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Summary

During Bacillus subtilis sporulation, an endocytic-like
process called engulfment results in one cell being
entirely encased in the cytoplasm of another cell. The
driving force underlying this process of membrane
movement has remained unclear, although compo-
nents of the machinery have been characterized. Here
we provide evidence that synthesis of peptidoglycan,
the rigid, strength bearing extracellular polymer of
bacteria, is a key part of the missing force-generating
mechanism for engulfment. We observed that sites of
peptidoglycan synthesis initially coincide with the
engulfing membrane and later with the site of engulf-
ment membrane fission. Furthermore, compounds
that block muropeptide synthesis or polymerization
prevented membrane migration in cells lacking a
component of the engulfment machinery (SpoIIQ),
and blocked the membrane fission event at the
completion of engulfment in all cells. In addition,
these compounds inhibited bulge and vesicle forma-
tion that occur in spoIID mutant cells unable to initiate
engulfment, as did genetic ablation of a protein that
polymerizes muropeptides. This is the first report to
our knowledge that peptidoglycan synthesis is nec-
essary for membrane movements in bacterial cells
and has implications for the mechanism of force gen-
eration during cytokinesis.

Introduction

A central question in cell biology is the nature of the forces
driving membrane movement. During endocytosis, the
cellular membrane invaginates and ultimately forms a

lipid-bounded compartment that is distinct from the
membrane. This event rarely occurs spontaneously and is
dependent upon enzymes that facilitate this process. Pro-
teins that polymerize into filaments, such as actin and
tubulin, convert the chemical energy of polymerization
into mechanical work (Theriot, 2000; Phillips et al., 2009).
For example, actin polymerization mediates contractile
ring formation during cytokinesis in Schizosaccharomy-
ces pombe (Pelham and Chang, 2002) and facilitates
deformations of the plasma membrane seen during
endocytosis (Qualmann et al., 2000) or in protruding
lamellipodia (Mitchison and Cramer, 1996). Microtubule
polymerization drives the movement of organelles and
chromosomes (Inoue and Salmon, 1995). However, while
the polymerization of actin (Miyata et al., 1999) or tubulin
(Elbaum et al., 1996) can generate a mechanical force
that distorts membranes in vitro, it remains unclear
whether polymerization is sufficient to explain in vivo
membrane dynamics.

A process of membrane fission is seen in Bacillus sub-
tilis that are responding to nutritional limitation. As part of
this response, called sporulation, B. subtilis divides asym-
metrically and undergoes engulfment, an endocytic-like
process of membrane fission that results in one cell, the
forespore, being entirely encased in the cytoplasm of the
larger cell, the mother cell (Fig. 1A, top). Initially, an asym-
metric division septum forms generating the two differ-
ently sized cells. The subsequent increasing curvature of
this septum causes the forespore to assume a rounded
shape comprised of a double membrane separated by a
thin layer of peptidoglycan. SpoIID and SpoIIP are autol-
ysins that hydrolyse cell wall and they have been pro-
posed to drive this membrane movement by generating a
force through a ratchet-like mechanism driven by the
hydrolysis of peptidoglycan (Abanes-De Mello et al.,
2002; Broder and Pogliano, 2006). Engulfment is also
facilitated by the formation of the SpoIIQ–SpoIIIAH
protein–protein zipper between the forespore and mother
cell, which is required for membrane migration when the
activity or levels of SpoIID and SpoIIP are reduced
(Broder and Pogliano, 2006). During this movement, the
forespore remains attached to the mother cell but in the
final step, the forespore pinches off from the mother cell.
However, the source of the force responsible for this final
step remains unknown.
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Membrane-bound compartments in other bacteria are
thought to result from involutions of the cell membrane.
For example, magnetosomes are membrane-associated
organelles observed in magnetotactic bacteria com-
posed of crystals of magnetite that are surrounded by
a lipid bilayer (Komeili et al., 2006; Scheffel et al.,
2006) and Escherichia coli carrying mutations in a gene
necessary for proper cell shape produce membrane
invaginations and cytoplasmic vesicles (Bendezu and de
Boer, 2008). Sporulating B. subtilis strains carrying
spoIID or spoIIP null mutations form asymmetric septa
that fail to proceed with engulfment. Instead, membrane
bulges appear gradually at the septa (Fig. 1A, bottom).
Electron microscopy (Lopez-Diaz et al., 1986; Illing and
Errington, 1991; Smith and Youngman, 1993; Bylund
et al., 1994; Frandsen and Stragier, 1995) and staining
with the membrane impermeable stain FM4-64
(Abanes-De Mello et al., 2002) indicate that the bulges
in spoIIP and spoIID mutants are continuous with the
forespore compartment. The origin of the forces which
drive bulge formation are unknown, although by analogy
with the roles of actin and tubulin polymerization in

eukaryotic membrane fusion and fission, a protein or
peptide capable of polymerizing could serve a similar
role. Bulge formation in these mutants therefore offers a
useful system to examine candidate force-generating
mechanisms responsible for membrane movements in
bacteria.

Most bacteria contain peptidoglycan, a rigid polymer
built from disaccharide peptide monomers that can be up
to 5000 units in length (Hayhurst et al., 2008). Pepti-
doglycan monomers, also known as muropeptides, are
synthesized in the bacterial cytoplasm by a series of
essential and highly conserved enzymes that convert the
sugar UDP-GlcNAc to the lipid-linked UDP-disaccharide
pentapeptide (van Heijenoort, 2001) which is flipped
across the membrane to the outside of the cell where
cross-linking transpeptidation and polymerizing transgly-
cosylation reactions link these muropeptides to mature
peptidoglycan (Sauvage et al., 2008). While the glycan
polymers of peptidoglycan are generated by transglyco-
sylases, inhibition of the transpeptidation reaction by
vancomycin also results in a loss of this polymerization
activity in Staphylococcus aureus (Kim et al., 2008).

Fig. 1. Membrane bulge and vesicle
formation in engulfment mutants.
A. Sporulating wild-type cells undergo
engulfment where the smaller forespore
compartment becomes a free cell within the
larger mother cell (top). Strains carrying
spoIID or spoIIP mutations are blocked at the
stage of asymmetric septation and undergo
membrane bulging, eventually leading to the
formation of membrane bound vesicles
(bottom).
B. Wild-type (AES574) and spoIID strains
(JDB2494) expressing CFP (blue) under
control of a forespore-specific promoter
(PspoIIQ) as a forespore marker were imaged at
T4 in resuspension medium and stained with
FM4-64 (red) to visualize membranes. Top,
CFP is expressed in: (i) the forespore of
wild-type cells undergoing asymmetric
septation stained with FM4-64, (ii) engulfing
cells stained with FM4-64 and (iii) engulfed
cells not stained with FM4-64. Bottom, spoIID
cells contained either a continuous CFP
signal distribution between the forespore and
the membrane protrusion (‘bulge’), or two
distinguishable CFP signals separated by a
membrane (‘vesicle’).
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Finally, since cell wall peptidoglycan has a Young’s
modulus of 1.7–25 MPa (Yao et al., 1999; Francius et al.,
2008), it is up to 104 times stiffer than actin, so formation
of mature peptidoglycan would produce mechanical
work.

The requirement for peptidoglycan synthesis during
bacterial growth complicates assessment of the hypoth-
esis that it provides a driving force for membrane
movement. We have therefore examined the role of pep-
tidoglycan synthesis in three different membrane move-
ments that occur during the non-essential process of B.
subtilis sporulation. First, during the initial stages of
engulfment, the membranes surrounding the forespore
undergo a process of migration that results in the for-
mation of curved membranes. We find that inhibition of
peptidoglycan synthesis blocks this migration in a strain
missing a secondary membrane migration system requir-
ing SpoIIQ and we find that peptidoglycan biosynthesis
is localized to the leading edge of the engulfing mem-
brane in wild-type cells and in a mutant in which mem-
brane migration occurs asymmetrically. Second, during
the last stage of engulfment, peptidoglycan synthesis is
localized to the last site of attachment between the two
cells and antibiotics that inhibit peptidoglycan synthesis
prevent separation of the two cells and completion of
engulfment. Third, peptidoglycan synthesis occurs at
sites of bulge formation in spoIID and spoIIP mutants
and compounds that inhibit the synthesis of muropep-
tides block the initiation of these bulges and their ulti-
mate formation as membrane-bounded, ‘vesicle’-like
compartments. Consistent with the action of these com-
pounds, a null mutation in a gene encoding a protein

necessary for the synthesis of mature cross-linked pep-
tidoglycan suppresses bulge formation. Together these
results suggest that during engulfment, membrane
migration and membrane fission require peptidoglycan
biosynthesis.

Results

Peptidoglycan synthesis during engulfment

During the process of engulfment, the asymmetric septum
becomes rounded and eventually pinches off from the
mother cell, resulting in the formation of a membrane-
bounded compartment (Fig. 1A, top). Sites of active pep-
tidoglycan synthesis in engulfing cells were identified
using a fluorescent ramoplanin that binds the reducing
end of nascent glycan chains found at the initiation sites of
peptidoglycan synthesis (Tiyanont et al., 2006). Sporulat-
ing cells showed a clear strong fluorescent signal at the
sporulation septum during engulfment (Fig. 2A, i). This
signal was due to active peptidoglycan synthesis because
treatment of sporulating cells before polar septation with
fosfomycin, an inhibitor of peptidoglycan synthesis,
showed no ramoplanin labelling (Fig. S1, middle) and a
derivative of ramoplanin that does not label lipid II (Tiy-
anont et al., 2006) did not produce similar patterns of
staining (Fig. S1).

Ramoplanin-FL fluorescence was enriched at the
edges of the septal disk at early (Fig. 2A, i) and inter-
mediate stages of engulfment (Fig 2A, ii and Fig. S2A)
and eventually localized to the area of membrane fission
(Fig. 2A, iii and Fig. S2B). The reduced signal in other

Fig. 2. Peptidoglycan synthesis during
engulfment. Engulfing cells contain sites of
active peptidoglycan synthesis.
Ramoplanin-FL (top) and FM4-64 (bottom)
staining of (A) wild-type (PY79) cells and (B)
spoIID(D210A) cells; centre panel are the
overlay of the two images. (i) Ramoplanin-FL
staining at septal tips, (ii) ramoplanin-FL
staining around the forespore, (iii)
ramoplanin-FL staining restricted to the point
of contact between the advancing arms.
Diagrams shown represent ramoplanin-FL
(green) signals at different stages of
engulfment corresponding to wild-type (left)
and spoIID(D210A) (right) images.
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regions of the forespore was likely not the result of
reduced accessibility to the space between the two fore-
spore membranes because forespore staining was
similar in a spoIIQ mutant where the forespore mem-
branes are less tightly associated (Broder and Pogliano,
2006) as compared with the wild type (Fig. S2). Once
engulfment completed and the forespore had separated
from the mother cell, the ramoplanin signal in the fore-
spore disappeared (data not shown) likely because it is
unable to cross the lipid bilayer (Hamburger et al.,
2009). Next, we took advantage of a spoIID(D210A)
mutant (KP1102; Gutierrez et al., 2010) where cells
stained with FM4-64 show a clear asymmetry in mem-
brane migration (80% of cells, 53 out of 66 cells) as
exemplified by a single cell where one of the tips of the
migrating membranes advances further than the other
tip (Fig. 2B, cells ii and iii). Sites of peptidoglycan syn-
thesis showed a similar asymmetrical staining pattern
(Fig. 2B, top and middle), indicating that the pattern of
peptidoglycan synthesis during engulfment reflects the
asymmetrical migration of the membrane.

Inhibition of peptidoglycan synthesis blocks
membrane migration

During engulfment, the septal membranes migrate around
the forespore compartment ultimately resulting in the pro-
duction of a cell within a cell. The observation that
ramoplanin stained the leading edges of the engulfing
forespore (Fig. 2A, ii) suggested that active peptidoglycan
synthesis was involved in this process. We examined this
possibility by performing time-lapse microscopy to follow
single sporulating cells with FM4-64-stained membranes
(Becker and Pogliano, 2007) and determining the effect
of fosfomycin, an antibiotic that specifically inhibits
MurAA, the first enzyme in the peptidoglycan biosynthetic
pathway (Walsh, 2003). When 5 mM fosfomycin was
added to wild-type cells at T1.5 after initiation of sporula-
tion and cells were imaged starting at T2, no significant
disruption could be detected in membrane migration
(Fig. 3A and B and Fig. S3). However, membrane migra-
tion during engulfment is dependent on two partially
redundant mechanisms, peptidoglycan hydrolysis by
SpoIID and SpoIIP and the zipper-like interaction of
SpoIIQ with SpoIIIAH. In mutants with reduced hydrolase
activity, the SpoIIQ/SpoIIIAH system becomes essential
(Broder and Pogliano, 2006), so a requirement for
muropeptide synthesis for membrane migration could be
similarly masked. Consistent with this hypothesis, time-
lapse movies revealed that fosfomycin reduced mem-
brane migration in spoIIQ mutant cells (Fig. 3C–E and
Fig. S3A–C), as 54 out of 72 cells (75%) showed mem-
brane migration in the spoIIQ mutant, but only 17 out of 55
(31%) in the spoIIQ mutant with fosfomycin. To ensure

that fosfomycin did not have pleiotropic effects during
sporulation of spoIIQ cells, we confirmed that a fluores-
cent marker under sF control was activated in spoIIQ cells
that showed no membrane migration in the presence of
fosfomycin (Fig. S3E).

A fluorescence-based assay to monitor completion
of engulfment

The presence of a strong ramoplanin signal at the point of
contact between the two engulfing membrane arms
(Fig. 2A, iii) suggested that peptidoglycan synthesis was
occurring at an appropriate time and place to play a role in
the separation of the outer forespore membrane from the
mother cell membrane that marks completion of mem-
brane fission during engulfment. We examined this pos-
sibility using a strain that expresses CFP only in the
forespore along with visualization of membranes by the
lipophilic fluorescent dye FM4-64 that was added just
prior to microscopy. We expressed CFP under control of a
forespore specific promoter (PspoIIQ), which is active only
upon completion of the septum and thus CFP-positive
cells must have progressed past this point in sporulation.
When asymmetric septation was completed in this strain,
the forespore contained a CFP signal that was sur-
rounded by an FM4-64 signal (Fig. 4A, panels ‘T3.5’, ‘T4’;
numbers indicate the time in hours after the initiation of
sporulation). Once engulfment ends, the forespore has
detached from the mother cell and since FM4-64 does not
cross membranes (Sharp and Pogliano, 1999), the fore-
spore is no longer accessible to the dye. Thus, an
engulfed forespore had a CFP signal but no FM4-64 stain-
ing (Fig. 4A, panel ‘T5’, yellow arrow), whereas a fore-
spore that has not completed engulfment and remains
attached to the mother cell was stained with FM4-64
(Fig. 4A, panel ‘T4.5’, green arrow). This assay therefore
distinguishes cells at the pre-separation step and cells
where the membranes had completed fission and
separated.

Inhibition of muropeptide synthesis blocks engulfment
membrane fission

This fusion assay was used to determine the effect of
inhibiting peptidoglycan synthesis on completion of
engulfment. Addition of fosfomycin (5 mM) after asymmet-
ric septation at T2 of sporulation allowed membrane
migration but blocked membrane fission (i.e. the detach-
ment of the forespore from the mother cell; Fig. 4B,
bottom images). When fosfomycin was added at different
times after the start of sporulation, fosfomycin blocked
engulfment membrane fission only if it was added before
T3, but had no effect when added at T3 (Fig. 4C). A
decreasing fraction of cells containing a forespore that
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Fig. 3. Inhibition of muropeptide synthesis blocks membrane migration in a spoIIQ mutant. All cultures were grown on agarose pads
composed of A+B medium at 30°C and stained with FM4-64. The initial image in each sequence was taken at approximately T2 after
sporulation initiation and arbitrarily set to t = 0 min. The time of subsequent images of the membrane stain is indicated in minutes in the lower
right corner.
A. Wild type (PY79).
B. Wild type + 5 mM fosfomycin added at T1.5 after initiation of sporulation.
C. spoIIQ (KP575).
D. spoIIQ + 5 mM fosfomycin added at T1.5.
E. Histogram showing the percentage of cells where membrane migrated in DspoIIQ cells with (17 out of 55 cells or 75 � 5%) or without (54
out of 72 cells or 30 � 6%) 5 mM fosfomycin added at T1.5 after initiation of sporulation. Means are significantly different by t-test (P < 10-5).
For complete movies, see Fig. S3. Scale bar = 1 mm.
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had detached from the mother cell was observed at
fosfomycin concentrations ranging from 1 mM to 10 mM
(Fig. S4).

When 5 mM fosfomycin was added at T2 to a strain that
expressed an inducible fosfomycin-resistant allele of
MurAA (C117D), the fraction of sporulating cells that com-
pleted engulfment was significantly higher than a culture
where this allele was not expressed (Fig. 4D, Fig. S5).
Since the presence of this MurAA mutant allele by itself
did not effect engulfment (Fig. S6), fosfomycin must be
blocking engulfment membrane fission by directly inhibit-
ing muropeptide synthesis.

Inhibition of peptidoglycan synthesis blocks completion
of engulfment

The requirement of muropeptide synthesis to complete
engulfment suggests that polymerization of these mono-
mers during formation of mature peptidoglycan was also
necessary for engulfment. Vancomycin inhibits transpep-
tidation and thereby blocks the transglycosylation step
necessary for polymerization. Addition of vancomycin at
T2 after resuspension blocked engulfment membrane
fission (Fig. 5A). Importantly, this was not an effect of
blocking septal synthesis since the assay uses a fluores-
cent reporter whose activity is dependent on the comple-
tion of asymmetric septation. This inhibition did depend on
when vancomycin was added in sporulation although it
still blocked completion of engulfment in 50% of cells
when it was added as late as T3.5 (Fig. 5B). Thus,
muropeptide polymerization is necessary for completion
of engulfment defined as the release of the forespore from
the mother cell.

Topology of membrane bulges

Sporulating cells lacking either the SpoIIP or the SpoIID
autolysins fail to initiate engulfment and instead produce
septal membrane bulges (Fig. 1A, bottom, Fig. S7;
Lopez-Diaz et al., 1986; Illing and Errington, 1991; Smith
and Youngman, 1993; Bylund et al., 1994; Frandsen and
Stragier, 1995). Time-lapse microscopy of single cells
revealed that bulge formation was continuous and
occurred over a period of ~30 min (Fig. 6A, Fig. S7). To
characterize the topology and origin of these bulges in
living cells, we expressed CFP under control of a fore-
spore specific promoter (PspoIIQ). We observed a CFP
signal in membrane bulges of a spoIID null mutant indi-
cating that they had been, at least transiently, contiguous
with the forespore (Fig. 1B, ‘bulge’). In some cells, the
CFP signal in the forespore and the bulge was not con-
tinuous, and the presence of an FM4-64 signal surround-
ing these discontinuous bulges suggests that the bulge

was transformed into a physically distinct membrane-
bounded vesicle (Fig. 1B, ‘vesicle’; Fig. S8).

Peptidoglycan synthesis in membrane bulges

What is the driving force underlying the formation of these
bulges and vesicles? They originated from the septum,
a site of prior peptidoglycan synthesis. Bulge-forming
spoIID cells stained with ramoplanin-FL at T4 of sporula-
tion had a fluorescent signal associated with the septum,
indicating the presence of active peptidoglycan synthesis
(Fig. 6B). We examined whether peptidoglycan synthesis
was necessary for bulge formation by blocking it using
fosfomycin. When 5 mM fosfomycin was added at T2
of sporulation to either spoIID (Fig. 6C, red) or spoIIP
(Fig. S9) mutants, many fewer bulges were observed as
compared with untreated cells (Fig. 6C, Fig. S9, black).
Furthermore, addition of fosfomycin at T2 also blocked
formation of vesicles that presumably originated as
bulges (Fig. 6D). This effect of fosfomycin was due to a
direct inhibition of peptidoglycan synthesis because a
spoIID strain carrying the MurAA(C117D) allele exhibited
bulge formation during sporulation even in the presence
of 5 mM fosfomycin (Fig. S10).

While the inhibition of muropeptide synthesis results
indirectly in decreased levels of mature, polymerized pep-
tidoglycan, the experiments using fosfomycin do not
address the possibility that direct inhibition of synthesis of
peptidoglycan polymers from muropeptide monomers
would similarly block formation of bulges and vesicles. We
used vancomycin to answer this question, and observed
that addition of vancomycin (0.5 mg ml-1) at T2 of sporu-
lation blocked bulge (Fig. 6E) and vesicle formation (Fig.
S11) in a strain lacking spoIID, indicating that synthesis of
mature peptidoglycan is necessary for bulge formation.
This inhibition by vancomycin could be through an indirect
effect on lipid synthesis if reducing lipid synthesis blocked
bulge formation. We addressed this possibility by using
cerulenin, an inhibitor of an essential enzyme (FadD) in
the fatty acid biosynthetic pathway. However, addition of
cerulenin had no effect on bulge formation when it was
added to spoIID cells at the same time in sporulation
(T3.5) where the inhibitory effect of vancomycin was
observed (Fig. S12). While addition of cerulenin at earlier
time points (T2; data not shown) prevented bulge forma-
tion in spoIID cells, this may be due to the membrane
growth that is evident in time-lapse movies of bulge for-
mation (Fig. S7).

A peptidoglycan transpeptidase is necessary for
bulge formation

The muropeptide monomer is incorporated into mature
peptidoglycan by enzymes mediating transpeptidation
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and transglycosylation reactions. During sporulation, the
transpeptidase SpoVD is necessary for the production of
mature peptidoglycan (Vasudevan et al., 2007). A comple-
menting GFP–SpoVD fusion localizes to septal mem-
brane bulges and vesicles (Fig. 7A), similar to the pattern
observed with ramoplanin-FL (Fig. 6B). This similarity
suggested that SpoVD is involved, and perhaps neces-

sary, for the peptidoglycan synthesis occurring in the
bulges. In fact, bulge formation is reduced in a spoIIP
strain lacking SpoVD (Fig. 7B, red) as compared with the
parent spoIIP strain (black). The result is consistent with
the inhibition of bulge formation by the transpeptidase
inhibitor vancomycin in spoIID (Fig. 6E) and spoIIP cells
(data not shown) and demonstrates that a protein neces-
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sary for the synthesis of mature peptidoglycan is also
necessary for bulge formation.

Discussion

Muropeptide polymerization during engulfment

Our results allow historical experiments concerning the
role of peptidoglycan biosynthesis in engulfment to be put
into a mechanistic context. Among the earliest hints of
such a role was the observation that removal of the cell
wall by lysozyme treatment leads to a block in sporulation,
but only when this treatment occurs before engulfment
(Fitz-James, 1964). Consistent with this observation, B.
subtilis exposed to vancomycin during engulfment do not
reach a phase bright state, suggesting that peptidoglycan
synthesis is required towards the end of engulfment
(Dancer, 1979). During engulfment, a thin layer of
peptidoglycan known as the germ cell wall is generated
adjacent to the inner forespore membrane (Tipper
and Linnett, 1976; Meador-Parton and Popham, 2000).
Thus, the inhibitory effect of vancomycin on engulfment
(Fig. 5) could be due to an inhibition of germ cell wall
synthesis.

Consistent with this possibility, our observation that
sites of active peptidoglycan synthesis are distributed
around the engulfing forespore (Figs 2A and 8A, top) sug-
gests that muropeptide polymerization could be mediating
earlier stages of engulfment. Protoplasts of B. subtilis that
lack peptidoglycan are still able to undergo this mem-
brane movement in a mechanism that depends on the
SpoIIQ–SpoIIIAH zipper, which is dispensable for engulf-
ment in intact cells, but which is independent of the
SpoIID–SpoIIP peptidoglycan hydrolase proteins that are
essential in intact cells (Broder and Pogliano, 2006). Our
results demonstrate that the inhibition of muropeptide
synthesis blocks membrane migration in intact cells
lacking the SpoIIQ–SpoIIIAH zipper (Fig. 3), suggesting
that peptidoglycan polymerization comprises a mecha-

nism for membrane migration during engulfment that is
essential in the absence of the Q–AH zipper. We therefore
propose that peptidoglycan polymerization and the
SpoIIQ–SpoIIIAH zipper comprise two redundant mecha-
nisms for force generation (Fig. 8B). Peptidoglycan
hydrolysis is required early in engulfment in order to
release the asymmetric septum from the cellular cross-
wall, and proteins that mediate this event are therefore
required for the initiation of engulfment (Abanes-De Mello
et al., 2002; Morlot et al., 2010). Peptidoglycan hydrolysis
is required throughout membrane migration (Abanes-De
Mello et al., 2002; Gutierrez et al., 2010), but it remains
unclear if it provides force for membrane migration or
plays some other role, such as removing steric barriers to
the advancing membranes.

During the last step of engulfment, membrane fission,
peptidoglycan synthesis was restricted to the zone of
contact between the advancing membranes (Fig. 2,
panel iii) and inhibition of muropeptide synthesis (Fig. 4)
or polymerization (Fig. 5) prevented detachment of the
forespore from the mother cell (engulfment membrane
fission). The production of a rigid peptidoglycan polymer
in this zone of contact could generate a mechanical
force that drives elongation of the bud neck, distorting it
into a tube, that eventually breaks, leading to cell sepa-
ration. Then, localized peptidoglycan hydrolysis would
allow the membranes to meet and rearrange (Fig. 8C). A
membrane protein, SpoIIIE, is necessary for mediating
this fission event during engulfment (Sharp and
Pogliano, 2003) and our results suggest that SpoIIIE
could interact with membrane proteins involved in pep-
tidoglycan synthesis and organize their spatial distribu-
tion at the point of membrane fission. Consistent with
this possibility, the membrane domain of SpoIIIE is nec-
essary for its localization to the septum and its function
in membrane fission (Sharp and Pogliano, 2003) and for
the final steps of cytokinesis at the asymmetric septum
(Liu et al., 2006).

Fig. 4. Inhibition of muropeptide synthesis blocks membrane fission.
A. Assay of membrane fission. Top, sporulating wild-type cells (AES574) express CFP (blue) under control of a forespore specific promoter
(PspoIIQ). Membranes of cells at intermediate stages of engulfment (T3–T4.5, green arrow) are also stained by a membrane impermeant dye
(FM4-64, red) just before imaging; upon completion of membrane fission, cells are no longer stained by this dye (yellow arrow). Time after
resuspension is indicated. Bottom, cells at different stages of sporulation. Prior to the completion of asymmetric septation (i), no CFP (blue)
signal is observed. Following completion of asymmetric septation, a faint CFP signal is observed in the forespore (ii). As the cells proceed
through engulfment (iii), the CFP signal increases. When membrane movement is complete (iv), the forespore remains attached to the mother
cell and stained with FM4-64 (red). When the forespore is released from the mother cell (v), the CFP signal is no longer surrounded by an
FM4-64 signal.
B. Fosfomycin blocks engulfment before membrane separation. Sporulating wild-type cells were either treated with fosfomycin (5 mM) at T2
(bottom panels) or not treated (top panels). Time after resuspension is indicated.
C. Inhibition of membrane fission by fosfomycin is dependent on time of addition. Wild-type cells (AES574) were untreated (filled circles) or
fosfomycin (5 mM) was added at T1 (triangles), T2 (diamonds) or T3 (open circles) and the fraction of cells with a CFP signal not surrounded
by an FM4-64 signal was determined.
D. Fosfomycin-resistant murAA mutant engulfs normally in the presence of fosfomycin. The effect of fosfomycin on engulfment of a
merodiploid strain (JDB2426) expressing an IPTG-inducible C117D murAA allele and YFP under a forespore-specific promoter (PspoIIQ-yfp)
was determined. Filled circles, both 1 mM IPTG was added at T0 and 5 mM fosfomycin was added at T2; open circles, only 5 mM fosfomycin
at T2.
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Muropeptide polymerization during bulge and
vesicle formation

Membrane bulges in a spoIID or spoIIP strain form initially
as a deformation of the membrane and then develop into

a clear invagination that, at least in some cases, becomes
a membrane-bounded vesicle whose cytoplasmic con-
tents are visibly separated from that of the forespore
(Fig. 1A, bottom; Fig. 1B). These bulges are sites of active
peptidoglycan formation (Fig. 6B) and inhibiting synthesis

Fig. 5. Inhibition of muropeptide
transpeptidation blocks completion of
engulfment.
A. Vancomycin blocks engulfment before
membrane fission. At T2 of sporulation, cells
(AES574) expressing CFP (blue) under
control of a forespore-specific promoter
(PspoIIQ) were either treated with vancomycin
(0.5 mg ml-1; bottom rows) or not treated (top
rows). Membranes were visualized with
FM4-64 (red). Time after resuspension is
indicated.
B. Inhibition of membrane fission depends on
the time of addition. The percentage of
sporulating cells completing membrane fission
was determined for untreated cells (filled
circle) or cells incubated with vancomycin
(0.5 mg ml-1) at T1 (triangles), T2 (diamonds)
or T3.5 (open circles) of sporulation by
resuspension.
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of the muropeptide precursor using fosfomycin or of
mature peptidoglycan using vancomycin blocks formation
of the bulges (Fig. 6C and E). The effect of fosfomycin
was on MurAA since a merodiploid strain expressing
a resistant mutant protein (MurAAC117D) generated
vesicles even in the presence of fosfomycin (Fig. S10).
The effect of vancomycin was likely on an inhibition of
polymerization directly and not on an inhibition of pepti-
doglycan hydrolases since inhibition of polymerization
in E. coli leads to increased muramidase activity (Kohl-
rausch and Holtje, 1991). Thus, septal peptidoglycan
polymerization could exert a mechanical force on the
septal membrane that, by analogy to actin polymerization
during lamellipodial motility (Mogilner and Oster, 1996),
would drive membrane deformations (Fig. 8A, bottom).

The requirement of the SpoVD transpeptidase (Fig. 7A
and B) is consistent with the observed inhibition of bulge
formation by vancomycin (Fig. 6E) and demonstrates that
a protein necessary for the synthesis of mature pepti-

doglycan is also necessary for bulge formation. In addi-
tion, the presence of bulges only on the mother cell side
can be explained by this result as SpoVD is under control
of sE, which is only active in the mother cell. If the fore-
spore had a higher osmotic pressure than the mother cell
because of the presence of equally sized chromosomes in
the very differently sized compartments, this pressure
could push the bulges from the middle of the septum
(Perez et al., 2000). However, we did not observe a sig-
nificant difference in forespore size between the spoIIP
and the spoIIP spoVD strains despite their observed dif-
ferences in bulge formation (Fig. S13).

Rod-shaped E. coli depleted for proteins necessary for
cell shape transform into spherical cells that contain large
intracellular, membrane-bounded vesicles (Bendezu and
de Boer, 2008). The inability of these mutant cells to couple
the rate of phospholipid synthesis to changes in shape
suggests that vesicle production is caused by overproduc-
tion of phospholipids. In B. subtilis, a similar coupling is not

Fig. 6. Muropeptide synthesis and
polymerization are required for bulge and
vesicle formation.
A. Time-lapse images of a bulge progressively
forming in a spoIID mutant strain (JDB2395)
sporulating in a pad at 30°C and stained with
FM4-64. Initial image was taken at
approximately T2 after sporulation initiation
and arbitrarily set to t = 0 min. The time of
subsequent images is indicated in minutes in
the lower right corner. See movie Fig. S7.
B. In a spoIID mutant strain (JDB2494)
expressing CFP (blue) in the forespore, bulge
and vesicles (white arrows) are sites of
peptidoglycan synthesis. Membranes were
visualized with FM4-64 (red) and newly
synthesized peptidoglycan identified by
ramoplanin-FL, a fluorescent ramoplanin
derivative (green). Time after start of
sporulation is indicated.
C. Fosfomycin blocks bulge formation. Bulges
do not form in a strain (JDB2494) lacking
spoIID when 5 mM fosfomycin was added at
T2 of sporulation (red line) compared with
cells where no fosfomycin was added (black
line).
D. Fosfomycin blocks vesicle formation.
Percentage of cells with vesicles in strains
carrying mutations in spoIID and expressing
CFP at the forespore (JDB2494) in the
absence (black) or in the presence of 5 mM
fosfomycin added at T2 of sporulation (red).
E. Vancomycin blocks bulge formation.
Percentage of spoIID cells (JDB2494) with
bulges in the absence (black) or in the
presence of 0.5 mg ml-1 vancomycin (red)
added at T2 of sporulation. Bulges and
vesicles were identified as defined in Fig. 1B.
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known to exist (Paoletti et al., 2007), consistent with our
observation that fatty acid synthesis was not required at
later time points where peptidoglycan synthesis was
required for bulge and vesicle formation (Fig. S12) even
though it was necessary for initial bulge formation.

Peptidoglycan polymerization as a force-generating
mechanism during cytokinesis

A basic question in microbiology is the origin of the
force underlying cell division. Although there are well-
conserved proteins known to be involved, including the
tubulin homologue FtsZ that forms constricting polymeric

rings at mid-cell, the source of the force generating these
constrictions remains unknown (Weiss, 2004; Margolin,
2005). It has been suggested on theoretical grounds (Lan
et al., 2007; 2009; Ghosh and Sain, 2008; Allard and
Cytrynbaum, 2009) as well as from electron microscopic
observations of FtsZ polymer structure in vivo (Li et al.,
2007) that the energetics of FtsZ ring depolymerization
could provide such a force. In tubular vesicles, FtsZ forms
rings that produce visible constrictions (Osawa et al.,
2008) consistent with the ability of the constricting Z ring
to generate a force. The absence of complete septal
closure despite formation of physically distinct compart-
ments seen in some E. coli amidase mutants suggests
that, at least in these cells, membrane invagination
could be mediated solely by constriction of the divisome
(Priyadarshini et al., 2007).

Gradients of peptidoglycan synthesis generate cell
curvature in the bacterium Caulobacter crescentus
(Cabeen et al., 2009), supporting the notion that spatially
differentiated peptidoglycan synthesis produces physical
force sufficient to generate changes in cell shape that
occur during cytokinesis (Huang et al., 2008). High-
magnification images of dividing S. aureus demonstrated
the presence of peptidoglycan lying in tight apposition to
the membrane. In fact, careful measurement of the diam-
eter of the very tip of the in-growing septum indicated that
this site was the locus of peptidoglycan synthesis (Matias
and Beveridge, 2007). Thus, this synthesis could provide
a driving force for the ‘iris-like’ movement of the septum
from the initial stages of membrane invagination to the
completion of septation.

Cell wall polymerization could be used in other systems
to generate active and locally controlled forces. Although
peptidoglycan is only found in bacteria [and perhaps in the
chloroplasts of some plant cells (Machida et al., 2006)],
yeast and other fungi have rigid cell walls composed of
long polysaccharides (Cabib et al., 2001) that, similar to
peptidoglycan, are polymerized by transglycosylases
(Cabib et al., 2008). In fact, growing S. pombe exerts a
large mechanical force at its cell tips that is independent
of actin cables and sufficient to play a role in piercing
membranes during host invasion (Minc et al., 2009).
Finally, a variety of cell types such as budding yeasts can
undergo cytokinesis in the absence of an actin–myosin
contractile ring (Bi et al., 1998). Thus, polymerization of
fungal polysaccharides could serve a similar function
as muropeptide polymerization in providing a force-
generating mechanism for cytokinesis.

Experimental procedures

Microbiological methods

Bacillus subtilis strains are derivatives of PY79 (Table S1) and
details of their construction are described in Supporting infor-

Fig. 7. Muropeptide-polymerizing enzyme is required for bulge
formation.
A. The transpeptidase SpoVD localizes to the bulges. A strain
lacking spoIIP and expressing a YFP–SpoVD fusion (JDB2553)
was sporulated by resuspension and images acquired at T4. Two
cells are shown. Left, YFP–SpoVD signal; middle is overlay of the
YFP–SpoVD and FM4-64 signals; right, FM4-64. White arrows
show the bulge.
B. Bulge formation is suppressed by a spoVD mutation. Percentage
of spoIIP (JDB2396; black) and spoIIP spoVD (JDB2537; red) cells
with bulges was determined. Bulge formation was assessed as
defined in Fig. 1B.
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mation. Standard procedures were used to prepare and
handle recombinant DNA and to transform E. coli. B. subtilis
was transformed using competent cells made by the two-step
method (Cutting and Vander Horn, 1990). Sporulation for
microscopy was conducted at 30°C and used CH medium or
25% LB for growth and A+B medium for resuspension (Sterlini
and Mandelstam, 1969). To measure completion of engulf-
ment, membranes from sporulating cells expressing CFP
under control of a forespore-specific promoter (PspoIIQ) were
stained with FM4-64 (1 mg ml-1). Every half hour starting at T3
a sample of cells was observed under the microscope. Cells
expressing CFP were counted and the fraction of those not
exhibiting FM4-64 staining of the forespore was determined.

Reagents

Fosfomycin and vancomycin were obtained from Sigma,
cerulenin was obtained from Cayman Chemical, and FM4-64
was from Invitrogen. Ramoplanin-FL and ramoplanin-2c were
gifts of Dr Suzanne Walker (Harvard Medical School).

Fluorescence microscopy

One microlitre of FM4-64 (Molecular Probes; 100 mg ml-1)
was added to each sample of 100 ml of sporulating cells that
were taken at designated times after resuspension, immedi-
ately prior to collection by centrifugation. The pellet was
resuspended in 10 ml of PBS, and added to a poly-L-lysine
pre-treated coverslip. All microscopy (except Fig. 2 and
Fig. S2) was performed on a Nikon Eclipse 90i with a 100¥
objective using phase contrast and captured by a
Hamamatsu Orca-ER camera using Nikon Elements BR
software. CFP, YFP, FITC (Ramoplanin-FL) and TRITC (FM4-
64) exposures were 400 ms. Other microscopy was per-
formed using an Applied Precision Spectris microscope.

Dynamics of engulfing forespores

Time-lapse microscopy was performed as described (Becker
and Pogliano, 2007). Briefly, FM4-64 was added to a final
concentration of 0.5 mg ml-1 in a 1.2% solution of molten

Fig. 8. Role of peptidoglycan polymerization
in engulfment.
A. Diagram shows distribution of active
peptidoglycan synthesis (green) during
membrane migration and before detachment
of the forespore from the mother cell (top) as
well as during bulge formation (bottom).
B. The polymerization of these newly
synthesized muropeptides partially drives
membrane movement and results in the
separation of the two cells. Our data suggest
that membrane movement can be mediated
either by peptidoglycan synthesis (PG; green)
or by the SpoIIQ–SpoIIIAH proteins (blue) and
that peptidoglycan hydrolysis mediated by the
DMP proteins (red) plays a necessary role in
detaching the septal peptidoglycan from the
transverse peptidoglycan. FS, forespore; MC,
mother cell.
C. Polymerization of newly synthesized
muropeptides into peptidoglycan (green) at
the point of contact between the migrating
arms of the membranes pushes the septal
membranes apart. Following detachment, the
forespore becomes an independent
membrane-bounded compartment in the
cytoplasm. This polymerization is mediated by
an unidentified
transpeptidase-transglycosylase (red).
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agar/media (A+B) and added to the well of a culture slide and
covered with a glass slide. After cooling, the slide was
removed and two air pockets were cut out of the agar leaving
a 3–5 mm agar bridge in the centre of the well. Sporulating
cells suspended in A+B with FM4-64 (0.5 mg ml-1) were
added at T2 to the agar bridge and covered by a glass
coverslip. To prevent drying during the experiment, 50% glyc-
erol was applied to the region of contact between the slide
and the coverslip. The slide equilibrated in an environmen-
tally controlled chamber at 30°C (Precision Control Weather
Station) for at least 10 min prior to visualization. Images were
acquired using an Applied Precision Spectris microscope.

Finally, the following metric was used for defining mem-
brane migration: ‘No migration’ is defined as: 40 min of obser-
vation with no advancement of the membranes (curvature is
acceptable as long as the distance between septum edge
and cell pole does not decrease). ‘Migration’ is defined as:
advancement that is maintained for at least 20 min of
observation. In addition, cells must be observed for 40 min
without going off the screen or lysing.
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