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Among the products of the genome sequencing
revolution are dramatic new insights into the evolu-
tionary basis for cellular structure-function relation-
ships. An example of this is the information begin-
ning to accumulate regarding the key players and
processes involved in the division of chloroplasts in
plant cells and, more recently, in the division of
mitochondria. Both types of organelles arose from
prokaryotic endosymbionts related most closely to
modern-day Cyanobacteria in the case of chloro-
plasts (McFadden, 1999), and a-proteobacteria in the
case of mitochondria (Gray et al., 1999; Lang et al.,
1999). Though most of the genetic functions present
in the original endosymbionts have been transferred
to or taken over by the nucleus (Martin and Herr-
mann, 1998), the prokaryotic signatures of many
organellar processes are still evident in the similar-
ities of the associated proteins to those in extant
prokaryotes.

In the case of chloroplast division the discovery
that a homolog of a key bacterial cell division protein
was encoded in the nuclear genome of Arabidopsis
and that it was targeted to the chloroplast was the
first clue that plastid division in plants was evolu-
tionarily and mechanistically related to prokaryotic
cell division (Osteryoung and Vierling, 1995). Subse-
quent work has shown experimentally an essential
role for FtsZ and another endosymbiotically acquired
gene, MinD, in the division of chloroplasts in land
plants (Osteryoung et al., 1998; Strepp et al., 1998;
Colletti et al., 2000). Because FtsZ is encoded by an
ancient gene family and was presumably present in
the prokaryotic precursors of both chloroplasts and
mitochondria (Erickson, 1997; Osteryoung and Pyke,
1998), it was assumed that this protein would also be
a critical player in the division of mitochondria.
However, this expectation was not met until a recent
study by Beech and colleagues (2000) revealed the
existence in a chromophyte alga of a nuclear-encoded
FtsZ protein closely related to the a-proteobacterial
FtsZs and localized in the mitochondrion. This com-
mentary highlights this and other recent studies,
which together indicate that the evolution of organelle
division mechanisms in eukaryotes has taken at least a
few different paths, all of which may be leading to the
same end.

FtsZ IN PROKARYOTIC CELL DIVISION

The gene encoding FtsZ was originally identified
as a mutation in Escherichia coli that conferred a
temperature-sensitive block in cell division, resulting
in the formation of bacterial filaments (Yi and Lut-
kenhaus, 1985; Lutkenhaus, 1993). Thus, fts refers to
the phenotype filamentation temperature-sensitive.
The role of FtsZ in bacterial cell division has been
reviewed extensively (Bramhill, 1997; Erickson, 1997;
Lutkenhaus and Addinall, 1997; Nanninga, 1998;
Rothfield et al., 1999). In vivo, FtsZ assembles into a
ring at the cell midpoint on the inner surface of the
cytoplasmic membrane that constricts during cytoki-
nesis. FtsZ is now known to be structurally and evo-
lutionary related to the eukaryotic tubulins and is
presumed to be their evolutionary progenitor (Erick-
son, 1997; Faguy and Doolittle, 1998). The structure
of the FtsZ ring in vivo still has not been character-
ized, but the purified protein undergoes dynamic,
GTP-dependent polymerization into straight fila-
ments and curved conformations similar to those
formed by tubulins (Erickson, 1997). FtsZ ring forma-
tion is the earliest known step in assembly of the
bacterial cell division complex and it is essential for
the subsequent midcell localization of other cell di-
vision proteins (Margolin, 1998). Some of these latter
proteins are thought to be involved specifically in cell
wall in-growth at the division site, which is also
essential for cell division in many bacteria (Nan-
ninga, 1998). However, FtsZ is apparently capable of
mediating constriction in the absence of a cell wall in
mycoplasmas, which are wall-less bacteria with
highly reduced genomes (Lutkenhaus and Addinall,
1997). Most prokaryotes have only a single FtsZ gene,
but there are exceptions (Faguy and Doolittle, 1998).

FtsZ IN CHLOROPLAST DIVISION

Genes encoding FtsZ are now known to be present
in the nuclear genomes of divergent photosynthetic
eukaryotes, and most are highly conserved with their
cyanobacterial counterparts. In phylogenetic analy-
ses, FtsZ proteins from higher plants group into two
distinct families, FtsZ1 and FtsZ2, both of which are
essential for plastid division (Osteryoung and Pyke,
1998; Osteryoung et al., 1998). All members of the
FtsZ1 family for which full-length sequences are
available are predicted with high confidence to be
synthesized as precursors in the cytosol and targeted
to the chloroplast by virtue of a cleavable transit* E-mail osteryou@msu.edu; fax 517–355–1926.
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peptide. FtsZ2 proteins lack obvious subcellular sort-
ing signals and are postulated to be cytosolic, though
this conclusion is still tentative, as there are only
three full-length FtsZ2 genes from higher plants cur-
rently represented in the public databases. Neverthe-
less, the predicted localizations of FtsZ1 and FsZ2
correspond with electron micrographs of dividing
chloroplasts in which dense deposits termed “plastid
dividing rings” are clearly visible on both the stromal
and cytosolic surfaces of the envelope membranes at
the site of constriction (Kuroiwa et al., 1998). FtsZ1
and FtsZ2 are hypothesized to be components of the
stromal and cytosolic plastid-dividing rings, respec-
tively, and to function together in constricting the
organelle (Osteryoung et al., 1998).

In support of this model, immunofluorescence mi-
croscopy has revealed that FtsZ1 and FtsZ2 colocalize
to rings at the plastid midpoint (S. Vitha, R. McAn-
drew, and K.W. Osteryoung, manuscript in prepara-
tion), though definitive proof that the two rings are
on opposite sides of the envelope awaits higher res-
olution imaging studies. At this writing full-length
FtsZ1 and FtsZ2 sequences from a single species are
only available for Arabidopsis, but expressed se-
quence tag collections provide evidence that both
gene families are represented in other dicots, as well
as in monocots (K. Stokes and K. Osteryoung, unpub-
lished data). This suggests that plastidic and cytoso-
lic forms of FtsZ are required for plastid division in
all angiosperms.

Related FtsZ genes have also been identified in
more primitive photosynthetic eukaryotes. The moss

Physcomitrella patens has two FtsZ genes, at least one
of which is essential for plastid division (Strepp et al.,
1998). The proteins encoded by both moss genes are
most similar to the FtsZ2 sequences from higher plants
(Osteryoung et al., 1998; K. Stokes and K. Osteryoung,
unpublished data), but contain amino-terminal exten-
sions that may function as chloroplast transit pep-
tides, though this has not been shown experimen-
tally. Similar sequences have been uncovered in the
nuclear genomes of several unicellular organisms
that harbor plastids, including the red algae Cya-
nidium caldarium and Cyanidioschyzon merolae (Taka-
hara et al., 1999; Beech and Gilson, 2000), the chro-
mophyte alga Mallomonas splendens (Beech et al.,
2000), and the cryptomonad alga Guillardia theta
(Zauner et al., 2000). In the latter case the FtsZ pro-
tein is encoded in the nucleomorph, a remnant of a
nuclear genome acquired by secondary endosymbio-
sis of a red alga. All of these proteins are most similar
to plant and cyanobacterial FtsZs, and though their
subcellular localizations have not been clearly estab-
lished, their involvement in chloroplast division can
reasonably be assumed.

Stromal and cytosolic plastid-dividing rings have
been observed in unicellular algae as well as in land
plants (Kuroiwa et al., 1998; Osteryoung and Pyke,
1998; Beech and Gilson, 2000), and in the red algae,
have been characterized in considerable ultrastruc-
tural detail (Kuroiwa et al., 1998; Miyagishima et al.,
1999). However, whether plastid division in these
organisms involves both plastidic and cytosolic
forms of FtsZ, as appears to be the case in higher

Figure 1. Postulated roles of FtsZ and dynamin in organelle constriction. In the cyanobacterial and a-proteobacterial
ancestors of chloroplasts and mitochondria, FtsZ ring formation and cell wall synthesis at midcell were presumably both
essential for cell division. During organelle evolution, FtsZ was recruited to function in constriction in the lineages leading
to plants and algae, but not fungi or animals. In higher plant chloroplasts and algal mitochondria, FtsZ1 and FtsZ-mt are
localized inside their respective organelles and may be functionally analogous to bacterial FtsZ. FtsZ2 in chloroplasts, and
dynamin in yeast and animal mitochondria, are proposed to function on the cytosolic surface in organelle restriction, each
perhaps having replaced the requirement for cell wall synthesis in division of the endosymbionts. The potential participation
of cytosolic and organellar partners, respectively, of FtsZ-mt in algae, and dynamin in yeast and animals, is indicated by
question marks.
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plants, remains to be seen. Nevertheless, the occur-
rence of closely related genes in such divergent pho-
tosynthetic organisms suggests that FtsZ was en-
listed early during the evolutionary transformation
of endosymbiont to chloroplast to continue its func-
tion in the division process and that it has been
retained for this purpose in all lineages in which
chloroplasts are present.

MITOCHONDRIAL DIVISION

A very different story is emerging in the case of
mitochondrial division. Given the near-universal in-
volvement of FtsZ in cell division in prokaryotes,
including in the a-proteobacterial relatives of mito-
chondria (Lang et al., 1999; Rothfield et al., 1999), it
came as a surprise when release of the complete
sequence of the Saccharomyces cerevisiae nuclear ge-
nome (Goffeau et al., 1996) failed to reveal an obvious
FtsZ homolog in yeast. FtsZ is also missing from the
Caenorhabditis elegans nuclear genome (C. elegans
Sequencing Consortium, 1998) and the mitochondrial
genomes of both organisms, indicating that a differ-
ent mechanism for mitochondrial division has
evolved in fungi and animals that is no longer based
on FtsZ.

Recent studies reveal that the role of FtsZ in yeast
and C. elegans has been taken over at least partially by
another type of GTPase, dynamin. Dynamins were
originally shown to be required for endocytosis,
forming a collar on the outer surface of budding
vesicles that acts to pinch the vesicles off the plasma
membrane (Hinshaw and Schmid, 1995; Takel et al.,
1995; McNiven et al., 2000). In vitro, dynamin can
form rings and spirals resembling those formed by
FtsZ and tubulins (Erickson, 2000). Mutations in the
genes encoding the dynamins Dnm1p in yeast (Blea-
zard et al., 1999; Sesaki and Jensen, 1999) and Drp-1 in
C. elegans (Labrousse et al., 1999) cause morphological
abnormalities in the mitochondria consistent with de-
fective severing of the outer, but not the inner, mito-
chondrial membrane. Immunogold-labeling studies
with Dnm1p and fusions of Drp-1 to green fluorescent
protein indicate that both proteins are localized on
the cytosolic surface of the mitochondria at points
corresponding with sites of constriction (Bleazard et
al., 1999; Labrousse et al., 1999). These data indicate a
critical role for dynamins in mitochondrial fission,
providing an important insight as to how mitochon-
dria divide without FtsZ. It is intriguing that they
also suggest that distinct molecules may be involved
in severing of the inner and outer mitochondrial
membranes during division.

Although FtsZ is not involved in mitochondrial
division in yeast or C. elegans, it was almost certainly
present in the endosymbiotic progenitor of mito-
chondria. A recent study by Beech et al. (2000) has
provided evidence for what might be considered a
missing link in the evolution of mitochondrial divi-

sion mechanisms. As noted above, the single-celled
alga M. splendens contains a nuclear-encoded FtsZ
protein, FtsZ-cp, which is presumed to be involved in
plastid division. But it also contains a second FtsZ,
FtsZ-mt, which shares a high degree of similarity
with the FtsZ sequences from the a-proteobacterial
ancestors of mitochondria. Two experimental lines of
evidence support the involvement of FtsZ-mt in mi-
tochondrial division. First, when FtsZ-mt is ex-
pressed as a fusion to green fluorescent protein in
yeast cells, the fluorescence colocalizes with mito-
chondria, indicating that FtsZ-mt is targeted to the
mitochondrion. Second, immunofluorescence mi-
croscopy using antibodies directed against FtsZ-mt
shows localization of the protein to the mitochondrial
midpoint in M. splendens. Together, these two find-
ings suggest that FtsZ-mt, like FtsZ1 in chloroplasts,
works from inside the organelle, forming a ring on
the inner membrane surface in a position analogous
to that of the FtsZ ring in bacteria. Thus, bacterial
FtsZ, chloroplast FtsZ1, and FtsZ-mt appear to play
functionally equivalent roles in constriction.

A putative mitochondrial FtsZ has also been iden-
tified in the unicellular red alga C. merolae (Beech and
Gilson, 2000). Ultrastructural studies of mitochon-
drial division in this organism have shown the pres-
ence of “mitochondrial dividing rings” both inside
and outside the mitochondrion (Kuroiwa et al., 1998;
Miyagishima et al., 1998). These observations suggest
that constriction of mitochondria, like constriction of
chloroplasts, probably involves a complex of proteins
containing both organellar and cytosolic compo-
nents. The fact that Dnm1p and Drp-1 appear to be
involved in severing only the outer mitochondrial
membrane in yeast and C. elegans further suggests
that proper fission of the organelle requires separate
structures on both membranes surfaces.

WHAT DOES IT TAKE TO CLEAVE
AN ORGANELLE?

An obvious conclusion from the collective data is
that there is more than one way to sever an organelle.
Chloroplast division, at least in higher plants, ap-
pears to be accomplished by FtsZ-containing struc-
tures on both envelope surfaces. Mitochondrial divi-
sion can involve either FtsZ from the inside or
dynamin from the outside. The inference is that these
two distinct types of GTPases may have evolved
cognate functions in their capacities as organelle di-
vision proteins. This conjecture raises the broader
question of what the structural and energetic prereq-
uisites might be for cleaving organelles surrounded
by single versus double membranes. For the former it
may be sufficient that the single membranes be
brought together either by pinching from the outside,
as performed by dynamin during vesicle budding, or
by pulling from the inside, as is apparently carried
out by FtsZ in wall-less mycoplasmsas. Cleavage of
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double-membrane structures, on the other hand,
such as those present in chloroplasts and mitochon-
dria, may require both pinching from one surface and
pulling from the other, perhaps because more force is
needed for membrane invagination, or possibly as a
means of facilitating fusion of the four membrane
layers as they draw together at the very latest stages
of constriction. With loss of the cell wall as the
organelles evolved from their endosymbiotic pro-
genitors, this process might have necessitated the
evolution of a dynamic complex with cytoskeletal
properties that could assemble on both membrane
surfaces to drive fission (Fig. 1). If so, we can expect
that a cytosolic partner of FtsZ-mt (which could
even be a dynamin) and organellar partners of
Dnm1p and Drp-1 will eventually be identified. It is
interesting that a mitochondrial form of dynamin
that localizes to the matrix surface of the inner mem-
brane has recently been described in Schizosaccharo-
myces pombe (Pelloquin et al., 1999). In chloroplasts
FtsZ appears to operate on both membrane surfaces,
though this does not preclude the involvement of
dynamins or other cytoskeletal proteins as well.

Regardless of whether dividing organelles have sin-
gle or double membranes, the molecules involved in
constriction must also be able to undergo conforma-
tional changes associated with contractile movement,
i.e. a progressive increase in curvature. Dynamins
have been shown to exhibit dramatic GTP-dependent
conformational changes leading to constriction and
vesicle budding in vitro (Sweitzer and Hinshaw, 1998;
Stowell et al., 1999), and recent work on FtsZ suggests
that GTP hydrolysis may produce the force and in-
duce the curvature needed for FtsZ ring constriction
during bacterial cytokinesis (Lu et al., 2000). Whatever
the biophysical and enzymatic requirements are for
fission of either chloroplasts or mitochondria, it would
appear that both FtsZs and dynamins may be equally
up to the task.
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