
JOURNAL OF BACTERIOLOGY, May 2003, p. 2826–2834 Vol. 185, No. 9
0021-9193/03/$08.00�0 DOI: 10.1128/JB.185.9.2826–2834.2003
Copyright © 2003, American Society for Microbiology. All Rights Reserved.

Growth Rate-Dependent Regulation of Medial FtsZ Ring Formation
Richard B. Weart and Petra Anne Levin*

Department of Biology, Washington University, St. Louis, Missouri 63130

Received 22 November 2002/Accepted 11 February 2003

FtsZ is an essential cell division protein conserved throughout the bacteria and archaea. In response to an
unknown cell cycle signal, FtsZ polymerizes into a ring that establishes the future division site. We conducted
a series of experiments examining the link between growth rate, medial FtsZ ring formation, and the intra-
cellular concentration of FtsZ in the gram-positive bacterium Bacillus subtilis. We found that, although the
frequency of cells with FtsZ rings varies as much as threefold in a growth rate-dependent manner, the average
intracellular concentration of FtsZ remains constant irrespective of doubling time. Additionally, expressing
ftsZ solely from a constitutive promoter, thereby eliminating normal transcriptional control, did not alter the
growth rate regulation of medial FtsZ ring formation. Finally, our data indicate that overexpressing FtsZ does
not dramatically increase the frequency of cells with medial FtsZ rings, suggesting that the mechanisms
governing ring formation are refractile to increases in FtsZ concentration. These results support a model in
which the timing of FtsZ assembly is governed primarily through cell cycle-dependent changes in FtsZ poly-
merization kinetics and not simply via oscillations in the intracellular concentration of FtsZ. Importantly, this
model can be extended to the gram-negative bacterium Escherichia coli. Our data show that, like those in
B. subtilis, average FtsZ levels in E. coli are constant irrespective of doubling time.

Temporally, cell division must be tightly coupled to chromo-
some replication, chromosome segregation, and cell growth to
ensure that both daughter cells inherit complete genomes and
are of the appropriate size and shape. In eukaryotes, the pre-
cise orchestration of cyclin-dependent kinases in conjunction
with ubiquitin-mediated proteolysis guarantees that each stage
of the cell cycle is firmly integrated with the next (22, 28). In
bacteria, in which DNA synthesis, chromosome segregation,
and cell division can overlap, the factors that govern cell cycle
transitions are not clearly defined.

The earliest known event in bacterial cell division is the
assembly of the tubulin-like protein FtsZ into a ring structure
at the nascent division site in response to an unidentified cell
cycle signal (35, 45). FtsZ ring formation has been shown to be
required for the recruitment of other division proteins, includ-
ing components of the cell wall, to the septal site in both
Escherichia coli and Bacillus subtilis (10, 35, 45, 55). Fluores-
cence microscopy of wild-type and mutant E. coli cells indi-
cates that FtsZ first localizes to midcell as a small focus of
protein that then extends bidirectionally around the circum-
ference of the cell (2). This observation suggests the presence
of a nucleation site that lowers the critical concentration of
FtsZ required to initiate polymerization. In response to a sec-
ond, also unidentified, cell cycle signal the FtsZ ring constricts
like a drawstring at the leading edge of the invaginating septum
to help mediate cytokinesis (35).

Although the factors responsible for establishing a nucle-
ation site for FtsZ at midcell remain elusive, several proteins
are known to prevent aberrant FtsZ ring formation and sep-
tation at cell poles in both E. coli and B. subtilis (49). The
MinCD complex is concentrated at cell poles, where, as indi-

cated by biochemical data, it inhibits FtsZ polymerization (21).
Genetic and cell biological data suggest that EzrA functions by
raising the critical concentration of FtsZ required for assem-
bly, thereby assisting the MinCD complex in preventing ring
formation at unfavorable sites like the cell poles (30, 32).

In B. subtilis, the frequency of medial FtsZ ring formation
varies with growth rate (33). It was previously determined that
over 90% of cells growing rapidly in rich medium contained
FtsZ rings, whereas only �60% of cells had FtsZ rings at
midcell following growth in a minimal medium (33). This dif-
ference in the frequencies of medial FtsZ ring formation pre-
sumably reflects differences in the relative numbers of cells
that are in the process of dividing under each growth condition
and suggests the existence of a cell cycle-dependent mecha-
nism for initiating FtsZ assembly at midcell. Supporting this
idea, recent data indicate that medial FtsZ ring formation in
both B. subtilis and Caulobacter crescentus is linked to the
initiation of DNA replication (18, 41, 44). In an effort to better
understand the regulatory networks responsible for the tem-
poral control of cytokinesis, we have performed a series of
experiments examining the growth rate regulation of FtsZ ring
formation in B. subtilis.

There are several models for the cell cycle-dependent initi-
ation of FtsZ ring formation. For example, FtsZ ring formation
is a concentration-dependent phenomenon in both B. subtilis
and E. coli. Lowering the intracellular levels of FtsZ below a
critical concentration through the use of an inducible and
repressible promoter results first in a block in FtsZ ring for-
mation, followed by filamentation, and eventually cell death
(30, 35). Thus, a simple model for the growth rate-dependent
regulation of FtsZ ring formation is that FtsZ levels oscillate in
a cell cycle-dependent manner, reaching a critical threshold
just prior to the initiation of cytokinesis (Fig. 1A). Alterna-
tively, FtsZ levels may remain essentially constant during the
cell cycle, and ring formation is governed by a cell cycle-de-
pendent signal that either stimulates the assembly of FtsZ
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subunits from a cytoplasmic pool (Fig. 1B) or overrides a
division inhibitor that prevents FtsZ assembly at the nascent
septal site at the midcell (Fig. 1C).

The role of transcriptional and posttranscriptional regula-
tion of FtsZ in the temporal regulation of bacterial cytokinesis
is not clear. In accord with a model in which FtsZ levels
oscillate during the course of the bacterial cell cycle (Fig. 1A),
ftsZ expression has been shown to be subject to growth rate-
dependent regulation in E. coli (3, 25, 52). In C. crescentus, cell
cycle-mediated transcriptional regulation and proteolysis are
important for maintaining appropriate FtsZ levels (27, 40, 47).
However, constitutive expression of ftsZ does not induce FtsZ
ring formation or constriction in C. crescentus swarmer cells
that normally do not contain significant levels of FtsZ (42).
DNA replication initiation is required for the assembly at the
midcell of FtsZ in C. crescentus (41), indicating that changes in

the intracellular concentration of FtsZ are not sufficient for the
cell cycle-dependent regulation of FtsZ ring formation in this
organism.

In B. subtilis, the roles of transcriptional regulation and
proteolysis in modulating FtsZ ring formation during exponen-
tial growth have not been explored. It is known that ftsZ tran-
scription is developmentally regulated and that a burst of ftsZ
expression is important for driving the switch from medial to
polar septation at the onset of sporulation (5, 15, 16). Although
there is no evidence for or against growth rate-dependent
transcriptional regulation, an essential two-component system
plays a role in modulating ftsZ expression (14). The signal
activating this system is not known. However, studies of ger-
minating spores indicate that ftsZ transcription is not linked to
chromosome replication (18, 46), suggesting that the initiation
of FtsZ ring formation does not require a cell cycle-dependent
increase in the intracellular concentration of FtsZ.

To begin to clarify the mechanism(s) responsible for the
temporal control of FtsZ ring formation, we explored the link
between growth rate, the frequency of ring formation, and the
intracellular concentration of FtsZ. Our data indicate that
fluctuations in FtsZ levels do not play an important role in the
growth rate-dependent regulation of FtsZ ring formation in
either B. subtilis or E. coli and therefore support a model in
which the assembly of the cytokinetic ring is governed by
changes in FtsZ polymerization dynamics during the course of
the cell cycle.

MATERIALS AND METHODS

Bacterial strains and plasmids. All B. subtilis strains are derivatives of the
strain JH642 (38). Cloning and genetic manipulation were performed by using
standard techniques (20, 48). The E. coli strain AG1111 (23) was used for
cloning, with the exception that the B. subtilis ftsZ expression vectors were cloned
in the AG1111 derivative PL930. PL930 possesses the plasmid pBS58 that over-
expresses E. coli ftsZ and allows for the cloning of B. subtilis ftsZ in E. coli (53).

E. coli strain X289 is a wild-type F� derivative of strain W1485, a K-12
derivative descended from the original K-12 isolate (9).

B. subtilis strain PL950 contains a second copy of ftsZ, under the control of the
Pspachy promoter (a variant of the Pspac promoter that is 10- to 20-fold stronger
than the original Pspac promoter) (32, 43), which is inserted into the chromosome
at the amyE locus.

B. subtilis strain BW121 was constructed by first inserting a second copy of ftsZ
under the control of the Pxyl promoter into the chromosome at the thrC locus.
The resulting strain was then transformed with a plasmid carrying a spectino-
mycin resistance gene (spc) flanked upstream by the 3� terminus of ftsA and
downstream by the 5� terminus of bpr to delete the native copy of ftsZ. The
resulting strain, BW121, is xylose dependent for growth.

Growth conditions. (i) B. subtilis. For all experiments, overnight cultures of
B. subtilis strains were diluted with either fresh Luria-Bertani (LB) medium or
fresh S750 minimal medium (24) supplemented with the appropriate amino acids
(Trp and Phe, 40 �g/ml; Thr, 80 �g/ml) and either glucose, glycerol, sorbitol
(glucitol), or succinate to a final concentration of 1.0%. Cells were cultured for
3 h at 37°C, at which point they were diluted a second time to an optical density
at 600 nm (OD600) of �0.025 in the appropriate media. Cells were then grown
to an OD600 of �0.600 and harvested for analysis via quantitative immunoblot-
ting and immunofluorescence as described below. Samples for the quantitative
immunoblotting were washed once with TE buffer (10 mM Tris [pH 8.0], 1 mM
EDTA), pelleted, and frozen at �80°C for later analysis. Samples for immuno-
fluorescence were prepared as described previously (29).

Pxyl-ftsZ was induced by the addition of xylose to a final concentration of 0.5%.
Pspachy-ftsZ was induced, where appropriate, by the addition of IPTG (isopropyl-
�-D-thiogalactopyranoside) to a final concentration of 10 �M after the second
dilution of PL950.

(ii) E. coli. Overnight cultures of strain X289, grown in the appropriate media,
were diluted to an OD600 of �0.025 in either fresh LB medium or fresh M9
minimal medium supplemented with either glucose, glycerol, or succinate to a

FIG. 1. Alternative models for the regulation of FtsZ ring forma-
tion. (A) FtsZ production is regulated in a cell cycle-dependent fash-
ion. As the cell approaches the appropriate time for ring formation
(asterisk), intracellular FtsZ levels rise above the critical concentration
(horizontal dotted line) for polymerization and allow for the assembly
of the FtsZ ring. As the division cycle is completed (vertical lines),
FtsZ levels rapidly drop to predivision levels, thereby preventing in-
appropriate ring formation. (B and C) Alternatively, FtsZ levels re-
main constant throughout the division cycle. The initiation of ring
formation is, instead, controlled by the modulation of FtsZ polymer-
ization dynamics. At the appropriate time, the cell stimulates the
assembly of the FtsZ ring from a previously existing pool of monomers
by either initiating a positive stimulus of FtsZ polymerization (B,
arrows) or by relieving the repression of FtsZ polymerization present
during the predivisional period (C, striped boxes).
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final concentration of 0.2% (48). Cells were grown to an OD600 of �0.250. Cells
were then harvested for analysis via quantitative immunoblotting as described
below. Samples were washed once with TE buffer (10 mM Tris [pH 8.0], 1 mM
EDTA), pelleted, and frozen at �80°C for later analysis.

Immunofluorescence microscopy. Immunofluorescence was performed as pre-
viously described (29). Briefly, cell samples were prepared by using a paraform-
aldehyde-glutaraldehyde fixation (2.575% paraformaldehyde and 0.008% glutar-
aldehyde for cells grown in LB medium and 2.575% paraformaldehyde and
0.0008% glutaraldehyde for cells grown in minimal media). Fixed cells were
adhered to the slide with poly-L-lysine and treated with affinity-purified poly-
clonal rabbit anti-FtsZ antibody (31) and donkey anti-rabbit antibody conjugated
to the fluorophore Cy-3 (Molecular Probes, Eugene, Oreg.). Nucleoids were
visualized by treatment with the DNA fluorescent stain DAPI. Images were
captured by using either an Olympus BX51 microscope with a black and white
charge-coupled device OrcaERG camera (Hamamatsu Photonics, Bridgewater,
N.J.) in conjunction with the Openlabs version 3.0.9 software (Improvision,
Lexington, Mass.) or a Zeiss Axioskop 2 with an Axiocam camera in conjunction
with the Axiovision software version 2.05 (Carl Zeiss MicroImaging, Thornwood,
N.Y.). Images were processed with Adobe Photoshop version 6.0.1 (Adobe
Systems, Mountain View, Calif.).

Quantitative immunoblotting. B. subtilis cell samples were washed with TE
buffer (10 mM Tris [pH 8.0], 1 mM EDTA) and resuspended in lysis buffer (50
mM Tris [pH 8.0], 1 mM EDTA, 100 mM NaCl). Cells were sonicated, and cell
lysates were centrifuged at 16,000 � g to remove cellular debris. The total protein
concentration of the cell lysates was then determined by the bicinchoninic acid
assay (Pierce Chemical Company, Rockford, Ill.). Cell lysates were normalized to
the total protein concentration at gel loading and subjected to sodium dodecyl
sulfate-polyacrylamide gel electrophoresis. To ensure that our results were not
affected by our preparation method, we performed duplicate experiments in
which cells were lysed with lysozyme and detergent and loading was normalized
to the OD600 at sampling. Immunoblot analysis was performed by using affinity-
purified polyclonal rabbit anti-FtsZ antibodies (31) and goat anti-rabbit
antibodies conjugated to horseradish peroxidase (Jackson ImmunoResearch
Laboratories, West Grove, Pa.) (17). Immunoblots were developed by using the
ChemiDetect kit (Bio-Rad) and visualized and quantified with the luminescent
image analyzer LAS-1000plus in conjunction with ImageGauge software version
3.41 (Fuji Film Company, Ltd.). The linear range for the signal was established
by serial dilutions of whole-cell lysates and purified FtsZ protein. Based on
dilution ratios, we determined that a twofold change in signal intensity corre-
sponded directly to a twofold change in protein levels.

E. coli cell samples were either resuspended in Laemmli sample buffer and
lysed by repeated freezing and thawing or resuspended in lysis buffer (50 mM
Tris [pH 8.0], 1 mM EDTA, 100 mM NaCl) and sonicated. Depending on the
method used to break the cells, lysates were normalized to the OD600 or the total
protein concentration at gel loading and subjected to sodium dodecyl sulfate-
polyacrylamide gel electrophoresis. Immunoblot analysis was performed by using
polyclonal rabbit anti-E. coli FtsZ antibody, the gift of Joe Lutkenhaus, and goat
anti-rabbit antibodies conjugated to horseradish peroxidase (Jackson Immu-
noResearch Laboratories) (17). Immunoblots were developed as described
above.

Statistical analysis. Margins of error for both B. subtilis and E. coli samples
were calculated following quantification of FtsZ immunoblots from three inde-
pendent experiments (i.e., three separate sets of cultures). Confidence intervals
were generated by using a t test with a 95% confidence level.

RESULTS

The frequency of FtsZ ring formation varies with growth
rate in B. subtilis. It was previously determined that the fre-
quency of medial FtsZ ring formation in exponentially growing
B. subtilis cells varies as a function of mass doubling time (33).
To extend these observations, we examined the frequency of
cells with FtsZ rings at midcell after growth in four different
media: LB medium, minimal glucose, minimal sorbitol, and
minimal succinate.

Wild-type B. subtilis cells (JH642) were cultured in each
medium until mid-exponential growth phase (OD600 � 0.6), at
which point samples were removed and processed for immu-
nofluorescence microscopy and quantitative immunoblotting.
Mass doubling times in the four different media ranged from

26 min in LB medium to 94 min in minimal succinate at 37°C.
We scored cells as positive for FtsZ ring formation if they
possessed two spots of fluorescence adjacent to one another at
the midcell, a band of fluorescence across midcell, or a medial
point of fluorescence (representing a constricting FtsZ ring).
Although we occasionally observed polar FtsZ rings (	0.6% in
LB medium), only those cells with medial FtsZ rings were
scored as positive.

Cells grown in rich medium with a rapid doubling time had
a significantly higher frequency of FtsZ rings than those grown
in minimal medium with a slow doubling time (Fig. 2 and 3).
As shown in Fig. 2A to C, 85.3% (1,366 of 1,601) of cells
cultured in LB medium (doubling time, 26 min) had FtsZ
rings. In contrast (Fig. 2D to F), only 33.9% (449 of 1,326) of
cells grown in minimal succinate (doubling time, 94 min) had
medial rings. This result is consistent with previous observa-
tions (31, 33).

Our data suggest that rapidly growing cells must initiate
FtsZ ring formation and thus cell division soon after the end of
the previous cell cycle. By contrast, slow-growing cells exhibit a
significant delay (approximately 60 min in minimal succinate)
between the end of the previous cell cycle and the assembly of
the division apparatus. Our results are thus consistent with
those of Boye et al. and Den Blaauwen et al. (6, 11) which
indicate that under slow growth conditions the E. coli cell cycle
begins to resemble that of eukaryotic cells in which cell division
is followed by a growth period or gap (G1), DNA synthesis (S),
a second gap (G2), and finally the next cell division.

The average intracellular concentration of FtsZ in B. subtilis
is constant regardless of growth rate. FtsZ ring formation
requires the presence of a threshold concentration of FtsZ (30,
35), and thus a simple explanation for the differences that we
observed in the frequencies of rings under the four growth
conditions is that FtsZ assembly is modulated by cell cycle-
dependent oscillations in FtsZ levels (Fig. 1A). If this model is
correct, we would expect FtsZ concentration, as a proportion
of total protein, to be high in a population of rapidly growing
cells and low in a population of slow-growing cells, reflecting
the differences in the frequencies of FtsZ ring formation.

To measure FtsZ levels, we sampled B. subtilis cells after
growth in the four different media described above. Following
sonication and removal of insoluble material by centrifugation,
cell lysates were normalized for total protein concentration
and separated on a polyacrylamide gel. Relative FtsZ levels
were determined by quantitative immunoblotting in conjunc-
tion with band intensity analysis performed by using the LAS-
1000plus luminescent image analyzer (Fuji) and ImageGauge
software version 3.41. To validate the efficacy of our approach,
we also lysed cells by using lysozyme and detergent and nor-
malized lysates to equivalent cell mass based on the OD600

prior to lysis. We obtained identical results regardless of the
method (data not shown). Finally, as additional controls, the
linear range for the signal was established by serial dilutions of
whole-cell lysates and purified FtsZ protein. Within the linear
range for the chemiluminescent signal, we determined that a
twofold change in signal intensity corresponded directly with a
twofold change in protein levels.

FtsZ levels remained essentially constant under all of the
growth conditions that we examined (Fig. 4). This result indi-
cates that the average intracellular concentration of FtsZ re-

2828 WEART AND LEVIN J. BACTERIOL.



mains constant regardless of doubling time. As an internal
control, we also measured RecA levels by using antisera
against B. subtilis RecA, the generous gift of Charles Lovett.
Like those of FtsZ, levels of RecA were constant regardless of
growth rate (data not shown).

The frequency of FtsZ ring formation is growth rate depen-
dent in B. subtilis even when ftsZ is expressed constitutively. To
determine what contribution native transcriptional regulation
plays in the control of FtsZ assembly in B. subtilis, we examined
FtsZ ring formation and FtsZ levels in cells in which ftsZ was
expressed from a constitutive promoter. For these experi-
ments, we initially employed Pspac, an IPTG-inducible, LacI-
repressible promoter commonly used for gene expression stud-
ies with B. subtilis (58), to drive ftsZ expression. However, we
found that this promoter is subject to strong growth rate-
dependent regulation. While Pspac expression was robust in LB
medium, expression decreased dramatically with increasing
doubling times (data not shown). As Pspac is a hybrid promoter
derived from the bacteriophage spo1 promoter (58), this
growth rate regulation may reflect some unexplored aspect of
bacteriophage biology. For these experiments, we therefore
took advantage of a strain (BW121) engineered to express ftsZ
at the threonine locus from a xylose-inducible, XylR-repress-
ible promoter (Pxyl) (4). In our study, expression from Pxyl was
constant regardless of growth rate (data not shown). The na-
tive allele of ftsZ has been disrupted in BW121. Thus, all ftsZ
is transcribed from Pxyl, rendering the strain xylose dependent

for growth and viability. This strain also carries a tetracycline
drug resistance cassette (tet) inserted into xylA, encoding xylose
isomerase (4), to preclude it from using xylose as a carbon
source.

Employing this strain, we measured doubling times, medial
FtsZ ring frequencies, and FtsZ levels after growth in LB
medium, minimal glycerol, minimal sorbitol, and minimal suc-
cinate supplemented with 0.5% xylose. (We selected minimal
glycerol instead of minimal glucose for these experiments to
avoid complications from catabolite repression of Pxyl). The
doubling times of the Pxyl-ftsZ strain did not differ significantly
from those of wild-type cells under equivalent growth condi-
tions (Fig. 3). Moreover, when fully induced (0.5% xylose),
FtsZ levels in our engineered cells were constant under all
growth conditions and approximately equivalent to those in
wild-type cells (data not shown).

As in wild-type cells, we found that the frequency of FtsZ
ring formation in our engineered strain was growth rate de-
pendent. In LB medium, with a doubling time of 23 min, the
Pxyl-ftsZ strain had a frequency of FtsZ ring formation of
85.6% (421 of 492). By contrast, the frequency of ring forma-
tion in the same strain fell to only 29.9% (159 of 531) after
growth in minimal succinate (doubling time, 99 min.) These
data are similar to those obtained for wild-type cells and,
significantly, describe the same linear curve with regard to
FtsZ ring frequency and doubling time (Fig. 3). These results
indicate that growth rate, and not transcription-dependent

FIG. 2. The frequency of FtsZ ring formation varies with growth rate in B. subtilis. Wild-type cells were grown in either LB medium (A to C)
or minimal succinate (D to F). (A and D) Cell walls stained with wheat germ agglutinin conjugated to fluorescein isothiocyanate. (B and E) FtsZ
immunolocalized by using affinity-purified primary antibody and secondary antibody conjugated to Cy-3. (C and F) Drawings of merged images.
Scale bar, 2 �m.
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variations in the intracellular concentration of FtsZ, is the
primary determinant governing the frequency of medial FtsZ
ring formation.

A twofold increase in FtsZ levels does not override growth
rate-dependent control of FtsZ ring formation in B. subtilis.
Although our data indicate that FtsZ concentrations remain
essentially constant over a range of growth rates (Fig. 4), it is
possible that small, cell cycle-regulated changes in FtsZ levels,
undetectable by immunoblotting, may be controlling ring for-
mation (e.g., FtsZ levels are maintained just below a critical
threshold and ring formation is initiated by a slight increase
[	10%] in the intracellular concentration of FtsZ at the ap-
propriate point in the cell cycle). To test this possibility and
determine if it is possible to override the growth rate-depen-
dent regulation of ring formation in B. subtilis by increasing
FtsZ levels, we constructed a strain in which a second copy of
ftsZ was placed under the control of a modified version of the
LacI-repressible, IPTG-inducible promoter Pspac (43) at the
amylase locus (PL950). This promoter (Pspachy) is 10- to 20-fold
stronger than Pspac (43).

Using this Pspachy-ftsZ-bearing strain, we selected an inter-
mediate growth condition, minimal sorbitol, and titrated IPTG
concentration to achieve a modest increase in FtsZ levels. As
shown (Fig. 5A), the intracellular concentration of FtsZ in
these cells was approximately equivalent to that in wild-type
cells in the absence of IPTG. The addition of IPTG to a
concentration of 10 �M, however, boosted FtsZ levels more
than twofold in the Pspachy-ftsZ strain.

It has been previously determined that overexpressing FtsZ
to similar levels in B. subtilis cells growing in LB medium leads
to the formation of extra FtsZ rings at polar positions (32).
Similarly, overexpressing FtsZ two- to sevenfold in E. coli leads
to the formation of polar septa and minicells (54). These data
were interpreted to indicate that increases in FtsZ concentra-

tions stabilized the FtsZ polymer such that it was able to
overcome the inhibitory actions of the MinCD complex at cell
poles (32). Consistent with previous observations, we found
that a twofold increase in FtsZ levels in B. subtilis cells growing
in minimal sorbitol doubled the frequency of polar FtsZ rings.
In the absence of IPTG, 2.5% (30 of 1,180) of PL950 cells
bearing Pspachy-ftsZ had at least one polar FtsZ ring under
these growth conditions (we consistently find that the fre-
quency of cells with polar rings increases to a limited degree
with decreasing growth rate, although the reason for this phe-
nomenon is not clear). Several hours after the induction of
Pspachy-ftsZ, the frequency of PL950 cells with polar rings rose
to 4.7% (74 of 1,552) (2.9% [31 of 1,071] of wild-type cells had
at least one polar FtsZ ring after growth in minimal sorbitol).

Although the frequency of cells displaying polar FtsZ rings
increased only twofold, we observed a 10-fold increase in the
number of cells with double rings at midcell after the induction
of Pspachy-ftsZ (Fig. 5B). Among Pspachy-ftsZ-bearing cells, 3.6%
(32 of 1,552) had two FtsZ rings adjacent to one another at the
midcell in the presence of IPTG. By contrast, in the absence of
IPTG, only 0.3% (3 of 1,180) of these cells and 0.2% (2 of

FIG. 3. Plot of the frequencies of cells with medial FtsZ rings
versus doubling times. Wild-type B. subtilis cells (JH642; filled circles)
were grown in LB medium, minimal glucose, minimal sorbitol, and
minimal succinate to produce doubling times of 26, 41, 74, and 94 min,
respectively. The FtsZ ring frequencies for these cultures were 85%
(1,366 of 1,601) for LB medium, 75% (828 of 1,104) for minimal glu-
cose, 53% (698 of 1,305) for minimal sorbitol, and 34% (449 of 1,326)
for minimal succinate. A B. subtilis strain expressing ftsZ solely from a
xylose-inducible promoter (BW121; unfilled squares) was grown in LB
medium, minimal glycerol, minimal sorbitol, and minimal succinate to
produce doubling times of 23, 48, 75, and 99 min, respectively. The
FtsZ ring frequencies for these cultures were 86% (421 of 492) for LB
medium, 68% (349 of 513) for minimal glycerol, 52% (263 of 509) for
minimal sorbitol, and 30% (159 of 531) for minimal succinate.

FIG. 4. FtsZ levels remain constant regardless of growth rate. (A)
Representative growth curves for wild-type B. subtilis cells grown in LB
medium, minimal glucose (Gluc), minimal sorbitol (Sorb), or minimal
succinate (Succ) (from left to right, respectively). Samples were har-
vested at an OD600 of �0.600, which is marked in the figure by an
asterisk. Arrows, when present, indicate where a culture has exited
from exponential-phase growth. OD600 is shown on the y axis. (B) Rep-
resentative quantitative immunoblot of FtsZ from wild-type B. subtilis
cells grown in LB medium, minimal glucose, minimal sorbitol, and
minimal succinate. Samples were harvested during exponential growth
and normalized to total protein at gel loading. Relative concentrations
of FtsZ, normalized to those for wild-type cells grown in LB medium,
are shown below. Margins of error were calculated by using a t test with
a 95% confidence level and are based on data from three independent
experiments (i.e., three separate sets of cultures).
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1,071) of wild-type cells had double rings. In all cases, the
double rings flanked the cells’ midlines and were the same
distance from the most proximal pole. The presence of these
double medial rings suggests that at least under certain growth
conditions, the medial site can support the formation of more
than one FtsZ ring. Multiple rings of FtsZ at midcell have also
been observed in C. crescentus following FtsZ overexpression,
suggesting that this might be a general phenomenon (42).
Alternatively, a boost in FtsZ levels in B. subtilis at the onset of
sporulation and overexpression of FtsZ in E. coli have both
been shown to generate spiral filaments of FtsZ that extend the
length of the cell (5, 36). It is, therefore, possible that the
double medial rings we observed following FtsZ overexpres-
sion in exponentially growing B. subtilis were in fact a single
spiral that cannot be resolved by traditional fluorescence mi-
croscopy.

If medial FtsZ ring formation is primarily a concentration-
dependent phenomenon (Fig. 1A), increasing the intracellular
concentration of FtsZ should induce FtsZ assembly at midcell
earlier in the cell cycle and, thus, result in an increase in the
frequency of cells with medial FtsZ rings. In other words, if
small changes in the intracellular concentration of FtsZ are
sufficient to account for the growth rate-dependent regulation
of medial ring formation, raising FtsZ levels twofold should
increase the frequency of cells with FtsZ rings at midcell to a

similar degree (i.e., if 50% of cells normally have medial rings
following growth in minimal sorbitol, we would expect that
more than 95% of these cells would have FtsZ rings at midcell
following a twofold increase in the intracellular concentration
of FtsZ). Counter to a concentration-dependent model for
FtsZ assembly at midcell (Fig. 1A), we found that a twofold
increase in the intracellular concentration of FtsZ (Fig. 5)
resulted in only a small increase in the frequency of cells with
medial FtsZ rings. In the absence of inducer, 55.5% (655 of
1,180) of cells bearing Pspachy-ftsZ had at least one FtsZ ring at
midcell. Following the addition of IPTG, the frequency of cells
with medial FtsZ rings increased to only 61.2% (951 of 1,552).
Thus, although the number of cells with FtsZ rings is elevated
following the induction of Pspachy-ftsZ, the increase in the fre-
quency of medial FtsZ ring formation (5.7%) is not consistent
with the increase that would be predicted if a primarily con-
centration-dependent mechanism were driving FtsZ assembly.

We routinely observe a subset of cells with faint rings of
FtsZ in strains expressing an ftsZ-gfp fusion (R. B. Weart and
P. A. Levin, unpublished data). Thus, it is likely that the small
increase we observed in the frequency of cells with medial rings
following the induction of Pspachy-ftsZ is primarily the result of
increases in the intracellular concentration of FtsZ that render
the ring more visible by immunofluorescence microscopy. In
addition, cell length measurements suggest that cells in which
FtsZ is overexpressed may undergo medial division before they
have reached full size and/or have a relatively high frequency
of polar division that results in a reduction in average cell size.
We determined that cells bearing Pspachy-ftsZ are approxi-
mately 10% shorter when FtsZ is overexpressed twofold in the
presence of 10 �M IPTG than they are in the absence of an
inducer. This observation is similar to data for E. coli indicat-
ing that overexpression of FtsZ in this organism increases the
frequency of cytokinesis at midcell as well as at cell poles (54).

Average FtsZ levels in E. coli are constant regardless of
growth rate. As it does in B. subtilis, the frequency of FtsZ ring
formation varies with growth rate in E. coli (11). Our result
demonstrating that FtsZ levels remain constant in B. subtilis
regardless of growth rate, however, contrasts with previous
data for E. coli indicating that ftsZ transcription rates and
protein levels decrease with increasing growth rates; i.e., ftsZ
transcription is higher in cells grown in minimal medium than
in cells grown in LB medium (3, 52). We measured FtsZ
concentrations in E. coli cells cultured under different growth
conditions. Again, multiple methods of sample preparation
were carried out. Aldea et al. previously performed immuno-
blotting on E. coli cells grown in LB medium, minimal glucose,
and minimal glycerol. They concluded that the average intra-
cellular concentration of FtsZ is approximately threefold lower
in LB medium than in minimal glycerol (3). We quantified
FtsZ levels in the E. coli strain X289, a K-12 derivative (the gift
of R. Curtiss III), after growth in LB medium or M9 minimal
medium supplemented with glucose, glycerol, or succinate.
The doubling time for X289 was 24.4 min in LB medium, 63.8
min in M9 glucose, 80.6 min in M9 glycerol, and 119.7 min in
M9 succinate. Our results indicate that there is no significant
difference in the average intracellular concentrations of FtsZ
between E. coli cells grown in LB medium and those grown in
minimal glucose, minimal glycerol, or minimal succinate when
cells are sampled during early (OD600 � 0.25) exponential

FIG. 5. Overexpression of FtsZ following induction of Pspachy-ftsZ.
(A) Quantitative immunoblot of FtsZ from wild-type (WT) cells (left)
and PL950 cells bearing Pspachy-ftsZ in the absence (middle) and pres-
ence (right) of 10 M IPTG. Samples were harvested during mid-
exponential growth, and lysates were normalized to total protein con-
centration at gel loading. Relative concentrations of FtsZ, normalized
to those for the wild type, are shown below. (B) FtsZ localization in
cells overexpressing FtsZ. (Left) DNA. (Middle) FtsZ. (Right) Car-
toon depicting the position of the FtsZ rings relative to the nucleoids.
Note the doublet of FtsZ in the lower cell. Scale bar, 0.5 �m.
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phase (Fig. 6). This is true whether samples are normalized to
the OD600, as was done in the original E. coli experiments (Fig.
6) (3), or to total protein (data not shown).

Although it is unclear why our data differ from those of
Aldea et al., we consistently observe that FtsZ levels do not
vary with growth rate in either B. subtilis or E. coli. Thus, our
data support the idea that changes in polymerization kinetics,
rather than oscillations in the intracellular concentrations of
FtsZ, govern the growth rate regulation of FtsZ ring formation
and cytokinesis in E. coli as well as in B. subtilis.

DISCUSSION

Consistent with our previous observations as well as with
results of studies of exponentially growing E. coli (11, 33), we
find that the frequency of B. subtilis cells with FtsZ rings varies
as much as threefold with growth rate (Fig. 2 and 3), presum-
ably reflecting differences in the frequencies of cytokinesis
under each growth condition. Quantitative immunoblotting of

cells grown in four different media indicates that average FtsZ
levels remain constant despite an almost threefold change in
the frequency of cells with FtsZ rings (Fig. 4B). Thus, our data
support a model in which FtsZ assembly is driven not by
changes in the intracellular concentration of FtsZ (Fig. 1A),
but rather by cell cycle signals that either stimulate polymer-
ization of FtsZ subunits from a cytoplasmic pool (Fig. 1B) or
release FtsZ from an inhibitor, allowing it to assemble at mid-
cell (Fig. 1C).

In an extension of these experiments and in contrast to
previous data from another laboratory (3), we determined that
FtsZ levels remain constant in E. coli cells regardless of growth
rate (Fig. 6). FtsZ levels are also similar in mixed populations
of C. crescentus cells grown in rich medium (PYE) and minimal
medium (M2G) (42). Together, these results suggest that the
growth rate-dependent regulation of FtsZ transcription or pro-
tein stability is unlikely to be a general mechanism for the
temporal regulation of FtsZ assembly and division in bacteria.

A checkpoint governing FtsZ assembly at midcell? The
growth rate-dependent regulation of FtsZ assembly appears to
be extremely robust. Cells expressing ftsZ from a Pxyl promoter
exhibit a frequency of FtsZ ring formation that is essentially
identical to that observed in wild-type cells (Fig. 3). Moreover,
B. subtilis cells are refractile to increases in the intracellular
concentration of FtsZ with regard to the timing of medial FtsZ
ring formation. We found that although overexpression of
FtsZ doubled the frequency of polar FtsZ rings, it was not
sufficient to override the mechanisms controlling the temporal
regulation of medial FtsZ ring formation. Together these data
indicate that medial FtsZ ring formation in B. subtilis requires
more than threshold levels of FtsZ and support the existence
of a checkpoint that prevents FtsZ assembly at midcell until
the appropriate cell cycle signal has been received.

There are several, not necessarily mutually exclusive, models
to account for the temporal regulation of medial FtsZ ring
formation: (i) FtsZ is unable to assemble at midcell early in the
cell cycle due to the absence of an available nucleation site at
this position; (ii) the FtsZ nucleation site is present at midcell
for most, if not all, of the cell cycle, but an inhibitor or set of
inhibitors prevent FtsZ assembly until the appropriate cell
cycle signal has been received; and (iii) the physical presence
of the unsegregated nucleoid (nucleoid occlusion) prevents
FtsZ assembly at midcell early in the cell cycle, as has been
suggested for E. coli (37).

In light of our finding that overexpression of FtsZ did not
override the growth rate-dependent regulation of medial ring
formation, we favor the first model, that FtsZ assembly at
midcell is coupled to the formation of a nucleation site at this
location. This model is further supported by data for germi-
nating spores indicating that the formation of a medial nucle-
ation site is linked to the initiation of DNA replication (18, 44).
Similarly, medial FtsZ ring formation in C. crescentus requires
the initiation of DNA replication, a cell cycle event that pre-
sumably takes place only upon differentiation of swarmer cells
into reproductively competent stalked cells (41).

Nucleoid occlusion presents an attractive model for both the
spatial and temporal regulation of FtsZ assembly, and there is
clear evidence that the nucleoid can act as an inhibitor of FtsZ
assembly. FtsZ rings do not form in exponentially growing
wild-type cells until chromosome replication is nearly complete

FIG. 6. FtsZ levels in E. coli remain constant regardless of growth
rate. (A) Representative growth curves for wild-type E. coli cells grown
in LB medium, minimal glucose, minimal glycerol, and minimal suc-
cinate (from left to right, respectively). Samples were harvested at an
OD600 of �0.250, which is marked by an asterisk. Arrows, when pres-
ent, indicate where a culture has exited from exponential-phase growth.
OD600 is shown on the y axis. (B) Representative quantitative immu-
noblot of FtsZ from wild-type E. coli cells grown in LB medium,
minimal glucose, minimal glycerol, and minimal succinate. Samples
were harvested during exponential growth and normalized to an OD600
of �0.250 at gel loading. Relative concentrations of FtsZ, normalized
to those for wild-type cells grown in LB medium, are shown below.
Margins of error were calculated by using a t test with a 95% confi-
dence level and are based on data from three independent experiments
(i.e., three separate sets of cultures).
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and the nucleoids have separated from one another (11, 18, 37,
44). In addition, when DNA replication or partitioning is
blocked, FtsZ rings form adjacent to, not over, the medially
positioned nucleoid (19, 50, 51). There is extensive evidence
for B. subtilis, however, that the nucleoid is not sufficient to
prevent FtsZ ring formation and septation (7, 8, 56, 57). Thus,
while it may play a role in delaying FtsZ assembly at midcell,
nucleoid occlusion is unlikely to be the primary determinant of
medial FtsZ ring formation in B. subtilis. Ultimately, a com-
prehensive understanding will require that we both determine
the precise nature of the cell cycle signal(s) responsible for
initiating FtsZ assembly and identify the factor(s) that estab-
lishes the FtsZ nucleation site at midcell.

A system poised for assembly. It is becoming apparent that
FtsZ ring formation is governed by mechanisms similar in
function if not in form to those controlling microtubule for-
mation during the eukaryotic cell cycle. In both cases, it ap-
pears that a precisely balanced regulatory network of positively
and negatively acting factors modulates polymerization dynam-
ics to ensure that FtsZ ring formation and microtubule assem-
bly occur at the appropriate time and at the correct location (1,
12, 32, 39). As we observed with FtsZ, Saccharomyces cerevisiae
cells with extra copies of TUB1 and TUB2 (which encode 
 and
� tubulin, respectively) are phenotypically normal despite a
modest increase in the intracellular concentration of the tubu-
lin heterodimer (26). These data suggest that eukaryotic cells
may also be buffered in some way against changes in the con-
centration of essential cytoskeletal proteins.

Recent estimates indicate that there are �5,000 FtsZ mol-
ecules in each B. subtilis cell grown in CH (hydrolyzed casein)
medium (13). Similarly, there are estimated to be approxi-
mately 15,000 molecules of FtsZ per E. coli cell during expo-
nential growth in LB medium (34). Based on these data and
volume estimates for E. coli cells, FtsZ levels in both B. subtilis
and E. coli should be well above the minimal concentration
required to initiate polymerization in vitro (34). Together
with our results, these data suggest that precise transcriptional
and/or posttranscriptional regulation of FtsZ is largely dispens-
able for modulating the timing of FtsZ ring formation. Instead,
they support a scenario in which FtsZ is poised to assemble in
response to a signal from the cell cycle machinery, rendering
cytokinetic ring formation exquisitely sensitive to changes in
growth rate.
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