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The switch from symmetric to asymmetric cell division is a key feature of development in many organisms,
including Bacillus subtilis sporulation. Here we demonstrate that, prior to the onset of asymmetric cell division,
the B. subtilis chromosome is partitioned into two unequally sized domains, with the origin-proximal one-third
of the future forespore chromosome condensed near one pole of the cell. Asymmetric chromosome partitioning
is independent of polar division, as it occurs in cells depleted of FtsZ but depends on two transcription factors
that govern the initiation of sporulation, o' and Spo0A-P. It is also independent of chromosome partitioning
proteins Spo0J and Soj, suggesting the existence of a novel mechanism controlling chromosome structure.
Thus, our results demonstrate that, during sporulation, two separable events prepare B. subtilis for asymmetric
cell division: the relocation of cell division sites to the cell poles and the asymmetric partitioning of the future

forespore chromosome.

Separation of daughter chromosomes occurs prior to cell
division in nearly all organisms. In eukaryotes, the importance
of properly orchestrating chromosome segregation and cytoki-
nesis is highlighted by the existence of checkpoints to arrest the
cell cycle when chromosomes are damaged or incompletely
segregated. In bacteria, chromosome separation and cytokine-
sis are regulated both temporally and spatially, so that, even
during rapid exponential growth, daughter chromosomes are
well separated prior to the onset of division. Bacterial chro-
mosome segregation appears to consist of two distinct steps:
the rapid movement of the duplicated origins apart from one
another (9, 11, 38, 40) and the separate condensation of the
replicated daughter chromosomes (12, 19, 35). This process
results in vegetative bacterial chromosomes having a bilobed
structure during replication, with the daughter chromosomes
being well separated prior to the onset of cytokinesis, so the
path of the invaginating septum appears free of chromosomal
DNA (4, 14). When chromosome segregation fails, as it does in
mutants defective in chromosome partitioning or condensa-
tion, the chromosomes can be sheared during daughter cell
separation (24, 34, 39, 47).

How, then, are bacterial chromosomes prepared for asym-
metrically positioned division events, such as that which occurs
during the sporulation pathway of Bacillus subtilis? At the
onset of sporulation, the chromosome is reorganized into a
rod-like structure (the axial filament), which is readily distin-
guished from the bilobed chromosome of vegetative cells (31).
Next, a septum is formed close to one cell pole, trapping the
origin-proximal region of the chromosome in the smaller
daughter cell (the forespore), while the remainder is translo-
cated across the septum after division (43, 44). This transloca-
tion event requires the SpollIE protein (1, 43), without which
the forespore receives only the origin-proximal 30% of a chro-
mosome, while the remainder is located in the mother cell (44,
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45). Thus, in the B. subtilis sporulation pathway, the relative
order of division and chromosome segregation is reversed, with
division occurring prior to chromosome segregation, rather
than after.

Little is known about the architecture of the forespore chro-
mosome before the sporulation septum is synthesized. Is the
region of the invaginating septum cleared of DNA prior to
asymmetric septation, as during vegetative growth, or is the
septum required to partition the chromosome? Previous stud-
ies have supported the latter proposal, largely due to the fail-
ure to observe partitioned axial filaments in the absence of
septation (45). The presence of a partitioned axial filament
with a condensed region of the chromosome near one cell pole
was therefore thought to indicate that a sporulation septum
had formed (13, 21, 29, 45), implying that chromosome parti-
tioning was a consequence of cell division. However, these
studies preceded reliable methods to simultaneously observe
the asymmetrically positioned sporulation septum and the
chromosomes (27), leaving open the possibility that individual
chromosomes are reorganized into two separate domains, cre-
ating a gap to accommodate the invaginating septum. Here, we
address this issue using time-lapse deconvolution microscopy
together with fluorescent membrane stains that allow visual-
ization of septa and nucleic acid stains to reveal chromosome
structure. We demonstrate that, during sporulation, the bacte-
rial chromosome is partitioned into two domains of unequal
size prior to asymmetric cell division. This asymmetric chro-
mosome condensation event is independent of cell division
protein FtsZ, providing evidence for an FtsZ-independent re-
organization of cellular architecture that serves to prepare the
bacterium for asymmetric cell division.

MATERIALS AND METHODS

Bacterial strains and culture conditions. PY79 was the wild-type strain used in
these studies (46). The remaining strains were PY79 derivatives and contained
the following additional mutations or genetic constructs: KP427 P,,,.-spoOH
(25), KP444 P, ~ftsZ (2), KP527 AspoOJ-soj (33), and KP648 Aspo0A::erm (17).
All experiments were performed at 37°C. Sporulation was induced by resuspen-
sion (37), with the time of resuspension being defined as the onset of sporulation
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(t). Identical results were obtained when sporulation was induced by nutrient
exhaustion (not shown). The IPTG (isopropyl-B-p-thiogalactopyranoside)-induc-
ible Py,,. promoter was used to allow depletion of FtsZ from strain KP444 during
sporulation (27) and to deplete strain KP427 cells of o', In the latter case, strain
KP427 was grown and sporulated in media lacking IPTG. Luria-Bertani medium
was used for exponential growth of PY79, and the culture was grown to an optical
density at 600 nm of 0.300.

Fluorescent stains. Fluorescent membrane stains FM 4-64, MitoTracker red
CMXTros, and MitoTracker green and DNA stains SYTO 16 and DAPI (4',6'-
diamidino-2-phenylindole) were obtained from Molecular Probes (Eugene,
Oreg.) and resuspended as recommended by the manufacturer. Final concen-
trations of 2 pg of FM 4-64/ml, 0.2 pg of MitoTracker red CMXros/ml, 10 pg of
MitoTracker green/ml, 0.2 ug of SYTO 16/ml, and 0.3 pg of DAPI/ml were used.

Preparation of samples for immunofluorescence microscopy. Samples were
prepared for immunofluorescence microscopy as described previously (28, 33)
using rabbit antibodies specific for ¢ (a gift from Richard Losick) and affinity-
purified chicken antibodies specific for FtsZ (a gift from Petra Levin). The
secondary antibodies were Cy5-labeled goat anti-chicken (Jackson Immunolabs)
and Oregon green-labeled goat anti-rabbit (Molecular Probes). DAPI and FM
4-64 were added to Slow Fade equilibration buffer (Molecular Probes), as pre-
viously described (33).

Microscopy. Membrane and chromosome morphology was assessed using an
Applied Precision optical sectioning microscope (27), with samples stained and
slides prepared as described previously (27, 33). Briefly, the bacteria were stained
with the appropriate fluorescent membrane stain and DAPI on a slide and
immobilized with a poly-L-lysine (Sigma)-treated coverslip. However, Mito-
Tracker red CMXros staining was more uniform if it was mixed with the cells in
an Eppendorf tube prior to applying cells to a slide. Between 6 and 12 optical
sections were immediately collected from each field, and the images were de-
convolved using Delta Vision software.

We noted that the chromosomes of vegetatively growing B. subtilis cells are
extremely sensitive to exposure to the UV light used to visualize DAPI-stained
chromosomes. During time-lapse microscopy, DAPI-stained chromosomes un-
dergo a cycle of decondensation and recondensation upon exposure to UV
excitatory light. For example, after focusing on the cells using FM 4-64 fluores-
cence, the first image of DAPI-stained chromosomes collected during a 2-s
exposure to UV light shows the nucleoids to be condensed; however, after an
additional 2 s of exposure to UV light, the chromosomes decondense and appear
to fill the entire cytoplasm. This effect is likely due to UV-induced nicking of
DNA and the consequent relaxation of supercoils that normally contribute to
chromosome condensation (15). After more-prolonged UV exposure (>90 s),
the nucleoids recondense and appear similar to their original state. In contrast,
nucleoids stained with SYTO 16 appear condensed and do not change appear-
ance even after prolonged exposure to blue excitation light; however, after a 5-s
exposure to UV light, they rapidly decondense. We therefore minimized expo-
sure of the cells to UV light prior to image acquisition. This phenomenon may
explain the somewhat variable structure of the chromosomes of growing B.
subtilis, which can appear either well condensed (as shown here) or more diffuse
and unstructured. The chromosomes of sporulating cells also decondensed, but
only after prolonged exposure to UV.

Time-lapse microscopy. Sporulating PY79 cells were stained with FM 4-64
(1 pg/ml) and SYTO 16 (0.2 pg/ml) at the time of resuspension, and time-lapse
microscopy was performed as described previously (27). Briefly, 40 ul of culture
was placed on a coverslip at 1.0 h after the onset of sporulation (¢, ), covered
with a chambered slide, and heated to 30°C. Three optical sections spaced 0.15
wm apart were collected every 15 min for 1 h. Under these conditions, the
frequency of polar septation was low, likely due to fluorescence toxicity: only
about 5% of the cells that were in focus throughout the experiment synthesized
a polar septum by the end of the experiment. Of these sporangia, about 50% had
a clearly partitioned forespore chromosome prior to the onset of septal biogen-
esis. The remaining sporangia had a partial sporulation septum at the start of the
experiment and a partitioned chromosome.

Quantitation of the DNA content of the polar condensed regions. The DNA
content of the polar condensed regions of the forespore chromosome (or future
forespore chromosome) was quantified using Delta Vision, version 2.10, software
(Applied Precision). Identical results were obtained when DNA content was
determined both before and after deconvolution. Images were collected from
3 to 6 focal planes of DAPI- and FM 4-64-stained bacteria at either ¢, 5 for
sporangia with partial septa or at both ¢, ;, and ¢, 5 for sporangia lacking septa.
Separate stacks of images were taken for each fluorophore, and the DAPI images
were collected before the FM 4-64 images. Exposure times were adjusted to be
within the linear range of the camera yet to contain sufficient data for accurate
deconvolution and quantitation. The average maximum pixel values were ~3,000
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counts/pixel. Following the completion of DNA translocation into the forespore,
measurements of DAPI staining intensity underestimate the amount of DNA in
the forespore, probably due to the higher concentration of DNA in the small
forespore than in the larger mother cell and consequently the greater quenching
of the DAPI fluorescence in the forespore (32). Because the measurements
presented here are of incompletely translocated forespore chromosomes, in
which the concentration of the DNA should be lower than after translocation is
complete, these measurements may be less affected by quenching. Nonetheless,
our measurements may somewhat underestimate the proportion of DNA in the
polar condensed region.

The DNA content of the polar condensed region relative to that of the
remaining portion was determined by using the “edit polygon” function of the
Delta Vision, version 2.10, software. We defined one polygon that enclosed the
small condensed region (polar DNA) and a second that enclosed the entire
chromosome (total DNA). The “polygon statistics function” was used to deter-
mine the integrated intensity of each of these regions, a measure that reflects the
total fluorescence intensity within each region (DNA content). At this stage of
sporulation, the total DNA content of the cell is expected to be equivalent to two
complete chromosomes. Therefore, to determine the proportion of the future
forespore chromosome that was within the polar condensed region, we multi-
plied the ratio of polar DNA content to total DNA content by 2. A total of 18
wild-type sporangia (from ¢, 5) were quantified, 10 that lacked a partial or
complete sporulation septum by FM 4-64 staining and 8 that had a partial
sporulation septum as shown by FM 4-64 staining that failed to completely
traverse the cell.

RESULTS AND DISCUSSION

Asymmetric chromosome condensation precedes asymmet-
ric division. We have previously shown that vital membrane
stain FM 4-64 readily detects both complete (Fig. 1A to E,
arrows 4) and incomplete (Fig. 1A to E, arrows 3) sporulation
septa, which form very close to the cell pole (27). We therefore
stained wild-type B. subtilis at ¢, 5 with FM 4-64 and the DNA-
specific stain DAPI and observed that many sporangia contain-
ing an incomplete sporulation septum also contained a small,
condensed region of one chromosome near the cell pole (Fig.
1A to E, arrows 3). Furthermore, many cells in which there was
no evidence of a polar septum contained a small portion of the
chromosome condensed near one or both poles (Fig. 1A to E,
arrows 1 and 2). These condensed DNA regions are in the
same location as those in cells containing a partial sporulation
septum (Fig. 1A to E, arrows 3) and are readily seen before
(Fig. 1E, arrows 1 and 3) or after deconvolution (Fig. 1C and
D, arrows 1 and 3), as well as in fixed cells. We estimate that
the gap between the two chromosome domains is approxi-
mately 5 to 10 times the space necessary to accommodate two
lipid bilayers and the intervening cell wall material of the
future sporulation septum.

This chromosome structure was distinct from that of expo-
nentially growing cells, which showed symmetrically condensed
(or bilobed) chromosomes that were well separated prior to
the onset of cell division (Fig. 1F to J). A large cell in the
process of medial cell division is shown in Fig. 1F to J. Within
this dividing cell there is a single bilobed nucleoid on the right
side of the nascent septum (arrows 6) and two well-separated
nucleoids on the left side (arrows 7).

Biological membranes can be partitioned into domains dif-
fering in lipid composition, which might affect the ability of FM
4-64 to stain certain regions of the cell, such as the sporulation
septum. We therefore used two structurally distinct mem-
brane-permeable stains to examine septal structure: Mito-
Tracker red CMXros (Fig. 2A) and MitoTracker green (not
shown). Identical results were obtained with these two stains,
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FIG. 1. Asymmetric chromosome condensation during sporulation precedes asymmetric cell division and is morphologically distinct from the
chromosome structure of symmetrically dividing cells. Samples were harvested and stained with FM 4-64 to visualize membranes (red; A, B, F, and
G) and with DAPI to infer chromosome structure (blue; B, C, G, and H and D, E, I, and J). The inverted gray-scale images in panels D, E, I, and
J enhance visualization of chromosome structure. Panels E and J show chromosome structure prior to deconvolution; panels D and I show the same
fields after deconvolution. (A to E) Sporulating cells of wild-type B. subtilis at t, 5. Arrows 1 and 2, cells that lack sporulation septa (A) and that
contain an asymmetrically condensed forespore chromosome (C to E); arrows 3, cell with a sporulation septum that is incomplete (A), as it fails
to completely traverse the cell, and with an asymmetrically condensed forespore chromosome (C to E). Arrows 4, sporangium with a sporulation
septum that appears to completely traverse the cell (A), creating the larger mother cell and smaller forespore. (F to J) Exponentially growing cells
of wild-type B. subtilis, which tend to remain attached following completion of division, thereby forming long chains of individual cells. Arrowheads,
partial septum that is forming in a single, long cell (F). One of the two nascent daughter cells contains a bilobed nucleoid (arrows 6), while the
second contains two distinct nucleoids that are already well separated (arrows 7). Arrows 5, second nascent daughter cell in which the two visible

nucleoids are well separated. Bar (A), 1 pm.

as many sporangia showed a condensed region of DNA near
one pole in the absence of a sporulation septum (Fig. 2B,
arrow 1). Thus, regardless of the fluorescent membrane stain
used, forespore chromosome condensation was observed prior
to the onset of asymmetric cell division.

Quantitation of the DAPI staining intensity showed that the
amount of DNA in the asymmetrically condensed region in
cells completely lacking a sporulation septum was identical to
the DNA content in forespores of sporangia in which synthesis
of the sporulation septum had started but was incomplete
(30% = 4% versus 29% = 4% of the total forespore chromo-
some content, measured as described in Materials and Meth-
ods). Thus, the proportion of the forespore chromosome
present in the condensed region prior to the formation of the
polar septum is similar to the DNA content of forespores in
mutants that lack a functional copy of spollIE (30% [44, 45])
and that are defective in postseptational chromosome translo-
cation (43). These observations suggest that partitioning of the
origin-proximal 30% of the future forespore chromosome pre-
cedes asymmetric cell division.

Timing and frequency of asymmetric chromosome conden-
sation. The timing of chromosome condensation relative to
septation was quantitatively assessed by comparing the fre-
quencies of each event at ¢, , and ¢, 5 (Fig. 3). Att, ,, when very
few (1%) cells had formed a polar septum, 9% had asymmetri-
cally condensed chromosomes (Fig. 3A). Thirty minutes later,
10% of cells had polar septa and condensed chromosomes,
while an additional 11% had condensed chromosomes but no
polar septa. At both time points, we could readily detect con-
densation at both poles of the sporangium, in which cases it

appeared that about 30% of each chromosome was condensed
near each pole. Approximately 42% of sporangia containing
partitioned chromosomes were partitioned at both poles at ¢, ,
whereas, by ¢, 5, only 19% displayed bipolar condensation (Fig.
3B). The decreased occurrence of bipolar condensed chromo-
somes at later times during sporulation suggests that the
mother cell chromosome may decondense as sporulation pro-
ceeds (a point to which we will return later). Furthermore,
some condensed chromosomes may not be observed due to the
limited resolution of light microscopy.

Visualization of chromosome dynamics and asymmetric
septation with time-lapse microscopy. The results presented
above suggested that asymmetric chromosome condensation
preceded formation of the asymmetrically positioned sporula-
tion septum; we used time-lapse microscopy to provide quali-
tative support for this proposal. A sporulating culture was
stained with vital DNA stain SYTO 16 (Molecular Probes) and
membrane stain FM 4-64, and deconvolution time-lapse mi-
croscopy was performed as described in Materials and Meth-
ods, with images collected every 15 min. Figure 4 shows two
sporangia from this time-lapse experiment (of the nine that
synthesized a polar septum during the experiment). The first
sporangium (Fig. 4A to C) shows a clear partitioning of the
future forespore chromosome into two domains, with the
smaller domain near the cell pole. By the next time point (Fig.
4A’ to C'), a partial sporulation septum was synthesized in the
gap between the chromosome domains, and by the next time
point (Fig. 4A” to C”), the septum was complete.

The second sporangium demonstrates that asymmetric chro-
mosome partitioning also occurs at the forespore distal pole of
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FIG. 2. Cells of the wild type and several mutants stained with
membrane stain MitoTracker red CMXros (A) or FM 4-64 (C, E, G,
and I) and DNA stain DAPI (B, D, F, H, and J). Sporulation was
induced by resuspension, and samples were harvested at ¢, 5. More
than 300 sporangia were examined for each strain; representative ex-
amples are shown. (A and B) Wild-type sporangia (PY79) stained with
MitoTracker red CMXros (A) and DAPI (B). Both cells lack a sporu-
lation septum and contain an asymmetrically condensed forespore
chromosome (arrows 1). (C and D) In the absence of ot (strain
KP427), polar septation is blocked and the chromosomes appear de-
condensed. More than 400 cells were examined by fluorescence mi-
croscopy; none showed polar chromosome condensation or polar
septa. (E and F) In the presence of IPTG, o' is expressed in strain
KP427. Under these conditions, polar septation and chromosome con-
densation are identical to those in wild-type cells. (G and H) Asym-
metric chromosome condensation does not occur in a strain (KP648)
lacking the spo0A gene. More than 1,000 cells were examined; repre-
sentative examples are shown. (I and J) In A(spo0J-soj) strain KP527,
some cells lacking a polar septum show clear asymmetric chromosome
condensation (arrows 2 and 3). Arrows 4, cell with a medial nascent
septum without separated nucleoids.

the mother cell (Fig. 4D to F), preceding the abortive cell
division event that often occurs at the second potential site of
polar septation (Fig. 4D’ to F') (27). When this second septum
regressed, the partitioned domain in the mother cell decon-
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densed (Fig. 4E, E’, and E”). Thus, asymmetric chromosome
condensation precedes asymmetric septation and is reversible.

Polar chromosome condensation depends on transcription
factors o™ and Spo0A. Spo0A-P is required for the switch from
medial to bipolar FtsZ ring assembly (21); thus mutants lacking
Spo0A fail to relocalize the FtsZ rings and continue to divide
medially. They also maintain the bilobed chromosome struc-
ture typical of vegetative growth (Fig. 2G and H) (21). In
contrast, o™ is not required for the bipolar localization of FtsZ,
although, for reasons that are unclear, mutants that lack o™ fail
to form polar septa (21).

We tested the dependence of asymmetric chromosome con-
densation on ¢" by utilizing a strain in which expression of the
gene encoding o' (spo0OH) was under the control of an IPTG-
inducible promoter (18). In the presence of IPTG, polar septa
and polar condensed chromosomes appeared at the same rate
and frequency as in the wild type (Fig. 2E and F). However, in
the absence of o™, neither polar septa nor polar chromosome
domains were formed (Fig. 2C and D). Indeed, the chromo-
somes of o*-deficient cells were poorly condensed, filling the
cytoplasm to a much greater extent than the wild type or any of
the other mutants examined, even in fixed cells. It is possible
that this chromosome condensation defect inhibits polar sep-
tation, which could be governed by a checkpoint monitoring
asymmetric chromosome condensation. Alternatively, the sep-
tation defect may be caused by the reduced expression of cell
division proteins such as FtsZ and FtsA in the absence of o™
(8, 10) or by the decreased SpoOA-directed gene expression in
the absence of o™ (36).

Chromosome-partitioning proteins Spo0J and Soj are not
required for asymmetric chromosome condensation. Two can-
didates for proteins that control chromosome architecture dur-
ing sporulation are Spo0J and Soj, homologues of chromo-
some- and plasmid-partitioning proteins (6). Spo0J and Soj are
required for efficient chromosome segregation (16) and to-
gether regulate the transcription of genes required for polar
septation: Soj acts as a transcriptional repressor, whereas
Spo0J inhibits Soj, allowing sporulation-specific gene expres-
sion and polar septation (3, 30). Spo0J and Soj provide attrac-
tive candidates for proteins involved in modulating chromo-
some architecture, since Spo0J binds to the origin-proximal
region of the chromosome likely to be in the polar condensed

25 90
A n Condensed Bm H Unipolar

» 20 Chromosomes o 791 0 Bipolar
= [ Polar Septa s 60
O 45 S
- 1 A
= ,"’6 45
g 10 4 ;C-; 30 4
d.)
o e

5 S 154

04 0

60 90 60 90

Time Of Sporulation (min)

Time Of Sporulation (min)

FIG. 3. Timing of polar chromosome condensation. Sporulating
cultures of PY79 were stained with FM 4-64 and DAPI, and the
numbers of cells containing septa and condensed chromosomes were
determined for samples collected 60 (334 cells) and 90 min (285 cells)
after the onset of sporulation. (A) The percentage of total cells con-
taining a polar condensed chromosome is plotted next to the percent-
age of cells containing a polar septum. (B) Percentages of sporulating
cells with unipolar or bipolar condensed chromosomes.
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FIG. 4. Time-lapse microscopy: asymmetric DNA condensation
precedes formation of the asymmetrically positioned sporulation sep-
tum. Sporulating cultures of PY79 were stained with vital DNA stain
SYTO 16 (green; B, C, E, and F) and membrane stain FM 4-64 (red;
A, C, D, and F) and prepared for time-lapse deconvolution microscopy
as described in Materials and Methods. Images were acquired every 15
min. Shown are images taken 0, 15 (primes), and 30 min (double
primes) after the start of the time-lapse experiment. The predivisional
sporangium (A to C) shows a condensed region of the future forespore
chromosome near one cell pole. Arrowheads, sites of synthesis of the
sporulation septum. (D to F) Sporangium that contains a sporulation
septum at the beginning of the experiment (arrowheads) and an asym-
metrically condensed chromosome at the forespore distal pole (ar-
rows), where a second partial septum is synthesized (D’) and later
degraded (D”) in an abortive division event that we have previously
described (27). Bar, 1 pm.

region and assembles into foci near the cell poles (9, 23).
Furthermore, it has been suggested that Soj compacts Spo0J
foci (26), an activity that could cause dramatic changes in
chromosome architecture, such as asymmetric chromosome
partitioning.

We therefore investigated the structure of the chromosome
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in the spo0J soj double mutant, which is able to express early-
sporulation-specific genes and thereby to synthesize the polar
septum. If either SpoOJ or Soj is required for asymmetric
chromosome condensation, then, in the double mutant, polar
septation should occur before chromosome partitioning. This
was not the case, as we observed chromosome partitioning
before polar septation in some sporangia (Fig. 2I and J, arrows
2), although in many cases the polar chromosome domain was
less clearly separated from the remainder of the chromosome
than in the wild type (Fig. 2I and J, arrows 3). This could
suggest that Spo0J or Soj or both stabilize the partitioned
chromosome or that the multiple copies of the chromosome
found in the spo0J soj double mutant (41) preclude efficient
packing. In keeping with the importance of these proteins for
chromosome partitioning, we noted that the spo0J soj double
mutant occasionally formed medial septa directly through a
chromosome (Fig. 2I and J, arrows 4) and that it produced
anucleate cells and minicells (not shown). Thus neither Spo0J
or Soj is essential for asymmetric chromosome condensation,
although it remains possible that they stabilize the partitioned
chromosome domain.

Depletion of FtsZ during sporulation does not prevent
asymmetric chromosome condensation. An early event in the
asymmetric division pathway of B. subtilis is the relocalization
of FtsZ from the midpoint to the cell poles (21), an event likely
to be necessary to localize other proteins to polar division sites
(5, 20, 22). The results described above demonstrate that asym-
metric chromosome condensation occurs prior to the onset of
septal biogenesis but did not address whether it is independent
of FtsZ ring assembly, which precedes cell division. We there-
fore depleted cells of FtsZ during sporulation by utilizing a
strain in which the ftsZ gene is under the control of the IPTG-
inducible P,,,. promoter (2). When cells are grown without
IPTG, FtsZ levels fall, ultimately preventing cell division, but
not cell growth, thereby causing the production of long,
multinucleate cells (filaments) lacking detectable FtsZ. Under
sporulation conditions, these filaments fail to synthesize the
sporulation septum, although the cells express early sporula-
tion-specific proteins (2).

Following FtsZ depletion, we readily observed small con-
densed regions of the chromosomes during sporulation, both
near the cell poles (Fig. SA and B, arrows 1) and, less fre-
quently, within the filaments (Fig. S5F to H, arrows 6). Nearly
50% of the filaments in the population contained at least one
asymmetrically condensed chromosome by #,. We confirmed
that the filaments with asymmetrically condensed chromo-
somes had entered the sporulation pathway by observing that
they contained the early-sporulation-specific protein ¢* by im-
munofluorescence microscopy (Fig. SF to H, arrows 5 and 6).
In contrast, filaments without asymmetrically condensed chro-
mosomes showed no o immunostaining (Fig. 5F to H, arrows
4). Filaments with asymmetrically condensed chromosomes
lacked FtsZ rings, as assessed by immunofluorescence microscopy
(not shown); indeed, under these depletion conditions, we
were unable to detect the FtsZ protein in Western blots (not
shown). Thus, the polar chromosome condensation machinery
may function independently of FtsZ ring formation. If so, then
condensation would be independent of the entire cell division
apparatus, whose assembly at future division sites is abolished
in the absence of FtsZ.
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FIG. 5. Chromosome condensation and expression of sporulation-
specific protein oF in wild-type and FtsZ-depleted cells. (A and B)
Following depletion of FtsZ (strain KP444; see Materials and Meth-
ods), cell division is inhibited, producing long cells (A; FM 4-64 stain-
ing) that contain asymmetrically condensed chromosomes (B; DAPI
staining) near the cell pole (arrows 1). (C to H) Cells were harvested
at t,, prepared for immunofluorescence microscopy, and stained with
anti-c* antibodies (green; D, E, G, and H) and DAPI (blue; C, E, F,
and H). (C to E) Wild-type cells that show no o immunostaining lack
polar condensed regions of their chromosomes (arrows 2), whereas
those with bright ¢* immunostaining show condensed chromosomes in
various stages of translocation into the forespore (arrows 3). (F to H)
Cells of strain KP444 (P,,,ftsZ) were depleted of FtsZ by growth
without IPTG (as described Materials and Methods), blocking cell
division. Cells that show no of immunostaining have symmetrically
condensed chromosomes (arrows 4), whereas those with bright o
immunostaining show polar condensed regions (arrows 5 and 6). Scale
bar, (A), 1 pm.

A novel determinant of cellular asymmetry. Our results
demonstrate that clearing DNA from the path of an invaginat-
ing septum normally occurs during both symmetric and asym-
metric cell division (Fig. 6). However, during the asymmetric
cell division of sporulation, a single chromosome is partitioned
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FIG. 6. A model for steps in the establishment of asymmetry during
sporulation in B. subtilis. (A) The switch in the assembly of FtsZ (ring)
from the cell midpoint to positions near both poles requires transcrip-
tion factor SpoOA-P, and the onset of polar septation requires o'
(B) The reorganization of the chromosome condensation machinery
from the symmetrically condensed bilobed structure of growing cells to
form polar condensed chromosomes requires transcription factors
Spo0A-P and ¢"'. Asymmetric division then commences at one of the
two sites of FtsZ assembly, and the remaining forespore chromosome
is translocated across the sporulation septum by SpollIE. In cells
lacking Spo0A-P, symmetric chromosome condensation is seen, where-
as cells lacking o' show decondensed chromosomes that appear dis-
tinct from both the bilobed chromosomes of growing cells and the
more-condensed chromosomes of sporulating bacteria.

into two separate domains of unequal sizes, whereas, during
vegetative growth, the individual daughter chromosomes are
separately and symmetrically condensed following their repli-
cation. While the mechanism by which bacteria partition a
single chromosome into two distinct domains is presently un-
clear, our results dramatically illustrate that bacteria share with
eukaryotes the ability to precisely control their chromosomal
architecture.

Surprisingly, asymmetric chromosome condensation not
only precedes asymmetric cell division but also occurs when
asymmetric division is completely abolished by the depletion of
cell division protein FtsZ. This suggests that asymmetric chro-
mosome condensation is independent of the known members
of the cell division machinery, since FtsZ is likely to be re-
quired for the recruitment of these proteins to potential divi-
sion sites (7, 20, 42). Our results imply the existence of a novel
determinant of cellular asymmetry that is independent of the
known cell division machinery and that directs the reorganiza-
tion of the chromosome in preparation for asymmetric divi-
sion.
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