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Abstract 

Plastid is a semi-autonomous organelle essential in photosynthesis and other metabolic 

activities of plants and algae. Plastid DNA is organized into particulate structure called 

nucleoid with various proteins and RNA, and the nucleoid is subject to dynamic changes 

during the development of plant cells. Characterization of the major DNA-binding proteins of 

nucleoids revealed essential differences in the two lineages of photosynthetic eukaryotes, 

namely, the nucleoids of green plants contain sulfite reductase as a major DNA-binding 

protein that represses the genomic activity, while prokaryotic DNA-binding protein HU is 

abundant in the plastid nucleoids of the rhodophyte lineage. In addition, current knowledge 

on the DNA-binding proteins, as well as the replication and transcription systems of plastids 

are reviewed from the comparative and evolutionary points of view. A revised hypothesis on 

the discontinuous evolution of plastid genomic machinery is presented: in spite of the 

cyanobacterial origin of plastids, the genomic machinery that make function the plastid 

genome is fundamentally different from the counterpart in cyanobacteria.  
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Introduction 

 

The plastid is a semi-autonomous organelle that possesses its own genetic information. The 

genes identified in the plastid genome (plastome) encode mostly proteins involved in 

photosynthesis and gene expression (Sugiura, 1992). The genetic system of the plastid 

depends on both plastome and nuclear genome (Tayler, 1989; Goldschmidt-Clermont, 1998; 

Leon et al., 1998). Plastid DNA is a circular molecule but, despite common belief, it is 

structurally variable, even within a single plant, with respect to multimeric forms (Deng et al., 

1989) and molecular organization (Lilly et al., 2001). The plastid DNA is organized into a 

particulate structure called ‘nucleoid’ or ‘plastid nucleus’ (Kuroiwa 1991), which consists of 

various DNA-binding proteins, plastid DNA and uncharacterized RNA (Hansmann et al., 

1985; Nemoto et al., 1988; Yurina et al., 1995; Sakai, 2001). The plastid DNA or plastid 

nucleoid is visualized by fluorescence microscopy after staining with various DNA-specific 

fluorochromes, such as 4’,6-diamidino-2-phenylindole (DAPI) (Coleman, 1979; Kuroiwa et 

al., 1981). Figure 1 shows DAPI-stained nucleoids that are viewed with a fluorescence 

microscope. The nucleoids of the leaf chloroplasts in seed plants are small particles with a 

diameter of about 0.2 µm (Fig. 1 E 1 and 2), which are sometimes fused to form a larger 

particle or a filament.  

 It is widely accepted that plastids arose from a eubacteria-like endosymbiont, closely 

related to extant cyanobacteria (Gray, 1992; Martin et al., 1998, 2002; Turner et al., 1999). 

Figure 2 is a phylogenetic tree showing that a progenitor of plastids was derived from a 

common ancestor of extant cyanobacteria. This is based on most recent databases available in 

March 2003: The complete nucleotide sequences of the plastid DNA have been determined in 

more than 29 plants and algae (for recent sequences, see Turmel et al., 1999; Ogihara et al., 

2000; Lemieux et al., 2000; Schmitz-Linneweber et al., 2001), while the genomic sequences 
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of more than 10 species of cyanobacteria have also been completely sequenced and most of 

these sequences are now publicly available, either in a finished form such as CyanoBase of 

the Kazusa DNA Research Institute (http://www.kazusa.or.jp/cyano/) or as draft sequences 

such as those in the DOE Joint Genome Institute (JGI, 

http://www.jgi.doe.gov/JGI_microbial/html/index.html). In addition, the complete nucleotide 

sequences of the nuclear genome of A. thaliana (Arabidopsis Genome Initiative, 2000) and O. 

sativa (Feng et al., 2002; Sasaki et al., 2002) have been determined. The genomic sequence 

of the malaria parasite Plasmodium falciparum, which has plastids as a result of secondary 

endosymbiosis, was also determined (Gardner et al., 2002). The nuclear, mitochondrial (Ohta 

et al., 1998) and plastid genomes of a unicellular rhodophyte Cyanidioschyzon merolae were 

completely sequenced recently in the Cyanidioschyzon Genome Project (CGP, collaboration 

of several Japanese laboratories including ours, leaded by Dr. T. Kuroiwa, 

http://merolae.biol.s.u-tokyo.ac.jp/; Kuroiwa, 1998; Matsuzaki et al., 2003). These genomic 

data indicate that many genes in the original endosymbiont (or plastid progenitor) were 

transferred to the host nucleus or lost in various different lineages. However, many of the 

genes that were transferred to the nucleus still encode proteins that are targeted to the plastids 

(Abdallah et al., 2000; Martin et al., 2002). In addition, various proteins involved in the 

maintenance, replication and transcription of the plastid genome have been lost or 

functionally replaced by other proteins during the evolution of the photosynthetic eukaryotes. 

These data are being assembled to compare the genomic contents of cyanobacteria and 

plastids (Sato, 2002). In this context, the information of the nuclear genomes is also important 

in estimating the protein complements of the plastids.  

 In spite of rapid development in such genomic resources, biochemical, molecular 

biological, or functional characterization of the plastid nucleoids or ‘plastid genomic 

machinery’ has been retarded, because such studies are mostly limited to the genes encoded 
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by the plastid genome. Recent development in the study of plastid genomic machinery was 

motivated by the recognition of plastid nucleoids as a counterpart of nuclear chromosome 

(Kuroiwa 1991). Isolation, structural analysis, as well as biochemical characterization of 

transcription and replication of plastid nucleoids have just been started. This review 

summarizes recent advances in the study of plastid genomic machinery by integrating 

biochemical and molecular biological studies of the plastid nucleoids as well as bioinformatic 

studies of plant and cyanobacterial genomes. These data will be reconstructed in the 

framework of our hypothesis on the evolution of plastid genomic machinery, which 

highlights the fundamental differences in the genomic machineries of plastids and 

cyanobacteria. For reviews on the plastid genome and gene expression, see Mayfield et al. 

(1995), Sugiura et al. (1998), Rochaix (1992) and Mullet (1988). Recent reviews on the 

plastid nucleoids are: Sato et al. (1999), Sato (2001), and Sakai (2001). 

 

II. Methodology of studying plastid genomic maehinery 

 

‘Plastid genomic machinery’ is defined as an ensemble of DNA-binding proteins and 

transcription factors as well as various enzymes involved in replication and transcription, 

which make function the plastid genome. Plastid nucleoid is a structural entity representing 

the plastid genomic machinery, which is isolated as particles that are sedimented by 

centrifugation.  

 

A. Biochemical characterization of plastid nucleoids 

 

1. Isolation of plastid nucleoids and identification of nucleoid proteins 
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Nucleoids are prepared from isolated plastids by solubilizing the envelope and thylakoid 

membranes (Sato et al., 1997; Sakai et al., 1998b). Various nonionic detergents as well as 

various density gradient media have been utilized. However, the most important improvement 

was the use of so-called ‘TAN’ buffer invented by the Kuroiwa’s group. ‘TAN’ was the name 

of a researcher who used it first in his laboratory. TAN buffer consists of 0.5 M sucrose, 1.2 

mM spermidine, 1 mM EDTA, 1 mM PMSF, 20 mM TrisHCl (pH 7.5). Sucrose and 

spermidine are highly effective in stabilizing the compact structure of nucleoids. Low ionic 

strength and chelating of divalent cations with EDTA are essential in keeping nucleoids in a 

highly condensed state. Addition of NaCl at a concentration above 0.2 M or several 

millimolar MgCl2 releases major DNA-binding proteins from the nucleoids. Spermidine is a 

member of natural polyamines which are present in the chloroplasts as well as in bacterial or 

eukaryotic cells, and are important in maintaining proper activity of gene expression 

(Matthews, 1993; Igarashi and Kashiwagi, 1999). However, spermidine should not be added 

in the buffer during the isolation of plastids by Percoll density gradient, since it binds to the 

negatively charged surface of Percoll. A simple and convenient method of preparing 

nucleoids from plastids consists of solubilization of plastids with Nonidet P-40, low speed 

centrifugation and filtration through a membrane filter to remove bulk contaminants (starch, 

fragments of cell nuclei, cuticles, and other insoluble materials), and sedimentation of 

nucleoids by high speed centrifugation (Sato et al., 1997). Use of density gradient 

centrifugation through metrizamide (Nakano et al., 1993) or sucrose (Sakai, 2001) is effective 

in purifying nucleoids to some extent, but the effectiveness of the density gradient is limited 

by the fact that the nucleoids are highly heterogeneous with respect to buoyant density.  

 Unfortunately, even the purest of currently available plastid preparations contains 

various hydrophobic proteins that are not believed to be true constituents of nucleoids. 

Although isolated nucleoid preparations look highly pure by inspection with a fluorescence 
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microscope after staining with a fluorochrome DAPI, various hydrophobic proteins 

originating from various cellular membranes stick to the nucleoid preparation as evidenced by 

microsequencing of representative protein bands of nucleoids. This might be a reason why 

exhaustive proteomic analysis of the plastid nucleoids has not been undertaken. Currently, 

important components are identified one by one by biochemical and molecular biological 

means. Various DNA-binding proteins are identified by ‘reconstitution’ experiments, in 

which a protein overexpressed in E. coli cells and highly purified from them is mixed with 

purified DNA to see the formation of particulate structures that look like nucleoids under 

microscopy (Sato et al., 2001). Another method is to use DAPI as a fluorescent probe to 

monitor the condensation of DNA (Sekine et al., 2002). This method relies on the changes in 

fluorescence quenching caused by condensation of DNA and fluorochrome. Effect of addition 

of nucleoid proteins, which are overexpressed in E. coli cells, on the transcription activity of 

nucleoids is a good criterion to identify functionally important components of the nucleoids, 

an approach that complements biochemical analysis. 

 Composition of proteins of nucleoids isolated from various different plants and organs 

has been reported. Changes in protein composition or transcription activity during the 

development of chloroplasts (Sato et al., 1997; Nemoto et al., 1991), chromoplasts 

(Hansmann et al., 1985), proplastids (Sakai et al., 1997, 1998a) and amyloplasts (Sakai et al., 

1999). Recently, we compared the nucleoids of etioplasts and chloroplasts in cucumber and 

pea (Hirama et al., 2003). The protein composition is mostly identical in the etioplasts and 

chloroplasts of cucumber cotyledons, whereas the nucleoids of etioplasts and chloroplasts in 

pea leaves contained qualitatively and quantitatively different proteins. The etioplasts of 

cucumber cotyledons are large and contains highly developed prolamellar bodies, ready to 

change into chloroplasts soon after the start of illumination (about 3 – 6 hr), while the 

etioplasts of pea leaves are small and begin development long (more than 24 hr) after the start 
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of illumination. This suggests that the composition of nucleoids is determined not just by the 

state of greening but the state of global development of the plastid. 

 

2. In vitro replication and transcription in isolated plastid nucleoids 

 

Isolated plastid nucleoids retain a high activity of replication and transcription (Sakai, 2001). 

Since no other effective system of in vitro replication that reflects in vivo status is available, 

the nucleoid system provides a unique in vitro replication system to study the regulation of 

replication. Isolated nucleoids are, however, mostly used in analyzing transcription activity. 

Sakai (2001) suggested that the nucleoids showed a higher transcription activity than did 

‘transcriptionally active chromosome’ (TAC). In parallel to this, a renewed method of 

preparation of TAC was also reported (Krause and Krupinska, 2000). TAC is purified by gel 

filtration chromatography as a soluble DNA-enzyme complex, and therefore potentially 

represents apparatus of transcription in a purer form, although it is not as condensed as 

isolated nucleoids. In a typical assay, transcription reaction with isolated nucleoids continues 

normally as long as 60 - 80 min (Sakai, 2001; Sekine et al., 2002), which is much longer than 

the duration of net reaction usually obtained with soluble enzyme fraction from chloroplasts. 

The in vitro transcription reaction has been believed to be ‘run-on’ transcription, i.e., the 

elongation of already initiated transcription. However, the long duration of transcription 

reaction obtained with nucleoid preparations might suggest that re-initiation takes place in the 

isolated nucleoids. A test for the initiation could be the effect of heparin, a polyanionic 

polysaccharide that inhibits transcription initiation. But the transcription activity of plastid 

nucleoids is enhanced 3 - 4 times by the addition of heparin (see below), and therefore, this is 

not a good test for judging the problem of the occurrence of re-initiation. It is not clear if the 

use of artificial template can give an answer, because efficiency of exogenously added 
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template is hard to estimate. The question of re-initiation must be addressed by different 

methods. 

 

3. Microscopic observation of nucleoids within the cell 

 

Various microscopic methods have been applied to examine nucleoids within the cells, such 

as electron microscopy and fluorescence microscopy. However, no method has been available 

to visualize plastid nucleoids within living cells until recently. As a consequence of our study 

on the localization of the DNA-binding protein called PEND (see below), we realized that a 

cbZIP-GFP fusion protein is useful in monitoring the localization of the plastid nucleoids 

within the cell (Fig. 3). The PEND protein is a DNA-binding protein that was discovered 

from the envelope membrane of developing pea chloroplasts (Sato et al., 1993). The cbZIP 

domain is an N-terminal small domain of the PEND protein that binds to DNA as a dimer. It 

includes the N-terminal pre-sequence (15 amino acid residues) that is cleaved after import 

into the chloroplast. This pre-sequence itself is unable to target the cbZIP domain to the 

chloroplast, and a longer region including nearly the entire cbZIP domain is necessary for the 

chloroplast targeting. The cbZIP-GFP fusion protein, which is expressed from a chimeric 

plasmid construct driven by the 35S promoter (Fig. 3 A), is targeted to the chloroplast stroma, 

and subsequently binds to the chloroplast DNA. Consequently, the nucleoids emit bright 

green fluorescence upon blue excitation. This DNA construct can be introduced into leaves or 

protoplasts by particle gun or PEG-mediated transformation, and is allowed to express 

transiently. Alternatively, the DNA construct can be stably transformed into A. thaliana by 

the Agrobacterium-mediated method. Such transgenic lines are interesting materials to 

visualize plastid nucleoids in intact plants. Figure 3 shows localization and morphology of 

plastid nucleoids within various different tissues or organs of such transgenic plant. The 
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nucleoids are clearly seen as minute bright spots in the whole cotyledon of transgenic A. 

thaliana (Fig. 3 B). The nucleoids in developing leaf cells (Fig. 3 C), guard cells (Fig. 3 D1), 

root cells (Fig. 3 E), and leaf epidermal cells (Fig. 3 F1) are visualized clearly by this method. 

This method is particularly useful in examining plastid nucleoids in non-photosynthetic 

tissues, in which plastids are small. DAPI is a good fluorochrome to visualize DNA within 

the cell, but the plant tissue must be fixed with glutaraldelyde or formaldehyde to allow 

penetration of DAPI. In addition, DAPI stains all DNA within the cell, and specific staining 

of plastid DNA is not possible. The cbZIP-GFP fusion protein is particularly useful in 

observing dynamics of nucleoids in living cells.  

 

B. Bioinformatic knowledge-finding 

 

Comparative genomics and proteomics are powerful tools in organellar biochemistry. 

Proteomic analysis include preparation of subfractions of plastid, resolution of proteins in 1- 

or 2-dimensional gel electrophoresis or HPLC, mass spectrometric determination of the 

masses of molecular ion (or equivalent) and fragment ions, and/or determination of the 

amino-terminal sequences of isolated single polypeptides. These data are searched against the 

genomic sequence database to identify the gene that encodes the polypeptide being analyzed. 

Proteomics of various compartments of plastids has been presented, such as thylakoid lumen 

(Peltier et al., 2000; Schubert et al., 2002), and envelope membrane (Koo and Ohlrogge, 

2002; Ferro et al., 2002). These studies have provided information on many new polypeptides 

that compose each organellar compartment. Proteomics of nucleoids is being undertaken by 

the collaboration of various laboratories including ours.  

 

III. Structural and compositional diversity of plastid nucleoids 



12 

 

A. Morphological diversity 

 

Morphological diversity of plastid nucleoids in variously differentiated plant cells has been 

documented and some examples are shown in Figs. 1 and 2: A single small nucleoid is 

present in the center of proplastids in meristematic cells (Miyamura et al., 1986), whereas 

nucleoids are replicated while attached to the envelope membranes (Fig. 1 E1, Fig. 3 C; Sato 

et al., 1993). In mature leaf cells, only a small number of nucleoids are present within the 

stroma in close association with thylakoid membranes (Fig. 1 E2, Fig. 3 D1). Nucleoids in 

epidermal cell plastids and root cell plastids are also morphologically diverse (Fig. 3 E and 

F1). In addition, the replication cycle of plastid in seed plants is entirely uncoupled with the 

division cycle of the cell in which plastids reside: The nucleoids are extensively replicated in 

developing plastids of immature leaf cells. Then they are distributed to daughter plastids by 

segregation process mediated by envelope membrane. The division of algal plastids is 

synchronized with the cell cycle (Fig. 1 C), and is different from the division of plant plastids 

in this respect. 

 Phylogenetic diversity of plastid nucleoids has also been extensively studied. In the 

pioneering study by the Kuroiwa group, various different forms of plastid nucleoids were 

described (Kuroiwa et al., 1981). The nucleoids of angiosperm chloroplasts are distributed 

throughout the stroma as small particles, while the nucleoids of brown algae form a 

ring-shaped structure. The chloroplast nucleoids of a green alga Chlamydomonas reinhardtii 

are also particulate and distributed over the stromal spaces (Fig. 1 D2). A mutant of C. 

reinhardtii is known, in which the nucleoids are aggregated as a large mass within the 

chloroplast (Misumi et al., 1999). Although the partition of nucleoids during the chloroplast 

division is uneven in this mutant, each daughter chloroplast regains the original amount of 



13 

nucleoids by subsequent replication. Among the red algae, an interesting correlation between 

the morphology of nucleoids and cell complexity, and hence phylogeny, has been found. In 

the primitive unicellular red algae such as Cyanidioschyzon merolae (Fig. 1 C1) and 

Cyanidium caldarium, a single nucleoid is present at the center of the chloroplast. These 

algae divide by binary fission (Kuroiwa, 1998). Another unicellular species Galdieria 

sulfuraria divides by ternary fission and has multiple particulate nucleoids within the 

chloroplast. Multicellular thallous red algae have nucleoids scattered along the periphery of 

chloroplasts (Kuroiwa et al., 1981). The morphological diversity of nucleoids is clearly 

identified, but we still do not know the mechanism underlying the morphological differences 

in nucleoids of various different organs and organisms, not even the physiological relevance 

of the morphology of nucleoids. The only case in which the localization of nucleoids is 

explained in molecular terms is that the PEND protein anchors nucleoids to the envelope 

membranes in developing pea chloroplast (Sato et al., 1993; see below). 

 

B. DNA-binding proteins 

 

Analysis of plastid nucleoids in seed plants revealed a striking flexibility of protein 

composition in various types of plastids, such as chloroplasts, etioplasts, proplastids, and 

chromoplasts (Hansmann et al., 1985; Nemoto et al., 1988, 1989; Sato et al., 1993, 1997). In 

the plastids of vascular plants, various transcription factors have been known: sigma factors 

transcribe mainly photosynthetic genes together with the PEP (Isono et al., 1997; Fujiwara et 

al., 2000; Allison, 2000; Kanamaru et al., 2001); PTF1 is known as a trans-acting factor for 

the psbD light-responsive promoter (Baba et al., 2001); CDF2 is known to regulate the rrn 

gene (Bligny et al., 2000). The PEND protein is a DNA-binding protein that binds to the 

envelope membrane and anchors cpDNA with ‘TAAGAAGT’ motif (Sato et al., 1993, 1997; 
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Sato and Ohta, 2001). Additionally, some sequence non-specific DNA-binding proteins are 

known to constitute the plastid nucleoids. The HC protein was identified by a database search 

as a basic copper-containing protein (Crevel, 1989; Sato, 2001), and bifunctional proteins 

such as sulfite reductase (abbreviated as ‘SiR’, Sato et al., 2001) and the CND41 protein 

(Nakano et al., 1997) have been described.  

 

1. Prokaryotic DNA-binding proteins 

 

Typical free-living prokaryotes have a whole set of major DNA-binding proteins such as 

HU/IHF, H-NS/StpA, Fis, and Dps (McLeod and Johnson, 2001; Azam and Ishihama, 1999; 

Azam et al., 2000). Here, HU and IHF belong to a large protein family (Bonnefoy and 

Rouvière-Yaniv, 1991), while H-NS (Dame and Goosen, 2002) and StpA are members of 

another large protein family (Table 1). In many gamma proteobacteria such as E. coli, both 

HU and IHF are present, and each of these is a heterodimer consisting of alpha and beta 

subunits (Dame and Goosen, 2002; McLeod and Johnson, 2001). However, in many other 

bacteria, only a single copy or two copies of hupA-like gene is (are) present, and it is hard to 

classify the encoded protein(s) into HU or IHF (Fig. 4 A). Most cyanobacteria also contain a 

single HU. A single Dps is present in E. coli, while multiple Dps are present in some species 

of cyanobacteria such as Anabaena sp. PCC 7120 (Kaneko et al., 2001). However, 

cyanobacteria lack H-NS/StpA and Fis (Table 1). There are a number of transcription factors, 

and several tens of response regulators in prokaryotes except in some species with very small 

genome (COMTRAF database: http:// comtraf.lab.nig.ac.jp/). 

 In bacterial nucleoids, the HU protein is known as the major DNA-binding protein. The 

name ‘HU’ seems to come from ‘heat unstable’ but this protein is in fact heat stable (Rouvi-

ère-Yaniv and Gros, 1975). No gene encoding HU has been detected in both plastid and 
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nuclear genomes of A. thaliana, but a homolog is present in the plastid genome of a primitive 

red alga C. merolae (Kobayashi et al., 2002) and a cryptophyte Guillardia theta (formerly, 

Cryptomonas phi, Wang and Liu, 1991; Grasser et al., 1997; Wu and Liu, 1997). Since the 

plastids of chromophytes are thought to originate from the plastids of rhodophyte-like 

endosymbiont, the plastomes of rhodophytes and chromophytes (brown algae, diatoms, 

cryptophytes etc.) are considered as members of a single lineage (Douglas et al., 1991; 

Nelissen et al., 1995; Ohta et al., 1997; Moreira et al., 2000). The HlpA protein (for HU-like 

protein) of Guillardia theta has been characterized and was shown to complement mutation 

in endogenous HU in Bacillus subtilis (Grasser et al., 1997). All plastid-encoded HU-like 

proteins are similar to the cyanobacterial HU proteins. The hlpA gene has not been detected in 

any of the plastid genomes of green algae and land plants (Table 1), though ESTs encoding 

an HU homolog were found in Chlamydomonas and Toxoplasma. The gene for the HU 

homolog that must have been present in the endosymbiont genome was lost during the 

evolution of plastids in the chlorophyte lineage (see below, Sato, 2001). Phylogenetic 

analysis indicates that the HU-like proteins of the rhodophyte lineage (Cyanidioschyzon, 

Toxoplasma, and Guillardia) are sister to the cyanobacterial HU proteins, although the 

bootstrap value is not very high (Fig. 4 A). This is consistent with the hypothesis that the HU 

protein was transmitted from an ancestral cyanobacterium to the progenitor of plastids. The 

low bootstrap confidence level may be due to the very small size of the HU protein, as well as 

high evolution rates of the chloroplast genome. However, the monophyly of cyanobacterial 

HU and rhodophyte-chromophyte HU-like proteins is also supported by maximum parsimony 

analysis (results not shown). Interestingly, the HU-like protein of Chlamydomonas is not 

related to the cyanobacterial or rhodophytan HU proteins. This suggests that Chlamydomonas 

acquired the gene for the HU-like protein from an unknown prokaryote, and this observation 

is consistent with the non-plastidic localization of the Chlamydomonas HU-like protein 
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(unpublished data).  

 We performed immunoblot analysis with antibodies against the HU-like protein of C. 

merolae. HU and HU homolog were detected in the isolated nucleoids of A. variabilis M3 

(cyanobacterium) and C. merolae but not in the nucleoids of P. sativum and P. patens (Sato et 

al., 2003). A recent study indicated that the HU-like protein from C. merolae could also 

compact DNA (Kobayashi et al., 2002), but the mode of compaction seems different with HU 

and SiR (Fig. 4 B and C; see below). There is a report of immunological detection of an 

HU-homolog in spinach chloroplasts (Briat et al., 1984), and the presence of a histone-like 

protein in pea choroplast nucleoids (Yurina et al., 1995). However, a recent computer survey 

in the complete genome of A. thaliana as well as all known plant and algal nuclear sequences 

failed to identify such an HU-homolog. Therefore, we can conclude that HU was lost from 

the chloroplast in the green lineage. 

 Other putative transcription factors with strong similarity to OmpR (Ycf27 and Ycf29), 

NtcA (Ycf28) and RbcR (Ycf30) were also found in the plastomes of the rhodophyte lineage 

(Sato, 2001 and Table 1). These transcription factors are known to bind to a specific target 

sequence and regulate expression of target genes in prokaryotic cell, but no homologs have 

been found in the nuclear and plastid genomes of green plants. A comparative analysis of the 

transcription factors encoded in the nuclear genome of A. thaliana was performed 

(Riechmann et al., 2000), but no prokaryotic transcription factors were detected. 

 DnaB protein is encoded by many plastomes of the rhodophyte lineage. This protein 

acts as a DNA helicase during the replication or maybe in recombination in prokaryotes 

(Benkovic et al., 2001;Yang et al., 2002; Bujalowski, 2003). In contrast, DnaA protein, 

which is essential for bacterial replication initiation (Messer et al., 2001; Erzberger et al., 

2002) , has never been shown to be encoded in the plastome or in the nuclear genome of 

plants and algae. Since the replication of plastome involves D-loops (Kolodner and Tewari, 
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1975), the mechanism of replication initiation must be fundamentally different from that of 

bacterial replication. In the complete genome of A. thaliana, several genes that encode DNA 

polymerases similar to bacterial DNA polymerase I have been detected, a fact which is 

consistent with the biochemical analysis of DNA synthesis activity in plastids (Sakai, 2001; 

Gaikwad et al., 2002). This point will be discussed in detail below. 

 

2. Structural or sequence-nonspecific DNA-binding proteins of plastid nucleoids of 

plants 

 

Sulfite reductase (SiR), which is an enzyme that catalyzes assimilatory reduction of sulfite to 

sulfide, has been known as a stromal enzyme within the chloroplast (Aketagawa and Tamura, 

1980). However, in the nucleoids of pea, SiR was found to be one of the major DNA-binding 

proteins (Sato et al., 1997; Cannon et al., 1999; Sato et al., 2001). In addition, SiR is able to 

compact DNA as well as isolated nucleoids in vitro (Sato et al., 2001, Sekine et al., 2002). 

Sekine et al. (2002) suggested that SiR reversibly regulates the global transcription activity of 

plastid nucleoids through changes in DNA compaction. Therefore, DNA-binding is the 

second function of SiR in higher plant plastids. Cannon et al. (1999) also showed that SiR 

inhibits DNA synthesis in vitro. Interestingly, in yeast mitochondria, several enzymes of 

tricarboxilic acid cycle and amino acid metabolism are known to associate mitochondrial 

DNA and essential in maintaining the mitochondrial DNA (Zelenaya-Troitskaya et al., 1995; 

Kaufman et al., 2000). Since DNA binding is not known for bacterial SiR, we wondered if 

SiR from the lower plants or algae has the ability of compacting DNA. We performed 

immunoblot analysis of plastid nucleoids from pea, P. patens (moss) and Cyanidioschyzon 

merolae (red alga ) as well as of nucleoids from a cyanobacterium Anabaena variabilis strain 

M3, with antibodies raised against maize SiR (Sato et al., 2003). Sulfite reductase was 
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detected abundantly in the nucleoids of pea and P. patens, but only faintly in the nucleoids of 

C. merolae and A. variabilis. Further analysis of nucleoids of C. merolae suggested that the 

small amount of SiR that was detected in the nucleoids was easily washed out with a medium 

without spermidine, which is not the case for pea nucleoids (unpublished results). Sulfite 

reductase may have acquired the ability of tightly binding DNA during the evolution of land 

plants. Experiments with green algal nucleoids will be interesting in this respect.  

 Available evidence including these findings suggests, therefore, that SiR (eukaryotic 

major DNA-binding protein in plastid nucleoid) replaced HU (prokaryotic major 

DNA-binding protein) during the evolution of green plants, although the roles of these two 

proteins are not identical. Here, we present two results suggesting the functional differences 

in HU and SiR (Fig. 4). In the in vitro compaction experiments, HU forms large particles with 

DNA (Fig. 4 B), whereas SiR forms small tightly packed particles (Fig. 4 C). After staining 

with DAPI, the HU-DNA complexes emit bright fluorescence of DAPI, whereas the 

fluorescence intensity of the DAPI-stained SiR-DNA complexes is significantly attenuated 

(Sekine et al., 2002). The HU protein supports or enhances the transcription activity of 

nucleoids in C. merolae, but it exhibited inhibitory effects on the transcription of nucleoids in 

pea, which normally do not contain HU protein (Fig. 4 D). SiR always lowers the 

transcription activity of nuleoids in C. merolae and pea (Fig. 4 E). The activation of 

transcription by HU was also reported in E. coli (Rouvière-Yaniv and Gros, 1975). These 

results suggest that the HU-DNA complex is bulky and keeps large space within itself that 

allows enzymes to function normally, while the SiR-DNA complex is tightly packed and is 

kept in inactive state. 

 Another well-studied DNA-binding protein of chloroplast is the CND41 protein, 

originally identified in tobacco (Nakano et al., 1993, 1997). This protein binds to chloroplast 

DNA without specificity with respect to sequence. The DNA-binding domain is not similar to 
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known domains, but the CND41 protein is also similar to acidic proteinases such as subtilisin. 

The CND41 protein indeed exhibited proteinase activity with RubisCO as a substrate 

(Murakami et al., 2000). But the natural substrate within the chloroplast remains to be 

identified. This protein is preferentially localized in non-photosynthetic cells such as cultured 

cells, and lowers the transcription activity of chloroplast in vitro. It is thought that the CND41 

protein acts as a general repressor of the transcription in chloroplasts, but the relationship 

between the proteinase activity and the DNA-binding activity remains to be uncovered. 

 

3. Sequence-specific DNA-binding proteins of plastid nucleoids 

 

The PEND protein is a DNA-binding protein that binds to the envelope membrane and 

anchors cpDNA with the ‘TAAGAAGT’ motif (Sato et al., 1993, 1997; Sato and Ohta, 

2001). This protein was first discovered as a 130-kDa DNA-binding protein in the envelope 

membrane of developing pea chloroplasts (Sato et al., 1993). A cDNA encoding a 70-kDa 

polypeptide was isolated (Sato et al., 1998). Although the exact molecular structure of the 

130-kDa protein has not been completely elucidated because of limitation of available 

analytical methods, the 130-kDa protein is believed to be a dimer of 70-kDa polypeptides, 

since in vitro-synthesized 70-kDa polypeptide yields a 130-140 kDa band with a low yield 

(unpublished results) and affinity-purified 130-kDa protein preparation contained significant 

amounts of a 70-kDa polypeptide (Sato et al., 1998). However, we still did not identify the 

condition of dimerization or dissociation. The PEND protein is a special type of bZIP (basic 

region plus zipper region) protein that we named cbZIP (Sato and Ohta, 2001). A comparison 

of cDNA sequence and the N-terminal sequence of the isolated native PEND protein 

identified that there is a short (15 residues) pre-sequence, which is cleaved after import into 

chloroplasts. However, this short sequence is not enough for the import of this protein into 
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the chloroplast. A longer sequence including the N-terminal cbZIP region is necessary for its 

import (Terasawa et al., 2003; Fig. 3). A Brassica protein known as GSBF1 (Waldmüller et 

al., 1996) was turned out to be a homolog of the PEND protein. Recent studies from this 

laboratory suggest that the PEND protein is also present in various seed plants, such as A. 

thaliana, Brassica napus (2 copies), Prunus yedoensis (cherry), and cucumber. We identified 

the cDNA or genomic sequences of these homologs, and we also found similar targeting of 

the homologous proteins of pea, A. thaliana and B. napus. A series of GFP (green fluorescent 

protein)-fusion experiments suggested that the N-terminal region including the pre-sequence 

and cbZIP region is targeted to the chloroplast stroma, while the C-terminal transmembrane 

region is necessary for retention of the PEND protein in the envelope membrane (Fig. 3 A). 

The import into the envelope membrane was confirmed by in vitro import experiments. 

Although information concerning the role of the PEND protein is still limited, the protein is 

present only in developing chloroplasts, in which the nucleoids are actively replicated while 

being attached to the envelope membrane. The PEND protein might therefore be involved in 

the replication of chloroplast DNA, or repression of transcription during the amplification of 

chloroplast DNA.  

 The PTF1 protein was isolated as a bHTH DNA-binding protein that binds to the 

AAG-box, which is located upstream the psbDC promoter in the chloroplast genome (Baba et 

al., 2001). This cis-element is involved in the light responsiveness of this promoter and the 

DNA-binding sites were identified by DNase I footprinting (Kim and Mullet, 1995). The 

importance of the AAG element in the light-dependent expression of the psbDC promoter has 

been demonstrated in transplastomic tobacco (Thum et al., 2001). 

 The CDF2 was identified as a trans-acting factor that binds specifically to a promoter 

region of the chloroplast rRNA gene, and regulates the transcription from the two promoters 

depending on the developmental stages of spinach leaves, and is likely to be a key regulator 
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of the chloroplast development (Bligny et al., 2000). Unfortunately, no molecular data is 

available for this putative protein. 

 PD3 was isolated as a DNA-binding protein with five AT-hooks and eight CxxC motifs 

(Sato et al., 1995). This protein binds to the AT-rich sequences of the chloroplast DNA. This 

is a homolog of the ENBP1, which was originally isolated as a DNA-binding protein that has 

affinity for the promoter of ENOD12 gene (Christiansen et al., 1995). 

 

C. Enzymes 

 

1. DNA polymerase 

 

The replication of the chloroplast have long been studied by several groups (Kolodner and 

Tewari, 1975; Meeker et al., 1988; Heinhorst and Cannon, 1993; Kunnimalaiyaan and 

Nielsen, 1997; Mühlbauer et al., 2002), but the purification of DNA polymerase was not 

successful until recently. DNA topoisomerase I (Nielsen and Tewari, 1988) and DNA 

primase (Nielsen et al., 1991) were purified and partially characterized. DNA topoisomerase 

II was co-localized with the nucleoids at least at some stages of chloroplast development 

(Marrison and Leech, 1992). Sakai (2001) used isolated tobacco nucleoids to study the 

replication of plastid genome, and found that a 116-kDa polypeptide is responsible for the 

DNA synthesis activity. Curiously, they demonstrated that the DNA polymerase of 

mitochondria is very similar to the counterpart of chloroplasts, with respect to molecular 

mass, dependence on pH and salt concentration, and susceptibility to inhibitors. Both of these 

DNA polymerases are quite similar to DNA polymerase I of E. coli. They claimed that the 

mitochondrial DNA polymerase was the origin of the chloroplast enzyme, which must have 

been generated by gene duplication. It is known that the DNA polymerase of animal cells is 
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gamma-type enzyme, but no gamma-type polymerase has been detected in plants (Fliée et al., 

2002). This result is also supported by the analysis of the complete genome sequence of A. 

thaliana. Recently, a DNA polymerase of pea chloroplasts was purified and characterized 

(Gaikwad et al., 2002). This enzyme is similar to the Class A polymerase such as DNA 

polymerase I of E. coli. A rice DNA polymerase (OsPolI-like) was also characterized by 

cDNA cloning and genomic analysis (Kimura et al., 2002). This enzyme was detected in 

isolated chloroplast fraction, but no rigorous test was performed if it is only localized in the 

chloroplasts or present also in the mitochondria. The rice polymerase is a 100-kDa 

polypeptide, having a 3’-5’ exonuclease domain and a polymerase domain (Fig. 5 A). The 

5’-3’ exonuclease domain was not present in the rice polymerase, although the authors 

claimed that the N-terminal domain of OsPolI-like corresponded to the 5’-3’ exonuclease 

domain of E. coli DNA polymerase I, which is not substantiated by sequence comparison and 

motif analysis in our hands (Fig. 5 A). Similar DNA polymerases are also identified in the 

genome of A. thaliana (Arabidopsis Genome Initiative, 2000). There are two copies of 

putative polymerases, each having a 3’-5’ exonuclease domain and a polymerase domain 

(Fig. 5A). Another putative protein having a helicase domain and a polymerase domain was 

also found. In A. thaliana, two putative genes that encode a 5’-3’ exonuclease were found. 

Since no other gene that can encode DNA polymerase (except nuclear ones) was found, these 

two sets of DNA polymerases are likely to be organellar replication enzymes. In a recently 

sequenced genome of C. merolae (red alga), two putative Class A DNA polymerases were 

identified. One is similar to the plant enzyme, having a 3’-5’ exonuclease domain and a 

polymerase domain (enzyme B), whereas another (enzyme A) is more similar to the bacterial 

DNA polymerase I with an additional 5’-3’ exonuclease domain. However, we still do not 

know which one of the three enzymes is mitochondrial and which one is chloroplastic. Some 

of the polymerases are predicted to have a targeting sequence for mitochondria or for 
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chloroplasts as noted in Fig. 5 A, but the organellar targeting is currently the focus of 

intensive experimental studies in many laboratories.  

 Phylogenetic analysis (Fig. 5 B) indicates that these Class A polymerases of plants and 

algae are monophyletic but are not related to the Class A polymerases of cyanobacteria or 

alpha-proteobacteria. There was a misunderstanding on this point (Kimura et al., 2002), but 

the proposed close relationship of cyanobacterial enzymes with plant enzymes was not 

substantiated by detailed analysis using new additional sequences (Fig. 5 B). This is a very 

important observation regarding the origin of the replication system in photosynthetic 

eukaryotes. In addition, no homologs of DNA polymerase gamma (as found in animals and 

fungi) or prokaryotic DNA polymerase III (as found in E. coli and cyanobacteria) have been 

detected in the genome of A. thaliana or C. merolae. Therefore, the origin and evolution of 

the replication system of eukaryotes must be very complicated with many exchanges or 

transfer of exogenous replication systems. This point will be discussed in the final part of this 

article.  

 

2. Prokaryotic RNA polymerase and sigma factors 

 

The prokaryote-type RNA polymerase (RNAP) consists of the core enzyme and a sigma 

factor. The prokaryotic (or multisubunit) core enzyme of chloroplast RNAP, also called PEP 

for plastid-encoded polymerase, was purified in maize (Hu and Bogorad, 1990; Hu et al., 

1991) and mustard (Pfannschmidt and Link, 1994, 1997; Pfannschmidt et al., 2000), and was 

found to consist of four major subunits called alpha, beta, beta’, and beta’’. The beta’ and 

beta’’ subunits correspond to the N-terminal and C-terminal halves of the bacterial beta’ 

subunit. They are encoded by separate genes on the chloroplast genome (rpoC1 and rpoC2, 

respectively) as they are in cyanobacteria, except in a red alga C. merolae, in which the two 
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genes are secondarily fused to form a single beta’ gene (Ohta et al., 1999). The alpha subunit 

is encoded by the chloroplast genome in most algae and plants, while it is encoded by the 

nuclear genome in a moss P. patens (Kobayashi et al., 2002).  

 The prokaryotic RNAP of mustard changes its subunit composition during the 

development of the plant (Pfannschmidt and Link, 1994, 1997; Satoh et al., 1999). The 

RNAP in mature leaves consists of four subunits as described above, while the enzyme in 

developing (or etiolated) leaves contains a number of additional polypeptides that are to be 

characterized. In addition, the catalytic beta subunit is phospharylated in mustard 

(Pfannschmidt et al., 2000; Ogrzewalla et al., 2002). This makes the enzyme sensitive to 

rifampicin, a potent inhibitor of prokaryotic RNAP, which otherwise do not inhibit 

chloroplast RNAP. The phosphorylation of a sigma factor is regulated by the redox state 

within the chloroplast, which is mediated by glutathione (Baginsky et al., 1999; 

Baena-Gonzalez et al., 2001). This is particularly important in the chloroplast, in which 

transcription is activated when photosynthesis is actively performed, so as to supply the 

reaction center protein D1 of the photosystem II and other components that are rapidly turned 

over as a result of photoinhibition.  

 Recently, nuclear genes encoding plastid sigma factors have been identified in algae 

and land plants (Tanaka et al., 1996; Tanaka et al., 1997; Kestermann et al., 1998; Tan and 

Troxler, 1999; Oikawa et al., 2000). These sigma factor genes (SIG) are members of a gene 

family in each species (Allison, 2000). There are six SIG genes in A. thaliana. The SIG genes 

in plants appear to originate from a sigma factor gene of an ancestral cyanobacterium-like 

endosymbiont. In the moss P. patens, two genes, each encoding a plastid sigma factor, were 

identified and named PpSig1 and PpSig2, respectively (Hara et al., 2001a; Hara et al., 

2001b). It is known that the SIG genes in plants and cyanobacteria are subject to various 

types of regulation such as tissue-specific (Isono et al., 1997; Tan and Troxler, 1999; 
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Beardslee et al., 2002), plastid development-specific (Lahiri and Allison, 2000), 

light-dependent (Kanamaru et al., 1999; Morikawa et al., 1999) and circadian 

clock-controlled expression (Kanamaru et al., 1999; Morikawa et al., 1999). In addition, 

different sigma factors play distinct roles under the normal light condition (Oikawa et al., 

1998; Tan and Troxler, 1999; Beardslee et al., 2002). The sig2 mutant of A. thaliana has 

pale-green leaves and exhibit lowered activity of synthesis of chlorophyll (Shirano et al., 

2000). The transcription of various tRNA genes is lowered in this mutant, and the decreased 

tRNAGlu content is a reason for the lowered synthesis of chlorophyll, since tRNA-linked 

glutamate is the substrate for the synthesis of aminolevulinic acid, which is, in turn, the key 

precursor to the synthesis of tetrapyrroles (Kanamaru et al., 2001). The expression of the 

NEP (see below) is enhanced in the sig2 mutant, probably by a feedback mechanism.   

 

3. Phage-type RNA polymerase 

 

Phage-type RNA polymerase (RPOT) is encoded in the nucleus of various eukaryotes, and is 

known to be targeted to mitochondria or plastids in vascular plants (Hess and Börner, 1999). 

The one transported to plastids is called NEP, nuclear-encoded RNA polymerase. In 

dicotyledons, three types of RPOT genes have been identified. The RpoT;1 gene of A. 

thaliana (Hedtke et al., 1997) and the RpoT1 or RpoT-A gene of N. sylvestris (Kobayashi et 

al., 2001a; Hedtke et al., 2002), with orthologs in the majority of eukaryotic organisms, 

encode the mitochondrial RNA polymerase. This type of RPOT has been identified in a 

number of land plants and algae (Cermakian et al., 1996). The RpoT;3 gene of A. thaliana 

encodes a plastid-targeted RPOT (NEP), which has been identified in only angiosperms 

(Hedtke et al., 1997). In addition, the products of the RpoT;2 gene of A. thaliana and the 

RpoT2 or RpoT-B gene of N. sylvestris are found to be dually targeted to mitochondria and 
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plastids (Hedtke et al., 2000; Kobayashi et al., 2001b; Hedtke et al., 2002). In the angiosperm 

plastids, the NEP and PEP play distinct roles in transcription (Hajdukiewicz et al., 1997; Hess 

and Börner, 1999; Sakai et al., 1998; Krause et al., 2000). The class I genes (mainly 

photosystem genes and rbcL) are exclusively transcribed by the PEP, whereas the class II 

genes (genes encoding divergent but photosynthesis-related functions other than 

photosystems I and II) are transcribed by both PEP and NEP, and the class III genes (mainly 

housekeeping genes) are transcribed by the NEP. In addition, distinct promoters are 

recognized by the two RNA polymerases. There are two classes of promoters, named CT 

(consensus-type) and NC-II (non consensus-type) promoters, in various plastid genes in 

angiosperms. The CT promoters are similar to the bacterial sigma 70-type promoters and 

recognized by the PEP (Satoh et al., 1999), while the NC-II promoters are similar to the 

mitochondrial promoters and recognized by the NEP (Kapoor et al., 1997; Liere and Maliga, 

1999).  

  The high similarity of sequences as well as the excellent conservation of the 

positions of introns in the flowering plant RPOT genes reported to date suggests that the 

plastid-type RPOT genes are generated from the mitochondrion-type RPOT gene by gene 

duplication. Analysis of RPOT sequences in lower land plants suggested that the RPOTs of 

flowering plants are clearly classified into two groups, each representing plastid- and 

mitochondrion-localized enzymes. The latter group also includes the so-called ‘dual 

targeting’ enzymes. The moss RPOTs form a sister group to the cluster of all flowering plant 

RPOTs (Kabeya et al., 2002). Further phylogenetic analysis suggested that the gene 

duplication generating the plastid isozymes occurred in the vascular plant lineage after the 

separation of angiosperms from gymnosperms (Kabeya et al., 2002; Kabeya et al., 2003).  

 We previously reported that the two PpRPOTs are localized to only mitochondria 

(Kabeya et al., 2002). However, Richter et al. (2002) reported that the identical two 
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PpRPOTs are dually targeted to mitochondria and plastids. Namely, both PpRPOTs are 

targeted to mitochondria when they are translated from the second methionine, whereas they 

are targeted to plastids when they are translated from the first one (Fig. 6 C). In these 

experiments, translation was forced to start from the AUG codon just downstream the 

translation leader sequence. In contrast, Kabeya et al. (2002) used the natural context of 

translation initiation with the native 5’ leader sequences. The effect of 5’ untranslated region 

has been confirmed in our recent experiments (Fig. 5 B; Kabeya and Sato, manuscript in 

preparation).  

 However, cytological analysis on the localization of the two RPOTs in the moss cells 

revealed different results. Immunoblot experiment of isolated mitochondria and chloroplasts 

using antibodies raised against the two RPOTs detected RPOT2 in the mitochondrial fraction. 

No signal was detected in the chloroplast fraction (Kabeya and Sato, manuscript in 

preparation). A RPOT-GFP fusion in stably transformed moss protonemata and 

gametophores was localized only in mitochondria. The transcription activity of isolated 

mitochondria was not inhibited by tagetitoxin, an inhibitor of prokaryotic RNA polymerase 

(Mathews and Durbin, 1990), while the transcription activity of isolated chloroplasts was 

totally abolished by the addition of tagetitoxin, indicating that NEP is not present in the moss 

chloroplasts (Fig. 6 A). Therefore, a plausible explanation is that the first methionine codon is 

not used as an initiator in vivo, although the amino acid sequence beginning from it has a 

property of plastid targeting sequence (Fig. 6 C). The dual targeting to mitochondria and 

chloroplasts is now known in various enzymes in angiosperms (Peeters and Small, 2001; 

Watanabe et al., 2001). In all these dually targeted proteins known to date, the use of the first 

methionine results in targeting to chloroplasts, and the use of the second methionine results in 

targeting to mitochondria. In many cases, the first methionine is in fact used as the initiation 

codon in vivo. However, the dual targeting of the angiosperm RPOTs will have to be 
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re-examined with caution, because the translation efficiency of the first methionine codon in 

vivo has never been tested. This is especially important in the case of angiosperm RPOTs, in 

which the situation is complicated by the fact that the two others of the three isozymes are 

targeted to mitochondria and chloroplasts, respectively. 

 Currently, no transcription factors that act with the NEP have been reported. In yeast 

mitochondria, Mtf1 or mtTFB is necessary in determining the specificity of the RNA 

polymerase (Karlok et al., 2002). Mtf1 is partially similar to the sigma factors of prokaryotic 

RNAP. Although no Mtf1 homolog has been found in plants, it is interesting that a maize 

sigma factor ZmSig2B is localized in mitochondria as well as chloroplasts (Beardslee et al., 

2002). This raises a possibility that some of the plant sigma factors may also function in the 

chloroplast as a co-factor of the NEP.  

 The physiological function of RPOT is not limited to transcription of house-keeping 

genes. In yeast mitochondria, the product of Rpo41 gene encoding the RPOT plays a role as a 

primase in the replication of mitochondrial genome (Wang and Shadel, 1999). Involvement of 

RNA polymerase in replication was also shown in trypanosome mitochondria (Grams et al., 

2002). It is possible that the NEP also functions as the primase during the replication of the 

plastid genome. Currently, various tag-lines of A. thaliana that have a T-DNA insertion in 

one of the RPOT genes are being analyzed in various laboratories. 

 

4. Post-transcriptional modification 

 

Isolated plastid nucleoid contains significant amount of RNA (Nemoto et al., 1988; Sakai, 

2001; Yurina et al., 1995), and is likely to be the site of post-transcriptional modification of 

RNA. The post-transcriptional modification in the plastids includes cis- and trans-splicing of 

group II introns, RNA editing, processing at the 3’ and 5’ ends, and polyadenylation (or 
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exaxtly, addition of GA-rich tail by polynucleotide phosphorylase. Lisitsky et al., 1996). The 

components involved in the splicing is analyzed genetically in a green alga Chlamydomonas 

reinhardtii (Rivier et al., 2001). The analysis of in vitro editing of the psbL and ndhB genes 

suggests that different protein factors are necessary for the editing of different sites, as well as 

common factors (Hirose and Sugiura, 2001). The RNA binding protein cp31 is also involved 

in the editing of both sites. Various RNA-binding proteins as well as specific nuclear-encoded 

factors are known to be involved in the mRNA processing and degradation (Drager et al., 

1999; Monde et al., 2000; Rochaix, 2001; Drapier et al., 2002). The processing at the 

3’-untranslated region determines the stability of chloroplast RNA (Komine et al., 2002). 

Various RNA-binding proteins, such as cp29, cp31 and cp33, are reported in the chloroplast 

in tobacco (Hirose et al., 1994) and A. thaliana (Ohta et al., 1995). These RNA-binding 

proteins contain two RRM (RNA-recognition motif) consisting of about 80 amino acid 

residues. RNA-binding proteins of another type (GRP) containing a single RRM and a 

C-terminal glycine-rich domain are present in the nucleus or cytoplasm and are involved in 

responses to various environmental stresses and circadian rhythm (Lorkovic and Barta, 2002). 

The GRP type proteins are also widely present in cyanobacteria, but detailed phylogenetic 

analysis indicated that the cyanobacterial GRP and plant GRP or chloroplast RRM proteins 

are not directly related (Maruyama et al., 1999). Some of the chloroplast RNA-binding 

proteins are enriched in the nucleoids (unpublished results). However, the majority of the 

RNA-binding proteins are recovered in the soluble fraction after sedimentation of nucleoids. 

Nakamura et al. (2001) showed that the psbA transcript is preferentially bound to various 

cpRBPs and is stabilized as ribosome-free mRNP. The physiological roles of the chloroplast 

RNA-binding proteins are still obscure, although roles in RNA editing (Hirose and Sugiura, 

2001) and processing (Yang et al., 1996; Monde et al., 2000) were suggested.  
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IV. Evolution of plastid genomic machinery 

 

Plastids are descendants of an ancestral endosymbiont, which is thought to be similar to an 

ancestor of extant cyanobacteria. The plastid genome originates from the genome of 

endosymbiont, but the size of the plastid genome is more than ten times smaller than that of 

the genomes of present-day cyanobacteria. Sato (2001) put forward a hypothesis on the 

discontinuous evolution of plastid genetic machinery: most transcription regulators that had 

been present in the cyanobacterium-like ancestor were rapidly lost after the primary 

endosymbiosis, while plastids of land plants acquired transcription factors from the 

eukaryotic host. This evolutionary change of gene regulation in the plastid genome, which is 

also the basis of nuclear control of plastid gene expression, must have accompanied various 

changes in regulatory elements and interactions between components of transcriptional 

apparatus and regulators. The elucidation of this regulatory shift requires determination of the 

time and the phyla in which each change occurred.  

 

A. Cyanobacterial-plastid lineage 

 

The progenitor of plastid is estimated to be an ancestral cyanobacterium. All extant 

cyanobacteria belong to a single clade within the diversity of prokaryotes. There are various 

types of cyanobacteria that are different in morphology and photosynthetic or physiological 

properties (for reviews, see Rippka et al., 1979; Fay and van Baalen, 1987; Bryant, 1994). 

Morphological traits include cellular organization such as unicellular, filamentous, or 

multicellular, as well as capability of differentiation of akinetes, hormogonia and heterocysts. 

Photosynthetic characteristics include major antenna pigments such as chlorophyll b, 

phycocyanin and phycoerythrin. Physiological properties include utilization of various 
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different nitrogen compounds (ammonium, nitrate, nitrite, urea and dinitrogen), as well as cell 

motility and phototaxis. Various lines of evidence suggest that the chlorophyll b-containing 

species in the genera Prochloron, Prochlorococcus, and Prochlorothrix are not monophyletic 

and belong to various different sub-lineages of cyanobacteria (Honda et al., 1999). The 

presence of phycocyanins and phycoerythrins is not related to phylogeny either. Some species 

are known to possess both chlorophyll b and phycobiliproteins (Hess et al., 1996). 

Apparently, none of the morphological and physiological traits listed above can be used as 

phylogenetic markers, except that the formation of heterocysts is limited to a small clade 

including Anabaena/Nostoc. Phylogenetic analysis with the 16S rRNA sequences suggests 

that the plastids are in a sister group to the cyanobacteria (Hess et al., 2001; Ting et al., 

2002), although the main focus of these analyses was on the phylogenetic status of marine 

Prochlorococcus strains. Our phylogenetic analysis using conserved protein sequences in 21 

chloroplasts and 8 cyanobacteria indicates that the situation is more complicated as imagined 

before (Fig. 2). The cyanobcteria are clearly separated into two major clades, one including 

various classical laboratory strains and another including more recently identified marine 

isolates. The plastid sequences are also split into two major clades, one representing 

chlorophyte lineage and another representing rhodophyte-chromophyte lineage plus 

glaucophytes. The two lineages of cyanobacteria and the two lineages of plastids seem 

converge at a point near the origins of both clades. This suggests that the progenitor of 

plastids was a common ancestor of the eight extant cyanobacteria analyzed here, but the date 

of branching was not long before the diversification of extant cyanobacteria. Similar results 

were also obtained by an entirely different approach, namely, whole genome comparison by 

homolog group clustering (Sato, 2002). The data of a presumptive very primitive 

cyanobacterium Gloeobacter vialaceus, which is currently being sequenced and annotated in 

Kazusa DNA Research Institute, will shed light on this issue. There are a number of papers 



32 

describing the single origin of plastid genomes (Nelissen et al., 1995) and even single origin 

of photosynthetic eukaryotes (Moreira et al., 2000; Baldauf et al., 2000; van de Peer et al., 

2003). We must evaluate these results on the monophyly of all plastids with caution, because 

several recent papers cast doubt about the simplictic view of the monophyly of all plastids 

(Vogl et al., 2003; Stiller et al., 2003). In our analysis using 14 non-photosynthetic genes that 

are common in 21 plastids, 8 cyanobacteria and 4 bacteria (Fig. 2 B) suggests that the 

bacterial branch is located within the diversification of rhodophyte plastids. Essentially 

similar branching of bacteria between cyanobacteria and plastids was found in the 16S rRNA 

tree (Hess et al., 2001). The green and red lineages diverge from the cyanobacteria in a 

cluster analysis (De Las Rivas et al., 2002). The phylogenetic trees compatible with the 

monophyly of all plastids have been obtained by the mixed use of photosynthetic and 

house-keeping genes (Fig. 2A; Martin et al., 2002), but the photosynthesis genes might have 

been subject to extensive horizontal gene transfer (Raymond et al., 2002). Therefore, further 

study is needed to unequivocally identify the origin of cyanobacteria and plastids as well as 

the relationship between them.  

 Although the progenitor of plastid is still to be identified, the size and content of the 

genome of the progenitor is expected to be almost within the diversification of those of extant 

cyanobacteria. In other words, the progenitor is expected to have had the genomic system, 

which is similar to the one that the present-day cyanobacteria have in common. This is the 

basis for the evolution of genomic machinery.  

 

B. Loss of prokaryotic DNA-binding proteins 

 

As described in III B 1, the presence of prokaryotic DNA-binding proteins are limited to 

algae of the rhodophyte-chromophyte lineage, and the number of such proteins is also quite 
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limited (Table 1). Essentially the same is true for prokaryotic transcription factors and 

response regulators with DNA-binding activity. NtcA, RbcR, and OmpR homologs are only 

found encoded by the plastid genome of algae of the rhodophyte lineage, and no genes that 

encode such homologs have been detected in the nuclear genomes of plants and algae (Table 

1). In a previous article (Sato, 2001), one of the authors pointed out that an explanation for 

this scarcity of prokaryotic DNA-binding proteins and transcription factors in plastids is that 

“the plastids within the cytoplasm of eukaryotic host cell do not suffer from extensively 

changing environmental stresses that are to be overcome by free-living prokaryotic cells by 

sophisticated network of transcriptional regulation.” This statement is still valid in a general 

sense. The large reduction in the genome size and genome content with virtually no 

transcription factors (Moran, 2002) was first reported in a human parasite, Mycoplasma 

genitalium (Fraser et al., 1995), and subsequently in various other parasitic pathogens, such 

as Chlamydia, Chlamydophila, Rickettsia and spirochetes. Two strains of Buchnera, 

intracellular symbionts present in the bacteriocytes of aphids, also provide a different 

example of genomic reduction in symbiotic prokaryotes (Shigenobu et al., 2000; van Hom et 

al., 2002), which began symbiosis about 200 Myr ago. In these parasites or symbionts, 

essential genes such as those encoding DNA and RNA polymerases, components of 

translation machinery, and basic metabolic enzymes are retained, with concomitant loss of 

nearly all of the regulatory proteins. The situation must have been similar in the progenitor of 

plastids. About 600 kbp seems the lower limit of the genome size of a bacterium, which is 

recognizable as an independent organism. Mycoplasma and Buchnera have such minimal 

sizes of genomes. Even though these orgasisms retain their own genomic machinery, such as 

DNA polymerase III, DnaA protein, RNA polymerase, sigma factors, and HU protein, many 

important enzymes in the biosynthesis of metabolites are lacking. These metabolites are 

provided by the host cell, and therefore, the symbiosis is essential in the maintenance of 
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parasite life. This can be characterized as ‘metabolic symbiosis’. Further reduction of the 

genome to about 150 – 190 kbp, which is the size of the plastid genomes, is critical to the 

transition from symbiosis or parasitism to endosymbiosis. In other words, this necessitates the 

loss of independence of the endosymbiont: beyond the metatolic symbiosis, essential genomic 

machinery is dependent on and provided by the host cell. 

 The most important event in the loss of independence is the switching to a new 

replication system. The loss of DnaA protein and DNA polymerase III, which are both 

essential in bacterial replication, is common in all algal and plant plastids. In this regard, the 

organelles and parasitic bacteria are fundamentally different. The DNA polymerase, which 

are found encoded by the nuclear genome of various plants and algae, and which are similar 

to bacterial DNA polymerase I, seems a plausible candidate for the organellar replication 

enzyme as discussed above. In this context, it is clear that the mitochondrial DNA polymerase 

had already existed when plastid emerged. This mitochondrial polymerase could be recruited 

as a plastid polymerase (Fig. 7). The history of mitochondrial DNA polymerases is also 

complicated, because, as described above, the mitochondria of animals and fungi contain 

gamma-type polymerase, another distant member of the Class A family. The initial 

mitochondria must have had DNA polymerase III as do alpha-proteobacteria, but this must 

have been replaced by a host-encoded DNA polymerase. Whether this was a gamma-type 

polymerase or a PolI-type polymerase is still unknown. Nor is known the origin of 

gamma-type polymerase and the organellar PolI-type polymerases. In one scenario, the initial 

mitochondriate eukaryote possessed a PolI-type polymerase, which might be acquired from 

the complex bacterial fusions giving rise to the progenitor of eukaryotes (Gupta, 1999). This 

polymerase is replaced by the gamma-type polymerase in the ancestor of animals and fungi, 

but is retained in the plant-algal lineage. Then, cyanobacterial endosymbiosis engendered 

plastids, and the mitochondrial replication system is duplicated to provide a polymerase 
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adapted for plastid replication. It is reasonable that replacement to gamma-type became 

difficult after such gene duplication. Another scenario is that the first mitochondrial replicase 

was the gamma-type enzyme, but replaced by the PolI-type enzyme in the ancestor of 

photosynthetic eukaryotes. In this case, the origin of the PolI-type enzyme might be 

horizontal gene transfer or another hypothetical endosymbiosis which no longer left a trace of 

its invasion.  

 The changes in transcription system are more clearly traced from the existing evidence 

(Fig. 7). The prokaryotic RNA polymerase (core enzyme) of the cyanobacterial origin (PEP) 

remains to be encoded in the plastid genome until now in most of plants and algae. A clear 

evidence for the cyanobacterial origin of the plastid RNA polymerase is that both have split 

beta’ subunit (namely, beta’ and beta’’) in contrast to all other bacteria. Sequence-based 

phylogenetic analysis also supports the cyanobacterial origin of the plastid RNA polymerases. 

The sigma subunit is encoded in the nuclear genome in all plants and algae analyzed, and this 

is taken as evidence for the nuclear control of chloroplast transcription. Other prokaryotic 

proteins that are retained in the plastid genome are ribosomal RNA, transfer RNA, ribosomal 

proteins, and initiation factor, as well as subunits of some enzymes involved in the 

metabolism in the chloroplasts such as AccD. 

 

C. Gain of eukaryotic DNA-binding proteins and regulatory proteins 

 

The plastids of land plants, however, have acquired a number of transcriptional regulators as 

well as phage-type RNA polymerase from the nucleus of eukaryotic host. Some of these are 

bifunctional proteins such as sulfite reductase and CND41. An estimation based on 

comparison of A. thaliana, Synechocystis and yeast genomes suggested that 1,500 out of 

2,300 putative plastid proteins encoded in the cell nucleus originated from ancestral 
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eukaryotic host (Abdallah et al., 2000), which is consistent with our current hypothesis. This 

situation is reasonable because the cells of land plants are subject to differentiation of cells 

and tissues, and new regulatory proteins are needed to assure coordinated expression of the 

plastome during the differentiation of each plant cell. The details will be explained in the 

following section. 

 

D. Discontinuous evolution of plastid genomic machinery 

 

A current version of the hypothesis of discontinuous evolution of plastid genomic machinery 

is shown in Fig. 7. In this figure, the evolutionary events are depicted from the bottom to the 

top. The initial endosymbiosis event is shown at the bottom. Here, the nature of DNA 

polymerase of the mitochondria in this ancestral eukaryote remains to be identified (see 

above). The initial endosymbiosis might be either a single event (Moreira et al., 2000; 

Baldauf et al., 2000), or parallel (multiple) events (Palmer, 2003), or maybe repeated several 

times. The repeated endosymbiosis has not been tested rigourously, but a secondary loss of 

plastid was postulated in tryponosomes (Hannaert et al., 2003). Recently, Nozaki et al. (2003) 

extended the previous analysis by Baldauf et al. (2000) using the combined four protein 

sequences by adding the data of a rhodophyte C. merolae and showed that all green plants, 

rhodophytes and heterokonts as well as apicomplexa (Alveolata) and kinetoplastida 

(Discicristata) are monophyletic. The results suggest that the non-photosynthetic organisms 

such as trypanosomes might once have had plastids but lost them later. As an extension of 

this argument, even the organisms that have currently plastids might have lost plastids once 

and then acquired other ones, as in the case of secondary symbiosis. Therefore a detailed 

analysis will be necessary to discriminate a simple primary endosymbiosis from a repeated 

endosymbiosis. As this does not affect the essential point of our hypothesis, we do not discuss 
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this problem any further here.  

 One of the most important among the initial events during the establishment of the 

endosymbiosis was the loss of replication system from the endosymbiont. The cyanobacterial 

DNA polymerases as well as related proteins such as DnaA protein did not remain in any 

plastid-bearing organisms, and therefore, must have lost and replaced by the system that was 

provided by the host cell at the earliest moment of the endosymbiosis. The most probable 

scenario is the duplication of the nuclear-coded mitochondrial replication system. However, 

such radical change did not occur in the transcription and translation systems. No essential 

difference in the translation system is found between cyanobacteria and plastids (Sugiura et 

al., 1998), though a number of ribosomal protein subunits of plastids are now encoded in the 

nuclear genome.  

 The transcription system can be defined as intermediate between the two. The RNA 

polymerase of the cyanobacterial origin remained until the present-day land plants and algae, 

but the sigma factors that function with the core enzyme are encoded in the nuclear genome 

in all the algae and plants analyzed to date. Most if not all of the transcription factors and 

structural proteins of the cyanobacterial nucleoid were lost during the establishment of 

endosymbiosis. We define this as ‘Phase 1’ of discontinuous evolution of plastid genomic 

machinery (Fig. 7). In this phase, some DNA-binding proteins remain in the algae of the 

rhodophyte lineage including the chromophytes resulting from the secondary endosymbiosis. 

In contrast, virtually no prokaryotic factors remained in the green lineage including green 

algae and land plants. At the same time, RNA processing systems were introduced into the 

plastids from the host cell. This must have been necessary to compensate for the loss of all or 

nearly all of the prokaryotic transcription regulation system. The RNA processing system is 

well studied in a green alga Chlamydomonas, but we still do not know exactly if this system 

is operative in all green algae or in all algae including red algae. Further functional genomic 
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studies on the Cyanidioschyzon plastid gene expression will shed light on this issue.  

 The second phase of the evolution of plastid genomic machinery consists of massive 

import of protein factors from the host cell. Among these proteins, sulfite reductase is 

noteworthy. As described in III-B-2, this enzyme is essential in the assimilation of sulfate 

through sulfite and sulfide in both cyanobacteria and plastids. However, sulfite reductase 

acquired the ability of binding to DNA in lower land plants at least in the mosses. The 

binding of sulfite reductase severely represses the transcription activity of the plastid 

nucleoids (Fig. 4). This general repression of the activity of plastid nucleoid is related to the 

ability of plants to develop non-photosynthetic plastids. The green algal plastids are always 

green and photosynthetically active except for mutants such as the y-1 mutant of 

Chlamydomonas, whereas the lower land plants develop totally non-photosynthetic cells such 

as spores and rhizoid. Epidermal cells remain photosynthetic up to pteridophytes. In addition, 

vascular tissues are no longer photosynthetic in vascular plants. We suspect that the 

DNA-binding of sulfite reductase is involved in such total repression of plastid genome in 

non-photosynthetic plastids especially those in dormant cells such as spores and seeds.  

 During the evolution of flowering plants, especially angiosperms (Phase 3), many 

additional transcription factors were introduced from the host cell. The DNA-binding 

proteins, such as PEND, CND41, PTF1, and PD3 proteins, appeared in angiosperms, and are 

supposed to be the products of novel creation of proteins, since the origins of these proteins 

are hard to speculate. In addition, the mitochondrial RNA polymerase (RPOT) is duplicated 

and targeted to the chloroplast during the evolution of angiosperms. This is the origin of the 

NEP, the nuclear-encoded RNA polymerase of the chloroplast. The duplication of RPOT 

seemed to occurr many times during the evolution of plants, but the first successful invasion 

into the chloroplast was achieved in angiosperms. Then, another gene duplication occurred in 

dicots, and a special type of RPOT, so-called ‘dually targeting’ enzyme was produced. This 
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enzyme is potentially targeted to the chloroplast when translation begins from the first AUG 

codon, which is not the case in vivo in all cell types tested. A plausible explanation for this 

strange protein might be that this protein is in the process of evolution to produce active 

chloroplast enzyme.  

 

V. Conclusion and prospects  

 

The structure and function of plastid nucleoids are rather diverse depending on organisms and 

developmental stages. This was not evident ten years ago when people believed in the 

essential similarity of plastids and cyanobacteria. The hypothesis on the discontinuous 

evolution of plastid genomic machinery has gained additional support after its initial proposal 

(Sato, 2001). Especially, the emerging genomic data on the red alga Cyanidioschyzon 

merolae is giving invaluable information on a lineage other then the green lineage. The 

advance in further genome sequencing as well as comparative proteomics of nucleoids will 

shed more light on the evolution of plastid genomic machinery or nucleoids. 
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Figure legends 

 

Figure 1. Fluorescence micrographs showing the localization of nucleoids within the plastids. 

The cells were stained with DAPI and then photographed with a fluorescence microscope 

with a UV filter cube. 

A1 (Nomarski differential interference image) and A2 (fluorescence), Anabaena variabilis 

M3 (filamentous cyanobacterium); B, fluorescence image of Synechococcus sp. PCC 7942 

(unicellular cyanobacterium); C1 (Nomarski) and C2 (fluorescence), Cyanidioschyzon 

merolae 10D (red alga); D1 (Nomarski) and D2 (fluorescence), Chlamydomonas reinhardtii 

5D (green alga); E1 and E2, etioplast and chloroplast of pea (flowering plant); F1 (Nomarski) 

and F2 (fluorescence), Physcomitrella patens (moss). Large arrowhead, nucleus; small 

arrowhead, plastid nucleoid; MtN, mitochondrial nucleoid. Scale is identical in all images. 

 

Figure 2. Phylogeny of plastids and cyanobacteria.  

A. A Neighbor-Joining tree of combined protein sequences that are conserved in eight 

cyanobacteria and 21 plastids. Each number indicates bootstrap confidence level based on 

1,000 replications. The following 27 genes were used in the analysis: rps2, rps3, rps7, rps8, 

rps11, rps12, rps19, rpl2, rpl14, rpl16, rpoC1, rpoC2, psaA, psaB, psaC, ycf4, psbA, psbB, 

psbC, rbcL, ccsA, petA, petB, petD, atpA, atpB, atpH. Each class of protein sequences was 

individually aligned by the Clustal X program (Thompson et al., 1994), and then the 

alignments were combined. The calculation was done with the MEGA2 program for 

Windows (Kumar et al., 2001), but identical or essentially similar results were obtained with 

the Philip package for UNIX (protdist and neighbor commands) as well as the PAUP program 

for Mac OS. All sequence manipulation was done with the SISEQ package (Sato, 2001). 

B. A condensed Neighbor-Joining tree of cyanobacteria, plastids and bacteria, using 14 
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non-photosynthesis genes. The genes included were: rps2, rps3, rps7, rps8, rps11, rps12, 

rps19, rpl2, rpl14, rpl16, rpoC1, rpoC2, atpA, and atpB.  

Database sources (GenBank accession numbers are indicated except otherwise stated). 

Chloroplasts: Anthoceros formosae (hornwort, AB086179); Arabidopsis thaliana 

(angiosperm, AP000423); Atropa belladonna (angiosperm, NC_004561); Chaetosphaeridium 

globosum (coleochaete, NC_004115); Chlorella vulgaris C-27 (green alga, AB001684); 

Cyanidioschyzon merolae 10D (red alga, CGP); Cyanidium caldarium RK1 (red alga, 

AF022186); Cyanophora paradoxa (glaucophyte, CPU30821); Guillardia theta (cryptophyte, 

NC_000926); maize (Zea mays, angiosperm, ZMA86563); Marchantia polymorpha 

(liverwort, X04465); Mesostigma viride (prasinophyte, AF166114); Nephroselmis olivacea 

(prasinophyte, NC_000927); Odontella sinensis (diatom, NC_001713); Oenothera elata 

subsp. Hookeri (angiosperm, OEL271079); pine (Pinus thunbergii, gymnosperm, D17510); 

Porphyra purpurea (red alga, U38804); Psilotum nudum (pteridophyte, AP004638); rice 

(Oryza sativa, angiosperm, NC_001320); tobacco (Nicotiana tabacum, angiosperm, 

NC_001879); wheat (Triticum aestivum, angiosperm, NC_002762). Cyanobacteria: 

Anabaena sp. PCC 7120, BA000019; Nostoc punctiforme, JGI; Synechocystis sp. PCC 6803, 

AB001339; Thermosynechococcus sp. BP-1, BA000039; Prochlorococcus marinus MED4, 

JGI; Prochlorococcus marinus MIT9313, JGI; Synechococcus sp. WH8102, JGI; 

Trichodesmium erythraeum, JGI. Other bacteria: Escherichia coli K-12, U00096; Bacillus 

subtilis 168, AL009126; Rhodopseudomonas palustris, JGI; Chlorobium tepidum TLS, 

AE006470. 

 

Figure 3. Direct visualization of plastid nucleoids with a Green Fluorescent Protein (GFP) 

derivative. A DNA construct encoding the DNA-binding domain called ‘cbZIP’ of the PEND 

protein fused to a synthetic GFP (Chiu et al., 1995) was stably transformed into Arabidopsis 



66 

thaliana. In this line, the cbZIP-GFP is synthesized within the cytoplasm, and then targeted to 

the plastids. Then, the protein binds to the chloroplast DNA and localizes to the plastid 

nucleoids. The localization of plastid nucleoids is directly visualized under a fluorescence 

microscope. A. a schematic diagram showing the DNA construct, which was inserted into a 

pBI101-derived plasmid and then introduced into Arabidopsis plant via Agrobacterium 

infection. B. fluorescence image of a three-day-old cotyledon (low magnification); C, 

fluorescence image of a leaf cell of a 3-day-old plant; D1 (fluorescence) and D2 (Nomarski), 

a pair of guard cells of a 10-day-old leaf; E, fluorescence image of a 3-day-old root cell; F1 

(fluorescence) and F2 (Nomarski), an epidermal cell of a 10-day-old leaf. 

 

Figure 4. DNA compacting activity of HU protein and sulfite reductase. 

A. Phylogenetic tree of bacterial and plastid-encoded HU proteins. This tree was constructed 

by the Neighbor-Joining method using the PAM distance matrix with the MEGA2 program. 

Each number on the branch indicates bootstrap confidence level in percentage. Bar indicate 

0.1 substitutions per site. The following data were used. Cyanobacteria: Synechococcus sp. 

WH8102, Joint Genome Initiative (JGI) web site; Prochlorococcus marinus MED4, JGI web 

site; Prochlorococcus marinus MIT9313, JGI web site; Synechocystis sp. PCC 6803 

(GenBank AB001339: sll1712); Anabaena sp. PCC 7120 (SwissProt S78244); 

Thermosynechococcus sp. BP-1 (GenBank BA000039). Bacteria: Escherichia coli A and B 

subunits (SwissProt P02342 and P02341, respectively); Bacillus subtilis (SwissProt P08821); 

Mesorhizobium meliloti (SwissProt P02344); Rickettsia prowazekii (GenBank AJ235269); 

Clostridium pasteurianum (SwissProt P05385). Algae and Apicomplexa: Toxoplasma gondii 

(EST, GenBank W06256); Cyanidioschyzon merolae (GenBank AB071964); Guillardia theta 

(SwissProt P29214); Chlamydomonas reinhardtii (EST, GenBank AV387318).  

B and C. Formation of DNA-protein complex as visualized by fluorescence microscopy. 
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Recombinant C. merolae HU (B) or maize sulfite reductase (SiR) were mixed with pea 

chloroplast DNA and allowed to form complex overnight. The complex was stained with 

DAPI and then examined by fluorescence microscope. Bar indicates 10 µm. 

D and E. Effects of HU (D) and SiR (E) on the transcription activity of isolated plastid 

nucleoids in C. merolae (Cme) and pea. Relative activity with respect to the activity without 

addition of DNA-binding protein is indicated. 

 

 

Figure 5. Schematic diagram of putative organellar DNA polymerases in plants. 

A. Structural comparison of prokaryotic DNA polymerase and putative organellar DNA 

polymerases of Arabidopsis thaliana, rice and Cyanidioschyzon merolae. Black rectangle, 

putative transit sequence (TargetP prediction of targeting to mitochondrion or chloroplast; 

Emanuelsson et al., 2000); shaded rectangle, 5’-3’ exonuclease domain; striped rectangle, 

3’-5’ exonuclease domain; hatched rectangle, polymerase domain; horizontally striped part, 

DEAD-box helicase domain. All domain identification was based on similarity search using 

the hmmpfam program with the Pfam database (Bateman et al., 2002) version 7.7. 

B. Phylogenetic relationship of putative plant organellar DNA polymerases and bacterial 

DNA polymerases I. This is a Neighbor-Joining tree constructed by the MEGA2 program 

using the amino acid sequences as follows: Anabaena sp. PCC 7120 (alr1254); Nostoc 

punctiforme (contig 429, gene 46), JGI; Synechocystis sp. PCC 6803 (slr0707), SwissProt 

Q55971; Thermosynechococcus sp. BP-1 (tll1339); Prochlorococcus marinus MED4 (gene 

1552), JGI; Prochlorococcus marinus MIT9313 (gene 3388), JGI; Synechococcus sp. 

WH8102 (gene 1957), JGI; Thermus aquaticus, SwissProt P19821; Helicobacter pylori, 

SwissProt P56105; Lactococcus lactis, SwissProt Q9CDS1; Streptococcus pneumoniae, 

SwissProt P13252; Bacillus subtilis, SwissProt O34996; Escherichia coli, SwissProt P00582; 
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Rickettsia felis, SwissProt Q9RAA9; Sinorhizobium meliloti, GenBank AL591782; 

Rhodopseudomonas palustris (gene 579), JGI; Mycobacterium tuberculosis, SwissProt 

Q07700; Cyanidioschyzon merolae A and B, Cyanidioschyzon Genome Project (Matsuzaki et 

al., 2003; to be published); Rhodothermus marinus, GenBank AF121780; Arabidopsis 

thaliana, At1g50840, At3g20540, At4g32700, MIPS database; rice, OsPolI-like, GenBank 

AB047689; Caenorhabditis elegans, W03A3.2. GenBank. Essentially similar topology of 

tree was obtained by Maximum Parsimony (with MEGA2 and Phylip) and quartet puzzling 

(with Tree-puzzle). Each number indicates the bootstrap confidence level obtained from 

1,000 replicates. Note that the DNA polymerases of cyanobacteria and plastids are divergent. 

 

Figure 6. Absence of NEP in the chloroplasts of Physcomitrella patens. 

A. Tagetitoxin sensitivity of the transcription activity in the chloroplasts and mitochondria. 

Tagetitoxin is a potent inhibitor for prokaryotic and plastid-encoded RNA polymerases. 

B. Effect of 5’ untranslated sequence on the translation and targeting of RPOT1 protein in 

Physcomitrella patens. Various chimeric constructs containing the 5’ untranslated sequence 

of RPOT1 and GFP (hatched part) with or without translation leader sequence of pea RbcS 

3A gene (black part) were introduced into moss protoplasts by the PEG-mediated 

transformation. After 24 hr, the cells were examined under a fluorescence microscope. Note 

that the polypeptide translated from the first methionine was targeted to chloroplasts, while 

the polypeptide translated from the second methionine was targeted to mitochondria. 

However, the first methionine is not efficiently used as the initiator in the natural context.  

C. Two possible initiator methionines at the 5’ end of the ‘dually targeted’ RPOT genes in P. 

patens, A. thaliana and Nicotiana sylvestris. In the two RPOT genes of P. patens, the first 

methionine is not used as the initiation codon in the native context. In A. thaliana and N. 

sylvestris, one of the three RPOTs has been claimed to be ‘dually targeted’, but the only data 
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that support dual targeting were based on the GFP-fusion experiments with forced translation 

constructs.  

 

Figure 7. A current view on the discontinuous evolution of plastid genomic maehinery. 

The creation of initial photosynthetic eukaryote involved an ancestral mitochondriate 

eukaryote and an ancestor of cyanobacteria (bottom). The nature of DNA polymerase of the 

mitochondria in this ancestral eukaryote remains to be identified (see text). The initial 

endosymbiosis might be either a single event, or parallel (multiple) events, or maybe repeated 

several times (see text). The chromosomal and plastid DNA are shown but mitochondrial 

DNA is not shown for simplicity. For details see text. 

 



Table 1. Survey on the representative prokaryotic DNA-binding proteins and 

transcription factors in plants and algae 
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Green 
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Land 
plants 

 

Protein Eu-bacter
ia 
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acteria 

Buchnera 
sp. 

cp nuc cp nuc cp nuc 
HU, IHF 1-4 1 1 0-1 0 0 1 0 0 
H-NS,StpA 0-2 0 1 0 0 0 0 0 0 
Fis 0-1 0 1 0 0 0 0 0 0 
Dps 0-1 1-2 0 0 0 0 0 0 0 
DnaB 1 1 1 1 0 0 0 0 0 
DnaA 1 1 1 0 0 0 0 0 0 
OmpR 
homologues 

some some 0 1-2 0 0 0 0 0 

NtcA 0-1 1 0 1 0 0 0 0 0 
CbbR, RbcR 0-2 1-3 0 1 0 0 0 0 0 
Each number indicates the copy number of genes encoding respective protein. Cp, 

chloroplast DNA; nuc, nuclear DNA. The data for the nuclear genomes of 

rhotophytes and chromophytes are taken from the nuclear genome of a rhodophyte 

Cyanidioschyzon merolae (Matsuzaki et al., 2003; Cyanidioschyzon Genome 

Project). The data for the nuclear genomes of green algae are based on the EST data 

of Chlamydomonas reinhardtii. The superfamilies, such as HU and IHF, and H-NS 

and StpA, are shown as a single category. 
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