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We examined the pattern of FtsZ localization in a Bacillus subtilis minCD mutant. When grown in minimal
medium, the majority (;89%) of the minCD mutant cells with an FtsZ ring had a single, medially positioned
FtsZ ring. These results indicate that genes in addition to minCD function to restrict the number and position
of FtsZ rings. When grown in rich medium, greater than 50% of the minCD mutant cells had multiple FtsZ
rings, indicating significant differences in regulation of FtsZ ring formation based on growth medium.

Many bacteria divide by binary fission, forming medially
positioned septa and identical daughter cells. The process of
cell division is governed by several gene products, the most
conserved of which appears to be the tubulin-like protein FtsZ
(23, 24). Prior to septation, FtsZ polymerizes as a ring struc-
ture at the nascent division site (5). Formation of the FtsZ ring
is essential but not sufficient for invagination of the cell wall (1,
20).

In Escherichia coli, the minC, minD, and minE gene products
are involved in regulating the placement of the division site (2,
11). It is postulated that rod-shaped cells have three potential
division sites: the “new” site at midcell and the “old” sites near
the cell poles (10, 12, 31, 33). Previous work suggests that
MinC and MinD function in tandem as division inhibitors
blocking formation of the FtsZ ring at all sites. MinE relieves
the MinCD cell division block at the midcell site, allowing for
binary fission. In the absence of MinC and/or MinD, all three
division sites appear to be available, and FtsZ rings can form at
polar and medial positions. The use of polar sites results in the
formation of anucleate minicells (4, 6, 12). MinE has recently
been shown to localize to a medial position, bolstering the
model that it functions to relieve the division block at midcell
(30).

In Bacillus subtilis, the position of the cell division site
switches from medial to polar during the initiation of sporula-
tion (32). Polar septation results in the formation of two dis-
tinct cell types: the larger mother cell and the germ line fore-
spore (3, 26). The switch in the position of the division site is
preceded by a shift in the localization of FtsZ from a medial
pattern to one in which the protein forms two rings, one at
each potential polar division site (19). B. subtilis has homologs
of MinC and MinD, but not MinE (17, 18, 21, 34). However,
the divIVA gene product may serve as a functional analog of
MinE (8, 13, 31). It has been suggested that the Min system
may play a role in the switch from medial to polar septation
during the initiation of sporulation (8, 13, 18, 21, 31, 34).

To investigate the role of the min genes in division site
selection in B. subtilis, we determined the effect of a minCD-
null mutation on the pattern of FtsZ localization and cell
division during exponential growth in both a minimal and a
rich growth medium. More specifically, we were interested in
answering two questions: (i) what is the frequency of polar

FtsZ ring formation and polar division in the absence of MinC
and MinD, and (ii) does a minCD-null mutation cause the
formation of multiple rings of FtsZ in a single cell?

We found that the majority of cells of a B. subtilis minCD-
null mutant grown in minimal medium formed medially posi-
tioned FtsZ rings and that ring formation was limited to a
single site per cell. Most of these cells divided by binary fission.
These results strongly indicate that factors in addition to the
min gene products function to ensure the medial localization
of FtsZ and the restriction of FtsZ ring formation to a single
site per cell. To our surprise, we found dramatically different
results in cells grown in rich (Luria-Bertani [LB]) medium.
Over 50% of the minCD mutant cells had multiple FtsZ rings,
and of the cells with a ring, only 23% had a single medially
positioned ring.

FtsZ ring formation in the minCD mutant in minimal me-
dium. Using immunofluorescence microscopy, we visualized
the location and number of FtsZ rings in wild-type and minCD
mutant cells during exponential growth in minimal medium
(Fig. 1A to F). Of the wild-type cells examined, ;52% (105 of
201) had FtsZ rings, a number corresponding to that from
previous experiments conducted under similar conditions (22).
As expected, a medial pattern of FtsZ localization was ob-
served exclusively in these cells, putting the frequency of polar
ring formation at less than 1% (Fig. 1A to C and 2A).

The frequency of FtsZ ring formation was not altered in the
minCD mutant. Approximately 52% (174 of 332) of the
minCDD1 mutant cells had FtsZ rings. Among the mutant cells
with an FtsZ ring, ;89% (155 of 174) had the FtsZ ring at
midcell (Fig. 1D to F and 2). Approximately 10% (17 of 174)
had FtsZ rings positioned immediately adjacent to one pole of
the cell, and an additional 1.1% (2 of 174) had FtsZ rings that
were inset from the poles by approximately one-fourth the
length of the cell (Fig. 2). When grown in minimal medium,
none of the minCD mutant cells that we examined had more
than one FtsZ ring.

Frequency of minicell formation in the minCD-null mutant.
We determined the frequency of minicell formation in wild-
type and minCDD1 mutant cells grown in minimal medium.
Two types of minicells were observed: those that were floating
free in the medium and those that were still attached to the
parent cell. As expected, no minicells were visible in the cul-
ture of wild-type cells; the frequency of minicells was less than
0.5% (0 of 201).

Assuming that each polar FtsZ ring results in polar cell
division and that the percentage of anucleate minicells in a
population remains static, then after four generations the num-
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ber of minicells should be equivalent to 1.875 times the number
of polar FtsZ rings observed at a given time. Given that the
FtsZ ring was polar in ;9.8% of minCDD1 cells with rings
(Fig. 2A), after four generations we expect that ;18% of the
cells should be anucleate minicells.

We visualized living cells from a growing culture of the
minCD mutant. Cells were grown in the presence of the mem-
brane dye FM4-64 (200 ng/ml; Molecular Probes) and sampled
directly onto a microscope slide (27). By this method, we ob-
served that ;17% (31 of 178) of the cells in the minCDD1
culture were minicells. Similar results were obtained by using a
minCD allele (DminCD::spc) that removes the entire minC
coding region. These findings indicate that most of the polar
FtsZ rings that form in minCD mutant cells in minimal me-
dium are used for division.

The frequency of minicell formation that we observed is
somewhat lower than that originally described for the B. sub-
tilis min mutants (9). This difference could be due to use of
different strain backgrounds, use of different alleles, and dif-
ferent growth conditions.

We also used wheat germ agglutinin (lectin) conjugated to
the green fluorophore fluorescein isothiocyanate (Molecular
Probes) to visualize the bacterial cell walls (29) and found that
minicells comprised ;12% (41 of 332) of the cells in a culture
of the minCD mutant. We suspect that the multiple washes of
samples during preparation for lectin staining and immunoflu-
orescence microscopy cause some loss of minicells compared
to the minimal preparation with FM4-64.

FtsZ ring formation and minicell production in the minCD
mutant in rich medium. Growth conditions are known to affect
the fraction of cells that contain an FtsZ ring. Approximately
90 to 95% of wild-type cells have an FtsZ ring when grown in
LB medium, compared to ;50% when grown in minimal me-
dium (22). As in minimal medium, the minCD mutation did
not alter the fraction of cells containing an FtsZ ring. In LB
medium, ;92% (258 of 280) of minCD mutant cells had FtsZ
rings.

However, the minCD mutation had a dramatic effect on the
number of FtsZ rings per cell in LB medium (Fig. 1G to L and
2B). Of the mutant cells with an FtsZ ring, only 23% (59 of

FIG. 1. Immunolocalization of FtsZ in wild-type and minCD mutant cells. Cells were grown at 37°C in minimal glucose medium with 1.0% glucose, 0.1% glutamine,
and required amino acids (16) (A to F) or in LB medium (G to L). Samples were taken during mid-exponential growth, fixed, and stained for immunofluorescence
microscopy, essentially as described elsewhere (15, 19, 28). Arrows indicate the positions of FtsZ rings. Bars 5 1 mm. Strains used included JH642 (trp phe) and the
congenic minCD mutants PL820 (trp phe minCDD1::cat) and PL990 (trp phe DminCD990::spc). The minCDD1::cat allele (18) is a deletion from codon 118 of minC (of
227 codons total) through codon 187 of minD (of 268 codons total), with a chloramphenicol resistance cassette inserted. The DminCD990::spc allele deletes all of minC
and all but the last two codons of minD with a spectinomycin resistance cassette inserted. Similar results were obtained with each of the two minCD mutants. (A, D,
G, and J) Visualization of FtsZ with affinity-purified antibodies (against the B. subtilis FtsZ) and a secondary antibody conjugated to the red fluorophore Cy-3 (Jackson
Immunoresearch) (19). (B, E, H, and K) Visualization of DNA with 49,6-diamidino-2-phenylindole dihydrochloride (DAPI). (C, F, I, and L) Cartoons of images
indicating outline of cells and FtsZ rings. Cell walls were visualized (not shown) with wheat germ agglutinin (lectin) conjugated to the green fluorophore fluorescein
isothiocyanate (Molecular Probes) (29). (A to C) Wild-type strain JH642 (trp phe) grown in minimal medium. Note the evenly spaced rings of FtsZ flanked by single
nucleoids. (D to F) minCD mutant strain PL820 (trp phe minCDD1::cat) grown in minimal medium. A medial pattern of FtsZ localization similar to that of the wild-type
strain is observed in these cells. Only one ring of FtsZ is observed per cell length. The minCD mutant cells are ;30% longer, on average, than the wild-type cells. The
significance of this is unclear. (G to L) minCD mutant strain PL820 (trp phe minCDD1::cat) grown in LB medium. Most of the cells in these fields have multiple rings
of FtsZ.
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258) had a single medial ring, 16% (40 of 258) had single polar
rings, ;45% (116 of 258) had two or three FtsZ rings located
at polar and medial positions (Fig. 2B), and the remaining 15%
(43 of 258) had more than three FtsZ rings. Cells with more
than three FtsZ rings tended to be significantly longer than the
other cells, and the extra FtsZ rings were usually positioned at
the cell quarters, positions that would have served as midcell
had the previous round of cell division been completed. De-
spite the fact that ;60% (156 of 258) of the cells had at least
one polar FtsZ ring, minicells were only ;17% (193 of 1171)
of the total population (counted by using the membrane stain
FM4-64), indicating that not all polar rings are used for divi-
sion.

Conservation of the min genes among the bacteria. To date,
the E. coli min system has provided the primary model for
division site selection. However, in contrast to FtsZ, the MinC,
-D, and -E proteins are not conserved throughout the eubac-
teria and archaea. As discussed above, B. subtilis does not
possess a gene that has any significant similarity to E. coli
minE, although it has been suggested that the divIVA gene
product could be a MinE analog (8, 13). Many of the bacterial
species whose genome sequences have recently been pub-
lished, including Haemophilus influenzae and the archaeon
Methanococcus jannaschii, do not possess homologs of either

E. coli minC or minE (7, 14). The apparent lack of conserva-
tion of the min genes at the primary sequence level suggests
that the problem of division site selection may have been
solved in different ways and that the min system represents
only the tip of the proverbial iceberg.

MinD is the most conserved and widespread of the MinCDE
trio. MinD is a member of a large family of proteins, some of
whose members are involved in plasmid partitioning and tran-
scriptional regulation (25). It will be interesting to determine if
MinD shares any functions with other family members, and if
so, whether these functions are important for its role in cell
division.

Additional factors involved in the frequency and position of
FtsZ ring formation. It is clear that in B. subtilis MinC and
MinD are involved in division site selection. Our results indi-
cate that other factors also function to ensure that FtsZ local-
izes to midcell and that cell division is medial. The function of
these factors is most obvious in minimal medium, where, even
in the absence of minCD, FtsZ rings are limited to one per cell
and the position is usually medial. In rich medium, there are
many more rings per cell, but division is still predominantly
medial. If all three potential division sites were equally avail-
able in cells lacking minCD, then the expected frequency of
medial division (and medial FtsZ ring formation) would be
only 33%. Therefore, even in the absence of MinC and MinD,
something is limiting the number and position of FtsZ ring
formation.
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