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Chloroplasts evolved from a cyanobacterial endosymbiont. It is
believed that the synchronization of endosymbiotic and host cell
division, as is commonly seen in existing algae, was a critical step in
establishing the permanent organelle. Algal cells typically contain one
or only a small number of chloroplasts that divide once per host cell
cycle. This division is based partly on the S-phase-specific expression
of nucleus-encoded proteins that constitute the chloroplast-division
machinery. In this study, using the red alga Cyanidioschyzon merolae,
we show that cell-cycle progression is arrested at the prophase when
chloroplast division is blocked before the formation of the chloroplast-
division machinery by the overexpression of Filamenting temperature-
sensitive (Fts) Z2-1 (Fts72-1), but the cell cycle progresses when
chloroplast division is blocked during division-site constriction by
the overexpression of either FtsZ2-1 or a dominant-negative form
of dynamin-related protein 5B (DRP5B). In the cells arrested in the
prophase, the increase in the cyclin B level and the migration of
cyclin-dependent kinase B (CDKB) were blocked. These results sug-
gest that chloroplast division restricts host cell-cycle progression
so that the cell cycle progresses to the metaphase only when chlo-
roplast division has commenced. Thus, chloroplast division and host
cell-cycle progression are synchronized by an interactive restriction
that takes place between the nucleus and the chloroplast. In addi-
tion, we observed a similar pattern of cell-cycle arrest upon the
blockage of chloroplast division in the glaucophyte alga Cyanophora
paradoxa, raising the possibility that the chloroplast division check-
point contributed to the establishment of the permanent organelle.

chloroplast division | algal cell cycle | Cyanidioschyzon merolae |
Cyanophora paradoxa

hloroplasts trace their origin to a primary endosymbiotic

event that took place more than a billion years ago, a process
in which an ancestral cyanobacterium became integrated into a
previously nonphotosynthetic eukaryote. The ancient alga that
resulted from this primary endosymbiotic event evolved into the
Glaucophyta (glaucophyte algae), Rhodophyta (red algae), and
Viridiplantae (green algae, streptophyte algae, and land plants),
which together are grouped as the Plantae (sensu stricto) or
Archaeplastida. After these primitive green and red algae had
become established, chloroplasts then spread into other eukaryote
lineages through secondary endosymbiotic events in which a red or
green alga became integrated into previously nonphotosynthetic
eukaryotes (1).

The continuity of chloroplasts has been maintained for more
than a billion years. The majority of algae (both unicellular and
multicellular, with both possessing chloroplasts of primary and
secondary endosymbiotic origin) have one or at most only a few
chloroplasts per cell. Thus, chloroplast division is synchronized
with the host cell cycle so that the chloroplast divides before
cytokinesis and is thus transmitted into each daughter cell (2). In
contrast, land plants and certain algal species contain dozens of
chloroplasts per cell that divide asynchronously, even within the
same cell (3). Because land plants evolved from algae, there
should be a linkage between the cell cycle and chloroplast division
in their algal ancestor that subsequently was modified or lost during
the course of land plant evolution. Thus, it is probable that the
continuity of chloroplasts in host cells was established originally by
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the synchronization of endosymbiotic cell division with host cell
division in an ancient alga (4).

The requirement that division be synchronized to ensure
permanent retention of either endosymbionts or endosymbiotic
organelles is supported by the findings for several other endosym-
biotic relationships. Hatena arenicola (Katablepharidophyta) has a
transient green algal endosymbiont, and this photosynthetic en-
dosymbiont is inherited by only one daughter cell during cell
division. Daughter cells that have lost the endosymbiont engulf
the green alga once again (5). Certain species of heterotrophic
dinoflagellates engulf eukaryotic algae and use them as tempo-
rary chloroplasts (called “kleptoplasts”) for a period of days to
weeks before digesting them. In certain cases, the kleptoplast
divides in accord with dinoflagellate cell division and is inherited
for a number of generations (6). A few dinoflagellate species
maintain a eukaryotic algal unicell (i.e., containing a nucleus,
mitochondria, Golgi apparatus, and so forth) as a permanent
endosymbiont by synchronizing the endosymbiont cell division to
the host cell cycle (7, 8). There also are eukaryotes that possess
permanent cyanobacterial endosymbionts, such as Paulinella
chromatophora (Cercozoa). This endosymbiont is persistently
inherited by progeny cells as a consequence of the tight syn-
chronization of the host and endosymbiotic cell cycles (9).

Currently, it is largely unknown how chloroplast division came to
be coupled with cell-cycle progression in algae. However, studies
over the last decade have provided information on the mechanisms
underlying chloroplast division. In both algae and land plants,
chloroplast division is performed by the constrictive action of a
macromolecular ring-like division machinery that is comprised of
a self-assembling GTPase Filamenting temperature-sensitive
(Fts) Z (Fts7) of cyanobacterial endosymbiotic origin and an-
other self-assembling GTPase dynamin, dynamin-related protein
5B (DRP5B), of eukaryotic host origin (10). Before chloroplast
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Fig. 1. Effect of the dominant-negative DRP5B K135A on chloroplast division and cell-cycle progression in C. merolae. (A) Representative DAPI-stained images of
C. merolae cells and DRP5B localization during cell-cycle progression. Magenta, autofluorescence of the chloroplast; cyan, DAPI-stained DNA; green, GFP-DRP5B; cpn,
chloroplast nucleoid; mtn, mitochondrial nucleoid; n, nucleus. For the DAPI-stained images, the corresponding phase-contrast (PC) images are also shown. (Scale
bars: 1 pm.) (B) Schematic diagram of the culture conditions. GFP-DRP5B or GFP-DRP5B K135A cells cultured at 42 °C under light were transferred to dark to stop cell
growth and entrance into the S phase. Then GFP-DRP5B or GFP-DRP5B K135A was expressed by two rounds of heat shock at 50 °C for 1 h. (C) Immunoblot analyses
showing the change in the levels of the chloroplast-division proteins FtsZ2-1, DRP5B, and PDR1 and the M-phase marker H35S10ph in GFP-DRP5B and GFP-DRP5B
K135A cells. The double arrowhead indicates GFP-DRP5B or GFP-DRP5B K135A, and the single arrowhead indicates endogenous DRP5B. GFP-DRP5B and GFP-DRP5B
K135A samples were blotted on the same membrane. (D) Microscopic images of GFP-DRP5B or GFP-DRP5B K135A cells 1 and 24 h after the onset of the heat-shock
treatment. The double arrowhead indicates the two cells connected by a GFP-positive tube-like structure. The arrowhead indicates the cell with one chloroplast and
two nuclei. The arrows indicate aggregated GFP-DRP5B K135A. Green, GFP-DRP5B or GFP-DRP5B K135A; magenta, autofluorescence of the chloroplast. The images
obtained by fluorescence and phase-contrast microscopy are overlaid. (Scale bars: 5 um.) (E) DAPI-stained images of a cell with one chloroplast and two nuclei (Left)
and a cell during cytokinesis in which chloroplasts are unequally inherited by daughter cells (Right). Magenta, autofluorescence of the chloroplast; cyan, DAPI-
stained DNA. (Scale bar: 1 um.) (F and G) Time-lapse observation of GFP-DRP5B K135A cells after the induction of expression. (F) GFP-DRP5B K135A was expressed
before the onset of chloroplast division-site constriction. (G) GFP-DRP5B K135A was expressed during the course of chloroplast division-site constriction. Green, GFP-
DRP5B K135A; magenta, autofluorescence of the chloroplast. The images obtained by fluorescence and differential interference contrast (DIC) microscopy are
overlaid. (Scale bars: 1 pm.) The results are the same as shown in Fig. S2 in more detail. (H) Images obtained by immunofluorescence microscopy showing FtsZ2-1,
PDR1, and DRP5B localization in the GFP-DRP5B- or GFP-DRP5B K135A—expressing cells. Cyan, FtsZ2-1, PDR1, or DRP5B (the anti-DRP5B antibody detects both GFP-
tagged and endogenous DRP5B) detected by the respective antibodies (originally detected by orange fluorescence and converted to cyan); magenta, auto-
fluorescence of the chloroplast; green, GFP fluorescence of GFP-DRP5B or GFP-DRP5B K135A. (Scale bars: 1 pm.) Two independent experiments produced similar
results. The results from one experiment are shown.
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division, the FtsZ ring forms on the stromal side of the provi-
sional chloroplast division site, followed by the formation of the
inner PD ring of unknown molecular composition (but de-
tectable by transmission electron microscopy) on the stromal
side. Then the glucan-based outer PD ring, which is synthesized
by the PDRI1 protein, forms on the cytosolic side. Finally,
DRP5B is recruited to the cytosolic side of the division site, and
the competent chloroplast-division machinery begins to con-
strict (10).

We previously showed by means of various lineages of algae that
possess chloroplasts of primary cyanobacterial endosymbiotic ori-
gin (glaucophyte, red, green, and streptophyte algae) that the onset
of chloroplast division is restricted to the S phase by the S-phase—
specific expression of some, but not all, nucleus-encoded compo-
nents of the chloroplast-division machinery (11). When cell-cycle
progression is arrested at the S phase, chloroplast-division genes

E7630 | www.pnas.org/cgi/doi/10.1073/pnas.1612872113

and proteins continue to be expressed in the red alga Cyanidioschyzon
merolae (11). In such S-phase-arrested cells, the chloroplast di-
vides more than once, resulting in the emergence of abnormal
cells that possess four to eight chloroplasts, in contrast to normal
cells, which possess one or two chloroplasts (11, 12). Thus, it is
likely that an as-yet-unknown mechanism restricts the number of
chloroplast-division rounds. A plausible scenario is that the cell
cycle progresses only upon the progression of chloroplast divi-
sion and thereby terminates the expression of the chloroplast-
division proteins.

To test this possibility, we examined the effect of blocking
chloroplast division on host cell-cycle progression. We sought to
determine whether cell-cycle progression is stalled until chloro-
plast division either progresses or is completed. The unicellular
red alga C. merolae was chosen as the study organism because
the molecular mechanism of chloroplast division has been well
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studied in this alga (2), and the nuclear and organelle genomes
are completely sequenced (13-16). In addition, a procedure for
nuclear gene targeting by homologous recombination has been
developed (17, 18). Inducible gene-expression systems also were
developed recently (19, 20).

By impairing chloroplast division in C. merolae with an in-
ducible gene-expression system, we show that the cell cycle
progresses only when chloroplast division commences. When
chloroplast division was arrested before FtsZ ring formation, the
host cell cycle was arrested at the prophase. In contrast, when
chloroplast division was arrested during the constriction of the
division site, the cell cycle progressed. These results suggest that
the host cell cycle progresses to the metaphase by sensing some
signal of the onset of chloroplast division to coordinate progression
of the host cell cycle and chloroplast division. We have observed a
similar phenomenon in the glaucophyte alga Cyanophora paradoxa.
These results raise the possibility that the mechanism of the
chloroplast-division checkpoint was established in ancient
algae and contributed to the establishment of the permanent
organelle.

Results

Experimental Design. We planned to inhibit chloroplast division at
certain stages to investigate whether host cell-cycle progression is
stalled until chloroplast division progresses or is completed.
However, unlike cell-cycle inhibitors, inhibitors specific to chlo-
roplast division are not available. Thus, we applied an inducible
gene-expression system using a heat-shock promoter in the uni-
cellular red alga C. merolae (19). It is known that overexpression
of FtsZ impairs FtsZ ring formation and subsequent chloroplast
division in land plants (21, 22) and cell division in bacteria (23). In
the case of dynamin, the expression of a dominant-negative form
of human dynamin 1 (K44A) and of dynamin-related proteins with
a relevant mutation that results in a defect in GTP binding and
hydrolysis has been widely used to inhibit the function of the en-
dogenous dynamin or of dynamin-related proteins, respectively
(24). In addition, we previously reported that the expression of
DRP5B/CmDnm?2 K135A (which corresponds to K44A of human
dynamin 1) inhibits chloroplast division in C. merolae cells (19),
although its effect on the chloroplast-division machinery was
not examined.

We integrated the heat-shock promoter (the promoter of
HSP20, CMJ101C) and the FtsZ or DRP5B K135A OREF fusion
into a C. merolae chromosomal locus and induced protein ex-
pression by shifting the temperature from 42 °C, which is optimal
for growth, to 50 °C. Then we examined the effect of the over-
expression of the respective proteins on the formation and

GFP(control)

constriction of the chloroplast-division machinery and on cell-
cycle progression. The chloroplast-division stage was examined
by the localization of FtsZ, PDR1, and DRP5B and by the de-
gree of constriction of the chloroplast-division site. The cell-cycle
stage was defined based on the cellular and chloroplast shape,
the expression of cell-cycle marker genes and on the expression
and localization of cell-cycle marker proteins based on previous
studies (Fig. 14) (25). In brief, previous studies showed that the
chloroplast exhibits a spherical shape in the S phase. Nucleus-
encoded components of the chloroplast-division machinery are
expressed specifically in the S phase and are localized as a ring at
the provisional chloroplast division site. Then chloroplast divi-
sion commences. Chloroplast division progresses and is com-
pleted during the G2 phase (Fig. 14) (11, 25).

Expression of the Dominant-Negative DRP5B K135A Arrests Chloroplast
Division at Either the Early or Final Stage of the Division-Site Constriction
Event but Does Not Arrest Cell-Cycle Progression. To examine the effect
of the dominant-negative DRP5B K135A on chloroplast division
and cell-cycle progression, transformed cells that were exponentially
proliferating under light were transferred to dark to stop the cell
growth and entrance into the S phase. Then the cells were heat
shocked twice at 50 °C for 1 h to express GFP-DRP5B (as a con-
trol) or GFP-DRP5B K135A (Fig. 1B).

Immunoblot analysis showed that GFP-DRP5B and GFP-DRP5B
K135A were expressed specifically after the heat-shock treat-
ment (1 and 5 h after the transfer to dark) (Fig. 1C). GFP-DRP5B
and GFP-DRP5B K135A were both detected at the chloroplast
division site just after the heat-shock treatment (1 h posttransfer)
using fluorescence microscopy (Fig. 1D, Upper). GFP-DRP5B
K135A also was detected in the cytosol as an aggregate (Fig. 1D,
Upper Right, arrows). At 24 h after the transfer to dark, 98 + 2.4%
of the GFP-DRP5B cells contained a single, nondividing chloro-
plast (Fig. 1D, Lower Left and Fig. S14), and GFP-DRP5B was not
detected by either fluorescence microscopy (Fig. 1D, Lower Left) or
immunoblotting (Fig. 1C, 24-h lane). These results showed that the
chloroplasts divided normally and that GFP-DRP5B was degraded,
as was endogenous DRP5B. In contrast, GFP-DRP5B K135A was
still detected in 15 + 4.4% of the cells by fluorescence microscopy
24 h after the transfer to dark (Fig. 1D, Lower Right). Consistent
with this observation, GFP-DRP5B K135A was still detected by
immunoblotting even though FtsZ2-1 and PDR1 were not detected
24 h after the transfer to dark (Fig. 1C, 24-h lane).

As reported previously (19), chloroplast division was apparently
blocked at the final fission stage in 1.0 + 0.7% of the GFP-DRP5B
K135A cells, in which two daughter chloroplasts were still con-
nected by a GFP-DRP5B K135A—positive tubular bridge (Fig. 1D,
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Fig. 2. Effect of FtsZ2-1 overexpression on chloroplast division and cell-cycle progression in asynchronously cultured C. merolae. (A) Schematic diagram of the
culture conditions. The control GFP heat-inducible (GFP) or FtsZ heat-inducible (FtsZ OX) cells cultured at 42 °C under light were transferred to dark to stop cell
growth and entrance into the S phase. Then GFP or FtsZ from the transgene was expressed by two rounds of heat shock at 50 °C for 1 h. (B) Immunoblot analyses
showing the change in the levels of the chloroplast-division proteins FtsZ2-1, DRP5B, and PDR1 and the M-phase marker H3S10ph in GFP and FtsZ OX cells. The GFP
and FtsZ OX samples were blotted on the same membrane. (C) Microscopic images of GFP and FtsZ OX cells 1 and 24 h after the onset of heat-shock treatment.
(Upper) Cells immunostained with the anti-FtsZ2-1 antibody. (Lower) DAPI-stained images of DNA. Green, immunostained FtsZ2-1 (the GFP expressed in the GFP cell
cytosol had been extracted before the antibody reaction; thus the green fluorescence specifically indicates FtsZ2-1); magenta, autofluorescence of the chloroplast;
cyan, DNA stained with DAPI. The images obtained by fluorescence and phase-contrast microscopy are overlaid. (Scale bars: 5 pm.) The arrowheads indicate the cells
that possess a single chloroplast and two nuclei. Two independent experiments produced similar results. The results from one experiment are shown.
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Lower Right, double arrowhead and Fig. S1B). In addition, 6.0 +
3.1% of the GFP-DRP5B K135A cells contained a chloroplast that
exhibited only a slight constriction at the division site, and cytoki-
nesis in these cells was blocked by the undivided chloroplast (Fig.
1D, Lower Right, arrowhead and Fig. S1B). Cytokinesis was evident
based on the separation of cytosolic compartments other than the
chloroplast. DAPI staining showed that the culture contained cells
with two divided nuclei and an undivided chloroplast (Fig. 1E, Left)
and cells at the final phase of cytokinesis in which chloroplasts had
been unequally inherited by daughter cells (Fig. 1E, Right).

Time-lapse observation of the cells after GFP-DRP5B K135A
expression was performed to investigate how the expression of
GFP-DRP5B K135A results in these two types of chloroplast-
division arrest (i.e., blockage at an early stage or at the final stage
of constriction). When GFP-DRP5B K135A was expressed in cells
before the onset of chloroplast division, the protein appeared as
dots in the cytoplasm and then migrated to the nuclear side of the
chloroplast division site at an early stage of constriction (Fig. 1F
and Fig. S24). The chloroplast constricted slightly on the nuclear
side where GFP-DRP5B K135A localized, but the constriction did
not progress, even up to and during cytokinesis, which was evident
based on the separation of cytosol other than the chloroplast (Fig.
1F and Fig. S24). When GFP-DRP5B KI135A was expressed
in cells during the constriction of the chloroplast division site,
the protein appeared both as dots in the cytoplasm and as a ring
at the chloroplast division site (Fig. 1G and Fig. S2B). In this
case, constriction at the chloroplast division site progressed, but the
final fission of the daughter chloroplasts, which occurs before nu-
clear division and cytokinesis in the wild-type cell (Fig. 14), was
blocked until cytokinesis (Fig. 1G and Fig. S2B). However, the two
daughter chloroplasts were separated in accord with cytokinesis
(Fig. S2B), probably by being physically torn by the constriction of
the cell-division plane.

To examine the effect of GFP-DRP5B K135A expression on
the chloroplast-division machinery, the localization of FtsZ,
PDR1, and endogenous DRP5B was examined in GFP-DRP5B
K135A-expressing cells. In both the GFP-DRP5B-expressing
control cells and GFP-DRP5B K135A-expressing cells, FtsZ and
PDR1 rings were clearly evident by immunofluorescence mi-
croscopy 5 h after the transfer to dark (Fig. 1H). In contrast, in
GFP-DRP5B K135A-expressing cells, the endogenous DRP5B
ring (detected by the anti-DRP5B antibody) was not found, and
only a DRP5B dot was observed on the nuclear side of the
chloroplast division site (corresponding to GFP-DRP5B K135A
localization) (Fig. 1H). Thus, the expression of GFP-DRP5B
K135A impairs the formation of the DRP5B ring but not the of
the FtsZ and PDRI rings, blocking either the constriction of the
division site or the final fission of the daughter chloroplast,
depending on the timing of GFP-DRP5B K135A expression.

Although GFP-DRP5B K135A blocked chloroplast division, the
nucleus divided (Fig. 1E), and cells performed cytokinesis (Fig. 1
D, Lower, Fig. 1 F and G, and Fig. S2), resulting in the emergence
of cells that contained a single undivided chloroplast and two di-
vided cytosol and nuclei (5.3 + 2.7%) (Fig. 1E, Left and Fig. S1B)
or of daughter cells that contained only a tiny remnant of the
chloroplast (8.7 + 5.2%) (Figs. S1B and S3), a result produced by
the asymmetric inheritance of chloroplasts during cytokinesis (Fig.
1E, Right). An M-phase marker, histone H3 phosphorylated at
serine 10 (H3S10ph) (25), was undetectable by immunoblotting at
24 h after the transfer to dark in both the GFP-DRP5B—expressing
control cells and GFP-DRP5B K135A—expressing cells (Fig. 1C),
indicating that both had completed the cell cycle. These results
show that the blockage of chloroplast division by dominant nega-
tive GFP-DRP5B K135A does not arrest cell-cycle progression,
although the progression of cytokinesis is hampered by the un-
divided chloroplast in certain cells.
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Fig. 3. Effect of FtsZ2-1 overexpression during the constriction of the chloro-
plast division site on chloroplast division and cell-cycle progression in synchro-
nously cultured C. merolae. (A) Schematic diagram of the culture conditions. The
control GFP heat-inducible (GFP) or FtsZ heat-inducible (FtsZ OX) cells were
synchronized by a 12-h/12-h light/dark cycle at 42 °C and were heat shocked at
50 °C at hour 14 (during the constriction of the chloroplast division site) for 2 h.
(B) Immunoblot analyses showing the change in the levels of the chloroplast-
division proteins FtsZ2-1, DRP5B, and PDR1 and the M-phase marker H3510ph in
GFP and FtsZ OX cells. The GFP and FtsZ OX samples were blotted on the same
membrane. (C) Quantitative RT-PCR analyses showing the change in the mRNA
levels of an S-phase marker (PCNA) and an M-phase marker (CDC20) in GFP (blue
trace) and FtsZ OX (red trace) cells. DRP3 was used as the internal control. The
error bars indicate the SD (n = 3). The expression levels in the control cells at hour
4 were defined as 1.0. (D) Microscopic images of DAPI-stained GFP and FtsZ OX
cells at 16, 20, and 24 h in the synchronous culture. The arrowheads indicate cells
that possess a single chloroplast and two nuclei. Magenta, autofluorescence of
the chloroplast; cyan, DNA stained with DAPI. The fluorescence and phase-con-
trast images are overlaid. (Scale bars: 5 um.) (E) DAPI-stained image of two FtsZ
OX cells connected by a long narrow bridge that contains a tube-like structure of
the undivided chloroplast. PC, phase contrast; magenta, autofluorescence of the
chloroplast; cyan, DNA stained with DAPI. (Scale bar: 5 pm.) (F) Immunofluo-
rescent images of GFP and FtsZ OX cells showing the localization of FtsZ2-1,
PDR1, and DRP5B just after the heat shock (hour 16 in synchronous culture) and
8 h later (hour 24 in synchronous culture). (Upper) Cells with one dividing
chloroplast and one nucleus at hour 16. (Lower) FtsZ OX cells with one undivided
chloroplast and two nuclei at hour 24. Green, immunostained FtsZ2-1, PDR1, or
DRP5B; magenta, autofluorescence of the chloroplast; PC, phase-contrast. (Scale
bars: 1 pm.) Two independent experiments produced similar results. The results
from one experiment are shown.

Overexpression of FtsZ Results in Two Phenotypes Depending on the
Timing of Overexpression. To examine the effect of FtsZ over-
expression on chloroplast division and cell-cycle progression, we
transferred the transformed cells were exponentially proliferating
under light to the dark to stop cell growth and entry into the
S phase. Then the cells were heat shocked twice at 50 °C for 1 h
to overexpress GFP (19) as a control or FtsZ2-1 (Fig. 24) [the
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C. merolae genome encodes FtsZ2-1 and FtsZ2-2, which are in-
volved in chloroplast division, and FtsZ1-1 and FtsZ1-2, which are
involved in mitochondrial division (26)].

Immunoblot analysis showed that FtsZ2-1 was specifically
overexpressed after the heat-shock treatment (Fig. 2B). The size
of the overexpressed FtsZ2-1 was the same as that of endoge-
nous FtsZ2-1 (i.e., the FtsZ2-1 band in the GFP-expressing
control cells and the band in the FtsZ2-1-overexpressing cells
before the heat-shock treatment) (Fig. 2B), suggesting that the
chloroplast-targeted transit peptide of the overexpressed FtsZ
was processed and that the protein translocated into the chlo-
roplast. Immunofluorescence microscopy showed that the over-
expressed FtsZ2-1 localized in the space between the thylakoid
and envelope membranes (Fig. S44; the thylakoid membrane
was observed as red autofluorescence and the stroma was visu-
alized by chloroplast-targeted mOrange). In addition, immuno-
blot analysis showed that the overexpressed FtsZ2-1 was
enriched in the isolated intact chloroplast fraction, as were
DRP5B and the stroma-targeted mOrange (Fig. S4B). When the
isolated chloroplasts were treated with thermolysin, which cannot
penetrate the outer envelope, DRP5B (on the cytosolic side of the
outer envelope membrane) was digested, and the overexpressed
FtsZ2-1 and the stroma-targeted mOrange were protected from
thermolysin (Fig. S4B). However, when the envelope membranes
were solubilized with the nonionic detergent Nonidet P-40, over-
expressed FtsZ2-1 and the stroma-targeted mOrange were digested
by thermolysin (Fig. S4B). These results indicate that the overex-
pressed FtsZ2-1 was translocated into the chloroplast stroma. In the
GFP-expressing control cells, the chloroplast-division proteins
FtsZ2-1, DRP5B, and PDR1 and the M-phase marker H3S10ph
became undetectable by immunoblotting 24 h after the transfer to
dark (Fig. 2B). Immunofluorescence microscopy detected the FtsZ
ring 1 h after the transfer to dark in some of the control cells (Fig.
2C; GFP was extracted during the process of immunostaining, and
thus the green fluorescence specifically indicates the FtsZ2-1 pro-

tein). No FtsZ ring was detected in the control cells at 24 h after the
transfer to dark (Fig. 2C). These results indicate that the chloroplast
division and cell-cycle progression in the control GFP cells had been
completed by 24 h after the transfer to dark.

In contrast, no normal FtsZ ring was detected in the FtsZ2-1-
overexpressing cells, although an aggregation of FtsZ2-1 was
observed between the envelope and thylakoid membranes both
1 h and 24 h after the transfer to dark (Fig. 2C and Fig. S44). At
24 h after the transfer to dark, DRP5B and PDR1 became un-
detectable, but FtsZ2-1 kept accumulating, and the M-phase
marker H3S10ph was still detected in the FtsZ2-1-over-
expressing cells by immunoblotting (Fig. 2B). These results
suggest that at least some of the FtsZ2-1-overexpressing cells are
arrested in the M-phase.

However, we found that the FtsZ2-1-overexpressing culture
contained cells with a single chloroplast but two nuclei 24 h after
the transfer to dark (Fig. 2C, 24 h, and Fig. S54). In addition, 8.7 +
5.2% of the cells contained a tiny chloroplast remnant (Fig. S54).
These observations suggest that some of the cells had completed
the cell cycle and that cytokinesis was physically blocked by the
obstruction of the undivided chloroplast in certain cells. Thus,
there probably were two distinct populations of FtsZ2-1-over-
expressing cells: one population (H3S10ph-positive cells) was
arrested at a certain point during the M phase, whereas the other
population (H3S10ph-negative cells that had entered into cytoki-
nesis) completed the cell cycle, even though chloroplast division
was impaired in both populations.

Overexpression of FtsZ During Chloroplast Division Impairs the
Completion of Chloroplast Division but Does Not Arrest Cell-Cycle
Progression. To examine the two populations of FtsZ2-1-over-
expressing cells separately, we applied synchronous culture to
overexpress FtsZ2-1 at a specific phase of the chloroplast-division
cycle. At first, FtsZ2-1 was overexpressed during constriction of the
chloroplast division site. Stable transformants were synchronized
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Effect of FtsZ2-1 overexpression before the onset of chloroplast division on chloroplast division and cell-cycle progression in synchronously cultured C. merolae.

CENP-A/Cp

(A) Schematic diagram of the culture conditions. The control GFP heat-inducible (GFP) or FtsZ heat-inducible (FtsZ OX) cells were synchronized by a 12-h/12-h light/dark
cycle at 42 °C and were heat shocked at 50 °C at hour 8 (just before the formation of the FtsZ ring and the onset of chloroplast division) for 2 h. (B) Immunofluorescent
images of FtsZ OX cells at hour 8 (just before the induction of FtsZ by heat shock) in the synchronous culture treated with the anti-FtsZ2-1 or DRP5B antibodies.
Magenta, autofluorescence of the chloroplast; green, FtsZ2-1 or DRP5B. The images obtained by fluorescence and phase-contrast microscopy are overlaid. (Scale bar:
5 pm.) (C) Immunoblot analyses showing the change in the levels of the chloroplast-division proteins FtsZ2-1, DRP5B, and PDR1 and the M-phase marker H3S10ph in
GFP and FtsZ OX cells. GFP and FtsZ OX samples were blotted on the same membrane. (D) Microscopic images of DAPI-stained GFP and FtsZ OX cells at 16, 20, and 24 h
in synchronous culture. Magenta, autofluorescence of the chloroplast; cyan, DNA stained with DAPI. The images obtained by fluorescence and phase-contrast mi-
croscopy are overlaid. (Scale bars: 5 pm.) (E) Immunofluorescent images of the control GFP and FtsZ OX cells at hour 16 in the synchronous culture showing FtsZ2-1,
PDR1, and DRP5B localization. Magenta, autofluorescence of the chloroplast; green, immunostained FtsZ2-1, PDR1, or DRP5B. (Scale bar: 5 pm.) (F) Immunofluorescent
images of the control GFP cells showing changes in the level and localization of CENP-A during cell-cycle progression. The cell-cycle stage was defined based on the cell
shape according to ref. 25. The fluorescence and phase-contrast images are overlaid. (Scale bar: 1 pm.) (G) Immunofluorescent images of GFP and FtsZ OX cells showing
the localization of CENP-A at hour 24 in synchronous culture. Magenta, autofluorescence of the chloroplast; green, immunostained CENP-A. The fluorescence and
phase-contrast images are overlaid. (Scale bar: 5 um.) Two independent experiments produced similar results. The results from one experiment are shown.
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Fig. 5. Effect of FtsZ2-1 overexpression before the onset of chloroplast division
on the levels of cyclin A, cyclin B, and CDKB and on the localization of CDKB.
Cells were synchronously cultured and heat shocked at hour 8 for 2 h, as shown
in Fig. 4. (A) Quantitative RT-PCR analyses showing the change in the mRNA
levels of CYCLIN A, CYCLIN B, and CDKB in the control GFP heat-inducible (GFP)
or FtsZ heat-inducible (FtsZ OX) cells. DRP3 was used as the internal control. The
error bars indicate the SD (n = 3). The expression levels in the control cells at 4 h
were defined as 1.0. (B) Immunoblot analyses showing the change in the levels
of cyclin A, cyclin B, and CDKB in control GFP or FtsZ OX cells. To detect the
respective proteins, 3xHA-epitope—coding DNA was inserted into the respective
chromosomal loci. C-terminal 3xHA-tagged proteins expressed by the respective
endogenous promoters were detected with an anti-HA antibody. Control and
FtsZ OX samples were blotted on the same membrane. (C) Immunofluorescent
images of the control and FtsZ OX cells (in both strains CDKB-3HA was knocked
into the CDKB locus) showing the change in the level and localization of CDKB.
CDKB was detected with an anti-HA antibody. (Upper) The change in the level
and localization of CDKB in the control cells during cell-cycle progression. The
cell-cycle stage was defined based on the cell shape according to ref. 25. (Lower)
The localization of CDKB in the control and FtsZ OX cells at hours 16 and 20 in
the synchronous culture. Magenta, autofluorescence of the chloroplast; green,
immunostained CDKB-3HA; cyan, DNA stained with DAPI; PC, phase-contrast.
(Scale bars: 1 pm.) Two independent experiments produced similar results. The
results from one experiment are shown.

with a 12-h/12-h light/dark cycle and GFP as a control, or FtsZ2-1
was overexpressed with heat shock for 2 h at hour 14 in a syn-
chronous culture in which chloroplasts were undergoing division-
site constriction (Fig. 34).

When FtsZ2-1 was overexpressed, DRP5B and PDRI1
exhibited S-phase-specific expression, as in the control GFP-
expressing cells (Fig. 3B). However, FtsZ2-1 still accumulated at
hour 28 in the FtsZ2-1-overexpressing cells, unlike the GFP-
expressing cells (Fig. 3B). The M-phase marker H3S10ph accu-
mulated and then decreased during the dark period in both the
control and FtsZ2-1-overexpressing cells (Fig. 3B). Quantitative
RT-PCR analysis showed that the mRNA levels of the S-phase
marker PCNA and the M-phase marker CDC20 (11, 25, 27)
exhibited similar patterns of expression, peaking at 12 and 20 h,
respectively, in the FtsZ2-1-overexpressing and GFP-expressing
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cells (Fig. 3C). These results suggest that FtsZ2-1-over-
expressing cells had completed the cell cycle in a manner similar
to the control cells, except for the prolonged retention of the
overexpressed FtsZ2-1.

Abnormal cells were observed at 20 and 24 h in the FtsZ2-1-
overexpressing cells that possessed a single undivided chloroplast
and two nuclei (3.4 + 4.4% of the cells at hour 24) (Fig. 3D and
Fig. S5B). The culture also included two cells connected by a
long, autofluorescent (chlorophyll)-positive tube-like structure
(Fig. 3E). In addition, we also observed that 10 + 5.5% of the
cells had received a very small remnant of the chloroplast (Fig.
S5B). These results suggest that chloroplast division is arrested
by FtsZ2-1 overexpression, but the cell cycle progresses, and in
some cases the progression of cytokinesis is hampered by the
obstruction of the undivided chloroplast.

Immunofluorescence microscopy showed that a portion of the
overexpressed FtsZ2-1 at 16 h localized to the chloroplast division
site (Fig. 3F, 16 h). In the FtsZ2-1-overexpressing cells at 16 h,
PDR1 also was localized to the division site but DRP5B was not
detected (Fig. 3F, 16 h). This localization occurred even though the
DRPS5B level, which was detected by immunoblotting of the whole-
cell lysate, was comparable to the level in control cells (Fig. 3B). At
hour 24, FtsZ2-1 and PDR1 were still detected as dots on the
periphery of the chloroplast in the FtsZ2-1-overexpressing cells
(Fig. 3F, 24 h). These results suggest that the overexpression of
FtsZ2-1 during the constriction of the chloroplast division site
impairs DRP5B localization to the division site even when the
division site is undergoing constriction; this impairment inhibits any
further constriction of the chloroplast division site.

In summary, overexpression of FtsZ2-1 during the constriction
of the chloroplast division site impairs further progression of the
constriction process but does not block cell-cycle progression.

Overexpression of FtsZ Before the Onset of Chloroplast Division
Impairs the Formation of the Chloroplast-Division Machinery and
Arrests the Cell Cycle at the Prophase. To examine whether a
blockage of chloroplast division before the onset of division-site
constriction affects cell-cycle progression, stable transformants
were synchronized, and FtsZ2-1 or GFP as a control was over-
expressed at hour 8 of synchronous culture (i.e., before the as-
sembly of the chloroplast-division machinery) by heat shock for
2 h (Fig. 44). At this point (hour 8 in Fig. 44), FtsZ2-1, DRP5B,
and PDR1 were not detected by immunoblotting (Fig. 4C), and
the FtsZ and DRP5B rings were not detected by immunofluo-
rescence microscopy (Fig. 4B).

When FtsZ2-1 was overexpressed at hour 8 of synchronous
culture, the FtsZ, PDR1, and DRP5B rings did not form,
whereas in the GFP-expressing control cells the FtsZ, PDRI1,
and DRP5B rings were observed at hour 16 by immunofluores-
cence microscopy (Fig. 4E). However, as in the control cells,
PDRI1 and DRP5B were specifically detected in the FtsZ2-1-
overexpressing cells from hour 16 to hour 20 and from hour 12 to
hour 20, respectively, by immunoblotting (Fig. 4C). We did not
find any FtsZ2-1-overexpressing cells with dividing chloroplasts
by microscopy throughout the course of one round (24 h) of
synchronous culture (Fig. 4D). These results indicate that FtsZ2-1
overexpression impaired the formation of the chloroplast-division
machinery, and thus the onset of chloroplast division, but not
the expression of the individual components.

In the FtsZ2-1-overexpressing cells, DRP5B and PDR1 were
degraded at hour 24, as they were in the control cells (Fig. 4C).
The M-phase marker H3S10ph also was detected from hour 16,
but it continued to accumulate, even at hour 28, unlike the
control cells (Fig. 4C). DAPI staining showed that the FtsZ2-1-
overexpressing cells possessed a single nucleus throughout
the single round of synchronous culture (Fig. 4D). These re-
sults suggest that FtsZ2-1-overexpressing cells are arrested at a
certain point in the M phase before nuclear division (the anaphase).
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To identify the point at which the cell cycle is arrested by FtsZ2-1
overexpression, the localization of centromere protein A (CENP-A)
was examined in the FtsZ2-1-overexpressing cells at hour 24. In the
control cells, CENP-A was specifically expressed in the nucleus in
the middle of the S phase and then was converted into two discrete
clusters in the metaphase (Fig. 4F) (25). At hour 24, in contrast to
the control cells, in some of which CENP-A was localized in two
discrete clusters, CENP-A was still dispersed throughout the nu-
cleus in all the FtsZ2-1-overexpressing cells (Fig. 4G), suggesting
that the cells remained stuck at a certain point before the meta-
phase. Combined with H3S10ph (Fig. 4C), which was detected from
the prophase to the telophase in control cells (25), the results
suggest that blockage of the onset of chloroplast division by FtsZ2-1
overexpression leads to cell-cycle arrest at the prophase.

Blockage of the Onset of Chloroplast Division Inhibits Cyclin B
Expression and Migration of Cyclin-Dependent Kinase B. We next
addressed how cell-cycle progression is arrested at the prophase
by the blockage of the onset of chloroplast division. To this end,
we examined the effect of FtsZ2-1 overexpression before the
onset of chloroplast division on the level and localization of the
regulators of G2/M transition, i.e., cyclin A, cyclin B, and cyclin-
dependent kinase B (CDKB) (28).

Quantitative RT-PCR analyses showed that CYCLIN A
mRNA exhibited a similar pattern of expression in the control
GFP-expressing and FtsZ2-1-overexpressing cells, peaking at
hour 16 in synchronous culture (Fig. 54). The CDKB mRNA
level peaked at hour 16 in the control GFP-expressing cells and
at hour 20 in the FtsZ2-1-overexpressing cells (Fig. 54). In
contrast, although a slight increase CYCLIN B mRNA level was
observed at hour 20 in the FtsZ2-1-overexpressing cells, it was
much lower than in control cells, where it peaked at hour 20
(Fig. 54).

To examine the cyclin A, cyclin B, and CDKB protein level
and localization with an anti- HA antibody, a 3xHA-tag coding
sequence was inserted into the chromosomal CYCLIN A,
CYCLIN B, or CDKB locus just before the stop codon to express
the respective C-terminal 3XHA fusion proteins. The C. merolae
genome encodes single copies of these genes, and the trans-
formants proliferated normally, suggesting that the cyclin
A-3HA, cyclin B-3HA, and CDKB-3HA are fully functional in
C. merolae.

Consistent with the change in the mRNA levels, immunoblot
analyses showed a similar pattern of time-dependent expression
of cyclin A in the control cells (expressing cyclin A-3HA, cyclin
B-3HA, or CDKB-3HA but not overexpressing FtsZ2-1) and the
FtsZ2-1-overexpressing cells expressing cyclin A-3HA, cyclin
B-3HA, or CDKB-3HA (Fig. 5B). In the FtsZ2-1-overexpressing
cells, the expression of CDKB (peaking at hour 20) was delayed
compared with the control cells (peaking at hour 16) (Fig. 5B).
No cyclin B expression was observed in the FtsZ2-1-over-
expressing cells, whereas cyclin B was specifically expressed at
hours 16 and 20 in the control cells (Fig. 5B).

In the control cells, cyclin A was detected by immunofluo-
rescence microscopy between the nucleus and the chloroplast
specifically from the S phase to anaphase (Fig. S6). At hour 16,
some chloroplasts in the control cells, but not in FtsZ2-1-over-
expressing cells, had completed chloroplast division (the cells
contained two chloroplasts). Despite this difference in chloro-
plast division, there was no difference in the localization of cyclin
A, which appeared as a few dots in both the control and FtsZ2-
1-overexpressing cells (Fig. S6).

Cyclin B also localized as a few dots between the nucleus and
the chloroplast from the G2 phase to anaphase in the control
cells (Fig. S7). In contrast, cyclin B was not detected by immu-
nofluorescence microscopy in FtsZ2-1-overexpressing cells (Fig.
S7), as is consistent with the result of immunoblotting (Fig. 5B).
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The cyclin B partner CDKB localized in the vicinity of the
nucleus during the S phase in the control cells (Fig. 5C). Then
CDKB migrated into the space between the nucleus and the
chloroplast and localized as a few dots from the G2 to metaphase
(Fig. 5C). At hours 16 and 20, CDKB localized as a few dots in
the control cells (Fig. 5C). In contrast, CDKB was still present in
the vicinity of the nucleus in the FtsZ2-1-overexpressing cells
(Fig. 5C). These results suggest that blocking the onset of chlo-
roplast division inhibits the migration of CDKB from the vicinity
of the nucleus into the space between the nucleus and the
chloroplast that occurs during the G2 phase in control cells and
the subsequent expression of cyclin B, which in control cells is
observed from the G2 to M phase.

Blockage of Chloroplast Division Before the Onset of Division-Site
Constriction Also Arrests Cell-Cycle Progression in the Glaucophyte
Alga C. paradoxa. We then examined whether cell-cycle progres-
sion is arrested when chloroplast division is blocked in other
lineages of eukaryotic algae. The glaucophyte algae belong to the
Archaeplastida (Plantae sensu stricto; i.e., eukaryotes that pos-
sess the chloroplast of cyanobacterial primary endosymbiotic
origin). Evolutionary studies have suggested that the glaucophyte
algae were the earliest to branch off from the common ancestor
of the Archaeplastida, before the divergence of the red algae and
Viridiplantae (green algae and land plants) (29). The chloro-
plasts in the glaucophyte algae (called “cyanelles”) have retained
a peptidoglycan (PG) layer between the two envelope mem-
branes that is descended from the cyanobacterial endosymbiont.
In bacterial cell division, the proteins involved in PG synthesis
interact with the cell-division machinery, and PG ingrowth at the
division site is required for the progression of cell division (30).
Thus, PG-targeting antibiotics such as ampicillin (31) effectively
inhibit chloroplast division in glaucophyte algae, although these
algae are not genetically tractable at present.

When the exponentially proliferating glaucophyte alga
C. paradoxa was treated with carbenicillin (an inhibitor of DD-
transpeptidase) for 48 h (under our culture conditions the dou-
bling time was ~48 h), 90 + 1.0% of the chloroplasts became
round in shape, in contrast to cells without antibiotics, in which
dumbbell-shaped chloroplasts were often observed (Fig. 6 A and
B and Fig. S8). Immunofluorescence microscopy showed that
FtsZ and DipM (which forms a ring at the division site after the
formation of the FtsZ ring in C. paradoxa) (27) rings were not
formed in the chloroplast when the cells were treated with car-
benicillin (Fig. 6B). Thus, carbenicillin treatment arrested chlo-
roplast division before the formation of the FtsZ ring and
constriction of the division site. In contrast to the cells without
any antibiotics, 5.3 + 1.7% of which exhibited cytokinesis, only
0.3 + 0.5% of cells treated with carbenicillin exhibited cytoki-
nesis in culture (Fig. 6 4 and B and Fig. S8). DAPI staining
showed that the carbenicillin-treated cells possessed a single
nucleus (Fig. 6C), suggesting that the cells were arrested at a
certain point before the anaphase.

When the cells were treated with the Ftsl inhibitor cephalexin
for 4 d, 78 + 10% of the chloroplasts became dumbbell-shaped
and were larger than those in cells not treated with antibiotics
(Fig. 6 A and B and Fig. S8). In addition, 63 + 13% of the cells
exhibited cytokinesis and possessed two nuclei, but this cytoki-
nesis apparently was blocked by a single dividing chloroplast
(Fig. 6 A and C and Fig. S8). Immunofluorescence microscopy
showed that both the FtsZ and DipM rings were formed at the
chloroplast-division site in the cells treated with cephalexin (Fig.
6B). These observations suggest that cephalexin treatment
arrested chloroplast division during the process of division-site
constriction. However, the cell cycle progressed, leading to a
blockage of cytokinesis by the obstruction of the undivided
chloroplast. These results suggest that a checkpoint exists in the
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Fig. 6. Effect of PG-targeted antibiotics on chloroplast division and cell
division in the glaucophyte alga C. paradoxa. Exponentially proliferating
cells were treated with 1 pg/mL of the DD-transpeptidase inhibitor carbe-
nicillin or the Ftsl inhibitor cephalexin and were cultured for 2 (carbenicillin)
or 4 (cephalexin) days after the addition of antibiotics. (A) Images obtained
by DIC microscopy. (Scale bar: 10 pm.) The arrowheads indicate cells un-
dergoing cytokinesis. (B) Immunofluorescent images of the cells displaying
the localization of FtsZ and DipM. Red, autofluorescence of the chloroplast;
green, immunostained FtsZ or DipM. The arrowheads indicate cells un-
dergoing cytokinesis. The images obtained by fluorescence and DIC are
overlaid. (Scale bar: 5 pm.) (C) DAPI-stained images of the cells. The arrows
indicate the nuclei. Red, autofluorescence of the chloroplast; blue, DNA
stained with DAPI. (Scale bar: 10 um.) Two independent experiments pro-
duced similar results. The results from one experiment are shown.

cell cycle of C. paradoxa that arrests cell-cycle progression at a
certain point until chloroplast division commences.

Discussion

The Mechanism That Coordinates Cell and Chloroplast Division. It has
long been believed that the synchronization of division in the en-
dosymbiotic and host cell was a critical step in establishing per-
manent endosymbiotic organelles, such as mitochondria and
chloroplasts. The majority of both unicellular and multicellular
algae have either one or only a few chloroplasts, and the division of
the chloroplasts is tightly correlated with host cell-cycle progres-
sion. We previously showed that some, but not all, nucleus-encoded
chloroplast-division genes/proteins are specifically expressed in the
S phase in a variety of algal lineages that possess chloroplasts of
primary cyanobacterial endosymbiotic origin (11). In addition, cell-
cycle stage-specific expression of FtsZ mRNA was also reported in
a diatom, which possesses chloroplasts of a secondary red algal
endosymbiotic origin (32), and in a chlorarachniophyte alga, which
possesses chloroplasts of a green algal secondary endosymbiotic
origin (33). These studies suggest that the host cell restricts the
onset of chloroplast division at a specific stage of the host cell cycle
by the regulation of gene/protein expression.
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In this study, using the red alga C. merolae, we have shown that
(i) cell-cycle progression is arrested at the prophase when
chloroplast division is blocked before the formation of the
chloroplast-division machinery by the overexpression of FtsZ2-1,
but (i) the cell cycle progresses when chloroplast division is
blocked during division-site constriction by the overexpression of
either FtsZ2-1 or dominant-negative DRP5B K135A (Fig. 74).
These results suggest that chloroplast division restricts host cell-
cycle progression so that the cell cycle progresses to the meta-
phase only when the chloroplast division has started. Thus,
chloroplast division and host cell-cycle progression are synchro-
nized by an interactive restriction between the nucleus, which
restricts the formation of the chloroplast-division machinery to
the S phase, and the chloroplast, which lifts the prophase arrest
only upon the onset of chloroplast division (Fig. 7B).

The Mechanism by Which the Onset of Chloroplast Division Lifts the
Prophase Arrest. The results of this study suggest the existence of
a cell-cycle checkpoint that confirms the progression of chloro-
plast division. One unresolved question is which chloroplast-
division event is exactly sensed by the host cell cycle. In C. merolae
chloroplast division, FtsZ, PDR1, and DRP5B are recruited to the
chloroplast division site in that order in the S phase, and once the
competent division machinery is formed, the division site constricts
(34, 35) from the S to G2 phase (Fig. 74) (25).

When DRP5B ring formation was blocked before the initiation
of the division-site constriction by the expression of DRP5B

M
pro meta an telo

@@@@@ @@%

FtsZ PDR1 DRP5B
ring formation consmm'o"
Inhibition Cell cycle
Inhibition

FlsZ Prophase arrest Increase in the cyclin B
h level and CDKB migration
are blocked

pro meta a telo

00 @cecese

Formation of the Constriction of the
chloroplast division  chloroplast division site
machinery lifts the prophase arrest

Fig. 7. Schematic diagram of the mechanism for the synchronization of cell
and chloroplast division in C. merolae. (A) Summary of the results obtained
in this study. Previous studies showed that FtsZ (yellow), PDR1 (black), and
DRP5B (pink) localize to the chloroplast division site in that order and
thereby form the competent division machinery during the S phase (34, 35).
The chloroplast division is completed by the prophase (25). Although the
inhibition of DRP5B ring formation impairs the constriction of the chloro-
plast division site, the cell cycle progresses. As a result, either the progression
of cytokinesis is hampered by the undivided chloroplast or cytokinesis pro-
duces a daughter cell that inherits only a tiny remnant of the chloroplast. In
contrast, when the FtsZ ring formation is inhibited (in this case, PDR1 and
DRP5B are not recruited to the division site), cyclin B accumulation and CDKB
migration do not occur, resulting in the arrest of cell-cycle progression at the
prophase. (B) The interactive synchronization of division in the eukaryotic
host cell and the chloroplast in algae. The host cell restricts the onset of
chloroplast division to the S phase by S-phase-specific expression of nucleus-
encoded chloroplast-division proteins. The formation of the competent
chloroplast-division machinery and constriction of the chloroplast division
site lift the prophase arrest so that the host cell enters into the metaphase
only when chloroplast division progresses.
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K135A, DRP5B dots formed on the nuclear side of the chloroplast
division site, and the division site became slightly constricted (Fig.
1F and Fig. S24). In this case, the cell cycle progressed even
though cytokinesis was physically blocked in some cases by the
undivided chloroplast (Figs. 1F and 74 and Fig. S24). Likewise,
blockage of chloroplast division during division-site constriction by
the overexpression of FtsZ2-1 (Fig. 3) or blockage at the final
fission stage by the overexpression of either FtsZ2-1 (Fig. 3) or
DRP5B K135A (Fig. 1G) did not arrest cell-cycle progression. In
contrast, cell-cycle progression was arrested at the prophase when
the formation of the FtsZ ring (along with the recruitment of
PDRI1 and DRP35B to the division site) was blocked by the over-
expression of FtsZ2-1 (Figs. 4 and 7A4). These results suggest that
the host cell cycle senses a certain event that occurs between FtsZ
ring formation and the recruitment of DRP5B to the nuclear side
of the chloroplast division site.

Another important question concerns the event or signal in the
course of cell-cycle progression that induces the need to wait for
the activity of chloroplast division. In prophase cells arrested by
the overexpression of FtsZ2-1, CDKB (expressed from the S
phase to metaphase in the control cells) was dispersed in the vi-
cinity of the nucleus, whereas in the control cells it had migrated
into the space between the nucleus and the chloroplast by the G2
phase (Fig. 5). The cyclin B protein, which was expressed from the
G2 to metaphase in control cells, was not expressed in the pro-
phase-arrested cells (Fig. 5). Because both CDKB and its partner
cyclin B localize as a few dots between the nucleus and the di-
viding dumbbell-shaped chloroplast in the control cells during the
G2 phase (Fig. 5), the blocking of the migration of CDKB from
the nucleus is likely related to the blockage of cyclin B expression.
The localization patterns of cyclin A (Fig. S6), cyclin B (Fig. S7),
and CDKB (Fig. 5) in the G2 to metaphase are similar to that of
the kinesin-like protein TOP, which localizes at the spindle poles
and spindle microtubules and is involved in nuclear division in C.
merolae (36). In fission yeast, CDK (Cdc2) and cyclin B colocalize
to the spindle pole bodies (37). Thus, the blockage of CDKB
migration from the nucleus and the blockage of cyclin B expres-
sion in the FtsZ2-1-overexpressing cells likely exert an effect on
the function of the spindle poles, leading to prophase arrest.

In land plants, the MYB3R protein, which possesses three Myb
motif repeats, activates CYCLIN B transcription at the G2/M
transition by binding to the cis-acting MSA element (38, 39). It is
proposed that a positive feedback mechanism in which the cyclin B
induced by MYB3R forms a complex with CDKB and hyper-
activates MYB3R activity and thus cyclin B expression (21). In the
prophase-arrested C. merolae induced by FtsZ2-1 overexpression,
the cyclin B protein was not detected, but a slight increase in
CYCLIN B mRNA level was observed (Fig. 5). The C. merolae
genome encodes a putative MYB3R protein (CMT134C). Taken
together, these results indicate that the prophase arrest resulted
from the blockage of MYB3R hyperactivation.

In cultured mammalian (HeLa and hTert-RPE1) cells, de-
pletion of cyclin B arrests the cells at the G2 phase (40). Al-
though cyclin B was not detected in the C. merolae cells when the
formation of the chloroplast-division machinery was blocked, we
concluded that the cell cycle is arrested at the prophase, not the
G2 phase. It should be noted that this conclusion is based on the
phosphorylation of histone H3 at serine 10 (which is detected
from the prophase to anaphase in other eukaryotes) in the cell-
cycle—arrested cells (Fig. 4). There likely are differences in the
mechanisms underlying cell-cycle progression in algal and
mammalian cells. Therefore, the definition of the arrest point is
only tentative at this point.

How the state of chloroplast division is relayed as a retrograde
signal to the cell-cycle regulators is also an unresolved question.
In C. merolae, it was suggested that the kinesin-like protein TOP
activates chloroplast-division machinery to start constriction by
inducing phosphorylation of the chloroplast-division machinery
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by Aurora kinase after DRP5B ring formation (36). However,
the host cell cycle most likely senses a certain event before
DRP5B ring formation, as discussed above, so the phosphory-
lation of the chloroplast-division machinery by Aurora kinase
probably is not the event that is sensed by the host cell cycle. In
this study, we observed the migration of CDKB from the vicinity
of the nucleus into the space between the nucleus and the
chloroplast during the G2 phase, when the chloroplast division
site was undergoing constriction (Fig. 5). Thus, a certain physical
interaction between a cell-cycle regulator and a cytosolic com-
ponent of the chloroplast-division machinery is likely to be in-
volved in the retrograde signaling from the chloroplast-division
site to the host cell cycle.

The composition of the chloroplast-division machinery in the
glaucophyte alga C. paradoxa is considerably different from that
in other algae, especially on the cytosolic side. The FtsZ ring and
the inner PD ring were detected at the chloroplast division site
(41, 42). However, the outer PD ring was not evident (41, 42),
and DRP5B is not encoded in the C. paradoxa genome (43). It
has been suggested that the constriction of the division site is
accompanied by an ingrowth and subsequent degradation of the
PG layer at the division site in glaucophyte chloroplast division,
as in bacterial cell division (41, 43).

Despite these differences in the chloroplast-division machin-
ery of glaucophytes and other algae, we previously showed that
the nucleus-encoded MinD and MinE proteins, which regulate
FtsZ ring formation (2), are expressed predominantly during the
S phase (11). In addition, FtsZ ring formation is restricted to
the S phase, even though the level of FtsZ, which is encoded in
the nucleus, is constant throughout the cell cycle (11). In addi-
tion to these observations, this study suggests that in C. paradoxa
cell-cycle progression is stalled at a certain point until chloro-
plast division progresses, as in the red alga C. merolae. When
chloroplast division was arrested by carbenicillin before the di-
vision-site constriction, FtsZ and DipM ring formation was
blocked, and host cell-cycle progression was arrested before
nuclear division (Fig. 6). In contrast, when chloroplast division
was arrested by cephalexin during the division-site constriction,
nuclear division and cytokinesis occurred, although the cytoki-
nesis was blocked during constriction because of the obstruction
by the undivided chloroplast (Fig. 6). These results are similar to
those obtained in the red alga C. merolae, in which cell-cycle
progression was arrested when the formation of the FtsZ ring
was blocked during the constriction of the division site, but
chloroplast division continued. Thus, the mechanism underlying
the chloroplast division checkpoint likely arose in ancient algae
during the course of evolution.

Materials and Methods

The primer sequences used in this study are listed in Table S1.

Algal Culture. C. merolae 10D and its stable transformants were grown in 2x
Allen’s medium in a 500-mL flat bottle (60 mm thick, containing 300 mL of
culture) with 5 L/min aeration by ambient air at 100 pE-m~2.s~" (44).

C. paradoxa UTEX555 (NIES-547) was grown in C medium (mcc.nies.go.jp/
02medium-e.html) in 100-mL Erlenmeyer flasks (containing 20 mL of culture)
on a rotary shaker at 21 °C under continuous light (30 pmol photons~m‘2~s‘1).
For treatment with antibiotics, a 1/1,000 volume of 1 mg/mL carbenicillin or
1 mg/mL cephalexin stock solution in distilled water was added to the culture
(~2 x 10° cells/mL). Cells were harvested by centrifugation at 1,000 xg for
10 min 48 h after the addition of carbenicillin or 4 d after the addition of
cephalexin and then were observed by microscopy.

Preparation of the Stable C. merolae Transformants. DNA construction and the
procedure for obtaining the stable transformants are provided in S/ Materials
and Methods. The PCR products prepared for the transformation as de-
scribed in SI Materials and Methods were introduced by PEG-mediated
protocol into C. merolae M4, which has a mutation in the URA gene, and the
transformants were selected as described previously (45).
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Quantitative RT-PCR Analysis. Total RNA was extracted and subjected to
quantitative RT-PCR analyses as described in ref. 19. See SI Materials and
Methods for details.

Antibodies and Immunoblot Analyses. The antibody against C. merolae FtsZ2-1
was raised in rabbits. Immunoblot analyses were performed as described in
ref. 19. See SI Materials and Methods for details.

Immunofluorescence Microscopy. Immunofluorescence staining of C. merolae
and C. paradoxa was performed as described (11). See S/ Materials and
Methods for details.

Time-Lapse Imaging. To follow the progression of chloroplast division in GFP-
DRP5B K135A-expressing cells, the cells were synchronized and collected
12 h after the beginning of the light period. The cells then were sandwiched
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epifluorescence microscope (BX51) and a CCD camera (DP70) every hour.
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