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Abstract

Endospore formation in Bacillus subtilis provides an ideal model system for studying development
in bacteria. Sporulation studies have contributed a wealth of information about the mechanisms of
cell-specific gene expression, chromosome dynamics, protein localization, and membrane
remodeling, while helping to dispel the early view that bacteria lack internal organization and
interesting cell biological phenomena. In this review, we focus on the architectural transformations
that lead to a profound reorganization of the cellular landscape during sporulation, from two cells
that lie side by side to the endospore, the unique cell within a cell structure that is a hallmark of
sporulation in B. subtilis and other spore-forming Firmicutes. We discuss new insights into the
mechanisms that drive morphogenesis, with special emphasis on polar septation, chromosome
translocation, and the phagocytosis-like process of engulfment, and also the key experimental
advances that have proven valuable in revealing the inner workings of bacterial cells.

Keywords
polar septation; chromosome translocation; engulfment; SpolllE; SpolIDMP; SpollQ-SpolllAH

1 Introduction

Endospore formation (hereafter also referred to as sporulation) is a developmental process
that culminates in the formation of resilient, metabolically dormant spores. It is a
characteristic trait of many bacterial species that belong to an ancient and exceptionally
diverse bacterial phylum, the Firmicutes (29, 64, 77). Although the sporulation program has
diversified over time, the main developmental steps seem to be conserved in all extant
endospore formers (2, 3, 65, 127), and they involve profound changes in cellular
architecture. Most of our current understanding of the mechanistic basis of such architectural
transformations stems from studies conducted in the gram-positive, rod-shaped model
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bacterium Bacillus subtilis. Therefore, unless otherwise indicated, this review focuses on
aspects of B. subtilis sporulation.

The B. subtilis sporulation program is triggered by nutrient starvation and is depicted in
Figures 1 and 2 (see References 74 and 160 for general sporulation reviews; specialized
reviews about different aspects of sporulation are indicated below; see the sidebar titled
“Transcriptional regulation of B.subtilis sporulation).B. subtilis sporulation begins with the
formation of a septum close to one cell pole (polar septation) that gives rise to a sporangium
consisting of two cells with different sizes: the smaller forespore and the larger mother cell.
Then, the mother cell engulfs the forespore in a process that resembles eukaryotic
phagocytosis. After engulfment, the forespore is enclosed within the mother cell cytoplasm,
where it matures into a spore. Spore maturation involves the synthesis of a peptidoglycan
cortex between the inner and the outer forespore membranes (reviewed in 125); the
assembly of a proteinaceous coat around the outer membrane (reviewed in 43, 104);
saturation of the forespore chromosome with the small, acid-soluble proteins (SASPs)
(reviewed in 146); partial dehydration of the forespore cytoplasm; and accumulation of Ca2*
dipicolinic acid. Together, these protective layers and the dehydrated core confer the spore
with resistance to environmental challenges, including antibiotics, desiccation, and radiation,
among others (reviewed in 149). Finally, the mother cell lyses and the mature spore is
released to the environment, where it remains metabolically dormant until conditions are
appropriate for germination, upon which vegetative growth resumes (reviewed in 112, 147,
148, 150).

The sporulation pathway entails dramatic cellular reorganizations, illustrating the dynamic
abilities of bacterial cells. Technological advancements in the fields of fluorescence and
electron microscopy, in combination with the powerful genetic tools available for B. subtilis,
have allowed researchers to study these reorganizations with an unprecedented level of detail
(Figures 2 and 3). In this review, we discuss dynamic processes that shape the developing
spore during the first half of the sporulation pathway: (&) cellular dynamics prior to
engulfment, with a focus on polar septation and chromosome translocation, and (&) cellular
dynamics during the phagocytosis-like process of engulfment.

2 Cellular Dynamics Prior to Engulfment

The most obvious cytological marker for sporulation initiation is the formation of a septum
close to one cell pole. This polar division event primes the sporangia to activate forespore-
and mother cell-specific transcriptional regulators that control the expression of genes
necessary for subsequent events in spore development (reviewed in 51, 75, 157; see the
sidebar titled ‘Transcriptional regulation of B. subtilis sporulation’). However, polar
septation also creates a dramatic topological problem, since the polar septum traps the
forespore chromosome, such that only approximately one-third of it is present in the
forespore and the remainder is in the mother cell (173). The trapped chromosome is actively
transported to the forespore by the SpollIE translocation complex, which assembles at the
septal midpoint (8, 173).
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In this section, we discuss aspects of polar septation and chromosome translocation that are
directly relevant to the phagocytosis-like process of engulfment.

2.1 Polar Septation

In most bacteria, including B. subtilis, cell division involves the formation of a septum by
the invagination of peptidoglycan, which constricts the cellular membrane and divides the
cell into two parts (recently reviewed in 53). Septation is orchestrated by the tubulin
homolog FtsZ, which forms a circumferential ring-like structure (Z-ring) at the inner side of
the cytoplasmic membrane, perpendicular to the long axis of the cell, that marks the
impending division site. The Z-ring consists of treadmilling FtsZ filaments that move around
the division plane (19) and serve as a scaffold to recruit other proteins involved in cell
division, including those that synthesize septal peptidoglycan (53). During vegetative
growth, the Z-ring assembles at mid-cell, resulting in the formation of a septum that divides
the cell into two parts of similar sizes (Figure 4a). However, during sporulation, the Z-ring
and hence the division site dynamically relocalize closer to a pole (14, 94) (Figure 4b). This
process is facilitated by interaction of FtsZ with proteins synthesized shortly before polar
septation under the control of SpoOA (63, 113, 179), namely, SpollE and RefZ (5, 88, 167),
and by an increase in the expression of the ftsAZ operon from a oH-dependent promoter (14,
67, 68). However, how these factors mediate the relocalization of the Z-ring to polar position
is not fully understood. For further discussion, we refer the reader to recent reviews of cell
division and polar septation in B. subtilis (6, 53).

Polar septation can be initiated at both poles, as illustrated by the disporic phenotype
observed in mutants that fail to activate the mother cell-specific transcription factor oF,
which form a complete septum at each pole (78, 95, 121). However, in such mutants, as well
as in wild-type sporangia, there is a delay of several minutes between the completion of the
first septum and the initiation of constriction in the second (95, 122, 136). It is unclear what
determines which septum is formed first, but it does not seem to depend on whether it is
close to the new or to the old cell pole, since septation happens with equivalent frequencies
at both poles (166). Nevertheless, in wild-type sporangia, the second septation process is
aborted before the septum is complete to ensure only one complete septum during
sporulation (122). This is likely mediated by the combined action of two factors produced in
the mother cell shortly after the first septation event: SpolIDMP, a peptidoglycan-
degradation complex that mediates the dissolution of peptidoglycan in the partial septum
(30, 47, 61, 122, 134, 155) (see Section 3.1.1), and MciZ, which directly interacts with FtsZ
and inhibits the assembly of new Z-rings after the first septation event (18, 71) (Figure 4b).

Although there is compelling evidence that both the polar and the vegetative septa are built
using the same basic cell division machinery (9, 10, 35, 54, 93), the polar septum is thinner
than the vegetative septum [~25 nm versus ~80 nm (79, 87, 136, 162)]. In fact, the polar
septum is just half as thick as the vegetative septum already during constriction, before
septation is completed (78; Khanna et al., unpublished) (Figure 4a,b). Interestingly, the
difference in thickness between the two septa correlates with the different distribution and
number of FtsZ filaments at the leading edge of the closing septa (Khanna et al.,
unpublished). FtsZ filaments localize uniformly around the entire leading edge of vegetative
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septa, but asymmetrically toward only the mother cell side of polar septa (Khanna et al.,
unpublished) (Figure 4a,b). Also, the number of filaments tracking the division plane during
sporulation is roughly half that of vegetative growth, suggesting that septal thickness is
dictated by the organization and the amount of the cell division machinery at the septum.
This is further supported by the observation that in mutants lacking SpollE, which form
thicker, vegetative-like polar septa (7, 55, 78), FtsZ coats the entire leading edge of polar
septa (Khanna et al., unpublished), similar to the situation for vegetative septa. Therefore,
the vegetative and polar septa differ not only in their positions but also in the fundamental
organization of their cell division machinery. A thinner polar septum likely has important
physiological consequences during sporulation. Firstly, many protein complexes are
proposed to cross the septum, spanning both the septal membranes during sporulation (for
example, SpolllE and SpollQ-SpolllA complexes; see Sections 2.2 and 3.1.3), which might
be facilitated by the shorter distance between the septal membranes. Secondly, the thinner
polar septum might be more flexible, hence allowing it to bend and stretch during
engulfment to facilitate the movement of the septal junction around the forespore (see
Section 3).

2.2 Chromosome Translocation

In addition to generating asymmetry in the gene expression programs of the two cells, polar
septation also creates a topological problem by trapping the forespore chromosome
asymmetrically in the septum. This is a direct consequence of the organization that the
chromosomes adopt before polar septation when they are remodeled into an elongated
structure, called axial filament, that runs from pole to pole, parallel to the long axis of the
cell (23, 85, 89, 180). The axial filament consists of two chromosomes that result from a
replication event before sporulation initiation, with a well-defined spatial disposition inside
the cell: The origins of replication (or) of the two chromosomes are tethered to the opposite
poles, the termini (zer) are at mid-cell, and the arms of each chromosome are organized
parallel to each other between the oriand the fer (16, 169, 171, 177). This results in the polar
septum bisecting the forespore chromosome, leaving ~30% of the origin-proximal portion of
the chromosome in the forespore and the remaining ~70% in the mother cell (173, 176). The
SpolllE translocation complex (173), which assembles at septal midpoint (174), uses ATP
hydrolysis to then actively translocate the chromosome across the septum to the forespore
(8), packing a complete chromosome (> 4 Mb) in the small volume of the forespore, which
is initially only approximately one-tenth the volume of the sporangium (101) (Figure 4c).
Chromosome translocation into the forespore also plays a physical role in shaping the
forespore, as the import of increasing amounts of DNA plus the abundant counterions
required to neutralize its charge generate an elevated osmatic pressure (72, 128) that inflates
the small forespore, increasing its size and reshaping it into an ovoid (101).

SpolllE belongs to the FtsK family of DNA translocases (37) and has a polytopic N-terminal
transmembrane domain that anchors the protein to the septal membrane, connected via an
unstructured linker to a cytoplasmic motor domain with ATPase activity that moves along
the DNA in the presence of ATP and is directly responsible for chromosome translocation
(8). The motor domains assemble into hexameric rings (26, 27), with an inner diameter large
enough to accommodate a double-stranded DNA molecule (27, 103). In vitro experiments
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with purified motor domains indicate that hexameric SpollIE rings track the 5 — 3" strand
in the direction of translocation, moving through the DNA in discrete steps of two
nucleotides per ATP hydrolyzed (97). Chromosome translocation is therefore an energy-
intensive process that requires ~1.5 million ATP molecules to move ~3 Mb of DNA into the
forespore.

In vivo, SpollIE initially localizes at the leading edge of the constricting polar septum (56,
59, 98), prior to assembling a focus at mid-cell (174), the stable assembly of which depends
on the presence of trapped DNA (15) and the motor domain (59). Cell-specific expression
and degradation of SpolllE (130, 152, 178) demonstrated that, in intact sporangia, SpollIE
works as a DNA exporter that pumps the chromosome out of the cell in which it assembles.
This suggests that the SpollIE complex assembles in the mother cell to transport the
chromosome to the forespore. Studies have also demonstrated that both arms of the trapped
chromosome are simultaneously transported to the forespore (22), which would require the
participation of at least two SpolllIE hexamers, one per arm. However, estimations of the
number of SpolllE monomers at septal midpoint indicate the presence of at least four
hexamers (56, 178). Interestingly, although early studies seemed to indicate that SpollIE
preferentially assembled in the mother cell (12, 56, 152), a more recent superresolution
imaging study demonstrated that the protein assembles in both cells. This could be attributed
to the fact that in addition to supporting translocation of the trapped chromosome into the
forespore (8, 173), the SpollIE complex also mediates the separation of the mother cell and
the forespore septal membranes (septal membrane fission) (59, 98). The participation of
SpolllE in septal membrane fission is most readily explained if, during the final stages of
cell division, SpollIE subunits on both sides of the septum interact via their extracytoplasmic
loops, forming a protein channel that crosses both septal membranes and excludes lipids (59,
98). To reconcile this model with the DNA exporter model, we posit that SpollI1E assembles
paired channels across the septum, with only the mother cell motor domains actively
engaged in exporting the chromosome to the forespore. This model is supported by
photoactivated localization microscopy (PALM) images showing the presence of two
SpolllE foci containing enough monomers to assemble two hexamers each in the forespore
and in the mother cell (178), indicating that the SpollIE complex might comprise two side
by side paired channels that span both septal membranes (Figure 4c).

Targeted degradation of SpolllE subcomplexes in either cell shows that both subcomplexes
are required to maintain the separation of the septal membranes but only the mother cell
subcomplex is essential to transporting the chromosome to the forespore (178). Interestingly,
degrading the mother cell subcomplexes results in the reverse translocation of the
chromosome from the forespore to the mother cell, catalyzed by the forespore subcomplexes
(178), indicating that SpolllE can work as a bidirectional motor. The activation of the motor
domains in the mother cell is likely controlled by their interaction with octameric sequences
in the DNA known as SpolllE recognition sequences (SRSs) (126). In vitro, the interaction
of SpolllE motor hexamers with SRSs in the permissive orientation boosts SpollIE ATPase
activity (17, 26), potentiating the DNA tracking ability of the hexamers. In vivo, the mother
cell and the forespore SpolllE subcomplexes are inverted (Figure 4c), and therefore they
interact with SRSs in different orientations: permissive for the mother cell hexamers and
nonpermissive for the forespore hexamers. This probably contributes to the activation of the
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motor domains in the mother cell and deactivation in the forespore, preventing competition
between subcomplexes to export the chromosome out of their respective cells. A key
question that remains to be answered is, How does the last piece of the circular chromosome
enter the forespore? This probably requires fusion of the two SpollIE channels, which
generates a larger pore to allow the passage of the terminal piece.

3 Cellular Dynamics During Engulfment

Engulfment mediates a dramatic change in the topology of the sporangium, from two cells
that lie side by side to a cell within a cell, the hallmark of endospore formation. After
completion of engulfment, the forespore is enclosed in the mother cell cytoplasm and
delimited by two membranes: an inner membrane, which is the original cytoplasmic
membrane of the forespore, and an outer membrane, derived from the mother cell engulfing
membrane.

Owing to the implementation of different fluorescence and electron microscopy techniques
(Figures 2 and 3; see the sidebar titled “‘Early visualization studies of sporulation”), we now
possess detailed descriptions of the morphological transformations that accompany
engulfment at high spatial and temporal resolution (87, 101, 118). Immediately after polar
septation, the septum is flat and has an average thickness (defined as the distance between
the forespore and the mother cell septal membranes) of ~23 nm, tending to be thicker in the
middle than at the edges. But shortly after polar septation, the septum bends toward the
mother cell and becomes slightly thinner, reaching a uniform thickness of ~18 nm (87). The
septum keeps stretching as the forespore grows toward the mother cell, without significant
forward movement of the mother cell membrane around the forespore for ~20 min (at 30°C).
Then, the leading edges of the mother cell membrane migrate toward the forespore tip by
forming tiny finger-like projections, ~10-30 nm wide and ~5-20 nm long (87), slowly
surrounding the forespore. Engulfment membrane migration continues for ~60 min (118),
and once the leading edges meet at the tip of the forespore, they fuse, releasing the forespore
inside the mother cell cytoplasm, disconnected from the mother cell membrane. During
engulfment, the surface area of the mother cell increases by ~2 pm? (~25% of its initial
value) to completely enclose the forespore (118). In addition, the forespore, initially
hemispherical following polar septation, is remodeled into an ovoid and doubles in size
(101).

Here, we describe engulfment as two separate processes that are controlled by different
cellular machineries: (&) the migration of the mother cell membrane around the forespore
(engulfment membrane migration) and (b) the separation of the mother cell and the
forespore membranes through fusion of the leading edges of the engulfing membrane at the
forespore tip (engulfment membrane fission).

3.1 Engulfment Membrane Migration

While engulfment may have some visual resemblance to eukaryotic phagocytosis, a key
difference between the two is that during engulfment the membranes are restricted by the
peptidoglycan cell wall. Specifically, the peptidoglycan septum that separates the mother
cell and the forespore represents a seemingly unsurmountable steric obstacle for the
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migration of the mother cell membrane around the forespore. Not surprisingly, the key
cellular machineries essential for membrane migration are involved in peptidoglycan
metabolism: peptidoglycan degradation (1, 28, 70, 115), carried out by a mother cell protein
complex made of SpollD, SpolIM, and SpollP, and peptidoglycan synthesis (109, 118),
likely carried out by forespore peptidoglycan biosynthetic machinery that tracks the leading
edge of the engulfing membrane throughout migration (118). In addition, membrane
migration is facilitated by a complex made by the forespore protein SpollQ and the mother
cell protein SpolllAH. We describe the different factors that promote membrane migration
below.

3.1.1 SpolIDMP and a model for membrane migration based on septal
peptidoglycan dissolution—The spo/lD, spolIM, and spollPloci were identified during
classical genetic studies of sporulation, as strains containing loss-of-function mutations in
them are unable to form spores (61, 100, 154). spol/D, spolIM, or spol/P null mutants show
a characteristic developmental blockage after polar septation, in which the mother cell
membrane fails to migrate around the forespore. Rather, the septum bulges toward the
mother cell as if the forespore were pushing through the middle of the septum (32, 61, 78,
154). Orthologs of the three genes are present in most sporulating Bacillus and Clostridium
sequenced so far but largely absent in species that do not form endospores (2, 65). Although
all three genes are essential for engulfment and sporulation in B. subtilis, some are
dispensable in other endospore-forming bacteria. For example, in Clostridium difficile,
SpollM is not required for efficient engulfment, and mutants lacking SpollD may complete
sporulation, although significantly less efficiently than the wild type (38, 129).

SpolID, SpollM, and SpolIP are transmembrane proteins encoded in separate transcriptional
units under the control of oF (30, 61, 134, 155) (see also the sidebar titled ‘Forespore
expression of SpollP”). The three proteins initially localize at the middle of the polar septum
and subsequently relocalize to the leading edges of the engulfing mother cell membrane,
where they remain until the completion of engulfment (1, 28, 70). Their localization to the
septum follows a hierarchical dependence pattern in which SpollM recruits SpolIP, which in
turn recruits SpollD (4, 28), strongly suggesting that the three proteins form a complex
(hereafter referred to as DMP). In fact, direct interaction between SpollP and SpollD has
been demonstrated (4, 28). The localization of SpolIM (and consequently SpollP and
SpolID) to the septum is achieved by two complementary mechanisms. The main
mechanism involves a protein called SpolIB, which is produced before polar septation, is
recruited to the invaginating polar septum, and then shows a localization pattern similar to
that of DMP during engulfment (4, 28, 102, 120). However, unlike mutants lacking DMP,
spollB mutants are able to complete engulfment, although slowly and with some visible
morphological defects such as the formation of bulges at the septum (102, 120). The second
mechanism, which plays a minor role in DMP localization, depends on the proteins
SpolVFA and SpolVFB, which are produced in the mother cell and recruited to the septum
by the SpollQ-SpolllAH zipper (40, 80) (see Section 3.1.3). Mutants lacking both SpolIB
and SpolVFARB fail to localize DMP to the septum and do not initiate engulfment (4). Thus,
the engulfment proteins are localized by two redundant mechanisms, one involving SpollB
which is recruited during cell division to serve as a septal landmark, and another involving
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SpollQ-SpolllAH zipper, which assembles after the onset of cell-specific gene expression
and serves as a critical landmark for the recruitment of proteins to the sporulation septum
(see Section 3.1.3). It is likely that the SpollQ-SpolllAH zipper provides the primary
pathway for DMP localization in bacterial species that do not contain SpolIB (65).

The enzymatic activity of the DMP complex has been studied in some detail. SpolID and
SpollP both degrade peptidoglycan and are rate limiting for engulfment, indicating that their
activities are critical for the process (1, 28). They also have complementary enzymatic
activities. SpollP is both an endopeptidase and amidase that cleaves the peptide cross-links
that connect contiguous glycan strands and removes the stem peptides to generate denuded
glycan strands (115). SpolID is a lytic transglycosylase that binds to and cleaves denuded
glycan strands produced by SpollP (115, 116). SpolID also potentiates the activity of SpolIP
(70, 115), so the two enzymes may mediate the processive degradation of peptidoglycan
during engulfment. So far, no enzymatic activity has been associated with SpollM, and it is
therefore possible that its main function is to serve as a scaffold for the assembly of DMP (4,
28).

It was traditionally assumed that the main function of DMP in engulfment was related to a
previously proposed step known as septal thinning, in which it was posited that septal
peptidoglycan was enzymatically thinned from the septal midpoint toward the edges. This
model was supported by the enzymatic activity of DMP, and by electron microscopy studies
of thin sections of fixed B. subtilis sporangia showing that wild-type sporangia sometimes
have thinner peptidoglycan near the septal midpoint and that DAMP mutants have thicker
septa than wild type (1, 28, 78, 115). However, recent cryo—electron tomography (cryo-ET)
images and staining of the septal peptidoglycan with fluorescent b-amino acids have
challenged this idea by revealing that a thin peptidoglycan layer remains between the
forespore and the mother cell membranes throughout engulfment (87, 101, 162). This layer
is probably a remnant of the original septum, as it is still present in sporangia treated with
antibiotics that inhibit the synthesis of new peptidoglycan (87). Indeed, careful
measurements of the thickness of septal peptidoglycan using cryo-ET images demonstrate
that septal peptidoglycan is not thinned starting at the septum midpoint but rather is
uniformly and only slightly thinned as the septum transitions from flat to curved (87), which
might represent the transition from relaxed to stretched septal peptidoglycan as the forespore
grows and pushes against the septum. While it remains possible that the slightly thicker than
normal septal peptidoglycan in the absence of DMP is due to the partial and delocalized
degradation of septal peptidoglycan by DMP, this phenotype may also be due to the
involvement of DMP in clearing peptidoglycan synthases from the septum, since several
penicillin-binding proteins (PBPs) are retained at the septum in the absence of DMP (87).
Thus, there is no longer sufficient evidence to support the previously prevalent model that
septal thinning is mediated by the nearly complete dissolution of septal peptidoglycan by
DMP.

These observations pose a critical question as to how the mother cell membrane is able to
migrate around the forespore if DMP does not dissolve the septal peptidoglycan completely,
since the junction between the septal and the lateral peptidoglycan would provide a steric
block to the movement of the mother cell membrane. A hint to answer this question came
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from observations that SpollD lytic transglycosylase activity is required throughout
engulfment membrane migration, and not only at the onset of engulfment (70), and that
DMP is rate limiting for membrane migration (1), suggesting that it plays a role beyond
dissolution of the septal peptidoglycan. The first model proposed for membrane migration
was that DMP, anchored in the mother cell membrane, acts as a burnt bridge Brownian
ratchet that drags the engulfing membrane around the forespore as it degrades peptidoglycan
(1). This model is supported by the activity of P and D, which could allow them to form a
processive enzyme complex (115). Another critical hint for the mechanism was provided by
the observation that forespore peptidoglycan synthesis is also essential for engulfment
membrane migration (109, 118). These observations have led to a revised model for
engulfment membrane migration that is discussed in the next section.

3.1.2 Peptidoglycan synthases and a model for membrane migration based
on peptidoglycan remodeling—The observations that both peptidoglycan synthesis as
well as peptidoglycan degradation are essential for forespore engulfment have evolved our
understanding about the complex nature of the process, leading to a new model for
membrane migration that is based on coordinated action of these two activities to move the
junction between the septum and the lateral cell wall around the forespore and is depicted in
Figure 5a.

It was shown that engulfment membrane migration depends on peptidoglycan synthesis by
treating sporulating cultures with different peptidoglycan inhibitors, at concentrations that
block other peptidoglycan-dependent processes such as septation and cell elongation (87,
118). It is critical that such processes be assessed in the same culture of sporulating bacteria,
since the minimal inhibitory concentration of some antibiotics varies according to cell
density and growth phase (81, 163). When peptidoglycan synthesis is inhibited, the leading
edges of the engulfing membrane do not migrate to the forespore tip. However, the forespore
keeps growing toward the mother cell, in a process that involves the stretching and probably
also the cleavage of some peptide cross-links in the septal peptidoglycan by DMP or other
peptidoglycan hydrolases, which may increase the peptidoglycan surface area without new
synthesis (92). The forespore growth leads to septal curving that can resemble engulfment
membrane migration, although analysis of time-lapse images clearly demonstrates that there
is no net closure of the gap between the leading edges of the engulfing membrane (118).
Interestingly, with some antibiotics, time-lapse microscopy demonstrates that the curved
septum rotates within the sporangium, as if the septal peptidoglycan were disconnected from
the lateral cell wall (87, 118).

Researchers used methods to label the location of new peptidoglycan synthesis by
fluorescent antibiotics and p-amino acids (91, 161) to show that during engulfment new
peptidoglycan is primarily synthesized close to the leading edge of the engulfing membrane
(109, 162). Accordingly, many proteins involved in peptidoglycan polymerization track the
leading edge of the engulfing membrane throughout engulfment (118, 142). Interestingly,
most of these enzymes do so from the forespore side of the septum and do not localize at the
leading edge of the engulfing membrane in the mother cell (118). The sole exception is
PBP1, which can track the leading edge of the engulfing membrane from both the mother
cell and the forespore sides, but it is not required for membrane migration (162). These
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results indicate that the peptidoglycan biosynthetic machinery that is required for membrane
migration localizes in the forespore, to sites that are close to the leading edge of the
migrating mother cell membrane. This conclusion is further supported by the observation
that MreB, a protein involved in the organization of the peptidoglycan biosynthetic
machinery during cell elongation (42, 52, 66, 164), moves in the forespore at a position
coincident to the leading edge of the engulfing membrane (118), suggesting that MreB-
associated peptidoglycan biosynthetic machinery inserts peptidoglycan in a circumferential
pattern around the forespore as the engulfing mother cell membrane migrates toward the
forespore tip.

It remains unclear how the peptidoglycan biosynthetic machinery localizes in the forespore,
but it seems to be independent of cell-specific gene expression (118), and we hypothesize
that it may recognize a specific feature of the junction between the septal peptidoglycan and
the lateral cell wall. As discussed in Section 2.1, the polar septum may be intrinsically
asymmetric given the asymmetric localization of the division machinery during constriction.
This could produce different structural features on each face of the septum, or it could
restrict the peptidoglycan biosynthetic machinery to the forespore side of the septum. In fact,
other membrane proteins such as DivIVA and SpollE localize to the forespore side of the
polar septum after division (54). It is therefore possible that the peptidoglycan biosynthetic
machinery that localizes to the polar septum during constriction (142-144) is somehow
sequestered in the forespore after polar septation. Clearly, this is an interesting area for
future research.

Another aspect that remains to be elucidated is the precise identity of peptidoglycan
biosynthetic enzymes that are required for engulfment. The only two known peptidoglycan-
polymerizing enzymes that are essential for sporulation are the transpeptidase SpoVD (34,
165) and the putative transglycosylase SpoVE (50, 73, 106), both of which are required for
cortex synthesis but not for engulfment. It has also been reported that double mutants
lacking two bifunctional transpeptidase/transglycosylase PBPs, PBP2c and PBP2d, fail to
maintain forespore integrity after engulfment and are therefore severely impaired in their
ability to form viable spores (105). However, mutants lacking these peptidoglycan-
polymerizing enzymes, individually or in combination, proceed through engulfment
apparently normally (105). Thus far, there is no mutation in peptidoglycan-polymerization
enzymes known to affect engulfment, likely due to the functional redundancy of
peptidoglycan biosynthetic enzymes in B. subtilis (139, 172), which can mask the
phenotypes of mutants lacking individual enzymes. Thus, the role of peptidoglycan
synthesis in engulfment has been so far studied using antibiotics that block peptidoglycan
synthesis, instead of specific mutations affecting the peptidoglycan biosynthetic machinery.

There is an intimate connection between peptidoglycan synthesis and the DMP proteins that
degrade peptidoglycan. For example, when peptidoglycan synthesis is blocked, the
localization of DMP to the leading edge of the engulfing membrane is impaired (118),
suggesting that newly synthesized peptidoglycan stabilizes DMP at the leading edge of the
engulfing membrane. This connection between DMP and peptidoglycan synthesis is further
supported by the architecture of the leading edge of the engulfing membrane, which moves
in tiny finger-like projections whose formation depends on DMP and is potentiated by
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peptidoglycan synthesis (87). One model to explain the formation of these projections is that
DMP tethers the engulfing membrane to the new peptidoglycan that is synthesized ahead of
the leading edge of the engulfing membrane by forespore-associated peptidoglycan
biosynthetic machinery, and it degrades this new peptidoglycan to make room for the
engulfing membrane to advance. The limited number of DMP complexes at the leading edge
of the engulfing membrane could lead to the formation of finger-like projections (70, 87)
(Figure 5a).

The above results have led to a revised model for the movement of the mother cell
membrane around the forespore (87, 118, 162). According to this model, the coordinated
action of forespore peptidoglycan synthesis and mother cell peptidoglycan degradation at the
leading edge of the engulfing membrane might move the junction between the septum and
the lateral cell wall around the forespore, making room to accommodate the excess
membrane synthesized during engulfment (118). In this model, new peptidoglycan is
inserted ahead of the leading edge of the engulfing membrane by forespore-associated
peptidoglycan biosynthetic machinery, and it is subsequently targeted by DMP for
degradation (Figure 5a). As a consequence, septal peptidoglycan is extended around the
forespore, providing the mold to reshape the forespore into an ovoid during membrane
migration (101), and the junction between septal peptidoglycan and the lateral cell wall is
moved around the forespore to complete the phagocytosis-like process of engulfment (118).
This model proposes that cell wall remodeling drives engulfment via a relatively simple
mechanism involving conserved enzymatic activities that are deployed in a cell-specific
manner. It also accounts for the continued requirement of DMP and peptidoglycan synthesis
throughout engulfment membrane migration (1, 70, 118) and explains the directional
movement of the engulfing membrane, since the new peptidoglycan targeted by DMP is
synthesized in the forespore, ahead of the leading edge of the engulfing membrane. Of
course, many questions remain, including the mechanism by which DMP targets
peptidoglycan for degradation. We posit that the enzymes might recognize either specific
structural features of newly synthesized peptidoglycan or the junctional bonds that connect
the septal peptidoglycan to the lateral cell wall.

3.1.3 SpollQ-llIA: a zipper for the engulfing membrane—SpollQ (henceforth
referred to as Q) is a forespore-specific protein produced under the control of oF (99).
SpolllAH (henceforth referred to as AH) is encoded by the last gene of the spo///A operon,
which contains eight genes, from spo/l/AA to spoll/lAH, and is transcribed in the mother
cell from two oE-dependent promoters (69, 79). Both proteins are essential for sporulation,
as they are required for the activation of the late forespore o factor, o© (86, 158). However,
they also play a distinct role in membrane migration.

Q and AH are integral membrane proteins that localize on opposite faces of the polar septum
(in the forespore and in the mother cell membrane, respectively) and track the engulfing
membrane, forming foci distributed throughout the engulfed area (20, 40, 99, 135) (Figure
5b). The two proteins interact through their extracytoplasmic domains, forming protein
bridges across the septum (20, 40, 107). Accordingly, the localization of both proteins is
partially interdependent, suggesting that the interaction between the extracellular domains is
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important to recruit the two proteins to the septum (20, 40, 62, 132, 133). Once assembled,
Q-AH complexes are stable and do not diffuse laterally in the membranes (21).

The Q-AH complex recruits other proteins to the mother cell side of the septum that are
required for the subsequent activation of o€ and oX (40, 41, 80). Among such proteins are
the rest of the proteins encoded in the spo/l/A operon, SpolllAA through SpolllAG. Some
of these proteins are homologous to components of bacterial secretion systems, and two of
them have been shown to form homomultimeric rings in vitro (24, 41, 107, 108, 131, 182—
184). It has therefore been proposed that SpolllA proteins in the mother cell, together with
Q in the forespore, form channels connecting the two cells through which molecules
required to activate o© are transferred from the mother cell to the forespore (25, 41, 108; see
33, 114, 185 for reviews). The Q-AH complex is also required for persistent, o©-
independent forespore gene expression (25) and for the maintenance of the structural
integrity of the forespore after engulfment (41). These observations have led to the proposal
that the Q-A complex assembles channels that constitute feeding tubes through which the
mother cell nurtures the forespore by providing metabolites to maintain gene expression
(25), although such channels have not been observed directly yet. This model also assumes
that the forespore cannot synthesize enough metabolic precursors to support its own
biosynthetic activities and has to import them from the mother cell. However, this has not
been established yet, and the exact nature and function of molecules, if any, that are
transported through the putative Q-A channels are yet to be determined (Figure 5b).

Although the main function of Q-AH is probably related to the activation or maintenance of
forespore gene expression during later stages of development, Q-AH also plays a role in
engulfment membrane migration. However, the latter function depends on the culture
conditions and the genetic background. Q-AH is dispensable for engulfment when
sporulation is induced by resuspension in chemically defined medium (156), as the null
mutants are still able to complete engulfment, albeit more slowly than the wild type (21,
158). However, the complex becomes essential for membrane migration when sporulation is
induced by nutrient exhaustion (99, 141, 158) and also in sporangia with reduced DMP
activity (21). Interestingly, Q-AH is essential for engulfment in sporangia wherein the cell
wall is enzymatically removed using lysozyme and the mother cell and the forespore are
thereby transformed into spherical protoplasts (21, 117). Under these conditions, engulfment
proceeds rapidly as the cell wall is removed, completing in only a few minutes, compared to
more than an hour in native conditions (21, 118). DMP is not required for protoplast
engulfment, consistent with the model that DMP participates in peptidoglycan remodeling
and protoplasts lack peptidoglycan. Instead, protoplast engulfment appears to rely
exclusively on Q-AH and requires a minimum threshold of the Q-AH proteins to occur (21,
117). The process is independent of another protein encoded in the spo///A operon,
SpolllAG (21), which is an integral component of the Q-A complex that connects the
mother cell and the forespore (41, 131, 184), suggesting that protoplast engulfment does not
rely on the assembly of a functional channel and that the zipper-like interaction between Q
and AH is sufficient to wrap the mother cell membrane around the forespore when the cell
wall is removed. Since Q-AH complexes are stationary and do not show lateral diffusion
(21), they may serve as a ratchet to secure the mother cell membrane to the forespore,
thereby preventing backward movement. Although Q-AH complexes likely play an
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equivalent role in walled cells, they are not essential for membrane migration, because its
function may be masked by other redundant engulfment modules. First, it is possible that
DMP tethering the leading edge of the engulfing membrane to the peptidoglycan (see
Section 3.1.2) also prevents backward movement (87, 118). Second, engulfment in walled
cells requires a significantly longer time than that in protoplasts, and it entails an ~25%
increase in the membrane surface area of the mother cell (118). This excess membrane
might also contribute to membrane migration in intact, walled bacteria, by providing
additional membrane surface area that can move into the space made available around the
forespore by the action of coordinated peptidoglycan synthesis and peptidoglycan
degradation. In keeping with this hypothesis, we have recently found that membrane
synthesis is required for engulfment, although the precise role remains to be explored (101).

3.2 Engulfment Membrane Fission

Once the leading edge of the engulfing membrane reaches the forespore tip, the lipids at the
leading edge rearrange and the mother cell membrane undergoes a fission event that releases
the forespore into the mother cell cytoplasm, where it is now bounded by two membranes,
the forespore cytoplasmic membrane and the mother cell-derived outer forespore
membrane. Studies of engulfment membrane fission have been facilitated by the
development of staining techniques that allow the distinction of sporangia that have
undergone membrane fission from those that have not (39, 109, 151) (Figure 3). Two
proteins have been implicated in this process: a mother cell-specific protein called FisB (39)
and the SpolllE DNA translocase (151).

3.2.1 FisB—FisB is a bitopic protein with a large extracellular domain, produced in the
mother cell under the control of oF. fisB mutants are not impaired in engulfment membrane
migration, but the leading edges fail to fuse and release the forespore inside the mother cell
cytoplasm, indicating that the protein participates specifically in membrane fission (39). This
is further supported by the cellular localization of FisB, which forms dynamic oligomeric
foci throughout the mother cell membrane that are stabilized at the tip of the forespore upon
completion of membrane migration. In fact, FisB can also catalyze the fusion of liposomes
in vitro. The extracellular domain of FisB interacts with liposomes containing cardiolipin
(39), a cone-shaped phospholipid enriched in regions of bacterial membranes with negative
curvature, including the inner leaflet of the engulfing membrane (13, 82, 84, 110). These
results have led to the proposal that FisB might recruit cardiolipin to the positively curved
membrane at the site of membrane fission, which would destabilize the membrane due to the
conical shape of cardiolipin, leading to the reorganization of the lipids and the separation of
the mother cell and the forespore membranes (39). Although FisB is likely to play a direct
role in engulfment membrane fission, ~12% of sporangia lacking FisB are still able to
complete membrane fission, albeit slowly, and produce mature spores (39), suggesting that
additional factors contribute to membrane fission during sporulation.

3.2.2 SpolllIE—As described in Section 2.2, SpollIE is required for septal membrane
fission at the onset of sporulation (59, 98, 178). Interestingly, mutations in spo///E were
identified in a genetic screen that affected the late stages of engulfment (151), implicating it
in engulfment membrane fission as well. In fact, the SpolllE complex moves from septal
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midpoint to the forespore tip after chromosome translocation, suggesting that SpolllE might
affect engulfment membrane fission directly. However, due to the pleiotropic effects of
spolllE mutations, it is also possible that SpollIE affects engulfment membrane fission
indirectly. Firstly, soo///E deletion mutants fail to compartmentalize oF- and o&-dependent
gene expression (124, 177a), probably due to failure in septal membrane fission (59, 98,
178), which results in decreased expression of some mother cell-expressed proteins such as
FisB (39). However, there are specific mutations in spo///E that do not interfere with
compartmentalization of gene expression (98) and yet impair engulfment membrane fission,
suggesting that SpolllE may play additional roles in membrane fission. Secondly, it is
possible that the role of SpolllE-mediated chromosome translocation in inflating the
forespore (101) has an impact on membrane fission. Cryo-ET images of sporulating spo//lE
mutants show that, in the absence of chromosome translocation, an excess of membrane
accumulates around the forespore in the form of folds and invaginations of the two
membranes surrounding the forespore (101). This convoluted membrane topology might
make the progression of engulfment and membrane fission difficult, as the leading edges of
the engulfing membrane might need to travel a more convoluted pathway and thereby have
trouble in meeting at the forespore tip, by that means contributing to the engulfment defects
observed in spo/l/E mutants. However, some spo///E mutants defective in chromosome
translocation show only a mild defect in engulfment membrane fission (151, 153), indicating
that the roles of SpollIE in both processes are genetically separable. Nevertheless, further
studies are required to precisely define the function of SpollIE in engulfment membrane
fission.

In addition to FisB and SpolllE, additional factors may also contribute to membrane fission.
For example, sporulating cells treated with antibiotics inhibiting peptidoglycan synthesis at
concentrations that partially block membrane migration have a specific membrane fission
defect, indicating that peptidoglycan synthesis may also play a role in membrane fission
(109). It also remains possible that proteins required for membrane migration, such as DMP,
may play a role in membrane fission, although such roles may be occluded by their function
in membrane migration. It will be interesting to explore the roles of such proteins and of
specific lipids and fatty acids that may mediate this membrane rearrangement in the final
step of engulfment.

4 OQutlook

Sporulation studies over the last ~150 years have shed light on fundamental questions in
bacterial cell biology and have demonstrated the ability of bacterial cells to undergo
dynamic architectural transformations that were, until recently, thought to be restricted to
eukaryotes. In this review, we summarize some of the key processes and molecular players
that contribute to the dramatic cell biological remodeling of the sporangia early during B.
subtilis sporulation. The discoveries we highlight are critically dependent on decades of
accumulated knowledge about B. subtilis sporulation and the development of genetic
technologies to manipulate these cells. They are also a result of technical advancements in
optical and electron microscopy, which have provided key mechanistic insights into the
architectural transformations that occur during engulfment. Research on B. subtilis
sporulation, aided by development of new experimental technologies, will likely continue to
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contribute to our understanding of how prokaryotic cells organize and reorganize their
cellular content. The development of genetic tools that work in a wide array of organisms
will allow this research to expand beyond B. subtilis, which is only one of the many
bacterial species that form endospores. We look forward to future work in other endospore-
forming and engulfment-performing Firmicutes that will allow us to fully appreciate the
diversity of sporulation programs and to understand the evolutionary origins of the cell
biological transformations that underlie this process.
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Sidebar 1
Transcriptional regulation of B.subtilis sporulation

The B. subtilis sporulation pathway is governed by the activation of distinct
transcriptional regulators in different cell types at different developmental stages. These
control distinct programs of gene expression that coordinate the cellular changes
associated with the development of the spore (indicated in Figure 1) (reviewed in 46, 51,
75). In vegetative cells, before polar septation, the stationary phase—specific o factor, o,
and the phosphorelay response regulator, Spo0OA, regulate the expression of genes that
control sporulation initiation (reviewed in 76, 111). After polar septation, o™ becomes
active in the forespore, followed by oF in the mother cell. These two o factors control the
expression of genes that are important for engulfment and for paving subsequent steps of
forespore development. After engulfment, o becomes active in the forespore and,
finally, oK in the mother cell, leading to the expression of genes involved in the
maturation of the spore and the lysis of the mother cell. Together, the cell-specific o
factors control the transcription of more than 500 genes (46, 48, 168), most of which are
sporulation specific and not transcribed in vegetative cells.
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Sidebar 2
Nomenclature of sporulation loci

Loci important for sporulation were originally designated as spo0, spoll, spolll, etc.,
based on the morphological stage blocked in strains containing mutations in them,
determined using electron microscopy (138). For instance, mutations in spo// loci block
sporulation in stage Il (before engulfment completion), and the designations A, B, C, etc.,
within each category correspond to different genetic loci. In some cases, it was later
discovered that a sporulation locus consisted of an operon containing several genes. A
second letter was then used to distinguish the different genes within the operon (e.g.,
SpollAA, spollAB).
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Sidebar 3
Early visualization studies of sporulation

Early observations of spore-forming bacteria via light microscopy by Cohn (31) and
Koch (90) led to the conclusion that endospores assembled within the cytoplasm of
another cell. This led to an ongoing debate about the mechanism of endospore assembly
that was not resolved until the second half of the twentieth century, when the first
evidence of engulfment was provided by electron microscopy images of fixed sporulating
cells of different Bacillus and Clostridium species (57, 58, 136, 180, 181). At the same
time, researchers visualized structures called mesosomes in ultrathin sections of several
Bacillus species. These structures appeared close to the cytoplasmic membrane as
invaginations and were thought to be involved in septum formation and engulfment
during membrane migration (11, 36, 49, 57, 137). In fact, at that time, mesosomes were
thought of as entities inherent to gram-positive bacteria with roles in DNA segregation,
membrane synthesis, and endospore formation. However, later it was shown that
mesosomes are artifacts formed due to chemical fixatives used for sample preparation, as
they are not detected in cells processed using cryofixation and freeze substitution
methods that preserve the native cellular structures (45).
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Sidebar 4
Forespore expression of SpollP

In addition to being expressed in the mother cell, spo//Pis also expressed in the forespore
due to readthrough transcription from the upstream gene (44) gpr, which is transcribed
from a promoter controlled by both oF and o© (159). However, only spo//P expression in
the mother cell is required for engulfment membrane migration, as indicated by the
observations that forespore-specific gene expression is dispensable for engulfment (158)
and that the mother cell spo//P expression alone from an ectopic locus suffices for the
successful completion of engulfment (1). However, expression of spo//Pin the forespore
seems to be required for the developmental commitment of this cell (44), an event that
occurs shortly after polar septation, when the forespore can no longer resume growth
even if excess nutrients are provided (119). The developmental commitment of the
forespore depends on the activation of o™ and, more specifically, on the forespore-
specific protein SpollQ, and on the forespore expression of spo//P (44). The mechanisms
by which SpollQ and SpollP control commitment are, however, not understood.
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Terms and Definitions

Peptidoglycan: a semirigid mesh-like structure outside the cytoplasmic membrane,
consisting of glycan strands cross-linked by peptide bridges.

Deconvolution microscopy: a technique that improves the contrast and resolution in
optical microscopy images by removing out-of-focus light (140).

Cryo-electron tomography: a technique to image frozen-hydrated cells in native state in
three-dimension at a resolution of a few nanometers.

Cryo-focused-ion beam milling: a technique to make thin slices of biological specimens
suitable for cryo-electron tomography using gallium ions.

Membrane fusion assay: an assay to distinguish between fully engulfed sporangia from
those that are still undergoing membrane migration (151).

Time lapse imaging: Sequential recording of images of living specimen at fixed intervals
to get temporal information about a process.

Photo-activated localization microscopy: a superresolution microscopy technique that
uses photoactivable fluorophores to resolve spatial information of molecules to ~20 nm.

Single particle cryo-electron microscopy: a technique to get three-dimensional
reconstruction of a purified macromolecule at near-atomic resolution.
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Figure 1.
Sporulation in B. subtilis. Schematic representation of key architectural transformations

during sporulation. Membranes (red), peptidoglycan (gray), DNA (dark blue), SpollIE (/ight
blue), cortex (/ight brown), and coat (dark brown) are indicated. The different sporulation
stages are as follows (136) (see the sidebar titled ‘Nomenclature of sporulation loci’): Stage

| is the formation of the axial DNA filament. Stage 11 marks the formation of the polar
septum, creating the smaller forespore and the larger mother cell. More recently, stage Il has
been categorized to distinguish sporulating cells with flat (stage 11;), curved (stage Il;;, not
shown), and engulfing (stage Il;j;) septa. During stage I, the forespore chromosome (b/ue) is
translocated to the forespore by SpollIE (/ight blue). Stage 111 marks completion of
engulfment of the forespore by the mother cell. Stage 1V is characterized by the assembly of
the cortex between the membranes of the engulfed forespore and stage V by the formation of
the spore coat. In stage VI, the forespore becomes resistant to heat, and in stage VII, the
mother cell lyses to release the dormant spore to the environment. The spores can germinate
to produce vegetative cells when reexposed to nutrient-rich conditions. Abbreviations: fs,
forespore; mc, mother cell.
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Figure 2.
Different stages of sporulation as visualized by cryo-FIB (focused ion beam) microscopy—

coupled cryo—-electron tomography. Slices through high-resolution tomograms of cryo-FIB-
milled B. subtilis sporangia during different stages of spore formation as outlined in Figure
1. () A sporangium with a nascent polar septum being formed. (6,¢) Sporangia with flat and
engulfing septa. (d) A sporangium with a fully engulfed forespore. (€) A sporangium with
developing coat and cortex. (f A mature spore. Scale bars represent 200 nm. See Reference
87 for materials and methods. Panels 6 and care reproduced from Reference 87.
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Figure 3.

Timeline of key imaging techniques to study B. subtilis sporulation. (&) Thin-section EM
micrograph of fixed B. subtilis sporangium. C indicates the cell membrane surrounding the
endospore. Reproduced from Reference 136 () Immuno-EM micrograph of fixed B. subtilis
sporangium treated with anti-SASP-a/p antibody. C and N indicate spore cortex and
forespore nucleoid respectively. Reproduced with permission from Reference 60. (¢)
Fluorescence micrograph of B. subtilis sporangia wherein the DNA is stained with 4”,6-
diaminodino-2-phenylindole (DAPI), with a forespore chromosome indicated by the white
arrow. Reproduced with permission from Reference 145. (d) Fluorescence micrograph of B.
subtilis sporangia indicating the localization of the coat protein CotE tagged with GFP.
Reproduced with permission from Reference 170. (¢) Immunofluorescence micrograph of B.
subtilis sporangia wherein the coat protein SpolVA is localized with Cy3-labeled secondary
antibodies (red) and CotE with fluorescein-labeled secondary antibodies (green). The arrows
indicate misassembled examples of CotE and SpolVVA. Reproduced with permission from
Reference 123. (#) Fluorescence micrographs of B. subtilis at different stages of sporulation,
showing a medial focal plane after optical sectioning, deconvolution microscopy (140).
Membranes are stained with FM4-64 (red) and MitoTracker Green (MTG) (green) to
distinguish cells that have completed membrane fusion (Arrow 4) from those that have not
(Arrows 1-3). Adapted from Reference 151. (g) Time-lapse images of a B. subtilis
sporangium after optical sectioning; deconvolution microscopy showing different stages of
engulfment. Membranes are stained with FM4-64. The arrowhead points to a partial septum
being formed in the mother cell. Reproduced with permission from Reference 122. (#)
PALM image of B. subtilis sporangium showing SpolllE assembling during cell division
(59). PALM images of SpollIE-tDEOS in (ii) were overlaid with FM 5-95 stained
membranes (gray) in (i) to indicate localization of SpollIE at dividing sporulation septum.
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(iii) indicates the enlarged PALM image of the inset in (ii); subsequent imaging making use
of a mutant with thicker septal peptidoglycan was able to demonstrate that the SpolllE
subcomplex is present in both the forespore and the mother cell (178). (4) Cryo-ET image of
a skinny ponA mutant sporangium of B. subtilis. S indicates spore, and M indicates mother
cell. The inset represents a zoomed-in view of the black square with the forespore and the
mother cell membranes shown in blue and red dots indicating the peptidoglycan sandwiched
between them. Adapted with permission from Reference 162. () Single-particle cryo-EM
reconstruction of B. subtilis Spoll1AG, a component of the putative Q-A channel, at 3.5 A
resolution. Reproduced with permission from Reference 184. (k) Annotated image of B.
subtilis sporangium obtained via cryo-ET coupled with cryo-FIB milling. The forespore
membrane (p/nk), the mother cell membrane (magenta), peptidoglycan (peach), and
ribosomes (b/ue) are highlighted. Adapted from Reference 87. Abbreviations: EM, electron
microscopy; ET, electron tomography; FIB, focused-ion beam; GFP, green fluorescent
protein; PALM, photoactivated localization microscopy.

Annu Rev Microbiol. Author manuscript; available in PMC 2021 September 08.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Khanna et al.

Page 33

a b C
Vegetative Polar septation Chromosome translocation
growth
)
[ <
e
1
|
'~'—"| 2 Inhibition of
/A
SpolIDMP
MciZz
SpolllIE™
SpolllE™
Figure 4.

Key processes mediating cellular dynamics prior to engulfment. Membranes (red) and
peptidoglycan (gray) are indicated. (&) During vegetative growth, FtsZ (or Z-rings, green)
localize uniformly around the leading edge of the invaginating medial septum, and (6, /ef?)
during sporulation, they localize only on the mother cell side of the invaginating septum (K.
Khanna, unpublished). The thicknesses of both the medial (a) and the polar septa (b) are
indicated. The number of Z-rings during vegetative growth is almost twice the number
during sporulation (K. Khanna, unpublished). (b, righ) After the completion of the first
septum, the formation of additional septa is inhibited by combined action of SpolIDMP
(vellow) and MciZ (cyan) (47, 71, 122). (¢) SpolllE (red-and-green circle) at the middle of
the septum mediates the translocation of the forespore chromosome (b/ug) from the mother
cell to the forespore (173). (/nse?) The paired SpollIE channel showing the assembly of four
hexamers (178), two each in the forespore (red) and in the mother cell (greer), with only the
mother cell complexes being active to export the chromosome to the forespore.
Abbreviations: fs, forespore; mc, mother cell; PG, peptidoglycan.
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Figure5.

Key processes mediating cellular dynamics during engulfment. Membranes (red) and

peptidoglycan (gray) are indicated. () Model of membrane migration based on the

coordinated action of peptidoglycan degradation by DMP (complex of SpolID, SpollM, and
SpollP proteins, yellow) on the mother cell side and peptidoglycan synthesis by enzymes
(dark green) on the forespore side. (/ /i) Zoomed-in view of the leading edge wherein new

peptidoglycan (/ight green) is synthesized by peptidoglycan synthases (dark green)

that track

the leading edge of the engulfing membrane from the forespore, and bonds between the old
septal peptidoglycan (/ight gray) and lateral peptidoglycan (dark gray) are hydrolyzed by
DMP (yellow) on the mother cell side, providing room for membrane migration (118),
indicated by a maroon arrow in subpanel 7. (#/7) The mother cell membrane migrates in
finger-like projections (87) that might emerge by tethering of the mother cell membrane by a
limited number of DMP complexes to peptidoglycan synthesized above. (6) Arrangement of
Q-AH zipper as discrete loci distributed throughout the engulfing membrane. Inset shows Q
(pink, on the forespore side) and AH (orange, on the mother cell side) interacting in a
zipper-like fashion. AA-AG proteins (/ight orange) are recruited to the complex via AH on
the mother cell side. The complex may comprise a channel that mediates the transport of
certain metabolites (b/ue) from the mother cell to the forespore. Abbreviations: fs, forespore;

mc, mother cell; PG, peptidoglycan.
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