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We identified an Arabidopsis thaliana mutant, clumped chloro-
plasts 1 (clmp1), in which disruption of a gene of unknown func-
tion causes chloroplasts to cluster instead of being distributed
throughout the cytoplasm. The phenotype affects chloroplasts
and nongreen plastids in multiple organs and cell types, but is
detectable only at certain developmental stages. In young leaf
petioles of clmp1, where clustering is prevalent, cells lacking chlor-
oplasts are detected, suggesting impaired chloroplast partitioning
during mitosis. Although organelle distribution and partitioning
are actin-dependent in plants, the actin cytoskeleton in clmp1 is
indistinguishable from that in WT, and peroxisomes and mitochon-
dria are distributed normally. A CLMP1-YFP fusion protein that
complements clmp1 localizes to discrete foci in the cytoplasm,
most of which colocalize with the cell periphery or with chloro-
plasts. Ultrastructural analysis revealed that chloroplasts within
clmp1 clusters are held together by membranous connections, in-
cluding thin isthmi characteristic of late-stage chloroplast division.
This finding suggests that constriction of dividing chloroplasts pro-
ceeds normally in clmp1, but separation is impaired. Consistently,
chloroplast size and number, as well as positioning of the plastid
division proteins FtsZ and ARC5/DRP5B, are unaffected in clmp1,
indicating that loss of CLMP1-mediated chloroplast separation
does not prevent otherwise normal division. CLMP1-like sequences
are unique to green algae and land plants, and the CLMP1 se-
quence suggests that it functions through protein–protein inter-
actions. Our studies identify a unique class of proteins required for
plastid separation after the constriction stage of plastid division
and indicate that CLMP1 activity is also required for plastid distri-
bution and partitioning during cell division.

mitochondrial distribution | organelle separation

Although plants are sessile organisms, plant cell organelles
are motile. Their distribution and repositioning in the cell

maximize their functions in response to internal and external
stimuli and are essential for unbiased inheritance during cell
division. In land plants, the positioning of chloroplasts, perox-
isomes, and mitochondria is mediated mostly by the actin cyto-
skeleton (reviewed in ref. 1).
Chloroplasts are propagated by binary fission of preexisting

organelles (2, 3). Constriction of chloroplasts is driven by several
midplastid contractile rings, including the FtsZ ring, dynamin
ring, and outer plastid-dividing (PD) ring (2–4). The FtsZ ring (Z
ring), composed of the tubulin-like FtsZ protein, assembles in-
side the chloroplast, marks the division site, and constricts the
inner membrane to initiate division (3, 5, 6). The dynamin ring,
composed of the dynamin-related protein ARC5/DRP5B, and
the outer PD ring, composed of bundled polyglucan fibrils,
function outside the chloroplast, providing at least some of the
force required for division (4, 7–10). Both the dynamin and outer
PD rings function in constricting plastids through the late stages
of division, but little is known about how final separation of the
daughter plastids is achieved.

Here we describe the identification and functional analysis of
a novel plant-specific protein, CLUMPED CHLOROPLASTS 1
(CLMP1). Chloroplasts constrict normally during division in
Arabidopsis thaliana clmp1 mutants but are impaired in separa-
tion, resulting in chloroplast clustering. Loss of CLMP1 also
results in clustering of other plastid types, indicating its function
throughout the plant. Finally, the separation defect leads to im-
paired chloroplast partitioning during cell division, yielding some
cells that lack chloroplasts. Thus, our results also uncover a con-
nection between postconstriction plastid separation and plastid
distribution and partitioning.

Results
Identification of the clumped chloroplasts 1 (clmp1) Mutant. As part
of the large-scale Arabidopsis Chloroplast 2010 project (http://
www.plastid.msu.edu/), Arabidopsis mutants with T-DNA inser-
tions in genes encoding predicted chloroplast proteins were
screened for aberrant chloroplast morphology (11). Among the
5,200 homozygous lines screened, Salk_102431, bearing an in-
sertion in At1g62390, displayed a unique phenotype; chloroplasts
in some cells of this mutant appeared clustered (Fig. 1 A–C),
whereas equivalent cells in the WT were dispersed normally (Fig.
S1A). Two additional At1g62390 insertion mutants, Salk_088673
and Salk_137201, exhibited the same phenotype (Fig. S1B). All
three alleles behaved as recessive mutations. We concluded that
the chloroplast clustering phenotype resulted from loss of func-
tion of At1g62390, and named the gene CLUMPED CHLOR-
OPLASTS 1 (CLMP1). Hereinafter, Salk_102431, Salk_088673,
and Salk_137201 are referred to as clmp1-1, clmp1-2, and clmp1-
3, respectively (Fig. 1A).
CLMP1 encodes a unique protein of 751 amino acids containing

predicted tetratricopeptide repeat (TPR) and octicosapeptide/
Phox/Bem1p (PB1) domains (Fig. 1A). Both the TPR and PB1
domains function in protein–protein interactions (12, 13). CLMP1
is conserved in green algae and land plants, but CLMP1-like se-
quences have not been identified outside the green lineage. Three
CLMP1 paralogs exist in A. thaliana: At2g25290, At4g32070, and
At5g20360; however, these are in a separate clade that diverged
from the CLMP1 clade before the divergence of monocots and
dicots (Fig. S2). Neither homozygous T-DNA insertional mutants
of At2g25290 or At4g32070 nor the double mutant generated
from the two display the clumped-chloroplasts phenotype (Fig.
S1 C–E), suggesting that they may have different functions from
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CLMP1. However, because no mutant was available for
At5g20360, we cannot rule out the possibility that CLMP1
paralogs might have partial functional redundancy with CLMP1.

Clumped-Chloroplasts Phenotype Is Transient. The mutant screen
initially detected the chloroplast-clustering phenotype in vascular
parenchyma (VP) and bundle sheath (BS) cells in petioles of
clmp1-1 (Fig. 1 B and C). Further analysis showed that chloro-
plast distribution varied depending on the stage of leaf de-
velopment. In juvenile leaves, clustered chloroplasts were
observed in almost all cells of the petiole (Fig. 2A, leaf 7, dotted
line; Fig. 2B, Bottom Right), including epidermal, ground pa-
renchyma (GP), VP, and BS cells. In the basal half of the leaf
blade, the phenotype became gradually restricted to the VP and
BS cells of the midvein only. Clumping was not obvious in the
rest of the leaf (Fig. S3A). The spatial distribution of cells with
clumped chloroplasts in older leaves was similar to that in leaf 7,
except fewer cells displayed the phenotype (Fig. 2A, leaves 5 and
3). In the oldest leaf (leaf 1), the phenotype was mostly absent
but was observed infrequently in VP or BS cells. In WT, the
chloroplasts were dispersed in all cell types irrespective of leaf
developmental stage (Fig. 2A) and were most often situated
around the cell periphery, as described previously (14).

Disruption of CLMP1 Affects Multiple Plastid Types Throughout the
Plant. To evaluate whether the mutation in CLMP1 also affects
nongreen plastids, we expressed a transgene encoding plastid-
targeted YFP (RecA-YFP) (15) in clmp1-1 and WT plants and
examined plastid distribution along the longitudinal axis of the
root. In the root meristem, proplastids were not obviously clum-
ped (Fig. S3B), although this examination was not conclusive
because of the dense plastid packing in these small cells. In the
elongation zone, where cells expand rapidly (16, 17), plastids were
mostly scattered (Fig. S3B), except in a few cells in the vascular
cylinder where plastids appeared clumped. In the maturation
zone, where root hairs develop and xylem lignification is dis-

cernible, plastids were clumped in most cells, including those of
the vascular cylinder (Fig. S3B, arrows), endodermis, and cortex
and some epidermal cells (Fig. S3B, arrowheads). In the mature
zone, clumped plastids were observed only in cells associated with
the vascular cylinder (Fig. S3B, Top Right, arrows), at a lower
frequency than seen in the maturation zone. Clumping of root
plastids was not observed in WT (Fig. S3B).
Clumping of chloroplasts was also observed in hypocotyls,

petals, sepals, anther filaments, and papillae cells of the stigma,
and of nongreen plastids in trichomes and root hairs (Fig. S3C).
As in leaves and roots, in other organs the phenotype was de-
tectable only at certain developmental stages, being generally
more prominent in younger tissues than in more mature tissues
(Fig. S3D).
To examine the spatial and temporal pattern of CLMP1 ex-

pression, we expressed a CLMP1::GUS transgene in WT Arabi-
dopsis and performed histochemical staining on specimens of
various plant organs at different developmental stages. We found
that CLMP1 expression was developmentally regulated (Fig. S4),
consistent with microarray data reported previously (17). The
β-glucuronidase (GUS) staining pattern, particularly in petioles

Fig. 1. Identification of CLMP1. (A) Gene structure and T-DNA insertion
mutations. The box indicates the exon; the thin black lines represent UTRs.
Positions of the predicted TPR and PB1 domains are indicated. (B) Chloro-
plast phenotype in WT and clmp1-1. Arrows indicate clumped chloroplasts.
(C) Light micrograph of a petiole section from clmp1-1. The WT control is
shown in Fig. S1A. Arrows indicate clumped chloroplasts; arrowheads, dis-
persed chloroplasts. X, xylem; VP, vascular parenchyma cell; BS, bundle
sheath cell; GP, ground parenchyma cell. (Scale bars: 20 μm.)

Fig. 2. More detailed characterization of clmp1. (A) Whole-mount differ-
ential interference contrast images of the petiole base from leaves 1, 3, 5, and
7 (old to young) of WT and clmp1-1. Dotted lines outline regions in which
clumped chloroplasts areobservedwithin half a petiole. (Scale bars: 50 μm.) (B)
Ground parenchyma cells isolated from petioles of leaves 5 and 7 of WT and
clmp1-1. Cells were from regions corresponding to outlined areas of leaves 5
and 7 in A. Red stars indicate cells lacking chloroplasts. (Scale bars: 20 μm.)
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and roots, largely corresponded to the distribution of the plastid
clumping phenotype in clmp1 (Fig. 2 and Fig. S3).
Despite the striking abnormality in the distribution of both

chloroplasts and nongreen plastids, clmp1 exhibited overall nor-
mal growth and development, but flowered slightly earlier than
WT. clmp1-1 and clmp1-2 flowered in 32.4 ± 2.5 d and 31.6 ±
2.1 d, respectively, whereas WT flowered in 34.4 ± 2.5 d (P < 0.02
and 0.001, respectively).

Chloroplast Partitioning Is Affected in clmp1. Interestingly, we no-
ticed that some petiole cells in clmp1 were devoid of chlor-
oplasts. Fig. 2B shows a file of GP cells isolated from the basal
region of the petiole in leaves 7 and 5, in which a few cells lack
chloroplasts. Cells isolated from a similar region in WT plants
had dispersed chloroplasts, and cells without chloroplasts were
never observed (Fig. 2B, Left). Petiole cells in leaves at these
developmental stages are still mitotic (18); our observations
suggest that the improper distribution of chloroplasts in clmp1
also affects chloroplast partitioning to daughter cells during
mitosis. We also looked for, but could not identify, cells lacking
chloroplasts in more mature leaf tissues in which the phenotype
is no longer detectable.

Actin Cytoskeleton Is Not Defective in clmp1. A previous report that
overexpression of CLMP1 in Schizosaccharomyces pombe pro-
duced elongated single-nucleate cells with a central bulge and
diffuse actin staining promped speculation that the gene product
might play a role in actin organization (19). Because chloroplast
distribution and partitioning are actin-dependent (1, 20), we
carried out a similar experiment by expressing either CLMP1 or a
functional CLMP1-YFP fusion protein (see below) in S. pombe,
but found no abnormal yeast cell morphology or growth (Fig.
S5E). The difference in findings may be because the cDNA used
in the earlier study contained an extra ∼300 nucleotides down-
stream of the stop codon that were not included in our construct,
perhaps producing the abnormal morphology.
To investigate actin organization in clmp1 more directly, we

stained petioles of clmp1 and WT plants with phalloidin (21). In
mutant cells with clustered chloroplasts and in equivalent WT
cells, we observed longitudinal arrays of thick actin cables and
randomly oriented thin actin filaments (Fig. 3). Actin filaments
were also wrapped around the chloroplasts in both mutant and
WT cells (Fig. 3, arrowheads). These features are similar to
those reported previously in WT Arabidopsis (22, 23), and there
were no obvious differences between mutant and WT plants.

Mitochondria and Peroxisomes Are Distributed Normally in clmp1.
Mitochondrial and peroxisome distribution and partitioning are
also actin-dependent (1, 20). To assess whether disruption of
CLMP1 affects these organelles, we examined their distribution
in clmp1-1 mutants expressing either the peroxisomal marker
protein YFP-PTS1 (24) or the mitochondrial marker protein mt-
YK (25). Unlike chloroplasts, both peroxisomes and mitochon-

dria appeared to be distributed normally in all mutant lines (Fig.
4). To assess this finding quantitatively, we compared the average
distances between peroxisomes or mitochondria in petiole cells
of clmp1-1 containing clustered chloroplasts, as well as in
equivalent cells from WT (Fig. 4). The average distances be-
tween peroxisomes were 32.9 ± 23.7 μm in WT and 32.0 ± 21.9
μm in clmp1-1, a statistically insignificant difference (P = 0.57,
Student t test). Similar results were obtained for mitochondria,
with average distances of 36.4 ± 25.2 μm in WT and 36.0 ± 25.1
μm in mutant (P = 0.41). The distribution of distances between
peroxisomes and mitochondria was also similar in clmp1-1 and
WT (Fig. S6). Based on the normal distribution of mitochondria
and peroxisomes, normal actin organization, and lack of abnor-
mal cell morphology in S. pombe cells expressing CLMP1-YFP,
we conclude that general defects in the actin cytoskeleton do not
account for the chloroplast clumping in clmp1.

CLMP1 Is Localized to Foci in the Cytoplasm. CLMP1 has a weakly
predicted transit peptide based on TargetP (26), accounting for its
inclusion in the Chloroplast 2010 gene list (http://www.plastid.
msu.edu/about/gene_list.html). However, TargetP localization
predictions for CLMP1 orthologs (Fig. S2, clade 1) were variable.
To assess the subcellular localization of CLMP1, we performed an
in vitro chloroplast import assay using radiolabeled CLMP1 with
the chloroplast membrane protein Toc33, stroma-localized small
subunit of RUBISCO (SS), and cytosolic luciferase (lucif) as
markers. All proteinsmigrated at their predicted sizes on SDS gels
(TP in Fig. 5A). As expected, Toc33 and SS were associated with
the membrane and soluble fractions, respectively. Furthermore,
the transit peptide of SS was cleaved on import, producing a mo-
lecular weight shift (prSS tomSS in Fig. 5A). In contrast, luciferase
was absent from both the membrane and soluble fractions, as
expected for a cytosolic protein. CLMP1 behaved like luciferase,
suggesting that it is not imported into the chloroplast.
To further define the localization of CLMP1, we generated

a transgene encoding full-length CLMP1 fused to YFP (35S:
CLMP1-YFP) and expressed it in clmp1-1. The transgene com-
plemented the mutant phenotype (Fig. S5A), indicating that it
encodes a functional protein. CLMP1-YFP was localized to
distinct foci in the cytosol, which frequently colocalized with the
cell periphery and with chloroplasts (Fig. 5 B and C). Punctate
localization also was observed in anther filaments and roots (Fig.
S5 B and C) and in S. pombe cells (Fig. S5D). Taken together,
these data indicate that CLMP1 is not imported to the plastid,
but is localized to distinct foci in the cytoplasm.

Chloroplasts in clmp1 Are Interconnected. To understand the basis
of chloroplast clustering in clmp1, we examined petiole tissue in

Fig. 3. Alexa Fluor 488-phalloidin staining (green) of actin in VP cells in
clmp1-1 and WT. Chlorophyll autofluorescence is indicated in red. (Scale bar:
10 μm.) Asterisk denotes clumped chloroplasts; arrowheads indicate chlo-
roplast-associated actin filaments.

Fig. 4. Distribution of peroxisomes (A) and mitochondria (B) in the VP cells
of clmp1-1 and WT. Peroxisomes and mitochondria are in green; chlorophyll
autofluorescence is in red. Images were superimposed from three Z-section
images. (Scale bars: 10 μm.)
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clmp1-1 using transmission electron microscopy (TEM). Chlor-
oplasts within clumps were ultrastructurally similar to those in
WT (Fig. S7 B and C), with one major exception: Clustered
chloroplasts in the mutant were often connected. The appear-
ance of the connections between chloroplasts varied. Some were
narrow stroma-filled isthmi in which the double membranes were
evident (Fig. 6 B and F). In such connections, small electron-
dense deposits, probably representing PD rings (4, 27), were
often visible at the edges (Fig. 6 B and F, arrowheads). To the
best of our knowledge, PD rings have not been previously
reported in Arabidopsis. These morphological features suggest
that the narrow isthmi represent chloroplasts at a very late stage
of division (27). We also observed some chloroplasts at earlier
stages of division in clmp1 (Fig. 6H), which we also found in the
WT (Fig. 6J, Right). Other chloroplast connections in clmp1-1
were less well defined in appearance. Some were wider, darker,
and less organized than the narrow isthmi (Fig. 6G, double
arrowheads, and Fig. S7M), whereas others appeared even more
disorganized (Fig. S7D). Neither thin isthmi nor disorganized
chloroplast connections were observed in the equivalent tissues
from WT (Fig. S7A and Fig. S8A).
Serial sectioning through clusters confirmed that most of the

structures described above, regardless of appearance, represent
connections between chloroplasts and not different regions of
the same chloroplast. For example, the connection between the

chloroplasts labeled C2 and C3 in Fig. 6 C and D is not visible in
sections above or below them (Fig. S7 E–G). In addition, the
serial sections showed that one chloroplast was commonly
adjoined to two or more chloroplasts within a clump; for ex-
ample, chloroplast C3 was connected not only to chloroplast C2
(Fig. 6 C and D), but also to chloroplast C4 in a different plane
(Fig. 6 E and F and Fig. S7 E–J). The extent of connectedness
between chloroplasts varied. In some clusters the chloroplasts
were extensively interconnected, whereas in others fewer con-
nections were present. However, among the three clusters ex-
amined by serial sectioning from three individual clmp1-1
mutants, multiple connections within a cluster were always ob-
served. This variability may reflect the transience of the pheno-
type; clusters with fewer connections are probably from slightly
older cells in which the phenotype is beginning to disappear.
In contrast to chloroplasts, the fine structures of mitochondria

and peroxisomes in clmp1 were indistinguishable from those in
WT (Fig. S8 A–D). This is consistent with our finding that the
distribution of these organelles is not altered in clmp1-1 (Fig. 4
and Fig. S6).

Localization of Plastid Division Proteins in clmp1. The persistent thin
connections between chloroplasts within clmp1 clusters promp-
ted us to investigate whether the chloroplast contractile ma-
chinery might be affected. We examined the localization of two

Fig. 5. CLMP1 localization. (A) Chloroplast import assay of
CLMP1 and controls. TP, translation product; P, chloroplast
membrane fraction; S, chloroplast soluble fraction; PrSS, SS
precursor; mSS, mature SS. Positions of molecular mass
markers (in kDa) are shown at the left. (B) CLMP1-YFP local-
izes to foci near the cell periphery in complemented clmp1-1
plants. A brightfield image of the same sample is shown
below the fluorescence image. (C) Some CLMP1-YFP foci
colocalize with chloroplasts (arrows). YFP localization in WT
is shown as a control. YFP fluorescence is indicated in green;
chlorophyll autofluorescence is in red. (Scale bars: 5 μm.)

Fig. 6. Structure of clumped chloroplasts in clmp1. (A–
H) Transmission electron micrographs of chloroplasts
within clumps. C–G are selected images from serial sec-
tions of a single chloroplast cluster shown more com-
pletely in Figs. S7 and S9. Chloroplasts with the same
number in C–G and Fig. S7 (arbitrarily numbered C1–C13)
represent the same chloroplast viewed in different serial
sections. A, B, and H are from a different cluster. B, D,
and F are magnified views of the boxes in A, C, and E,
respectively. Black arrowheads indicate presumed PD
rings at the edges of isthmi. Double arrowheads indicate
chloroplast connections that are disorganized in ap-
pearance. Black arrows indicate chloroplast constriction
sites. M, mitochondrion. (Scale bars: 2 μm in A, C, and E;
500 nm in B, D, F, G, and H.) (I) FtsZ immunolocalization
in clmp1. (Scale bar: 5 μm.) (J) GFP-ARC5 localization in
clmp1 and WT. (Scale bar: 5 μm.)
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division proteins, FtsZ and the dynamin-related protein ARC5/
DRP5B (5, 7). Single FtsZ rings were consistently observed in
clustered chloroplasts of clmp1, as in WT (Fig. 6I). Similarly,
ARC5/DRP5B localized to mid-plastid rings and to bright spots
between chloroplasts (Fig. 6J, white arrows and arrowheads,
respectively). The latter may represent the persistence of ARC5/
DRP5B at the pole of one daughter plastid late in division, as
occurs in WT (28). The midplastid localization of FtsZ and
ARC5/DRP5B in clmp1 clusters, coupled with the presence of
deep constrictions between chloroplasts, suggests that division
of clustered chloroplasts in clmp1 is sufficient to allow proper
repositioning of the contractile machinery and effect subsequent
divisions, even though chloroplasts remain connected. These
findings are consistent with the data showing that CLMP1 does
not localize to the midplastid (Fig. 5) as do FtsZ, ARC5/DRP5B,
and other components of the contractile machinery (2, 5, 7), and
indicate a role for CLMP1 specifically in separation, but not
constriction, of plastids.

Discussion
Wehave identified a cytosolic protein, CLMP1, that is required for
normal plastid distribution in Arabidopsis. In the absence of
CLMP1, both chloroplasts and nongreen plastids are clustered,
whereas mitochondria and peroxisomes are distributed normally.
TEM showed that chloroplasts in clmp1 are physically inter-
connected, explaining the clustering phenotype. Although chlo-
roplast clustering has been reported in several previous studies,
physical connections have not been observed (29–31), indicating
that clustering itself does not induce the formation of such con-
nections. Thus, clmp1 represents a unique phenotype and defines
a specific class of proteins required for plastid separation.
Although chloroplast clustering in clmp1 occurs in many cell

types, CLMP1 expression is developmentally regulated, and
clustering is observed in a developmental pattern largely paral-
leling CLMP1 promoter activity. The presence of cells lacking
chloroplasts in petioles of young leaves implies that CLMP1
activity contributes to proper chloroplast partitioning during cell
division in some mitotically active tissues. How plastid parti-
tioning is regulated in dividing cells remains unclear, but pre-
vious work in both green algae and land plants suggests an active
partitioning mechanism that distributes chloroplasts to daughter
cells fairly equally and prevents the formation of aplastidic cells
(20, 32). If cells lacking chloroplasts in clmp1 petioles also lacked
nongreen plastids, then they presumably would die during leaf
growth, because plastids are assumed to be essential to the via-
bility of most cells. This presumption is consistent with our
finding that no cells lack chloroplasts in older leaves, although
one study reported that cells lacking detectable plastids were
viable (33). The transient nature of the clustering phenotype
suggests that plastid separation may be delayed in clmp1 or that
another mechanism of separation becomes active as cells mature.
Alternatively, CLMP1 paralogs, which have different expression
patterns from that of CLMP1 (Arabidopsis eFP browser) (34),
could supplant CLMP1 function at other stages of development.
Although clustering prevented accurate measurement, chloro-

plast size and number appeared normal in clmp1 clusters, in-
dicating that plastids continue to divide (i.e., constrict) even
though they do not separate. This is in contrast with mutants de-
fective in late-acting chloroplast division proteins, such as arc5 and
pdv2, in which chloroplasts are enlarged and dumbbell-shaped. In
these mutants, multiple adjacent Z rings or spirals occur at con-
striction sites (28), suggesting that division does not progress be-
yond a point at which the Z ring becomes repositioned to the
middle of the twonewdaughter plastids. In contrast, singleZ rings,
as well as midplastid ARC5/DRP5B rings, were present in clmp1
clusters, suggesting proper repositioning of these molecular
components of the divisionmachinery. Furthermore, the clustered
chloroplasts frequently exhibited thin isthmi and presumed PD

rings, typical of the late stages of division in various plants (27, 35).
We did not observe such structures in WT, probably because
plastids separate rapidly once they reach the final stages of con-
striction (27, 36). Taken together, these findings indicate that the
latest stage of constriction is prolonged in the mutant, and that
CLMP1 functions after constriction specifically to promote plastid
separation. However, delayed separation in the mutant does not
appear to interfere with the otherwise normal operation of the
chloroplast contractile machinery.
How chloroplasts separate in the final stage of division is not

known, but envelope membrane remodeling must be involved.
Some chloroplast connections in clmp1 appear more disorga-
nized than the narrow isthmi and may represent disordered PD
rings or other components of the contractile machinery. These
connections might also represent a normally short-lived phase of
membrane remodeling that is too transient to have been ob-
served in WT. Alternatively, the persistence of isthmi or PD rings
between chloroplasts in the mutant could induce the formation
of some disorganized membrane connections. Thus, it is possible
that CLMP1 could function in a membrane remodeling process
that promotes plastid separation after the latest stages of con-
striction, or in disassembly or removal of the PD ring and/or
other late-acting cytosolic division components. The localization
of CLMP1 near the cell periphery suggests that such a function
might involve removal or recycling of such components to the
plasma membrane or a nearby compartment.
The normal actin filament morphology and distribution of

peroxisomes and mitochondria in clmp1 argue against a role for
CLMP1 in the organization of cytoplasmic actin cables. However,
short chloroplast-associated actin filaments anchor chloroplasts to
the plasma membrane and have been suggested to provide motive
force for blue light-mediated chloroplast movement (23), possibly
through interaction with a protein localized partially in the plasma
membrane (37). The localization of CLMP1 to both the cell pe-
riphery and chloroplasts (Fig. 5) raises the alternative possibility
that CLMP1 could play a role in anchoring chloroplasts to the
plasma membrane, perhaps through interaction with chloroplast-
associated actin. If such CLMP1-mediated anchoring occurred, it
could implicate chloroplast movement in plastid separation, per-
haps via a pulling mechanism.
Although the biochemical role of CLMP1 has yet to be estab-

lished, the presence of predicted TPR and PB1 domains, both of
which mediate protein–protein interactions (12, 13), suggests that
CLMP1 function likely involves attachment to other proteins. A
recent in silico analysis suggested a potential interaction with
the Hsp90/Hsp70 chaperone system (38). Intriguingly, disruption
of a conserved cytosolic protein, CluA, impairs separation of
mitochondria in Dictyostelium and other eukaryotes, resulting
in mitochondrial clustering (39–41). Like CLMP1, CluA bears
a predicted TPR domain, and its localization in Drosophila
resembles that of CLMP1 (40). How CluA and its orthologs effect
mitochondrial separation is not known, but they have been pos-
tulated to promote outer membrane scission at a late stage of
division (42) and to facilitate separation via movement on the
cytoskeleton (40, 41, 43). Thus, CluA and CLMP1 may have
analogous functions in the separation and distribution of mito-
chondria and chloroplasts. Examining the interactions of CLMP1
with other plant proteins may shed light on the mechanisms un-
derlying final separation of both organelles.

Materials and Methods
Plant Materials and Growth Conditions. A. thaliana ecotype Columbia (Col-0)
was used in all experiments. Plant material, growth conditions, and gener-
ation of transgenic plants are detailed in SI Materials and Methods.

Brightfield and Fluorescence Microscopy. Brightfield microscopy was per-
formedwith differential interference contrast on a Leica invertedmicroscope
system (11) or Leica DMRA2 microscope (7), as indicated. Epifluorescence
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microscopy was performed with a Leica DMRA2 or an Olympus Fluoview
1000 laser scanning confocal microscope. Alexa Fluor 488 (Invitrogen), YFP,
and chlorophyll were excited with 488-nm, 543-nm, and 543-nm lasers, re-
spectively, and emissions were collected with BA505-525, BA535-565, and
BA650IF filters, respectively.

Analysis of Plastid Morphology. Leaves were detached from the base of a 2.5-
wk-old plant andmeasured. Leaves were named consecutively, with leaf 1 the
oldest and leaf 7 the youngest. Petiole length and total leaf lengthwere 2mm
and 5mm, respectively, for leaf 1, 4mmand 8mm for leaf 3, 2.5mmand 7mm
for leaf 5, and 0.5 mm and 3 mm for leaf 7 (Fig. 3). Leaves were fixed (44) and
placed on a microscope slide under a coverslip for whole-mount imaging. To
image single cells, cells were further separated by gently tapping the cov-
erslip. Samples were viewed on the Leica inverted microscope (11). Chloro-
plast morphologies in anther filaments and other flower parts were imaged
similarly but without fixation. Morphology of nongreen plastids was eval-
uated by introducing RecA-YFP (15) into clmp1-1 or WT plants and then
imaging YFP fluorescence by epifluorescence or confocal microscopy.

Phalloidin Staining. Juvenile leaves with ∼2-mm-long petioles from WT and
clmp1-1 plants were attached to a slide with double-sided tape. Thin slivers
were peeled from the petiole, placed on a slide in 50 mM PIPES, 10 mM
EGTA, 5 mM MgSO4, 0.01% Nonidet P-40, 5% DMSO, and 0.1 M mannitol
containing 0.1 μM Alexa Fluor 488-phalloidin (Invitrogen), incubated for
5 min in darkness, and imaged by confocal microscopy.

Analysis of Mitochondrial and Peroxisome Distribution. The peroxisomal and
mitochondrial marker proteins YFP-PTS1 and mt-YK (24, 25) were trans-

formed into clmp1-1 or WT and imaged by confocal microscopy. Quantita-
tive analysis of organelle distribution is detailed in SI Materials and Methods.

Analysis of Subcellular Localization. Generation of plants expressing 35S:
CLMP1–YFP is described in SI Materials and Methods. YFP was detected using
confocal microscopy.

Ultrastructural Analysis. Petioles (1–3 mm long) were prepared for TEM (45)
using microwave-assisted processing and embedded in Poly/Bed 810 (Poly-
sciences). Qualitative observations were made on serial 70-nm-thick sections
through a minimum of 10 cells per petiole per plant for each of three clmp1-
1 and WT plants. Images were captured with a Phillips 201 transmission
electron microscope equipped with an Advantage HR camera system (Ad-
vanced Microscopy Techniques).

See SI Materials and Methods, Table S1, and Dataset S1 for details on
promoter:GUS analysis, phylogenetic analysis, chloroplast import assays, and
analysis of FtsZ and ARC5/DRP5B localization.
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