin ends have
been found at low frequency in WT H. vulgare plastids (Collin and Ellis 1990;
Section 3.1).

Recombination events between sequences in the large single copy region and
those located in either the large inverted repeat or small single copy region give
rise to deleted plastid DNA molecules with circular maps (Day and Ellis 1984)
and circular structures (Day and Ellis 1985) that have been found in albino 7. aes-
tivum plants from anther culture. The region present in the smallest circles (39
kbp, Day and Ellis 1985), containing only 30% of the plastid genome, stretches
from the trnE gene region to the end of the adjacent large inverted repeat (Fig. 6¢).
These molecules contain only one large inverted repeat sequence and lack the rep-
lication origin mapped near rp/l6 in Z. mays (Fig. 6¢c; Gold et al. 1987). Deleted
circular plastid DNA molecules containing only one large inverted repeat have
also been found in WT N. tabacum chloroplasts by DNA fibre-based FISH (Lilly
et al. 2001). These results show that sub-genomic plastid DNA molecules lacking
the small single copy region, most of the large single copy region and one large
inverted repeat can be maintained as circular DNA molecules in plastids.

7 A recombination-dependent DNA replication model of
plastid DNA

The replicon model (Jacob et al. 1963) has been very successful and been substan-
tiated in bacteria, animal viruses and budding yeasts such as S. cerevisiae. Prob-
lems in localising bona fide replication origins in plastids (Section 4.1, 4.2) and
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the nuclear genomes of multicellular organisms (Gilbert 2004) have hindered uni-
versal application of the replicon model. The apparent failure of plastid genomes
to conform to the replicon model with one or two well-defined replication origins
might suggest the standard model (Fig. 5a, 5b) for replication of plastid genomes
(Kolodner and Tewari 1975) requires revision (Bendich 2004). The lack of pro-
gress in understanding plastid genome replication has been matched by illuminat-
ing advances in bacterial genetics, particularly by Kogoma and colleagues (Asai et
al. 1994), that have identified new replication mechanisms initiated by recombina-
tion for genome maintenance. Recombination-dependent DNA replication allows
stalled replication forks at double-strand DNA breaks to re-establish and enables
initiation of replication in the absence of a defined origin of replication (Asai et al.
1994; Kowalczykowski 2000). The mechanism requires a linear DNA end and
strand invasion to prime DNA synthesis on a circular (Fig. 5¢) or linear DNA (Fig.
5d) template followed by resolution of the recombination-junction to re-establish
the replication fork. Replication forks resulting from D-loops primed by strand in-
vasion were first described in bacteriophage T4 DNA replication (Kreuzer 2000,
2005). The role of recombination in maintaining replication forks has been sug-
gested to be the main function of recombination systems (Cox et al. 2000; Good-
man 2000). Plastids are known to contain a highly active homologous recombina-
tion pathway (see Section 8 below), which is a requirement for recombination-
dependent DNA replication.

The only requirement for recombination-dependent DNA replication is a free
end that could be located at any position on plastid DNA. As mentioned above
(Section 3.1), the linear genomes in S. cerevisiae and plant mitochondria appear to
have heterogeneous ends rather than a limited number of defined ends. Recombi-
nation-dependent DNA replication has been put forward as a mechanism for repli-
cation of fungal and plant mitochondrial genomes (Oldenburg and Bendich 1998;
Williamson 2002), and the minicircles present in the plastids of dinoflagellates
(Nelson and Green 2005). Linear ends with 3° overhangs would allow strand inva-
sion to prime DNA replication on other plastid DNA molecules acting as tem-
plates. Induction of double-strand breaks at specific sites in E. coli gives rise to re-
combination-dependent DNA replication origins that can be mapped (Asai and
Kogoma 1994). Linear DNA molecules with defined ends have been found in Z.
mays (Oldenburg and Bendich 2004b) and N. tabacum (Scharff and Koop 2006,
2007) plastids (Section 3.2 above). One common end in both species maps close
to OriA in the large inverted repeat of N. tabacum between the 16S and 23S rRNA
genes (Fig. 6b). An origin of replication has not yet been located in this position in
cereal plastid genomes (Fig. 6¢). These natural ends have been suggested to in-
vade template DNA and prime DNA synthesis by recombination-dependent DNA
replication (Bendich 2004; Oldenburg and Bendich 2004b). As a result they could
define sites at which replication of the plastid genome is initiated. Interestingly,
the locations of these ends appeared to change when OriA and OriB2 were deleted
(Scharff and Koop 2007). Recombination-based-replication will lead to circular
DNA molecules with tails (Fig. 5¢) and linear branched structures (Fig. 5d). Lin-
ear DNA molecules are extended when their ends invade and replicate template
genomes. The process leads to multimerization of linear DNA molecules and has
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been documented in detail during replication of bacteriophage T4 in E. coli
(Kreuzer 2000). Highly branched complexes will be formed if several independent
DNA molecules are connected by recombination-dependent DNA replication
events. The complexity of branching increases if resolution (see resolution step
shown in Fig. Sc, 5d) is not completed in some of the branches (Kreuzer 2000).
Complex branched networks arising from recombination-dependent DNA replica-
tion might explain the 90-95% (by mass) of Z. mays plastid DNA found in high
MW complexes (Oldenburg and Bendich 2004b; Section 3; Fig. 3c).

8 DNA recombination in plastids

Plastid fusion and DNA recombination between different plastid types are rare in
flowering plants. Rapid segregation is observed when two plastid types with dif-
ferent genomes are forced into the same cell by protoplast fusion (Morgan and
Maliga 1987). In C. reinhardtii, recombination between parental plastid genomes
in exceptional zygotes is well established (Gillham 1974). The development of
plastid transformation has demonstrated an active homologous DNA recombina-
tion pathway in C. reinhardtii (Boynton et al. 1988) and flowering plant plastids
(Svab et al. 1990). The rarity of plastid fusion in angiosperms probably explains
the lack of DNA recombination between “parent” plastid genomes in protoplast
fusion experiments. In one successful protoplast fusion experiment a single plant
with a recombinant plastid genome resulting from at least six crossover events be-
tween parental genomes was isolated (Medgyesy et al. 1985).

Most characterised plastid genomes contain a large inverted repeat sequence.
Recombination between the large inverted repeat sequences (flip-flop recombina-
tion) is responsible for the two isomers of plastid DNA, which differ with respect
to the orientation of the single copy regions (Palmer 1983). Flip-flop recombina-
tion giving rise to the two isomers can take place between circular (Fig. 7a) or lin-
ear DNA substrates (Fig. 7b). The head-to-head circular dimers (Fig. 3a) in L. sa-
tiva and S. oleracea plastids observed by Kolodner and Tewari (1979) were
explained by intermolecular recombination between opposite large inverted re-
peats in circular DNA substrates (Fig. 8a). These head-to-head dimers are com-
prised of an inverted sequence representing ~90% of the unit genome size sepa-
rated by small spacer loops comprised of the small single copy sequences. P.
sativum plastid DNA lacks a large inverted repeat providing an explanation for the
lack of head-to-head dimers in plastids from this species (Kolodner and Tewari
1979). Head-to-head inverted sequences representing ~90% of the unit genome
length will also be produced by recombination events between large inverted re-
peat sequences involving linear DNA substrate (Fig. 8b). Homologous recombina-
tion that is not limited to specific sequences appears to be responsible for generat-
ing these isomers. Intermolecular recombination between inverted repeats in long
chain multimers of plastid DNA would be expected to place at any point and
would give rise to a large number of isomers. Intramolecular recombination events
between tandemly repeated copies of the unit genome in linear multimers will give
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Fig. 7. Intramolecular flip-flop recombination between large inverted repeat sequences in a)
Circular, and b) Linear DNA molecules. The large inverted repeat sequences are shown as
converging grey and white box arrows. Note that the linear product in b contains one of the
head-to-head inverted sequences high-lighted in Fig. 8b.

rise to circular DNA molecules. Oldenburg and Bendich (2004b) have pointed out
that recombination-dependent DNA replication primed by an end within the large
inverted repeat will also result in head-to-head inverted sequences and flipping of
single copy regions. This can be visualised by looking at Figure 8b where the
products of reciprocal recombination can also be obtained by strand-invasion by
the top molecule on the bottom template at the crossover site followed by D-loop
replication, resolution, and replication fork movement (see Fig. 5d) to the end of
the template molecule.

Figure 9 shows a recombination event between large inverted repeats following
replication of one copy of the repeat (Futcher 1986). This switches the direction of
the replication fork allowing many identical head-to-tail copies of the unit genome
to be made in a multimeric circle from a single template without re-initiation of
DNA replication. The absence of a large inverted repeat in some plastid genomes
(Palmer and Thompson 1982) would suggest that this double rolling circle mecha-
nism is not essential for amplification of plastid DNA. A linear multimeric chain
replicated from a circular template will be formed if the lagging strand is not rep-
licated following recombination between the duplicated and unreplicated copies of
the large inverted repeats (Ellis and Day 1985).
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Fig. 8. Intermolecular recombination between opposite large inverted repeat sequences
gives rise to plastid genomes orientated head-to-head. a) Circular head-to-head and b) Lin-
ear head-to-head DNA molecules. Head-to-head inverted sequences are shown as dotted ar-
rowed lines. Length is expressed as a percentage of the unit genome size.

8.1 Integration of foreign genes by homologous recombination

The era of plastid transformation enables the detailed study of recombination
events in plastids. In algae and plants foreign DNA integrates by homologous re-
combination between common DNA sequences in the transforming vector and
resident plastid genome. Large regions of donor plastid DNA integrate into the
resident plastid genome well beyond the markers used to select transformants re-
sulting in incorporation of all or almost all of a 6.2 kb recombinant plastid se-
quence in N. tabacum plastid transformants (Staub and Maliga 1992). Reciprocal
recombination or gene conversion events between transforming plasmid and resi-
dent plastid genome will result in transgene integration (Fig. 10a). A variety of
plastid DNA sequences have been used to target integration of foreign genes to
different sites in the plastid genome (Chapter 14). This indicates the plastid re-
combination machinery is not limited to specific substrates but can act on a wide
selection of DNA sequences. When a vector containing a gene-of-interest flanked
by targeting DNA is introduced into angiosperm plastids, double recombination
events in both arms will insert the transgene into the plastid genome. Alterna-
tively, the entire plasmid can integrate as a result of homologous recombination in
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Fig. 9. Double rolling circle model of DNA replication gives rise to large circular mul-
timers from a single round of replication initiation (Futcher 1986). Not to scale: the small
single copy region is enlarged to illustrate the model. O= replication origin.

one flanking region of plastid DNA. The resulting co-integrate contains duplica-
tions of left and right targeting regions. The co-integrate can be selected by plac-
ing the marker gene in the vector sequences (Klaus et al. 2004). When selection is
removed further homologous recombination events between these duplicated se-
quences excise vector and marker sequences to leave either the gene-of-interest or
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Fig. 10. Integration of foreign DNA into the plastid genome by homologous recombination.
a) Integration requires homology and involves reciprocal recombination and possibly gene
conversion events. b) Integration of homeologous DNA reveals multiple crossover events
between target and donor DNA (Kavanagh et al. 1999).

WT plastid sequences (see Chapter 14; Klaus et al. 2004). These co-integrate ex-
periments show that the crossover events in both arms required for integration are
not tightly linked and this integration pathway must reflect properties of the DNA-
RRR pathways in angiosperm plastids.

In E. coli, homologous recombination is stimulated by 8 base 5>GCTGGTGG
chi sequences which are recognised by the recBCD complex (Kowalczykowski
2000). The eight base chi motif is absent in N. tabacum plastids (Shinozaki et al.
1986) but is present in the 16S ribosomal RNA genes in grass plastid genomes
(Hiratsuka et al. 1989). Any role for chi sequences in plastids would appear to be
ruled out by the finding that cyanobacterial and angiosperm genomes do not ap-
pear to contain homologues of genes encoding the recBCD complex. In C.
reinhardtii, sequences that appear to stimulate recombination have been identified
within the large inverted repeat and have been localised to a 400 bp region of plas-
tid DNA containing the 3’ end of the psb4 gene (Newman et al. 1992).

8.2 Homologous recombination between short DNA repeats
The introduction of short repeated sequences into plastid genomes by transforma-

tion has demonstrated that they are effective substrates for homologous recombi-
nation (Table 1). Recombination between direct repeats excises the intervening
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Table 1. Recombination events between engineered DNA repeats in transgenic plastids

Species Repeat Repeated Reference
length (bp) sequence
Nicotiana ta- 174! 16S rrn promoter & lamtham and Day 2000
bacum rblC RBS
418! psbA 3° UTR lamtham and Day 2000
210 rbcL 3° UTR Dufourmantel et al.
2007
232 (IR) psbA 3° UTR Rogalski et al. 2006
649 atpB 5’UTR & pro- Kode et al. 2006
moter
Glycine max 403 HPPD gene Dufourmantel et al.
2007
Lactuca sativa ~200 16S rrn promoter & Lelivelt et al. 2005
RBS
Chlamydomonas 216 chiL coding region Cerutti et al. 1995
reinhardtii 483 pACYC184 Nrul- Fischer et al. 1996
BspHI®

Repeats were in direct orientation apart from Rogalski et al. 2006. Most recombinant ge-
nomes contained two engineered repeats apart from 'three 418 bp and two 174 bp repeats
(lamtham and Day 2000). *Restriction fragment from pACYC184 plasmid. IR = inverted
repeat. RBS = ribosome binding site. HPPD = 4-hydroxyphenylpyruvate dioxygenase.

DNA (Fig. 11a) while recombination between inverted repeats reverses the orien-
tation of the intervening DNA. Both length and number of repeated sequences in-
fluence recombination frequency. Whereas two 418 bp direct repeats were ineffec-
tive in deleting intervening DNA, three 418 bp repeats promoted high frequencies
of excision to leave a single 418 bp direct repeat (Iamtham and Day 2000). Inter-
mediate forms containing two copies of the 418 bp repeat were not detected indi-
cating that once activated the homologous recombination pathway goes to comple-
tion (Fig. 11b). A variety of direct repeats promote excision (Table 1) but a
systematic study on the relationship between repeat length, DNA sequence and re-
combination frequency has not been carried out. Whereas recombination was
barely detected between two 3’UTR psb A direct repeats of 418 bp (lamtham and
Day 2000), excision was promoted by repeated ~200 bp 16S rrn promoter ele-
ments in L. sativa (Lelivelt et al. 2005), and N. tabacum (Zou et al. 2003), and 210
bp rbc L 3° UTR repeats in N. tabacum (Dufourmantel et al. 2007). Recombina-
tion between 232 bp inverted psb4 3> UTR repeats has been shown in N. tabacum
plastids (Rogalski et al. 2006). Excision can take place at any time during the
transformation process and non-deleterious transgenes flanked by direct repeats,
might be stabilised by the high copy number of plastid DNA once homoplasmy
has been reached. Promoter regions of ~120 bp are duplicated in a number of plas-
tid transformation vectors with no apparent reports of instability (Zoubenko et al.
1994) hinting at a lower size limit for efficient recombination.
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Fig. 11. Homologous recombination between engineered direct repeats (arrows) in plastid
DNA. a) Recombination between two 649 base atpB promoter repeats (Kode et al. 2006)
excises the rbcL gene and a marker gene (not shown). b) Recombination between three 418
bp 3’ psbA repeats leaves a single 418 bp 3’ psbA sequence. Once recombination is acti-
vated the pathway appears to go to completion because intermediates containing two re-
peats are rare and were not found (Iamtham and Day 2000). ¢) The recombination event
shown in a) gives rise to pale green sectors (light areas) which appear randomly throughout
leaf development.

The types of intervening genes excised by flanking direct repeats might also in-
fluence the accumulation of recombination products. Selection on plastid fitness
might be expected to promote the division of plastids from which foreign genes



DNA replication, recombination, and repair in plastids 91

with a negative impact on plastid functions and division have been deleted. The
finding that excision mediated by recombination between duplicated 649 bp atpB
5’ regulatory regions allows the isolation of mutant defective plastid genomes
lacking the rbcL gene (Fig. 11a; Kode et al. 2006) indicates that products of dele-
terious recombination events can be isolated under suitable conditions; in this case
sucrose was provided in the media to allow non-photosynthetic growth. Recombi-
nation-mediated excision of rbcL and segregation of plastid genomes gives rise to
pale-green sectors allowing the process to be monitored. Pale-green sectors of
varying sizes are visualised in leaves (Fig. 11c, lighter areas represent pale-green
sectors) indicating the recombination and segregation pathways are active
throughout leaf development. The variable sizes and random appearance of pale-
green sectors reflect random spontaneous excision events combined with stochas-
tic replication and segregation of plastid genomes.

In E. coli, a minimum sequence length of 23-27 bp is considered to be required
for efficient homologous recombination via the recBC-dependent pathway (Shen
and Huang 1986). A minimum identical stretch of 150 to 200 bases appears to be
required for homologous recombination in C. reinhardtii (Newman et al. 1992).
Recombination between engineered direct repeats of 216 bp (Cerutti et al. 1995)
has been observed in C. reinhardtii (Cerutti et al. 1995). In another study recom-
bination was not detected between 100 bp or 230 bp direct repeats but frequent re-
combination was detected between 483 bp repeats (Fischer et al. 1996). This is
probably because the recombination assay for the 216 bp repeats relied on restora-
tion of gene function giving rise to green sectors and was more sensitive than the
loss of antibiotic resistance assay involving the 230 bp direct repeats flanking
aadA (Fischer et al. 1996). However, sequence-dependent differences in recombi-
nation rates between direct repeats cannot be ruled out (Fischer et al. 1996).

Site-specific recombination is an alternative to homologous recombination for
manipulating plastid genomes. The Cre site-specific recombinase from the P1 bac-
teriophage of E. coli mediates strand-exchange between 34 bp LoxP sites
(Sternberg and Hamilton 1981). When Cre is introduced into plastids it recom-
bines LoxP sites as intended (Corneille et al. 2001; Hajdukiewicz et al. 2001). Un-
expectedly, Cre recombinase also appears to stimulate recombination between
~120 bp direct repeats comprised of the 16S rrn promoter region (Corneille et al.
2001; Hajdukiewicz et al. 2001). The WT N. tabacum plastid genome lacking
LoxP sites is stable in the presence of Cre recombinase (Corneille et al. 2003).
This suggests that creation of double strand breaks at LoxP sites by Cre recombi-
nase stimulates native recombination events in plastids. Cre-stimulated illegiti-
mate recombination events between a LoxP site and a recombination hotspot in
the promoter region of the rps7/3’rps12 operon were also reported (Hajdukiewicz
et al. 2001; Corneille et al. 2003). The recombination hotspot contained multiple
copies of a TATTA sequence (Hajdukiewicz et al. 2001). Short repeats are often
associated with recombination hotspots in plastid DNA. The role of short multiple
18 to 37 bp repeats near a recombination hot spot in C. reinhardtii was addressed
by deleting them. Their deletion did not reduce recombination frequency
(Newman et al. 1992) indicating the repeats were not responsible for increased re-
combination. The observation that Cre-cleaved DNA ends are recombinogenic
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might suggest that the natural ends of the linear DNA molecules found in plastids
(Oldenburg and Bendich 2004b; Scharff and Koop 2006) are protected by proteins
or secondary structures, for example, DNA loops or hairpins.

Spontaneous excision of an 868 bp sequence following apparent recombination
between 16 bp imperfect direct repeats (5° GTACTGc/tGCTCTCCAA) was re-
ported to accompany plastid transformation in N. tabacum (see Section 5 above;
Staub and Maliga 1994). This might indicate that some plastid sequences of less
that 20 bp are effective substrates for recombination. Evolutionary comparisons of
plastid genomes have found DNA sequence inversions in the large single copy re-
gion that distinguish related species of flowering plants (Doyle et al. 1992).
Analyses of the end points of an inversion in rice plastid DNA relative to N. ta-
bacum suggest recombination events between sequences as short as 16 bp in
length (Hiratsuka et al. 1989). In another study, short inverted repeats of 7-11 bp
were found to be associated with inversions of the intervening 4 bp region
(Kelchner and Wendel 1996). These studies indicate recombination events be-
tween short repeated stretches of nucleotides. Whether the same recombination
pathway acts on the very short (10-20 bp) and longer (~200 bp and above) sub-
strates remains to be determined. These questions can only be addressed once mu-
tants in specific plastid recombination pathways have been isolated.

9 Recombination and plastid genome stability

An active homologous recombination pathway in plastids must underlie mainte-
nance of the plastid genome and shape its evolution. Plastid transformation ex-
periments have demonstrated recombination events between short repeats of ~200
bp in length in flowering plant plastids resulting in the deletion of genes (Table 1).
Such excision events would be deleterious to WT plastid genomes. Grossly de-
leted N. tabacum transgenic plastid genomes resulting from recombination be-
tween distant psb4 3’UTR sequences do not persist (Svab and Maliga 1993) pre-
sumably because of strong selection against dysfunctional plastids with defective
plastid genomes. Deleterious recombination events in WT plastid genomes would
be avoided if they lacked DNA repeats or contained small repeats that were below
the size needed for homologous recombination. One set of inverted repeats would
be allowed because they would only flip the relative orientation of the single copy
regions (Fig. 7). Any repeats that lie on either side of the large inverted repeat
would be converted into direct repeats by large inverted repeat mediated flipping
of single copy regions and destabilise plastid genomes (Day and Ellis 1984). Loss
of the large inverted repeat in P. sativum is associated with rearrangements in
plastid gene order (Palmer and Thompson 1982); presumably because inversions
are not restricted by the presence of a large inverted repeat (Day and Ellis 1984).
Whilst most angiosperm plastid genomes contain a large inverted repeat of 20-
76 kbp they are deficient in repeated DNA sequences over 100 bp in size. The
plastid genome of Pelargonium x hortorum contains a large number of repeated
sequences, including nine pairs of dispersed repeats of 31-101 bp in size
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(Chumley et al. 2006). Over 20% of the C. reinhardtii plastid genome is com-
prised of repetitive DNA of less than 50 bp in length (Maul et al. 2002). Presuma-
bly these repeated sequences of 100 bp or less are too small to act as efficient sub-
strates for homologous recombination. Plastid DNA is uniform within a plant and
recombination events that would destabilize and fragment plastid genomes are not
normally observed. However, low frequency recombination events between short
repeats might give rise to the plastid DNA rearrangements observed during evolu-
tion (Hiratsuka et al. 1989; Chumley et al. 2006). Deleted plastid genomes with
circular maps (Day and Ellis 1984; Cuzzoni et al. 1995) and circular topologies
(Day and Ellis 1985) have been described in albino cereal plants from anther cul-
ture demonstrating the instability of the plastid genome when cells are rescued by
heterotrophic growth in vitro. A recent report suggests albino Bambusa edulis
(bamboo) plants contain deleted plastid genomes (Liu et al. 2007). Aberrant sub-
genomic circles have also been described in WT N. tabacum chloroplasts by DNA
fibre-based FISH analysis (Lilly et al. 2000). Two factors appear to be required to
maintain plastid genomes, first, DNA-RRR surveillance mechanisms that either
reduce the frequency of deleterious recombination events or repair deleted plastid
genomes, and second, selection for functional plastids with an intact plastid ge-
nome.

10 Homeologous recombination in plastids

In E. coli, sequence divergence dramatically reduces the rate of homologous re-
combination. A 10% reduction in identity between DNA sequences reduces ho-
mologous recombination frequency by 40-fold (Shen and Huang 1986). The effect
of mismatches on integration of transgenes can be studied by using heterologous
plastid DNA to target integration of foreign genes into plastids. N. tabacum plastid
DNA has been used to target integration of foreign genes in Lycopersicon esculen-
tum (tomato; Ruf et al. 2001), Petunia hybrida (Zubko et al. 2004) and Solanum
tuberosum (potato; Sidorov et al. 1999). Because the transformation frequency of
homeologous N. tabacum plastid DNA was not compared with homologous plas-
tid DNA the influence of mismatch on plastid transformation frequency in these
species is not known. In a more detailed study, a 7.8 kbp region of Solanum ni-
grum plastid DNA was introduced into N. tabacum plastids (Kavanagh et al.
1999). Recombinant plastid genomes exhibited a mosaic structure comprised of
several patches of S. nigrum DNA interspersed with N. tabacum plastid DNA se-
quences (Fig. 10b). This is consistent with multiple recombination events during
integration of 7.8 kbp S. nigrum plastid DNA and random resolution of Holliday
junctions. Although S. nigrum and N. tabacum plastid DNA showed 2.4% se-
quence divergence, plastid transformation frequencies were not reduced relative to
using homologous sequences for N. tabacum plastid transformation. Stringent
mismatch repair processes which reduce recombination between diverged DNA
sequences (Evans and Alani 2000) might be suppressed in flowering plant plastids
(Kavanagh et al. 1999). In contrast, homeologous plastid DNA exhibiting around
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Fig. 12. Expansion and deletion of short direct repeats by replication slippage (Lovett
2004). Slippage in the daughter strand increases the number of repeat units while slippage
in the template strand reduces the number of repeat units.

2-4% mismatch decreased transformation frequency by two to fivefold (Newman
et al. 1990) in C. reinhardtii. This might indicate a more efficient plastid mis-
match repair system in this green alga.

11 Replication slippage in plastids

Very short tandem repeats, based on mononucleotide, dinucleotide, trinucleotide,
and consecutive nucleotide repeats up to the ~30-mer, are found in plastid ge-
nomes. Very short tandem repeats are considered to result from slippage of the
replication fork. Replication slippage in the newly replicated daughter strand in-
serts a repeat whilst slippage of the template strand deletes a repeat (Fig. 12). A
number of hot spots of variation in plastid genomes are associated with short tan-
dem repeats (Newman et al. 1992; Sears et al. 1996; Stoike and Sears 1998; Ogi-
hara et al. 2002). Plastome-mutator is a nuclear mutation in O. hookeri associated
with a 200 to 1000-fold increase in pigment-deficient sectors and changes in plas-
tid DNA (Epp 1973; Stoike and Sears 1998). The product of the plastome-mutator
gene is not known but it has been suggested to be involved in plastid DNA-RRR
pathways (Stoike and Sears 1998). Examination of alterations induced by plas-
tome-mutator in the intergenic region between the 16S and 23S ribosomal RNA
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Fig. 13. Direct repeat mediated deletion by replication slippage and recombination (Bi and
Liu 1996).

genes suggested they were the result of replication slippage rather than recombina-
tion events (Stoike and Sears 1998).

Replication slippage between direct repeats and recombination (Fig. 13; Bi and
Liu 1996) provides an alternative mechanism to homologous recombination (Fig.
11a) for excision of genes from plastid DNA. Replication slippage induced re-
combination is reduced with increasing distance between repeats and does not in-
crease in frequency when repeat length is increased above ~100 bp in E. coli (Bi
and Liu 1996). The observation that recombination between engineered repeats in
plastids increases with longer repeats favours a mechanism involving homologous
recombination rather than slippage (see Section 8.2 above). Replication slippage
can give rise to insertions and deletions (Fig. 12) and appears to be a major force
in plastid genome evolution. The 70 kb plastid genome of the non-photosynthetic
parasite Epifagus virginiana is less than half the size of the 156 kb N. tabacum
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Fig. 14. Recombination events between WT and mutant () DNA duplexes can be non-
biased or biased. Biased gene conversion events will favour one of the alleles and either fix
or remove mutations.

plastid genome (Wolfe et al. 1992). Gene order in E. virginiana and N. tabacum is
conserved despite the loss of all photosynthesis-related genes. A large number of
deletion events on a local scale mediated by replication slippage rather than re-
combination events between distant parts of the plastid genome would appear to
be the major mechanism underlying selective gene loss and genome reduction in
E. virginiana (Wolfe et al. 1992).

12 DNA repair in plastids

DNA replication, recombination, and repair are interrelated processes and the ho-
mologous recombination pathway in plastids is likely to play a role in DNA repair
(Cerutti et al. 1995). The estimated mutation rate of plastid genes is approximately
two-fold lower than that of nuclear genes (Wolfe et al. 1987). Within plastids the
synonymous substitution rate of genes located in the large inverted repeat is about
two-fold lower than that for genes located in the single copy regions (Perry and
Wolfe 2002). This has been interpreted to be the result of the two-fold higher dos-
age of inverted repeat sequences and biased gene conversion in favour of WT
plastid DNA sequences (Birky and Walsh 1992; Perry and Wolfe 2002). Non-
biased repair will either correct the mutation to WT or fix the mutation (convert
WT to mutant) and give rise to both outcomes in equal proportions. Biased repair
favours one of these outcomes to give 100% of only one product (Fig. 14). Direct
experimental confirmation for biased gene conversion has been obtained by moni-
toring correction of mutations tightly linked (31 bp distance) to an aadA insertion
in transgenic N. tabacum plastids (Khakhlova and Bock 2006). Whilst the aadA
gene was retained by spectinomycin selection the mutations were repaired to WT
with a bias for reversing AT to GC changes more efficiently than GC to AT muta-
tions. It has been suggested that this bias towards AT might underlie the high
overall AT content (>70% AT) of plastid genomes (Khakhlova and Bock 2006).
Multiple copies of plastid DNA and biased gene conversion in favour of WT
would reduce the rate at which mutations are fixed.
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Alternatives to RecA-based recombination repair include photoreactivation,
base excision repair, nucleotide excision repair, and mismatch repair (Kimura and
Sakaguchi 2006). Little is known on these alternative repair pathways in plastids.
A putative plastid-localised uracil-DNA glycosylase activity probably involved in
base excision repair was partially purified from Z. mays chloroplasts (Bensen and
Warner 1987). UV-induced lesions in the plastid psh4 gene of G. max suspension
culture cells were repaired in the light (but not in the dark) with kinetics that were
considerably slower than expected for photoreactivation by photolyases (Cannon
et al. 1995). Experiments on purified S. oleracea chloroplasts (Hada et al. 2000)
and the lack of identification of plastid transit peptides in the products of plant
genes encoding photolyases (Draper and Hays 2000) led to the possibility that
plastids might be deficient in photolyase-mediated photoreactivation. However,
tolerance of plastid DNA replication to UV-B lesions in A4. thaliana plants grown
in blue (photorepair-compatible) light might suggest the presence of as yet uniden-
tified photolyases in plastids (Draper and Hays 2000). Under gold light where
light-dependent photorepair does not take place, a UV-B fluence rate of 5 kJ m-2
inhibits replication of plastid DNA but not nuclear and mitochondrial DNA indi-
cating a deficiency in light-independent (dark) repair pathways in chloroplasts
(Draper and Hays 2000).

Endonuclease activities that could act on apurinic sites following base removal
were purified from H. vulgare chloroplasts (Veleminskiy et al. 1980). A single-
strand specific nuclease activity from 7. aestivum chloroplasts cleaves single
stranded DNA or RNA regions including 5° flaps, 5’ overhangs, and 3’
pseudoflaps and has been suggested to be involved in DNA repair (Przykorska et
al. 2004). The multi-subunit replication protein A (RPA) binds to single-stranded
DNA and is involved in pathways including nucleotide excision repair. RPA sub-
units appear to be targeted to plastids (Kimura and Sakaguchi 2006). Plastid-
localised homologues of RecQ have been implicated in DNA repair (see Sec-
tion13.5 below). Nitroso-methy-urea and nitroso-guanidine are particularly effec-
tive for inducing mutations in flowering plant plastid genomes (Hagemann 1976).
Methyl transferases reverse the damage to bases caused by these alkylating agents.
The presence of methyl transferases in nuclei but their absence in plastids might
explain the utility of these mutagens for inducing plastid mutations (Sears 1998).

13 Identification of proteins involved in plastid DNA RRR-
pathways

Studies on bacteria have identified a suite of DNA metabolism enzymes including
DNA polymerases, DNA primase, RecA, topoisomerases, and helicases
(CameriniOtero and Hsieh 1995). The cyanobacterium Anabaena contains 93
genes encoding proteins with significant similarity to known DNA-RRR proteins
(Kaneko et al. 2001). Early studies to identify plastid DNA-RRR proteins in-
volved purifying enzymes with DNA-RRR activities, such as DNA synthesis,
from chloroplasts (McKown and Tewari 1984). More recently, whole genome da-
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tabases have been used to identify candidate plastid-targeted proteins with signifi-
cant matches to well-known bacterial DNA-RRR proteins. Further experimental
support is then required to confirm in silico predictions of plastid location. The list
of genes encoding homologues of DNA-RRR proteins for which there is experi-
mental support for a plastid location is short and is reviewed below. Proteomics of
purified chloroplasts (Chapter 12) provides an alternative approach to identify
DNA-RRR proteins. However, the limited abundance of plastid DNA-RRR pro-
teins hinders their identification in whole chloroplast preparations. Further purifi-
cation of sub-chloroplast fractions containing DNA-protein complexes is required
to identify plastid DNA-RRR proteins (Sakai et al. 1999; Phinney and Thelen
2005).

13.1 Plastid DNA polymerases

Eukaryotic cellular template-dependent DNA polymerases can be classified into
a, B, v, 9, and € DNA polymerases based largely on work in vertebrates and yeast
(Wang 1991). The a, B, 5, and € DNA polymerases are located in nuclei whereas
the y-DNA polymerase is located in mitochondria. This original list of five eu-
karyotic DNA polymerases has expanded to fourteen (Mori et al. 2005) as new
DNA polymerases are identified including those involved in translesion DNA syn-
thesis (Hubscher et al. 2000). Nine classes of DNA polymerase have been identi-
fied by analyses of plant genomes (Mori et al. 2005). The activity of y-DNA po-
lymerases is resistant to aphidicolin, sensitive to N-ethylmaleimide, and relatively
resistant to low concentrations of dideoxynucleoside 5’ triphosphates (Wang
1991). This y-DNA polymerase activity can be distinguished from a, §, and
€ DNA polymerases which are sensitive to aphidicolin but resistant to dideoxynu-
cleoside 5’ triphosphates, and B—DNA polymerase, which is resistant to both
aphidocolin and N-ethylmaleimide but sensitive to low concentrations of dide-
oxynucleoside 5’ triphosphates (Wang 1991). Plastid DNA polymerases that have
been characterised from S. oleracea (Spencer and Whitfeld 1969; Sala et al.
1980), P. sativum (McKown and Tewari 1984), G. max (Heinhorst et al. 1990;
Bailey et al. 1995), N. tabacum (Sakai et al. 1999), and C. reinhardtii (Wang et al.
1991) resemble y-DNA polymerases based on their resistance to aphidocolin and
sensitivity to N-ethylmaleimide. Furthermore, the plant but not the C. reinhardtii
plastid DNA polymerases are resistant to low concentrations of dideoxynucleoside
5’ triphosphates (Heinhorst and Cannon 1993). The activities of purified plastid
DNA polymerases appear to be stimulated by KCI (Spencer and Whitfeld 1969;
Sala et al. 1980; McKown and Tewari 1984; Heinhorst et al. 1990; Sakai et al.
1999) and inhibited by ethidium bromide (McKown and Tewari 1984; Wang et al.
1991; Sakai et al. 1999).

Estimated sizes of plastid DNA polymerases were 87 kDa (McKown and Te-
wari 1984) and 70 kDa for P. sativum (Gaikwad et al. 2002), 85-90 kDa for G.
max (Heinhorst et al. 1990), 116 kDa for N. tabacum (Sakai et al. 1999), and
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Table 2. Plastid DNA-RRR proteins encoded by Arabidopsis thaliana nuclear genes.

Protein Length Acc. no. Gene no. Reference
(aa)
DNA poly- 1049 AAL58915 At1g50840 Christensen et al.
merase 1034! BAE98907 At3g20540 2005
RecA 439 Q39199 At1g79050 Cao et al. 1997
Gyrase A 950" AAGS51377 At3g10690 Wall et al. 2004
Gyrase B 732! Q94BZ7 At5g04130 Wall et al. 2004;
657" Q9SS38 At3g10270 Christensen et al.
2005
RecQ 8582 QOFT69 At5g27680 Saotome et al. 2006;
606>* QYFT74 At3g05740; Hartung and Puchta
2006

Dual targeting or alternative translation start sites target product to both plastids and mito-
chondria. Length will vary depending on translation initiation at alternative start sites or at
non-AUG start codons in the 5° UTR (Christensen et al. 2005). 2. Homologues of Oryza sa-
tiva (rice) plastid-localised proteins (Saotome et al. 2006). 3. Targeted to plastids and nuclei
in O. sativa.

possibly two catalytic subunits of 80 and 116 kDa for C. reinhardtii (Wang et al.
1991). The size discrepancies might be explained by proteolytic cleavage of pro-
teins during purification. In the absence of primary sequence information the rela-
tionships between these proteins are not known and it is unclear whether they are
different DNA polymerases or homologues of the same protein. Analyses of DNA
polymerase genes present in sequenced genomes (discussed below; Mori et al.
2005) are likely to help resolve some of the discrepancies encountered in the ear-
lier biochemical work. A number of proteins have been found to be associated
with purified plastid DNA polymerases. These include a 43 kDa protein (related to
ribonuclease T2, GenBank Acc. P93845) that stimulates the activity and proces-
sivity of an 87 kDa (Chen et al. 1996) and a 70 kDa P. sativum DNA polymerase
(Gaikwad et al. 2002), and a 3’ to 5’ 20 kDa exonuclease subunit of a 105 kDa S.
oleracea DNA polymerase complex (Keim and Mosbaugh 1991).

There are similarities in the sizes and properties of DNA polymerases purified
from plant mitochondria and chloroplasts (Heinhorst et al. 1990; Sakai et al.
1999). The idea of related DNA polymerases in mitochondria and plastids is sup-
ported by analyses of genes in sequenced genomes. The A. thaliana genome en-
codes at least two genes encoding organelle DNA polymerases (Table 2) sharing
70% amino acid identity that are expressed in the shoot apical meristem (Mori et
al. 2005). The 116 kDa 1034-long A. thaliana DNA polymerase-like protein (gene
no. At3g20540) contains a presequence that is predicted (Emanuelsson et al. 2000)
to target mitochondria (TargetP score 0.74) and chloroplasts (TargetP score 0.59).
A related 117 kDa, 1049 amino acid 4. thaliana protein (gene no. Atlg50840)
contains a putative plastid targeting presequence (TargetP score 0.933). Both N-
termini deliver GFP to chloroplasts but the 116 kDa presequence appears to also
target GFP to the mitochondria (Mori et al. 2005). Interestingly, the 117 kDa pro-
tein is targeted to mitochondria when translation initiates upstream of the pre-
dicted AUG start codon most probably at an in frame CUG lying seven codons
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upstream of AUG (Christensen et al. 2005). Use of this non-AUG start codon sug-
gests both A. thaliana organelle DNA polymerases are dual-targeted to plastids
and mitochondria adding complexity to the regulation of organelle DNA poly-
merases.

Homologues of the A. thaliana organelle targeted DNA polymerases are pre-
sent in O. sativa. Two O. sativa organellar DNA polymerases are predicted to be
dual-targeted to plastids and mitochondria (Christensen et al. 2005). Polyclonal
antibodies raised against one of these polymerases cross-reacted with a protein in
isolated chloroplasts (Kimura et al. 2002). Expression of this DNA polymerase
was studied by in situ hybridization. RNA was detected in tissues with dividing
cells including leaf primordia, and the apical meristem of shoots and roots but not
in mature leaves (Kimura et al. 2002). These genome based studies suggest plas-
tids contain at least two ~110 kDa DNA polymerases that appear to be dual-
targeted to mitochondria and plastids (Christensen et al. 2005; Mori et al. 2005).
Future experiments should delineate the roles of these polymerases in organelle
DNA replication versus repair. Recombinant forms of these enzymes will facili-
tate the characterization of their properties (Mori et al. 2005). These 4. thaliana
and O. sativa organelle DNA polymerases contain 3°-5’ exonuclease and DNA
polA-like domains. The distantly related apicoplast in the malaria parasite Plas-
modium falciparum appears to contain a different DNA polymerase. A 235 kDa
multidomain protein with DNA primase, DNA helicase, DNA polymerase and 3’
to 5° exonuclease regions is implicated in replication of apicoplast DNA (Seow et
al. 2005).

13.2 DNA primase activities in plastids

A primase activity purified from P. sativum chloroplasts was linked to a 115-120
kDa protein that was distinct from the 90 kDa DNA polymerase. The primase was
resistant to tagetitoxin, an inhibitor of RNA polymerase, and able to initiate repli-
cation on poly dT, poly dC and cloned ssDNA templates containing P. sativum
OriA (Nielsen et al. 1991). No primary sequence information is available on this
primase.

13.3 Plastid localised RecA

The RecA protein promotes strand transfer and heteroduplex formation between
DNA duplexes in prokaryotes (CameriniOtero and Hsieh 1995). RecA is required
for DNA replication, recombination and repair pathways (Kowalczykowski 2000).
The central role of RecA protein in homologous recombination is illustrated by its
position in the double-strand break recombination model (Szostak et al. 1983) in
Figure 15. Absence of recA function reduces the frequency of homologous recom-
bination by 10,000—fold in E. coli (CameriniOtero and Hsieh 1995). Plastids con-
tain a homologue of RecA, which was first identified as a 39 kDa protein in P. sa-
tivum chloroplasts using polyclonal antibodies against E. coli RecA protein
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(Cerutti et al. 1992). This provided the first evidence for a RecA-mediated ho-
mologous recombination pathway in plastids. Accumulation of the P. sativum
RecA-like protein appears to increase following exposure of protoplasts to DNA
damaging agents (Cerutti et al. 1993). The presence of a RecA homologue in P.
sativum chloroplasts has been recently confirmed by proteomics of protein-nucleic
acid particles from purified chloroplasts (Phinney and Thelen 2005). The A.
thaliana nuclear genome contains four genes encoding RecA-like proteins related
to the bacterial RecA proteins (Khazi et al. 2003). Two of these genes encode or-
ganelle-targeted proteins (Khazi et al. 2003). Gene At1g79050 encodes a 439
amino acid protein (Table 2) that is predicted to be targeted to chloroplasts (Tar-
getP score 0.841; Emanuelsson et al. 2000) and is imported into isolated P. sati-
vum chloroplasts (Cao et al. 1997), whereas gene At3g10140 encodes a 389 amino
acid protein that is targeted to mitochondria (Khazi et al. 2003). Both RecA-like
proteins share 36% identity excluding N- and C-terminal extensions (Khazi et al.
2003). The At3g10140 mitochondrial RecA-like protein partially complements an
E. coli recA mutant and provides tolerance to the methyl methane sulfonate
(MMS) and mitomycin C (Khazi et al. 2003), which are DNA damaging agents.

C. reinhardtii plastids contain a RecA homologue (Nakazato et al. 2003). The
influence of altered RecA activity on plastid recombination was addressed by ex-
pressing E. coli WT and dominant negative RecA proteins in C. reinhardtii
chloroplasts (Cerutti et al. 1995). Expression of WT E. coli RecA in C. reinhardtii
chloroplasts increased the frequency of homologous recombination between 216
bp direct repeats by over 15-fold. This indicates that recombination between direct
repeats appears to be limited by RecA-mediated strand exchange. In contrast,
overexpressed WT E. coli RecA did not enhance survival of cells exposed to DNA
damaging agents indicating that chloroplast DNA repair pathways are not limited
by RecA activity but by processing of DNA substrates generated by DNA damag-
ing agents. An E. coli dominant-negative RecA protein reduced recombination be-
tween direct repeats and DNA repair in chloroplasts consistent with a negative in-
fluence on a RecA-mediated DNA-RRR pathway in plastids (Cerutti et al. 1995).

13.4 DNA topoisomerases

Topoisomerases regulate DNA supercoiling, DNA catenation and knotting, and
are important enzymes required for DNA replication, recombination and repair.
Type I topoisomerases relax supercoiled DNA whereas type Il topoisomerases,
such as DNA gyrase, not only relax supercoiled DNA but also introduce super-
coils using ATP (Singh et al. 2004). Several reports have identified type I topoi-
somerases in chloroplasts including a 115 kDa protein in S. oleracea (Siedlecki et
al. 1983), a 54 kDa protein in Brassica oleracea (cauliflower; Fukata et al. 1991),
a 69 kDa protein in P. sativum (Mukherjee et al. 1994), and a 70 kDa type IB to-
poisomerase in Sinapsis alba (white mustard; Belkina et al. 2004). Evidence for
type II topoisomerases in plastids include the observation that a P. sativum
chloroplast transcription extract contained a gyrase-like activity which was sensi-
tive to the gyrase inhibitor novobiocin (Lam and Chua 1987). Furthermore, an an-
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tibody raised against yeast topoisomerase II cross-reacted with 96 and 101 kDa
proteins in 7. aestivum chloroplasts (Pyke et al. 1989); E. coli gyrase is comprised
of 95 kDa gyrase B and 105 kDa gyrase A subunits (Reece and Maxwell 1991). A
more recent proteomic study identified gyrase A- and B-like subunits in protein-
nucleic acid particles from purified P. sativum chloroplasts (Phinney and Thelen
2005).

The A. thaliana nucleus contains one gene encoding a gyrase A-like subunit
and three genes for gyrase B-like subunits (Wall et al. 2004). The gyrase A sub-
unit (At3g10690) coding sequence has alternative start sites giving rise to plastid
and mitochondrial targeted forms. T-DNA knockouts of the gyrase A subunit were
embryo-lethal. One gyrase B subunit appeared to be targeted to plastids, the sec-
ond to mitochondria, whereas the location of the third was unclear but was possi-
bly located in the nucleus/cytosol (Wall et al. 2004). Knockouts of either organ-
elle-targeted gyrase B subunit were seedling-lethal rather than the more severe
embryo-lethal phenotype of gyrase A mutants. This suggested the gyrase B sub-
units complement each other to a limited extent indicating their products might be
targeted to both organelles (Wall et al. 2004). This appears to be the case. An al-
ternative upstream non-AUG start codon (most probably CUG) in one gyrase B
subunit (gene At3g10270) gives rise to an N-terminus that confers dual-targeting
to mitochondria and plastids. Alternative translation start sites in the coding se-
quence for the second organelle-targeted gyrase B subunit (gene At5g04130) give
rise to either mitochondrial or plastid targeted proteins (Christensen et al. 2005).
In summary, one gyrase A subunit and two gyrase B subunits appear to be tar-
geted to both plastids and mitochondria in 4. thaliana (Table 2). Presequences that
confer dual-targeting of gyrase A and B subunits to mitochondria and chloroplasts
have been found in Nicotiana benthamiana (Cho et al. 2004).

The effects of transient downregulation of organelle-targeted gyrase A and B
subunit expression were studied in N. benthamiana by virus-induced gene silenc-
ing (Cho et al. 2004). Downregulation of gyrase A or B subunits prevents chloro-
plast development giving rise to white or yellow leaf sectors. Larger nucleoids and
a mixture of heterogeneous high MW DNA molecules in plastids, possibly repre-
senting tangled DNA and their breakage products, are consistent with a crucial
role for gyrase in untangling plastid DNA following replication and recombination
(Cho et al. 2004). A role for gyrase in plastid DNA maintenance is supported by
an earlier study where the gyrase inhibitors novobiocin and naladixic acid were
shown to reduce the copy number of plastid DNA in Solanum nigrum suspension
cultures (Ye and Sayre 1990).

In addition to roles in DNA-RRR pathways gyrase activity can also influence
transcription (Chapter 5) through changes in supercoiling (Reece and Maxwell
1991). Mutations in gyrase activity might therefore impact on plastid gene expres-
sion as well as genome maintenance. The gyrase inhibitors novobiocin and
naladixic acid were found to alter the accumulation of plastid transcripts in C.
reinhardtii (Thompson and Mosig 1985). Addition of novobiocin to a P. sativum
chloroplast transcription system containing cloned plastid genes inhibited the ex-
pression of the atpB gene to a larger extent than the rbcL gene. This raised the
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possibility that template topology may enable differential regulation of plastid
genes (Lam and Chua 1987).

13.5 DNA helicases

The DNA unwinding steps of DNA-RRR pathways include the generation of sin-
gle-stranded recombination substrates (Fig. 15) and are carried out by ATP-
dependent helicases. In an early study, a helicase fraction containing 6-8 protein
bands was purified from G. max chloroplasts and shown to remove a 28 base oli-
gomer from a single-stranded circular M13 template (Cannon and Heinhorst
1990). A similar biochemical approach identified 68 and 78 kDa helicases in puri-
fied P. sativum chloroplasts (Tuteja 2003). The 78 kDa helicase was stimulated by
DNA fork structures indicating a role in replication (Tuteja and Phan 1998). Un-
winding was inhibited by nogalamycin and ATPase activity by daunorubicin
(Tuteja and Phan 1998). Both nogalamycin and daunorubicin are major groove in-
tercalating agents. Chloroplast helicases appear to be sensitive to actinomycin C1
and resistant to ellipticine whereas the converse is true of nuclear helicases (Tuteja
2003).

A genomics based study has identified two O. sativa RecQ helicase homo-
logues that are likely to be present in plastids (Saotome et al. 2006). Transient ex-
pression of GFP-fusions in onion epidermal cells indicated one 588 amino acid
RecQ-like protein (OsRecQ1, Nucleotide Acc No. AK101124) was targeted to nu-
clei and plastids, whereas the second 844 amino acid Rec Q-like protein (OsRec-
Qsim, Nucleotide Acc No. AK072977) was targeted predominantly to plastids.
RNA levels for these RecQ-like proteins appeared highest in meristematic tissues
containing immature plastids and did not increase in response to light and chloro-
plast development. A role for these proteins in repair was suggested by the obser-
vations that RNA encoding the 588 amino acid RecQ-like protein increased in
levels in response to the four DNA damaging agents, mitomycin C, H;O,, MMS
and bleomycin. Expression of the RNA encoding the 844 amino acid protein in-
creased following treatment with mitomycin C and bleomycin and increased
slightly with MMS (Saotome et al. 2006).

14 Identifying DNA-RRR proteins by complementation of
E. coli mutants

Most of our knowledge of eubacterial DNA-RRR pathways is based on E. coli
(CameriniOtero and Hsieh 1995; Kowalczykowski 2000). Plastids are probably
descendants of an ancient cyanobacterium (Martin et al. 2002; Chapter 1) and
have retained components of eubacterial DNA-RRR pathways including homo-
logues of DNA polymerase, gyrase, and RecA (Table 2). In some cases, these
plastid proteins have been shown to complement mutations in the homologous
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Fig. 15. Double-strand-break model of homologous recombination showing main proteins
involved (Szostak et al. 1983; Kowalczykowski 2000).

E. coli proteins (Cho et al. 2004). Complementation of E. coli mutations provides
a functional assay for identifying cDNAs encoding plastid-DNA RRR proteins
andwould appear to be an attractive method for isolating plant homologues of E.
coli DNA-RRR proteins. Using cDNA libraries, plant cDNAs that complement a
number of E. coli mutations in DNA-RRR genes were isolated (Pang et al. 1993b)
including RecA (Pang et al. 1992), and ruvC and recG mutants (Pang et al. 1993a).
Unfortunately, the isolated cDNAs did not encode proteins related to characterized
DNA-RRR proteins hindering progress. One of the isolated cDNAs complement-
ing ruvC and recG double mutants was subsequently identified as plastocyanin
(acc number P42699) raising questions on the validity of these library screening
experiments. Screening cDNA libraries for functional complementation of E. coli
mutants is technically difficult especially if complementation is not strong. Pitfalls
include transformation or transfection of the tiny number of E. coli cells in which
the mutation has reverted or been suppressed, which will give rise to viable cells
on antibiotic medium. Alternatively, the cDNA may encode a protein that rescues
the mutation indirectly, for example, by stabilising a temperature sensitive E. coli
mutant protein.
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15 Conclusions and outlook

Plastid transformation experiments have demonstrated an efficient homologous
recombination pathway in plastids mediated by a RecA-homologue that appears to
be active throughout shoot development. The presence of this pathway is consis-
tent with a new emerging view of plastid DNA maintenance in which recombina-
tion plays a predominant role. WT plastid DNA is comprised of a mixture of cir-
cular and linear DNA molecules, which form a multimeric series from monomer
to at least the octomer, and high MW DNA complexes (Section 3). Deleted plastid
genomes in grasses contain sub-genomic circles and linear hairpin DNA mole-
cules (Section 3.1, 6). The relationship between the mechanisms responsible for
the maintenance of WT plastid DNA and the formation and replication of small
linear DNA molecules in plastids is not understood. Replication models to account
for the different topological forms of WT plastid DNA (circular DNA, linear
DNA, branched complex DNA) have been proposed (Fig. 5). To identify which of
these models are correct requires experimental confirmation beyond further de-
scriptions of topological forms in WT chloroplasts. Progress in this research area
requires the identification of proteins involved and mutants to determine the im-
pact of loss or downregulation of these DNA-RRR proteins on plastid DNA levels
and topological forms.

Whilst several approaches have localised putative replication origins in plastid
DNA from flowering plants they have been mapped to different positions (Fig. 6)
hindering the application of a universal model. Multiple locations for replication
origins might reflect multiple origins in plastid DNA and differential usage of rep-
lication origins in different cells or differences in the accuracies of the methods
used. The possibility of alternative modes of replication in different plastid types
(Wang et al. 2003) increases the complexity of studying plastid genome mainte-
nance. Distinguishing between these replication pathways might require the isola-
tion and analysis of mutants affecting specific pathways. Recombination-
dependent DNA replication plays an important role in genome maintenance in
bacteria and has been suggested to be active in plastids to account for the complex
branched DNA structures found in Z. mays plastids (Bendich 2004; Oldenburg and
Bendich 2004b). Linear DNA molecules with heterodisperse or defined ends
could invade template DNA molecules to prime DNA replication by recombina-
tion (Fig. 5d). The identification of linear DNA molecules with fixed ends that
map to potential origins in the large inverted repeat (Oldenburg and Bendich
2004b; Scharff and Koop 2006) is interesting and characterisation of the structures
of these ends might reveal the mechanisms involved in their formation. Whether
recombination-dependent DNA replication is limited to a relatively small number
of specific sites in plastids, possibly corresponding to the natural ends mapped in
Z. mays (Oldenburg and Bendich 2004b) and N. tabacum (Scharff and Koop
2006), can be addressed by mutating these sites in recombinant plastid genomes
(Scharff and Koop 2007). The finding that a high proportion of plastid DNA
(50%) is comprised of complex branched DNA molecules in Z. mays seedlings
(Oldenburg and Bendich 2004b) warrants further investigation in other species us-
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ing additional techniques such as DNA fibre-based FISH with plastid DNA probes
(Lilly et al. 2001) to study the organisation of these complexes.

A highly active homologous recombination pathway in plastids is consistent
with recombination-dependent DNA replication. Widespread inter-molecular and
intra-molecular recombination between large inverted repeat sequences or be-
tween repeated copies of the unit genome would be expected to produce a large
number of isomers. If the molecules are linked by strand-invasion and recombina-
tion-dependent DNA replication this will give rise to a complex mixture of inter-
connected high-molecular-weight complexes (Oldenburg and Bendich 2004). The
organisation of plastid DNA as high MW multi-genome complexes (containing
linear and branched forms) has been suggested to underlie the packaging of plastid
DNA into nucleoids (Bendich 2004). Random replication and recombination
events are thought to contribute to the random segregation patterns observed for
plastid genomes (Birky 1994, 2001). This raises the question of whether all ge-
nomes and topological forms have an equal chance of being replicated? Our cur-
rent knowledge is too limited to address such a question. Other interesting areas
worth exploring in future work include the relationship between topological forms
and transcription, and the maintenance of heteroplasmic states. Distinct plastid ge-
nomes in heteroplasmic plants, where both genomes are required for survival,
might be expected to segregate to different high MW DNA complexes within a
plastid. However, the maintenance of different plastid genomes in the same high
MW complexes might be possible and shed light on the dynamics of plastid ge-
nome maintenance. In normal WT plants copy-correction involving DNA repair
pathways would be expected to ensure the maintenance of a uniform population of
plastid DNA molecules.

Plastids have been evolving in the cytoplasm of their eukaryotic hosts for sev-
eral billion years and have acquired proteins of nuclear or mitochondrial origin
that were not present in the original cyanobacterial symbiont (see for example
Wagner and Pfannschmidt 2006). Elucidation of DNA-RRR pathways in plastids
should confirm roles for eukaryotic proteins (Mukherjee et al. 1994) in addition to
roles for homologues of well known prokaryotic DNA-RRR proteins. It seems
likely that the proteins, mechanisms, and regulation of plastid DNA-RRR path-
ways will have diverged substantially from the eubacterial DNA-RRR model. The
availability of whole plant genome sequences allow genomic approaches to iden-
tify genes encoding proteins of prokaryotic (Table 2) and eukaryotic origin in-
volved in plastid genome maintenance. A major problem is the prediction of plas-
tid location due to the difficulty in identifying the N-termini of proteins from gene
and cDNA sequences, and because computer programs (Emanuelsson et al. 2000)
are only partially successful in predicting plastid-targeted proteins. Approximately
30% of chloroplast proteins do not contain recognisable plastid targeting signals
(Kleffmann et al. 2004). Proteomics provides an alternative method to identify
plastid DNA-RRR proteins. However, proteomic studies on chloroplasts (Kleff-
mann et al. 2004) have not uncovered the suite of DNA-RRR present in plastids
possibly because of their limited abundance. More success has been achieved by
proteomics of purified subfractions enriched in nucleoids (Sakai et al. 1999; Phin-
ney and Thelen 2005). Alternatively, shoot tissues with actively dividing cells ex-
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press a number of DNA-RRR proteins (Sakai et al. 1999; Saotome et al. 2006) and
might provide better material for proteomic studies on plastid DNA-RRR proteins.

Reverse genetics provides a powerful tool to elucidate the roles of candidate
DNA-RRR proteins in plastid genome maintenance. Knockout, using T-DNA in-
sertions or transposons, and knockdown approaches, using RNAi, can be used to
identify genes with important roles in plastid DNA maintenance. Knockdowns are
particularly suitable for studying essential genes by allowing the isolation of vi-
able plants. This provides the plant material in which to study the impact of DNA-
RRR protein deficiencies on plastid genome maintenance. Plastid transformation
allows the DNA substrates of plastid DNA-RRR pathways to be manipulated.
Combining plastid transformation technologies with knockouts and knockdowns
in nuclear genes is a particularly attractive method for studying plastid DNA-RRR
pathways. Functional assays (see for example Fig. 11c) based on recombinant
plastid genomes (Miihlbauer et al. 2002; Khakhlova and Bock 2006; Kode et al.
2006) will enable the impact of plastid DNA-RRR deficiencies on plastid DNA
maintenance to be monitored. These new experimental approaches involving ge-
nomics, reverse genetics and transplastomic technologies, where both the trans-
acting proteins and cis-acting DNA sequences can be manipulated, are likely to
provide the functional studies needed to improve our understanding of the DNA-
RRR pathways responsible for the maintenance of plastid genomes.
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List of abbreviations

DAPI: 4',6-diamidino-2-phenylindole
DSB: Double strand break

D-loop: Displacement loop

DNA-RRR: DNA replication, recombination, and repair
FISH: Fluorescent in situ hybridization

G. max: Glycine max (soybean)

H. vulgare: Hordeum vulgare (barley)
IR: Inverted repeat

L. sativa: Lactuca sativa (lettuce)

MMS: methyl methane sulfonate

MW: molecular weight

N. tabacum: Nicotiana tabacum (tobacco)
O. hookeri: Oenothera hookeri (evening primrose)
O. sativa: Oryza sativa (rice)

Ori: origin of replication

P. sativum: Pisum sativum (pea)

RBS: Ribosome binding site

S. oleracea: Spinacia oleracea (spinach)
T. aestivum: Triticum aestivum (wheat)
UTR: Untranslated region

WT: wild type

Z. mays: Zea mays (maize)





