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In mature chloroplasts, the DNA (cpDNA) is surrounded by a potentially 

genotoxic environment that would make the mitochondrial DNA milieu look like a 

“nadree” (picnic). And yet, the slower evolution of cpDNA compared to other cellular 

genomes suggests that this organelle must have efficient mechanisms for repairing DNA. 

Unfortunately, those mechanisms have been barely noted, much less studied. This 

dissertation describes a novel approach that was developed to study how chloroplasts of 

Arabidopsis repair the most severe form of DNA damage, a double-strand break 

(described in Chapter 2). The success with this approach also prompted the development 

of a new method for site-specific modification of tobacco cpDNA that is described in 

Chapter 3.  
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To study the consequences and repair of a break in the circular plastid genome, 

we developed an inducible system based on a psbA-intron endonuclease from 

Chlamydomonas (I-CreII) that specifically cleaves the psbA gene of Arabidopsis. The 

protein was targeted to the chloroplast using the rbcS1 transit peptide, and activation of 

the nuclear gene was made dependent on an exogenous inducer (�-estradiol). In 

Chlamydomonas, I-CreII cleavage at psbA was repaired, in the absence of the intron, by 

homologous recombination between repeated sequences (20-60 bp) that are abundant in 

that genome. By comparison, Arabidopsis cpDNA is very repeat-poor. Nonetheless, 

phenotypically strong and weak transgenic lines were obtained, and shown to correlate 

with I-CreII expression levels. Southern blot hybridizations indicated a substantial loss of 

psbA, but not cpDNA as a whole, in the strongly-expressing line. PCR analysis identified 

deletions nested around the I-CreII cleavage site that were indicative of repair using 

microhomology (6-12 bp perfect repeats, or 10-16 bp with mismatches) or no homology. 

The results provide evidence of alternative repair pathways in the Arabidopsis chloroplast 

that resemble the nuclear microhomology-mediated and nonhomologous end-joining 

pathways, in terms of the homology requirement. Moreover, when taken together with 

the results from Chlamydomonas, plus other considerations, the data suggests that an 

evolutionary relationship may exist between the repeat structure of cpDNA and the 

organelle’s ability to repair broken chromosomes.  

Taking advantage of the inducible I-CreII system, I developed a method to delete 

defined regions of cpDNA in tobacco, which was named DREEM (for direct repeat and 

endonuclease mediated). Chloroplast transformation was used to introduce an I-CreII 
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cleavage site adjacent to an aadA:gfp marker and flanked by a direct repeat of 84 bp. 

When chloroplast-targeted I-CreII was induced with �-estradiol during germination, 

complete loss of the aadA:gfp marker occurred by SSA-type repair involving the 84-bp 

direct repeat. I obtained additional evidence for DREEM effectiveness by deleting 3.5 kb 

of native cpDNA that included part of the large ycf1 gene. DREEM can be used for other 

modifications besides gene deletions, partly because it is seamless and leaves no trace of 

introduced DNA. Since expression of the endonuclease is controlled by steroid 

application (and concentration), and the deleted cpDNA is probably destroyed during the 

SSA process, this inducible gene-ablation technique could enable the study of essential 

chloroplast genes in vivo.  
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Chapter 1. Introduction 

1.1 Overview 

The chloroplast is a semi-autonomous cell organelle that carries its own genome, 

which likely evolved from an endosymbiotic cyanobacterium (Archibald 2009). It offered 

to me a question that this dissertation addresses: How does the chloroplast maintain its 

genomic integrity while carrying out the potentially genotoxic reactions of 

photosynthesis, and under direct sunlight, which is also harmful to DNA (Sakai et al. 

2004)? In the begining, I learned that Dr. Herrin had conceived the idea of using a 

homing endonuclease (I-CreII), discovered by his lab (Kim et al. 2005), to study repair of 

broken chloroplast DNA in land plants, especially Arabidopsis. The reasons for studying 

DNA repair in Arabidopsis were because it has a native I-CreII cleavage site (Kim et al. 

2005), and because there are plentiful genetic resources, such as a fully-sequenced 

genome, many mutant seed stocks, and well-defined experimental protocols (Swarbreck 

et al. 2008).  

After having some success in using I-CreII in Arabidopsis (described in Chapter 

2), I decided to apply the same principle to tobacco, which has a well-established 

chloroplast transformation protocol (Lutz et al. 2007; Maliga 2004; Svab et al. 1990), 

unlike Arabidopsis (Sikdar et al. 1998). I was already trying to use intron homing and I-

CreII to improve tobacco chloroplast transformation (Odom et al. 2001), which is 

difficult even in that system. After enduring many frustrating months, the effort produced 

a novel method for conditional chloroplast-gene deletion. To verify the method, which 
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we call DREEM, I conditionally deleted much (3 kb) of the second largest chloroplast 

gene (ycf1), which is one of the most elusive in terms of function. 

1.2 Background 

1.2.1 Chloroplast structure and function 

Chloroplasts are eukaryotic cellular organelles that presumably evolved from a 

free-living cyanobacteria-like organism via an ancient endosymbiosis (Allsopp 1969; 

Archibald 2009; Cavalier-Smith 2002; Gray and Doolittle 1982; Moreira et al. 2000). 

They are surrounded by an envelope made up of two membranes, which control 

molecular exchange with the cytoplasm. These membranes may have evolved from the 

cellular membrane of the endosymbiont, after the loss of the eukaryotic food vacuole 

(Cavalier-Smith 1982, 2000). A mature chloroplast also contains well-differentiated and 

fully photosynthetic thylakoid membranes that have an immense surface to volume ratio, 

and form granal stacks and intergranal lamellae (Anderson 1999; Mustardy et al. 2008). 

The granal stack and stromal lamellae are enriched for Photosystems II and I (and their 

associated light-harvesting complexes), respectively (Andersson and Anderson 1980). 

Between the inner envelope and thylakoid membranes is the stroma, where carbon 

fixation takes place and where chloroplast DNA (cpDNA), ribosomes and starch granules 

are found (Bassham et al. 1950; Suss et al. 1993). In recent years, evidence for narrow 

tubular stromules that interconnect chloroplasts and possibly allow for molecular 

exchange has been published (Hanson and Sattarzadeh 2008; Kohler et al. 1997). The 
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relative simplicity of the ultrastructural picture, however, contrasts with the molecular 

complexity of chloroplasts, which likely contains 3,000-5,000 proteins and many key 

metabolic pathways (Martin and Herrmann 1998).  

Functionally, chloroplasts are the sites of: (i) photosynthesis, which produces 

cellular energy (ATP) and reducing power (NADPH); (ii) anabolic pathways that produce 

starch (Stitt and Heldt 1981), fatty acids (Roughan et al. 1979), amino acids (Elias and 

Givan 1977), pigments, and nucleotides (Cunningham and Gantt 1998; Stasolla et al. 

2003; Von Wettstein et al. 1995); (iii) sulfur and nitrogen assimilation (Hell 1997; Lam et 

al. 1996); and (iv) cell signaling that is involved in gravity perception (Stanga et al. 

2009), stomatal attitude (Tominaga et al. 2001), and the defense response to pathogen 

infection (Caplan et al. 2008). Thus, mutations, either in the nuclear (Robertson et al. 

1995) or chloroplast (Archer and Bonnett 1987) genome, that influence chloroplast 

development often show pleiotropic effects on plant growth and development.  

1.2.2 Chloroplast-encoded genes 

Over a billion years of evolution, most of the endosymbiont’s genes were lost or 

transferred to the eukaryotic host genome (Martin and Herrmann 1998; Martin et al. 

2002; Timmis and Scott 1983). Based on genomics, about 3,000-5,000 proteins are 

estimated to be in the chloroplast (Abdallah et al. 2000; Jan van Wijk 2000; Martin and 

Herrmann 1998), but land plant chloroplasts carry only 100-130 genes in their DNA 

(Sugiura 1992). Most characterized chloroplast genes can be classified into two groups 

based on function (Sugiura 1992): First, about 40 genes encode proteins involved in 
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photosynthesis, such as subunits of Rubisco, cytochrome b6/f complex, ATP synthetase, 

and the core reaction centers of photosystems I (e.g., psaA and psaB) and II (e.g., psbA); 

secondly, ~60-70 genes contribute to the genetic systems for transcription (core subunits 

of RNA polymerase), and translation (ribosomal proteins, ribosomal RNAs and tRNAs) 

(Sugiura 1992). A few other genes have different functions, such as accD for fatty acid 

synthesis (Sasaki et al. 1993) and ycf5/ccsA for attachment of heme to c-type cytochrome 

(Xie and Merchant 1996), and there remain several conserved open reading frames (the 

ycf genes) of unknown functions (Rochaix 1997; Bock 2007). Among them are the two 

very large (~2,000 amino acids) genes, ycf1 and ycf2, which were resistant to knock-out 

experiments, implying they are indispensable for plant growth (Drescher et al. 2000). 

1.2.3 Chloroplast DNA size and organization 

The cpDNA of land plants is typically a 120-200-kb circular molecule (Kolodner 

and Tewari 1975) – although this was questioned recently (Bendich 2004) – that exists 

mainly as a monomer, but with several multimeric circles (Deng et al. 1989; Kolodner 

and Tewari 1979; Lilly et al. 2001). The typical chloroplast genome has two large 

inverted repeats that separate the small single-copy region from the large single-copy 

region (Goulding et al. 1996). Because of recombination between the inverted repeats, 

there are two cpDNA isoforms in vivo that differ in their relative orientation of the single-

copy regions, but are identical otherwise (Palmer 1983). Chloroplasts are usually highly 

polyploid, with each organelle having 30-100 copies of the genome (Scott and 

Possingham 1980). Since there are ~100 chloroplasts in a mature mesophyll cell, there 
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can be thousands of copies of cpDNA, and it can constitute up to 20% of the total DNA 

in a leaf (Scott and Possingham 1980; Thomas and Rose 1983). The polyploidy of the 

chloroplast genome acts as a barrier to the propagation and fixation of mutations, and can 

partially account for its highly conservative evolution (Clegg et al. 1994). In practice, it 

also makes genetic manipulation of the organellar genome difficult.  

CpDNA is organized into 5-10 nucleoids per organelle (Kuroiwa 1991) and lacks 

histones. However, several nucleoid proteins have been identified (Jeong et al. 2003; 

Kobayashi et al. 2002; Sato et al. 1993), and suggested to have roles in DNA compaction 

(Chi-Ham et al. 2002) or transcriptional repression (Sato et al. 1998), but their purported 

functions have not been proven genetically (Heinhorst et al. 2004). The intra-organellar 

location of nucleoids changes during plastid development from the envelope membrane 

to the thylakoid membrane in mature chloroplasts (Heinhorst et al. 2004; Sato et al. 

1997) 

1.2.4 General DNA damage and repair in chloroplast 

Due to its close proximity to the site of oxygen evolution and electron transport 

(Liu and Rose 1992; Sato et al. 1993), cpDNA is more prone to damage from reactive 

oxygen species (singlet oxygen, superoxide, hydroxyl radical, and nitric oxides) than the 

nuclear or mitochondrial genomes (Allen and Raven 1996). High-energy radiation in the 

full spectrum of sunlight is also a major source of DNA damage (Beukers and Berends 

1960; Scholes et al. 1960). Several mechanisms are known to exist in chloroplasts to 

cope with the diversity of DNA damage (Britt 1996). Light-dependent DNA repair by a 
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photolyase resolves cyclobutane pyrimidine dimers that are caused by UV irradiation 

(Cannon et al. 1995; Selby and Sancar 2006). There is also biochemical evidence for 

base-excision repair enzymes in the corn (Bensen and Warner 1987) and Arabidoposis 

(Gutman and Niyogi 2009) chloroplasts that could potentially correct base damage (e.g., 

deamination, alkylation and/or oxidation); however, gene knock-outs had no phenotype, 

raising concern over the significance of these enzymes (Gutman and Niyogi 2009). 

Homologous recombination occurs in chloroplasts (Cao et al. 1997; Cerutti and 

Jagendorf 1993; Khakhlova and Bock 2006), and seems to play a major role in DNA 

repair and replication (Cerutti et al. 1992; Kmiec et al. 2001; Odom et al. 2008), but the 

mechanisms are not well understood. Evidence for non-homologous recombination that, 

for example, might be used to repair breaks in cpDNA is basically lacking. 

1.2.5 Repair of double-strand breaks in DNA 

The most severe form of DNA damage is a double-strand break (DSB), which can 

result in gene loss, blocked replication or even apoptosis. DSBs are caused by ionizing 

radiation, oxidation by reactive oxygen species (Halliwell and Aruoma 1991), single-

strand breaks during DNA replication (Cromie et al. 2001; Wyman and Kanaar 2006), 

genotoxic chemicals such as bleomycin (Claussen and Long 1999), and enzymes 

(topoisomerase and endonucleases). Repair mechanisms for DSBs are usually classified 

into two basic types: homologous recombination (HR) and non-homologous end-joining 

(NHEJ).  
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1.2.5.1 Repair of DSBs by homologous recombination 

Homologous recombination (HR) uses substantial homology to repair the broken 

DNA, and HR is dominant over NHEJ in yeast (Mezard and Nicolas 1994). Three 

distinctive pathways are known: double-strand break repair (DSBR), synthesis-dependent 

strand annealing (SDSA), and single-strand annealing (SSA) (Figure 1). The three 
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pathways start with resection at the 5’-ends of the broken DNA, resulting in single-

stranded 3’-tails. The 3’-tails are recombinogenic and can invade an intact, homologous 

DNA duplex in the same, or in a homologous, chromosome. When that happens, repair 

can proceed by one of two possible repair pathways, either DSBR or SDSA.  

Prior to that decision, however, the MRX (Mre11-Rad50-Xrs2) complex in yeast 

(Chen et al. 2001), or the MRN (Mre11-Rad50-NBS1) complex in mammals (Hopfner et 

al. 2002), senses the broken ends and tethers them together. Mre11 may help process the 

broken ends via its 3’-to-5’ exonuclease activity, but it does not catalyze 5’-end resection 

(Llorente and Symington 2004); Exo1 catalyzes resection of 5’-ends in mammals 

(Nimonkar et al. 2008; Tsubouchi and Ogawa 2000). Replication protein A (RPA) binds 

the single-stranded region of the 3’-tails, and recruits Rad51, the main recombinase. 

Rad51 displaces RPA, forming a Rad51-nucleofilament (Song and Sung 2000). Rad51 is 

a homologue of bacterial RecA (Basile et al. 1992), and it catalyzes the homology search 

and invasion of the intact duplex by 3’ single-stranded DNA (Sung 1994).  

In the classic DSBR pathway (Szostak et al. 1983), the Rad51-nucleofilament 

invades the target duplex, displacing the homologous strands. Both strands of the intact 

DNA serve as templates for DNA synthesis, primed by the 3’-ends of the broken DNAs. 

(see Figure 1). At completion of DNA synthesis and ligation, two Holliday junctions are 

formed, and equal numbers of crossover and non-crossover products are produced 

depending on their resolution. The resolvase that cleaves the 4-stranded Holliday 

junctions has not been identified in most eukaryotes. However, the Rad51 paralogues, 

XRCC3 and Rad51C, are known to be involved in resolution of the junctions (Liu et al. 
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2004). An important point is that with DSBR (and SDSA), gene conversion occurs when 

the exchanged sequences are not completely homologous (the broken DNA becomes the 

converted sequence). 

In the SDSA pathway, a single 3’-tail of the broken DNA invades the homologous 

target, forming a D-loop as it is copied (Figure 1). As DNA synthesis passes the break 

site, the nascent strand is released, and it hybridizes with the complementary strand of the 

break-partner. Holliday junctions are not formed, so crossovers do not occur, but gene 

conversion may take place if the target and invading sequences are not identical. This 

pathway explains the observation that non-crossover products are often more frequent 

than crossover products (Allers and Lichten 2001). Recently, it has been shown that the 

Srs2 helicase may be involved in the unwinding and re-annealing of the elongated strands 

during SDSA (Blanck et al. 2009; Ira et al. 2003; Robert et al. 2006). 

In the SSA pathway, which is classically intramolecular (Lin et al. 1984), a 5’-

exonuclease degrades the two broken DNA ends, exposing single-stranded 3’-tails 

(Figure 1). The two single strands can hybridize when homologous sequences (i.e., direct 

repeats) of sufficient length are exposed. Then, a flap endonuclease removes the 

protruding non-complementary tails, and a DNA ligase seals the nicks (Figure 1). The 

result is that DNA between the homologous repeats, and one of the repeat pairs are 

deleted. The SSA pathway can have great significance in DSB repair, especially in 

repeat-rich genomes like the Chlamydomonas cpDNA (Odom et al. 2008). In yeast, 

Rad52 and Rad59 are needed to promote the annealing step (Sugawara et al. 2000), and 

the Rad1/Rad10 endonuclease removes the 3’ flaps (Davies et al. 1995; Fishman-Lobell 
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and Haber 1992). Also in yeast, the Msh2, Msh3 and Slx4 genes play roles in regulation 

of the SSA pathway (Flott et al. 2007; Saparbaev et al. 1996). 

1.2.5.2 Repair of DSBs by non-homologous end-joining 

Non-homologous end joining (NHEJ) directly ligates the two broken ends using 

little, or in some cases, no homology. It is the dominant DSB repair pathway in plant 

(Siebert and Puchta 2002) and mammalian nuclei (Sargent et al. 1997). NHEJ uses a 

sophisticated machinery to protect the broken ends, process them, if necessary, and re-

ligate them together. Based on the early studies, which used DNA substrates with 

incompatible ends, NHEJ was considered to be highly error-prone, because the repaired 

DNA often had a small insertion or deletion. However, when the fidelity of the NHEJ 

pathway was evaluated using compatible ends, the error rate was estimated to be less than 

0.1% of all end-joining events (Moore and Haber 1996; Pardo et al. 2009; Wilson et al. 

1997).  

For NHEJ, the Ku70/Ku80 heterodimer is a key player; it binds the free ends and 

protects them from degradation (Chen et al. 2001; Lee et al. 1998; Zhang et al. 2007). 

The MRX complex in yeast (mentioned above) also helps tether the broken ends together 

(Trujillo et al. 2003), although that role is not evident for its mammalian counterpart, 

MRN (Pardo et al. 2009). Instead, in mammals, a DNA-dependent protein kinase (DNA-

PK) bridges the DSB, and regulates transcription factors like HOXC4, Oct-1 and Oct-2 

(Gottlieb and Jackson 1993; Schild-Poulter et al. 2001). Incompatible ends are polished 

by other proteins, as needed: e.g., a polynucleotide kinase dephosphorylates 3’ ends 
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(Chappell et al. 2002), nucleases resect some broken ends, Rad27 cleaves 5’-flaps (Tseng 

and Tomkinson 2004), and Artemis can remove both 5’- and 3’-flaps (Niewolik et al. 

2006). The break is re-sealed by DNA ligase IV in mammals Dnl4 in yeast (Wilson et al. 

1997). Ligation is known to be promoted by XRCC4 (Grawunder et al. 1997; Sibanda et 

al. 2001) and XLF (Ahnesorg et al. 2006) in mammals; Lif1 (Herrmann et al. 1998) and 

Nej1 (Kegel et al. 2001) are the respective yeast homologues. 

Recently, microhomology-mediated end joining (MMEJ) has been recognized as 

a separate DSB repair pathway (Bennardo et al. 2008). Unlike NHEJ, MMEJ is 

independent of the Ku70/Ku80 proteins. However, it does rely on microhomology, i.e., 

direct repeats of 2-16 bp, which are too short for the SSA pathway (Ma et al. 2003). 

Similar to SSA, the DNA between the microrepeats gets deleted. In yeast, some proteins 

that mediate HR, such as Mre11-Rad50 and Rad1-Rad10 (endonuclease) are also 

required for MMEJ, although Rad51 and Rad52 are not (Decottignies 2007; Ma et al. 

2003). In mammals, repair by MMEJ requires DNA ligases I and III, but not IV, which is 

the DNA ligase for NHEJ (Liang et al. 2008). In the nucleus of Arabidopsis, Mre11 also 

plays a role in MMEJ (Heacock et al. 2004). 

1.2.5.3 Break-induced replication (BIR) 

The aforementioned pathways repair DSBs that generate two free ends, whereas 

break-induced replication (BIR) repairs DSBs that have only one free end (Asai et al. 

1994; Cromie et al. 2001; Wyman and Kanaar 2006). One-ended breaks are formed when 

a DNA replication fork encounters a nick on a template strand. In BIR, the 5’-strand of 
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the free end is degraded, and the resulting single-stranded 3’-tail invades a homologous 

DNA duplex. This turns into a DNA replication fork that copies the invaded DNA. 

Unlike the SDSA pathway above, DNA synthesis in BIR continues to the end of the 

chromosome, which can result in a massively long gene conversion tract (Cromie et al. 

2001; Wyman and Kanaar 2006). In yeast, Rad51 catalyzes the homology search, and 

Rad52, Rad54, Rad55, and Rad57 are required (Davis and Symington 2004). There is 

also a Rad51-independent pathway – Rad52 and Rad59 promote strand invasion in the 

absence of Rad51 (Bai and Symington 1996). 

1.2.5.4 DSB repair in bacteria 

Only small subsets of bacteria are known to have Ku homologues, and are thus 

able to use the NHEJ-like pathway to repair a double-strand break (Bowater and Doherty 

2006; Doherty et al. 2001). In Mycobacterium, Ku promotes joining of the two broken 

ends (Weller et al. 2002), and DNA ligase D processes and seals the break using its 

multiple enzymatic activities, which are nucleotidyl transferase, gap-filling polymerase, 

terminal transferase, primase, and 3’ to 5’ exonuclease (Della 2004). Knocking out 

homologous recombination in this organism showed that NHEJ mainly plays a role in 

DSB repair in late stationary phase (Stephanou 2007).  

Recombinational repair of DNA in Escherichia coli is performed by the RecBCD 

and RecFOR pathways. RecBCD is more important in E. coli, but RecFOR has a broader 

phylogenetic distribution (Eggleston and West 1997; Eisen and Hanawalt 1999), and is 

the key to DSB repair in radiation-resistant Deinococccus (Bentchikou et al. 2010; Cox et 
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al. 2010; Rocha et al. 2005). RecBCD is a helicase-nuclease complex that resects the 5’-

end of the broken DNA and loads RecA onto the single-stranded 3’-tail (Anderson et al. 

1999; Anderson and Kowalczykowski 1997; Arnold and Kowalczykowski 2000). The 

cis-element known as Chi (for crossover hot instigator) directs a conformational change 

in RecBCD that switches it from degradative mode into recombinational mode (Anderson 

and Kowalczykowski 1997; Dixon and Kowalczykowski 1993).  

In the absence of RecBCD, E. coli uses the RecQ helicase and a 5’-3’ exonuclease 

(RecJ) to form the 3’ tails (Ivancic-Bace et al. 2005). which will be bound by the single-

strand binding protein, SSB. The concerted action of RecF, RecO, and RecR loads RecA 

onto the single-stranded tails (Ivancic-Bace et al. 2003), which then catalyzes the 

invasion of homologous double-stranded DNA. RecO is functionally related to Rad52, in 

that it promotes annealing of SSB-coated DNA (Umezu and Kolodner 1994). RecN, like 

RecR, is an ATP-binding protein that promotes complex-assembly by tethering the 3’ 

ends together (Sanchez and Alonso 2005), analogous to Rad50 (Rocha et al. 2005; 

Wyman and Kanaar 2006). RecR from Deinococcus has a ring-like structure, and may 

clamp RecF onto DNA at the double strand-single strand junctions, in order to limit RecA 

filaments to the single-strand region (Honda et al. 2008). Also in Deinococcus the UvrD 

helicase is more important than the RecQ helicase in promoting repair by SDSA 

(Bentchikou et al. 2010; Cox et al. 2010). Finally, RuvA and RuvB (helicase) function 

together to promote branch migration (Iwasaki et al. 1992), as does the helicase RecG, 

which also has resolvase activity (Lloyd 1991; Lloyd and Sharples 1993). However, 
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RuvC is the endonuclease that resolves Holliday junctions formed by the classical DSBR 

pathway in E. coli (Shah et al. 1994). 

1.2.5.5 DSB repair in the chloroplast 

Chloroplast DSB repair is known to be involved in the homing of Group I introns 

in Chlamydomonas (Odom et al. 2001). Homing occurs when an intron inserts itself into 

an intron-less allele. An intron-encoded endonuclease makes a DSB in the intron-less 

target, and the intron gets copied into the intron-less allele during the repair (Belfort et al. 

2002). Using a homing assay for the psbA4 intron, evidence for all 3 major pathways of 

HR repair was obtained for the Chlamydomonas chloroplast (Odom et al. 2008). When 

the authors used the mobile intron with homology on both sides of the break as a probe, it 

got copied into the break by both the DSBR and SDSA pathways. In the absence of the 

invading intron, the DSB was mainly repaired by the SSA pathway using direct repeats of 

20-60 bp that are abundant in that genome (Maul et al. 2002; Odom et al. 2008).  

Compared to Chlamydomonas, the cpDNA of land plants has much less 

redundancy. Also, most of the direct repeats that are present are very small (< 12 bp) 

(Maul et al. 2002). This raised the question of how, or even if, land plant chloroplasts 

would repair a DSB in the genome.  

1.3 Research objectives of this dissertation 

The first objective was to investigate how a specific DSB in Arabidopsis cpDNA 

is repaired. The DSB was generated by expressing a plastid-targeted I-CreII, which cuts a 
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native cleavage site in the Arabidopsis psbA gene. The homing endonuclease was made 

chemically inducible, and Arabidopsis cpDNA was analyzed by Southern hybridization 

and PCR, followed by DNA sequencing. The data provide clear evidence for repair of 

this repeat-deficient genome, and with some surprising results in terms of the 

mechanisms involved (Chapter 2). 

The second objective was to develop a new method to modify cpDNA, based on 

the DSB repair pathways that had been studied in the lab. Tobacco (Nicotiana tabacum) 

was used for this research objective, because of its well-established chloroplast 

transformation protocol. An I-CreII cleavage site was introduced in tobacco cpDNA next 

to a marker gene that was flanked by a direct repeat. Controlled I-CreII expression from 

the nucleus was used to cut the target in cpDNA, which triggered a seamless deletion of 

the introduced marker gene (Chapter 3). I also deleted ~3.5 kb of the ycf1 gene (tobacco 

ycf1 is 5.7 kb) to further demonstrate the technique, which we call DREEM (for direct 

repeat and endonuclease mediated).  
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Chapter 2. Repair of an induced double-strand break in the chloroplast 

genome of Arabidopsis�� 

2.1 Introduction 

Chloroplast DNA (cpDNA) is closely associated with the photosynthetic 

membranes that harvest radiant energy and strip electrons from water, producing 

molecular oxygen as a by-product (Rose 1979; Sakai et al. 2004). Highly reactive forms 

of oxygen are also generated, and despite the presence of detoxifying enzymes, 

photooxidative damage is a serious problem. Although there has been extensive study of 

the damage, protection, and repair of photosynthetic membranes, there has been little 

attention paid to the genetic consequences of photooxidative stress (GuhaMajumdar and 

Sears 2005). This can be attributed, at least in part, to a grossly incomplete knowledge of 

how chloroplast DNA is replicated and maintained throughout the life of a plant 

(GuhaMajumdar and Sears 2005; Maréchal et al. 2009). 

However, despite the high-stress environment, the evolution of cpDNA is more 

conservative than nuclear or mitochondrial DNA (Korpelainen 2004). We can thus infer 

that DNA repair mechanisms play important roles in protecting chloroplast DNA, and are 

intimately involved in its evolution. And though some processes have been identified 

(Dürrenberger et al. 1996; Gutman and Niyogi 2009; Khakhlova and Bock 2006; Kmiec 

                                                
� Large portions of this chapter have been previously published as: Microhomology-mediated and 
nonhomologous repair of a double-strand break in the chloroplast genome of Arabidopsis, by Taegun 
Kwon, Enamul Huq, and David L. Herrin, (2010) Proceedings of the National Academy of Sciences USA 
107(31): 13954-13959. 
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et al. 2001; Selby and Sancar 2006; Small and Greimann 1977), the panoply of organelle 

repair mechanisms is not known, nor is it clear which are most important, or how they 

have coevolved with the genome. While it can be expected that some cpDNA repair 

processes will reflect a prokaryotic ancestry, the consequences of eukaryotic cell 

integration and over one billion years of evolution have surely produced some unique 

modifications to the repair machinery. 

The most severe form of DNA damage is a double-strand break (DSB), which can 

result in gene loss, stalled DNA replication, and cell death (Paques and Haber 1999). 

DSBs are caused by ionizing radiation, chemicals, oxidation, enzymes, and single-strand 

breaks during replication (Paques and Haber 1999; Ragu et al. 2007). Mechanisms of 

DSB repair have been divided into two basic types, nonhomologous end-joining (NHEJ) 

and homologous recombination (HR) (Figure 1). NHEJ is the dominant nuclear response 

in animals and plants – it does not require homologous sequences, but is often mutagenic 

(Bleuyard et al. 2006; Wyman and Kanaar 2006). Repair by HR requires substantial 

homology, but the two pathways that use an intact chromosome to repair the broken one, 

DSBR and SDSA, are highly accurate. The third HR pathway, single-strand annealing 

(SSA), occurs between direct repeats longer than 30 bp and results in deletions; in plants, 

it is favored over the other two HR pathways (Puchta 2005).  

In recent years, microhomology-mediated end joining (MMEJ) has been 

recognized as a distinct type of DSB repair in eukaryotes. Only very short (2-16 bp) 

regions of homology are needed for this pathway, and it typically leaves deletions like 

SSA. It has also been distinguished genetically from the HR pathways and classic NHEJ, 



 18

and in mammals it acts as a backup to NHEJ (Bennardo et al. 2008; Haber 2008; 

Heacock et al. 2004).           

Group I intron homing involves the repair of a DSB induced by the intron’s rare-

cutting endonuclease, and results in gene conversion (Dürrenberger et al. 1996). 

Recently, our laboratory used a homing intron and its endonuclease (I-CreII) to examine 

DSB repair in the Chlamydomonas chloroplast. Evidence of all three HR pathways was 

obtained, but not for NHEJ or MMEJ (Odom et al. 2008). In the absence of the intron, 

repair of the DSB was mostly by SSA between intergenic repeats of 20-60 bp that are 

abundant in that chloroplast genome (Maul et al. 2002). Compared to Chlamydomonas, 

however, the chloroplast DNA of land plants, especially Arabidopsis, is repeat-poor 

(Maul et al. 2002; Sato et al. 1999). For example, Reputer (Kurtz et al. 2001) analysis of 

the 155-kb Arabidopsis genome revealed only 31 direct repeats longer than 29 bp, and 

half of them map to the same small region of the genome (GenBank NC_000932). Thus, 

it was of interest to see how a land plant chloroplast would handle a similar DSB, while 

also recognizing the potential for further study in Arabidopsis. To this end, an inducible 

system was developed based on I-CreII, which I targeted to the chloroplast with the 

transit peptide of rbcS1. Once inside the organelle, it cleaved the endogenous psbA gene 

(Kim et al. 2005; Krebbers et al. 1988; Lee et al. 2006; Zuo et al. 2001).  
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2.2 Results 

2.2.1 Recombinant I-CreII constructs to induce a double strand break in chloroplast 

A homing endonuclease, I-CreII, which originated from the psbA4 intron of 

Chlamydomonas reinhardtii was used to make a DSB in Arabidopsis cpDNA within the 

psbA gene (Kim et al. 2005). I-CreII was targeted to the chloroplast with the 59-amino 

acid long transit peptide of rbcS1 (Krebbers et al. 1988; Lee et al. 2006), creating a 

translational fusion construct, rbcS:I-CreII, also referred to as RIII. In an attempt to track 

I-CreII in the plant, a gfp gene was fused to the carboxyl-terminus, resulting in the DNA 

construct, rbcS:I-CreII:gfp, also referred to as RIIIG. Both the RIII (without gfp) and 

RIIIG (with gfp) constructs were used to transform Arabidopsis, but since the initial 

results with each variant were comparable, I focused on plants with RIIIG (rbcS:I-

CreII:gfp). 

2.2.2 In vivo and in vitro assay for endonuclease activity of the I-CreII fusion proteins 

Before producing the transgenic plants, I verified that the fusion constructs had 

endonuclease activity using in vivo and in vitro assays. The in vivo test was a plasmid 

exclusion assay carried out in Escherichia coli. The assay is based on the fact that a 

target-site plasmid cannot be maintained in the same E. coli cells as an active homing 

endonuclease plasmid, even if the plasmids have different selectable markers (Gruen et 

al. 2002). The bacterial cells were sequentially transformed with a substrate plasmid (that 

is kanamycin resistant) and then with an expression plasmid (that confers ampicillin 
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resistance). Cells producing an active I-CreII fusion protein will not survive double-

selection with both antibiotics. It should be noted that the plasmids used for this assay 

have identical origins of replication. While it is generally to be avoided (to use plasmids 

in the same compatibility group), the plasimids can be stably maintained so long as both 

antibiotics are always present in the medium. The effect of the plasmid incompatibility in 

this assay appears is to make the doubly-transformed cells even more sensitive to I-CreII 

activity. As shown in Figure 2, the substrate plasmids pDrail (with one I-CreII cleavage 

site) and pDrais (with five cleavage sites) gave a high number of double-transformants 

only with the control expression vector (pRSETA) and not with either recombinant 

expression plasmid (pRSET-RIIIG or pRSET-RIII). The results also indicate that the 

respective I-CreII–fusion plasmids coexist with the control substrate-plasmid that lacked 

any I-CreII cleavage sites (pRey), suggesting that the endonuclease is not finding a 

cleavage site in the main E. coli chromosome. This result suggests that both the RIIIG 

(rbcS:I-CreII:GFP) and RIII (rbcS:I-CreII) proteins have I-CreII–like endonuclease 

activity in E. coli. 
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I-CreII activity of the fusion constructs was further confirmed using bacterial 

extracts to cleave plasmid DNA in vitro (Figure 3). Crude extracts were prepared from 

the E. coli strains carrying the expression plasmids (pRSET-RIIIG, pRSET-RIII, and the 

parental Vector), and incubated with the substrate plasmid, pDrail. Only the extracts from 

the E. coli strains expressing the I-CreII fusion genes contained specific cleavage activity 

toward the substrate (Figure 3).  

Together with the plasmid exclusion assay, these data indicate that the homing 

endonuclease activity of I-CreII was retained in the fusions with rbcS1 transit peptide and 

with or without GFP.  
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2.2.3 Transformation of plants for an inducible, chloroplast-targeted I-CreII   

The I-CreII endonuclease was expressed from the nucleus using chemical 

induction (Zuo et al. 2001); the application of �-estradiol induces transcription of the Cre 

recombinase (via the XVE receptor-activator), which catalyzes a reaction between loxP 

sites that places the G10-90 promoter upstream of the promoter-less target gene, rbcS:I-

CreII:gfp (Figure 4). This vector was chosen because unscheduled expression of the 

endonuclease was expected to be lethal.  
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The RIIIG plasmid and parental vector were introduced into Arabidopsis thaliana 

(ecotype Col-0) using Agrobacterium-mediated transformation (Clough and Bent 1998). 

Healthy kanamycin-resistant lines possessing the T-DNA insertion were obtained, and 

subsequently germinated on �-estradiol (and control medium) to identify those that 

inducibly expressed rbcS:I-CreII:gfp. The inducible phenotypes could be classified as 

either strong or weak, and an example of each is shown in Figure 5A; compared to the 
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vector-only plants, the strong line (243) had very poor shoot development, whereas the 

weaker line (347) developed variegated leaves early, but then normally pigmented leaves 

thereafter. It should be said that the transgenic lines used in Figure 5A, and in the 

remaining analyses were homozygous for the T-DNA insertion, based on segregation 

analysis. The phenotypes, however, are similar to those observed in the original 

hemizygotes, because of the dominant nature of the transgene.  

RT-PCR analysis indicated that both lines (243 and 347) displayed inducible 

expression of the I-CreII-fusion transgene, but the signal was reproducibly greater, 

relative to the control (actin) mRNA, in the stronger 243 line (Figure 5B). No product 

was obtained with the vector line, as expected. The RT-PCR analysis also indicated that 

there was some basal expression of rbcS:I-CreII:gfp in line 243 without �-estradiol, but 

those plants did not exhibit a variegated phenotype like 347.  
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The level of GFP fluorescence was too low for microscopic detection in these 

induced lines (243 and 347), and in nearly all of the rbcS:I-CreII:gfp plants we examined, 

except for one that could not be sustained. The GFP fluorescence in that case was 

associated with plastids that lacked chlorophyll autofluorescence, indicative of severe 

damage (Figure 6). Most likely, plants that had enough rbcS:I-CreII:gfp expression to 

allow visualization of sustained GFP fluorescence were not viable. 

2.2.4 I-CreII induced damage and repair at the psbA locus 

The recognition sequence for I-CreII is an ~30-bp region in the highly conserved 

psbA gene (Kim et al. 2005), which is located in the large single-copy region, close to an 

inverted repeat (Sato et al. 1999) (Figure 7). Southern blot hybridizations of total DNA 

digested with restriction enzymes indicated only a slight loss of DNA at this locus in the 

347 line, but a substantial (~70%) reduction in line 243, relative to nuclear 18S rDNA 

(Figure 7-8). Hybridizations with the rpoA gene, whose location in the chloroplast 

genome is far from psbA (Figure 7A), indicated the reduction in psbA signal was not due 

to a general loss of cpDNA as a whole, since the rpoA/18S rDNA ratio was similar in all 

3 plant lines (Figure 7B. Thus, a preferential loss of psbA DNA had occurred in the 

stronger 243 line. 
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To precisely characterize the deletions (or other possible changes) in line 243, 

trial PCR reactions were performed with nested primers that flanked the I-CreII cleavage 

site and annealed ~5, 2.5, and 0.25 kb, respectively, from that site. Only the primers that 

annealed ~2.5 kb from the cleavage site were informative. They gave additional PCR 

products that were smaller than the 5-kb wild-type product, which was also 

correspondingly reduced in line 243 (Figure 9). The smaller products were not seen with 

the vector line. They were, however, faintly visible (on the original gels) with DNA from 

line 347, but to facilitate further analysis only PCR products from line 243 were 

sequenced.  
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The major induced PCR products, which were 1.9, 1.3 and 1.2 kb (Figure 9B), 

were excised from gels for direct sequencing and cloning. Also, the total PCR products 

were gel-separated into 3 size fractions, which were cloned and sequenced. The results 

from all of this analysis are summarized in Table 1 and in Figure 10, which provides a 

map of the paired deletion-endpoints. First, it should be said that all of the mutant 

products had a deletion (no insertions were observed), which ranged in size from 3.1 to 
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4.8 kb. The fact that the paired-endpoints for all these deletions map to either side of the 

I-CreII site suggests strongly that they are associated with the DSB. It is also apparent 

from the map (Figure 10) that all the deletions encompassed the trnH gene and included 

at least 50% of the psbA and rpl2 genes – in fact, psbA was completely deleted in most of 

them. These mutations, if accumulated to a sufficient level, would impact both plastid 

translation (trnH and rpl2) and photosynthesis (psbA), and could explain the poor shoot 

development in 243 (Ahlert et al. 2003).  

It should be noted that the DNA from line 243 was also examined with primers 

that annealed close to the cleavage site (400 and 510 in Figure 9). The sequencing pattern 

of the PCR product was indistinguishable from wild-type, making it unlikely that the 

large 5-kb band (in Figure 9) contained many repair products with very short deletions or 

insertions. 

The repair-junction sequences (Table 1) suggest that more than one process may 

be at work. Most of the repair events involved microhomology between the partners in 
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the form of direct microrepeats – the perfect repeats were only 6-12 bp (microrepeats 1-

5), whereas the imperfect repeats were 10-16 bp (microrepeats 6-12); the longer 

imperfect repeats (15-16 bp) had two mismatches, whereas the shorter ones had only one. 

It is noteworthy that microrepeats 1, 6, and 8 correspond to the dominant sequences 

obtained from the three major PCR products (lane 243 in Figure 9). The fact that 

microrepeat 2 is highly represented in the sequenced clones (Table 1) probably reflects 

bias in the cloning process. The similarity of these repair junctions with those of the 

MMEJ pathway in the nucleus is striking (Bennardo et al. 2008; Glover et al. 2008; 

Haber 2008). 

Several repair events were detected that could not be explained by 

microhomology between the DNA partners (junctions A-D in Table 1), and hence may 

represent a form of nonhomologous repair, like NHEJ. This seems to be a quantitatively 

minor pathway under these conditions. However, the large sizes of those deletions could 

indicate an important backup role to the microhomology-mediated pathway, which would 

be opposite to the situation in mammalian cells.  
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2.3 Discussion 

Transgenic homing endonucleases have been used extensively to study the repair 

of DSBs in nuclear chromosomes (Glover et al. 2008; Perez et al. 2005; Puchta 2005), 

but this is the first reported usage for a cell organelle. Transgenic restriction 

endonucleases have been employed to damage mitochondrial DNA in animal cells 

(Bacman et al. 2009), presumably because a homing enzyme target could not be 

introduced. Here, I used a relatively new homing endonuclease from a Chlamydomonas 

chloroplast intron (Kim et al. 2005), and retargeted it to the plastid. Since it cleaves the 

highly conserved psbA gene, I-CreII could likely be used on many other plants. Finally, 

employing the steroid-inducible system (Zuo et al. 2001) may also have been important, 

especially considering the severe growth impairment of the higher-expressing line, 243.  

Unlike intron homing, which alters the target DNA, repair of the DSB in this 

system by the same HR pathways would restore the target, which cannot be distinguished 

from DNA that was never cleaved. Hence, I can only infer repair events that have 

changed the target. Given the deficit of repeated sequences longer than 25 bp in 

Arabidopsis cpDNA, I was unsure how, or even if, the chromosome would become 

religated after the break. In the nucleus, repair with such limited or no homology occurs 

by pathways distinct from the HR pathways, and these processes were not known to 

occur in chloroplasts. However, these data clearly show that the organelle can repair a 

DSB using very limited homology, and with reasonable efficiency, based on the fact that 

there was little loss of cpDNA as a whole. Most of the repair events were mediated by 
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microhomology between the partner DNAs, reminiscent of nuclear MMEJ (Bennardo et 

al. 2008; Haber 2008; Heacock et al. 2004). Several repair events, however, lacked any 

mediating homology, indicative of an NHEJ-like mechanism (Gutman and Niyogi 2009; 

Wyman and Kanaar 2006). It is possible these latter DNAs are actually products of a 

microhomology-based machinery that can occasionally use non-homologous DNA ends. 

Alternatively, the nonhomologous products are from a distinct pathway that, based on 

deletion sizes, might back up the MMEJ-like pathway. Such a hierarchy would be the 

opposite of that in animal cells, where MMEJ backs up NHEJ (Bennardo et al. 2008). 

An obvious question provoked by these experiments concerns the nature of the 

mediating proteins. The conserved Ku proteins, which are associated with NHEJ even in 

bacteria (Bowater and Doherty 2006), have not been found in chloroplasts, including 

Arabidopsis (Tamura et al. 2002; West et al. 2002). Moreover, the substantial size of 

these deletions and those in Chlamydomonas are consistent with the absence of strong 

end-protecting proteins like Ku. On the other hand, the deletions are suggestive of roles 

for a 5’-to-3’ exonuclease, to resect the DNA and create 3’ tails, and for an endonuclease 

to remove the 3’ flaps (Haber 2008). Presumably, one or more proteins would be needed 

to promote microannealing, but it is not clear what any of these proteins are in the 

chloroplast. Arabidopsis should be a promising system in which to identify them, 

however. 

Previously, the lack of evidence for NHEJ repair in Chlamydomonas (Odom et al. 

2008), or associated with an insertion element in tobacco (Kohl and Bock 2009), 

prompted the suggestion that the absence of this ability might account for the lack of 
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horizontally acquired DNA in green plant chloroplasts. These results weaken that 

hypothesis, but stop short of negating it, since the NHEJ-like repair events were only a 

minor fraction of the total. It may also be relevant that we did not see any insertions of 

foreign (i.e., nuclear or mitochondrial) DNA in the break site; however, the laborious 

analysis of repair events limited the number that could be reasonably examined. Along 

this line, there are other factors that could limit horizontal transfer into cpDNA – e.g., the 

double-membrane envelope surrounding the chloroplast is a more formidable barrier than 

the nuclear envelope. Also, mitochondria have a peculiar tendency for fusion-subdivision 

cycles that might increase their exposure to foreign DNA (Logan 2010). Finally, there are 

examples of horizontally-acquired introns, and recently, whole genes in the cpDNA of 

unicellular green algae (Brouard et al. 2008; Odom et al. 2004). The equivalence of 

germ-line and vegetative cells in those organisms undoubtedly increases the probability 

of passing on horizontally-acquired DNA.   

The commonly held notion that chloroplast DNA is circular rather than linear was 

challenged recently, based on physical analysis of DNA from isolated plastids (Bendich 

2004). The stabilization and replication of linear DNA typically requires special 

structured end-sequences (e.g., telomeres), some of which are known from organelles (La 

Claire and Wang 2004; Vahrenholz et al. 1993). However, such sequences have not been 

identified for a chloroplast chromosome. These results thus support the notion that 

stabilizing end-structures would be needed to maintain linear chloroplast DNA. 

Repetitive DNA is an important feature of all genomes, and its proportion can 

vary considerably (Shapiro and von Sternberg 2005). The cpDNA of Chlamydomonas is 
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relatively repeat-rich (Maul et al. 2002), and the I-CreII-induced deletions described 

previously implicated perfect repeats of 15-62 bp, with a strong bias for repeats longer 

than 30 bp (Odom et al. 2008). Despite the paucity of such repeats in Arabidopsis, the I-

CreII-induced double-strand break was repaired efficiently, and the sizes of the 

accompanying deletions were similar to those obtained in Chlamydomonas. We 

suggested that evolution has endowed Arabidopsis, and probably other land plants, with 

the ability to repair DSBs without extensive homology, and that this ability may have 

impacted the evolution of cpDNA by reducing the need for sizable (> 20 bp) repeats 

(Kwon et al. 2010).   
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Chapter 3. Inducible deletion mutagenesis in tobacco chloroplasts using 

a new technique, DREEM (direct repeat & endonuclease-mediated) 

3.1 Introduction 

Intermolecular homologous recombination (HR) is the only reliable mechanism to 

achieve chloroplast transformation. Boynton and colleagues (1988) pioneered chloroplast 

transformation in Chlamydomonas, and tobacco (Svab et al. 1990) became the first land 

plant to be transformed by the same method. The list of transformed chloroplasts has 

been growing ever since: e.g., potato (Sidorov et al. 1999), tomato (Ruf et al. 2001), 

bladderpod (Skarjinskaia et al. 2003), soybean (Dufourmantel et al. 2004), carrot (Kumar 

et al. 2004a), cotton (Kumar et al. 2004b), petunia (Zubko et al. 2004), lettuce (Lelivelt et 

al. 2005), and cabbage (Liu et al. 2007). Typically, the transforming DNA contains the 

transgene(s) of interest and a selection marker, flanked by sequences homologous to the 

desired target site in cpDNA. Double HR events (crossovers) between the chloroplast-

homologous sequences and cpDNA incorporate the transgene(s) into the chloroplast 

genome. The transforming DNA is delivered by particle bombardment of leaves, or 

freshly-grown, dispersed microcolonies of leaf cells (Huang et al. 2002), which are then 

subjected to multiple rounds of selection and regeneration. The sequential regeneration-

selection cycles are necessary to achieve homoplastomic shoots and whole plants. 

Nicotiana tabacum (tobacco) is the only land plant whose chloroplast has been 

reproducibly transformed by a number of different groups [reviewed by Maliga (2004)], 
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and thus the plant I have used to develop a method for inducible deletion of chloroplast 

genes.  

Chloroplast knock-out lines have been generated mainly by transforming the 

chloroplast with a plasmid that has the target gene containing the knock-out mutation (an 

insertion or deletion), flanked by long homologous wild-type sequences. A double-

crossover in the flanking sequences replaces the wild-type gene with the knock-out (or 

mutant) gene, and after selection and regeneration, homoplastomic plants are obtained 

(Allison et al. 1996; Baena-Gonzalez et al. 2003; Kanevski and Maliga 1994; Kode et al. 

2006; Legen et al. 2007; Tsuruya et al. 2006). If the target gene is essential, however, the 

regenerated shoots and plants remain heteroplastomic (with both wild-type and mutant 

copies of cpDNA), and often without a clear phenotype, such as the attempted knockouts 

of ycf1 and ycf2 (Drescher et al. 2000). 

A variation of this approach is based on the chloroplast’s ability to enact HR 

between direct repeats. Intramolecular recombination between neighboring direct repeats 

in cpDNA results in deletion of the DNA between the repeats. During tobacco chloroplast 

transformation (Staub and Maliga 1994), extrachromosomal multimeric minicircles (868 

bp) were formed by homologous recombination between imperfect repeats (16 bp) in the 

intron sequences of trnA and trnI. The circular molecules were eventually lost after 

several months, but since only a fraction of the cpDNA molecules recombined in this 

way, there was no phenotypic affect on the plants. 

A measure of recombination frequency in the Chlamydomonas chloroplast 

genome was obtained by using chloroplast transformation to duplicate part of a non-
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essential gene that gives a visible phenotype. A portion (216 bp) of the chlL gene, which 

is required for chlorophyll synthesis in darkness, was added to the genome to form a 

direct repeat with part of the endogenous chlL gene. The chlL gene had also been 

disrupted with an aadA expression cassette, and so recombination between the direct 

repeats deleted aadA and restored chlL. This allowed a measurement of recombination 

frequency and implicated a role for a recA-like protein (Cerutti et al. 1995). 

Repeat-mediated deletion has been used to make marker-free transplastomic 

plants. In the work of Iamtham and Day (2000), a histochemical marker (uidA), an 

antibiotic resistant marker (aadA), and a herbicide resistance marker (bar) were used for 

tobacco chloroplast transformation. Two of the markers had the identical rrn16 promoter 

that formed a direct repeat of 174 bp, and all three markers had psbA 3’-UTR sequences 

that formed direct repeats of 418 bp. The construct was transformed into the rbcL/accD 

intergenic region. Intramolecular recombination events between the repeats yielded 

multiple outcomes, which included (i) deletion of aadA, (ii) deletion of bar, (iii) deletion 

of uidA and aadA, and/or (iv) deletion of aadA and bar, respectively. The repeat-

mediated deletions cleanly removed the markers from transformed cpDNA without 

influencing the corresponding (homologous) endogenous genes (rrn16 and psbA). 

However, it was not possible to control the recombination, and the desired deletion and/or 

marker-free plants were obtained by screening many seed progeny. 

During development of chloroplast transformation in lettuce (Lactuca sativa), the 

cpDNA was transformed with gfp and aadA genes that had identical rrn16 promoters 

(~200 bp); the genes were placed into the trnA/trnI intergenic region. Since the gfp 
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marker was flanked by the promoter repeat, it was spontaneously deleted in a small 

fraction of the progeny (Lelivelt et al. 2005). 

In tobacco, Dufourmantel et al. (2007) introduced the herbicide-tolerance marker, 

HPPD (4-hydroxyphenylpyruvate dioxygenase), which confers tolerance to diketonitrile, 

into the plastid genome. However, the gene-fusion contained the 3’-UTR from rbcL (210 

bp), and since it was introduced downstream of the endogenous rbcL gene, there was a 

background level of marker loss. Apparently this was due to recombination between the 

direct repeat of the rbcL 3’-UTR; the deletion was ~1.5 kb. They also used repeat-

mediated deletion to remove the selecting aadA marker, which was used for 

cotransformation. In this experiment the HPPD marker was disrupted by an aadA 

expression cassette that was also flanked by a duplicated internal portion (403 bp) of 

HPPD. Recombination between the direct repeat of HPPD deleted the aadA cassette and 

restored HPPD-based herbicide tolerance. 

Repeat-mediated deletion was also used to knock-out the rbcL gene (which 

encodes the large subunit of Rubisco) in tobacco (Kode et al. 2006). An atpB::aadA 

cassette formed a long direct repeat (649 bp) with the endogenous atpB gene. Since the 

rbcL gene was between the cassette and atpB, recombination between the atpB promoter 

repeats deleted rbcL and the aadA marker. Also of interest for the present study was the 

fact that Southern blotting of the rbcL knock-out line provided evidence of 

heteroplasmicity at the rbcL locus. However, sequencing of the remaining rbcL showed 

that it was a degenerate copy that most likely came from the nucleus. Nuclear DNA in 
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angiosperms, including tobacco, frequently contains cpDNA sequences (Ayliffe and 

Timmis 1992; Naciri and Manen 2010; Noutsos et al. 2005; Shahmuradov et al. 2003). 

Despite the successes of repeat-mediated deletion, the method has limits: the 

length of the repeated sequence and distance between the repeat-pairs have to be gauged 

carefully, because recombination is strongly dependent on those parameters. Also, once 

the repeat is introduced into the plastid genome, there is no way to trigger, or prevent, the 

recombination from taking place. Thus, heteroplastomic plants will be obtained if the 

repeat-mediated deletion is lethal. 

An alternative approach that was developed in tobacco by the Maliga lab is based 

on a site-specific phage recombinase (Thorpe et al. 2000; Thorpe and Smith 1998) that 

uses specific, introduced sequences to effect a recombinational deletion (Ow 2002). The 

recombinase from phage P1, called Cre, was used initially. Its substrate sequence, loxP, 

must flank the region to be deleted, and was introduced by chloroplast transformation 

(Corneille et al. 2001; Hajdukiewicz et al. 2001). Then, plastid-targeted Cre was 

introduced by crossing the transplastomic plant with a transgenic line that constitutively 

expressed modified Cre from the nucleus. This approach was used to demonstrate the 

essential nature of the plastid protease subunit, clpP (Kuroda and Maliga 2003). 

Subsequently, these investigators used transient transformation with plastid-targeted Cre 

to generate marker-free transplastomic plants (Lutz et al. 2006). However, the Cre-lox 

system was not without problems. The introduced substrate sequence is left behind after 

recombination; however, the principal obstacle was unwanted deletions in cpDNA 

promoted by Cre (Corneille et al. 2003; Hajdukiewicz et al. 2001).  
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Hence, a second-generation of this system was developed based on the phiC31 

recombinase, Int (Kittiwongwattana et al. 2007). With this system, the recombinase 

recognition sequences (attB/P) that flank the plastid DNA to be deleted (a marker gene in 

this case) are not identical, thus decreasing the background recombination. The nucleus 

was transformed with a constitutively-expressed Int gene targeted to the chloroplast, and 

the marker gene was efficiently deleted. Fortunately, the Int recombinase does not 

recognize any naturally occurring sequences in tobacco cpDNA (Kittiwongwattana et al. 

2007). However, like the Cre-lox system, a copy of the recombinase substrate is left 

behind. 

The recombinase approach has the advantage of delaying the recombination event 

until the nuclear gene is introduced, but there is no control beyond that point. Also, there 

have not been other published reports of its use. A conditional or inducible system for 

cpDNA modification would have greater flexibility than the methods developed so far, 

but none has been reported. In this chapter, I describe such an approach in tobacco, which 

is also novel in that it is based on the homing endonuclease, I-CreII. To make the 

modification of cpDNA inducible, a steroid-dependent expression system was used. This 

approach is seamless in that all of the introduced, non-native sequences are removed; 

plus, the deleted DNA is presumably destroyed in the process. 

To accomplish this, I have taken advantage of the organelle’s ability to repair a 

DSB in its genome using a SSA-like mechanism, as well as the general absence of long 

direct repeats in angiosperm cpDNA (Cosner et al. 1997; Jansen et al. 2006; Saski et al. 

2005). DSB repair that proceeds by SSA between flanking direct repeats typically creates 
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a seamless deletion with concomitant destruction of the deleted DNA (Noskov et al. 

2010; Odom et al. 2008). The DSB is created using plastid–targeted I-CreII, which 

recognizes a sequence of 30-40 bp and specifically cuts the psbA gene in many plants, 

however, not in tobacco (Corina et al. 2009; Kim et al. 2005). Thus, the natural I-CreII 

cleavage site was introduced using the chloroplast transformation plasmid, pMSK57 

(Khan and Maliga 1999), which, by virtue of its 16S rRNA promoter, also creates a direct 

repeat of 84 bp with the endogenous rrn16 gene (Lutz et al. 2007; Zoubenko et al. 1994). 

The endonuclease was introduced by crossing to a transgenic line that carried the 

chloroplast-targeted I-CreII gene (rbcS:I-CreII) under control of �-estradiol (Zuo et al. 

2001). We propose to call this technique DREEM (for direct repeat and endonuclease 

mediated) modification of the plastid genome. 
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3.2 Results 

3.2.1 Creation of a transplastomic tobacco line with an I-CreII cleavage site in the 

MSK57 background 

The chloroplast transformation plasmid, pMSK57 (Figure 11), contains a dual-

function marker that is a fusion of aadA, which confers spectinomycin resistance, and 

gfp, which enables visual confirmation of transformed shoots by the GFP fluorescence 

(Khan and Maliga 1999). The aadA:gfp gene is located between orf70B and a valyl-

tRNA gene (trnV) in the inverted repeat region of cpDNA. It was engineered for strong  
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transcription by adding 84 bp of the native 16S rRNA promoter (Khan and Maliga 1999; 

Zoubenko et al. 1994), which, because of its location and orientation, creates a direct 

repeat of 84 bp with the endogenous 16S rRNA promoter (leftward arrowheads in Figure 

11A). I modified pMSK57 (kindly provided by P. Maliga, Rutgers Univ.) by inserting a 

small section of the Chlamydomonas psbA (intronless) gene that contains the native 

recognition sequence for I-CreII, which is ~40 bp spanning the exon 4-exon 5 junction 

(Corina et al. 2009; Kim et al. 2005). The I-CreII target sequence was inserted just 

downstream of the stop codon for aadA:gfp in the 3’ UTR, which was derived from the 

tobacco psbA gene (Khan and Maliga 1999). It should be noted that the I-CreII cleavage 

site in the new plasmid, pMSK57ix, is located between the direct repeat of the 16S rRNA 

promoter (Figure 11A). 

Tobacco (Nicotiana tabacum cultivar Petit Havana) leaves were subjected to 

particle bombardment with plasmid DNA using an established protocol (Lutz et al. 

2006), and then incubated for sterile culture on spectinomycin-agar plates as described 

(Lutz et al. 2006). After shoot regeneration on spectinomycin 3-4 times, I was able to 

obtain a single transplastomic line (with pMSK57ix) that carried the expected DNA as 

verified by Southern blotting (Figure 11B, Lane 1) and PCR (described below). Confocal 

fluorescence microscopy of the MSK57ix line confirmed that expression of the aadA:gfp 

marker was restricted to chloroplasts (Figure 11C, top panels).  

Examining the transmission of the transformed cpDNA into the next generation 

provides a genetic assessment of the homoplasmicity/heteroplasmicity of the plastid 

genome. The transplastomic MSK57ix line was cross-pollinated with wild-type tobacco 
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and seed progeny were screened for resistance to spectinomycin. As shown in Figure 

11D, all of the seed progeny from the MSK57ix line were resistant to a high level (500 

mg/L) of spectinomycin, whereas the wild-type progeny (WT) were bleached and 

stunted. Screening of additional seed progeny of MSK57ix � WT (~550 seedlings) on 

spectinomycin plates, also yielded only healthy green plants like those in Figure 11D. 

These results indicated that MSK57ix was essentially homoplastomic. 

3.2.2 Creation of transgenic tobacco with an inducible rbcS:I-CreII gene in the 

nucleus 

The plan was to express I-CreII as an inducible nuclear transgene that would be 

imported to the chloroplast and cleave the introduced target. The �-estradiol-inducible 

Cre-loxP system (pX6) that I used in Arabidopsis (Chapter 2) was good for preventing 

unscheduled expression of a toxic gene. However, in wild type tobacco, a basal level of 
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rbcS:I-CreII expression was expected to be innocuous, because the chloroplast genome 

lacks I-CreII cleavage sites (Kim et al. 2005). Thus, the Cre-loxP recombination system 

(Figure 4) was removed from the pX6-based plasmid (Chapter 2), in order to make 

rbcS:I-CreII expression more responsive to �-estradiol, and ultimately reversible. The 

resulting construct, pRIII, is shown in Figure 12, along with the control construct, 

pRGFP, which had gfp instead of I-CreII. Both constructs were transformed into the 

wild-type tobacco cultivar (that was also used for chloroplast transformation) using 

Agrobacterium and selection on kanamycin (Zuo et al. 2001). The new transgenic lines, 

which were initially selected on the basis of a 3:1 segregation of kanamycin resistance in 

the T1 generation, were named for their transforming plasmids, RIII and RGFP, 

respectively. The growth of these lines, with or without �-estradiol, was indistinguishable 

from the parental wild type strain. Also, rbcS:gfp inducibility in the RGFP line was 

apparent to the eye under long-wave UV light, or with a fluorescence microscope (not 

shown).  

3.2.3 Creation of the transplastomic-transgenic hybrids: stability of the spectinomycin 

resistance marker in the rbcS:I-CreII background 

To create the final experimental lines, the transplastomic MSK57ix line was out-

crossed to the transgenic RIII and RGFP lines. F2 progeny homozygous for the nuclear 

transgenes (either rbcS:gfp or rbcS:I-CreII) were germinated and examined for growth on 

spectinomycin (Figure 13A). All of the MSK57ix;RGFP progeny were completely 

resistant to the drug, similar to the MSK57ix parent. Most (>80%) of the MSK57ix;RIII 
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progeny were also resistant to spectinomycin; however, a fraction (2-8%) of these 

seedlings were highly susceptible (examples are shown in Figure 13B), and some others 

(2-11%) were partially resistant, as evidenced by their variegated (i.e., with both green 

and bleached sections) leaves (examples are shown in Figure 13B). The spectinomycin 

bleached sections of the variegated leaves presumably reflect clonal losses of 

spectinomycin-resistance during leaf development. It is noted that some of these plants 

produced fully green leaves at later times; this might be the result of a weakening of the 

selection due to falling spectinomycin concentrations in the medium, or the demand for 

cpDNA copies that confer spectinomycin resistance is less at later times (Rowan et al. 

2004). Overall, these results indicate that the aadA:gfp locus is fairly, though not 

completely, stable in the nuclear RIII (rbcS:I-CreII) background. The minor fraction of 

spectinomycin-sensitive progeny obtained in the absence of the inducer probably reflects 

background expression of rbcS:I-CreII (which destabilizes the aadA:gfp locus as shown 

below). 
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3.2.4 Induction of rbcS:I-CreII and repeat-mediated deletion of aadA:gfp 

To genetically examine the effect of �-estradiol on the aadA:gfp marker in the 

MSK57ix:RIII line. I tracked the loss of GFP fluorescence (Figure 14A), instead of the 

loss of spectinomycin resistance; this was done to avoid the selecting effect of the 
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antibiotic. With the MSK57ix chloroplast genome, the green GFP-based fluorescence is 

strong enough to mask much of the red fluorescence from chlorophyll, at least in young 

leaves. As shown in Figure 14B(a,b), the GFP fluorescence is stronger in the young 

emerging leaves than in the older leaves - the cotyledons and first true leaves barely 

fluoresced green while the young leaves closer to the shoot apex showed strong green 

fluorescence. When the GFP fluorescence was lost, as in Figure 14B(c,d), the entire shoot 

fluoresced red, regardless of age. Some variegated, with respect to GFP fluorescence, 

seedlings were seen in the absence of the inducer, and examples of these seedlings after 3 

weeks growth are shown in Figure 14B (e,f). 

Seeds of the MSK57ix;RIII and MSK57ix lines were germinated on MS-sucrose 

medium, with (10 μM) and without (0 μM) �-estradiol, and photographed at two weeks 

(Figure 14A). Essentially all of the seedlings from both lines were green and healthy, 

regardless of �-estradiol treatment. Also, the GFP fluorescence of the MSK57ix seedlings 

was unaffected by �-estradiol. However, all of the MSK57ix;RIII seedlings germinated on 

�-estradiol had lost visible GFP fluorescence from the cotyledons, which fluoresced red. 

In the absence of the inducer (0 μM �-estradiol), only ~10% of these seedlings showed 

evidence of a loss of GFP fluorescence (Figure 14A), which is consistent with the 

spectinomycin sensitivity assay (Figure 13). It should be noted that the MSK57ix;RGFP 

line could not be used as a control in this assay, because of its GFP fluorescence from the 

nuclear transgene, rbcS;gfp. 
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PCR was used to physically examine the fate of cpDNA at the aadA:gfp locus 

(Figure 15). The map in Figure 15A is of the MSK57ix plastid genome. The change from 

wild-type cpDNA is indicated below (WT line), as is the difference with the recombinant 

cpDNA that is formed by SSA repair of the DSB using the repeats (leftward arrowheads). 

The PCR primers, which flank the inserted aadA:gfp transgene, and the expected sizes of 

the products are also indicated on the line diagrams. 

Figure 15B shows an agarose gel of the PCR reactions performed with total DNA 

from wild-type plants (WT plastid and nucleus; lane 2), MSK57ix (lanes 3 and 4), 

MSK57ix;RGFP (lanes 5 and 6), and MSK57ix;RIII (lanes 7 and 8); also, the 

transplastomic and transplastomic-transgenic lines were grown with (+) or without (-) �-

estradiol, as indicated. The gel shows that the 3.2-kb product from the MSK57ix plastome 

(lanes 3 and 4) is unaffected by �-estradiol treatment in the rbcS:gfp background (lane 6), 

but is substantially depleted in the rbcS:I-CreII background (lane 8). Moreover, there is a 

parallel increase in the 0.8-kb PCR product from the recombinant plastome in the latter 

plant (lane 8). The nature of the 0.8-kb PCR product was confirmed by direct DNA 

sequencing; the sequencer trace (Figure 15C) shows that the promoter of the rrn16 gene 

had become precisely fused to the orf70B sequence. This is the predicted outcome of 

repairing the DSB induced by rbcS:I-CreII by SSA between the 16S rRNA promoter 

sequences. 
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The gel also shows that there is a significant level of the recombinant plastome 

(0.8-kb PCR product) in the DNA from the MSK57ix;RIII plants that were not treated 

with �-estradiol (lane 7), which is consistent with the phenotypic assays (Figures 13 and 

14). Thus, this data also confirms that the minor fraction of plants with the rbcS:I-CreII 

nuclear background that lost spectinomycin resistance and GFP fluorescence in the 

absence of inducer were losing the aadA:gfp marker because of recombinational DSB 

repair. 

Although difficult to see in photographs, the original gels also showed evidence of 

a very low level of the recombinant plastome in plants lacking the rbcS:I-CreII transgene 

(Figure 15B, lanes 3-6). Assuming that this faint 0.8-kb PCR product is what it seems, 

the data suggests a low level of spontaneous recombination occurs between the 84-bp 

repeats (Lutz et al. 2007), which are longer than those typically found in tobacco cpDNA. 

It should be noted, however, that this level of recombinant cpDNA was not high enough 

to produce evidence of spectinomycin sensitivity in the seedling assay (Figure 13). This 


����������12�����	���������������������
���
���$%&�� �

���� 4��� 
������ 	!� �$%&� ��� ���� ��������� �
��6� ���� ���������� �12� ��
������ ,��� ���24�

��
�
���� ����� �
���� ���� ������ ������� ��� ��������� !	� ���� !��#� ���
 ������� ,��� �
���
��� 
��

�$%&���#������
��������
�!���������� ���"�	����$%&���������������!��
 ��������6��������

������/���
�������12���
�����
!��������
������ ��������������������������,���
�������!��������

���������������.������++��

����&���
�������
�������12���
������7�����$%&���
���
!�
���������������������� �����L��
��

 ���
����"���"�������
����������������!
)������������� �����!�������
��12� ��������������������
8+���&��
��������������������������
,6� �����	��N�2�.�6��������N�2(((6��������������������������

�
,��������� 	!�����
�	�������/�����#����������+�� ��������+"#!����������2������.�����������

���� �������� �����
�� ���� 3�0"#!��12���
���� ��
������ 	!5����� �������� �����"�������
��� ,���
���24����������������
�
���������������
���� 7�� �



 57

is an important point because of the wild-type (1 kb) PCR product that was obtained in all 

the transplastomic (MSK57ix) plant lines (lanes 3-8). This product is most likely 

amplified from cpDNA sequences in the nucleus (Ayliffe and Timmis 1992). If it 

originated from wild-type copies of plastid DNA, there should have been some evidence 

of spectinomycin sensitivity, or loss of GFP fluorescence, in the seedling assays (Figures 

11-14) like there was for the MSK57ix;RIII line (Figures 13 and 14), which had a 

comparable level of PCR product (0.8 kb) derived from recombined plastid genome. 

3.2.5 Deletion of a 3.8-kb segment of cpDNA including ~60% of ycf1  

In order to further demonstrate the utility of the DREEM technique, I generated 

tobacco strains for the inducible deletion of a sizable segment of native cpDNA. ycf1 is 

one of the two largest conserved ORFs (1901 amino acids in tobacco) in cpDNA, and its 

function is unknown. A chloroplast transformation plasmid (pOT43) was created with the 

structure shown in Figure 16, and used to transform wild-type tobacco as described above  
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for MSK57ix. The resulting transplastomic line, OT43, has a direct repeat (227 bp) of an 

internal portion of ycf1 situated downstream of the endogenous gene, an aadA:gfp 

marker, and an I-CreII cleavage site (Figure 16A). Recombinational repair of the DSB by 

SSA between the direct repeats would delete ~6 kb of DNA total, and ~3.5 kb, or 61%, of 

ycf1. It also creates a stop codon for the truncated ORF, ycf1�61, that is in the intergenic 

region, 99 bp from the ycf1 sequence; thus adding 33 amino acids to the C-terminus. The 

OT43 line was healthy and otherwise resembled wild-type tobacco (not shown).  

To analyze the effect of the endonuclease (rbcS:I-CreII), OT43 was crossed with 

RIII and seed progeny were germinated on induction medium. Several plants showed 

evidence of reduced growth and pale virescent leaves, and 3 of them were subjected to 

PCR analysis (Figure 16B). Two of the progeny plants (1 and 2) gave no PCR product 

with the OT43-specific primer pair (top gel), however, the third progeny plant (3) did 

give a band of 0.6 kb, which is the expected size for unrecombined OT43 DNA. The 

parental OT43 and RIII lines (outer lanes) were analyzed in parallel, and gave positive 

and negative signals, respectively, with the 694/669 primer pair. PCR was also performed 

with primers flanking the direct repeat (lower gel in Figure 16B), and a prominent band 

of ~0.3 kb, which is close to the size expected for the deleted genome (ycf1�61), was 

obtained with all 3 progeny plants. This product was also sequenced which confirmed its 

identity. For the parental lines, the gel shows the expected 3.8-kb product from RIII 

(which has a wild-type plastid), but the 6.3-kb product expected for OT43 was apparently 

too long to amplify under these conditions; thus, the reason for the OT43-specific primers 

(top gel). These results show that a deletion of 3.5 kb of native cpDNA (plus the 
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introduced sequence) was obtained as predicted, and with a reasonably high efficiency in 

2 of the 3 lines examined. 

3.3 Discussion 

I have developed a new approach for modifying the plastid genome, which we 

have named DREEM (for direct repeat and endonuclease mediated). An analogous 

method for modifying the yeast nuclear genome, called TREC (for tandem repeat coupled 

with endonuclease cleavage), was recently reported (Noskov et al. 2010). Unlike TREC, 

which employs a widely-used yeast endonuclease (I-SceI), in DREEM we use I-CreII, 

which is a newer enzyme derived from a Chlamydomonas chloroplast intron, Cr.psbA4. I-

CreII cleaves intron-minus psbA from a number of plants, but not tobacco (Kim et al. 

2005). This was fortuitous, however, because chloroplast transformation in tobacco is 

reliable; thus, we could introduce the I-CreII cleavage site as it was needed. In addition to 

the cleavage site, the transforming DNA contains a modestly-sized sequence (80-200 bp) 

that, after integration, forms a direct repeat with an endogenous sequence; this repeat 

defines the subsequent deletion. Since the direct repeat flanks the endonuclease cleavage 

site, repair of the DSB by SSA (between the repeats) deletes the intervening DNA and 

one of the repeat copies. The deletion also removes the I-CreII target site, thereby 

stabilizing the DNA against further cleavage. 

DREEM modification has several advantages: (i) it is seamless, in that foreign, 

introduced DNA is not left behind as it is with the recombinase-mediated methods (e.g., 

with the Cre-lox system, a loxP site remains in the genome after recombination); (ii) it is 
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under chemical control, by virtue of the �-estradiol receptor-activator for rbcS:I-CreII 

expression – this feature should facilitate phenotypic studies of lethal mutations; (iii) it is 

immediate in that the deleted DNA is presumably destroyed during the SSA process – 

with recombinases the deleted DNA is probably lost gradually by sorting out during 

subsequent plastid and cell divisions (Staub and Maliga 1994); (iv) the nuclear transgenes 

can be subsequently removed in a single cross, and (v) it can be used to make other types 

of gene modifications, such as point mutations or fusions. 

I took advantage of a chloroplast transformation construct developed previously 

for tobacco, pMSK57, which uses the rrn16 promoter to drive expression of the aadA:gfp 

selection marker (Khan and Maliga 1999). After inserting the native target for I-CreII at 

the 3’ end of aadA:gfp and transformation into the plastid, a direct repeat was created 

with the endogenous 16S rRNA promoter that flanks the I-CreII cleavage site. The 

integrated DNA was inherently quite stable, partly because of the modest size of the 

repeated sequence, and the fact that the repeats were 2.5 kb apart. In the rbcS:I-CreII 

nuclear background, recombination between the promoter repeats was detectable even 

without the inducer, affecting 3-10% of the seedlings in the spectinomycin-resistance 

assay. This was most likely due to a low basal expression of rbcS:I-CreII in the absence 

of �-estradiol. With the inducer in the medium, however, recombinational deletion of the 

aadA:gfp marker approached 100%, and no other effects on the phenotype of the plants 

were observed. Thus, based on the marker experiment, DREEM modification of the 

plastid genome is highly efficient.  
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In some situations, a lower basal level of recombination may be needed. This 

could be achieved by using the intact pX6 system, instead of this modified version, to 

control rbcS:I-CreII expression. With pX6, target gene expression is �-estradiol 

activated, but also dependent on Cre-lox recombination (Zuo et al. 2001). I used that 

system with Arabidopsis (Chapter 2), because its psbA gene is cleaved by I-CreII. 

Alternatively, rbcS:I-CreII could be introduced into the transplastomic line by nuclear 

transformation, instead of crossing, and transgenic lines could be screened for very low 

basal excision rates (of the aadA:gfp marker) by plating on spectinomycin without the 

inducer. 

In Arabidopsis, the DSB created by I-CreII was repaired with a number of 

junction sequences, most of which involved microhomology (6 -12 bp perfect repeats and 

13-16 bp imperfect repeats). In tobacco, however, it was repaired mainly with the 

introduced repeat, which was 84 bp for MSK57ix and 227 bp for OT43. It should be said 

that, although the induced deletion in OT43 (ycf1�61) was much larger, 6 kb versus 2.5 kb, 

it is not clear that the longer repeat was really necessary; an 84-bp repeat may have 

worked just as well. If we examine plastid DNA around the I-CreII site in MSK57ix for 

direct repeats that might compete with the rrn16 promoter repeat, there are none that 

come close to 84 bp, and all the perfect repeats are 12 bp or smaller (Figure 17). This 

suggests that if a much longer repeat is available in the vicinity of a DSB, it is 

preferentially used for repair, at least by these pathways. 
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It may also be noteworthy that the trnV(GAC) gene, one of the two valyl-tRNA 

genes in the tobacco chloroplast, was deleted from the MSK57ix plastid along with the 

aadA:gfp marker (Figure 15). This seemed not to have any effect on the plant’s growth 

and development, indicating that it is not an essential tRNA gene. The chloroplast 

genomes of the maiden hair fern, Adiantum capillus-veneris (Wolf et al. 2003), and the 

protist euglenoid, Euglena gracilis (Hallick et al. 1993), lack this valyl-tRNA, and have 

only the trnV(UAC) gene. If a “2 out of 3” pairing rule is invoked, the trnV(UAC) valyl-

tRNA could read all four valine codons: GUU, GUA, GUC, and GUG (Pfitzinger et al. 
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1990). Valine codon usage by chloroplasts is skewed; in tobacco, the combined 

frequency of the GUU and GUA codons is 77%, whereas the GUC and GUG codons are 

used less frequently (23%) (Nakamura et al. 2000; Shimda and Sugiuro 1991). The 

importance of biased codon usage in tobacco chloroplasts is not yet clear, but it seems to 

be less critical than in Chlamydomonas (Franklin et al. 2002).  

It has been of great commercial and public interest to have control of genetically 

modified organisms (GMO) used in agriculture, energy and medicine (Haslberger 2000; 

Roff 2009). The chloroplast genome has been an attractive target for genetic engineers, in 

part, because it offers better containment of foreign genes (Friesen et al. 2003; Warwick 

et al. 2009). The recent demonstration that there is leakage in the uniparental (maternal) 

inheritance of cpDNA, such that chloroplast transgenes can be transmitted through pollen 

has raised new concerns (Ruf et al. 2007; Svab and Maliga 2007). Removing as much 

foreign DNA as possible from the GMO’s plastome could help with this issue 

(Kittiwongwattana et al. 2007). The features of DREEM modification mentioned above 

are highly compatible with this goal. 
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Chapter 4. Materials and methods 

4.1 Plant and bacterial strains 

Arabidopis thaliana Columbia (Col-0), Nicotiana tabacum cultivar Petit Havana 

and transgenic plants were grown either axenically on Murashige-Skoog (MS) medium 

(Murashige and Skoog 1962) or in soil. Arabidposis was grown at 23 °C under 

continuous light (150 μmol photons · m-2 · sec-1) and tobacco was grown at 28 °C under a 

16 hrs light / 8 hrs dark photoperiod, unless stated otherwise. Agrobacterium tumefaciens 

GV3101 (pMP90) was used for plant transformation. Escherichia coli DH5� was used 

for plasmid construction and propagation. E. coli Rosetta pLysS-RARE (Novagen) was 

used to express recombinant proteins and assay I-CreII activity in vitro and in vivo.  

4.2 Plasmids for chloroplast-targeted I-CreII expression 

The N-terminal 59 amino acids of rbcS1A (AT1G67090) was amplified using 

oligos 485 and 486 (Table 2), which have XhoI and AfeI sites, from TAIR U13397 

(Krebbers et al. 1988) obtained from the Arabidopsis Biological Resource Center (The 

Ohio State University). I-CreII was amplified from pI-CreII (Kim et al. 2005) using 488 

and 489 (Table 2), which removed the stop codon and added AfeI and AvrII sites. GFP 

was amplified from pX6GFP (Zuo et al. 2001) using oligos 490 and 491 (Table 2), which 

added AvrII and SpeI sites. The three products were cloned into the SmaI site of pUC18, 

creating pUC18-rbc, -ICre, and -GFP. GFP was excised with AvrII and cloned into AvrII-

linearized pUC18-ICre, creating pUC18IIIG. The rbcS fragment was excised from 
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pUC18-rbc with BamHI and AfeI, and cloned into BamHI-AfeI digested pUC18IIIG, 

creating pUC18RIIIG. Its insert (rbcS:I-CreII:gfp) was completely sequenced, excised 

with XhoI and SpeI, and cloned into XhoI-SpeI cut pX6GFP; the final plasmid was 

pX6RIIIG. GFP was removed from pX6RIIIG by re-circularizing after cutting with AvrII 

and SpeI, producing pX6RIII. The Cre-loxP system was removed from pX6RIII by re-

circularizing after digstion with XhoI and SalI (partially); the resulting plasmid was pRIII.  

4.3 Plasmids to verify I-CreII activity of fusion proteins  

To test activity of the I-CreII fusion protein, the pRSETA expression vector 

(Invitrogen), which confers ampicillin resistance on the host cell, was used. The insert of 

pUC18RIIIG (rbcS:I-CreII:gfp) was excised with XhoI and EcoRI, and cloned into XhoI-

EcoRI-digested pRSETA, creating pRSET-RIIIG. Then, pRSET-RIIIG was cut with 

AvrII and re-circularized, thereby removing the GFP portion of the transgene. This 

plasmid was called pRSET-RIII.  

Two I-CreII substrate plasmids and a corresponding control plasmid were created 

as follows. Plasmid pE4E5, which contains the I-CreII cleavage site as a fusion of exons 

4 and 5 of psbA (Kim et al. 2005), was cut with DraI and re-circularized, in order to 

remove the ampicillin resistance gene. The new plasmid which retains the kanamycin 

resistance marker, was named pDrail. To create a plasmid with multiple I-CreII cleavage 

sites, the insert from pDrail was excised with SpeI and XbaI, and then ligated back to 

pDrail that had been cut with the same enzymes and dephosphorylated. A plasmid with 

five I-CreII sites in tandem was found, and named pDrais. A control plasmid with no I-
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CreII cleavage site was created from pDrail by digesting it with EcoRI, followed by self-

ligation; this plasmid was called pRey. 

4.4 Plasmids for plastid gene deletion 

A plastid transformation plasmid with an I-CreII cleavage site was created as 

follows. The HindIII-SacI fragment (49 bp) of pUC18 was ligated with pE4E5 (Kim et 

al. 2005) that had been cut with the same enzymes, creating pE4E5X. The insert of 

pE4E5X was excised with XbaI, and cloned into the XbaI site of the plastid 

transformation vector pMSK57 (Khan and Maliga 1999); the new plasmid was called 

pMSK57ix.  

For deletion mutagenesis of the plastid ycf1 gene, a plasmid, pOT43, was 

designed to introduce an I-CreII cleavage site flanked by a direct repeat of part of ycf1. 

To this end, a series of intermediate plasmids were created as follow. Tobacco chloroplast 

DNA (1 μg) was digested with EcoRV and separated on an agarose gel. The 5-kb 

fragment (GenBank NC_001879: nt 123964-129280) was purified and cloned into the 

SmaI-linearized pUC19 vector, which produced pOT24. The insert of pOT24 was excised 

with KpnI and BamHI and then ligated with pDrail that was cut by the same enzymes, 

resulting in pOT32. Phosphorylated oligonucleotides 658 and 659 (Table 2) were 

annealed and ligated with XbaI-linearized pMSK57, which created an I-CreII cleavage 

site and gave rise to pOT35. To create direct repeats, an internal ycf1-DNA segment (0.2 

kb) was amplified using tobacco chloroplast DNA as template and primers 672 and 673 

(Table 2). The PCR product was cleaved with EcoRI, and ligated to EcoRV-EcoRI-cut 
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pOT35, creating pOT37. The insert of pOT37 was excised with EcoRV and StuI, and 

ligated to ScaI-cut pOT32; the final plasmid was pOT43. 

4.5 Plasmid exclusion assay for I-CreII activity 

The E. coli Rosetta pLysS-RARE strain (Novagen) was used for the plasmid 

exclusion assay. It was transformed with one of the I-CreII substrate plasmids (pDrail, 

pDrais, or pRey) and selected on kanamycin. Then, these lines were transformed with the 

I-CreII fusion-protein plasmids (pRSET-RIIIG, pRSET-RIII, and the vector), and 

aliquots were plated on LB medium containing either: kanamycin (34 μg/ml), ampicillin 

(50 μg/ml), or both antibiotics. Since the substrate plasmids confer kanamycin resistance, 

and the enzyme plasmids confer ampicillin resistance, transformants that are resistant to 

both antibiotics have both plasmids (i.e., they are double-transformants). Colonies were 

counted after 18 hrs at 37°C, and the survival rate of double transformants calculated as 

follow; Survival rate (%) = (cfu μg-1 DNA on ampicillin and kanamycin) / (cfu μg-1 DNA 

on ampicillin) � 100. 

4.6 In vitro I-CreII assay using bacterial extracts 

E. coli Rosetta pLysS-RARE strains (50 ml each) carrying plasmid pRSET-RIIIG, 

pRSET-RIII, or pRSETA (Vector) were grown until the A600 reached 0.5. Then, 

isopropyl-�-D-thiogalactopyranoside was added to 1 mM, and the cells were incubated 

for 2 hrs at 30 °C. After harvesting by centrifugation, the cells were resuspended in 5 ml 

of ice-cold 10 mM Tris-HCl, 0.1 mM EDTA pH 8.0, lysed by sonication, and centrifuged 
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for 10 min at 13,000 � g (4°C). The supernatant of this spin contained endonuclease 

activity, which was assayed by adding 5 μL of extract to a 25-μL reaction mixture that 

also contained 20 mM Tris-HCl pH 8.0, 10 mM MgCl2, and 500 ng of substrate plasmid. 

The mixtures were incubated at 37°C for 30 min, and then analyzed by electrophoresis in 

1%-agarose gels containing ethidium bromide.    

4.7 Plastid transformation 

Tobacco chloroplasts were transformed by particle bombardment (Lutz et al. 

2006). Leaves from greenhouse-grown plants (3-8 weeks old) were surface-sterilized 

with 70% ethanol and 0.05% sodium hypochlorite, and bombarded with DNA-coated 

gold particles (1 μg DNA/5 mg gold, ø = 1 μm, kept on ice until used) using the helium-

driven PDS-1000 (BioRad). Rupture discs of 1,100 psi were used under vacuum of 28 in. 

Hg, and the leaf tissue was 9 cm from the stopping plate. Leaf discs (1 cm � 1 cm) were 

placed abaxial-side up and incubated on RMOP media (Csépl� and Maliga 1984) 

containing spectinomycin (500 mg/L) up to 12 weeks at 28 °C under a 16 hrs light/ 8 hrs 

dark photoperiod. Green shoots were visually inspected for GFP fluorescence under long 

wave UV. Green fluorescent tissues were excised and subjected to regeneration 2~3 times 

to obtain shoots that were completely green fluorescent. The shoots were transferred to 

and cultivated on RM medium (Murashige and Skoog 1962) for 2-4 weeks, and the 

regenerated plantlets were potted and grown in the greenhouse.   
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4.8 Plant nuclear transformation 

Arabidopsis was transformed by the floral dip method (Clough and Bent 1998), 

and seeds were germinated on MS medium contaning kanamycin (50 mg/L). Tobacco 

was transformed by the leaf disc method (Rogers et al. 1986). Briefly, fully expanded 

leaves were taken from tobacco plants that were cultivated in a greenhouse, and surface-

sterilized with 70% ethanol and 0.05% sodium hypochlorite. Leaf discs (1 cm � 1 cm 

square) were prepared and co-cultured with Agrobacterium (carrying the transformation 

plasmid) on RMOP agar medium (Csépl� and Maliga 1984) for 2 days, then on RMOP 

medium containing carbenicillin (500 mg/L) and kanamycin (50 mg/L) for 7 days, and 

finally on RMOP medium with kanamycin alone for 4-8 weeks. Green shoots were 

transferred to and cultured on RM medium (Murashige and Skoog 1962) for 2-4 weeks, 

and the regenerated plants were transplanted into soil and grown in the greenhouse. 

4.9 Cross-breeding to introduce rbcS:I-CreII into the transplastomic 

tobacco 

The transplastomic lines (MSK57, MSK57ix, and OT43) contain the aadA:gfp 

marker which confers spectinomycin resistance and GFP fluorescence. Seeds (100-200) 

were examined on MS medium containing spectinomycin (500 mg/L) every generation 

(T1-T3 generation). All of the progeny (> 500 total) were spectinomycin resistant and 

GFP positive; such transplastomic lines were considered as homoplastomic and used for 

the subsequent cross.  
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The transgenic (nuclear) tobacco lines (RIII and RGFP) contain a kanamycin 

resistant marker. These lines (T1 generation) that showed Mendelian segregation (3:1) for 

kanamycin resistance were considered to have a single T-DNA insertion. Transgenic 

lines homozygous for the kanamycin resistance marker were indentified by analyzing 

progeny on a MS-kanamycin (50 mg/L) medium in the next generation (T2) of self-

pollinated plants.  

To perform the crosses, the transplastomic lines (MSK57, MSK57ix, and OT43) 

were pollinated with the respective homozygous transgenic lines (RIII and RGFP). The 

F1 hybrids were heterozygous for the kanamycin marker. In the F2 generation of self-

pollinated plants, homozygotes for the kanamycin marker were identified by analyzing 

progeny on MS-kanamycin medium. Both F1 (heterozygotes) and F2  (homozygotes) 

hybrids were germinated on MS medium containing 10 μM �-estradiol to induce 

expression of rbcS:I-CreII or rbcS:gfp; there was no difference between these lines in the 

effect of the steroid, which was expected from the dominant nature of the transgenes 

(rbcS:I-CreII and rbcS:gfp). 

4.10 RT-PCR  

Total RNA was isolated from 2-week old Arabidopsis (~50 mg fresh weight) 

using Trizol (Invitrogen) (Chomczynski and Mackey 1995) and reverse transcribed at 

42°C for 50 min (1 μg RNA in 25 μL) with Superscript II and oligo-dT18. Aliquots (0.05 

vol) were subjected to PCR with primers specific for I-CreII (488 and 489) and Act2 (535 

and 536), and separated on 1% agarose gels for digital imaging. 
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4.11 Analyses of Arabidopsis chloroplast DNA 

Total DNA was isolated as described (Murray and Thompson 1980). For the 

Southern blots, 3 μg DNA (per lane) was digested with SalI, XhoI, and SalI+XhoI 

overnight, resolved on long (20 cm) agarose (0.7%) gels, and transferred to a cationic 

nylon membrane. The hybridization probes were obtained by PCR of wild-type 

Arabidopsis DNA, followed by random-primer labeling with �-[32P]-dCTP. The psbA 

and rpoA probes corresponded to nt 6-1746 and 77335-79091, respectively, of cpDNA 

(GenBank NC_000932), and were synthesized with oligonucleotides 524 and 525, and 

522 and 523, respectively (Table 2). The 18S rDNA probe corresponded to nt 14208429-

14210622 of chromosome 3 (GenBank NC_003074), and was amplified with 526 and 

527 (Table 3). 

For the PCR analysis, 200 ng of genomic DNA was subjected to 25-35 cycles of 

94°C (30 sec), 60°C (30 sec), and 70°C (5 min), using Taq polymerase (NEB) and 

primers 498 and 499 (Table 2), which amplify nt 152241-2786 of cpDNA. The reactions 

were analyzed on 1% agarose, and the major products were excised for direct sequencing 

and cloning into SmaI-linearized pUC18 or pGC-Blue (Lucigen). The PCR products were 

also gel-separated into 3 fractions (< 1 kb, 1-3 kb, 3-5 kb) before cloning and sequencing. 

In parallel, genomic DNA was predigested with I-CreII (Kim et al. 2005) for 1 hr at 37 

°C to reduce wild-type target DNA, and then used for PCR. The psbA primers 510 and 

400 (Table 2), which amplify nt 611-947 of cpDNA, were also used for PCR, and the 

337-bp product was directly sequenced. 
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4.12 Analyses of tobacco chloroplast DNA 

Total DNA was isolated as described (Murray and Thompson 1980). To verify 

MSK57 and MSK57ix transplastomic lines, total genomic DNA (1 μg) was digested with 

NcoI overnight, resolved on 0.7% agarose gel, and transferred to a nylon membrane. The 

hybridization probe was obtained by PCR with the GFP primers 490 and 491 (Table 2), 

and using pRSET-RIIIG as template. The product (0.7 kb) was purified and subjected to 

random-primer labeling with �-[32P]-dCTP. The size markers were the 1-kb Plus DNA 

ladder from Fermentas, which were labeled with �-[32P]-ATP and polynucleotide kinase 

(NEB). 

4.13 Fluorescence microscopy 

Seeds from kanamycin-resistant Arabidopsis transformed with pX6RIIIG (rbcS:I-

CreII:gfp) were germinated on induction medium (containing 10 μM �-estradiol), and 

grown for 2 weeks under continuous light. Fluorescence microscopy was performed with 

whole-mounts, or plant sections using a Leica DM IRBE microscope equipped with 

filters for GFP (excitation at 450-490 nm, and emission at 500-550 nm) and chlorophyll 

(excitation at 515-560 nm, and detection at >590 nm). The images were captured with a 

Leica DFC350 FX camera, and processed with Adobe Photoshop. 

4.14 Confocal laser scanning microscopy 

Subcellular localization of GFP-tagged proteins (rbcS:GFP and aadA:GFP) in 

tobacco leaf was examined using a Leica SP2 AOBS confocal microscope. GFP was 
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excited at 488 nm and detected at 508-541 nm; chlorophyll was excited at 633 nm and 

detected at 654-754 nm. Images were processed with Leica Confocal Software 2.5 and 

Adobe Photoshop. 

4.15 Nucleotide sequence analyses for direct repeats 

Whole plastid genomes of Arabidopsis and tobacco were analyzed using the 

software Reputer (Kurtz et al. 2001). Repeat sequences around the I-CreII cleavage sites 

were analyzed using the software Repfinder (Betley et al. 2002). 
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