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Entry into sporulation in Bacillus subtilis is characterized by the formation of a polar septum, which
asymmetrically divides the developing cell into forespore (the smaller cell) and mother cell compartments, and
by migration of replication origin regions to extreme opposite poles of the cell. Here we show that polar
septation is closely correlated with movement of replication origins to the extreme poles of the cell. Replication
origin regions were visualized by the use of a cassette of tandem copies of lacO that had been inserted in the
chromosome near the origin of replication and decorated with green fluorescent protein-LacI. The results
showed that extreme polar placement of replication origin regions is not under sporulation control and
occurred in stationary phase under conditions under which entry into sporulation was prevented. On the other
hand, the formation of a polar septum, which is under sporulation control, was almost invariably associated
with the presence of a replication origin region in the forespore. Moreover, cells in which the polar placement
of origin regions was perturbed by deletion of the gene (smc) for the structural maintenance of chromosomes
(SMC) protein were impaired in polar division. A small proportion ('1%) of the mutant cells were able to
undergo asymmetric division, but the forespore compartment of these exceptional cells was generally observed
to contain a replication origin region. Immunofluorescence microscopy experiments indicated that the block in
polar division caused by the absence of SMC occurred at or prior to the step of bipolar Z-ring formation by
the cell division protein FtsZ. A model is discussed in which polar division is under the dual control of
sporulation and an event associated with the placement of a replication origin at the cell pole.

The spore-forming bacterium Bacillus subtilis exhibits two
principal modes of cell division. Under conditions of vegetative
growth, the bacterium undergoes binary fission, in which a
septum is formed at the midcell position. Binary fission gives
rise to two equal-size progeny cells. In contrast, during sporu-
lation, the developing cell undergoes a process of asymmetric
division in which a septum is formed near one pole of the cell.
This results in the formation of dissimilar-size progeny, called
the forespore (the smaller cell) and the mother cell (18). This
switch from symmetric to asymmetric division upon entry into
sporulation is governed by the master regulator for sporula-
tion, the response regulator Spo0A (14). An unknown gene or
genes under the control of Spo0A causes the site of formation
of the cytokinetic Z ring, which is composed of the tubulin-like
protein FtsZ (1), to shift from the midcell position to sites near
both poles of the cell. Subsequent events in sporulation allow
cytokinesis to occur at only one of the two polar Z rings,
resulting in the formation of a single polar septum. Both sym-
metric division and asymmetric division involve the partition-
ing of a chromosome to each progeny cell, but some of the
features of chromosome segregation in these two processes
differ sharply. The first step in chromosome segregation in
both cases involves the movement of newly duplicated replica-
tion origin regions toward opposite poles of the cell (7, 15, 22).
This is followed by, or concurrent with, condensation of the
chromosomes in a manner that may be mediated by a bacterial

homologue of the SMC (structural maintenance of chromo-
somes) family of chromosome-condensing proteins (8). SMC
proteins are present in eukaryotes and prokaryotes and are
essential for chromosome condensation and segregation (19),
probably by introducing positive writhe into DNA (13). In
growing cells, the medial septum is formed after a chromo-
some has been largely or completely partitioned to the nascent
progeny. In contrast, in sporulating cells, cytokinesis occurs
before a complete chromosome is partitioned to the forespore.
Instead, following polar septation, only the origin-proximal
one-third of the chromosome is located in the forespore; the
remainder of the chromosome is pumped across the septum
from the mother cell into the forespore by the DNA translo-
case SpoIIIE, which is itself located in the septum (23–25).

Here we are concerned with the initial events of asymmetric
division and the coordination of the polar placement of repli-
cation origin regions with the formation of an asymmetrically
positioned septum. Our results show that the process by which
replication origin regions become localized at the extreme
poles of the cell is not under sporulation control. Nonetheless,
the formation of the sporulation septum is closely correlated
with the presence of a replication origin region at an extreme
polar position. We also report experiments in which the nor-
mal polar localization of the replication origin is perturbed by
the use of a null mutant lacking SMC. Such a mutant is con-
ditionally lethal but is capable of growth at low temperatures
(2, 9, 17), under which conditions spore formation occurs but
at a low efficiency. Here we show that this block occurs ex-
tremely early in sporulation, prior to asymmetric division and
prior to the formation of bipolar Z rings, and that spore for-
mation and polar septation in SMC mutant cells are closely
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correlated with, and possibly dependent on, the extreme polar
placement of a replication origin at the cell pole at which the
sporulation septum will form. The significance of our findings
is discussed, including the possible existence of a checkpoint
mechanism that links polar division to the polar placement of
a replication origin.

MATERIALS AND METHODS

Bacterial strains. Strain PG63 (lacO cassette at 359° pveg-gfp-lacI smc::kan)
was constructed by transformation of AT63 (lacO cassette at 359° pveg-gfp-lacI)
(20) with chromosomal DNA from PGD388 (smc::kan) (9). Strain PG7 (lacO
cassette at 359° pveg-gfp-lacI spo0A::spec) was created by transformation of strain
AT63 (20) with chromosomal DNA from RL2242 (spo0A::spec) (5). Strain PG11
(lacO cassette at 359° pveg-gfp-lacI divIVa::spec) was constructed by transforma-
tion of AT63 with chromosomal DNA from FG22 (divIVA::spec; a gift from F.
Gueiros Filho, Harvard University). Strain FG24, which contains a translational
fusion of spoIIE to the gene (gus) for b-glucuronidase (gus) (spoIIE-gus) located
at amyE, was obtained from F. Gueiros Filho. PG3 (smc::kan spoIIE-gus) was
created by transformation of FG24 with chromosomal DNA from PGD388
(smc::kan) (9). Strain PG13 (spoIIE-gus spo0A::spec) was constructed by trans-
formation of strain FG24 with chromosomal DNA from RL2242 (spo0A::spec)
(5).

Conditions for growth and sporulation. Because some of the experiments
described in this report were carried out with cells with mutated smc and because
such cells are unable to grow at 37°C, all experiments, that is, those with both
smc1 cells and cells with mutant smc, were carried out at the permissive tem-
perature of 23°C.

With the exception of the experiment whose results are shown in Fig. 1C (in
which Luria-Bertani [LB] medium was used), all of the experiments reported
here were carried out with Difco Sporulation (DS) medium. T0 is defined as the
end of exponential growth in DS medium. In parallel work (data not shown),
similar results were obtained in all cases by using cells that had been induced to
sporulate by suspension in CH medium (10).

Measurement of heat-resistant spores was carried out by heating the cells to
80°C for 20 min (10) at 60 h after the start of sporulation. A time course
experiment showed that at 23°C, the maximum number of heat-resistant spores
is not reached until at least 48 h (compared to 14 h for sporulation carried out
at 37°C).

Fluorescence microscopy. An Olympus BX60 microscope and a Princeton
Instruments MicroMax charge-coupled device camera were used for image ac-
quisition. Metamorph software was used for image processing and measurement
of distances. FM4-64 (Molecular Probes) was used for membrane staining at 1
nM, and 49,69-diamidino-2-phenylindole (DAPI) was used at 2 mg/ml for staining
of DNA.

Measurement of b-glucuronidase activity. The activity of b-glucuronidase was
measured as described for the assay of b-galactosidase activity (16), except that
the substrate was p-nitrophenyl-b-D-glucuronide (6 mM).

RESULTS

Strategy. The purpose of this investigation was to study the
connection between the process of polar septation during
sporulation and the extreme polar localization of DNA repli-
cation origins. As part of our strategy, we took advantage, in
certain experiments described below, of the mislocalization of
replication origins (8) observed in cells with mutant SMC pro-
tein. Because cells lacking SMC are unable to grow at 37°C, all
experiments with both smc1 cells and cells with mutant smc
were carried out at the permissive temperature of 23°C.

Polar placement of replication origins is not under sporu-
lation control. Following duplication, replication origins move
apart, toward opposite poles of the cell but do so in a more
extreme manner in cells that have entered sporulation than in
cells that are in the exponential phase of growth (7, 15, 22).
This can be seen through a comparison of Fig. 1A and D,
which display fluorescent images of cells (strain AT63) harbor-
ing a lacO cassette inserted into the chromosome near the

origin of replication and decorated with green fluorescent pro-
tein (GFP)-LacI. Florescent foci corresponding to origin re-
gions were well separated from each other in both growing
cells and cells under sporulation conditions but were further
apart and in closer proximity to the extreme poles of the cells
in the latter. We calculated that the average separation be-
tween origins in growing cells was 1.37 mm (among 120 cells
counted), whereas the separation at the start of sporulation
was 2.3 mm (among 122 cells counted). In contrast, regions
near the terminus of replication localized to midcell positions
(21, 22; data not shown). We investigated whether the extreme
polar placement of origin regions was a specific feature of
entry into sporulation by examining the localization of the lacO
cassette in cells mutant for spo0A, a transcription factor that
governs entry into sporulation. Figure 1B shows that fluores-
cent foci corresponding to the origin region exhibited extreme
polar localization in cells of a spo0A mutant (strain PG7).
Among 300 mutant cells observed that exhibited bipolar fluo-
rescent foci, 77% exhibited extreme polar localization, com-
pared to 78% for the wild type (among 450 cells counted).
Similar results were also obtained with a spo0H mutant when
Spo0J-GFP was used as a marker for origin localization (data
not shown). However, the spo0H mutant often produced long
cells that contained four origin signals at a time when wild-type
cells showed only two signals per cell (data not shown). This
finding could indicate that the last round of medial cell division
during entry into sporulation is partially dependent on sH, as
discussed previously in the context of sH-directed transcription
of the ftsA-ftsZ cell division operon (6). Interestingly, extreme
polar localization of origin regions was also observed at the
transition to stationary phase in cells of the wild type (AT63)
that had been grown in a rich (LB) medium that does not
support sporulation (Fig. 1C), although the frequency was
lower (45%) than that observed in sporulation medium
('80%). We concluded that the movement of origin regions to
the extreme poles of cells is not under sporulation control but
rather is a feature of cells that have entered stationary phase.

Polar septation and polar localization of replication origin
regions are coordinated. To investigate the coordination of
polar septation with the polar localization of the replication
origin region, cells of strain AT63 were treated with the vital
membrane stain FM4-64 at the onset of sporulation. Among
5,000 cells examined with clearly visible fluorescent foci, no
case was observed of a sporangium with a polar septum in
which both fluorescent foci were located outside of the fore-
spore (Fig. 2A). That is, among sporangia in which two fluo-
rescent foci could be detected (95% of the cells), the presence
of a polar septum was always associated with the presence of a
fluorescent focus (replication origin) in the forespore compart-
ment.

Time course experiments showed that the percentage of
cells with extreme bipolar localization of origin regions was
highest 3.5 h after initiation of sporulation at 23°C (76%; data
not shown). In agreement with the observations of Webb et al.
(22), origin regions moved away from the poles following polar
septation. In cells that had proceeded to engulfment (gray bars
in Fig. 2A), the origin in the mother cell was generally no
longer found at the extreme pole of the cell (signals in the
forespore were no longer visible at this point). Similarly, fol-
lowing medial septation in spo0A mutant cells, origin signals
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were observed at random positions in the cells (data not
shown). These findings indicate that extreme polar localization
of origin regions is coordinated with polar septation but is
transient.

Polar localization of origins does not require the presence of
septa. One possible explanation for the extreme polar place-
ment of replication origins is that during entry into sporulation
newly duplicated chromosomal origin regions become cap-
tured at, and attached to, the poles of the sporangium. Alter-
natively, origin regions may simply move further apart at the
onset of sporulation than during exponential growth, until they
reach the cell poles. To distinguish between these possibilities,
we investigated the localization of origin regions in a mutant
that is defective in septation. Deletion of the cell division gene
divIVA causes the formation of long, aseptate filaments during
growth (3, 4) and an approximately 100-fold reduction in
sporulation efficiency. We introduced a divIVA null mutation
into a strain carrying chromosomal origins tagged with GFP-
LacI, generating strain PG11. During exponential growth, reg-
ularly spaced origin signals were observed in long, aseptate
filaments (data not shown). The average distance measured by
using METAMORPH software was found to be similar to that
found in wild-type cells ('1.4 mm). Additionally, the mutant
cells produced minicells that generally did not contain origin
signals (data not shown).

At the onset of sporulation, origin signals separated an av-
erage distance of '2.5 mm in divIVA mutant cells. This is
similar to the average distance of separation (2.3 mm) mea-
sured for wild-type cells, although, in contrast to wild-type
cells, the divIVA mutant formed filaments that lacked septa.
Interestingly, a pair of origin foci, each from a separate segre-
gating pair of chromosomes, were frequently observed next to
each other in the absence of a septum between the two origin
regions (Fig. 2C, arrows; observed in 42 of 50 filaments ana-
lyzed). We interpreted these findings to indicate that the ex-
treme separation of origins at the onset of sporulation does not
depend on septation and that origin regions are not, or least
need not be, captured at the cell poles.

Coordination of axial filament formation and polar Z rings
with polar localization of replication origin regions. Two of
the earliest morphologic markers for entry into sporulation are
axial filament formation and the appearance of polar Z rings.
Following entry into sporulation but prior to asymmetric divi-
sion (stage I), the nucleoid adopts a structure known as the
axial filament, which extends to both poles of the sporangium
(14). Examples of axial filaments (labeled A) are presented in
the DAPI-stained cells of Fig. 3. In contrast, growing cells
contain one or two nucleoids that are more condensed than
axial filaments and generally do not extend to the extreme
poles of the cell (Fig. 3, labeled N). Also, following entry into
sporulation, the site of ring formation by FtsZ switches from
the midcell position to sites near the cell poles. We investi-
gated whether axial filament formation and polar Z-ring for-

mation are accompanied by the localization of origins to the
extreme poles. We used wild-type cells (strain AT63) carrying
a lacO cassette to visualize origin regions. To visualize Z rings,
we carried out immunofluorescence microscopy by using anti-
FtsZ antibodies after fixing the cells. Polar Z rings are indi-
cated with white lines in Fig. 3, and medial rings are indicated
with the letter M. Fluorescent foci from GFP-LacI were more
difficult to observe in the fixed cells than in living cells. Nev-
ertheless, we were able to collect images on a significant num-
ber of cells that showed both FtsZ and GFP signals. We dis-
tinguished bipolar origins from those located at the extreme
cell poles by visual inspection (compare gray with white arrows
in Fig. 3) and by measuring the distances between fluorescent
foci. Distances between origins in cells with axial filaments
varied from 1.6 to 2.0 mm (average, 1.83 mm), whereas the
distance between origins in cells with central FtsZ rings was
between 0.6 and 1.5 mm (average, 1.1 mm).

In 30 out of 31 cases of cells that had one or two polar Z
rings (indicated by white bars) and an axial filament, chromo-
somal origins were localized to the extreme poles. In 46 out of
51 cases of cells that had axial filaments but no visible FtsZ
rings, origins were also localized at extreme polar positions. In
contrast, in 38 out of 39 cases of cells with a medial FtsZ ring
and two separated nucleoids, origins were not located at the
extreme cell poles. These findings suggest that at the onset of
sporulation, axial filament formation (stage I) is generally ac-
companied by extreme polar positioning of origins and by
polar positioning of FtsZ rings.

Sporulation defect in cells carrying a deletion of the smc
gene. A deletion of the smc gene results in chromosome de-
condensation, slow and temperature-dependent growth (2, 9,
17), and a defect in sporulation (2). In addition, the arrange-
ment of the chromosome is perturbed in growing cells of an
smc mutant (8). Because the extreme separation of origin
regions is characteristic of cells that have entered sporulation,
we wondered whether the defect in chromosome arrangement
caused by an smc mutation would impede sporulation at an
early stage. By measuring the production of heat-resistant
spores, we found that the mutant sporulated at an efficiency of
0.8%, compared to 76% for the wild type. Use of the vital
membrane stain FM4-64 revealed that the mutant cells were
blocked prior to the stage of asymmetric division; only about
0.3% of the cells had a polar septum (Fig. 2E) at a time when
about 65% of the wild-type cells showed a polar septum or had
proceeded to later stages of development (Fig. 2D).

Next, we investigated the localization of origin regions in
smc mutant cells at the onset of sporulation. In contrast to
wild-type cells, which showed two origin signals localized at
extreme opposite poles of the sporangium (Fig. 1D), mutant
cells variably contained one to four signals and these were
localized at more or less random positions in the sporangium
(Fig. 1E). Thus, in the absence of SMC, the arrangement of the
chromosome is perturbed not only during growth (8) but also

FIG. 1. Fluorescence and Nomarski differential interference contrast microscopy of cells harboring a lacO cassette near the origin of replication
and producing GFP-LacI. Unless indicated otherwise, the cells were grown and sporulated in DS medium. Representative fluorescent foci are
indicated by arrows, and representative septa are indicated by white lines. Scale bars (white rectangles), 2 mm; A, cells of strain AT63 (wild type)
during exponential growth; B, cells of strain PG7 (spo0A::spec) at hour 3 of sporulation; C, cells of AT63 at 3 h after the end of exponential-phase
growth in nonsporulation (LB) medium; D, AT63 cells at hour 3 of sporulation; E, PG63 cells (smc::kan) at hour 3 of sporulation.
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during initiation of sporulation. Nonetheless, at a low fre-
quency (about 1.2% of 210 cells counted), mutant cells were
observed that contained two signals close to or at opposite cell
poles (arrows, Fig. 1E).

Presence of polar septa is associated with polar origin in
smc mutant cells. In spite of their defect in chromosome ar-
rangement, smc mutant cells are able to sporulate at a low
frequency. We wondered whether mutant cells that were ca-
pable of sporulating were those in which a replication origin
was located at the extreme forespore pole. To investigate this
smc mutant, cells carrying origin regions decorated with GFP-
LacI were stained with FM4-64 after the initiation of sporula-
tion so that both origin foci and polar septa could be visualized.

We observed over 20,000 cells at times ranging from 3 to 8 h
after entry into sporulation. About 1% of these cells had polar
septa (indicated by white bars in Fig. 2B), and of these, 84
exhibited clear fluorescent foci (arrows, Fig. 2B). Of the 84
cells, 81 showed a fluorescent focus in the forespore, with the
other signal generally close to or at the other pole of the cell
(Fig. 2B), although the origin in the mother cell was found at
various positions in some cells (e.g., the upper cell indicated in
Fig. 2B). These findings are consistent with the idea that the
formation of a polar septum is dependent upon the presence of
a replication origin region near the pole of the cell.

smc mutant cells are defective in Z-ring switching. The cor-
relation between polar localization of replication origins and

FIG. 2. Fluorescence microscopy of cells harboring a lacO cassette near the origin of replication and producing GFP-LacI during sporulation.
A to C, merged images of GFP fluorescence and FM4-64 staining; D and E, FM4-64 staining; A, wild type cells (AT63) at hour 5; B, smc mutant
cells (PG63) at hour 5; C, divIVA mutant cells (PG11) at hour 3; D, wild-type cells at hour 7; E, smc mutant cells at hour 7. Scale bars (white
rectangles), 2 mm. The white lines indicate polar septa, except in panel C, where the lines indicate double septa, which occur during exponential
growth of the divIVA mutant. The white arrows indicate polar origin signals. Gray lines indicate septa in sporangia that had reached the stage of
engulfment, and gray arrows identify origins that were no longer located at an extreme polar position in such sporangia. Scale bars (white
rectangles), 2 mm.
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polar septation in smc mutant cells prompted us to ask whether
septum formation was blocked prior to the formation of polar
Z rings. We performed immunofluorescence microscopy (14)
on wild-type and mutant cells by using affinity-purified anti-
FtsZ antibodies. The results showed that among wild-type cells
in which a Z ring(s) was present (82 out of 340 cells), only
medial Z rings were observed at hour 2 of sporulation. At hour
3, 120 cells exhibited polar or bipolar Z rings and 108 exhibited
medial rings out of a total of 440 cells observed. At hours 4 to
5, the pattern was predominantly polar Z rings, and by hour 6,
the pattern was almost exclusively polar Z rings (Fig. 4A,
indicated by white bars). By hour 6, 10% of the cells exhibited
a condensed forespore chromosome (Fig. 4A, indicated by
arrows), which is characteristic of sporangia that had replaced
the polar Z rings with a polar septum. Polar Z rings became
less frequent by hour 7.

In contrast, polar septa were rarely detected in sporulating
cells of the smc mutant. Among 1,250 mutant cells observed
between hours 3 and 7, only 28 exhibited Z rings close to the
cell poles and 388 showed a medial Z ring. At hour 6, Z rings

were still predominantly close to the midcell position (Fig. 4B)
and rarely close to the poles. Even from 12 to 18 h, polar rings
were rarely observed, in contrast to medial Z rings. We con-
cluded that the defect in polar septation in smc mutant cells
occurs at or before the formation of polar Z rings. In agree-
ment with the finding that about 1% of smc mutant cells were
able to sporulate, some mutant cells could be detected that
exhibited a condensed forespore chromosome (Fig. 4B, ar-
row), although the abundance of such sporangia was less than
1% at hours 6 to 8 of sporulation.

Spo0A activity in smc mutant cells. It is known that Z-ring
switching depends on the activation of Spo0A (14), which acts
in part by turning on the transcription of spoIIE (12). Conceiv-
ably, the defect in chromosome organization caused by the smc
mutation causes a block in Spo0A activation. To investigate
this possibility, we introduced a fusion of the gus reporter to
spoIIE into the wild type and an smc mutant to create strains
PG1 and PG5, respectively. Figure 5 shows that Spo0A-di-
rected expression of spoIIE (see Materials and Methods) was
modestly lower in PG5 than in PG1 and that the time course of

FIG. 3. Immunofluorescence microscopy of wild-type cells (AT63) cells harboring a lacO cassette near the origin of replication and producing
GFP-LacI at hour 3 of sporulation. Cells were stained for FtsZ with anti-FtsZ antibodies and Cy3-conjugated secondary antibodies and for DNA
with DAPI. Scale bars (white rectangles), 2 mm; white lines, polar FtsZ rings; M, medial FtsZ rings; N, nucleoids in growing cells; A, axial filaments
in sporulating cells. White arrows identify origins located at the extreme cell poles in sporulating cells, and gray arrows indicate bipolar origins in
growing cells.
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expression was slower in the mutant than in the wild type.
Thus, the smc mutation does have a modest effect on Spo0A
activity, but it seems unlikely that this effect is adequate to
explain the defect in Z-ring switching and polar septation
caused by the absence of SMC.

DISCUSSION

This work provides three principal contributions to the prob-
lem of chromosome segregation at the onset of sporulation.

First, we have shown that the movement of replication origins
to the extreme poles of the sporangium is not under sporula-
tion control. It occurs in a mutant (spo0A) blocked in entry into
sporulation and in wild-type cells grown under nonsporulation
conditions. These findings show that extreme separation of
origins is a consequence of the last round of chromosome
segregation before the cessation of growth. Interestingly, ex-
treme separation of origins occurred even in filaments in the
absence of septa, indicating that origin regions are separated as

FIG. 4. Immunofluorescence microscopy of wild-type (A) and smc mutant (B) cells at hour 4 of sporulation at 23°C. FITC secondary antibodies
were used that resulted in staining of cells indistinguishable from Cy3-coupled secondary antibodies. Scale bars (white rectangles), 2 mm; white
lines, positions of Z rings; arrows, condensed forespore nucleoids.
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far as possible but are not held at or attached to the cell poles.
Second, we have found that formation of the sporulation sep-
tum is closely coordinated with the extreme polar placement of
a replication origin. Among 5,000 sporangia examined, we
failed to detect a case in which both replication origin regions
were located outside of the forespore. This observation indi-
cates the existence of a mechanism for linking of asymmetric
division to polar placement of the origin region. The accuracy
of this process is comparable to that of chromosome segrega-
tion during normal growth, where only 1 in 10,000 cells does
not receive a chromosome complement (11). The presence of
polar FtsZ rings was generally accompanied by axial filament
formation and extreme separation of origin regions, suggesting
that coordination of chromosome structure and polar division
may occur at the stage of FtsZ ring switching.

Third, and consistent with this idea, we obtained evidence
that polar septation depends on the movement of an origin to
the extreme pole of the sporangium. This evidence was ob-
tained by the use of an smc mutant in which the normal layout
of the chromosome is perturbed (8), such that during entry into
sporulation, replication origins were found at extreme polar
positions in only a small proportion of the cells. smc mutant
cells are defective in sporulation (2), and we have shown that
this defect occurs prior to the formation of the polar septum
and, indeed, prior to the switch in the site of Z-ring formation
from the midcell to the poles of the cell. Importantly, however,
a small proportion of mutant cells were able to undergo asym-
metric division and in these exceptional cases a replication
origin was found at the extreme pole. This correlation between
polar division and polar placement of the replication origin is
consistent with the hypothesis that polar division depends on
the proper organization of the chromosome.

We favor the idea that a checkpoint mechanism exists that
delays the formation of polar Z rings until and unless a repli-
cation origin reaches the extreme pole of the sporangium. This

is an attractive idea because it would help to explain the high
fidelity of the segregation of a chromosome into the forespore.
Were septation to occur prior to the movement of an origin to
the pole, then the subsequent SpoIIIE-dependent process of
DNA translocation (23) could not take place and the resulting
forespore would be devoid of a chromosome. Indeed, minicells
that occur in divIVA mutant cells during growth (3, 4), where
origins are not separated to the extreme cell poles (21), did not
contain origin signals or other chromosomal DNA. An alter-
native possibility is that disorganization of the chromosome
caused by the absence of SMC is sensed by the phosphorelay,
resulting in impaired activation of Spo0A. It is known that
Z-ring switching depends on Spo0A-directed gene transcrip-
tion (14), and hence, a defect in Spo0A activation could, in
principle, account for the block in polar septation. We inves-
tigated this hypothesis by monitoring Spo0A activity and found
that the smc mutation caused only a modest impairment of
Spo0A-directed transcription. We therefore favor the view that
polar division is somehow coupled to the movement of repli-
cation origins to the extreme poles. Distinguishing definitively
between the checkpoint hypothesis and an effect on Spo0A
activity will, however, require the identification of the gene or
genes under Spo0A control that mediate the switch in the site
of Z-ring formation. In any event, the formation of the polar
septum appears to be under the control of dual mechanisms: a
sporulation-specific control mediated through the activation of
Spo0A and a non-sporulation-specific mechanism involving the
machinery for chromosome partitioning.
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FIG. 5. Induction of a spoIIE-gus fusion during sporulation at 23°C of wild-type cells (FG24; l), of smc mutant cells (PG3; f), and of spo0A
mutant cells (PG13; Œ).
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