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To elucidate the process of asymmetric division during sporulation of Bacillus subtilis, we have measured
changes in cell cycle parameters during the transition from vegetative growth to sporulation. Because the
propensity of B. subtilis to grow in chains of cells precludes the use of automated cell-scanning devices, we have
developed a fluorescence microscopic method for analyzing cell cycle parameters in individual cells. From the
results obtained, and measurements of DNA replication fork elongation rates and the escape time of sporu-
lation from the inhibition of DNA replication, we have derived a detailed time scale for the early morphological
events of sporulation which is mainly consistent with the cell cycle changes expected following nutritional
downshift. The previously postulated sensitive stage in the DNA replication cycle, beyond which the cell is
unable to sporulate without a new cell cycle, could represent a point in the division cycle at which the starved
cell cannot avoid attaining the initiation mass for DNA replication and thus embarking on another round of
the cell cycle. The final cell cycle event, formation of the asymmetric spore septum, occurs at about the time
in the cell cycle at which the uninduced cell would have divided centrally, in keeping with the view that spore
septation is a modified version of vegetative division.

Under starvation conditions, Bacillus subtilis undergoes a
differentiation process that culminates with the release of a
dormant endospore. The first overt morphological event in this
process is the formation of a polar division septum positioned
quite differently from the centrally located septum of the veg-
etative cell. Asymmetric septation generates two compart-
ments of unequal size, a large one, the mother cell, and a
smaller one, the prespore. The morphology of cells during the
asymmetric division process (20, 21) and the common require-
ments for cell division genes, such as ftsZ (4), divIC (27), and
divIB (3), suggest that spore septum formation is a modified
form of vegetative division.

Although a great deal is known about the nature of the
nutritional signals controlling the switch from vegetative
growth to sporulation (22) and about the changes in transcrip-
tion that accompany and direct the differentiation of prespore
and mother cell (15), little is known about how the cell cycle is
modified at the onset of sporulation. The starting material for
sporulation is apparently a cell containing two fully replicated
chromosomes, one destined for the spore and the other re-
maining in the mother cell (2, 19, 37, 41, 46). Consequently,
when sporulation is initiated after a period of relatively rapid
growth and thus dichotomous replication, the cell must un-
dergo a complex transition to a state in which two completed,
nonreplicating chromosomes are present. In order for this to
occur, it seems likely that ongoing rounds of replication must
be completed and new rounds avoided, but how this reorgani-
zation of the cell cycle is achieved has not been elucidated.

Two lines of evidence, obtained from experiments with pop-
ulations of cells initiating sporulation asynchronously, have
suggested that the onset of sporulation can occur only at a
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particular point in the cell cycle. Firstly, pairs of sister cells
tend to be at the same developmental stage of sporulation (9),
suggesting that they initiated sporulation simultaneously. This
could obviously be a consequence of sister cells being synchro-
nized with respect to the cell cycle, having been the products of
the same division. Secondly, experiments with inhibitors of
DNA replication suggested that cells could initiate sporulation
only at a particular point in the DNA replication cycle (7, 11,
29). However, the other cell cycle parameters of cells at the
postulated sensitive stage (e.g., mass and length) have not been
further investigated.

The tendency of B. subtilis cells to grow in chains (34) pre-
cludes the use of automated cell-sorting methods to study cell
cycle events in individual cells. Here we describe the develop-
ment of a digital microscopic method for measuring cell cycle
parameters in individual B. subtilis cells and its application to
the study of events at the onset of sporulation. A detailed
sequence of cell cycle events has been deduced for the abrupt
transition from growth to sporulation by using the classical
resuspension method (42). In addition to providing a picture of
the changes in cell size and DNA content that occur as cells
initiate sporulation, the results confirm that there is a period of
sensitivity in the cell cycle during which cells can respond to a
starvation stimulus and switch to asymmetric division (7, 11,
29). This point of sensitivity need not, as previously assumed,
correspond to a stage within the DNA replication cycle. More
likely, it represents the point at which the cell attains a size
such that it cannot avoid becoming committed to another
round of DNA replication, even at the reduced growth rate in
starvation medium (SM). Although asymmetric septation
clearly involves a modification of the vegetative septational
machinery, in terms of positioning and ultrastructure, we show
that its timing relative to the completion of DNA replication is
similar to that of vegetative division.

MATERIALS AND METHODS

General methods. B. subtilis SG38 trpC2 amyE (16) was used for all of the
experiments described. An amyE mutation of unknown origin was recently de-
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tected to be present in this strain (48). Strain L5481 dnaBI9(Ts) flaD2 (45) was
used as the internal standard of DNA content in the digital image analysis.
Sporulation was induced (42) by growing cells in a rich hydrolyzed casein (CH)
medium and resuspending the cells in sporulation medium (SM) as specified by
Partridge and Errington (33). These media were supplemented with tryptophan
(20 pg/ml).

Preparation of standard cells with single completed chromosomes. Strain
L5481 was used to derive the standard cells used for DNA content analysis. This
strain is thermosensitive for the initiation of DNA replication and grows as
chains of cells because of its deficiency in autolysins. The strain was grown in CH
medium to an Agyy of 0.45 and then shifted to 48°C for 70 min. During this
incubation at the nonpermissive temperature, ongoing rounds of DNA replica-
tion are completed and more than 90% of the completed chromosomes are
segregated into separate cells (45). The fluorescence of the standard nucleoids
was relatively constant (the standard deviation was about 12%). A small propor-
tion of these nucleoids (<10%) were excluded from the analysis because of their
clearly higher DNA content. These may correspond to unsegregated sister chro-
mosomes (45).

Measurement of cell length and DNA content by digital image analysis. Pre-
viously published methods for visualization of septa in B. subtilis (e.g., treatment
with CsCl solution [13] or formalin [31]) did not allow asymmetric septa to be
seen. However, we found that storage of cell samples in 70% ethanol, followed
by brief rehydration, allowed both vegetative and asymmetric spore septa to be
seen clearly by phase-contrast microscopy (see Fig. 1). These preparations could
also be stained with 4’,6-diamidino-2-phenylindole (DAPI) (Sigma) and the
DNA could be viewed by fluorescence microscopy, giving images similar to those
reported previously for glutaraldehyde-fixed cells (6, 41).

A culture sample was chilled, and NaN; was added to a final concentration of
0.1% (wt/vol). The sample was microcentrifuged for 3 min (room temperature,
10,000 X g) and resuspended in 70% (vol/vol) ethanol at 4°C, after which the
cells could be stored indefinitely. After at least 2 h of storage, a sample was
microcentrifuged, resuspended in sterile bidistilled water to disperse the aggre-
gates of cells formed in ethanol, and then mixed with an appropriate amount of
standard cells, each containing one complete chromosome, that had been pre-
pared in the same way. A 2- to 5-pl amount was immediately spread on a
coverslip (no. 0; BDH), which had been previously treated with 0.01% polylysine
(Sigma), and the suspension was allowed to dry. The coverslip was inverted onto
5 wl of 50% (vol/vol) glycerol containing 1 wg of DAPI per ml and immediately
observed with a Zeiss Axiophot fluorescence microscope equipped with a 100X
oil immersion objective, a 2X Optovar, a G365 exciter filter, an LP420 barrier
filter, and a cooled charge-coupled device Hamamatsu C4742 camera (1,024 by
1,024 pixels). The camera was connected to a MaclIntosch Quadra 900 computer
through a Perceptrics frame grabber (Perceptrics, Knoxville, Tenn.). Phase-
contrast and fluorescence images of an appropriate field were grabbed by using
Image 1.49 processing and analysis software (written by W. Rasband, National
Institutes of Health). To improve the visualization of the septa, the phase-
contrast image was grabbed with a weak microscope light. (Note that although
the positions of septa were very clear when viewed directly, or when reproduced
photographically [see Fig. 1], they are not always visible on the digital images.)
By checking directly through the microscope, the position of each septum was
marked on the phase-contrast image. Because the dye fades, the fluorescence
image was grabbed as quickly as possible. By using Adobe Photoshop 2.1 soft-
ware, the phase-contrast image, except the marks localizing the septa, was elim-
inated and the image obtained was superimposed on the fluorescence one. By
using the Image software, an area was drawn around each cell between the two
marks indicating the positions of the septa. The length of the cell and the total
density of the stain in the marked area were measured and compared with
measurements of a 10-um scale and of nucleoids of the standard cells, respec-
tively. Aggregates of cells were ignored. Images shown in Fig. 1, 2, and 6 were
printed on Ilford Delta 35-mm film. For digital images (Fig. 2 and 6), Polaroid
Print-me-later 3.0.2 software was used.

Accuracy of the cell length measurements. Measurements of cell length from
a single culture sample prepared for microscopy by different procedures showed
that neither the ethanol fixation nor the glycerol in which the cells were stained
with DAPI significantly altered this parameter (data not shown). The accuracy of
length measurements was tested by measuring the lengths of spores obtained in
nutrient broth. The mean length obtained by the present method (1.18 = 0.10
pm, 38 spores) was in agreement with that obtained by traditional measurements
on phase-contrast micrographs (1.12 = 0.15 wm, 100 to 200 spores [19]).

Accuracy of DNA content estimations and compensation for effects of DNA
condensation. To test the accuracy of the method for estimating DNA content,
we measured the relative fluorescence of nucleoids in a single field of sporulating
cells (Table 1). The four major classes of nucleoids were analyzed: those of the
standard cells, those of nonsporulating cells, and those of fully condensed pre-
spores and their associated mother cells. Two minor classes of cells, probably
representing cells making the transition from vegetative growth to sporulation,
were ignored for this purpose. The average fluorescence of the internal standard
nucleoid, corresponding to a single complete chromosome, was set at 1. The
mother cell nucleoids had an average fluorescence very close to 1, as expected if
they contain single completed chromosomes (see the introduction). The pre-
spore nucleoids exhibited a lower average fluorescence, as shown previously for
Bacillus megaterium (41). Although it has been suggested that the lower apparent
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TABLE 1. Relative fluorescence and maximum pixel brightness
of nucleoids stained with DAPI”

Nucleoid type No. o_f Avg relative ._Avg m'fiximum_
nucleoids fluorescence” pixel brightness®
Standard 14 1.0 = 0.12 159 = 19
Nonsporulating cells 42 1.37 2033 199 = 19
Prespore? 34 0.73 = 0.12 206 = 21
Mother cell? 34 1.01 = 0.09 148 = 11

“ A single image of cells sampled 90 min after resuspension was analyzed.

b Relative to fluorescence of standard nucleoids. Values are means = standard
deviations.

¢ Black corresponds to a brightness of 0, and white corresponds to a brightness
of 255. Values are means * standard deviations.

4 Prespore and mother cell nucleoids correspond to the same sporulating
organisms.

fluorescence of the prespore is due to overlapping of the out-of-focus fluores-
cence of the prespore and mother cell nucleoids (41), it seemed to us that the
major contribution to this effect was a reduction in penetration of the excitation
light with increasing DNA concentration (44). In any case, the increased con-
densation of the prespore DNA was evident from its maximum pixel brightness
(MPB), which was about 20% greater than that of either the standard cells or the
mother cells (Table 1).

The reproducibility of the measurements was illustrated by the relatively low
level of variation in average fluorescence of mother cell, prespore, and standard
nucleoids, which were all expected to have single completed chromosomes. The
nonsporulating cells in the field showed considerable variation in fluorescence, as
expected, because they were undergoing DNA synthesis and would thus be at
different points in the replication cycle. The DNA of the nonsporulating cells
(and of cells growing in CH medium; see below) was more condensed than that
of the standard nucleoids, as indicated by the greater MPB in Table 1. We
assumed, on the basis of the observations on prespore nucleoids, which seemed
to be condensed to a similar level (Table 1), that this would result in an under-
estimation of the DNA content, and so when determining the DNA content of
cells in CH medium (see below), we applied a correction factor of 1.4, based on
the known underestimation of the prespore DNA. The internal consistency of
the data for cells growing in CH medium justified the application of this factor
(see below).

Chloramphenicol (CAM) treatment caused a high degree of nucleoid conden-
sation (the MPB was 1.6 times greater than that of the standard nucleoids), as
has been reported also for Escherichia coli (52). The nucleoids of the CAM-
treated cells showed two levels of fluorescence. If it is assumed that these
corresponded to two and four completed chromosomes, the underestimation of
the DNA content caused by the condensation would be to 1.5- and 1.8-fold. This
would be consistent with the effects of DNA condensation on the prespore DNA
(MPB, 1.3 times the value for standard nucleoids; underestimation of DNA
content, 1.4-fold [Table 1]). Other possible explanations for the two peaks (e.g.,
one and two nucleoids or four and eight nucleoids) are completely incompatible
with the values for generation time, DNA replication time, and observed residual
cell division.

The level of DNA condensation for the cells defined as being in the “presep-
tation” state (see Results) was slightly higher than that for the standard nucleoids
(MPB, 1.1), and so the value given for their DNA content includes an estimated
correction factor of 1.1.

Determination of DNA content in cultures. It appeared that the efficiency of
DNA extraction from whole cells by the warm perchloric acid method (5) varied
greatly from one resuspension experiment to another (18). Consequently, cells
were lysed and their DNA was precipitated before being assayed by the diphe-
nylamine method. Duplicate 1-ml samples were chilled, and NaN; was added
(final concentration, 0.1% [wt/vol]). The samples were microcentrifuged for 3
min (room temperature, 10,000 X g), resuspended in 0.2 ml of TES buffer (0.2
M Tris [pH 7.5], 5 mM EDTA, 100 mM NaCl) containing 1 mg of lysozyme per
ml and 0.05% NaNj, and incubated at 37°C for 15 min. Sarkosyl (NL30; BDH)
and pronase E (Sigma) were added to final concentrations of 1.6% (vol/vol) and
1 mg/ml, respectively, and the mixture was incubated at 37°C for 30 min. The
sample was mixed with 1 volume of 2-propanol, incubated at room temperature
for 15 min, and microcentrifuged for 5 min. The pellet was washed with 70%
ethanol and resuspended in 0.2 ml of sterile H,O, and the DNA concentration
was measured by the diphenylamine method (5) with 2'-deoxyadenosine (Sigma)
as a standard. In agreement with the findings of Mandelstam et al. (30), the DNA
concentration immediately after resuspension of cells in SM was about 4 pg/ml
of culture. Surprisingly, the absolute DNA concentrations found in SM were
about 1.25 times lower than those in CH medium at the same time, apparently
because of a lower efficiency of DNA extraction from cells in SM. However, this
did not affect the conclusions drawn.



Vou. 177, 1995

FIG. 1. Photomicrograph illustrating visualization of vegetative-stage and
asymmetric septa by ethanol fixation and phase-contrast microscopy.

RESULTS

Cell cycle in rich CH medium. Of the various methods used
to induce sporulation, the resuspension method (42) gives the
most reproducible results, and it has the added advantage of
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providing a defined time point for the initiation of sporulation.
It involves growth of the cells in a rich medium (CH), followed
by resuspension of the cells in a starvation medium (SM). To
understand how the B. subtilis cell cycle is reorganized during
the onset of sporulation, it was necessary first to determine
some basic cell cycle parameters for cells growing vegetatively
in CH medium. A method for measuring cell length and DNA
content in individual cells is described in detail in Materials
and Methods, together with various control experiments char-
acterizing the validity and accuracy of the method. Briefly, cell
length was measured by phase-contrast microscopy of cells
fixed in ethanol. Unlike previously described procedures, eth-
anol fixation has the advantage that it allows visualization not
only of vegetative division septa but also of the much thinner
asymmetric spore septa (Fig. 1). The number of nucleoids per
cell and the DNA content of each nucleoid were determined by
digital-imaging fluorescence microscopy of preparations
stained with DAPI (Fig. 2). A culture growing exponentially in
CH medium, under normal conditions used for resuspension,
was analyzed by the new method. The distributions of cell

FIG. 2. Measurement of cell length and DNA content by digital image analysis. (a) The positions of septa were marked on a phase-contrast digital image. The
positions of the septa were clearly visible when viewed directly through the microscope, or when reproduced photographically (Fig. 1). Marks in close proximity are
due to the formation of an asymmetric septum. (b) The phase-contrast image was eliminated, leaving the marks at septal positions. (c) Fluorescence digital image of
the DNA stained with DAPI, showing sporulating organisms each containing two nucleoids: the more diffuse mother cell DNA (arrow 1) and the condensed prespore
DNA (2). The nucleoids of a nonsporulating cell (3), a preseptational cell (4), and a standard cell (5) are also indicated. (d) The image shown in panel b was
superimposed on that shown in panel ¢, and a line was drawn around the periphery of each cell. Cell length and total fluorescence density in each area were measured
and compared with standards. When a cell was not completely filled with DNA (for example, exponentially growing cells; see Fig. 6a), fluorescence was measured
separately in an area drawn around each nucleoid. The standard cells were easily recognizable because they carried a fla mutation, which causes formation of very long
chains of cells, and because their nucleoids had a characteristic shape and distribution. Scale bar, 5 pm. Only about 1/20 of a field is shown. The cells were sampled
75 min after resuspension.
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FIG. 3. Characterization of 453 cells growing exponentially in CH medium by
digital image analysis. The cells were classified according to length and whether
they were mononucleate or binucleate (percentage of each type shown), and the
mean DNA contents and standard deviations (error bars) for each length class
were calculated. The overall mean DNA content was 2.9 chromosome equiva-
lents per cell, and the mean cell length was 3.4 um.

length, DNA content, and number of nucleoids in the popu-
lation of cells are summarized in Fig. 3. The shape of the
frequency distribution, with a high proportion of small (young-
er) cells and a decrease in frequency with increasing size (and
thus age), was, as expected, characteristic of an asynchronous
exponentially growing population dividing by binary fission (25,
26). The DNA content, expressed in chromosome equivalents,
increased linearly with cell length. It appeared that cells that
are about to divide are, on average, binucleate (i.e., they con-
tain two discrete nucleoids) and about 5 wm in length and
contain four chromosome equivalents. Such cells give birth to
two mononucleate cells of 2.5 wm, each containing two chro-
mosome equivalents. The relatively small numbers of very long
and small cells indicate that cell division is quite tightly coor-
dinated with cell length increase, as expected.

Figure 4 shows a model for progression through the cell
cycle in CH medium, based on the above results and assuming
that a round of DNA replication takes 55 min (11). In the
model, termination of the DNA replication round initiated
during the previous cycle occurs 10 min after cell division and
initiation of a new round takes place 5 min before division. The
period between termination of replication and the next septa-
tion is about 30 min. The cell becomes binucleate roughly
when termination of replication takes place (Fig. 3 and 4), in
agreement with previous results indicating that the time be-
tween termination of replication and nucleoid partition occu-
pies only a small portion of the cell cycle (38). The significance
of the sensitive point in the cell cycle is discussed below.

To check that the model was correct and thus to confirm the
validity of the cell cycle parameter measurements, we treated a
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FIG. 4. Model for progress through the cell cycle in CH medium. Numbers
inside the circle show time in minutes, with 40/0 representing time of division/
time of birth. To simplify, the replicating circular chromosomes in each of the
cells are represented as forked linear structures representing only one half of the
bidirectionally replicating chromosome. The numbers by the cells represent the
sizes of the replicated and unreplicated portions of the chromosome expressed as
minutes of replication; the sum of the numbers is equal to the chromosome
replication time of 55 min. Dots indicate the initiation of new rounds of DNA
replication. Arrows inside the circle indicate the periods in the cycle when cells
are predominantly mononucleate or binucleate. The sensitive stage in the cell
cycle inferred from these experiments is indicated in the main sequence. The
shaded semicircle indicates the period of the cell cycle in which transfer to SM
could result in sporulation without the need to initiate a new round of DNA
replication. A, B, and C refer to the three types of cell considered in Fig. 8 below.

similar culture with CAM. This prevents initiation of DNA
replication but allows ongoing rounds to proceed to comple-
tion (50), so that at the end of a 1-h incubation, all cells should
contain completed chromosomes (see reference 40 for an ex-
ample of the use of this method).

The DNA contents of the nucleoids of the CAM-treated
cells fell into two major peaks, which we assumed to corre-
spond to two (30%) and four (67%) completed chromosomes
(see Materials and Methods). A few cells (the remaining 3%)
appeared to have eight completed chromosomes. Direct mi-
croscopic counting revealed that some cells had divided in the
presence of the drug, giving an increase in cell number of about
36%, in agreement with a previous estimation (32). It seems
reasonable to assume that the cells that divided were those at
the latest stage in the division cycle at the time of addition of
the drug. According to the model (Fig. 4), most of the cells in
CH medium contain four origins of replication; only those in
the last 5 min or so of the cycle contain eight. The cells that
divided in the presence of CAM would thus have either four
chromosomes (if they had just initiated a new round of DNA
replication) or two (if they had not initiated a new round) at
the time of CAM addition. The progeny of the 36% of cells
that divided in the presence of CAM (see above) would con-
stitute 53% ([36 X 2]/136) of the final population. Since the
proportion of cells with only two completed chromosomes was
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FIG. 5. Estimation of the replication rate after resuspension of cells in SM
medium by the residual DNA synthesis in the presence of CAM. A culture in CH
medium was divided into two equal parts, which were centrifuged. One half was
resuspended in SM, and the other was resuspended in CH medium; both resus-
pension media were supplemented with 200 pg of CAM per ml. The DNA
concentration was determined periodically, as described in Materials and Meth-
ods.

about half of this (30%; see above), the cells that divided must
have fallen into two almost equal classes, at the time of CAM
addition, which had either initiated or not initiated another
round of DNA replication. The results thus strongly support
the proposition (Fig. 4) that the initiation of DNA replication
usually takes place just before cell division during growth in
CH medium.

The small proportion of cells with eight entire chromosomes
was unexpected, because cells with eight origins should be
ready to divide. Perhaps these cells are derived from the rare
unusually long cells (Fig. 3) in which cell division is apparently
delayed.

Replication rate after resuspension in SM. It is widely con-
sidered that at relatively high growth rates the time required
for replication of the chromosome is not affected by the rich-
ness of the growth medium; change in growth rate is compen-
sated for by controlling the timing of initiation of DNA repli-
cation (8). Nevertheless, to understand the fate of cells
following resuspension in SM, it was important to confirm that
the replication rate does not change in SM. Incorporation of
labelled thymidine by a thymine-requiring mutant suggested
that the replication rates are similar in CH medium and SM
(39, 51). However, Thy"* strains, which could have a higher
replication rate than Thy™ strains (14), have not been studied
in this respect. To determine the replication rate of our Thy™
strain in SM, we measured the residual DNA synthesis follow-
ing CAM treatment, which, as mentioned above, prevents ini-
tiation of DNA replication but allows ongoing rounds to pro-
ceed to completion. A culture growing in CH medium was
divided into two portions and centrifuged, and the cell pellets
were resuspended either in fresh CH medium or in SM me-
dium, both containing CAM. The subsequent increases in
DNA content were then measured (Fig. 5). The rates of in-
crease of DNA were similar in the two media, and a plateau
was reached after about 60 min. The similarity of the curves
obtained with SM and CH medium was consistent with there
being no significant change in the rate of DNA replication
after resuspension in SM. The maximum value attained with
SM represented an increase of about 45%, while with CH
medium there was a slow increase up to about 50%. In two
other experiments, similar results were obtained except that
the plateau values varied between 45 and 55% (data not
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shown). Both the plateau values (43) and the apparent times of
completion of synthesis indicated a replication time of about
55 min. Incorporation of [*H]thymidine in similarly treated
cultures provided an independent means of measuring residual
DNA synthesis; incorporation stopped after 60 min in both CH
medium and SM (18). We can conclude that the replication
time in SM is similar to that in CH medium and close to the
previously estimated time of 55 min (11).

Nucleoid behavior after induction of sporulation. To deter-
mine how the cell cycle is modified at the onset of sporulation,
a culture growing in CH medium and exhibiting the normal
growth rate for this medium was resuspended in SM by the
standard procedure (33, 42). The sporulating culture was sam-
pled every 15 min, and cells were classified according to the
appearance of their nuclear material (Fig. 2 and 6). In the early
samples, the nucleoids were indistinguishable from those of
the vegetative cells in CH medium and were scored accordingly
as either mononucleate or binucleate. From 45 min, a new
class of cell became apparent. These cells had a uniform length
of 2.54 = 0.24 pm and an estimated DNA content of 1.85 =
0.29 chromosome equivalents (67 cells measured) (see Mate-
rials and Methods). Their DNA was less condensed, more or
less filling the cytoplasm, rather than occupying a discrete
spherical or ovoid region. This class apparently corresponds to
an early step in sporulation because their average cell length
and estimated DNA content were both just less than those of
sporulating organisms (2.68 = 0.25 wm and 2.00 * 0.22 chro-
mosome equivalents, respectively; 65 cells counted). Cells of
this type were therefore assigned to a class called the presep-
tation class. The occurrence of an elongated, more diffuse
nucleoid during stationary phase has been reported previously
(6), and this form may be related to the axial filament seen by
electron microscopy (36). The last class of cells observed were
sporulating organisms, and in this class we included cells with
a visible asymmetric septum or two nucleoids, one small and
highly condensed (the prespore) and one larger and much less
condensed (the mother cell). A proportion of the sporulating
organisms with asymmetric septa did not have condensed pre-
spore DNA. This is due to the fact that prespore DNA parti-
tioning seems to occur by translocation through the asymmet-
ric septum (47, 49). This subclass represented 82, 30, and 20%
of the sporulating organisms at 60, 75, and 90 min, respectively.
In agreement with previous estimations, comparison of the
time of appearance of asymmetric septa (60 min [33]) with that
of the appearance of fully condensed prespore DNA (70 min
[28]) suggests that translocation of the prespore chromosome
takes about 10 min.

The variations in the proportions of the different cell classes
described above are shown in Fig. 7. During the first 45 min,
binucleate cells became less frequent and were replaced by
mononucleate cells. This was expected, because a reduction in
the rate of DNA replication reinitiation, due to the nutritional
downshift, should lead to a reduction in the number of repli-
cating chromosomes per cell and thus of nucleoids. Such a
reduction of the mean number of nucleoids per cell during a
downshift has been described for Salmonella typhimurium (24).
The proportion of preseptational cells increased from 45 min
until 75 min and then fell, these cells apparently being replaced
by sporulating organisms. The latter increased from 60 min to
120 min, reaching about 70% of the cell population in this
experiment. There was little if any increase in the numbers of
sporulating organisms after 120 min.

To determine the degree of synchrony of sporulation in
sister cells during the early stages of sporulation, the state of
development in cell pairs was examined by using samples taken
75 and 90 min after initiation of sporulation. The sister cells
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FIG. 6. Classification of cells after resuspension, according to the appearance of their nucleoids stained with DAPI. Strain SG38 was grown in CH medium,
resuspended in SM, and analyzed. Pictures of samples taken 0 (a), 45 (b), 60 (c and d), and 90 (e and f) min after resuspension were obtained by the procedure described
in the legend to Fig. 2. At 0 min (a), only mononucleate and binucleate cells were observed. At 45 (b) and 60 (c) min, besides mononucleate and binucleate cells, cells
that had reached the preseptation stage, with less condensed DNA, were present (arrows). At 60 min (d), the majority of the sporulating organisms did not show
condensed prespore DNA because its segregation occurs after septation (see text). Closely spaced septa demarcate the positions of prespore compartments. At 90 min
(e and f) as well as at 75 min (Fig. 2), sporulating organisms with condensed prespore DNA were observed. At 90 min (f), in some cells prespore engulfment had
occurred (arrows). In panels b and d, two and four standard round or ovoid nucleoids are visible, respectively. All pictures are at the same magnification. Scale bar,

S pm.

showed similar stages of morphological development in about
85% of the cell pairs, at both time points.

DISCUSSION

The sensitive stage of the cell cycle. The idea that there is a
sensitive stage in the DNA replication cycle, with respect to the
initiation of sporulation, has been invoked in several publica-
tions (7, 11, 29). Dunn et al. (11) showed that sporulating cells
begin to escape from the effects of hydroxyphenyl azo-uracil
(HPUra), which immediately and specifically inhibits DNA
replication, at 35 = 4 min after resuspension (confirmed more
recently in references 17 and 18). Escape occurs when cells
that are the most advanced in the sporulation process complete
the final round of DNA replication needed to produce the
prespore and mother cell chromosomes. Since the round of
replication takes about 55 min and since this time is not af-
fected by resuspension in SM (Fig. 5), the first cells to escape
HPUra inhibition must have initiated this final round of DNA
replication 20 min before resuspension. According to our
model for the average cell cycle in CH medium, the sensitive
stage must therefore occur about 15 min after division (Fig. 4).

What is the nature of the sensitive stage? Mandelstam and
Higgs (29) suggested the existence of a gene, located about
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FIG. 7. Variation in the proportions of cell classes after induction of sporu-
lation. Strain SG38 was grown in CH medium, resuspended in SM, and analyzed.

Cells were classified according to the appearance of their nuclei (see text and Fig.
2 and 6). Between 89 and 208 cells per sample were analyzed.
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FIG. 8. Model for cell cycle events following the induction of sporulation. Shown are predicted fates of cells at different points in the cell cycle in CH medium,
following resuspension in SM (Fig. 4). (A) Cell that is just about to reach the sensitive stage in the cell cycle. (B) Cell that has just initiated a new round of DNA
replication. (C) Cell that has just passed the sensitive stage. Assumptions made in relation to the length of the period between completion of DNA replication and the
next septation and the DNA replication time in SM are discussed in the text. Crosses stand for inhibition of reinitiation of DNA replication (in relation to the time
that this would have occurred had the cells remained in CH medium) or of central division. Prespore DNA is shown as a condensed structure. The final morphological
event shown, characterized by the bulging of the prespore septum, represents the onset of prespore engulfment. Other symbols are as described for Fig. 4.

one-third of the chromosome from the origin of replication,
which must be replicated under the starvation conditions for
sporulation to be initiated. Such coupling of replication with
transcription has been described for bacteriophage T4 and
transposons Tn5 and Tnl0 (see reference 23 for references).
Mutations in such a gene should produce a nonsporulating
phenotype. Unfortunately, none of the spo0 genes identified so
far map in the appropriate region of the chromosome (1).

Our results suggest a new interpretation of the sensitive
stage. The strong correlation found between DNA content and
cell size (Fig. 3) and the relatively uniform size of sporulating
organisms (see above) suggest that the sensitive stage could
represent a specific cell size rather than a specific state of DNA
replication. We suggest that beyond the sensitive stage, the cell
could be too large to avoid reaching the initiation mass for
DNA replication (10), even at the two- to threefold slower
growth rate in SM, and thus becomes committed to another
round of DNA replication (see below). The possibility that the
initiation of DNA replication is blocked as an indirect conse-
quence of the nutritional downshift is attractive because this
does not require any new sporulation-specific mechanism of
inhibition. However, we cannot rule out the possibility that the
changes in transcription associated with the onset of sporula-
tion (22) effect a direct block in DNA replication.

Cell cycle changes during the initiation of sporulation. The
behavior of a cell that is resuspended in SM just before the
sensitive stage is modelled in Fig. 8A, incorporating informa-

tion from previous electron microscopic studies of the timing
of septation and a subsequent morphological event, prespore
engulfment (33). The cell completes its round of DNA repli-
cation after 35 min (thus escaping from HPUra inhibition).
Twenty-five minutes later, it makes an asymmetric septum, and
after 80 min, engulfment of the prespore begins. How do cells
at other points in the cell cycle behave? Cells with replication
forks between the origin of replication (cells which have just
initiated a round of replication) and the sensitive point (indi-
cated by the shaded semicircle in Fig. 4) would complete their
ongoing rounds of DNA replication, escape from HPUra in-
hibition, and presumably follow on behind the cell shown in
Fig. 8A. The likely behavior of a cell at the beginning of this
stage of the cycle, which would have just initiated a new round
of DNA replication at the time of resuspension, is shown in
Fig. 8B. All of the events indicated in Fig. 8B should occur
about 20 min after those for the cell depicted in panel A. The
behavior of the remaining cells, which apparently need to ini-
tiate a new round of DNA replication in SM, is more difficult
to predict, because the time needed to reach the putative
initiation mass is unknown: after transfer to SM, the growth
rate gradually tails off and the mass of the culture eventually
doubles only after about 2 h. In Fig. 8C, the behavior of an
extreme example of this class of cell is modelled. This cell
belongs to a class which had just passed the sensitive stage of
the cell cycle at the time of resuspension (Fig. 4). If this cell
had remained in CH medium, it would have initiated a new
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round of DNA replication after 15 min in SM. After 30 min, it
completes its ongoing round of DNA replication. It is not
inconceivable that at about the same time, it reaches the ini-
tiation mass for a new round of replication. Commitment to a
new round of DNA replication would preclude the cell from
forming a spore septum until about 110 min after resuspen-
sion, as shown. We thus suggest that it is the commitment to a
new round of DNA replication that precludes cells that have
passed the sensitive point in the DNA replication cycle from
sporulating.

Our direct observations of a population of cells induced to
sporulate by resuspension (Fig. 7) accord well with various
predictions arising from the data shown in Fig. 8. First, accord-
ing to Fig. 8, the preseptation state should begin to appear
after about 35 min and the majority of cells should have left
this state by 80 min, with a tailing off extending until about 110
min (Fig. 8C). Second, the preseptational cells should be re-
placed by cells with asymmetric septa (stage II of sporulation)
beginning about 60 min after resuspension. It is evident that
the kinetics of the preseptation state adhere well to both of
these predictions (Fig. 7). In addition, since most cells con-
tained four origins of replication at the moment of resuspen-
sion (Fig. 4), sister cell pairs should tend to be synchronized
with respect to their state of development. As mentioned
above, virtually all cell pairs observed (84%) showed similar
states of development. The synchronization of sporulation in
sister cells has been reported previously but in relation to
relatively late events, from septation onwards (9). In this study,
we found strong synchronization even when examining early,
relatively transient events.

Asymmetric septation. The last central septation, which
should have followed from completion of the last round of
DNA replication initiated before resuspension, needs to be
blocked soon after induction of sporulation (12) (Fig. 8). Some
spoO mutations may be located in the genes required for this
inhibition since, after being induced to sporulate, such mutants
produce cells about half the size of sporulating organisms (12,
15, 35). Interestingly, the time between the completion of
DNA replication and septation in CH medium (30 min; Fig. 4)
is close to the analogous period observed after initiation of
sporulation (25 min; Fig. 8). Initiation of sporulation therefore
does not change the timing of septation, only the location of
the septum in the cell. This observation strongly supports the
view that spore septum formation is a modified version of
proliferative cell division (20, 21). The important challenge
that remains is to understand how the position of the septum
is diverted from its normal midcell position to the pole.

ACKNOWLEDGMENTS

This work was supported by grants from the Science and Engineer-
ing Research Council. P.M.H. was supported by fellowships from the
Swiss National Fund for Scientific Research and EMBO.

We thank L. J. Wu for providing Fig. 1, D. Karamata for the gift
of strain L5481, and P. J. Lewis for helpful comments on the manu-
script.

REFERENCES

1. Anagnostopoulos, C., P. J. Piggot, and J. A. Hoch. 1993. The genetic map of
Bacillus subtilis, p. 425-461. In A. L. Sonenshein, J. A. Hoch, and R. Losick
(ed.), Bacillus subtilis and other gram-positive bacteria: biochemistry, phys-
iology, and molecular genetics. American Society for Microbiology, Wash-
ington, D.C.

2. Aubert, J.-P., A. Ryter, and P. Schaeffer. 1969. Fate of spore deoxyribonu-
cleic acid during a new spore cycle, p. 148-158. In L. L. Campbell (ed.),
Spores IV. American Society for Microbiology, Bethesda, Md.

3. Beall, B., and J. Lutkenhaus. 1989. Nucleotide sequence and insertional
inactivation of a Bacillus subtilis gene that affects cell division, sporulation,
and temperature sensitivity. J. Bacteriol. 171:6821-6834.

11.

12.

13.

14.

16.

17.

18.
19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32

33.

J. BACTERIOL.

. Beall, B., and J. Lutkenhaus. 1991. FtsZ in Bacillus subtilis is required for

vegetative and for asymmetric septation during sporulation. Genes Dev.
5:447-455.

. Burton, K. 1956. A study of the conditions and mechanism of the diphe-

nylamine reaction for the colorimetric estimation of deoxyribonucleic acid.
Biochem. J. 62:315-323.

. Bylund, J. E., M. A. Haines, P. J. Piggot, and M. L. Higgins. 1993. Axial

filament formation in Bacillus subtilis: induction of nucleoids of increasing
length after addition of chloramphenicol to exponential-phase cultures ap-
proaching stationary phase. J. Bacteriol. 175:1886-1890.

. Clarke, S., and J. Mandelstam. 1980. Dissociation of an early event in

sporulation from chromosome replication in Bacillus subtilis. J. Gen. Micro-
biol. 121:487-490.

. Cooper, S., and C. E. Helmstetter. 1968. Chromosome replication and the

division cycle of Escherichia coli B/r. J. Mol. Biol. 31:519-540.

. Dawes, I. W., D. Kay, and J. Mandelstam. 1971. Determining effect of

growth medium on the shape and position of daughter chromosomes and on
sporulation in Bacillus subtilis. Nature (London) 230:567-569.

. Donachie, W. D. 1968. Relationship between cell size and time of initiation

of DNA replication. Nature (London) 219:1077-1079.

Dunn, G., P. Jeffs, N. H. Mann, D. M. Torgersen, and M. Young. 1978. The
relationship between DNA replication and the induction of sporulation in
Bacillus subtilis. J. Gen. Microbiol. 108:189-195.

Dunn, G., D. M. Torgersen, and J. Mandelstam. 1976. Order of expression
of genes affecting septum location during sporulation of Bacillus subtilis. J.
Bacteriol. 125:776-779.

Dworkin, M., J. Higgins, A. Glenn, and J. Mandelstam. 1972. Synchroniza-
tion of the growth of Bacillus subtilis and its effect on sporulation, p. 233—
237. In H. O. Halvorson, R. Hanson, and L. L. Campbell (ed.), Spores V.
American Society for Microbiology, Washington, D.C.

Ephrati-Elizur, E., and S. Borenstein. 1971. Velocity of chromosome repli-
cation in thymine-requiring and independent strains of Bacillus subtilis. J.
Bacteriol. 106:58-64.

. Errington, J. 1993. Bacillus subtilis sporulation: regulation of gene expression

and control of morphogenesis. Microbiol. Rev. 57:1-33.

Errington, J., and J. Mandelstam. 1986. Use of a lacZ gene fusion to
determine the dependence pattern of sporulation operon spolIA in spo
mutants of Bacillus subtilis. J. Gen. Microbiol. 132:2967-2976.

Errington, J., and R. G. Wake. 1991. Chromosome strand segregation during
sporulation in Bacillus subtilis. Mol. Microbiol. 5:1145-1149.

Hauser, P. M., and J. Errington. Unpublished data.

Hauser, P. M., and D. Karamata. 1992. A method for the determination of
bacterial spore DNA content based on isotopic labelling, spore germination
and diphenylamine assay; ploidy of spores of several Bacillus species. Bio-
chimie 74:723-733.

Hitchins, A. D., and R. A. Slepecky. 1969. Bacterial sporulation as a modified
procaryotic cell division. Nature (London) 223:804-807.

Hitchins, A. D., T. C. Stine, A. M. Slee, and R. A. Slepecky. 1978. Morpho-
genic relationship of symmetric and asymmetric septation in Bacillus mega-
terium, p. 67-69. In G. Chambliss and J. C. Vary (ed.), Spores VII. American
Society for Microbiology, Washington, D.C.

Hoch, J. A. 1993. Regulation of the phosphorelay and the initiation of
sporulation in Bacillus subtilis. Annu. Rev. Microbiol. 47:441-465.

Ireton, K., and A. D. Grossman. 1994. A developmental checkpoint couples
the initiation of sporulation to DNA replication in Bacillus subtilis. EMBO J.
13:1566-1573.

Kjeldgaard, N. O., O. Maalge, and M. Schaechter. 1958. The transition
between different physiological states during balanced growth of Salmonella
typhimurium. J. Gen. Microbiol. 19:607-616.

Koch, A. L. 1977. Does the initiation of chromosome replication regulate cell
division? Adv. Microb. Physiol. 16:49-98.

Koch, A. L., and M. Schaechter. 1962. A model for statistics of the cell
division process. J. Gen. Microbiol. 29:435-454.

Levin, P. A., and R. Losick. 1994. Characterization of a cell division gene
from Bacillus subtilis that is required for vegetative and sporulation septum
formation. J. Bacteriol. 176:1451-1459.

Lewis, P. J., S. R. Partridge, and J. Errington. 1994. ¢ factors, asymmetry,
and the determination of cell fate in Bacillus subtilis. Proc. Natl. Acad. Sci.
USA 91:3849-3853.

Mandelstam, J., and S. A. Higgs. 1974. Induction of sporulation during
synchronized chromosome replication in Bacillus subtilis. J. Gen. Microbiol.
120:38-42.

Mandelstam, J., J. M. Sterlini, and D. Kay. 1971. Effect of medium on the
form of chromosome replication and on initiation to sporulation in Bacillus
subtilis. Biochem. J. 125:635-641.

McGinness, T., and R. G. Wake. 1979. Division septation in the absence of
chromosome termination in Bacillus subtilis. J. Mol. Biol. 134:251-264.
Miyakawa, Y., T. Komano, and Y. Maruyama. 1980. Cell-cycle-specific inhi-
bition by chloramphenicol of septum formation and cell division in synchro-
nized cells of Bacillus subtilis. J. Bacteriol. 141:502-507.

Partridge, S. R., and J. Errington. 1993. The importance of morphological
events and intercellular interactions in the regulation of prespore-specific



Vou. 177, 1995

34,
35.
36.

37.

38.

39.

40.

41.

42.

gene expression during sporulation in Bacillus subtilis. Mol. Microbiol.
8:945-955.

Paulton, R. J. L. 1971. Nuclear and cell division in filamentous bacteria.
Nature (London) New Biol. 231:271-274.

Piggot, P. J., and J. G. Coote. 1976. Genetics aspects of bacterial endospore
formation. Bacteriol. Rev. 40:908-962.

Ryter, A. 1965. Etude morphologique de la sporulation de Bacillus subtilis.
Ann. Inst. Pasteur (Paris) 108:40-60.

Ryter, A. 1973. Etude autoradiographique de I'etat de replication des noyaux
du sporange et de la spore chez Bacillus subtilis. Ann. Microbiol. (Paris)
124B:3-19.

Sargent, M. G. 1974. Nuclear segregation in Bacillus subtilis. Nature (Lon-
don) 250:252-254.

Sargent, M. G. 1980. Chromosome replication in sporulating cells of Bacillus
subtilis. J. Bacteriol. 142:491-498.

Séror, S. J., S. Casarégola, F. Vannier, N. Zouari, M. Dahl, and E. Boye.
1994. A mutant cysteinyl-tRNA synthetase affecting timing of chromosomal
replication initiation in B. subtilis and conferring resistance to a protein
kinase C inhibitor. EMBO J. 13:2472-2480.

Setlow, B., N. Magill, P. Febbroriello, L. Nakhimovsky, D. E. Koppel, and P.
Setlow. 1991. Condensation of the forespore nucleoid early in sporulation of
Bacillus species. J. Bacteriol. 173:6270-6278.

Sterlini, J. M., and J. Mandelstam. 1969. Commitment to sporulation
in Bacillus subtilis and its relationship to development of actinomycin re-

CELL CYCLE EVENTS DURING ONSET OF SPORULATION

43.

44.

45.
46.
47.
48.
49.

50.

51

3931

sistance. Biochem. J. 113:29-37.

Sueoka, N., and H. Yoshikawa. 1965. The chromosome of Bacillus subtilis. 1.
Theory of marker frequency analysis. Genetics 52:747-757.

Taylor, D. L., and E. D. Salmon. 1989. Basic fluorescence microscopy, p.
207-237. In Y.-L. Wang and D. L. Taylor (ed.), Fluorescence microscopy of
living cells in culture, part A. Fluorescent analogs, labelling cells, and basic
microscopy. Academic Press, Inc., San Diego, Calif.

Viret, J.-F. 1984. Ph.D. thesis. University of Lausanne, Lausanne, Switzer-
land.

Wake, R. G. 1980. How many chromosomes in the Bacillus subtilis spore, and
of what size? Spore Newsl. 7:21-36.

Wu, L. J., and J. Errington. 1994. Bacillus subtilis SpoIlIE protein required
for DNA segregation during asymmetric cell division. Science 264:572-575.
Wu, L. J., and J. Errington. 1995. Unpublished data.

Wu, L. J., P. J. Lewis, R. Allmansberger, P. M. Hauser, and J. Errington. A
conjugation-like mechanism for prespore chromosome partitioning during
sporulation in Bacillus subtilis. Genes Dev., in press.

Yoshikawa, H. 1965. DNA synthesis during germination of Bacillus subtilis.
Proc. Natl. Acad. Sci. USA 53:1476-1483.

. Young, M. (University of Wales, Aberystwyth). Personal communication.
52.

Zusman, D. R., A. Carbonell, and J. Y. Haga. 1973. Nucleoid condensation
and cell division in Escherichia coli MX74T2 ts52 after inhibition of protein
synthesis. J. Bacteriol. 115:1167-1178.



