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The MinCDE proteins help to select cell division sites
in normal cylindrical Escherichia coli by oscillating
along the long axis, preventing unwanted polar divi-
sions. To determine how the Min system might func-
tion in cells with multiple potential division planes, we
investigated its role in a round-cell rodA mutant.
Round cells lacking MinCDE were viable, but growth,
morphology and positioning of cell division sites were
abnormal relative to Min+ cells. In round cells with a
long axis, such as those undergoing cell division, green
¯uorescent protein (GFP) fusions to MinD almost
always oscillated parallel to the long axis. However,
perfect spheres or irregularly shaped cells exhibited
MinD movement to and from multiple sites on the
cell surface. A MinE±GFP fusion exhibited similar
behavior. These results indicate that the Min proteins
can potentially localize anywhere in the cell but tend
to move a certain maximum distance from their pre-
vious assembly site, thus favoring movement along the
cell's long axis. A new model for the spatial control of
division planes by the Min system in round cells is
proposed.
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Introduction

Bacterial cells such as those of Escherichia coli normally
divide by binary ®ssion, producing two daughter cells of
equal size. Initiation of cell division is dependent on the
formation of a polymeric ring structure, called the Z ring,
which encircles the cell at the division plane (Bi and
Lutkenhaus, 1991; Ma et al., 1996). The Z ring, which
consists of a highly conserved tubulin-like protein (FtsZ),
then recruits other cell division proteins to form a putative
cell division protein machine that completes septum
formation (Roth®eld et al., 1999; Margolin, 2000).

The mechanism for the selection of the division plane
between the daughter chromosomes is not well under-
stood. Existing evidence suggests that both the nucleoid
and the Min system play critical roles in the proper
localization of the Z ring. The nucleoid appears to have an
important negative in¯uence on Z-ring formation, keeping
Z rings away from regions of the cell that contain
unsegregated nucleoids and only allowing Z-ring forma-
tion between segregating nucleoids at midcell (Yu and
Margolin, 1999).

The Min system, which consists of the products of
three genes in the min operon (minC, minD and minE),
also has a negative role in Z-ring placement. MinC acts
to inhibit FtsZ polymerization in vitro and Z-ring form-
ation in vivo (Bi and Lutkenhaus, 1993; Hu et al., 1999;
Pichoff and Lutkenhaus, 2001). MinC oscillates from pole
to pole in E.coli, and this movement depends upon both
MinD and MinE, which also oscillate back and forth and
likely move together as a unit (Raskin and de Boer, 1997,
1999a,b; Hu and Lutkenhaus, 1999; Fu et al., 2001; Hale
et al., 2001). MinC and MinD prevent Z-ring formation
throughout the cell, whereas MinE suppresses this inhibi-
tion by MinC and MinD at the central division site,
allowing medial cytokinesis to occur (de Boer et al., 1989,
1990, 1992; Bi and Lutkenhaus, 1993). MinD movement
depends upon stimulation of its ATPase activity (de Boer
et al., 1991) by MinE at the membrane (Hu and
Lutkenhaus, 2001).

Complete deletion of the min operon (Dmin) leads to
localization of Z rings at all nucleoid-free regions (Yu and
Margolin, 1999), producing viable cells that divide at
midcell but also large quantities of nucleoid-free mini-
cells, the products of polar divisions (Adler et al., 1967).
Because polar divisions occur at the expense of medial
divisions and not in addition to them (Teather et al., 1974),
Dmin mutant cells consist of minicells and short ®laments.
Nucleoid-mediated inhibition in Dmin cells is suf®cient to
ensure cell viability by blocking Z-ring formation at all
non-polar sites except midcell (Yu and Margolin, 1999;
Sun and Margolin, 2001; Yu et al., 2001).

In normal cylindrical E.coli cells, the division site
corresponds to the location equidistant from the two cell
poles. The Min system is presumably used to extend the
inhibition of Z-ring formation from regions occupied by
nucleoids to these nucleoid-free regions of the cell
(Margolin, 2001). However, this working model for
division site placement becomes much more complex in
spherical cells. Spherical cells, in theory, do not have a
de®ned middle, but instead possess an in®nite number of
potential division planes at the point of greatest cell
diameter. Nevertheless, certain mutants of E.coli are able
to grow and divide as spheres, producing two daughter
spheres of similar size, indicating that cell division in the
spheres is still precisely controlled. Interestingly, E.coli
spheres are multinucleate and appear to divide in alternat-
ing perpendicular planes (Donachie et al., 1995; Begg and
Donachie, 1998; Zaritsky et al., 1999; de Pedro et al.,
2001; Pas et al., 2001), much like some other naturally
spherical species (Westling-Haggstrom et al., 1977;
Murray et al., 1983). Moreover, cell division is asym-
metric in these spheres, as shown by FtsZ arcs (Addinall
and Lutkenhaus, 1996; Pas et al., 2001) and cytokinetic
furrows (Begg and Donachie, 1998) on one side of the cell
during the early stages.
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The importance of the Min system in toporegulation of
the division site in bipolar, cylindrical E.coli prompted us
®rst to test whether the Min system is important for the
identi®cation of proper division sites in round cells. We
found that the Min proteins are important for selecting the
proper division plane in round cells. In addition, we found
that the pattern of Min protein movement in round cells
depends on the cell geometry, with a bias toward
movement along the cell's long axis. These results have
important implications for both the mechanism of Min
protein movement and the regulation of division planes in
cocci.

Results

The rodA Dmin mutant is viable but de®cient in
growth and division
Strain KJB24 contains a rodA amber mutation resulting in
spherical shape and an additional mutation allowing cells
to be viable in rich media (Begg and Donachie, 1998).
Strain WM1250, which is KJB24 containing a complete
deletion of the minCDE locus, was able to form colonies
but was clearly inhibited for growth relative to KJB24,
with a growth rate about half that of the parent strain
(Figure 1). Instead of producing short ®laments and
minicells like rod+ DminCDE mutants, the double mutant
strain WM1250 produced a mixture of small and large
cells with highly variable morphologies (Figure 2E and G).
Individual KJB24 cells were smaller and more uniform in
size (Figure 2A and C), with a mean area calculated from
phase-contrast images of 1.50 6 0.42 mm2, and ranged
in size from 0.75 to 2.52 mm2. In contrast, individual
WM1250 cells had a calculated mean area of 5.3 6
1.9 mm2 and ranged in size from 2.2 to 9.3 mm2, except for
the occasional minicell or bud (see below). This signi®cant
enlargement of WM1250 cells likely represents the round-
cell equivalent of short ®laments and is similar to the
enlargement of KJB28, a rodA ftsA (ts) double mutant,
at 42°C (data not shown). Unlike WM1250, however, most
KJB28 cells at the non-permissive temperature had a very
regular spherical morphology (data not shown).

Despite the apparent inhibition of cell division, the
overall viability of the rodA DminCDE double mutant
indicated that there were suf®cient chromosome-contain-
ing daughter cells produced in the population to form

colonies. In support of this idea, we often observed
mother±daughter cell pairs in which the daughter cell had
the appearance of a bud coming off the mother cell. In
many cases, DNA was clearly present in the adjoining bud
(data not shown).

In Dmin mutants of cylindrical cells, DNA-less mini-
cells comprise a high percentage of the total cells.
However, in both min± and min+ versions of KJB24,
<1±2% of cells lacked DNA staining. Therefore, unlike in
cylindrical cells, the absence of Min proteins in rodA cells
did not detectably increase the frequency of anucleate
cells. The presence of DNA in most cells of this Dmin
derivative is consistent with the multinucleate nature of
round E.coli cells (Donachie et al., 1995; Zaritsky et al.,
1999).

FtsZ structures in min+ versus min± spheres
To investigate whether the abnormal cellular morpholo-
gies and position of constrictions in WM1250 correlated
with abnormal FtsZ localization and ring structure, we
examined the localization of FtsZ in the double mutant by
using indirect immuno¯uorescence staining with af®nity-

Fig. 1. Growth curves for KJB24 (rodA, ®lled circles) and WM1250
(rodA DminCDE, open circles) grown in LB medium.

Fig. 2. Morphology and FtsZ ring localization in (A±D) KJB24 (rodA)
and (E±H) WM1250 (rodA DminCDE). Cells were grown to logarith-
mic phase, ®xed, permeabilized and incubated with anti-FtsZ poly-
clonal antibody. Two representative ®elds of cells are shown for each
strain, imaged either with phase contrast (A, C, E and G) or epi¯uores-
cence (B, D, F and H). All are at the same magni®cation. Arrows in (F)
indicate cells with apparently normal medial FtsZ rings, and the arrow
in (H) indicates an FtsZ spiral. Scale bar = 3 mm.
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puri®ed FtsZ antibody. In KJB24 (rodA) cells, FtsZ
staining was typically found at the center of the spheres,
and just one FtsZ ring or arc was present per cell (Figure 2B
and D). Although it was dif®cult to determine whether
every FtsZ structure represented a ring or an arc, at least
some of these FtsZ structures appeared to be complete
rings (data not shown). We also visualized green ¯uores-
cent protein (GFP) fusions to FtsZ expressed in living
KJB24 cells and observed ¯uorescent rings indistinguish-
able from those seen with immuno¯uorescence (data not
shown).

In WM1250, however, FtsZ localization and polymer
structure were signi®cantly more complex and correlated
well with the abnormal cellular morphologies of this strain.
Unlike KJB24, many WM1250 cells contained FtsZ spirals
and/or multiple FtsZ bands in oblique planes (Figures 2H,
arrow, and 3). FtsZ spirals or rings not perpendicular to the
cell's long axis are not normally observed in wild-type
cells, although they are sometimes seen in cells with
nucleoid defects (Sun et al., 1998; Yu and Margolin, 1999)
or a phospholipid imbalance (Mileykovskaya et al., 1998),
and often in the ftsZ26 mutant strain that makes spiral septa
(Addinall and Lutkenhaus, 1996). The abnormal locali-
zation patterns of FtsZ in WM1250 suggest that the
abnormal constrictions in this strain were directly caused
by cell wall invagination along the aberrant FtsZ struc-
tures. This idea is similar to that previously proposed for
the spiral septa formed by FtsZ26 (Addinall and
Lutkenhaus, 1996). Moreover, elongated septa containing
FtsZ were sometimes observed (Figure 3E, E¢, F and F¢);
these may be a result of delayed disassembly of FtsZ, also
observed under certain conditions in cylindrical cells
lacking the Min proteins (Yu and Margolin, 2000). We
ruled out the possibility that these defects were caused by
an FtsZ de®ciency, as the levels of FtsZ from rodA,
rodA Dmin and wild-type cylindrical cells as normalized to
total cell protein were comparable on immunoblots (data
not shown).

Despite the many cases of abnormal localization of FtsZ
in cells with aberrant morphology, about a quarter of the
WM1250 cells were symmetrical like KJB24 cells and
contained an apparently normal FtsZ ring at the cell center.
For example, the WM1250 cells indicated with arrows in
Figure 2F are clearly enlarged relative to the average
KJB24 cell, yet they have apparently normal medial FtsZ
rings that resemble FtsZ rings of KJB24 cells. Therefore,
the loss of the Min system in round cells not only permits
viability but also allows apparently normal medial place-
ment of the FtsZ ring in a signi®cant number of cells. This
suggests that another factor, possibly nucleoid occlusion,
must regulate division site placement in spheres to prevent
FtsZ localization from being random in all cells in the
absence of the Min system. These characteristics are very
similar to the case of cylindrical Dmin mutant cells, many
of which divide normally at midcell but which also
assemble FtsZ rings in all nucleoid-free spaces (Yu and
Margolin, 1999).

Back-and-forth oscillation of GFP±MinD in round
cells with a long axis
To understand how the Min system might be involved in
division plane speci®cation, as well as to investigate how
the Min proteins might move in more than one dimension,
we monitored the movement of GFP±MinD in KJB24 cells
immobilized in LB medium containing 1% agarose. This
GFP±MinD construct was present either on a multicopy
plasmid (pWM1255) or in single copy at the l attachment
site and contained the intact minE gene downstream in
its normal context. The single-copy fusion construct
WM1534 is essentially the same as a GFP±MinD fusion
shown previously to be fully functional and to oscillate
from pole to pole (Raskin and de Boer, 1999b). We
veri®ed that this fusion, expressed either in single copy or
from a plasmid in cylindrical E.coli cells, resulted in
typical pole-to-pole oscillation (data not shown).

Fig. 3. Details of abnormal FtsZ structures in WM1250. Cells were prepared as described in the legend to Figure 2. (A±F) Phase-contrast images of
each cell or cells. (A¢±F¢) Corresponding immuno¯uorescence results with anti-FtsZ and Alexa 488 (as described in Materials and methods). (G and
H) Three-dimensional immuno¯uorescence micrographs of FtsZ spirals as imaged by deconvolution. Scale bar = 2.5 mm.

B.D.Corbin, X.-C.Yu and W.Margolin

2000



In the round cells of WM1534, three basic classes of
cells were examined for MinD movement: (i) those that
had a cleavage furrow on one side, forming a kidney- or
heart-shaped cell with a clear long axis perpendicular to
the furrow; (ii) diplococci that were either in the last stages
of cell division or were already separate daughter cells that
had yet to completely separate; and (iii) single cells that
appeared to be nearly spherical, sometimes larger than
normal.

The direction of oscillation in the dividing cells in
class (i) was almost exclusively in the direction of the long
axis of the cell, perpendicular to the new cell division
plane. We monitored 830 separate GFP±MinD migrations
in time-lapse movies of a total of 29 class (i) cells. An
individual migration was de®ned as the movement of
¯uorescence from one assembly point to another, usually
occurring over a time course of 10±30 s. Of these 830
migrations, 825 were perpendicular to the developing
division plane and parallel to the cell's long axis.
Therefore, MinD continued to assemble repeatedly in
zones where it had assembled previously, similar to the
pole-to-pole oscillation observed with cylindrical cells. A

time-lapse series of a ®eld of cells is shown in Figure 4;
horizontal arrows indicate class (i) cells and the movement
of GFP±MinD along the long axis. Figure 4 shows only a
sub-region of the full ®eld of cells actually observed and
only a subset of the full time course. The full time-lapse
dataset of this ®eld of cells and others are available for
viewing at our website (http://mmg.uth.tmc.edu/mmg2/
wm/movie.html). The strong tendency of class (i) cells to
exhibit GFP±MinD movement along the long axis is
shown graphically in Figure 5A (®lled circles).

Because rodA mutant cells do not have conventional
poles, the back-and-forth movement in class (i) pre-
divisional cells suggests that geometric constraints, as
opposed to poles per se, may in¯uence MinD movement.
However, as ®ve of the 830 movements counted were
clearly not along the long axis of the cell, it appears that
MinD movement can occasionally deviate from its course.
Moreover, of the movements along the long axis,
GFP±MinD did not always assemble in exactly the same
spot each time, but rather in a general location at the end of
the cell (data not shown). This lack of speci®city of

Fig. 4. Time-lapse images of GFP±MinD movement in a ®eld of
rodA cells (WM1534). (A) Nomarski image of the ®eld of cells.
(B±H) Fluorescence images of the same ®eld of cells at 10±20 s inter-
vals. Indicated cells include class (i) cells with an asymmetric constric-
tion with MinD oscillation perpendicular to the division plane
(horizontal arrows); deeply constricted diplococci (class ii), apparently
not fully septated with MinD oscillation perpendicular to the constric-
tion (vertical arrows); and a nearly perfect sphere (class iii) with appar-
ently random directionality of MinD movement (diagonal arrows).

Fig. 5. Patterns of GFP±MinD and MinE±GFP movement correlate
with cell geometry. (A) A total of 830 individual movements of
GFP±MinD in 40 cells of WM1534 were monitored by time-lapse
microscopy in ®elds similar to those shown in Figure 4, with a range of
14±41 movements per cell. Based on the measured dimensions of each
of the 40 cells, the GFP±MinD movements were de®ned as either along
the long axis, along the short axis or along multiple axes. Twenty-nine
cells were de®ned as having predominantly long-axis migrations (®lled
circles), and the remaining 11 cells had movement to multiple sites
(open circles). Of the 29 cells with regular long-axis migrations, three
also exhibited occasional migrations along the short axis; this occurred
twice out of 27 total migrations, once out of 26 total migrations and
twice out of 38 total migrations, respectively, for each of these three
cells. (B) A total of 29 MinE±GFP movements were measured in six
cells with obvious long axes; all 29 movements were along the long
axis (®lled triangles). Another six cells were judged to have movement
of MinE±GFP in multiple directions (open triangles). In both (A) and
(B), the type of movement for each cell in the graph is shown super-
imposed upon the cell dimensions, with the diagonal line representing a
perfectly round cell.
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assembly sites has important implications for the mechan-
ism of movement, more tests of which are described
below.

Diplococci [class (ii)] displayed two types of
GFP±MinD patterns. The ®rst was movement from one
daughter sphere to the other, with the migration nearly
always occurring along the longest axis of the combined

cells (Figures 4, vertical arrows, 5A and 6A). This pattern
is essentially the same as that observed for the class (i)
cells, except that the constrictions are signi®cantly deeper
and more symmetrical. This pattern also indicates that the
cytoplasms of the two daughter cells are continuous.

The second pattern, which was less frequently observed,
was separate oscillations in the two daughter cells,

Fig. 6. Time courses of GFP±MinD movement in individual rodA Dmin (WM1558) cells belonging to the three morphological classes: (A) a class (ii)
cell in the ®nal stages of cytokinesis; (B) three cells, early in asymmetric division (top left, class i) and two other cells with buds; (C) a class (iii) cell
with no obvious long axis (a perfect sphere) attached to, but apparently closed off from, a bud; and (D) another class (iii) cell. (A)±(D) are subsets of
the actual time courses. The ®rst panel is a Nomarski image of the cells, and the following panels represent subsequent time points, ranging from 20
to 60 s intervals, reading down. In (A) and (B), the time courses start on the left, read down, and then continue at the top of the right column of
images. In (A), the right column of images was taken starting 5 min after the last image in the left column. Although the cytoplasms of the two cells
appear joined in the ®rst three panels, the separate oscillations observed thererafter suggest that the septum had recently closed. Each consecutive
MinD assembly point in time courses (C) and (D) is de®ned by a number, and numbers corresponding to an assembly point or transition between
points are shown to the right of each of the panels showing GFP±MinD ¯uorescence. (E and F) Diagrams of GFP±MinD movement over the entire
time courses for cells shown in (C) and (D), respectively. The ®rst nine GFP±MinD movements for each time course are indicated by arrows, and
numbers are positioned at the approximate centers of GFP±MinD arcs. Scale bar = 3 mm.
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suggestive of a complete separation of the daughter cell
cytoplasms by the septum. Figure 6A shows a rare
example of two connected cells that initially displayed
MinD movement from one cell to the other (®rst several
panels), but which subsequently exhibited separate move-
ments within each cell. The change in the pattern of MinD
movement, from perpendicular to the growing septum to
roughly parallel to it, suggests that the septum completed
its closure during the time course. In other such diplococci
examined, we observed movement parallel to the septum
but also occasionally in other directions. These move-
ments correlated with the shape of the daughter cells; if
their long axes were parallel to the recently formed
septum, the MinD movement was also parallel. However,
we did not ®nd enough of these cells that had clear
movement to be able to make a ®rm conclusion.

GFP±MinD assembles at multiple sites in spheres
lacking an obvious long axis
In spheres with no obvious long axis (class iii), MinD also
moved, migrating repeatedly to a distal site. However,
unlike in class (i) cells, the direction of movement usually
drifted markedly over the course of several assembly±
disassembly cycles. In 11 nearly spherical cells of
WM1534 followed over hundreds of MinD movements,
in the same batch of cells used for monitoring class (i)
cells, MinD movement was more random (Figure 5A,
open circles) than the back-and-forth movement of MinD
in cells with a clear long axis (Figure 5A, ®lled circles).
The average ratio of the long to short axis of cells with
back-and-forth movement was 1.60 6 0.39, compared
with 1.04 6 0.04 for cells with more random movement.
Therefore, movement to multiple sites over time was
almost exclusively observed in cells lacking an obvious
long axis.

Figure 6C and D shows subsets of typical time courses
for class (iii) cells, and the consecutive movements of
MinD throughout the full time courses for these cells are
tracked by number in Figure 6E and F, respectively, with
the ®rst nine movements shown with arrows. It is clear
from these data that MinD usually assembles at a site distal
from the most recent assembly site but that these sites are
not always at the exact opposite side of the cell and drift
markedly. Over a time course of several minutes, the
movement of MinD to multiple assembly sites indicated
that many positions on the cell surface, not just two ®xed
opposing points, were permissive for MinD assembly. It
should be emphasized that because the cells were
immobilized in agar, this movement to multiple points
did not represent actual rotation of the cell itself; in any
case, the type of movement observed is incompatible with
simple rotation of the cell. These results were supported by
many other examinations of MinD movement in spherical
cells (Figures 4, slanted arrows, and 6B; data not shown).

GFP±MinD movement in round cells lacking the
Min system
The pattern of GFP±MinD movement was similar in min+

and Dmin rodA (WM1558) cells. For example, pre-
divisional cells of WM1558 containing a single, clear
central constriction exhibited oscillation perpendicular to
the plane of the constriction (Figure 6A and B, cell at top
left). Likewise, non-dividing WM1558 cells with nearly

spherical dimensions exhibited MinD assembly at a
multitude of locations opposite from the previous
assembly site (Figure 6B, bottom left cell, C and D; data
not shown). Because buds are common in WM1558, we
often observed migration of GFP±MinD into the bud if it
was contiguous with the mother cell (Figure 6B, right
cell). The results with both min+ and Dmin cells indicate
that GFP±MinD can diffuse to multiple cellular locations
and, in the absence of geometric constraints, can display a
highly changeable localization pattern.

MinE±GFP movement in round cells
Because MinD and MinE probably co-migrate (Hale et al.,
2001), we also monitored MinE±GFP movement in round
cells by using a plasmid containing minD followed by
minE±GFP under the control of the pBAD promoter. This
MinE±GFP construct (pWM1079) is very similar to those
described previously that are functional for MinE activity
and exhibit a MinD-dependent dynamic localization cycle
(Fu et al., 2001; Hale et al., 2001). We veri®ed that this
fusion was able to form MinE rings and oscillate from pole
to pole in cylindrical E.coli cells (data not shown).

In rodA and Dmin rodA cells expressing this MinE±GFP
fusion (WM1595), the general patterns for the three
classes of cells were similar to what we observed for MinD
movement. MinE±GFP nearly always oscillated back
and forth along the long axis of class (i) and (ii) cells.
(Figures 7A and 5B, ®lled triangles). In cells with no
obvious long axis, MinE±GFP mostly moved in multiple
directions (Figure 5B, open triangles). Unlike GFP±MinD,
MinE±GFP tended to form large diffuse zones of ¯uores-
cence, analogous to those of MinE±GFP in cylindrical
cells (Fu et al., 2001; Hale et al., 2001; data not shown),
except that MinE rings were much less distinct in round
cells. The diffuse nature of MinE localization in round
cells made the migration patterns harder to detect,
particularly in smaller cells. As a result, fewer cells
exhibited clear patterns of MinE±GFP movement than
with GFP±MinD, with the clearest patterns observed in
larger cells (Figure 5B). Interestingly, in some very large
symmetrical cells, we observed a circular sweeping
motion of MinE±GFP along the cell surface (Figure 7B,
arrowheads; data not shown) that may represent MinE
following MinD around the cell at multiple sites.

A model for control of the division plane in
spherical cells by the Min system
The importance of the Min system for proper cell division
in round cells, as well as the patterns of movement
observed in different cell shapes, prompted us to propose a
model to explain how the Min proteins might regulate
division plane speci®cation in round cells that divide in
alternating perpendicular planes in two dimensions. In
E.coli rodA mutants, division constriction starts on one
side of the cell. This asymmetric constriction produces two
daughter cells that are not spherical, at least on solid
media, but instead have a long axis parallel with the most
recent division plane (Begg and Donachie, 1998). Because
GFP±MinD stably oscillates in the same direction as this
long axis (see Discussion), it is reasonable to suggest that
MinD, and the division inhibitor MinC, should always
oscillate in a direction parallel to the last division plane
(Figure 8B±D). This would lead to the lowest time-
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averaged concentration of MinC (Meinhardt and de Boer,
2001) at precisely the location that would give rise to
a division furrow: the medial perpendicular plane
(Figure 8D, bottom cell). In cells with no obvious long
axis, GFP±MinD assembles at all points on the cell surface
(Figure 8A). As such symmetrical cells seem to be found
only in liquid cultures and not on solid media, it remains to
be seen if and how the division plane is eventually selected
in these cells.

Discussion

The problem of division plane placement in cocci is
complex. Round cells of E.coli are multinucleate and
divide centrally and in alternating perpendicular planes,
making them tractable model systems for cocci. Evidence
from the present study indicates that the Min system exerts

spatial control of division site positioning in round cells.
The abnormal pattern of FtsZ polymers, including spirals,
multiple arcs and elongated septal structures, suggests
that, as in cylindrical cells, the Min system normally
blocks FtsZ assembly in speci®c regions of the cell. The
Min system may be especially important in round cells
because (i) one division plane must be selected from many
possible planes and (ii) multiple nucleoid-free spaces
probably exist (Donachie et al., 1995; Zaritsky et al.,
1999) that could result in unwanted FtsZ assembly at
multiple sites. The FtsZ spirals we observed may be
examples of such hyper-assembly. In addition, the elonga-
ted septal structures containing FtsZ seen in some
rodA min± cells (Figure 3F and F¢) are consistent with
the apparent requirement for Min proteins in proper
disassembly of used FtsZ (Yu and Margolin, 2000).

Although FtsZ polymerizes abnormally in many rodA
cells lacking the Min system, sometimes assembling into
spirals or polymers that appear to be following different
trajectories, it still assembles at discrete locations in a
signi®cant proportion of cells. This indicates that some

Fig. 8. Schematic of MinD movement in spherical cells, and a model
to explain regulation of division planes in cocci. (A±D) Four general
stages of growth and division, starting with a spherical cell (A), which
then initiates an asymmetric invagination (B), which deepens and
becomes an asymmetrical, circumferential constriction (C) and ®nally
becomes two separate cells that are ready to divide in a plane perpen-
dicular to the previous division (D). The ®ve cells within each column
above the large horizontal line are representative short-term time
courses from top to bottom. The gradients represent the observed
movement of MinD (and presumably that of MinC) typical of each
stage in the division cycle. Typical long axis distances of round cells
and optimal MinD migration distances (see text) are shown by scale
bars. The cells below the horizontal line represent the predicted time-
averaged location of the MinCD inhibitor in each cell type. It is pro-
posed here that alternating perpendicular division planes in E.coli
spherical cells either arise (D) or are stabilized subsequent to the initial
formation of the cleavage furrow (E) because of the strong tendency of
the MinCD division inhibitor complex to move along the long axis of
the cell. This asymmetry is generated either by the previous division
process itself or by the initiation of the new constriction, and is main-
tained and stabilized by the direction of MinCD oscillation.

Fig. 7. MinE±GFP movement in round cells. (A) Typical MinE±GFP
movement along the long axis of a rodA (WM1467) cell, perpendicular
to the new division plane. Time-lapse images are spaced 10±30 s apart,
from top to bottom, ending with a Nomarski image of the cell at the
bottom (the arrow indicates the cell division furrow). (B) Circular
MinE±GFP movement in a large rodA Dmin cell (WM1595). Time-
lapse images were taken at intervals of 15±60 s. The time course reads
from top to bottom in each of the three columns, ending with a
Nomarski image of the cell. The trailing edge of the circular, wave-like
movement is indicated with arrowheads. Bright ¯uorescent spots inside
the cell indicate MinE±GFP movement in and out of surface aberra-
tions. These patterns are much more apparent in the movie of this time
course (see our website: http://mmg.uth.tmc.edu/mmg2/wm/movie.
html). Scale bars = 2 mm.
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other factors, such as nucleoid occlusion (Woldringh et al.,
1991, 1994; Margolin, 2000), must exert negative control
over FtsZ nucleation and assembly. The viability of the
rodA Dmin double mutant suggests that, for the same
reason that Dmin mutants of cylindrical E.coli are viable,
a suf®cient number of division events occurs between
multiple nucleoids in these cells to generate viable
daughters. The presence of DNA in buds of the double
mutant is consistent with this notion and contrasts with the
DNA-less minicells of min mutants of cylindrical E.coli.
Work is in progress to overcome some of the technical
limitations in visualizing nucleoids in spherical cells and
to understand how the Min system and the nucleoid
segregation apparatus function to position division planes
in these cells.

What factors might cause MinD to migrate along the
long axis of the cell versus the short axis? One possibility
is that one or more components on the cell membrane,
either protein or lipid, might act as favored assembly
points for MinD. For example, cell poles have character-
istics quite distinct from the rest of the cell wall, including
lack of peptidoglycan turnover (de Pedro et al., 1997) and
different phospholipid composition (Mileykovskaya and
Dowhan, 2000; Koppelman et al., 2001). If MinD
assembly favored such sites, it could explain assembly at
poles with rapid diffusion between assembly sites. There is
good evidence for rapid cytoplasmic diffusion in E.coli
(Elowitz et al., 1999). MinD also assembles at non-polar
sites in ®lamentous E.coli cells, but it could always be
argued that these sites might also harbor distinct mem-
brane domains.

Another possibility, suggested by the present study, is
that cell geometry imposes constraints on where MinD
assembles and moves. If the total amount of MinD in a
given cell cannot reassemble until it reaches a certain
critical concentration of MinE and, therefore, a critical
distance down a MinE gradient (Margolin, 2001; Roth®eld
et al., 2001), the prediction would be that MinD has the
potential to assemble at any site on the cell surface,
provided that it meets the above criteria. Our results show
that over a time course in a rodA cell with a long axis,
MinD moves the longest possible distance, with only rare
forays to the lateral wall. The maximum and preferred
distance that MinD moves in ®lamentous E.coli cells
before reassembling appears to be ~7±8 mm (Raskin and de
Boer, 1999b; data not shown), more than twice the length
of an average E.coli cylindrical or round-shaped cell. The
poles of the average cylindrical cell prevent MinD from
moving its preferred distance. In round-shaped or irregu-
larly shaped cells, most of which are 1±3 mm in diameter
on average (Figure 5), the longer axis will be heavily
favored for MinD migration because it is closer to the
preferred maximum migration distance. Our results are
entirely consistent with this model. As more is learned
about the molecular mechanism by which MinD moves
and assembles, including whether it moves via the
cytoplasm, membrane, or both, more precise calculations
can be made concerning the surface area and volume of the
spaces needed for MinD movement and assembly.

The time-averaged concentration of MinCD is predicted
to be lowest at the center of a rodA cell with a long
axis (Meinhardt and de Boer, 2001). Nevertheless, the
occasional lateral movements suggest that MinD does not

have to assemble at the ends of the long axis but can, in
fact, assemble anywhere in the cell; assembly is heavily
favored at the ends because, stochastically, this is usually
the farthest point from the previous assembly site
(and MinE), as discussed above. This ability to assemble
anywhere only becomes obvious, however, in spherical
cells with no obvious long axis; this characteristic is
indicated in our model in Figure 8A. In these cells,
over time, MinD can assemble at all locations, although
movement is usually to one or more distal sites (Figure 6E
and F). This tendency to migrate the longest distance
possible from the previous assembly site may result from
the need for MinD to move suf®ciently far down the MinE
gradient to allow new assembly.

We suggest that the movement of MinD, and therefore
of the MinC inhibitor, perpendicular to the newest division
plane can help to explain how E.coli cocci divide in
alternating perpendicular planes. In the case of rodA cells
growing on solid media, the daughter cells become heart-
or kidney-shaped as a result of the deep medial constric-
tion of the mother cell (Begg and Donachie, 1998). This
causes them to develop a long axis parallel to the last
division plane, which should then set up a MinCD gradient
that favors midcell division in the perpendicular plane
(Figure 8B±D). Additional support for the idea of perpen-
dicular division planes in E.coli cocci comes from studies
of the pattern of cell wall growth in round E.coli cells
grown in broth (de Pedro et al., 2001). The striking
morphological problems of Dmin rodA mutants are fully
consistent with an important role of the Min system in
spatial control of septation.

On the other hand, this model does not explain: (i) the
presence of symmetrical class (iii) cells in the rodA
population grown in broth; and (ii) the subpopulation of
Dmin rodA mutant cells with apparently normal medial
FtsZ rings. The presence of class (iii) cells can be
explained if they are, in fact, defective products of
division and will not be able to divide again. However,
the second observation is harder to reconcile with a model
that absolutely requires the Min system for identi®cation
of the proper division plane. Therefore, an alternative
model for how the Min system controls division plane
speci®cation in spheres is needed. In this model, some
other factor, such as nucleoid positioning, may control the
initial choice of the division plane when the cell has no
long axis (Figure 8E). The assembly of an FtsZ arc, and the
process of invagination that follows, results in the
formation of a long axis, which then would orient the
Min oscillation, reinforcing and stabilizing the initial FtsZ
arc and preventing FtsZ assembly elsewhere. In spherical
cells undergoing arti®cial DNA replication downshifts and
upshifts, constrictions are formed that are tilted relative to
one another, resulting in butter¯y shapes (Zaritsky et al.,
1999). Perhaps Min oscillation is randomized in these
enlarged cells and positioning of constriction sites depends
more heavily on nucleoid positioning.

Intriguingly, homologs of MinCDE are present in
several bacterial genera that are known to divide in
alternating perpendicular planes, including Neisseria and
Deinococcus. At least in Neisseria gonorrhoeae, the Min
system appears to be required for proper selection of divi-
sion sites, as it has been shown recently that inactivation of
minC or minD results in abnormal cell division (Ramirez-
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Arcos et al., 2001; Szeto et al., 2001). These results are
consistent with our work with round E.coli. However,
Staphylococcus aureus, which also appears to divide in
alternating perpendicular planes (Tzagoloff and Novick,
1977), does not contain recognizable homologs of the Min
proteins. This observation makes it even more likely that
positioning of the nucleoid must also play a role in division
site selection, as it does in cylindrical E.coli cells.

Materials and methods

Construction of a rodA Dmin double mutant
All bacterial strains are derivatives of E.coli K12 and are listed in Tables I
and II. Strain KJB24 contains a rodA (am) mutation, causing the cells to
grow as spheres, and a Tn5 insertion that allows growth on rich media
(Begg and Donachie, 1998). Because of this Tn5, KJB24 is already kanr,
so the kanr DminCDE::aph allele of WM947 could not be moved into
KJB24 directly. Instead, a tetracycline-resistance (tetr) marker linked to
DminCDE was used. First, a fadR::Tn10 marker from strain CAG18497
was introduced by P1 transduction into WM947. The fadR::Tn10 confers
tetr and is co-transducible with minCDE. Tetr kanr transductants
containing both fadR::Tn10 and DminCDE::kan were isolated and
puri®ed, and one isolate (WM1192) was chosen as the donor to transduce
DminCDE::kan with a linked tetr marker. A phage P1 lysate of WM1192
was used to transduce KJB24 to tetr. To ascertain which of these
transductants were DminB rodA double mutants, we made P1 lysates from
several transductants, which were used to transduce wild-type E.coli K12
(MG1655) to tetr. These transductants were then screened for kanr and
examined microscopically for the production of minicells. One of several
KJB24 strains that were able to transduce kanr and a minicell phenotype
to MG1655 was chosen (WM1250) and de®ned as a rodA DminCDE
mutant.

Construction of fusions of GFP to MinD and MinE in
round cells
A single-copy GFP±minD fusion containing the minE gene immediately
downstream in order to allow MinD movement (Raskin and de Boer,
1999b) was constructed as follows. First, minDE was PCR ampli®ed from
E.coli genomic DNA using primers MinD6 (5¢-TTGAATTCGCACG-

CATTATTGTTG, second codon of minD underlined) and MinE3
(5¢-CTGGTACCTTATTTCAGCTCTTC, reverse complement of the
minE stop codon underlined). The PCR product was cleaved with
EcoRI and KpnI, and cloned between the EcoRI and KpnI sites of
pWM678, which contains GFP without a stop codon inserted at the
BamHI site of pBC SK(+) such that GFP is in the same reading frame as
lacZ. This plasmid (pWM1191) was then cleaved with NcoI and KpnI to
release a fragment containing the downstream portion of GFP fused to
minD plus the minE gene, and this fragment was cloned into NcoI±KpnI-
cleaved pDSW207 (Weiss et al., 1999). This plasmid (pWM1255)
expresses GFP±MinD, as well as MinE from the pTrc207 promoter, and
cells containing pWM1255 exhibited normal GFP±MinD oscillation in
the absence of induction. However, to control the expression of the fusion
protein more precisely, it was moved to the chromosome using the l InCh
system (Boyd et al., 2000) making strain WM1264. The ability of the
single-copy fusion in WM1264 to oscillate was con®rmed, and this fusion
was then transferred to KJB24 or WM1250 by phage P1 transduction,
selecting for Apr. These strains were designated WM1534 or WM1558,
respectively.

To monitor MinE±GFP movement in spherical cells, we introduced
plasmid pWM1079 into KJB24 and WM1250 to make WM1467 and
WM1595, respectively. This plasmid contains minDE sequences up-
stream of GFP in plasmid pBAD33, with minE lacking its stop codon,
under the control of the pBAD promoter (Sun and Margolin, 2001).

Growth conditions, measurements and cell measurements
All the E.coli strains were grown in LB medium, consisting of 10 g of
tryptone, 5 g of yeast extract and 5 g of NaCl per liter. In some cases, the
KJB24 derivatives were grown in M9 salts + 0.2% glucose + 1 mM
MgSO4 + 5% casamino acids. Thymine was added to LB medium to
support growth of KJB24 and its derivatives, which are thy±. No obvious
difference in Min protein oscillation or cell morphology was noticed with
growth in minimal versus rich media. For Min protein oscillation
experiments, cells were generally grown to exponential phase at 30°C.
For GFP±MinD experiments with the single-copy fusion, a saturated
culture was diluted at least 100-fold into fresh medium containing
10±20 mM isopropyl-b-D-thiogalactopyranoside (IPTG) and grown for
several hours before examination. For experiments with the plasmid-
borne copy of GFP±MinD (pWM1255), no IPTG was added. For
MinE±GFP measurements, cells were treated similarly, except that
0.001±0.01% L-arabinose was added to the medium. In both cases,
induction levels were kept as low as possible to minimize perturbations to

Table I. Strains

Strain Relevant genotype Source/reference

MG1655 wild-type K12 strain laboratory collection
TG1 F¢ traD36 lacIqZDM15 proA+B+/supE D(hsdM-mcrB)5 (rk-mk+McrB-)thi D(lac-proAB) laboratory collection
W3110 wild-type K12 strain laboratory collection
JM109 F¢, traD36, proAB+, lacIqZDM15, recA1, endA1, gyrA96, thi, hsdR17 (rk±,mk+),

supE44, D(lac-proAB), relA1
laboratory collection

WM947 DminCDE::aph in MG1655 Yu and Margolin (1999)
WM1192 fadR::Tn10 in WM947 this work
KJB24 rodA (am), kanr, thyA in W3110 (Sup0) Begg and Donachie (1998)
KJB28 ftsA12 (ts) leu::Tn10 in KJB24 Begg and Donachie (1998)
WM1250 fadR::Tn10, DminCDE::aph in KJB24 this work
WM1264 Ptrc90-GFP-minD-minE from pWM1255 inserted in chromosome at attB, in W3110 this work
WM1255 pWM1255 in TG1 this work
WM1079 pWM1079 in JM109 this work
WM1467 pWM1079 in KJB24 this work
WM1595 pWM1079 in WM1250 this work
WM1534 KJB24 containing chromosomal GFP-minD-minE from WM1264 this work
WM1558 WM1534 containing fadR::Tn10, DminCDE::aph from WM1192 this work

Table II. Plasmids

Plasmid Description Source/reference

pBAD33 pACYC184 (p15a) derivative containing the araBAD promoter Guzman et al. (1995)
pDSW207 pBR322 derivative containing Ptrc90 and GFP lacking a stop codon Weiss et al. (1999)
pWM1079 ParaBAD-minD-minE-GFP in pBAD33 Sun and Margolin (2001)
pWM1191 Plac-GFP-minD-minE in pBC (SK+) this work
pWM1255 Ptrc90-GFP-minD-minE in pDSW207 this work
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cellular physiology, yet high enough to produce ¯uorescence detectable
by the camera (see below). Optical densities of cultures were measured
with a Klett±Summerson meter, and the data were then analyzed and
plotted with SigmaPlot (Jandel Scienti®c). Cell size distributions were
measured by combining several phase-contrast images, like those shown
in Figure 2, and analyzing particle sizes with ImageJ freeware. Care was
taken to analyze only individual cells and not clumps of cells.

Detection of FtsZ in vivo
Immuno¯uorescence microscopy using af®nity-puri®ed anti-FtsZ poly-
clonal antibody conjugated to Alexa 488 (Molecular Probes, Eugene, OR)
was performed essentially as described previously (Yu and Margolin,
1999). Deconvolution of FtsZ immuno¯uorescence images was per-
formed with a Deltavision system as described previously (Sun and
Margolin, 1998).

Monitoring GFP fusion localization in live cells
For microscopic examination, 3 ml of cell culture were mixed with an
equal volume of molten growth medium containing 2% low-melt agarose,
dropped onto a glass microscope slide and quickly covered with an
18-mm-square cover glass. As long as the agar was freshly made and was
mixed well with the cells, all cells were completely immobilized on the
slide. GFP ¯uorescence and Nomarski bright®eld images were observed
with a 1003 oil immersion (N.A. 1.3) objective on an Olympus BX60
microscope ®tted with a GFP ®lter cube and captured with a light-
sensitive Photometrics CoolSnap fx cooled CCD camera driven by QED
image capturing software. Time-lapse images were generally taken every
10±15 s, usually at exposures of 1±4 s each and sometimes with 2 3 2
binning to improve sensitivity, and saved as PICT ®les on a Macintosh G4
computer. At least one bright®eld image per movie was also obtained
with Nomarski optics. Because of the three-dimensional nature of the
cells, care was taken to keep them in the same focal plane for the entire
time course. To compile the time-lapse images, movies were made from
these ®les with iMOVIE 2.2 software. To quantitate protein oscillations,
cells of the three morphological classes were indicated in bright®eld
images, and then the movement of each ¯uorescent assembly point was
scored for each of these cells. The data were compiled with Microsoft
Excel and plotted with SigmaPlot.
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