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Chloroplasts arose from a cyanobacte-
rial endosymbiont and multiply by 

division, reminiscent of their free-living 
ancestor. However, chloroplasts can not 
divide by themselves, and the division 
is performed and controlled by proteins 
that are encoded by the host nucleus. 
The continuity of chloroplasts was origi-
nally established by synchronization of 
endosymbiotic cell division with host 
cell division, as seen in existent algae. In 
contrast, land plant cells contain multi-
ple chloroplasts, the division of which is 
not synchronized, even in the same cell. 
Land plants have evolved cell and chloro-
plast differentiation systems in which the 
size and number of chloroplasts (or other 
types of plastids) change along with their 
respective cellular function by changes in 
the division rate. We recently reported 
that PLASTID DIVISION (PDV) pro-
teins, land-plant specific components of 
the chloroplast division apparatus, deter-
mined the rate of chloroplast division. 
The level of PDV protein is regulated by 
the cell differentiation program based on 
cytokinin, and the increase or decrease of 
the PDV level gives rise to an increase or 
decrease in the chloroplast division rate. 
Thus, the integration of PDV proteins 
into the chloroplast division machinery 
enabled land plant cells to change chloro-
plast size and number in accord with the 
fate of cell differentiation.

Endosymbiotic Origin  
of the Chloroplast

Chloroplasts arose from a bacterial endo-
symbiont related to extant cyanobacte-
ria more than 1 billion years ago.1,2 The 
ancient alga resulting from this endosym-
biotic event evolved into the Glaucophyta, 

Rhodophyta (red algae) and Viridiplantae 
(green algae and terrestrial plants), which 
together are referred to as the Plantae or 
Archaeplastida (Fig. 1). After the primi-
tive green and red algae were established, 
chloroplasts then spread into other lineages 
of eukaryotes through secondary endo-
symbiotic events in which a red or a green 
alga was integrated into a previously non-
photosynthetic eukaryote.1,2 The trans-
formation of the cyanobacterium into the 
chloroplast required several steps. Most of 
the genes once present in the cyanobacte-
rial endosymbiont have been lost or relo-
cated to the host nucleus, and a protein 
import system developed, which trans-
locates proteins encoded by the nucleus 
into the chloroplast. Several transporters 
spanning the envelope membranes were 
developed which exchange metabolites 
between the cytoplasm and the chloro-
plast. The host and symbiont cell division 
became synchronized.1 Such synchroni-
zation enabled a permanent endosymbi-
otic relationship in which each daughter 
host cell inherits an endosymbiont after 
cytokinesis (Fig. 2). In most algae, which 
contain one or a few chloroplasts per cell, 
the size and the number of the chloroplast 
are held constant by this synchronization 
of division3 (Fig. 2). In contrast, land 
plants have evolved cell and chloroplast 
differentiation systems in which the size 
and number of chloroplasts change along 
with their respective cellular functions4 
(Fig. 2). The mechanism underlying the 
regulation of the chloroplast division has 
been poorly understood. However, recent 
progress on the understanding of the 
chloroplast division machinery5-7 (Fig. 2) 
has allowed us to begin to examine how 
the host cell regulates proliferation of the 
chloroplast.

The evolution of the regulatory mechanism of chloroplast division
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division site, which is stabilized by the inner 
envelope spanning protein ARC6.6 The site 
of the FtsZ ring formation is determined 
by the MinD and MinE proteins, which 
are descended from cyanobacteria, and the 
ARC3 protein, which contains an FtsZ-
like domain and a membrane occupation 
and recognition nexus (MORN) motif.5,6 
In addition, the land-plant specific inner 
envelope-spanning protein MCD1 is also 
involved in the determination of the FtsZ 
ring formation.14 After the FtsZ ring forms, 
PDV1 and PDV2 are recruited to the divi-
sion site through direct interaction between 
PDV2 and ARC6.6,15 In addition, a recent 
study showed that the recruitment of PDV1 
is mediated by PARC6 (a paralog of ARC6 
unique to vascular plants).16 Finally, the 
dynamin-related protein DRP5B is recruited 
by PDV1 and PDV2, and the entire divi-
sion complex is involved in the fission of the 
chloroplast at the division site6 (Fig. 1).

includes nucleus-encoded FtsZ, a self-
assembling tubulin-like GTPase, and 
ARC6, a J-domain containing protein, 
both of which are descended from the 
cell division machinery of the cyanobac-
terium5,6 (Fig. 1). In addition, the division 
complex includes a member of the eukary-
otic dynamin family of self-assembling 
GTPase proteins (DRP5B).5,6 DRP5B is 
well conserved in algae and land plants 
and is suggested to have evolved from a 
dynamin-related protein that is involved 
in eukaryotic cytokinesis11 (Fig. 1). The 
chloroplast division machinery in land 
plants contains additional components. 
PDV1 and PDV2 proteins contain coiled-
coil domains on the cytosolic side and 
are paralogous to each other.12 PDV2 is 
unique to land plants and PDV1 is unique 
to vascular plants13 (Fig. 1).

Chloroplast division in land plants is ini-
tiated by stromal FtsZ ring formation at the 

The Mechanism  
of Chloroplast Division

Chloroplast division is performed by the 
constriction of a protein complex that 
forms at the division site, spanning both 
the inside and the outside of the two chlo-
roplast envelope membranes5-7 (Fig. 1). 
Earlier observations by electron micros-
copy identified ring structures both the 
inside and the outside of the chloroplast at 
the division site.8 The components of these 
ring structures are still under investigation 
by recently established biochemical isola-
tion of the structures from a unicellular 
red alga.9,10 However, recent molecular 
genetic studies have identified several pro-
teins that localize around the rings, and 
have clarified that the proteins form a large 
complex at the division site5-7 (Fig. 2).

Consistent with the endosymbiotic ori-
gin of chloroplasts, the division complex 

Figure 1. Evolution of the chloroplast division machinery. The division complex of algae and land plants include FtsZ and ARC6, both of which are 
descended from the cell division machinery of cyanobacteria. DRP5B was added after endosymbiosis. PDV2 was acquired by a common ancestor of 
land plants. PDV1 and PARC6 emerged by gene duplication of PDV2 and ARC6, respectively, in a common ancestor of vascular plants (Ferns and seed 
plants). The site of the FtsZ ring formation is determined by the MinD and MinE proteins which are descended from cyanobacteria, the ARC3 protein 
which is specific to green algae and land plants, and land-plant specific protein MCD1. The inset diagram shows the pathway of chloroplast division 
complex assembly in green algae and land plants.
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rate of the chloroplast division decreases 
and as a result, the size of the chloro-
plasts increases3 (Fig. 2). In the moss 
Physcomitrella patens, the protonemal cell 
contains 40–50 chloroplasts and chloro-
plast division occurs non-synchronously 
in the same cell.24 When the formation of 
buds (from which gametophytes arise) is 
induced by cytokinin, the rate of chloro-
plast division increases.13 As a result, the 
apical cell of the bud contains chloroplasts 
more numerous and smaller than those in 
protonemal cells. Thus, land plant cells 
possess mechanisms to control the rate of 
chloroplast division upon cell differentia-
tion which are not linked to the cell cycle.

We recently reported that the level 
of PDV proteins, land-plant-specific 

genes in A. thaliana is apparently con-
stant during the cell cycle, based on the 
experimental results of cell cycle synchro-
nization in a cultured cell line.22 In addi-
tion, chloroplast division occurs without 
cell division during leaf cell expansion.3,4 
Land plant cells usually contain dozens of 
chloroplasts per cell and the chloroplasts 
divide nonsynchroously, even in the same 
cell (Fig. 2).

For example, in Arabidopsis thaliana, 
the shoot meristematic cells contain 10 
to 20 proplastids.23 During leaf develop-
ment, chloroplasts divide in accord with 
cell expansion without cell division, and 
the number of chloroplasts per mesophyll 
cell reaches more than 100 in fully expand-
ing leaves.4 During leaf development, the 

This composition points out that the 
chloroplast division machinery is derived 
from both endosymbiotic (bacterial) 
and host (eukaryotic) membrane fission 
machinery, and that several new compo-
nents have been added during the land 
plant evolution (Fig. 1).

Division Synchronization of the 
Host Cell and the Chloroplast  

in Algae

Many algae (both unicellular and multi-
cellular) have just one or only a few chlo-
roplasts per cell, and it is obvious that a 
direct and precise relationship must exist 
between the host cell and the chloroplast 
division. That is, chloroplasts must divide 
once per cell cycle before the host cell 
completes cytokinesis (Fig. 2).

The identification of the chloroplast 
division proteins and the synchronization 
of the algal cell cycle with the light-dark 
cycle led to the finding that chloroplast 
division gene expression is regulated by 
the host cell division cycle. For example, 
in the unicellular red alga Cyanidioschyzon 
merolae, the nucleus-encoded ftsZ and the 
dynamin-related gene drp5B are expressed 
in the S-phase, and the respective proteins 
are degraded at the late M-phase.17-19 In 
the green alga Chlamydomonas reinhardtii, 
the nucleus-encoded ftsZ, minD and minE 
transcripts accumulate during cell division, 
when the chloroplast divides.20 In addition, 
in the diatom (a stramenopile) Seminavis 
robusta, a single cell of which contains two 
chloroplasts of a red algal secondary endo-
symbiotic origin, the nucleus-encoded 
ftsZ transcript accumulates during the  
S/G

2
 phase, when the chloroplasts divide.21 

Overall, these reports suggest that the cell 
cycle-based expression of the chloroplast 
division genes allows the chloroplast to 
divide in a specific phase of the host cell 
division cycle.

Regulation of the Chloroplast 
Division Rate by PDV Proteins  

in Land Plants

Similar to algal chloroplasts, proplastid 
division keeps pace with cell division to 
maintain the plastid number per cell in 
land plant meristematic cells.3 However, 
the expression of the chloroplast division 

Figure 2. Regulation of the chloroplast division in algae and land plants. (A) The chloroplast 
divides once per host cell cycle in algae. Components of the chloroplast division machinery 
are expressed in a specific phase of the host cell cycle. (B) The rate of the chloroplast division 
changes during cell differentiation in land plants. In angiosperms, proplastids actively divide in the 
meristematic cells, while the division rate slows down as leaves and chloroplasts mature. The PDV 
level, but not that of the other division components, decreases in parallel with the division rate.
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interactions by gene duplication and func-
tional differentiation, appear to have been 
critical for the evolution of the plastid dif-
ferentiation system in vascular plants.
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components of the division apparatus, 
determine the rate of chloroplast division 
in land plants.13 When PDV proteins are 
overexpressed in A. thaliana, the number 
of chloroplasts increases and the size is 
reduced compared to the wild type. The 
PDV level is highest in the apical meristem 
and young emerging leaves, but decreases 
during leaf development, during which the 
chloroplast division rate also decreases. In 
contrast, the DRP5B level increases, but 
the FtsZ and ARC6 levels remain con-
stant, during leaf development13 (Fig. 2). 
Our analyses also showed that cytoki-
nin treatment or CRF2 (CYTOKININ 
RESPONSE FACTOR2) overexpression 
increases the PDV levels, but not those of 
the other division components, in parallel 
with the increase in the chloroplast divi-
sion rate.13

Similarly, overexpression of the PDV 
gene accelerates chloroplast division in 
the moss P. patens. When bud formation 
is induced by cytokinin, where chloro-
plast division is accelerated, transcription 
of PDV, but not those of other chloro-
plast division genes, is upregulated.13 
Since mosses branched earliest in land 
plant evolution25 (Fig. 1), the results sug-
gest that the integration of PDV proteins 
into the division machinery enabled land 
plant cells to change the chloroplast size 
and number in accord with the fate of cell 
differentiation.

Mosses contain chloroplasts through-
out the life cycle, as do algae. Therefore, 
PDV proteins were probably acquired to 
modulate photosynthetic chloroplast divi-
sion prior to the evolutionary emergence 
of the differentiation system based on the 
proplastids. However, mosses have PDV2 
and ARC6, but not PDV1 and PARC6, 
which are conserved in vascular plants.13,16 
Therefore, the modulation of the chloro-
plast division rate by PDV proteins, and 
the evolution of the PDV and ARC6 


