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Molecular structure and evolution of chloroplast nucleoids 

 

Yusuke Kobayashi 

 

Chloroplasts have their own genome DNA (chloroplast DNA: cpDNA) that is 

maintained as cpDNA-protein complex, chloroplast nucleoids. Chloroplast nucleoids are 

thought to be the functional platform for cpDNA replication, inheritance, and 

transcription. However, the actual molecular components and the mechanism to control 

dynamic behaviors of chloroplast nucleoids remain largely elusive. 

Previous studies have suggested that chloroplast nucleoid components are 

divergent across plant species but the precise evolutional process has not been well 

understood. In chapter 1, I aim to reveal the evolution of chloroplast nucleoids in land 

plants by focusing on the most representative chloroplast nucleoid protein, sulfite 

reductase (SiR). SiR was identified as a major component of the isolated chloroplast 

nucleoids in soybean (Glycine max) and pea (Pisum sativum), and it has the ability to 

compact DNA, and suppress DNA replication and transcription. Paradoxiccally, however, 

SiR turned out not to be a member of chloroplast nucleoid proteins in many other land 

plants, including Arabidopsis thaliana or Zea mays. To address this discrepancy, 

phylogenetic analysis of SiR has been performed, which revealed that catalytic domains 

of SiR are highly conserved, except for the C-terminal region. The extra C-terminally 

encoded peptides (CEPs) was found specifically in nucleoid-type SiRs and not in the non-

nucleoid-type SiRs. The CEP in SiR was predicted to form a bacterial Ribbon-Helix-

Helix DNA binding motif, implying that it has an important role in the localization to 

chloroplast nucleoids. I conducted an experiment to test my hypothesis by engineering A. 



thaliana SiR (AtSiR), which has been reported to localize in the stroma. This analysis 

indicated the importance of the CEP in determining the localization of SiR to chloroplast 

nucleoids and shed light on a possible evolutionary scenario for SiR as a chloroplast 

nucleoid protein in land plants.  

 To deduce more comprehensive scenario for the evolution of chloroplast 

nucleoids, the information on algal chloroplast nucleoids is essential. In chapter 2, I 

analyze the key organisms representing the three evolutionary stages of eukaryotic 

phototrophs; the chlorophyte alga Chlamydomonas reinhardtii, the charophyte alga 

Klebsormidium flaccidum, and the most basal land plant Marchantia polymorpha. By the 

proteomic analysis of purified chloroplast nucleoids of C. reinhardtii, I showed that algal 

chloroplast nucleoid is composed of prokaryotic and eukaryotic proteins. Homologous 

genes for chloroplast nucleoid proteins were also searched for in C. reinhardtii, K. 

flaccidum, and M. polymorpha using the genome databases, and their intracellular 

localizations and DNA binding activities were investigated by cell biological/biochemical 

analyses. Based on these results, I propose a model that repeated recruitments of 

eukaryotic factors that might have been originally related to chromatin organization is the 

driving force for the diversification of chloroplast nucleoid compositions during the green 

plant evolution. 

 I also focus on the molecular mechanism that regulates the chloroplast nucleoid 

morphology. In chapter 3, I show a link between chloroplast nucleoid micromorphology 

and cpDNA molecular structure. In this chapter, a reverse genetic analysis was performed 

so as to reveal the possible functions of a chloroplast ortholog of bacterial recombinase 

RecA (cpRECA) in chloroplast nucleoids. Indirect immunofluorescence microscopy 

showed that cpRECA localized to chloroplast nucleoids in a heterogeneous manner. I 



found that overexpression of cpRECA tagged with YFP or HA resulted in the formation 

of giant filamentous structures that co-localized with cpDNA signal. In addition, 

knockdown of RECA led to a significant reduction in chloroplast nucleoid number, which 

was accompanied by chloroplast nucleoid enlargement, suggesting that cpRECA is 

involved in organizing chloroplast nucleoid morphology.  

 To find other factors governing the chloroplast nucleoid morphology, in chapter 

4, I analyze a C. reinhardtii mutant monokaryotic chloroplast (moc) H72. mocH72 

possesses only a single chloroplast nucleoid and shows the unequal segregation of 

chloroplast nucleoids during chloroplast divisions. However, the responsible gene has not 

been identified for ~ the last 17 years. By using a map-based cloning and thermal 

asymmetric interlaced-PCR (TAIL-PCR), I found an unknown gene MOnokaryotic 

Chloroplast 1 (MOC1) disrupted by the insertion of a tag (NIT1 cassette) in mocH72. 

MOC1 is conserved among green plants and the knock out/down of the MOC1 ortholog 

in Arabidopsis thaliana leads to severe growth defects and aberrant chloroplast nucleoid 

segregation. I clearly demonstrated that MOC1 is a Holliday junction resolvase in 

chloroplasts by biochemical assay. Furthermore, the Holliday junction specific binding 

and cutting activity of AtMOC1 was directly visualized by using DNA origami and high-

speed atomic-force microscopy, indicating that MOC1 facilitates chloroplast nucleoid 

segregation by resolving the homologous recombination intermediates in chloroplasts of 

green plants. Taken together, this thesis presents the significant progresses in the 

understanding of the evolution of chloroplast nucleoid components and the molecular 

mechanism required for the proper chloroplast nucleoid morphology and cpDNA 

maintenance.  




