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We report the identification of a nucleus-encoded minE gene, designated AtMinE1, of Arabidopsis. The encoded AtMinE1
protein possesses both N- and C-terminal extensions, relative to the eubacterial and algal chloroplast-encoded MinE
proteins. The N-terminal extension functioned as a chloroplast-targeting transit peptide, as revealed by a transient
expression assay using an N terminus:green fluorescent protein fusion. Histochemical �-glucuronidase staining of trans-
genic Arabidopsis lines harboring an AtMinE1 promoter::uidA reporter fusion unveiled specific activation of the promoter
in green tissues, especially at the shoot apex, which suggests a requirement for cell division-associated AtMinE1 expression
for proplastid division in green tissues. In addition, we generated transgenic plants overexpressing a full-length AtMinE1
cDNA and examined the subcellular structures of those plants. Giant heteromorphic chloroplasts were observed in
transgenic plants, with a reduced number per cell, whereas mitochondrial morphology remained similar to that of wild-type
plants. Taken together, these observations suggest that MinE is the third conserved component involved in chloroplast
division.

Chloroplast division is one of the most critical cel-
lular processes in plants because the plant cell is
unable to synthesize this organelle de novo (Possing-
ham and Lawrence, 1983). A series of nuclear reces-
sive mutants of the higher plant Arabidopsis, in
which the chloroplast number per cell is greater or
fewer than that in the wild-type plant, have been well
documented (Pyke and Leech, 1991, 1992, 1994; Pyke
et al., 1994; Robertson et al., 1996; Marrison et al.,
1999). Characterization of these mutants, referred to
as accumulation and replication of chloroplasts (arc) mu-
tants, indicates that chloroplast division is a complex
process that involves multiple distinct steps, such as
expansion, division site selection, division initiation,
constriction, and scission of chloroplasts, which are
controlled by different nuclear genes, although no
ARC genes have yet been cloned. Intensive micro-
scopic studies of the division process revealed that,
upon chloroplast division, two concentric rings
(plastid-dividing [PD] rings) appear on opposite
sides of the chloroplast envelope at the constricted
isthmus (Hashimoto, 1986; Kuroiwa et al., 1998). Re-
cently, the outer cytosolic PD ring of the red alga

Cyanidioschyzon merolae was observed as a bundle of
novel 5-nm filaments, implying the innovation of
eukaryote-specific organelle division machinery
(Miyagishima et al., 2001). In addition, recent studies
of transgenic land plants have shown that the same
division machinery is conserved in chloroplasts and
eubacterial cells. Strepp et al. (1998) and Osteryoung
et al. (1998) demonstrated that a homolog(s) of the
bacterial cell division protein FtsZ is required for
chloroplast division, by generating knockout plants
of the moss Physcomitrella patens or antisense trans-
genics of Arabidopsis, respectively. In bacteria, FtsZ
is a cytoplasmic, tubulin-related GTPase, which as-
sembles into a ring structure (Z-ring) surrounding
the division plane, possibly serving to constrict the
cell membrane (Bi and Lutkenhaus, 1991). Dysfunc-
tion of FtsZ in Escherichia coli cells leads to the for-
mation of filamentous elongated cells (Hirota et al.,
1968). Osteryoung et al. (1998) also showed that one
member (AtFtsZ1-1) of the Arabidopsis FtsZ family
localizes within chloroplasts, topologically consistent
with that of the bacterial FtsZ. The second example of
a conserved component of the division machinery is
the Arabidopsis homologue of MinD, AtMinD1. Col-
letti et al. (2000) generated AtMinD1-antisense trans-
genics, which exhibited asymmetric chloroplast divi-
sion and resulted in chloroplasts of variable size.
These results are readily explained if the chloroplast
MinD retains a function analogous to that of the
bacterial MinD. In bacteria, MinD cooperates with
MinC to form a complex that inhibits Z-ring forma-
tion at all potential division sites (PDSs), except for
the mid-cell (RayChaudhuri et al., 2000). MinD- or
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MinC-deficient E. coli mutants execute Z-ring forma-
tion at all PDSs, resulting in the formation of anucle-
ate minicells.

MinE is the third component of the eubacterial
MinCDE system and serves to prevent the MinCD
division inhibitor from blocking division at the
proper mid-cell site, while permitting it to prevent
division at other PDSs (RayChaudhuri et al., 2000).
As a result, constriction is restricted to the mid-cell in
the presence of MinC, MinD, and MinE, whereas a
lack of MinE prohibits division at all PDSs, including
the mid-cell, and results in cell filamentation similar
to that of FtsZ-deficient cells (de Boer et al., 1989).
Consistent with the above-mentioned ability (i.e. to-
pological specificity), MinE is located in a cytoplas-
mic annular structure near the mid-cell (Raskin and
de Boer, 1997; Fu et al., 2001). This MinE ring is close
to, but separate from, the Z-ring. The first indication
of the existence of MinE in chloroplasts came from
sequencing the chloroplast genome of the green alga
Chlorella vulgaris (Wakasugi et al., 1997). The C. vul-
garis chloroplast genome contains minD- and minE-
like open reading frames, which are tandemly ar-
ranged in the same order as in E. coli. The chloroplast
genome of the cryptophyte alga Guillardia theta also
encodes minD and minE in the same gene order
(Douglas and Penny, 1999). Despite these examples,
no recognizable minE homologs have yet been found
in any chloroplast genome of land plants, including
Arabidopsis (Sato et al., 1999). This suggests that
gene transfer of minE has occurred, from the chloro-
plast to the nucleus, during the evolution of plants.

In this paper, we describe the identification of a nu-
clear gene of Arabidopsis, AtMinE1, which encodes a
chloroplast protein homologous to MinE. This is the
first report on the characterization of MinE from
eukaryotes. Tissue-specific activation of the AtMinE1
promoter was observed using a �-glucuronidase
(GUS) reporter assay. Furthermore, overexpression
of AtMinE1 disrupted chloroplast division, suggest-
ing a conserved function of MinE in eubacterial and
chloroplast division.

RESULTS

Identification of a Nuclear-Encoded MinE Homolog
Carrying a Transit Peptide

Using the TBLASTN algorithm (Altschul et al.,
1990), we searched all of the Arabidopsis genomic
DNA sequences available in the GenBank database
using the G. theta chloroplast MinE (accession no.
AAC35620) as a query sequence, and found a puta-
tive minE gene within the BAC clone F23O10 from
chromosome I. This potential gene (F23O10.25) was
predicted to contain an intron of 874 bp and to en-
code a polypeptide of 229 amino acids, whose central
region (127–194) showed a 30% identity and 60%
similarity with the MinE (Ssl10546) from the cya-
nobacterium Synechocystis sp. PCC6803 (accession no.

Q55899). The predicted open reading frame and
splice site of this gene were confirmed by obtaining
the full-length sequence of the cDNA using a PCR-
aided strategy (see “Materials and Methods”). This
gene was designated AtMinE1 (accession no.
AB046117), in accordance with the previously used
nomenclature for Arabidopsis homologues of bacte-
rial cell division genes, such as AtFtsZ1/2 or AtMinD1.
No other sequences closely related to minE were found
in the Arabidopsis genome database, even after the
release of the complete genome sequence (Arabidopsis
Genome Initiative, 2000), indicating that AtMinE1 is a
unique gene.

Normally, MinE from eubacteria and algal chloro-
plasts is a small protein composed of about 90 aa. In
comparison, AtMinE1 possesses a long N-terminal
extension of about 110 aa and a short C-terminal
extension of about 30 aa (Fig. 1A). Construction of a
phylogenetic tree of eight MinE sequences from
wide-ranging eubacteria, algal chloroplasts, and Ara-
bidopsis revealed a close relationship between
AtMinE1 and the MinE protein of Synechocystis sp.
and algal chloroplasts (Fig. 1B). This suggested a
cyanobacterial/chloroplast origin of the nucleus-
encoded AtMinE1. The very N-terminal 50-amino ac-
ids region of AtMinE1 possesses features typical of
chloroplast transit peptides (Keegstra et al., 1989),
such as Ala at the second residue, richness in
hydroxylated residues (Ser and Thr; 30%), and a
deficiency in acidic residues (Asp and Glu; 4%). In
addition, computer programs that predict the sub-
cellular localization of proteins, such as PSORT (old
version; Nakai and Kanehisa, 1992), ChloroP (ver-
sion 1.1; Emanuelsson et al., 1999), TargetP (version
1.01; Emanuelsson et al., 2000), and Predotar (ver-
sion 0.5; http://www.inra.fr/Internet/Produits/
Predotar/), unanimously concluded that there
was a high probability for chloroplast targeting of
AtMinE1. To determine whether the N-terminal
extension of AtMinE1 could function as a transit
peptide, we constructed an expression vector,
pMinE-TP-GFP, consisting of 97 amino acids from
the AtMinE1 N terminus fused to the N terminus of
the green fluorescence protein (GFP) under the con-
trol of the cauliflower mosaic virus (CaMV) 35S pro-
moter. This construct was introduced into tobacco
(Nicotiana tabacum) leaf trichome cells by particle
bombardment. As a result, transiently expressed chi-
meric GFP was localized exclusively in chloroplasts,
whereas non-fused GFP was observed only in the
cytoplasm and the nucleus (Fig. 2). Thus, the N ter-
minus of AtMinE1 has the ability to carry this protein
into chloroplasts.

The MinE protein of E. coli contains two separable
functional domains: the N-terminal anti-MinCD
domain (AMD), which is necessary and sufficient for
counteracting MinCD activity, and the C-terminal
topological specificity domain (TSD), which is essen-
tial for mid-cell localization of MinE (King et al.,
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Figure 1. Alignment and phylogenetic relationship of MinE proteins. A, Sequence alignment performed with CLUSTAL W
(ver. 1.8; Thompson et al., 1994) using the default parameters shown at the web site http://searchlauncher.bcm.tmc.edu/
multi-align/Parameters/clustalw.html. The database accession numbers are as follows: Arabidopsis (AB046117), C. vulgaris
chloroplast genome (chlorophyte; P56350), G. theta chloroplast genome (cryptophyte; AAC35620), Synechocystis sp.

(Legend continues on facing page.)
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2000). Sequence alignment of AtMinE1 with other
MinE sequences revealed that, within the central core
region of AtMinE1, an N-terminal domain corre-
sponding to the E. coli AMD is well conserved,
whereas a C-terminal domain corresponding to the E.
coli TSD is poorly conserved (Fig. 1A). Asp-45 and
Val-49 of the E. coli MinE TSD were recently shown to
form a D2V2 tetrad at the center of an antiparallel
coiled-coil within the homodimeric TSD, and to be
directly involved in the topological specificity func-
tion of MinE, but not in its homodimerization (King
et al., 2000). In fact, Asp-45 (or Glu) and Val-49 are
strictly conserved in all currently available MinE se-
quences from eubacteria, cyanobacteria, and the G.
theta chloroplast, and thus appear to be key func-
tional residues for the topological specificity. Never-
theless, both Asp-45 (Glu) and Val-49 are no longer
conserved in either AtMinE1 or the C. vulgaris chlo-
roplast MinE. These results suggest functional con-
servation of the AMD and evolutionary divergence
of the TSD function in AtMinE1.

Specific Activation of the AtMinE1 Promoter at the
Shoot Apex

To monitor tissue-specific expression of the
AtMinE1 gene in situ, a 1.6-kb genomic DNA frag-
ment from the 5� end of the gene was transcription-
ally fused to the uidA reporter gene in the binary
plasmid pBI101, and the resultant construct, pMinE-
GUS, was introduced into Arabidopsis to yield sta-
ble transformants. The transgenic lines were ex-
pected to express GUS with no additional amino
acids at the N terminus, under cis-acting control of
the AtMinE1 upstream sequence. Of the 33 indepen-
dent kanamycin-resistant plants obtained, at least 20
lines exhibited GUS activity. Seven-day-old seed-
lings of the GUS-positive plants were analyzed (Fig.
3, A–D). Strong GUS activity was detected in the
shoot apices of these plants. The veins of the cotyle-
dons were modestly stained, whereas very weak
staining was observed at other regions of the cotyle-
dons and tip margins of emerging leaves. Blue GUS
staining was confined to green tissues in young seed-

Figure 1. (Legend continued from facing page.)
PCC6803 (cyanobacterium; BAA10661), E. coli (�-proteobacterium; AAB59063), Neisseria meningitidis (�-proteobacte-
rium; CAB83414), Helicobacter pylori (�-proteobacterium; AAD05906), and Deinococcus radiodurans (member of Ther-
mus/Deinococcus group; Q9RWB8). An arrow shows the position of the intron site in the AtMinE1 gene. Letters on black
(gray) background show the residues identical (similar) to the consensus that is formed by four or more identical (similar)
residues within the same column. The consensus residues are shown in the bottom row in lowercase except where a perfect
consensus is shown in uppercase. The N-terminal region of AtMinE1, which was N terminally fused to GFP for the
subsequent localization study, is underlined. The locations of the AMD and TSD in the E. coli protein are indicated by the
double-headed arrows. Positions of the conserved residues, Asp-45 (Glu) and Val-49, critical for the topological specificity
function in E. coli MinE (King et al., 2000) are indicated by dots. B, Unrooted phylogenetic tree of amino acid sequences
of MinE proteins, constructed using the neighbor-joining method (Saitou and Nei, 1987; GENETYX-MAC version 11.0.2,
Software Development, Tokyo). Relatively conserved amino acids corresponding to amino acid 121 through 193 of AtMinE1
in the above alignment (A) were utilized for tree construction. Substitutions per amino acid position and bootstrap
confidence values (%) based on 500 replications are shown for each clade.

Figure 2. Chloroplast localization of GFP fused
with the N-terminal region of AtMinE1. The fu-
sion protein was transiently expressed under the
CaMV35S promoter in tobacco leaf trichome
cells. GFP signals and chlorophyll autofluores-
cence were observed with a confocal laser scan-
ning microscope. Fluorescence images of GFP
(A and D; green), chlorophyll (B and E; red), and
merged images (C and F) for non-fused GFP
(A–C) or the chimeric GFP with AtMinE1 (D–F)
are shown. Scale bar represents 20 �m.
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lings, and was undetectable in roots (Fig. 3A), with
the exception of one line (data not shown). In mature
plants, blue staining was visible in leaves, sepals,
siliques, and anthers (Fig. 3, E–H). The GUS activity
in siliques was limited to the tip and base (Fig. 3F),
and stems showed only weak activity in some areas.
Staining of the stigma was not observed in some of
the transgenic lines (data not shown). Strong GUS
expression was observed in pollen grains inside the
anthers (Fig. 3H). Because only weak activity was
observed in developing anthers of the floral buds
(Fig. 3E), AtMinE1 expression may only be active in
the late stages of pollen development.

Disruption of Chloroplast Division Caused by
Overexpression of MinE

To examine the role of MinE in higher plant cells,
we transformed Arabidopsis with the entire coding

region of the AtMinE1 cDNA under the control of the
constitutive CaMV35S promoter. Ten independent
lines, named mEs (for minE-sense), that expressed
AtMinE1 ectopically were obtained. Quantitative re-
verse transcription (RT)-PCR revealed that the mEs
plants had 7- to 120-fold increases in AtMinE1 RNA
levels over wild type (Fig. 4). The mEs lines appeared
normal, when compared with the wild-type plants,
with respect to outward appearance, growth, flower-
ing, and fertility (data not shown). Nevertheless, mi-
croscopic observations revealed that the size, mor-
phology, and number of chloroplasts within the cells
of T1 mEs plants were abnormal (Figs. 5 and 6). The
chloroplasts and their DNA (nucleoids) were simul-
taneously examined by fluorescence microscopy by
staining resin-embedded leaf sections with 3,3�-
dihexyloxacarbocyanine iodide (DiOC6) and 4�,6-
diamidino-2-phenylindole (DAPI; Fujie et al., 1994;
Nagata et al., 1999). In mesophyll cells, the chloro-
plasts were much larger and fewer in number than in
wild-type plants (Fig. 5). The extent of enlargement
and the decline in numbers of chloroplasts varied
between cells, even within the same tissue. In the
most extreme case, a single giant chloroplast occu-
pied the majority of the cell volume. Even less af-
fected cells contained five or fewer chloroplasts.
Chloroplast shape was also aberrant, and varied
from the normal lens shape to snaky, cup shaped, or
multilobed. Despite the aberrant morphology of the
chloroplasts, their nucleoids were small and uni-
formly dispersed throughout the stromal region (Fig.
5A), which is characteristic of photosynthetically
competent plastids of higher plants (Kuroiwa, 1991).
Chloroplasts of cotyledons, hypocotyls, and petioles
were also visualized by chlorophyll autofluorescence

Figure 4. Relative levels of AtMinE1 transcript in wild-type and mEs
plants (with wild type � 1) determined by quantitative RT-PCR.
Fluorescence for AtMinE1 in each sample was normalized to the 18S
control.

Figure 3. Histochemical GUS staining of AtMinE1 promoter::uidA-transgenic Arabidopsis plants. GUS staining patterns are
shown for whole seedlings (A–C), a section of meristematic region of a seedling (D), and plant organs (E–H); cauline leaf and
inflorescence (E), silique (F), open flower (G), and anther at higher magnification (H). C represents an enlargement of the
boxed area in B. c, Cotyledon; l, leaf. Scale bars represent 1 mm.
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and were similarly affected (i.e. enlarged and re-
duced) by overexpression of AtMinE1 (data not
shown). These phenotypes were inherited in the T2
progeny.

The chloroplast ultrastructure of mEs plants was
examined by transmission electron microscopy (Fig.
6A). The profiles of the mEs chloroplasts appeared
extremely elongated and distorted, meandering
throughout a large part of the cytoplasm, confirming
the results of fluorescent microscopy. Despite such
extraordinary profiles, mEs chloroplasts still retained
a well-developed thylakoid membrane system,
which was arranged parallel to the long axis of the
chloroplast and had an undulating structure that
mirrored the undulations in the chloroplast surface.
The arrangement of membranes into grana and inter-
granal lamellae resembled that of wild-type chloro-
plasts, suggestive of normal photosynthetic ability.
The morphology of mitochondria was also observed
in these samples by transmission electron micros-
copy; it appeared normal with respect to shape, size,
and internal membrane structure (i.e. cristae), and
was indistinguishable from that of wild-type mito-
chondria (Fig. 6, C and D). This implies that mito-
chondrial division was not affected by overexpres-

sion of AtMinE1, although an accurate count of
mitochondrial numbers was not obtained.

To further investigate the role of MinE in chloro-
plast division, we constructed a transformation vec-
tor containing the coding region of AtMinE1 cDNA in
the antisense orientation under the control of the
CaMV35S promoter. This vector was introduced into
Arabidopsis plants, resulting in the generation of 11
kanamycin-resistant T1 plants. Ten of these T1 plants
and their T2 progenies were no different from wild-
type plants with respect to size, shape, and number
of chloroplasts (data not shown). Only one remaining
T1 plant produced T2 progeny, which displayed a
striking reduction in chloroplast number (data not
shown). However, owing to the paucity of AtMinE1
antisense lines showing this phenotype, we could not
definitively conclude that repressed expression of
AtMinE1 disrupts chloroplast division.

DISCUSSION

ftsZ and minD are the most well conserved among
prokaryotic cell division genes, and are present in
most species of prokaryotes (Margolin, 2000). Given
the eubacterial origins of chloroplasts and mitochon-

Figure 5. Subcellular phenotypes of mEs plants. Thin sections of the foliage leaves of Arabidopsis, simultaneously stained
with DAPI (A and B) and DiOC6 (C and D), were observed by epifluorescence microscopy. The fluorochrome DiOC6 stains
membranous organelles, including chloroplasts, in fixed tissues. Cells from mEs (A and C) and wild-type (B and D) seedlings
are shown. Scale bar represents 20 �m.
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dria, it is not unexpected that FtsZ homologs are also
utilized for division of chloroplasts (Osteryoung et
al., 1998; Strepp et al., 1998) and mitochondria (Beech
et al., 2000; Takahara et al., 2000), or that MinD
regulates chloroplast division (Colletti et al., 2000;
Kanamaru et al., 2000). In contrast to FtsZ and MinD,
MinE is not present in the majority of characterized
species (Margolin, 2000). The present study demon-
strated for the first time that MinE is also utilized for
chloroplast division, despite its dispensable nature
among prokaryotes.

Transient expression of the AtMinE1 N terminus:
GFP fusion indicates that AtMinE1 is targeted to chlo-

roplasts (Fig. 2). Because AtMinE1 is predicted to be
soluble, lacking both a membrane-spanning hydro-
phobic region and a lumenal targeting domain, this
protein is likely a stromal one. In E. coli, it was previ-
ously shown that a biologically active MinE:GFP fu-
sion protein accumulates near the middle of the cells
in a ring-like structure that appears to be associated
with the plasma membrane (Raskin and de Boer,
1997). Recent time-lapse studies of MinE:GFP localiza-
tion unveiled a more dynamic nature of the MinE
ring structure, which undergoes a repetitive cycle of
movement first to one cell pole and then to the op-
posite pole (Fu et al., 2001; Hale et al., 2001). There-

Figure 6. Ultrastructure of mEs macro-chloroplasts. Electron micrographs of leaf mesophyll chloroplasts (A and B) and
mitochondria (C and D) from mEs (A and C) and wild-type (B and D) plants are shown.
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fore, it is likely that AtMinE1 localizes in a confined
subregion(s) inside the chloroplast inner envelope,
rather than distributing uniformly throughout the
stromal region. To complicate matters, Kiessling et al.
(2000) reported that in chloroplasts of the moss P.
patens, transiently expressed FtsZ:GFP assembles into
a basket-like framework, appearing to scaffold the
entire chloroplast envelope from the stromal side. This
FtsZ network, referred to as a plastoskeleton, may be
involved in the maintenance of the structural integrity
of chloroplasts, rather than in chloroplast division per
se. Complementing the P. patens study, Vitha et al.
(2001) observed that chloroplast Z-rings formed at the
mid-plastid division site in Arabidopsis. E. coli MinE
localizes in an annular structure near the Z-ring and
excludes the FtsZ-inhibitory MinCD complex from the
mid-cell to permit Z-ring assembly. Therefore, it is
possible that the chloroplast MinE also assembles into
an intra-organellar network near the FtsZ plastoskel-
eton, or into a mid-plastid ring juxtaposed with the
stromal Z-ring, to exclude chloroplast MinD from the
plastoskeleton/Z-ring. To explore this hypothesis, we
are currently preparing a full-length version of the
AtMinE1:GFP fusion vector and anti-AtMinE1-
peptide antibodies.

GUS reporter assay is a convenient way to obtain
spatial information on promoter activity qualita-
tively, although the intensity of GUS staining does
not necessarily correlate with the actual product
level. To unambiguously define the AtMinE1 protein
levels in distinct tissues, anti-AtMinE1 antibodies
would be used for quantitative immunoblotting in
our future study. The currently available data from
the GUS assay suggest that the AtMinE1 promoter is
mainly activated at the shoot apex in young seedlings
(Fig. 3, A–D), where active cell division occurs. This
high expression of AtMinE1 at the shoot apex may be
required for the coordination of proplastid division
and cell division, because the rate of proplastid divi-
sion must be at least the same as the rate of cell
division to maintain plastid continuity. Detailed
studies of the AtMinE1 promoter, utilizing cultured
cells, may pave the way for a new understanding of
the mechanism that couples chloroplast division to
cell division. In contrast to the specific activation of
the AtMinE1 promoter at the shoot apex, no pro-
moter activity was detected in root apical meristems
(Fig. 3A). This implies that root plastids (amyloplasts
and leucoplasts) require another set of molecular
components for their effective division, which differs
from (but may partially overlap) that required for
chloroplast division. Further analysis of AtMinE1
may also elucidate this variation in plastid division
machinery that depends on the plastid type. In ma-
ture plants, the AtMinE1 promoter was activated in
green tissues of the leaves, sepals, and siliques, and
inside the anthers (Fig. 3, E–H). These observations
indicate that AtMinE1 primarily functions within the
chloroplasts of green tissues. The biological signifi-

cance of the specific expression of the AtMinE1
promoter::uidA in anthers is currently difficult to ex-
plain. However, Mori and Tanaka (2000) reported
that high expression of a lily (Lilium longiflorum) ftsZ
occurs in plastid-deficient generative cells. This sug-
gests that the eubacteria-derived system has un-
known functions besides chloroplast division in
these cells.

Overexpression of minE within E. coli led to the
formation of anucleate minicells, consistent with the
MinCDE division site selection model (de Boer et al.,
1989). In contrast, overexpression of AtMinE1 in Ara-
bidopsis produced enlarged chloroplasts, possibly
caused by the inhibition of chloroplast division (Figs.
5 and 6). In addition, we did not find any chloroplast
heterogeneity within a single mEs cell, as was seen
with AtMinD1 antisense plants (Colletti et al., 2000).
The eubacterial MinCDE model predicts that overex-
pression of minE should have the same effect on
chloroplast division as does repression of minD, and
vice versa. The apparent contradiction between this
prediction and our observations of the mEs lines may
reflect only a superficial, rather than a crucial, differ-
ence. High-level expression of ftsZ in E. coli inhibits,
rather than accelerates, cell division (Ward and Lut-
kenhaus, 1985). Similarly, Dai and Lutkenhaus (1992)
and Dewar et al. (1992) stressed the importance of the
proper balance between FtsZ and its interacting part-
ner FtsA for normal cell division, because inhibition
of cell division due to increased FtsZ could be sup-
pressed by increased FtsA and vice versa. In addi-
tion, overexpression of FtsZ1 or FtsZ1:GFP in Arabi-
dopsis inhibited chloroplast division, in proportion
to its protein level (Stokes et al., 2000; Vitha et al.,
2001), rather than the formation of increased mini-
chloroplasts, as predicted by the eubacterial model.
Combined, it appears that a proper balance is re-
quired between Fts, Min, and other division proteins
to facilitate cell or chloroplast division. An alterna-
tive explanation is that the function of the chloroplast
MinE is different from that of the E. coli (or eubacte-
rial) MinE. Complete genome sequencing of Synecho-
cystis sp. (Kaneko et al., 1996) and Arabidopsis (Ara-
bidopsis Genome Initiative, 2000) has revealed the
presence of a MinC homolog in Synechocystis sp. and
its absence in Arabidopsis. Consequent to its absence,
chloroplast MinD or MinE in plants may have ac-
quired a novel function(s).

Finally, chloroplast targeting of AtMinD1 (Colletti
et al., 2000; Kanamaru et al., 2000) and AtMinE1 (this
study; Fig. 2) raises a crucial problem: If these pro-
teins define the site of assembly of the outer cytosolic
PD ring, then there must be a means of transmitting
topological information across the double mem-
branes of the plastid envelope. In the alga C. merolae,
a middle PD ring has been observed in the intermem-
brane space, in addition to the inner stromal and
outer cytosolic PD rings (Miyagishima et al., 1998).
Although this has not been observed in other organ-
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isms, such a structure could have a role in transmit-
ting topological information from the stromal MinDE
system to the cytosolic PD ring.

MATERIALS AND METHODS

Plant Materials

Seeds of Arabidopsis ecotype Columbia were purchased
from Lehle Seeds (Round Rock, TX) and used throughout
in this work.

Isolation of the AtMinE1 cDNA Clone

The oligonucleotides mE-F 5�-GTCGACCCGGGCGAG-
CAATTTCAAGTTTCTCGG-3� and mE-R 5�-CCCGGGC-
TGTCTTTGTTCCCTCCAGACTAAAC-3�, with an SmaI re-
striction site (underlined), were used to amplify AtMinE1
cDNA from an Arabidopsis MATCHMAKER cDNA Li-
brary (CLONTECH, Palo Alto, CA) using the Expand High
Fidelity PCR System (Roche Diagnostics, Mannheim, Ger-
many). The PCR product was subcloned into a pCRII vec-
tor (Invitrogen, Carlsbad, CA) to produce pCRIImE and
then sequenced with an ABI PRISM 310 Genetic Analyzer
(Applied Biosystems, Foster City, CA). To determine both
the 5� and 3� ends of the AtMinE1 cDNA, the first PCR was
carried out with the vector primer GAD10F1 5�-GGACG-
GACCAAACTGCGTATAACGCG-3� and the cDNA-spe-
cific primer mE-R2 5�-CCCGGGCCAGCAAATAAAT-
CTAAGACTGTGCC-3� for the 5� end, or with the vector
primer GAD10R1 5�-CAAACCTCTGGCGAAGAAGTC-
CAAAGC-3� and the cDNA-specific primer mE-F for the 3�
end, using the Arabidopsis cDNA library as template. The
PCR products were size fractionated by agarose gel electro-
phoresis and DNA fragments of the appropriate length were
purified with a QIAquick Gel Extraction Kit (Qiagen,
Hilden, Germany). Using the purified DNA fragments as a
template, a second PCR was performed with the vector
primer GAD10F2 5�-CGATGATGAAGATACCCCAC-
CAAACCC-3� and the cDNA-specific primer mE-5R 5�-
GAGAGTTCCAGAAGACATCGCC-3�, for the 5� end, or
with the vector primer GAD10R2 5�-CGATGCACAGTT-
GAAGTGAACTTGCGG-3� and the cDNA-specific primer
mE-3F 5�-CCAGAGTGATGAAAAGGCACAGTC-3�, for the
3� end. The products were subcloned and the clones con-
taining the longest insert of five arbitrarily chosen clones
were subjected to sequencing for each end.

Stable Plant Transformation and Selection

Plasmids were transferred from Escherichia coli to
Agrobacterium tumefaciens strain C58C1 using the triparen-
tal mating procedure (Walkerpeach and Velten, 1994). Ara-
bidopsis was infected with A. tumefaciens containing the
plasmid using the floral dip method (Clough and Bent,
1998). Transformed seeds were selected on one-half-
strength Murashige and Skoog medium (Murashige and
Skoog, 1962) containing 50 �g mL�1 of kanamycin and 100
�g mL�1 of cefotaxime.

Expression and Visualization of an AtMinE1:GFP
Fusion in Living Plant Cells

GFP was used as a reporter to examine the subcellular
localization of AtMinE1 (Chiu et al., 1996). A cDNA frag-
ment encoding the N-terminal 97-aa sequence of AtMinE1
was amplified by PCR with an oligonucleotide primer set
with restriction sites (underlined) ME-SalI 5�-AAGGTC-
GACTTCTCCGGCGAGCAATT-3� and ME-NcoI 5�-AAC-
CCATGGTGATGGCATTATAGAGAAAG-3�. The PCR
product (0.3 kb) was digested with SalI and NcoI, and ligated
into SalI-NcoI-digested CaMV35S-sGFP(S65T)-nos vector
(Isono et al., 1997; provided by Dr. Yasuo Niwa, University
of Shizuoka, Japan) to yield the construct pMinE-TP-GFP.
This construct was introduced into young leaf cells of
tobacco (Nicotiana tabacum cv Xanthi) with a particle bom-
bardment device (Biolistic PDS-1000/He; Bio-Rad, Her-
cules, CA) with DNA-coated, 1.0-�m gold particles (Bio-
Rad). Gold particles were coated by precipitating 20 �g of
purified plasmid DNA (10 �L) onto 50 �L of suspended
gold particles with 50 �L of 2.5 m CaCl2 and 20 �L of 0.1 m
spermidine, followed by washing with ethanol. Bombard-
ment was performed at a helium pressure of 1,100 p.s.i.
(pound-force per square inch) with a vacuum of 27 inches
of Hg in the chamber, and a distance to the target tissues of
6 cm. After bombardment, leaves were incubated for 2 d at
28°C before observation with a confocal laser scanning
microscope (TCS-NT, Leica Microsystems, Heidelberg) or a
fluorescence microscope (IX70, Olympus, Tokyo) with a
color CCD camera (DP50-C, Olympus) attachment. For
confocal microscopy, GFP was excited at 488 nm with an
argon/krypton laser. Recorded images of GFP and chloro-
phyll were imported into the RGB channels of Adobe Pho-
toshop (Adobe Systems, San Jose, CA), and merged images
were processed.

Analysis of AtMinE1 Promoter Activity Using a uidA
(GUS) Reporter

GUS was used as a reporter to study the tissue-specific
expression of AtMinE1. A 1.6-kb Arabidopsis genomic
DNA sequence upstream from the AtMinE1-coding region
was fused to the GUS gene (uidA) as a transcriptional
fusion. The 1.6-kb genomic DNA fragment was amplified
by PCR using oligonucleotides containing SalI and BamHI
restriction sites, digested with BamHI and SalI, and ligated
into these sites in the vector pBI101 to yield pMinE-GUS.
pMinE-GUS was used for stable transformation of Arabi-
dopsis using A. tumefaciens as described above. GUS stain-
ing was performed with intact seedlings or excised plant
organs, essentially as described (Jefferson, 1987). Plant
tissues were soaked in staining buffer (50 mm sodium
phosphate [pH 7.0], 10 mm EDTA, 0.5 mm potassium fer-
rocyanide, 0.1% [v/v] Triton X-100, 2% [v/v] dimethyl
sulfoxide, and 0.7 mm 5-bromo-4-chloro-3-indoryl-�-d-
glucuronide [X-Gluc; Nacalai tesque, Kyoto]) and incu-
bated at 37°C for 24 h. These were cleared of chlorophyll in
a graded ethanol series, and observed under a stereomi-
croscope (SZH10, Olympus) with a digital camera (HC-300,
Fujifilm, Tokyo) attachment. For detailed observation,
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stained materials were embedded in 5% (w/v) agar, sec-
tioned at 80 �m with a microslicer (DTK-1000, DOSAKA,
Kyoto), and observed under a microscope (IX70, Olympus).

Construction and Microscopic Observations of
AtMinE1-Overexpressing Transgenic Arabidopsis

To overexpress the entire coding region of AtMinE1 under
the control of the CaMV35S promoter in Arabidopsis, a
cDNA fragment was PCR amplified from pCRIImE using
oligonucleotides mE-F and mE-SacR 5�-AGACAAGAT-
GAGCTCCAGCAAATAAATCTAAGACTGTG-3�. This
fragment was digested with SmaI and SacI and ligated into
the same restriction sites of pBI121 (TOYOBO, Tokyo) to
yield pBImEs. pBImEs was used for stable transformation
of Arabidopsis with A. tumefaciens as described above.
Kanamycin-resistant T1 seedlings of mEs lines were grown
on selection plates for 2 weeks, and then transplanted to
soil (Golden Peatban, Sakata Seed, Yokohama, Japan). Us-
ing a razor blade, leaf sections were cut from plants that
had been grown for 1 week in soil and were processed for
microscopy as follows.

Fluorescence Microscopy

Samples were fixed in 4% (w/v) paraformaldehyde,
buffered with 20 mm sodium cacodylate (pH 7.2) for 20 h at
4°C, dehydrated through an ethanol series, and then em-
bedded in Technovit 7100 resin (Kulzer and Co.,
Wehrheim, Germany). Thin sections (0.6 �m thick) were
cut with a glass knife on an ULTRACUT UCT ultramic-
rotome (Leica, Wien, Austria), placed on cover slips, and
dried. Sections were stained with 100 �g mL�1 DiOC6 in
ethanol for 30 s, washed in 70% (v/v) ethanol for 10 s, and
in distilled water for 10 s, before further staining with 1 �g
mL�1 DAPI, as described previously (Fujie et al., 1994;
Nagata et al., 1999). The samples were observed with an
Olympus IX70 microscope.

Electron Microscopy

Samples were fixed in 4% (w/v) glutaraldehyde, buff-
ered with 20 mm sodium cacodylate (pH 7.0) for 20 h at
4°C, and then washed with the same buffer for 4 h at 4°C.
Samples were post-fixed in 2% (w/v) osmium tetroxide in
20 mm cacodylate buffer (pH 7.0) for 20 h at 4°C. The fixed
samples were run through an alcohol series and embedded
in Spurr’s resin (Spurr, 1969). Ultrathin sections were cut
with a diamond knife on an ultramicrotome and trans-
ferred to Formvar-coated grids. They were double stained
with 1% (w/v) uranyl acetate for 15 min at 37°C and with
lead citrate solution for 10 min at room temperature. After
washing with distilled water, the samples were observed
with a JEM-2000 FX II electron microscope (JEOL, Tokyo).

Measurement of AtMinE1 RNA Levels by
Quantitative RT-PCR

Total RNA was isolated from the wild type or from
independent mEs lines (T2) grown on kanamycin-free Mu-

rashige and Skoog medium for 2 weeks, using SV Total
RNA Isolation System (Promega, Madison, WI). A SUPER-
SCRIPT First-Strand Synthesis System for RT-PCR (Life
Technologies, Rockville, MD) was used for RT reaction.
PCR primers and TaqMan Probes were designed by using
the program Primer Express ver.1.5 (Applied Biosystems) as
follows. Primers for AtMinE1 were 5�-CGCATCAA-
GAAGAAGCTCCAA-3� (forward) and 5�-CCTGTCGGAG-
AAGAGGATCATC-3� (reverse), and the TaqMan Probe was
5�-FAM-CAAGAATTGCAAAGCAGCGGCTCA-TAMRA-
3�. Primers for 18S ribosomal RNA (used as a control) were
5�-CGGCTACCACATCCAAGGA-3� (forward) and 5�-
GCTGGAATTACCGCGGCT-3� (reverse), and the TaqMan
Probe was 5�-VIC-CAGCAGGCGCGCAAATTACCCA-
TAMRA-3�. The RT products were added to the recom-
mended PCR master mix, 10 �m primers, and 5 �m TaqMan
probe. PCR was performed in sextuplicate on the ABI
PRISM 7700 Sequence Detection System (Applied Biosys-
tems). The amplification conditions were 1 cycle for 2 min at
50°C and 10 min at 95°C, followed by 40 cycles for 15 s at
95°C and 1 min at 60°C. A dilution series of the pCRIImE
DNA was used to generate a standard curve. AtMinE1
product was normalized by using 18S as an endogenous
control and calculated relative to wild-type message levels.
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