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A key step in the Bacillus subtilis spore formation pathway is the engulfment of the forespore by the mother
cell, a phagocytosis-like process normally accompanied by the loss of peptidoglycan within the sporulation
septum. We have reinvestigated the role of SpolIB in engulfment by using the fluorescent membrane stain FM
4-64 and deconvolution microscopy. We have found that spolIB mutant sporangia display a transient engulf-
ment defect in which the forespore pushes through the septum and bulges into the mother cell, similar to the
situation in spollD, spolIM, and spolIP mutants. However, unlike the sporangia of those three mutants, spolIB
mutant sporangia are able to complete engulfment; indeed, by time-lapse microscopy, sporangia with prom-
inent bulges were found to complete engulfment. Electron micrographs showed that in spolIB mutant spo-
rangia the dissolution of septal peptidoglycan is delayed and spatially unregulated and that the engulfing
membranes migrate around the remaining septal peptidoglycan. These results demonstrate that mother cell
membranes will move around septal peptidoglycan that has not been completely degraded and suggest that
SpollB facilitates the rapid and spatially regulated dissolution of septal peptidoglycan. In keeping with this
proposal, a SpolIB-myc fusion protein localized to the sporulation septum during its biogenesis, discriminat-
ing between the site of active septal biogenesis and the unused potential division site within the same cell.

Bacillus subtilis is a gram-positive bacterium which, under
conditions of nutrient deprivation, undergoes a developmental
process known as sporulation (for review, see references 10
and 46). During sporulation, a septum is positioned near the
pole instead of the midcell site used for vegetative division,
resulting in the production of two daughter cells of different
sizes and fates, a smaller forespore and a larger mother cell.
Shortly after the onset of differential gene expression in these
two cells, the septum between them begins to migrate around
the forespore until the leading edges of the membrane meet on
the distal side of the forespore and fuse, releasing the fore-
spore into the mother cell cytoplasm (Fig. 1A). After the com-
pletion of this phagocytosis-like process (known as engulf-
ment), the forespore is enclosed in the mother cell and
bounded by two membranes, its original cytoplasmic mem-
brane and a membrane derived from the engulfing mother cell
membrane. It is between these two membranes that the spe-
cialized spore cell wall (the cortex) is synthesized, while the
multilayered spore coat is assembled around the forespore
within the mother cell cytoplasm.

Although engulfment is an essential part of the spore for-
mation pathway of B. subtilis and its endospore-forming rela-
tives, the mechanism by which the membranes move around
the forespore remains poorly understood. However, it appears
that thinning or removal of peptidoglycan between the septal
membranes is necessary to allow movement of the mother cell
membrane around the forespore (16, 31). Previous electron
microscopy studies suggested that septal thinning is initiated
from the middle of the septum and proceeds toward the edges
(16); the exact mechanism for this process and the means by
which it is spatially regulated remain unknown. Five proteins
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have been implicated in this step of engulfment: SpolIM,
SpolIP, SpollID, SpolIB, and SpoVG (13, 25, 29, 43); three of
them, SpolIM, SpollP, and SpollD, are produced in the
mother cell about 1 h after initiation of sporulation (13, 37, 42).
Strains lacking any of these three proteins have similar phe-
notypes, with peptidoglycan dissolution occurring only in the
middle of the septum, no migration of the mother cell mem-
brane around the forespore, and a prominent bulging of the
forespore into the mother cell. Another phenotype of these
strains is the retention of partial septa at the second potential
division site in the mother cell; these partial septa also form in
the wild type but later regress, a process likely to require
removal of peptidoglycan from the partial septa (32). Although
no exact function has been ascribed to any of these proteins,
the C terminus of SpolID displays a high degree of homology
with LytB, a protein that regulates LytC, a muramidase which
is the major B. subtilis autolysin (18, 20). Another sporulation
protein, which shows homology to cell wall hydrolases, is
SpolIQ, which was first identified as being required for moving
the mother cell membrane across the distal pole (24). How-
ever, recent work in our lab has shown that the requirement of
SpolIQ for the completion of engulfment is medium depen-
dent and that SpolIQ may be involved in forespore-specific
gene expression (Y.-L. Sun, M. D. Sharp, and K. Pogliano,
submitted for publication).

The genes encoding SpolIB and SpoVG are expressed at the
onset of sporulation (29, 38). Previous studies showed that
spolIB and spoVG single mutants were only mildly impaired
for sporulation and appeared to have a wild-type engulfment
phenotype while a spolIB spoVG double mutant produced few
spores and was blocked at early stages of engulfment, with little
or no thinning of septal peptidoglycan (29). SpolIB shows
weak homology to the substrate specificity domain of CwlM, a
Bacillus licheniformis amidase (19, 29), suggesting that it inter-
acts with the cell wall, while SpoVG shows homology to pro-
teins of unknown function in Archaeoglobus fulgidus, Borrelia
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FIG. 1. Model for engulfment in the wild type and in spolID, spolIM, spolIP,
and spolIB mutants. (A) Engulfment in the wild type. After polar septation,
septal peptidoglycan is degraded, beginning in the middle of the septal disc
(arrow) and proceeding toward the edges. The mother cell membranes move up
and around the growing forespore (center sporangium), which ultimately be-
comes fully enclosed within the mother cell (far-right sporangium). (B) Engulf-
ment in spolID, spolIM, and spolIP mutants. As in the wild type, there is initial
dissolution of the septal peptidoglycan in the center of the septal disc (left
sporangium, arrow); however, degradation is not complete. When the forespore
grows, it breaks through this weakened region of the septum, resulting in the
bulging of the forespore into the mother cell (right sporangium). (C) Engulfment
in spolIB mutants. In spolIB mutants, the septal peptidoglycan is incompletely
degraded throughout the septum (left-most sporangium, arrows). When the
forespore grows, it breaks this weakened septal peptidoglycan, resulting in broad
bulges of the forespore into the mother cell, with peptidoglycan being displaced
into the mother cell. Despite this residual peptidoglycan, engulfment is com-
pleted.

burgdorferi, Bacillus megaterium, and Clostridium acetobutyli-
cum (1, 30). It was recently reported that spol’G mutant spo-
rangia initiate polar septation more rapidly than wild-type spo-
rangia, suggesting that SpoVG serves directly or indirectly as a
repressor of polar septation (30). The reason for the synergy
between spollB and spol’G mutations remains unclear.

Here we report the further characterization of the roles of
SpolIB and SpoVG in engulfment. Using a sensitive assay for
engulfment, we observed that a spolIB null mutant displays a
transient engulfment phenotype not described previously but
similar to that of other engulfment mutants which fail to de-
grade septal peptidoglycan. Ultimately, however, the spollB
mutant is able to complete engulfment, suggesting that the
defect affects only the speed of engulfment. In contrast, en-
gulfment proceeds normally in the spol’G mutant, suggesting
that this gene’s product is not directly involved in engulfment.
We have also demonstrated that SpollB localizes to active sites
of septal biogenesis and that its localization is dependent on an
as-yet-unidentified structure within the polar septum. Our
studies suggest that SpollB is necessary for efficient dissolution
of septal peptidoglycan.

MATERIALS AND METHODS

Bacterial strains and strain construction. B. subtilis strains used in this work
are listed in Table 1. Strains were constructed from the prototroph B. subtilis
PY79 by conventional genetic techniques (8). KP548 was constructed by trans-
forming KP10 with pTn917QstrR, which is able to replace the existing macrolide-
lincosamide-streptogramin B resistance marker with a spectinomycin resistance
marker following a double-recombination event (44). Construction of strain
KP545 is described in the next section. Escherichia coli K622 (TGI pcnB24-1)
was constructed by P1 transduction from donor strain MJC97 (pcnB24-1:
Tnl0QstrR tetS) to recipient TG1, selecting for the Tnl0 (Str") transposon linked
to pcnB (26), and screening for isolates with low plasmid copy numbers.

B. SUBTILIS SpollIB 1097

TABLE 1. B. subtilis strains used in this study”

Reference or

Strain Genotype source
PY79 Prototrophic 51
KP10 spoVG::QQIHU265 39
KP52 spollBA::erm spoVG::Tn917QHU265 29
KP69 spollE::Tn917QHU7 39
KP174 A(spolIAA-spollAC)Qspe Gift from

P. Stragier
KP343 spolIBA::erm 29
KP444 P,.-fisZ::phleo 4
KP519 spolIM::Tn917 39
KP548 spoVG::Tn917::spc This study
KP545° spolIB-mycQcm This study
KP547” Py,.-ftsZ::phleo spollB-mycQcm This study
KP549° A(spoIlIAA-spollIAC)Qspc spollB- This study
myc{lcm

KP550° spoVG::spec spollB-mycQcm This study

“ All strains are congenic with PY79.
® Wild-type spolIB gene replaced with spollB-myc fusion.

Construction of myc-tagged SpolIB. Using primers 5'-CTTAGAATTCGGG
TTAAACATATCGGG3' and 5'AATTTCTCGAGTTTTACGACGGCTAAC
AG3’, a 612-bp fragment corresponding to the 3" end of the spolIB coding region
was isolated from strain PY79. EcoRI (New England Biolabs) and Aval (Boehr-
inger Mannheim) restriction sites (underlined) were introduced to facilitate
cloning. Taq polymerase (Qiagen) was used under the following conditions to
obtain the fragment: an initial denaturation at 94°C for 5 min; 30 cycles of
denaturation at 94°C for 1 min, annealing at 47°C for 1 min, and extension at
72°C for 1 min; and a final extension at 72°C for 10 min. The PCR product was
purified by using a QIAquick PCR Purification Kit (Qiagen) and digested with
EcoRI and Aval. The vector plasmid pKL94 (a gift from K. Lemon), encoding a
c-myc tag, was linearized with EcoRI and Aval. Fragments were purified by using
Geneclean II (Biol01); the fragment and vector were then ligated and trans-
formed into strain KJ622 (TGI pcnB, described above). PKL94 was isolated by
using a Plasmid Midi Kit (Qiagen) and transformed into PY79. A single homol-
ogous recombination event integrated the spolIB-myc-containing plasmid at the
chromosomal spolIB gene, resulting in strain KP545. Competent KP545 was then
transformed with KP444, KP174, and KP548 chromosomal DNA to obtain
KP547, KP549, and KP550, respectively.

Resuspension sporulation. Sporulation was induced by the method of Sterlini
and Mandelstam (45). The membrane stain FM 4-64 (Molecular Probes) was
included in the resuspension medium as described by Pogliano et al. (32). The
DNA stain 4’,6-diamidino-2-phenylindole (DAPI) was added to the cells imme-
diately prior to viewing, as described previously (32).

Since KP547 contains FtsZ under the isopropyl-B-p-thiogalactopyranoside
(IPTG)-inducible P,,,. promoter, all samples were grown in the presence of 1
mM IPTG to provide the FtsZ required for cell division. To deplete FtsZ during
resuspension sporulation, cells were grown in the presence of 1 mM IPTG until
reaching an optical density at 600 nm of 0.2, centrifuged, washed twice in CH
medium, and divided in half. One portion was resuspended in CH medium
containing 1 mM IPTG, while the other portion was resuspended in CH medium
lacking IPTG. The cultures were allowed to grow until the optical density at 600
nm was between 0.5 and 0.6, at which time they were resuspended in sporulation
salts with or without (for the depletion) 1 mM IPTG.

Deconvolution and time-lapse microscopy. Deconvolution microscopy and
image processing was performed essentially as described by Pogliano et al. (32).
However, for time-lapse experiments, cells were grown in the presence of
FM4-64 at 1 pg ml~! and images were collected every 20 min. Of the 29 spollB
mutant sporangia that could be monitored throughout the time course, 18 com-
pleted engulfment following bulge formation, 1 completed engulfment with no
detectable bulging, 4 failed to initiate engulfment, 2 initiated but did not com-
plete engulfment, 3 lysed before the completion of engulfment, and one formed
a disporic sporangium. Fields of cells from these time-lapse experiments can be
seen on the Pogliano lab website (http://www.biology.ucsd.edu/labs/pogliano).

Immunofluorescence microscopy. Immunofluorescence microscopy was per-
formed as described by Arigoni et al. (2) with the following modifications. A
0.5-ml portion of the sporulating culture was fixed in a solution containing 20
mM sodium phosphate (pH 7.2), 3% (wt/vol) paraformaldehyde, and 0.007%
(wt/vol) glutaraldehyde (the last two were obtained from EM Sciences). Samples
were fixed for 20 min at room temperature, washed with phosphate-buffered
saline three times, and placed on ice for a maximum of 4 h. Sporangia were
permeabilized with lysozyme (0.8 mg ml™') for 4 min and washed with phos-
phate-buffered saline. Prior to addition of the primary antibody, sporangia were
blocked with 2% bovine serum albumin at room temperature for 15 min. Sam-
ples were incubated overnight at 4°C with the primary antibodies, an anti-c-myc
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mouse antibody (Boehringer Mannheim) at 1.1 pg ml~! and an affinity-purified
anti-FtsZ rabbit antibody (a gift from P. Levin, purified by N. Osborne) at 1:500.
Slides were washed with phosphate-buffered saline and then incubated with the
secondary antibodies, an affinity-purified fluorescein isothiocyanate (FITC)-la-
beled donkey anti-mouse antibody (at 5 p.g ml™!) and an affinity-purified Cy5-
labeled donkey anti-rabbit antibody (at 5 g ml™!) (both from Jackson Immu-
nolabs), at room temperature for 3 h. DAPI (0.2 pg ml~!; Molecular Probes)
and FM 4-64 (10 pg ml™'; Molecular Probes) were added with the equilibration
buffer. We noted that FM 4-64 bleached rapidly in fixed cells exposed to UV
irradiation. Therefore, before collecting images of fluorescein fluorescence, we
bleached the FM 4-64, using a DAPI filter set to ensure that there was no FM
4-64 fluorescence remaining (which otherwise might be visualized together with
fluorescein). To ensure that FM 4-64 did not affect protein localization, control
experiments were performed without the stain; identical results were obtained. A
wild-type strain, PY79, without the c-myc fusion was used as a negative control;
it showed faint, punctate staining that did not localize to the septa (data not
shown).

Electron microscopy. Sporulating cultures of PY79 and KP343 were prepared
for electron microscopy by four methods, three of which are slight modifications
of a protocol frequently used for preparation of B. subtilis (32). The fourth
method was devised to allow better visualization of the engulfing membranes,
which were often obscured by the darkly stained cell wall in the first three
methods. Method T exactly followed a previously described protocol (32) which
employed a fixation with 4% (wt/vol) glutaraldehyde in 0.1 M sodium phosphate
(pH 7.0) followed by a secondary fixation with 1% (wt/vol) osmium tetroxide in
0.1 M sodium phosphate (pH 7.0) and then a wash in 0.5 M ammonium chloride
(see Fig. 4A, C, I, and M to O). Method II introduced the 0.5 M ammonium
chloride wash before (rather than after) the osmium tetroxide fixation (see Fig.
4B, E to H, L, and R), whereas method III lacked the ammonium chloride wash
(see Fig. 4D). Following agarose enrobing, Spurr’s resin embedding, and ultra-
thin sectioning, the samples were poststained with 1% (wt/vol) uranyl acetate in
30% (vol/vol) ethanol and Reynold’s lead as described previously (32). Method
IV was a slight modification of a protocol used to enhance membrane staining in
other organisms (14). Sporangia were fixed for 8 to 14 h at 4°C in 0.1 M sodium
cacodylate buffer (pH 7.4) containing 4% (wt/vol) glutaraldehyde and 2 mM
calcium chloride. Cells were postfixed for between 8 and 14 h at 4°C in 0.1 M
sodium cacodylate buffer (pH 7.4) containing 1% (wt/vol) osmium tetroxide and
3.0% (wt/vol) potassium ferricyanide. Samples were enrobed in agarose, diced,
and stained with 1% (wt/vol) uranyl acetate in 30% (vol/vol) ethanol for 8 to 14 h
at 25°C. They were embedded in Spurr’s resin, which was allowed to polymerize
at 65°C for at least 48 h. Ultrathin sections were applied to a grid and poststained
with 0.25% (wt/vol) potassium permanganate and Reynold’s lead as described
elsewhere (14). This protocol was utilized because we were not interested in
defining cytoplasmic contents (such as ribosomes) that stain darkly with uranyl
acetate and Reynold’s lead, obscuring the membranes. We found that this last
method readily allowed visualization of the engulfing membranes (see Fig. 47, K,
P, and Q).

Western blot analysis. Western blotting was performed as described by Pogli-
ano et al. (34), with the exception that trichloroacetic acid was not added to the
cell suspension. After addition of the 2X sodium dodecyl sulfate loading buffer
to the lysozyme-treated cells, samples were heated for 10 min at 80°C and then
either used immediately or placed at —70°C for storage. A 30-pl aliquot of
sample was electrophoresed in a 12.5% polyacrylamide gel. Following electro-
phoresis, the gel was equilibrated in Towbin’s buffer (25 mM Tris, 192 mM
glycine, 20% [vol/vol] methanol, pH 8.3) and transferred onto an Immobilon P
transfer membrane (Millipore) by using a Trans-Blot SD semidry transfer cell
(Bio-Rad) at 15 V for 45 min. After being blocked, the membrane was incubated
overnight at 4°C with a 40-pg ml~! solution of mouse anti-c-myc antibodies
(Boehringer Mannheim) or a 1:500 dilution of affinity-purified rabbit anti-FtsZ
antibodies. Horseradish peroxidase-labeled anti-mouse or anti-rabbit secondary
antibodies (Amersham) were used at a 1:1,500 dilution and incubated with the
membrane for 1 h at room temperature. Enhanced chemiluminescence (ECL;
Amersham) was used for Western blot analysis.

Measurements of sporangia during engulfment. Wild-type (PY79) sporangia
were analyzed from three progressions (reference 32 and this work [time-lapse
microscopy of wild-type controls] [see the Pogliano lab website {http://www
.biology.ucsd.edu/labs/pogliano} for fields of cells used in these experiments]) by
using NIH Image 1.61.1 software. TIFF-formatted images (see sections on mi-
croscopy and image analysis in reference 32) were imported into NIH Image; the
image shading was inverted (to black membranes on a white background), and
the images were processed to display membrane edges. This process represents
solid membranes as bilayers, and therefore careful measurements were taken in
between the bilayers perpendicular to, and in the middle of the polar septum as
follows: to determine sporangial length, measurements were taken across the
sporangium, from one pole to the opposite pole; to determine forespore growth,
measurements were taken from the middle of the polar septum to the proximate
pole; and to represent mother cell size, measurements were taken from the
middle of the polar septum to the distal pole. Only sporangia which were flat, as
indicated by the clear visualization of both ends of the sporangium without
blurring, were scored. Twenty-three sporangia from the first and last time points
were measured. While the forespore grew by an average = standard deviation of
21.9% = 11.9%, the combined length of both cells decreased slightly, by an
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average of 1.5% *+ 3.1%. One sporangium was excluded from the data analysis
because it had an unusual phenotype at the 1-h time point.

RESULTS

The spolIB mutant shows a transient engulfment phenotype.
The SpollIB protein was predicted to be involved in the early
stages of engulfment (29) based on the phenotype of a spolIB
spoVG double mutant, although neither mutation alone re-
sulted in an obvious engulfment defect. To determine whether
either spollB or spoV’G mutations alone caused a subtle, not
previously identified engulfment defect, we used the vital
membrane stain FM 4-64 to investigate engulfment at early
times in the spore formation process. When used with decon-
volution microscopy, FM 4-64 clearly reveals the sporulation
septum before, during, and after engulfment, without notably
affecting either growth or sporulation (32). Cultures were
grown in the presence of FM 4-64 and induced to sporulate by
resuspension, and samples were taken 2, 3, and 4 h after the
onset of sporulation (¢, , 5, and ¢, , respectively). The bac-
teria were stained with DAPI and prepared for deconvolution
microscopy as described previously (32) (see Materials and
Methods). In wild-type sporangia, the sporulation septum ap-
peared flat shortly after its biogenesis (32) (data not shown).
At the onset of engulfment, the sporulation septum began to
curve around the smaller forespore (Fig. 2A, arrow 1) moving
up the sides of the forespore (Fig. 2A, arrow 2) until the
forespore was completely surrounded by the engulfing mem-
branes (Fig. 2A, arrow 3). During, and shortly after engulf-
ment, the forespore chromosome stained brightly with DAPI
and appeared to be more fully condensed than the mother cell
chromosome (40) (Fig. 2B, arrow). By ¢, ,, approximately 50%
of wild-type sporangia had completed engulfment (Table 2),
while 1 h later (at t5 ), 72% had completed engulfment (Fig.
2C and D; Table 2).

Engulfment was completed much more slowly in spolIB mu-
tant sporangia than in those of the wild type; by ¢, , only 4%
of spolIB mutant sporangia had completed engulfment (Fig.
1E and F; Table 2). Also, 25% of spollIB mutant sporangia
showed bulging of the forespore into the mother cell, as evi-
denced by the displacement of the sporulation septum into the
mother cell, resulting in the formation of sags or bubbles of
septal membranes (Fig. 2E, arrow). In wild-type sporangia,
bulging of the forespore into the mother cell is rarely observed
by FM 4-64 staining (zero bulges in >1,500 sporangia at ¢, s,
1.8% at t,,); when bulges are seen, they are less prominent
than those in spolIB mutant sporangia. However, a similar
bulging phenotype is observed in other engulfment mutants,
such as spolIM (Fig. 2S, arrow) (43), spolID (25), and spolIP
(13). We noted three differences between bulges in these mu-
tants and those in spolIB mutants. First, the bulges are some-
what more centrally located in spolIM (Fig. 2S), spolID, and
spolIP mutants than in spolIB mutants (Fig. 2E). Second, the
forespore bulges in spolIM (Fig. 2S) (43), spolID (25, 32), and
spolIP (13) mutants contain a striking constriction at the sep-
tum that is less prominent in spolIB bulges (Fig. 2E). Finally,
in many spolIB mutant sporangia with bulging forespores, the
engulfing membranes appeared to have partially migrated
around the forespore (Fig. 2E, arrow). Migration of the septal
membranes around the forespore does not occur in spolIM,
spolID, or spolIP mutant sporangia (13, 25, 43) (Fig. 2S), which
instead begin lysing approximately 3 to 4 h after the onset of
sporulation (31, 43) (confirmed by our observations). We also
noted that the chromosomes in the bulging forespores of
spollB, spolIM, spolID, and spolIP mutants often appeared
unusual in that they were sometimes partitioned between the
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FIG. 2. Analysis of B. subtilis engulfment mutants, using FM 4-64 to visualize membranes. Sporangia were treated with the vital membrane stain FM 4-64 (first and
third columns) and the DNA stain DAPI (second and fourth columns) and prepared for deconvolution microscopy as described in Material and Methods. (A and B)
PY79 (wild type), 2 h after onset of sporulation (t, ). The asymmetrically positioned sporulation septum (panel A, arrow 1) initially stains approximately twofold more
brightly with FM 4-64 than the cytoplasmic membrane because it contains two parallel membranes. The forespore chromosome stains more brightly with DAPI and
appears more highly condensed (panel B, arrow) than the mother cell chromosome. During engulfment, the septal membrane wraps around the smaller forespore
(panel A, arrow 2) until it is completely enclosed within the cytoplasm of the larger mother cell (panel A, arrow 3). (C and D) PY79 (wild type) at 15 . After the
completion of engulfment (C) (arrow), DAPI is excluded from the forespore (D) (arrow), for reasons that are as yet unclear (32). (E and F) KP343 (spolIB) at t, .
The arrows point to a spolIB mutant in which the septum bulges into the mother cell (E), with the forespore chromosome partitioned between the forespore and the
forespore bulge (F). (G and H) KP343 (spolIB) at t5 . The arrows indicate a spolIB mutant sporangium that appears to have completed engulfment and which retains
a partitioned forespore chromosome. (I and J) KP10 (spoVG) at t, ;. Engulfment proceeds normally in spol/G mutant sporangia. (K and L) KP10 (spoVG) at t3. The
arrows indicate a spoV’G mutant sporangium that has completed engulfment; the arrowheads indicate an aberrant division that is producing an anucleate cell at the
forespore distal pole of the mother cell. (M and N) KP52 (spolIB spoVG) at t, . Arrows 1 indicate a spolIB spoV’G double-mutant sporangium in which the forespore
bulges into the mother cell. Arrows 2 and 3 point to the two forespores in a sporangium, similar to a disporic sporangium but with an extra septum in the mother cell.
The forespore indicated by arrows 3 appears to have collapsed. (O and P) KP52 (spolIB spoVG) at t5 5. Arrows 1 indicate a sporangium with a large side bulge. Arrows
2 indicate an unusual sporangium in which an anucleate minicell has formed at one pole (upper portion of sporangium) while a partial septum has formed at the other

pole (arrow 2). (Q and R) KP519 (spolIM) at t, . The arrows point to a partially disporic sporangium which contains two forespores; one (arrow) contains a fully

translocated chromosome, while in the second, DNA translocation is incomplete. Similar partially disporic sporangia are also seen in spolID and spolIP mutants (32).
(S and T) KP519 (spolIM) at t5 . The arrows indicate the medial bulge seen in spolIM as well as other engulfment mutants, such as spolID and spolIP; this sporangium
also has a partial septum at the forespore distal pole and is therefore partially disporic. The bar in panel T represents 2 pM.
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TABLE 2. Engulfment phenotypes of various B. subtilis strains as assessed by FM 4-64 membrane staining and fluorescence microscopy at the indicated times of the sporulation process

% of sporangia exhibiting phenotype at indicated time for genotype“:

PEREZ ET AL.

t3
36.3 (174)
0(0)
26.5 (127)
15.4 (74)

spolIM

15}
56.4 (269)
0 (0)

7.3 (35)
7.5 (36)
27.0 (129)

0 (0)
1(5)
0.6 (3)

13
35.8 (141)
3.7 (11)
18.5 (73)
53(21)
19.8 (78)
6.6 (26)
11.2 (44)
0.0 (0)

spolIB spoVG

15}
50.2 (312)
1.1(7)
15.0 (93)
4.0 (25)
22.7 (141)

t3
26.0 (51)
62.1 (113)
0.0 (0)
0.5(1)
5.0 (9)
3.3 (6)
1.6 (3)
0.0 (0)

spoVG

)
51.5(83)
36.6 (59)

0.0 (0)
0.0 (0)
6.8 (11)
3.7 (6)
1.2(2)
0.0 (0)

t3
30.3 (108)
26.1(93)
26.7 (95)
2.8 (10)
6.2 (23)
2.2(8)
5.1(18)
0.3 (1)

spollB

[5)

49 (438)
3.9 (35)
20.4 (182)
4.7 (42)
15.8 (141)

I3
24.9 (66)
71.7 (190)

0.4 (1)
0.0 (0)
0.8 (2)
0.8 (2)
1.1(3)
0.4 (1)

wt

15}
40.2 (111)
51.8 (143)

11(3)

Engulfment
phenotype

Straight and curved”

Engulfed”

Bulge? _
Dispore® with bulge

Disporic®

0.6 (3)

43(27)
2.7 (17)
0.0 (0)

3.0 (27)
2.3 (21)
03 (3)

0.7 (2)
47 (13)

Abnormal division®

Collapse”
Other

566 445 1,670 627 391 381 1,072 643 943 756

Total no. of cells scored

“ The number of sporangia in each phenotypic class was divided by the total number of sporangia (those containing forespores at any stage of engulfment, visualized by FM 4-64 staining). At ¢, and t5 ,, averages of

50.4 and 57.8%, respectively, of the bacteria in the culture were sporangia. The total numbers of sporangia scored for each class are given in parenthesis. wt, wild type.

b Flat and curved polar septa, including those in which the septa had migrated slightly toward the poles.

¢ Those in which the engulfing membranes appear to fully, or almost fully, encircle the forespore.

4 Those showing a bulging of the forespore into the mother cell.

¢ Disporic sporangia include those with two complete septa and two fully translocated forespore chromosomes (which were not observed in the wild type) and those with one complete septum (with a fully translocated

forespore chromosome) and one partial septum with an incompletely translocated forespore chromosome (for an example, see Fig. 1Q and R, arrow).

/ Forespores in which the membranes and DNA appear compressed against the pole of the sporangium (for an example, see Fig. 2M and N, arrow 3).

& Sporangia containing an extra septum at midcell, resulting in anucleate mother cells (for an example, see Fig. 2M, arrows 2 and 3).

/ Disporic sporangia in which one polar septum bulges into the mother cell (for an example, see Fig. 1S and T, arrow).
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time in min.

D 2
$

FIG. 3. Time-lapse deconvolution microscopy of engulfment in spol/IB mu-
tant sporangia. A culture of KP343 (spolIB) was grown in the presence of FM
4-64, and sporulation was induced by resuspension. At 1.5 h after the initiation
of sporulation, the culture was affixed to a coverslip (see Materials and Meth-
ods). Images were collected every 20 min over a period of 1 h, as indicated by the
time line above the sporangia. The panels of this figure display a progression of
three different sporangia, from polar septation (A and B) or bulge formation (C)
through recovery of the bulge and, finally, completion of engulfment. The fields
from which these examples were taken are presented in the Pogliano lab website
(http://www.biology.ucsd.edu/labs/pogliano). The bar in panel C represents 2 M.

forespore bulge and the forespore (Fig. 2F and T, arrows). By
13 (Fig. 2G), approximately 26% of spolIB mutant sporangia
had completed engulfment (Fig. 2G and H). Some of the
engulfed sporangia contained a slight medial constriction (Fig.
2G, arrow) and retained the partitioned forespore chromo-
some seen in the sporangia containing bulges at ¢, , (Fig. 2H,
arrow), suggesting that these sporangia had completed engulf-
ment after the formation of a forespore bulge.

Time-lapse microscopy of engulfment in a spolIB mutant.
The results described above suggested that engulfment in
spolIB mutant sporangia is preceded by the bulging of the
forespore into the mother cell. To demonstrate that sporangia
with bulges are capable of completing engulfment, we per-
formed time-lapse deconvolution microscopy of FM 4-64-
stained spolIB mutant sporangia, using a method previously
described (32) (Fig. 3). Sporangia were applied to a coverslip
90 min after the onset of sporulation, and images were col-
lected every 20 min for 1 h. At the first time point, many
sporangia had completed polar septation (Fig. 3A and B) and
some showed bulging of the forespore into the mother cell
(Fig. 3C). At the second time point, the two sporangia that
initially had flat polar septa showed a bulging of the forespore
into the mother cell (Fig. 3A and B, 20-min time point), while
engulfment was under way in the sporangium that had started
with a bulge (Fig. 3C, 40-min time point) (see the Pogliano lab
website [http://www.biology.ucsd.edu/lab/pogliano] for fields of
sporangia from these time-lapse experiments). By the end of
the time course, 19 of 29 sporangia had completed engulfment;
in 18 of these 19, a forespore bulge was evident at one or more
time points. Thus, although prominent bulging of the fore-
spore into the mother cell is not normally part of the engulf-
ment pathway in B. subtilis, this event does not inhibit the
successful completion of engulfment in spolIB mutant spo-
rangia.
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Transmission electron microscopy analysis. To determine
more precisely the septal structure of spolIB mutants during
the process of engulfment, we performed transmission electron
microscopy on cultures harvested at ¢, (, a time at which bulges
are prevalent. After polar septation, a layer of peptidoglycan
lies between the septal membranes (16) (Fig. 4A). In the wild
type, the septal peptidoglycan is thinned, apparently beginning
in the middle of the septum (Fig. 4B, arrowhead) and moving
toward the edges of the septum (16, 31) (Fig. 4C, arrowhead).
Once the peptidoglycan is completely removed (Fig. 4D), the
mother cell membranes move up and around the forespore
(Fig. 4E and F) until the forespore is completely enclosed
within the mother cell cytoplasm (Fig. 4G). In spolIB mutant
sporangia, the thickness of the peptidoglycan between the
mother cell and forespore membranes often appeared uneven
across the septum (Fig. 41, J, L, and M, arrowheads), although
occasionally septal thinning appeared more similar to that seen
in the wild type (Fig. 4K). These observations suggested that in
spolIB mutants, thinning of the septal peptidoglycan occurred
randomly throughout the septum. Bulges of the forespore into
the mother cell occurred both at the middle (Fig. 4N) and the
edges (Fig. 40 and P) of the septum. Often the septal pepti-
doglycan in these sporangia was displaced from the original
plane of the septum into the mother cell (Fig. 4N to P, arrow-
heads), appearing to have been pushed aside as the forespore
bulged into the mother cell. Occasionally, fragments of septal
peptidoglycan were observed on the forespore bulge (Fig. 4N,
double arrowhead). This was in contrast to the situation in the
wild type, in which neither large forespore bulges nor folds of
cell wall material were observed. In spolIB mutant sporangia,
engulfment occurred around residual septal peptidoglycan,
which often extended almost 200 nm into the middle of the cell
(Fig. 4P and Q). A large amount of septal peptidoglycan re-
mained after engulfment was complete (Fig. 4R), perhaps ex-
plaining the medial constriction of the engulfed forespore
shown in Fig. 2G and H (arrow). Thus, septal thinning ap-
peared to be spatially unregulated in spolIB mutant sporangia
and was not complete prior to the onset or completion of
engulfment.

The spoVG and spolIB spoVG mutant phenotypes. Since the
spoV’G mutation enhances the sporulation deficiency of spolIB
mutations (29), we next examined the spol’G single-mutant
and the spolIB spoV’G double-mutant phenotypes by FM 4-64
membrane staining. The spol/G single mutant has been shown
to display an early onset of polar septation (30), mild impair-
ment of cortex synthesis (38), and a slight decrease in sporu-
lation efficiency (29, 38). We found that at early times in the
spore formation process, the ability of the spol/G single mutant
to initiate and complete engulfment appeared similar to that of
the wild type (Fig. 21 to L). We did not observe any sporangia
with the bulging phenotype characteristic of an early engulf-
ment defect, and engulfment was completed at about the same
rate as in the wild type (Table 2). We also observed that about
10% of spoVG mutant sporangia display aberrant divisions,
such as the minicell forming in the sporangium in Fig. 2K, as
well as other division phenotypes, which will be described be-
low.

As previously reported (29), the spolIB spoVG double mu-
tant displays a strong impairment of engulfment (Fig. 2M to
P). However, in addition to the flat polar septa previously
described, we observed bulges of the forespore into the mother
cell (Fig. 2M, arrow 1), some of which appeared to have initi-
ated but not completed engulfment (Fig. 20, arrow 1). Indeed,
2 h after the onset of sporulation, 50.2% of sporangia had a flat
polar septum while sporangia that had the bulging phenotype
accounted for 19.0% of the population. One hour later (at #5),

B. SUBTILIS SpollB 1101

the population of sporangia was similar to that observed at ¢,
(Table 2) and the bulging sporangia appeared to be lysing. This
may explain why the bulging phenotype was not observed pre-
viously, since samples for electron microscopy were taken 4 h
after induction of sporulation (29).

We also noted that 26% of spolIB spoVG double-mutant
sporangia (and, at a lower frequency, spolV/G single-mutant
sporangia) contained additional septa, either at polar or me-
dial sites. Additional polar division events have been described
in sporangia lacking the activity of the mother cell transcrip-
tion factor o (16, 31, 40). In such sporangia, division occurs at
both potential sites of polar septation, resulting in the produc-
tion of disporic sporangia with two forespore compartments,
each with a chromosome, and a centrally located and anucleate
mother cell (23, 32, 40). A second example is provided by the
engulfment mutants spolID, spolIM, and spolIP, which pro-
duce partially disporic sporangia (32). Such sporangia contain
one forespore with a chromosome, while at the second poten-
tial site of polar septation a septum (often incomplete) forms,
but the chromosome is incompletely segregated into this sec-
ond forespore (Fig. 2Q and R, arrow).

The spolIB spoVG double-mutant division phenotype was
distinct from these two previous examples, since the extra septa
were positioned at midcell as well as at polar division sites.
Thus, anucleate mother cells, forespores, and minicells were
produced. For example, the sporangium indicated by arrows 2
and 3 in Fig. 2M and N appears to have two forespores and two
centrally located, anucleate mother cells between the fore-
spores. Such a sporangium could be produced if, following
formation of one polar septum, division occurred again at
midcell and at the remaining polar division site, with the chro-
mosome ultimately being translocated into the second fore-
spore. The disporic sporangia produced by the spolIB spoVG
double mutant fell into several classes differing in the position-
ing and number of chromosomes. First, as in the classic dis-
pores produced by o™-defective sporangia, some of the spolIB
spoVG dispores contained two forespores, each with a single
chromosome and an anucleate mother cell (data not shown).
Others appeared similar to the partial dispores of engulfment
mutants, in which the second forespore septum was often in-
complete and contained part of a chromosome. Finally, some
dispores had an anucleate forespore (these perhaps should
more precisely be called minicells) and one or two chromo-
somes with various degrees of segregation into the second
forespore (Fig. 20 and P, arrow 2).

Another significant phenotype (exhibited by 11% of the spo-
rangia at f;,) in the double mutant was strong membrane
staining near one pole of the sporangium and a highly con-
densed, and often crescent-shaped chromosome at the same
site (Fig. 2M and N, arrow 3). We suggest that these represent
collapsed forespores and may be identical to the pygmy spo-
rangia previously described for the spoV’M ftsH double mutant
).

Localization of SpolIB-myc to the sporulation septum. Be-
cause it appeared that SpolIB is necessary for the efficient
degradation of septal peptidoglycan, we next investigated its
subcellular distribution. To do so, we constructed a fusion gene
encoding an epitope-tagged SpolIB-myc protein and used an-
tibodies directed against the c-myc epitope to localize the fu-
sion protein by indirect immunofluorescence microscopy. The
spolIB-myc fusion gene replaced the wild-type spolIB gene and
was able to support wild-type levels of spore formation (data
not shown), with no aberrant sporangia being produced at
early or late times of sporulation (data not shown).

The SpollB-myc fusion protein was visualized by using
mouse monoclonal antibodies directed against the c-myc
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epitope and FITC-labeled secondary antibodies (green), while
FM 4-64 (red) and DAPI (blue) were used to visualize mem-
branes and DNA, respectively. Although membrane structure
is not as well-defined in immunofluorescence experiments as it
is in living cells, the polar septum could be readily visualized
prior to the onset of engulfment (Fig. 5C, arrow) and after the
completion of engulfment (Fig. 5G, arrow 3). The DAPI-
stained chromosomes shown in Fig. 5 appear more punctate
than in many previous publications, a difference we attribute to
our use of an optical sectioning deconvolution microscope as
well as to differences in handling of the micrographs in image
processing programs such as Adobe Photoshop (as illustrated
in the Pogliano lab website [http://www.biology.ucsd.edu/labs/po-
gliano]). Ninety minutes after the onset of sporulation, SpolIB-
myc localized to the sporulation septum, appearing evenly dis-
tributed throughout the septum prior to the onset of
engulfment (Fig. 5A to D, arrow). For example, in the sporan-
gium indicated by the arrow in Fig. 5B, SpolIB-myc (green)
localized between the forespore and mother cell chromosomes
(Fig. 5A); when SpolIB-myc staining was overlaid on the FM
4-64 membrane staining in Fig. 5D, SpolIB-myc was seen to
localize to the sporulation septum (yellow). The random punc-
tate immunostaining within the sporangia was also observed in
a strain lacking the SpolIB-myc fusion, although septal staining
was absent. We therefore attribute the punctate signal to non-
specific binding of either the primary antibodies or the fluo-
rescently labeled secondary antibodies. The majority of spo-
rangia with flat polar septa showed SpolIB-myc localization to
the septum, while those with curved septa and those in which
engulfment was complete failed to show SpolIB-myc localiza-
tion (Fig. SE to H, arrows 2 and 3; scored in Fig. 6). These
results suggest that SpolIB, which is synthesized prior to polar
septation, rapidly localizes to newly formed septa and disap-
pears as engulfment commences.

Because genetic evidence suggested that SpoVG and SpollB
interact (29), we investigated the localization of SpolIB-myc in
spoVG mutant sporangia. We found that SpolIB-myc localized
and delocalized similarly to the wild type, with the exception
that SpolIB-myc localized to both poles of spol’G dispores
(data not shown).

SpolIB localization is inhibited in FtsZ-depleted cells. We
next investigated whether localization of SpolIB depends on
the cell division protein FtsZ. FtsZ plays a central role in
bacterial cell division, directing other cell division proteins to
the division site (5, 6, 9, 11, 27, 28, 47, 48) and forming a ring
that constricts as the septum is synthesized (5). To test whether
localization of SpolIB depends on FtsZ, we examined SpolIB-
myc localization in a strain in which the ftsZ gene is under the
control of the inducible spac promoter (4). In such a strain,
FtsZ can be depleted by growth in the absence of IPTG,
resulting in the inhibition of cell division and the production of
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filamentous cells. When FtsZ was depleted during sporulation,
SpolIB-myc failed to localize (Fig. 5U to X), although, as will
be discussed later, the protein was present in such sporangia.
In contrast, normal SpolIB-myc localization was observed fol-
lowing induction of FtsZ by IPTG (data not shown). Thus,
FtsZ assembly is required for SpolIB localization.

SpolIB colocalizes with FtsZ at sites of septal biogenesis.
The rapid, FtsZ-dependent localization of SpolIB-myc to the
sporulation septum raised the possibility that SpolIB-myc as-
sembled into the sporulation septum during its biogenesis. To
test this possibility, we colocalized SpolIB-myc and the cell
division protein FtsZ by immunofluorescence microscopy. In
the early sporangium, FtsZ localizes in rings to the two poten-
tial sites of polar septation (21) but becomes active at only one
site, where it constricts during septal biogenesis (5). If SpolIB
localized only to complete septa, SpolIB-myc and FtsZ should
not colocalize; however, if SpolIB localized to partial septa,
then colocalization of SpollB-myc and FtsZ would be ob-
served, although SpolIB-myc would show unipolar localization
while FtsZ would show bipolar localization.

Sporulation was induced by resuspension, and samples were
prepared for immunofluorescence microscopy 1.5 and 2.5 h
after the onset of sporulation. SpolIB-myc was detected by
using mouse monoclonal antibodies directed against the c-myc
epitope and FITC-labeled secondary antibodies (green fluo-
rescence, Fig. 5J, L, N, P, R, and T). FtsZ was detected by
using affinity-purified rabbit antibodies directed against FtsZ
and Cy5-labeled secondary antibodies (far-red fluorescence—
false-colored red in Fig. 5K, L, O, P, S, and T). To correlate
SpolIB-myc and FtsZ localization with septal morphology and
forespore chromosome segregation, we simultaneously visual-
ized membranes with FM 4-64 (data not shown) and DNA with
DAPI (blue fluorescence in Fig. 5I to T). We observed colo-
calization of SpolIB-myc and FtsZ in 39% of the sporangia
that had incompletely translocated chromosomes and flat polar
septa (Fig. 5I to L; scored in Fig. 6); we infer that in these
sporangia the sporulation septum was incomplete. In most of
these sporangia, FtsZ showed bipolar staining (Fig. 5K, arrow
and arrowhead) while SpolIB-myc showed unipolar staining at
the sporulation septum (Fig. 5J, arrow). Most of the remaining
sporangia with flat polar septa showed localization of SpolIB-
myc but not FtsZ to the septum (data not shown; scored in Fig.
6); we infer that biogenesis of the sporulation septum was
complete in these sporangia. None of the sporangia with
curved septa showed localization of FtsZ to the septum, while
42% showed localization of SpolIB-myc to the septum and the
remaining 58% lacked both FtsZ and SpollIB staining (Fig. 6).
Thus, SpolIB colocalizes with FtsZ at sites of polar septation
but does not localize to the inactive FtsZ complex within the
same cell. This suggests that SpolIB localizes to the site of

FIG. 4. Examination of spolIB sporangia by transmission electron microscopy. Strains PY79 (wild type) and KP343 (spolIB) were induced to sporulate by
resuspension, and samples taken either 2 h (A to H, J to M, and O to Q) or 3 h (I, N, and R) after the onset of sporulation. Samples were prepared for electron
microscopy by protocols described in Materials and Methods. (A to G) Various stages of engulfment in the wild type. The sporulation septum initially contained darkly
staining cell wall material (A), which became thinner (as indicated by arrowheads), apparently starting in the middle of the septal disc and proceeding toward the edges
(B and C). When septal thinning was complete (D), the forespore and mother cell septal membranes were very close to one another. Engulfment commenced with a
slight bowing of the septum (E), and the mother cell membrane migrated around the forespore (F), which ultimately was fully enclosed within the mother cell cytoplasm
(G). (H to R) Various stages of engulfment in spolIB mutants. In spolIB mutant sporangia, the septum also initially contained a layer of darkly staining cell wall material
(H), and septal thinning (indicated by arrowheads) occasionally started in the middle of the septum (K). However, more frequently, the septum was thinned in several
different locations (I and J), and occasionally large regions of the septum appeared incompletely thinned (L and M) (area between arrowheads). In sporangia that
contained bulges of the forespore into the mother cell, portions of the darkly staining septal cell wall material were often displaced from the original plane of the septum
into the mother cell (N, O, and P) (arrowheads), and sometimes fragments of cell wall material were observed (N) (double arrowhead). This was not observed in
wild-type sporangia, in which the septal peptidoglycan was completely thinned before the onset of engulfment. The engulfing membranes moved around residual cell
wall material that extended well into middle of the cell (Q), and after engulfment was complete (R), a substantial amount of septal peptidoglycan remained, which we
failed to observe in our wild-type strain. The bar in panel R represents 200 nm.
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polar septation either shortly before or after the onset of septal
biogenesis.

Neither ¢*- nor o®-directed gene expression is required for
localization or delocalization of SpollIB. Shortly after polar
septation, o becomes active in the forespore, directing the
activation of o in the mother cell, thereby allowing the pro-
duction of proteins essential for hydrolysis of septal pepti-
doglycan and for engulfment. We were interested in knowing
whether either the assembly or disassembly of SpolIB at the
septum depends on proteins under the control of these tran-
scription factors. We therefore examined localization of
SpolIB-myc in two strains, the first containing an insertion
mutation in spolIGB (encoding o) and the second containing
a deletion of spoll4A-AC (encoding o). Both strains lack o©
activity and thus divide sequentially at the two polar sites of
FtsZ assembly (15, 23, 32), with rapid initiation of division at
the second FtsZ ring following completion of the first septum
(32). They also sequentially translocate a chromosome into
each forespore following division (15, 23, 32). Identical results
were obtained for the two strains; here we present only those
of the mutant lacking the ¢ protein. After synthesis of the first
sporulation septum, SpoIIB-myc (green) localized to this sep-
tum (Fig. 5N, arrowhead), as in the wild type. However,
SpolIB-myc also colocalized with the FtsZ ring (red) at the
distal pole (Fig. 5N to P, arrow), where biogenesis of the
second sporulation septum would likely have commenced.
Thus, in the absence of oF-directed gene expression, SpollB-
myc sequentially localized to each sporulation septum. Shortly
before the completion of DNA translocation into each fore-
spore, SpollB-myc was lost from the septum (Fig. 5Q to T,
arrowheads). Thus, the assembly of SpolIB in the septum and
its subsequent loss are independent of both ¢*- and o=-direct-
ed gene expression and the onset of engulfment.

SpolIB degradation is facilitated by its localization to divi-
sion sites. To determine if the loss of localized SpolIB-myc at
the onset of engulfment correlated with its degradation or was
solely due to exclusion from the septum, we performed a West-
ern blot analysis to monitor SpolIB-myc levels during sporu-
lation (Fig. 7A). SpolIB was first detected 1 h after the onset
of sporulation, when levels of SpolIB-myc were maximal.
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Ninety minutes after the onset of sporulation, a SpolIB-myc
breakdown product was seen (Fig. 7A, arrow 2) that was absent
in strains lacking the SpolIB-myc fusion, and levels of the
protein gradually decreased until it was completely absent at
t5 . Therefore, SpolIB appears to be degraded early in engulf-
ment, in correlation with its loss from polar septa. We next
wanted to determine the stability of SpolIB-myc under condi-
tions in which it fails to localize, such as after depletion of
FtsZ. In the absence of FtsZ, appearance of the putative
SpolIB-myc breakdown product was delayed by 2 h (until 5 5)
and SpolIB-myc levels remained constant until at least #5 5
(Fig. 7B). Thus, the instability of SpolIB-myc depends on its
localization to division sites.

DISCUSSION

spolIB mutants display a transient engulfment defect. We
have used FM 4-64 staining and deconvolution microscopy to
demonstrate that spolIB mutants display a transient engulf-
ment phenotype not previously described. This phenotype,
consisting of a bulging of the forespore into the mother cell, is
similar to that previously seen in spolID, spolIM, and spolIP
mutants, although spolIB mutants are able to complete engulf-
ment following bulge formation whereas spolID, spolIM, and
spolIP mutants are completely engulfment defective (Fig. 1).
Electron microscopy showed that spolIB mutants display an
uneven dissolution of septal peptidoglycan and that engulf-
ment occurs around residual peptidoglycan that often stretches
most of the way across the mother cell. These results suggest
that SpollB serves to regulate the dissolution of septal pepti-
doglycan, and they demonstrate that large amounts of residual
septal peptidoglycan do not always inhibit membrane migra-
tion during engulfment, as has been observed in spollD,
spolIM, and spolIP mutants (13). Indeed a similar situation has
been noted in wild-type Bacillus sphaericus, in which engulf-
ment proceeds around residual septal peptidoglycan (15). Per-
haps SpolIB was a late addition to the engulfment machinery
of B. subtilis, serving to increase the speed and efficiency of
engulfment.

FIG. 5. Localization of SpolIB-myc to the sporulation septum. Sporulation was induced by resuspension, and samples were prepared for immunofluorescence
microscopy (see Materials and Methods). Chromosomes were visualized with DAPI (blue) (A, B, E, F, I to T, U, and V), and membranes were visualized by staining
with FM 4-64 (red) (C, D, G, W, and X). The membranes appear less distinct in immunofluorescence experiments (which require chemical fixation and lysozyme
treatment) than in living cells. However, the sporulation septum remains visible as a brightly staining region that is either flat (C [arrow] and G [arrow 1]), curved (G
[arrow 2]), or, following the completion of engulfment, circular (G [arrow 3]). FITC-labeled secondary antibodies were used to visualize SpolIB-myc (green) (B, D,
F,H,J,L,N, P, R, T, V, and X), while Cy5-labeled secondary antibodies were used to visualize FtsZ (false-colored red) (K, L, O, P, S, and T). Overlays of SpolIB-myc
(green) and either DAPI (blue) (B, F, J, L, N, P, R, T, and V), FM 4-64 (red) (D, H, and X), FtsZ (red) (L, P, and T), or both DAPI (blue) and FtsZ (red) (L, M,
and P) are shown. (A to D) Localization of SpolIB-myc at ¢, 5 in the wild type. The arrows point to localized SpolIB-myc (B and D) in a sporangium with a partially
translocated forespore chromosome (A) and a flat sporulation septum (C). The nonseptal, punctate staining is present in strains lacking the SpolIB-myc fusion (not
shown) and therefore represents nonspecific staining. The relatively high level of this staining is probably due to the low-level expression of the spolIB gene (29), which
decreases the specific signal. (E to H) Localization of SpolIB-myc at ¢, 5 in the wild type. Arrows 1 point to a sporangium that has not completely translocated its
chromosome (E) and which still displays SpolIB-myc localization (F and H). Arrows 2 point to a sporangium in which engulfment is almost complete (G), has
completely translocated its chromosome (E), and may show only faint SpoIIB-myc localization (F and H). Arrows 3 indicate a sporangium that has completed
engulfment (G) and lacks SpolIB-myc (F and H). (I to L) Colocalization of SpolIB-myc and FtsZ to partial sporulation septa in the wild type at ¢, 5. The arrows point
to one end of a sporangium that shows SpolIB-myc (green) (J and L) colocalizing with a partially constricted FtsZ ring (red) (O and P). The arrowheads point to the
FtsZ ring (K and L) at the second potential division site in the same sporangium; SpolIB-myc is absent from this site. (M to P) Colocalization of SpolIB-myc and FtsZ
in sporangia lacking of (AspolIA4-AC) at t, 5. The arrows and arrowheads indicate the two sites of polar septation in a single sporangium. The arrowheads point to
a sporulation septum that is likely to be complete, since DNA translocation is well advanced (M) and FtsZ immunostaining is absent (O) but SpolIB-myc localizes (M).
The arrows indicate the second potential site of polar septation, which shows colocalization of SpoIIB-myc (N and P) and FtsZ (O and P) and little chromosome
translocation (M). (Q to T) Colocalization of SpolIB-myc and FtsZ in sporangia lacking oF (AspolIAA-AC) at t, 5. The arrows indicate a forespore with a partially
translocated chromosome (Q) that has SpolIB-myc localized throughout the septum (R and T). The arrowheads directly below the arrows indicate a forespore that
has most of its chromosome translocated (Q) and lacks SpolIB immunostaining (R and T). The arrowhead pairs point to a sporangium that has completely translocated
both its chromosomes (Q) and no longer shows localization of SpolIB-myc (R and T). These sporangia no longer display FtsZ localization (S and T). Panel Y shows
a sketch of SpolIB immunostaining (green) versus that of membranes (black) and chromosomes (blue). (U to X) SpolIB-myc localization at ¢, 5 after depletion of FtsZ
from the P, ftsZ strain KP547. (W) FtsZ was depleted (see Materials and Methods), inhibiting cell division and causing the production of filaments. Only punctate
SpolIB-myc staining (V and X), similar to the background, is observed. (Y) Sketch of SpolIB immunostaining in panels Q to T. SpolIB immunostaining in the two
sporangia indicated by arrows and arrowheads in panels Q to T is shown in green. Membranes are shown in black, while the chromosomes are shown in blue. The scale
bar in panel X represents 2 pM.
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FIG. 6. Scoring of the localization patterns of SpolIB-myc and FtsZ at dif-
ferent stages of engulfment and different times of the sporulation process. Sam-
ples were harvested 1.5 or 2.5 h after the onset of sporulation and processed for
immunofluorescence microscopy. Sporangia were scored for localization of
SpolIB-myc and FtsZ and for the morphology of the polar septum, as revealed
by FM 4-64 staining. Class I sporangia (flat polar septa) include both sporangia
in which biogenesis of the sporulation septum is incomplete and those in which
it is complete. The FtsZ ring distal to the active division site was sometimes
lacking, for reasons that are unclear. Class II sporangia had curved sporulation
septa, indicating that engulfment had commenced, while class IIT sporangia had
completed engulfment. A total of 200 sporangia were scored from samples
obtained from cultures at ¢, 5 and 7, s.
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SpolIB localizes to the sporulation septum during its bio-
genesis. To further investigate the role of SpollB, we deter-
mined its subcellular distribution during sporulation. We
found that SpolIB localizes to the sporulation septum during
septal biogenesis, as evidenced by the colocalization of SpolIB
with the cell division protein FtsZ only at the growing septum
and not at the inactive FtsZ ring present at the opposite pole
of the same cell. It will be interesting to determine if SpolIB
recognizes some physical feature of the nascent sporulation
septum or if it recognizes a cell division protein that is itself
recruited to the division site either after or shortly before the
onset of septal biogenesis.

Two sporulation-specific proteins, SpolIE (2, 3, 16, 17, 22)
and SpolIGA (12), have previously been shown to localize to
potential division sites, and several proteins have been shown
to localize to the sporulation septum after its synthesis is com-
pleted (24, 33, 35, 36), but SpolIB is the first shown to dis-
criminate between the active site of septal biogenesis and the
inactive division site in the same cell. Coincidentally, it has
recently been observed that SpollIE, a protein required for the
translocation of the chromosome into the forespore (49),
shows a similar pattern of localization, initially colocalizing
with FtsZ during septum biogenesis (M. D. Sharp, personal
communication) and then localizing to the septal midpoint (41,
50). These observations raise the possibility that proteins re-
quired late in septation or after septation is complete can be
localized to the septum after the onset of cell division. Since
SpolIB is incorporated into the forming septum, it is well
positioned to facilitate the prompt and spatially regulated dis-
solution of septal peptidoglycan (as discussed further below).

SpolIB is lost from the sporulation septum at the onset of
engulfment. We noted that SpolIB-myc localization was tran-
sient, since the protein no longer localized in sporangia that
had commenced engulfment. The loss of SpolIB from the
septum did not require the dissolution of septal peptidoglycan,
the onset of engulfment, or expression of any o*- or o"-de-
pendent gene, because it occurred in mutants lacking o*. Thus,
SpolIB delocalization is not correlated with a particular mor-
phological event but rather appears to occur at a set time after
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septal biogenesis is completed, even in the absence of further
morphogenesis. SpolIB was degraded during sporulation but
could be stabilized if localization was inhibited (for example,
by depletion of the cell division protein FtsZ). This suggests
that either septation itself or localization to the septum is
required for degradation of SpollB, similar to the situation
observed for SpollE (22).

The role of SpollB in dissolution of septal peptidoglycan. In
the absence of SpollB, septal thinning appears to occur
throughout the septum and is often incomplete prior to the
onset of engulfment. This suggests that SpolIB contributes to
the spatial regulation of septal peptidoglycan dissolution, en-
suring that septal thinning commences in the middle of the
septum and proceeds toward the edges. It also suggests a role
for SpolIB in the temporal regulation of septal peptidoglycan
dissolution, ensuring that septal thinning is complete prior to
the onset of engulfment. There are several possible mecha-
nisms by which SpolIB might contribute to the spatial and
temporal regulation of septal thinning. First, SpolIB might be
an enzyme that degrades septal peptidoglycan, or it might
regulate the activity of such an enzyme, ensuring that septal
thinning commences in the middle of the septum and proceeds
toward the edge. Alternatively, SpolIB might recruit cell wall
hydrolases to the polar septum. Because these hydrolases are
likely to be produced under the control of ¢® (16), they would
be synthesized after polar septation, while SpolIB, which is
localized to the polar septum while it is being synthesized,
would be ideally positioned to recruit these proteins to the
septum. Finally, it is also possible that SpolIB is part of the cell
division machinery and serves to modify the structure of the
septal peptidoglycan to allow more efficient septal thinning.
Further experiments are necessary to test these hypotheses.

Another look at the synergistic roles of SpolIB and SpoVG
in engulfment. In our study, we also investigated the interac-
tion between SpolIB and SpoVG (29). In agreement with
previous studies, we found that a spol/G null mutant has a
wild-type engulfment phenotype and that the spolIB spoVG

A oo, o , his ho  hs Lo bBs
SpolIB-myc .+|. - - T e T

11— * . -
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FIG. 7. Western blot analysis of SpolIB-myc during engulfment. (A) Levels
of SpolIB-myc in the wild type. Samples from PY79, which lacks the spolIB-myc
fusion (indicated by minuses), and from KP545, which contains the spolIB-myc
fusion (indicated by pluses), were harvested and processed for Western blot
analysis at the indicated times of the sporulation process. In KP545 (+), SpolIB-
myc is first detected at ¢, o, (arrow 1) but is rapidly degraded, showing a shorter-
length product by ¢, 5 (arrow 2) and completely disappearing by 3 o. No signal is
detected in the strain lacking the spolIB-myc fusion (—). (B) Levels of SpolIB-
myc in the presence or absence of FtsZ. Strain KP547 carries ftsZ under the
control of the IPTG-inducible P,,,. promoter and the spollB-myc fusion. Cells
which synthesize FtsZ are marked +IPTG, while those that have been depleted
of FtsZ are marked —IPTG. When FtsZ is induced (+IPTG), SpolIB is synthe-
sized and degraded as in the wild type. However, in the absence of FtsZ
(—=IPTG), SpolIB is stable until the last time point (f35). Arrow 1 indicates
full-length SpolIB-myc, and arrow 2 indicates a shorter product that is likely to
be a SpollB breakdown product.

0931d NVS VINYO4ITvD 40 AINN Ag 2T0Z ‘2T Jaquiaidas uo /1o wse qlj/:dny woly papeojumoq


http://jb.asm.org/

VoL. 182, 2000

double mutant has a more severe engulfment defect than the
spolIB single mutant. However, we also noted that spollIB
spoV’G double-mutant cultures showed a variety of engulfment-
related phenotypes, including sporangia in which the forespore
had bulged into the mother cell or in which the engulfing
membranes appeared to have initiated their migration around
the forespore (Fig. 2M to P; Table 2). Recent studies by
Sonenshein and colleague have suggested that SpoVG inhibits
polar septation, since spol’G mutants initiate polar septation
earlier than normal (30). We also found evidence to support
the hypothesis that SpoVG inhibits division, since both the
spoVG null mutant and the spollB spoV’G double mutant pro-
duce sporangia with extra septa, either at the forespore distal
pole (producing disporic sporangia) or at both midcell and
polar sites (producing disporic sporangia with an extra septum
at midcell [Fig. 2M and N]). Thus, SpoVG appears to inhibit
cell division events subsequent to the formation of the sporu-
lation septum, in addition to controlling the onset of polar
septation.

Why do spoVG and spollB mutations act synergistically?
First, it is possible that spol’G mutations cause alterations in
sporangial physiology or structure that make engulfment more
difficult in spolIB mutants, perhaps as a direct consequence of
the premature synthesis of the sporulation septum (30). The
time prior to polar septation could be crucial for engulfment,
either allowing structural alterations in the septal peptidogly-
can or allowing synthesis of proteins whose functions are re-
dundant to those of SpolIB. Second, it is possible that the
additional active and potential division sites in spol’G mutant
sporangia cause the inappropriate localization of proteins es-
sential for engulfment to these sites, rather than to the sporu-
lation septum. In either case, because engulfment is already
slow in spollB mutants, and because sporangia that fail to
complete engulfment lyse (commencing around #5 5 [our un-
published observations and references 31 and 43), the spoV'G
mutation need only slightly affect the speed or efficiency of
engulfment in spolIB mutants to dramatically decrease spore
production.

A model for bulge formation. It has been proposed that a
higher osmolarity in the forespore than in the mother cell may
allow the forespore to grow larger during engulfment, possibly
pushing the membranes around the forespore (10). Using
time-lapse deconvolution microscopy (32), we found that, con-
sistent with this model, the length of the forespore increased
during engulfment by an average (= standard deviation) of
21.9% (* 11.9%) while the combined length of the two cells
remained essentially constant, showing a slight decrease of
1.5% (% 3.1%) (see Materials and Methods and also the Po-
gliano lab website [http://www.biology.ucsd.edu/labs/pogliano]).
While it is not yet clear that the growth of the forespore
contributes to engulfment, it does provide a ready explanation
for the formation of bulging forespores in mutants defective in
the dissolution of septal peptidoglycan. In such mutants, fore-
spore growth would exert pressure on a septum in which pep-
tidoglycan hydrolysis was incomplete. For example, in spollID,
spolIM, and spolIP mutants, cell wall dissolution appears to
occur only in the center of the septum (Fig. 1B). As the fore-
spore grows, it will break through this weakened area to form
a centrally localized and constricted bulge. In contrast, in
spolIB mutants, cell wall degradation appears to occur
throughout the septum (Fig. 1C), and this will weaken the
entire structure. Thus, as the forespore grows, the septum
breaks and is breached by the forespore, resulting in both side
and medial bulges. Significantly, while there is no engulfment
in spolID, spolIM, and spolIP mutants, spolIB mutants are able
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to complete engulfment following bulge formation, despite the
retention of peptidoglycan near the edges of the polar septum.

What implication do these findings have for the mechanism
of engulfment? First, because the engulfing membranes can
migrate around a large amount of residual peptidoglycan (Fig.
4B and C), peptidoglycan does not necessarily block migration
of the engulfing membranes, as has been proposed to explain
the engulfment defect of spolIP mutants (13). Second, al-
though membrane migration normally appears to commence
at the edges of the septum following thinning of the septal
peptidoglycan, migration must also be capable of starting in
the middle of the septum, moving between the forespore mem-
brane and the residual septal peptidoglycan in spollB mutant
sporangia (Fig. 4Q). Finally, while some of our findings sup-
port the hypothesis that engulfment is facilitated by the growth
of the forespore into the mother cell, the apparent uncoupling
of these events in spollB mutants suggests the existence of
additional mechanisms by which the membranes are driven
around the forespore during engulfment.
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