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EPIGRAPH

“The word cryo has cry in it for a reason.”

- Elizabeth Villa to me (Origin: Jaochim Frank?)

“It is very easy to answer many of these fundamental biological questions; you just look at the
thing””

- Richard Feynman

“Science knows no country, because knowledge belongs to humanity, and is the torch which
illuminates the world.”

- Louis Pasteur
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ABSTRACT OF THE DISSERTATION

The Molecular Architecture of Spore Morphogenesis in Bacillus subtilis

by

Kanika Khanna

Doctor of Philosophy in Biology

University of California San Diego, 2020

Professor Elizabeth Villa, Chair
Professor Joe Pogliano, Co-chair

Many cellular processes in bacteria transpire at a scale of ~1-2 ym that are difficult to

study by optical microscopy alone due to limitations imposed by diffraction properties of light.

Hence, visualization of cellular structures at a high spatial resolution in the native cellular milieu
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in bacteria is a poorly explored field. My thesis aims to study the process of sporulation in a Gram-

positive bacterium, Bacillus subtilis. During conditions of nutrient deprivation, B. subtills

undergoes a developmental pathway that culminates in the production of two cells with different

sizes and fates, the smaller forespore and the larger mother cell. | have studied different stages

of sporulation in B. subtilis using novel modalities in the field of cryo-electron microscopy, namely

cryo-focused ion beam milling coupled with cryo-electron tomography (or cryo-FIB-ET). Cryo-FIB-

ET allows visualization of macromolecules inside the cell at a resolution of a few nanometers.

Using this technique, | have elucidated important principles governing the following processes

during sporulation:

(1)

Polar cell division: We demonstrate that FtsAZ filaments, the major orchestrator of cell
division in bacteria are localized uniformly around the leading edge of the invaginating
septum during vegetative growth but present only on the mother cell side during
sporulation, a process mediated by a sporulation-specific protein, SpollE. This asymmetry
in divisome localization during sporulation dictates not only the septal thickness but also
the diverse fate of the two daughter cells.

Engulfment: We study the role of cell wall remodeling and chromosome translocation
during engulfment. We show that the mother cell membrane migrates in finger-like
projections around the forespore due to uneven cell wall degradation. We also show that
the turgor pressure generated by the forespore chromosome inflates the forespore and
helps it maintain its well-rounded shape. These studies have thrown light on
spatiotemporal regulation of important complexes dictate architectural transformations
during engulfment.

Overall, our studies have added more cases to support the observation that several

complex traits to regulate critical cellular processes like division, cell migration, DNA dynamics,

cell shape etc. that were previously thought to be a characteristic of only eukaryotes are also
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present in prokaryotes and that cryo-FIB-ET will likely be the tool of the future to probe these and

other processes at a molecular detail.
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Chapter 1: Introduction

1.1 Summary

Bacillus subtilis, a Gram-positive bacterium undergoes the developmental pathway of
sporulation under starvation conditions that culminates in the production of dormant and hardy
endospores. Upon initiation of sporulation, the division site shifts from medial to polar site to give
rise to cell types with unequal sizes and fates, the smaller forespore that is subsequently engulfed
by the larger mother cell. Following engulfment, the forespore matures by developing protective
coat and cortex layers and the mother cell eventually lyses. The endospores have the ability to
germinate upon availability of nutrients and reinitiate the process of medial cell division. Although
a lot of work has been to elucidate the genetic and biochemical basis of gene regulation during
sporulation, little is known about the molecular players that mediate the architectural
transformation of the forespore to a mature spore. My thesis aims to elaborate the role of key
players that mediate the process of engulfment of the forespore by the mother cell, including those
involved in cell division, cell wall remodeling and chromosome translocation from the mother cell

to the forespore using novel techniques in the field of cryo-electron microscopy.



1.2 Introduction

The advent of electron microscopy (EM) in the 1940s propelled the field of cell biology,
leading to the discovery of many eukaryotic organelles. At the same time, bacteria were
considered “sac of enzymes” with random distribution of DNA and proteins. The early days of EM
revealed the presence of a lipid bilayer in the cell envelope, external surface layers and
appendages in bacteria (Beveridge, 1999; Beveridge and Graham, 1991; Jonson et al., 2005;
Lawn, 1967; THORNLEY and HORNE, 1962). In the 1990s, application of green fluorescent
protein (GFP) ushered in a new era of bacterial cell biology when it became largely recognized
that bacteria are highly organized and display more similarities to eukaryotes than previously
thought, for instance, directed protein movement and spatial localization, chromosome
segregation and cell-cell interaction (Fu et al., 2001; Jones et al., 2001; Rudner and Losick, 2010;
Southward and Surette, 2002; Visick and Fuqua, 2005; Webb et al., 1998).

However, the above techniques alone are unable to provide a complete picture of the
biological phenomenon at the molecular scale. Fluorescence microscopy (FM) suffers from the
drawback that complexes that lie closer than 200 nm cannot be resolved spatially owing to the
diffraction properties of light (Abbe, 1873). Since the mid 2000s, technical innovations in the field
have pushed this limit to ~20 nm, commencing the generation of super-resolution microscopy
techniques (Baddeley and Bewersdorf, 2018). On the other hand, methods employed for
“traditional” EM relied on plastic embedding, heavy staining, dehydration and chemical fixation of
biological specimens (Winey et al., 2014). Such harsh treatments can affect the integrity of the
sample and/or introduce artifacts in imaging. Hence, important biological context is often missing
or misrepresented.

Recent technological and image processing advances place cryo-electron microscopy
(cryo-EM) methods in a unique position to image cells in a frozen-hydrated state that reveals the
structure and organization of macromolecules in their native cellular context (Bai et al., 2015;

Milne and Subramaniam, 2009). Specifically, cryo-electron tomography (cryo-ET) provides three-



dimensional (3D) views of thin biological specimens at a high resolution of a few nanometers (~
4 nm) (Baumeister, 2002; Briggs, 2013; Milne and Subramaniam, 2009). This method is
specifically crucial to decode the cellular biology of tiny bacteria as many bacterial cellular
processes transpire at a scale of <1-2 um that are difficult to resolve at a high spatial resolution
using light microscopy alone. Hence, cryo-ET has the potential to become the method of choice
for bacterial cell biology. Not only does it have the potential to solve structures inside the cell but
also to reveal qualitative as well as quantitative aspects of spatial and temporal regulation of
bacterial cellular processes by providing contextual information about the macromolecule being
investigated. These studies are particularly relevant today in an era of increasing antibiotic
resistance and to understand how bacteria interact with their hosts to influence their health.

My thesis aims to elaborate studies of cellular processes in bacteria that have benefitted
by the application of cryo-electron tomography (cryo-ET) in complementation with FM, genetics,
biochemical techniques and biophysical modeling to provide a comprehensive understanding of
cellular processes during sporulation in B. subtilis. Certain Gram-positive bacteria belonging to
the genera Bacilli and Clostridia have the ability to produce metabolically dormant cells called
spores under conditions of nutrient deprivation. This process of sporulation leads to profound
changes in the cellular architecture from two cells that lie side by side to a cell within a cell. Most
of our current understanding of the mechanistic basis of cellular differentiation during
sporulation stems from studies conducted in the model bacterium Bacillus subtilis (Higgins and
Dworkin, 2012; Tan and Ramamurthi, 2014). The first key morphological event is the shift in the
division site from medial to polar position that leads to the formation of two daughter cells of
unequal sizes: the smaller cell called the forespore and the larger cell called the mother cell. The
forespore is then encased inside the mother cell in a process known as engulfment which is the
hallmark of endospore formation and the only example to date of phagocytosis performed by a
bacterial cell. Later, the mother cell lyses and the spore, protected by cortex and coat gains

resistance to any environmental assaults including radiation damage, antibiotics, desiccation etc.



These spores can remain dormant for years but have the ability to germinate into vegetative cells
when subjected to nutrient-rich conditions.

The entire process of sporulation involves a complex interplay among distinct molecular
mechanisms, including cell-specific gene expression, remodeling of cellular envelope,
chromosome dynamics and protein localization, leading to transformation of the cellular
landscape. In this review, we will focus on specific steps involved in the architectural
transformation of a vegetative cell to a spore with a specific focus on engulfment and describe
the key experimental approaches that have proven valuable in these studies. Considering the
scope of this article, we refer the readers to other comprehensive reviews discussing sporulation
gene regulation (Higgins and Dworkin, 2012; Hoch, 2017; Lopez et al., 2009; Piggot and Hilbert,
2004), asymmetric cell division event (Barak et al., 2019), assembly of cortex, coat and surface
layers during later stages of spore formation (A. Driks, 2002; Adam Driks, 2002; Henriques and
Moran, Jr., 2007; Mckenney et al., 2013; “The Spore Coat,” 2016) and spore germination (Setlow,

2014; Setlow et al., 2017).

1.3 Chromosome dynamics

At the onset of sporulation in B. subtilis, the replicated chromosomes (~4.2 Mbp each) are
remodeled into an elongated axial filament with origins of replication anchored to the cell poles
and termini at the mid cell (Kay and Warren, 1968; Pogliano et al., 2002; Ryter, 1965). This results
in uneven distribution of the forespore chromosome upon formation of the polar septum such that
only one-third of the origin-proximal part of the chromosome is present in the forespore (Wu and
Errington, 1998, 1994). A DNA translocase called SpolllE then actively transports the remaining
two-thirds of the forespore chromosome from the mother cell into the forespore (Bath et al., 2000;
Massey et al., 2006; Wu and Errington, 1997). The N-terminal membrane-spanning domain of
SpolllE anchors SpolllE to the septal membrane while the cytoplasmic C-terminal domain with

ATPase activity serves to translocate ~3 Mbp of DNA in ~15 minutes (Bath et al., 2000; Burton et



al., 2007; Ptacin et al., 2008). Structural studies suggest that SpolllE belongs to FtsK family of
translocases which crystallize as a hexameric ring with a ~3 nm central channel that can
accommodate only one dsDNA and not the proteins bound to DNA (Aussel et al., 2002; Donachie,
2002; Errington et al., 2001; Yu et al., 1998). Marquis et al. later demonstrated that SpolllE can
strip off DNA-binding proteins during translocation such that it delivers mostly naked DNA into the
forespore compartment (Marquis et al., 2008). The authors argue that this may be a critical step
in regulating compartment-specific gene expression by restricting transcription factors in the
mother cell from entering into the forespore during DNA translocation (Marquis et al., 2008).
How does SpolllE assemble at the septum to translocate DNA? One of the models
proposes the formation of an aqueous DNA-conducting pore via interactions between the
divisome and membrane-spanning domain of SpolllE before the polar septum is completely
formed (Fiche et al., 2013; Wu and Errington, 1997). Another model proposes that SpolllE can
form paired channels that traverses the two opposing forespore and mother cell membranes
(Burton et al., 2007; Fleming et al., 2010; Liu et al., 2006). Recently, Shin et al. showed using
quantitative PALM experiments that SpolllE forms at least two subcomplexes each in the
forespore and the mother cell with approximately equal number of molecules on each side (Shin
et al., 2015). These results provide credence to the latter model in which both the arms of the
chromosome are transported simultaneously across two lipid bilayers by coaxially paired
channels formed by SpolllE molecules rather than being translocated through an aqueous pore.
However, in normal conditions DNA is transported strictly in one direction, from the mother cell to
the forespore. The observation that SpolllE can transport DNA out of the forespore when
expressed only in the forespore led to the conclusion that SpolllE can be active in any of the
compartments (Shin et al., 2015). Further studies identified that the y domain of the C-terminus
of SpolllE specifically recognizes certain polarized octamer sequences (GAGAAGGG) in B.
subtilis chromosome, termed SpolllE recognition sequences (or SRS for short) which help

establish active translocase complexes only in the mother cell to pump the DNA into the forespore



(Ptacin et al., 2008). In a mutant lacking the y domain, SpolllE could pump the DNA in either
direction, both into and out of the forespore (Ptacin et al., 2008).

More recently, Lopez-Garrido et al demonstrated that SpolllE-mediated chromosome
translocation also plays a pivotal role in reshaping the forespore during engulfment (Lopez-
Garrido et al., 2018). Using a combination of genetics, biophysical modeling and high-resolution
imaging we showed that chromosome translocation is essential to sustain the growth in the
forespore (Lopez-Garrido et al., 2018). Interestingly, forespore growth is not dependent on
expression of genes that are initially excluded from the forespore when the forespore
chromosome is interrupted by the polar septum. Rather, packing the ~4.2 Mbp long, negatively
charged DNA into the small volume of the forespore generates an increased osmotic pressure in
the forespore relative to the mother cell (Ap = ~ 20-80 kPa), mainly by sequestering water and
counterions that swell the forespore chromosome. This increased osmotic pressure leads to
stretching of the septal PG, allowing the newly synthesized membrane to adopt an optimal
conformation as it encloses and reshapes the forespore because in the absence of this differential
pressure, excess membrane accumulated at the mother cell distal tip or elsewhere in the

forespore in SpolllEA™

sporangia (Lopez-Garrido et al., 2018). Together, this study provided the
first evidence for an architectural role of DNA in mediating the transformation of the forespore

from a hemisphere at polar septation to an ovoid at the completion of engulfment.

1.4. Engulfment
1.4.1 Cell wall remodeling

Genetic studies of sporulation resulted in the identification of three proteins that are
essential for engulfment: SpollD, SpollIM and SpollP (henceforth referred to as D, M and P for
simplicity) that are conserved across all endospore-forming bacteria (Frandsen and Stragier,
1995; Lopez-Diaz et al., 1986; Smith et al., 1993). Strains mutant in D, P or M revealed a

characteristic “bulge” phenotype wherein the forespore appeared to push into the mother cell



through the middle of the septum. All the three genes are under the control of of regulon and are
expressed only in the mother cell and together they form a complex SpolIDMP (or DMP) which
has PG degradation capability (Abanes-De Mello et al., 2002; Aung et al., 2007; Chastanet and
Losick, 2007; Morlot et al., 2010).

D and P are single pass transmembrane proteins with a hydrophobic N-terminal for
membrane anchoring and large extracellular domains with PG hydrolyzing activities (Abanes-De
Mello et al., 2002; Aung et al., 2007; Chastanet and Losick, 2007; Frandsen and Stragier, 1995;
Holland et al., 1987; Lopez-Diaz et al., 1986; Morlot et al., 2010). The amino acid sequence of D
displays homology to LytB, another B. subtilis protein that regulates the activity of a major
vegetative cell wall hydrolase with amidase activity (Blackman et al., 1998; Kuroda et al., 1992;
Lopez-Diaz et al., 1986). Later biochemical studies demonstrated that D belonged to the family
of lytic transglycosylases that degraded glycan strands of PG into disaccharide units (Abanes-De
Mello et al., 2002; Morlot et al., 2010). P shares weak sequence homology to amidases belonging
to LytC family and in vitro experiments suggested that P had both amidase and endopeptidase
activities (Chastanet and Losick, 2007; Morlot et al., 2010). Hence, P can remove both stem
peptides from PG as well as cleave cross-links between them. Morlot et al. further showed that D
can cleave glycan strands only after the removal of stem peptides by P (termed as “denuded”
glycan strands) and that D enhances the enzymatic activity of P (Morlot et al., 2010). So far, the
amino acid sequence of M does not show homology to any known sequences in the database.
Although its function is still unclear, M with its predicted five transmembrane segments, was found
to serve as a scaffold for the assembly of the DMP complex (Aung et al., 2007; Chastanet and
Losick, 2007). Together, these studies demonstrated that DMP was a highly concerted and
processive PG degradation complex with D and P having complementary and sequential PG
hydrolyzing activities and M serving as an anchor protein (Abanes-De Mello et al., 2002; Aung et

al., 2007; Chastanet and Losick, 2007; Morlot et al., 2010).



Green fluorescent protein (GFP) fusions of D, M and P showed that all three proteins
initially localized at the middle of the polar septum and were subsequently enriched at the leading
edge of the engulfing mother cell membrane and remained there till the completion of engulfment
(Abanes-De Mello et al., 2002). Further studies suggested that the assembly of DMP at the septal
membrane follows a hierarchical pattern: M followed by P, followed by D (Aung et al., 2007;
Chastanet and Losick, 2007). Simultaneously, these studies also established the role of SpollB
(or B), another sporulation-specific protein during engulfment (Aung et al., 2007; Chastanet and
Losick, 2007; Margolis et al., 1993; Perez et al., 2000). These studies showed that B served as a
signal to recruit M to the septal membrane which then subsequently localized P and D to form the
DMP complex (Aung et al., 2007; Chastanet and Losick, 2007). B localizes in a manner similar to
DMP, moving around the forespore at the leading edge of the engulfing membrane. In the
absence of B, cells were still able to complete engulfment, but more slowly as compared to wild
type via an independent pathway dependent on the Q-AH zipper (discussed in section 1.3.2) to
recruit DMP to the septum (Aung et al., 2007; Perez et al., 2000).

In order for the engulfing mother cell membrane to migrate around the forespore, it must
overcome the steric block posed by the septal PG. Combined with earlier EM studies of thin
sections of B. subtilis showing that engulfment-defective mutants had thicker septa than wild type
sporangia, it was thought that DMP was required for the complete dissolution of the septal PG so
that the mother cell membrane could migrate around the forespore (Chastanet and Losick, 2007;
llling and Errington, 1991a; Perez et al., 2000). This process, often referred to as “septal thinning”
was backed up by the robust PG hydrolyzing activities of D and P (Abanes-De Mello et al., 2002;
Aung et al., 2007; Chastanet and Losick, 2007; Morlot et al., 2010). However, visualization of the
septum using recent high-resolution imaging technique of cryo-electron tomography (cryo-ET)
(Khanna et al., 2019; Lopez-Garrido et al., 2018; Tocheva et al., 2013) challenged this idea by
revealing the presence of a thin layer of peptidoglycan between the forespore and the mother cell

membranes during all stages of engulfment, as opposed to the previous idea that the septum was



devoid of any PG, that was highly likely a result of fixed EM sample preparation techniques. Our
cryo-ET data suggested that the septa were only uniformly and slightly thinned during the
morphological change from flat to curved septa which could in part be regulated by the osmotic
pressure generated in the forespore by SpolllE-mediated chromosome translocation (Khanna et
al., 2019; Lopez-Garrido et al., 2018). Instead, DMP seemed to relocalize PG synthases from the
middle of the septum to the leading edges during engulfment, since in the absence of DMP, the
septum was considerably thicker than wild type and several penicillin-binding proteins (PBPs)
retained their localization within the septum (Khanna et al., 2019).

Meyer et al. and Ojkic et al. further showed that PG synthesis is essential for engulfment
as when sporulating cells are treated with antibiotics that block PG synthesis, DMP is mislocalized
and leading edge of the mother cell membrane does not migrate forward (Meyer et al., 2010; Ojkic
et al., 2016). Majority of PG synthases including endopeptidases, carboxipeptidases,
transpeptidases and MreB paralogues tracked the leading edge of the engulfing membrane when
produced exclusively in the forespore (Ojkic et al., 2016). Together, these findings suggested that
PG synthesis happens ahead of the leading edge of the migrating mother cell membrane and
precedes PG degradation by mother-cell specific DMP. Biophysical modeling proposed a “make-
before-break” model wherein coordination between PG insertion from the forespore and PG
removal by DMP in the mother cell could move the junction between the septal PG and the lateral
PG around the forespore by making room for the migrating mother cell membrane (Ojkic et al.,
2016). This simple model proposes that cell wall remodeling during engulfment relies on entropic
forces contributed by bond hydrolysis during PG synthesis and degradation rather than pulling or
pushing forces for membrane migration. High-resolution cryo-ET images also showed that the
mother cell membrane migrates around the forespore in tiny finger-like projections which are
formed due to uneven degradation of PG ahead of the engulfing membrane by limited number of

DMP complexes (Khanna et al., 2019). Hence, cell wall remodeling is a critical driver of



engulfment which is mediated by coordinating the activities of proteins involved in degradation
and synthesis of PG in space and time.
1.4.2 SpollQ-llIA

The second set of proteins that play an important role in engulfment and spore formation
consists of SpollQ (or Q), a protein encoded by the forespore and SpolllAA-AH (or AA-AH or A
to include all 8 proteins), a set of eight proteins encoded by spolllA operon in the mother cell
(IMing and Errington, 1991b; Kellner et al., 1996; Londofo-Vallejo et al., 1997). These proteins are
conserved in all endospore-forming bacteria (Morlot and Rodrigues, 2018; Stragier, 2014). Q is
an integral membrane protein with homology to Staphylococcus aureus LytM, a
metalloendopeptidase but it has a degenerate active site and lacks a critical histidine residue to
bind Zn** required for its endopeptidase activity (V. M. Levdikov et al., 2012; Meisner et al., 2012;
Meisner and Moran, 2011). Many proteins encoded by the spolllA operon display sequence and
structural similarity to different components of bacterial secretion systems (specifically type I, 11l
and IV or TnSS where n=2,3,4) found in Gram-negative bacteria that are involved in the transport
of various substrates including DNA, protein and metabolites across bacterial cell envelope, with
AF-AH being homologous to ring-building motifs (RBM) and AA to ATPases of bacterial secretion
system (Blaylock et al., 2004; Camp and Losick, 2008; Doan et al., 2009; Johnson et al., 2006;
V. M. Levdikov et al., 2012; Meisner et al., 2012, 2008; Rodrigues et al., 2016a; Zeytuni et al.,
2017a).

Both Q and A are necessary for the activation of the late forespore transcription factor, o®
and in the absence of any of these proteins, the forespores collapse with severe membrane
deformities (Blaylock et al., 2004; Broder and Pogliano, 2006; Londofo-Vallejo et al., 1997; Rubio
and Pogliano, 2004; Sun et al., 2000). Although both Q and A are essential for spore production,
they are essential for engulfment only under certain conditions. When sporulation is induced by
resuspension in null mutant of spollQ or spolllAH, cells are still able to complete engulfment but

the speed with which the mother cell membrane migrates around the forespore decreases
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compared to wild type (Sun et al., 2000). However, when sporulation is induced by nutrient
exhaustion, the null mutants fail to complete engulfment and eventually lyse (Londofio-Vallejo et
al., 1997; Sun et al., 2000). The function of Q-A is short-lived and at the completion of engulfment,
Q-A is quickly degraded by SpolVB serine protease produced in the forespore upon o activation
(Chiba et al., 2007; Jiang et al., 2005).

Early studies demonstrated that Q initially localizes to the septum and then spreads
throughout the forespore membrane, displaying membrane-localized punctate pattern near the
completion of engulfment (Londofio-Vallejo et al., 1997; Rubio and Pogliano, 2004). It has been
proposed that a zipper-like interaction between the extracellular domains of Q in the forespore
and AH in the mother cell across the septum help immobilize both the proteins in the septal
membrane (Blaylock et al., 2004). Further protein localization and biochemical studies
demonstrated that AH localizes in a similar manner as Q and that its localization is dependent on
Q (Blaylock et al., 2004). The Q-AH complex can also provide an alternate route for engulfment
completion under certain conditions. In the absence of SpollB (or B), Q-AH becomes essential
for engulfment as it targets DMP to the septum via SpolVFAB, a mother cell protein complex that
is recruited to the membrane by AH (Aung et al., 2007; Jiang et al., 2005). In the absence of both
B and SpolVFAB, membrane migration is completely blocked (Aung et al., 2007). The Q-AH
ratchet is also essential for engulfment in strains with reduced DMP activity and in cells wherein
the peptidoglycan cell wall has been enzymatically removed to produce nascent protoplasts
(Broder and Pogliano, 2006; Ojkic et al., 2014). Surprisingly, engulfment in protoplasts proceeds
rapidly in ~5-20 min compared to ~45 minute in wild type and DMP is not essential for this process
(Ojkic et al., 2014). Photobleaching analysis also demonstrated that SpollQ is stationary during
engulfment and resists backward movement of the engulfing mother cell membrane. These
studies provided evidence for a ratchet-like mechanism of operation of Q-AH complex that

renders forward membrane movement irreversible (Broder and Pogliano, 2006).
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More recent studies have suggested that Q-A could have evolved as a specialized
bacterial secretion system. Using a compartmentalized biotinylation assay, Meisner et al. showed
that Q and AH formed a “conduit” between the mother cell and the forespore which is open on
the forespore side and gated on the mother cell side and could play an important role in mother
cell-forespore communication (Meisner et al., 2008). Although the exact nature of substrate(s), if
any, transported by the Q-A channel remains unknown, a working model has been proposed
wherein the channel acts as a “feeding tube” that supports the forespore development through
substrates provided by the mother cell (Camp and Losick, 2009; Serrano et al., 2016). In support
of this, the Q-A complex mutants have a collapsed forespore and are unable to support any
transcription in the forespore which may suggest possible translocation of small molecules or ions
from the mother cell into the forespore that may be necessary to maintain the physiology and
structural integrity of the forespore (Doan et al., 2009). These studies also provided evidence that
Q and AH seem to comprise the platform of the channel onto which other proteins of the spolllA
operon are thought to assemble although we do not fully understand the specific contribution of
these proteins in structural determination or regulation of the channel assembly.

Recent structural studies have provided credence to the theory that the Q-A complex
resembles specialized bacterial secretion systems. A ~3.5 A resolution structure of SpolllAG was
determined using single particle cryo-EM demonstrating that it oligomerized as a 30-mer
symmetric complex resembling a “cup-and-saucer” architecture with an inner vertical B-barrel, a
middle planar B-ring and an outer ring formed by repeats of a ring-building motif (RBM) with
architectural similarity to bacterial T2SS and T3SS (Rodrigues et al., 2016a; Zeytuni et al., 2017b).
The diameter of the hollow inner ring formed by the B-barrel corresponding to the channel
diameter is ~7.5 nm. The crystal structure of three other proteins of the spolllA operon, namely,
SpolllAB, SpolllAF and SpolllAH also demonstrated the presence of the conserved RBM of
bacterial secretion systems (Vladimir M. Levdikov et al., 2012; Meisner et al., 2012; Zeytuni et al.,

2018a, 2018b). Of note, the C-terminal extracellular domain of AH, which is thought to form the
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channel with Q displays homology to YscJ/FIliF family of proteins that form inner-membrane rings
in T3SS and flagellar basal body. Although the crystallized form of AH does not oligomerize in
solution, its homology to RBM from T3SS prompted two independent ab initio ring modeling of
the Q-A complex suggesting either 12-, 15- or 18-mer ring model with inner ring diameters of 6,
8 or 11 nm respectively (Vladimir M. Levdikov et al., 2012; Meisner et al., 2012). More recently, a
new protein GerM was shown to have a potential role in the assembly of the Q-A complex by
recruiting Q the septal membrane on the forespore side (Rodrigues et al., 2016b). GerM is
produced in the mother cell by of activation and its null mutant displays a similar phenotype to
that of Q and A and is defective in spore formation. Future structural studies to elucidate the role
of other scaffolding proteins and interactions that regulate the unidirectional transport of
substrates from the mother cell to the forespore will shed light on how intracellular communication

is mediated by this novel type of bacterial translocation machinery.

1.4.3 Membrane remodeling

While PG remodeling is essential to initiate the process of engulfment of the forespore,
membrane remodeling becomes essential during later stages to complete engulfment by
releasing the forespore into the mother cell cytoplasm. This process involves membrane fusion
as well as membrane fission at the forespore tip which are topologically unique events. Recently,
Doan et al identified a bitopic mother cell membrane protein, FisB (for fission protein B) that
mediated membrane fission at the forespore tip during the last step of engulfment (Doan et al.,
2013). The mother cell membrane migrated around the forespore similar to wild type in FisB
mutant sporangia but membrane fission and hence, sporulation efficiency was severely impaired
in this strain. FisB localized to the cell pole (on the side of the forespore away from the mother
cell) as mobile oligomers in the mother cell membrane. Biochemical studies provided evidence
for specific interaction between the extracellular domain of FisB and cardiolipin, a negatively

charged lipid enriched in bacterial membranes with concave curvature (Doan et al., 2013;
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Mileykovskaya and Dowhan, 2009). Based on these results, the authors proposed a model
wherein FisB interacted with cardiolipin at the leading edge of the engulfing membrane, leading
to membrane disruption and scission to pinch off the forespore into the mother cell cytoplasm as
a double membrane bound entity (Doan et al., 2013). However, the observation that few cells
devoid of FisB were still able to complete engulfment and membrane fission, albeit slowly,
suggests that there might be additional mechanisms for membrane fission during sporulation

(Doan et al., 2013).

1.5 Spore Morphogenesis in Clostridium difficile

Most of the work done so far to understand bacterial sporulation has been conducted in
B. subtilis due to its genetic tractability while many other spore-formers have remained notoriously
difficult to manipulate genetically. However, recent advances in C. difficile genetics have thrown
light on the sporulation pathway in the clinically relevant nosocomial pathogen, highlighting
similarities with and divergences from B. subtilis. In this section, we will explore some of these in
the context of the sections discussed above to broaden the readers’ perspective on bacterial
spore morphogenesis. To understand the architecture of the regulatory network controlling C.
difficile sporulation, we refer the readers to recent reviews (Fimlaid and Shen, 2015; Saujet et al.,
2014; Zhu et al., 2018). We have used the subscript bs for genes/proteins in B. subtilis and cs for
those in C. difficile in the subsequent text.

The essential PG degradation machinery consisting of D, P and M seems to be conserved
across all spore-formers in sequence but not necessarily in function (Abecasis et al., 2013;
Galperin et al., 2012; Ribis et al., 2018). Recently, Ribis et al demonstrated that P.s was produced
under the control of forespore-specific © regulon, M.y was produced at the onset of sporulation
under the control of Spo0OA and D.y was produced from the mother cell-specific oF regulon (Ribis
etal., 2018). In contrast, Dss, Pss and Mps are all produced from the mother cell-specific F regulon

(Driks and Losick, 1991; Frandsen and Stragier, 1995; Rong et al., 1986; Smith et al., 1993).
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These findings suggest different compartmentalization and possibly functional regulation of the
DMP complex in C. difficile. Also, Dy can degrade glycan strands with peptide chains in vitro in
contrast to Dy that strictly degrades only denuded glycan strands (Nocadello et al., 2016). Recent
work also showed that only P.qs and D.q are essential for engulfment and not Mc, (Dembek et al.,
2018; Ribis et al., 2018). Null mutants of D.s and P.s were still arrested at early stages of
engulfment, although interestingly, they did not display the characteristic bulging phenotype
associated with mutations in DMPssin B. subtilis (Abanes-De Mello et al., 2002; Eichenberger et
al.,, 2001; Frandsen and Stragier, 1995; Pogliano et al., 1999; Smith et al., 1993). Rather, the
septa remained either completely flat or curved partially into the mother cell similar to wild type
(Dembek et al., 2018). Biochemical evidence also suggests that P.s and Mcs have a weak
interaction as opposed to B. subtilis where Mps recruits Pps, suggesting that either Mg is not
essential to assemble the DMP., PG degradation complex or there might be another, as yet
unidentified mechanism for proper organization of DMP.,. One explanation could be that Dy and
Pc.s anchored in the mother cell and forespore membranes respectively, might interact more
efficiently directly across the septum like the Q-A complex in B. subtilis rendering Mcs redundant
(Dembek et al., 2018; Morlot and Rodrigues, 2018). Another interesting distinction is that SpollB
and SpolVFA are only present in Bacilli and not in Clostridia suggesting that either the localization
of DMP to the septum in C. difficile depends entirely on Q-AH or there is another mechanism to
recruit DMP to the septum that is not dependent on B (Galperin et al., 2012).

The genes encoding the Q-A channels are conserved across all spore-forming bacteria,
although they seem to play slightly distinct roles in B. subtilis and C. difficile. Both Qcq and Qps
have LytM zinc-binding endopeptidase domains but Qs has a non-functional active site that
cannot bind Zn?*in contrast to that of C. difficile and hence it was implicated that Q may play a
direct role in PG hydrolysis during engulfment (Crawshaw et al., 2014; Meisner and Moran, 2011).
However, strains with a mutation of this active site showed only minor defects in engulfment and

sporulation suggesting that the endopeptidase activity may not be a critical factor for sporulation
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(Crawshaw et al., 2014; Fimlaid et al., 2015; Serrano et al., 2016). Rather, there is some
biochemical evidence that the active catalytic site may play a role in interacting with AH and
stabilizing the complex although more structural evidence is needed to support this observation
(Serrano et al., 2016). Qcs and AHcq are also necessary for spore production and completion of
engulfment. Surprisingly, the mutant strains formed bulges and vesicles during engulfment that
are reminiscent of the DMP mutant sporangia in B. subtilis (Fimlaid et al., 2015; Morlot and
Rodrigues, 2018; Serrano et al., 2016). More specifically, loss of AA-AF.s can still support
engulfment in 10-20% of cells but the loss of AH.s or Qcy has a severe defect in engulfment.
Similar to B. subtilis, the Q.q and AH.s mutants are impaired in o activity in the forespore and o
in the mother cell that may suggest a halt in metabolic cooperation between the two cells due to
a defect in the assembly of the Q-A channel (Serrano et al., 2016). Qcs and AHcq interact both in
vitro and in vivo and appear to first localize to the septum, form discrete foci during engulfment
and remain associated upon completion of engulfment. Both are largely co-dependent for
localization to the septal membrane but some AH.q can still localize to the septum in absence of
Qcq (Serrano et al., 2016). This is in contrast to B. subtilis where the localization of AH,s depends
on Qs but not vice versa (Broder and Pogliano, 2006). Also, unlike B. subtilis, the localization of
Qcq or AHcgwas not affected in sporangia lacking either D¢y, Mcq Or Pcq although more conclusive
experiments are needed to establish the direct contribution of the Q-AH channel to engulfment

and its interaction with other players in the process (Serrano et al., 2016).
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1.7 Figures
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Figure 1.1. Sporulation in Bacillus subtilis. Schematic representing key architectural
transformations during sporulation. Membranes (red), peptidoglycan (PG, grey), DNA (dark blue),
SpolllE (orange), SpolIDMP (yellow pacman), PG synthases (green), cortex (light brown) and
coat (dark brown) are indicated. Ryter 1965 proposed the classical naming scheme to distinguish
different stages of sporulation in Bacillus subtilis based on their morphologies in electron
microscopy images(Ryter, 1965). Stage 0 represents a vegetative cell wherein the DNA replicates
and extends into an axial filament in stage |. Stage Il marks the formation of the asymmetric
septum to form the smaller forespore and the larger mother cell. More recently, stage Il has been
categorized to distinguish sporulating cells with flat (stage lli), curved (stage Ili, not shown) and
engulfing septum (stage llii). Stage llii represents completion of chromosome translocation from
the mother cell to the forespore by SpolllE (orange) and mediation of engulfment by coordinated
PG synthesis and degradation (inset). New PG (pink) is synthesized by enzymes (green) present
at the leading edge of the forespore and bonds between old septal PG (light grey) and lateral PG
(dark grey) are hydrolyzed by SpolIDMP on the mother cell side (yellow pacman), providing room
for membrane migration(Ojkic et al., 2016). Stage Ill marks completion of engulfment of the
forespore by the mother cell. Stage IV 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 spore matures inside the mother cell and in stage VII, the mother cell lysis to release the
dormant spore to the environment. The spores can germinate to produce vegetative cells when
re-exposed to nutrient-rich conditions.
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Figure 1.2. Key players in engulfment during B. subtilis sporulation. In all panels, PG (grey)
and cell membrane (red) are highlighted. (A) Schematic of DNA translocation (dark blue) from the
mother cell to the forespore by SpolllE (light blue). The DNA in the forespore generates turgor
pressure due to associated ions and water molecules making the forespore uniformly
round(Lopez-Garrido et al., 2018). SpolllE arranges as a hexamer (two each in the forespore and
the mother cell) to transport the two arms of the chromosome simultaneously(Shin et al., 2015).
(B) Schematic of the Q-AH complex (Q in the forespore, pink and AH in the mother cell, orange)
that forms punctate pattern around the forespore membrane is likely involved in the transport of
substrates from the mother cell to the forespore(Morlot and Rodrigues, 2018). The channel is
gated on the mother cell side(Meisner et al., 2008). Other proteins belonging to spolllA operon
are also represented alongside. (C) Schematic of the cell wall remodeling machinery during
engulfment by the coordinated action of SpolIDMP PG degradation machinery (yellow pacman)
on the mother cell side and PG synthases (green) on the forespore side(Ojkic et al., 2016). Inset,
top panel, lateral PG (dark grey), septal PG (light grey), new PG (light green) are highlighted. PG
synthases make new PG near the forespore and DMP complex degrades the bond between
lateral and old septal PG, making room for mother cell membrane migration(Ojkic et al., 2016).
Inset, bottom panel, limited number of DMP complexes lead to uneven migration of the mother
cell membrane giving an appearance of finger-like projection(Khanna et al., 2019).
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Chapter 2: Asymmetric localization of the
divisome during Bacillus subtilis sporulation

dictates septal thickness

2.1 Summary

The mechanistic details of bacterial cytokinesis are poorly understood. Bacillus subtilis
can divide via two modes. During vegetative growth, the division septum is formed at the mid cell
to produce two equal daughter cells. However, during sporulation, the division septum is formed
closer to one pole to yield a smaller forespore and a larger mother cell. We used high-resolution
cryo-electron tomography to visualize the architectural differences in the organization of FtsZ
filaments, the major orchestrators of bacterial cell division during these conditions. We found that
during vegetative growth, FtsZ filaments are present uniformly around the leading edge of the
invaginating septum but during sporulation, they are only present on the mother cell side. Our
data suggest that the sporulation septum is thinner than the vegetative septum likely due to half
as many FtsZ filaments tracking the division plane during sporulation as opposed to vegetative
growth. We also show that a sporulation-specific protein, SpollE, regulates the localization of the
divisome and septal thickness during sporulation. Our results provide the first evidence of
asymmetric localization of the cell division machinery in bacteria leading to cell types with diverse

fates, paving way for future studies in the field of prokaryotic cell division.
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2.2 Introduction

Bacterial cell division involves the invagination of the cellular membrane(s) and
peptidoglycan (PG) to split the cell into two progeny cells. Although conceptually simple, the
molecular and mechanistic details of the process are poorly understood. In most bacteria, cell
division is initiated when a tubulin homologue and GTPase, FtsZ polymerizes to form a ring-like
structure, called the Z-ring at the division site (Bi and Lutkenhaus, 1991; De Boer et al., 1992;
Mukherjee and Lutkenhaus, 1994). The Z-ring serves as a scaffold onto which about a dozen
other proteins assemble to form a mature cell division machinery called the ‘divisome’ (Haeusser
and Margolin, 2016). In the Gram-positive bacterium Bacillus subtilis, the divisome assembly
proceeds in two steps. First, proteins that interact directly with FtsZ to promote its interaction with
the membrane are recruited to the divisome (Gamba et al., 2009). One essential protein recruited
at this stage is FtsA, an actin homologue which tethers FtsZ to the membrane via a conserved C-
terminal amphipathic helix (Pichoff and Lutkenhaus, 2005; Szwedziak et al., 2014). FtsA can also
form protofilaments via polymerization in an ATP-dependent manner (Szwedziak et al., 2012).
Second, proteins involved in septal cell wall synthesis and remodeling are recruited to the
divisome (Gamba et al., 2009). Recent studies suggest that treadmilling by FtsZ filaments serves
as a platform to drive the circumferential motion of septal PG synthases in both B. subtilis and E.
coli, suggesting that this dynamic property of FtsZ filaments can regulate the thickness of the
division septum (Bisson et al., 2017; Yang et al., 2017).

B. subtilis is an intriguing model system to study cell division as it can divide via two
possible modes. During vegetative growth, the division septum is formed at the mid cell, producing
two daughter cells of equal sizes (Wang and Lutkenhaus, 1993). However, during starvation, the
division septum is formed closer to one pole and the cell divides asymmetrically to yield a smaller
forespore and a larger mother cell. This process, referred to as sporulation, results in the
phagocytosis of the forespore by the mother cell, ultimately producing a dormant spore upon

mother cell lysis (Tan and Ramamurthi, 2014). Vegetative and sporulating cells differ not only in
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the positioning of the division site but also in the amount of septal PG, with the medial vegetative
septum being almost four times thicker than the polar sporulating septum (llling and Errington,
1991; Tocheva et al., 2013) (~ 80 nm vs ~ 22 nm). Another distinction is the production of a
sporulation-specific integral membrane protein, SpollE, which colocalizes with and directly
interacts with FtsZ (Arigoni et al., 1995; Levin et al., 1997; Lucet, 2000). Recent evidence
suggests that SpollE localizes only on the forespore side of the polar septum at the onset of
membrane constriction before being released into the forespore membrane upon septum
formation (Carniol et al., 2005; Errington, 2003; Eswaramoorthy et al., 2014; Guberman et al.,
2008; Wu et al., 1998). Certain spollE mutants also form thicker polar septa compared to wild
type (Barak and Youngman, 1996; llling and Errington, 1991). These findings posit that there
may be differences in the divisome organization at the forespore and the mother cell side of the
septum which may play a role in regulating the septal thickness. However, we lack a mechanistic
understanding of the factors regulating these processes in B. subtilis.

In this study, we have used cryo-electron tomography coupled with cryo-focused ion beam
milling (or cryo-FIB-ET) to reveal the native architecture of the cell division machinery in B. subtilis
during vegetative growth and sporulation at a resolution of a few nanometers. We show that FtsAZ
filaments, the major players in bacterial cytokinesis are present uniformly around the leading edge
of the invaginating septum in dividing vegetative cells but are localized only on the mother cell
side of the septum in dividing sporulating cells. We provide evidence that there are half as many
FtsZ filaments tracking the division plane during sporulation as during vegetative growth which
may lead to a thinner sporulation septum as these filaments guide the insertion of cell wall material
during septal biogenesis. Next, we show that the sporulation-specific protein SpollE is responsible
for asymmetric localization of FtsAZ filaments as in its absence, the filaments localize in a manner
similar to vegetative septum, uniformly around the leading edge of the invaginating septum. We

anticipate that our results will pave way for future studies in the field of bacterial cell division,
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giving rise to testable hypothesis on how bacteria can regulate protein localization in space and

time to carry out the critical process of cytokinesis under different gene expression programs.

2.3 Results
FtsAZ filaments in vegetative B. subtilis cells

Previously, cryo-ET images of E. coli and Caulobacter crescentus revealed the presence
of a series of dots at the division site which corresponded to 2D projections of FtsZ filaments
encircling the cell (Li et al., 2007; Szwedziak et al., 2014). However, the thicker B. subtilis cells
were precluded from high-resolution tomography until recently when we incorporated a cryo-FIB
milling step in the workflow to provide mechanistic details about engulfment in B. subtilis

sporangia (Khanna et al., 2019; Lopez-Garrido et al., 2018). However, there are a few points of

note when analyzing cryo-FIB-ET data. First, cryo-FIB milling employs the application of two
parallel beams of gallium ions in a geometry that ablates the cellular material from the top and
the bottom, leaving an electron-transparent ~100-300 nm thin slice (Fig. S2.1A). Hence, when a
rod-shaped cell is milled and the resulting 3D volume rotated around the short axis by 90-, we
only capture a section of the circular disk (Fig. 2.1B, S2.1A,B). Further, the cells are randomly
oriented on an electron microscopy (EM) grid and different sections of the circular disk can be
captured depending on the milling angle and the cell’s orientation on the grid (Fig. S2.1B). Also,
the range of tilt series is typically limited to ~+ 60-due to the limitations of the microscope stage,
restricting our angular sampling of the specimen (Fig. S2.1C). Hence, our interpretation of the
data is limited to ~15-25% of the cell volume but acquisition of multiple tomograms should make
the analysis more general.

First, we used cryo-FIB-ET to observe the leading edge of the invaginating septum in
dividing vegetative B. subtilis to get insights into the divisome architecture (Fig. 2.1, S2.2). Closer

inspection revealed the presence of two series of dots at the division site that were distributed
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uniformly along the boundary of the leading edge, a membrane-proximal series of dots (~6.5 nm
from the membrane, in pink) and a membrane-distal series of dots (~14 nm from the membrane,
in blue) (Fig. 2.1C-E,H, S2.2A,B,D,E). Rotation of the 3D volume around the short axis of the cell
revealed that each series of dots corresponded to ~3-3.5 nm wide filamentous structures
encircling the cell (Fig. 2.1F-K, 2.2C,F). In the membrane-distal series of dots, we could easily
resolve individual ~4 nm dots spaced ~ 5.5 nm apart while in the membrane-proximal series of
dots, there were densities comprised of even smaller proteins that were not resolved at the
magnifications at which we acquired the images (Fig. 2.1D,E). Analysis of the intensities of the
two rings revealed that the membrane-distal ring is denser and likely more continuous than the
membrane-proximal ring which appears more patchy (Fig. 2.1F,G,L). In a few high-quality
tomograms, we observed densities connecting the two series of dots in a ladder-like arrangement
(S2.2D-E) and also those connecting the membrane-proximal ring to the cytoplasmic membrane

(Fig. S2.2D,F).

FtsA and FtsZ comprise the membrane-proximal and the membrane-distal ring
respectively

Our data suggest that two cytoskeletal rings mediate cytokinesis in B. subtilis, a
membrane-proximal ring at a distance of ~6.5 nm from the invaginating membrane and a
membrane-distal ring at a distance of ~14 nm. This arrangement is distinct from Gram-negative
bacteria like E. coli and C. crescentus where only a single band of filamentous structures
corresponding to FtsZ was visible at a distance of ~16 nm from the inner membrane (Li et al.,
2007; Szwedziak et al., 2014). In E. coli, another ring composed of FtsA protofilaments was visible
at a distance of ~8 nm from the membrane only when FtsA was overexpressed such that the ratio
of FtsZ to FtsA altered from 5:1 in wild type to 1:1 in the modified strain (Szwedziak et al., 2014).

Based on this and differences in the morphologies of the two rings highlighted in the previous
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section, we hypothesized that in B. subtilis, the membrane-proximal ring may be composed of
FtsA filaments and the membrane-distal ring that of FtsZ filaments.

To unambiguously establish the identity of the Z-ring, we constructed a B. subtilis strain
with an extra glutamine-rich linker region between the globular N-terminal domain of FtsZ and its
C-terminal helix that binds FtsA (or FtsZ-linkera.ich, Fig. 2.3A-C), similar to a strain previously
constructed in E. coli that led to a modest ~5 nm increase in the distance of the Z-ring from the
membrane (Szwedziak et al., 2014). In B. subtilis FtsZ-linkera.ich, While the distance of the
membrane-proximal ring from the invaginating membrane did not change compared to wild type,
we observed large variation in the distances of membrane-distal flaments from the membrane,
ranging from ~15-19 nm (Fig. 2.2A). Sometimes, we also detected “stray” filaments at a distance
of ~12-20 nm from the membrane that likely corresponded to FtsZ but without a corresponding
FtsA filament to tether it to the membrane as the incorporation of the long linker in the C-terminal
of FtsZ may have affected this interaction (black arrows, Fig. S2.3D-J). In a few tomograms, we
also observed doublets of individual protofilaments only in the membrane-distal band, an
arrangement that was previously reported for FtsZ filaments in tomograms of dividing E. coli cells
(Szwedziak et al., 2014) (Fig. S2.3D,K-N), further demonstrating that only the membrane-distal
ring corresponded to the Z-ring. In one of the tomograms, we also observed an additional faint
ring between the membrane-proximal and the membrane-distal rings (~14 nm from the
membrane) that might correspond to few FtsZ filaments that may still interact as closely with FtsA
as in wild type in spite of the longer linker region (in green, Fig. S2.4A-C). The distribution of
intensity values of the rings in the mutant strain was also comparable to their counterparts in the
wild type (Fig. S2.4D). Based on the above observations, we propose that the more continuous
membrane-distal ring of FtsZ filaments tethered to the membrane via a patchier membrane-

proximal ring of FtsA filaments and/or possibly additional divisome proteins (Fig. 2.2B).

FtsAZ filaments localize only on the mother cell side during sporulation
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Next, we analyzed the divisome architecture in sporulating B. subtilis cells. During
sporulation, the division site shifts closer to a pole as opposed to medial division during vegetative
growth (Fig. 2.1A). We again observed two series of dots in dividing sporulating cells but
surprisingly, they were visible along the leading edge of the invaginating polar septum only on the
mother cell side (Fig. 2.2C-F). In this case, filaments could not be observed by rotation of the 3D
volume of the tomogram about the short axis by 90- as they projected onto the septal PG since
they were present right beneath the septal disk on the mother cell side (Fig. S2.5A,B). Rather the
tomogram was rotated by 90- along the long axis of the cell at the two leading edges of the
invaginating septum to observe the filaments (Fig. S2.5C,D). Of note, the leading edge of the
nascent septum in the sporulating cells we imaged appeared particularly blurry and crowded,
probably owing to the presence of many transmembrane cell division and sporulation-specific
proteins (Fig. 2.2C,D). Hence, we could not observe the finer architectural details of FtsAZ
filaments in these cells at a high-resolution. Surprisingly, we were able to better resolve FtsAZ
filaments in dividing cells of SpolllE~~ mutant sporangia during sporulation where we observed
them on the mother cell side of the septum (similar to wild type) more clearly (Fig. S2.6). In
conclusion, our data suggest FtsAZ filaments mediating cell division localize differently during
vegetative growth and sporulation. During vegetative growth, they span the leading edge of the
invaginating septum uniformly whereas during sporulation, they localize only on the mother cell

side.

FtsAZ filaments tracking the division plane may dictate septum thickness

Based on previous electron micrographs, upon closure, the polar sporulating septum is
just 25% of the thickness of the medial vegetative septum (~ 22 nm vs ~ 80 nm) (llling and
Errington, 1991; Tocheva et al., 2013). Recent studies suggest that FtsZ treadmilling drives the
circumferential motion of septal PG synthases and regulates the rate of PG synthesis in both B.

subtilis and E. coli (Bisson et al., 2017; Yang et al., 2017). The observation that the sporulation
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septum is thinner than the vegetative septum and that FtsZ filaments localize differently during
the two conditions led us to hypothesize that there may be a direct correlation between FtsZ
filaments at the division site and the septal thickness during septal biogenesis.

To investigate this, we first measured the septal thickness in dividing sporulating and
vegetative cells using our cryo-FIB-ET images to investigate if the sporulating septum is thinner
than the vegetative septum as it is being formed or only upon closure as has been previously
reported (Fig. 2.2G). Our data showed that the thickness of the invaginating septa in vegetative
cells was ~ 50 nm as opposed to ~80 nm when the septum formation is completed. This suggests
that during vegetative growth, either additional PG might be incorporated into the septum upon
its closure or the already present PG might be stretched as a result of PG hydrolysis initiated
during separation of the daughter cells. On the other hand, the thickness of the invaginating septa
in sporulating cells was almost half of that of vegetative cells (~ 25 nm). This suggests that even
at the onset of cell division, the sporulating septum is thinner than the vegetative septum.

Next, we investigated if different localization of FstZ filaments also translated into different
number of FtsZ protofilaments tracking the division plane during vegetative growth and
sporulation. It is difficult to count the exact number of FtsZ protofilaments from our cryo-FIB-ET
data due to low signal-to-noise ratio at the division site, especially during sporulation due to blurry
leading edges of the invaginating septum. Hence, we used the length spanned by the membrane-
distal band of FtsZ dots (or Z-dots) as a proxy for the amount of cytoskeletal machinery mediating
cell division. On average, Z-dots span twice the length in vegetative cells as compared to
sporulating cells (~51 nm vs ~27 nm, Fig. 2.2H), suggesting that there are likely twice as many
FtsZ filaments participating in cytokinesis during vegetative growth as compared to sporulation
where they are present on only one side of the constricting septum. Based on these data we
propose that the sporulation septum being thinner than the vegetative septum could be a
consequence of fewer FtsZ filaments tracking the division plane during sporulation as their

dynamic properties regulate the insertion of cell wall material during septal biogenesis.
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SpollE affects the localization of FtsAZ filaments during sporulation

We next investigated factors leading to the distinct pattern of FtsAZ filament localization
during vegetative growth and sporulation. For this, we focused on dissecting the role of SpollE
(or lIE), a sporulation-specific integral membrane protein in regulating polar division for several
reasons. First, IIE localizes to the dividing polar septum in an FtsZ-dependent manner (Arigoni et
al., 1995; Levin et al., 1997). Biochemical evidence suggests that the central FtsZ-binding and
possibly the N-terminal transmembrane domains of IIE play a role in its interaction with FtsZ
(Carniol et al., 2005; Lucet, 2000). Second, previous electron micrographs demonstrated that
certain spollE mutants form thicker asymmetric septa at polar sites compared to wild type
sporangia (Barak and Youngman, 1996; llling and Errington, 1991). Third, recent evidence
suggests that IIE preferentially localizes to the forespore side of the dividing septum, creating an
asymmetry during polar division (Eswaramoorthy et al., 2014; Guberman et al., 2008; Wu et al.,
1998). Hence, we hypothesized that IIE may regulate the divisome architecture during
sporulation.

To test this, we first investigated the divisome architecture in SpollE null mutant sporangia
(or spollE). Indeed, closer inspection of the leading edge of the invaginating septa revealed that
the divisome architecture in spollE is similar to vegetative cells, with two series of dots
corresponding to FtsAZ filaments present uniformly along the leading edge in contrast to wild type
sporulating cells where they were present only on the mother cell side (Fig. 2.3A-C,M). Also, at
~42 nm, the invaginating polar septum in spollE sporangia was thicker than wild type sporulating
septum implicating IIE in regulating the localization of the FtsAZ filaments and septal thickness
during sporulation (Fig. 2.3N). Of note, even though the length spanned by FtsZ filaments in
spollE sporangia was similar to wild type vegetative cells, their septa were still ~10 nm thinner
suggesting there may be as of yet unidentified additional factors apart from IIE that regulate the

interaction of FtsZ with PG synthases during sporulation (Fig. S2.7A).
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IIE has three domains: an N-terminal transmembrane domain with 10 membrane-
spanning segments (region I), a central domain that promotes oligomerization of IIE and its
interaction with FtsZ (region Il) and a C-terminal phosphatase domain that is involved in the
activation of the forespore-specific transcription factor o" after septum formation (region IlI)
(Carniol et al., 2005). Since regions | and Il have been implicated in regulating the interaction of
IIE with FtsZ, we imaged the following IIE mutant strains: (1) deletion in region | (or spollE-Aregl),
(2) deletion in region Il (or spollE-Aregll), and (3) replacement of 10 membrane-spanning
segments with 2 membrane-spanning segments from E. coli MalF (or malF-spollE-Aregl). These
strains also had a deletion in spollA operon to uncouple the role of IIE in polar division from o"
activation. As has been reported previously, IEA®9-GFP appeared mostly diffuse with some cells
showing enrichment or punctate patterns at the polar septum (at ~ 50% level compared to wild
type) indicating some association with FtsZ, IIEA™®9" -GFP appeared almost completely diffuse in
the cytoplasm, and IIE™F28.GFP localized similar to wild type, displaying punctate patterns at
the polar septum (Fig. S2.7B,C). Surprisingly, our cryo-FIB-ET data demonstrated that the
organization of FtsAZ filaments at the polar septum and the septal thickness in all the three mutant
strains is similar to spollE sporangia (Fig. 2.3D-N). These data suggest that both the
transmembrane as well as the FtsZ-binding domain are essential to regulate the localization of

FtsAZ filaments and septal thickness during sporulation.

2.4 Discussion

In this study, we elucidate the differences in the architecture of the cell division machinery
in B. subtilis during vegetative growth and sporulation and how it impacts septal PG thickness.
First, we show that during vegetative growth, two cytoskeletal rings localize uniformly around the
leading edge of the invaginating medial septum to orchestrate cell division, a membrane-proximal
ring of FtsA filaments that tethers the membrane-distal ring of FtsZ filaments to the membrane

(Fig. 2.1,2.2A,B). Second, we demonstrate that during sporulation, FtsAZ filaments are present
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only on the mother cell side of the invaginating polar septum (Fig. 2.2C-F). Third, our data suggest
that during septal biogenesis, the number of FtsAZ filaments tracking the sporulating septum is
almost half that of the vegetative septum which likely gives rise to a thinner sporulation septum
by mediating the circumferential motion of fewer PG synthases around the division plane during
sporulation (Fig. 2.2G,H). Finally, we show that a sporulation-specific protein SpollE is essential
to regulate the localization of FtsAZ filaments and septal thickness during sporulation (Fig. 2.3).
Most of our understanding of bacterial cytokinesis comes from studies in model Gram-
positive and Gram-negative bacteria, namely Bacillus subtilis and Escherichia coli, respectively.
Although the overall mechanism of cytokinesis is conserved in that a Z-ring that recruits other
components of the divisome is formed at the division site, there are subtle differences with regards
to the spatial and temporal regulation of the process and the composition of the divisome for both
types of bacteria. Previously, only a single cytoskeleton ring of FtsZ was observed using cryo-ET
in Gram-negative bacteria including E. coli and C. crescentus (Li et al., 2007; Szwedziak et al.,
2014). However, we observed two rings corresponding to FtsA and FtsZ filaments in cryo-FIB-ET
images of the Gram-positive bacterium B. subtilis during both vegetative growth and sporulation,
even though the ratio of FtsZ to FtsA is same (5:1) in B. subtilis and E. coli (Feucht et al., 2001;
Rueda et al., 2003). There are ~1000 molecules of FtsA in both E. coli and B. subtilis that are
enough to form a circumferential ring but an A-ring is apparent only in B. subtilis although it
appears more patchy than the mostly continuous Z-ring. One possible explanation for this
phenomenon could be attributed to the fact that cell division in B. subtilis involves constriction of
a septal disc composed of thicker septal PG corresponding to ~25 nm during sporulation and ~50
nm during vegetative growth. On the other hand, cell division in E. coli involves constriction of a
septal disc composed of only a single layer of ~4 nm thick PG. Hence, cytokinesis in B. subtilis
will likely depend on scaffolding action of multiple FtsAZ filaments to drive the circumferential
motion of more molecules of PG synthases. The lateral spacing between FtsZ filaments is ~5.5

nm in B. subtilis which is slightly lower than the values reported in E. coli and C. crescentus (~6.5-
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8 nm). Also, the distances of the Z-ring and the A-ring from the membrane in B. subtilis (~14 nm
and ~6.5 nm respectively) are slightly shorter than the corresponding values for E. coli (~16 nm
and ~8 nm respectively). It is possible that a tighter packing of FtsAZ filaments with each other
and with the membrane in B. subtilis aids in efficient remodeling of the thicker septal PG. Whether
these mechanisms of Z-ring and A-ring formation are also conserved in other sporulating and
non-sporulating Gram-positive bacteria is yet to be explored.

Our cryo-FIB-ET data indicate that the Z-ring appears mostly continuous in the cellular
sections we imaged, probably consisting of shorter overlapping filaments. 9 out of 16 tomograms
of dividing vegetative cells that we captured showed more or less continuous Z-rings. The other
tomograms were of significantly lower quality as they were either too thick or their orientation with
respect to the tilt axis did not yield high-resolution information about the Z-ring. A previous cryo-
ET study also revealed that the Z-rings are continuous in both E. coli and C. crescentus
(Szwedziak et al., 2014). Howeber, superresolution microscopy data recently suggested that the
organization of the Z-ring in both B. subtilis and E. coli is patchy with regions of low fluorescence
intensity that indicate gaps in the ring (Holden et al., 2014; Strauss et al., 2012). This is in contrast
to cryo-ET data which provides information at a resolution of a few nanometers. So far, it is difficult
to ascertain the lengths of individual overlapping filaments unambiguously from our data and it is
indeed possible that we do not see the gaps in our cryo-FIB-ET data as they may be present in
the remainder of the cellular volume that has been ablated by cryo-FIB milling or not sampled due
to missing wedge issue associated with cryo-ET data collection. However, it is unlikely as the ring
appears continuous in multiple tomograms, all of which capture different parts of the septal disk.

During conditions of nutrient deprivation, B. subtilis initiates the sporulation pathway and
the first architectural transformation that transpires is the shift in the division site from mid cell to
one pole. Our data demonstrate that FtsAZ filaments are only localized on the mother cell side of
the invaginating septum during sporulation. In addition, our data also reveal a correlation between

number of FtsZ filaments tracking the division plane and the thickness of septal PG. The FtsZ
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series of dots span a length of ~50 nm in vegetative cells and ~27 nm in wild type sporulating
cells which would translate to ~10 and ~5 FtsZ filament bands mediating cell division during
vegetative growth and sporulation respectively (based on ~5.5 nm lateral spacing). Thinner
septum during sporulation could be a likely adaptation to engulfment of the forespore by the
mother cell which involves bending of the septum towards the mother cell and subsequent
migration of the mother cell membrane around the forespore (Khanna et al., 2019). A thicker
septum may then pose a steric block for engulfment membrane migration by being difficult to bend
as has been observed in engulfment-defective strain of SpolIDMP mutant sporangia which have
considerably thicker septa than wild type sporangia.

These data indicate that during sporulation, not only is there asymmetry associated with
the positioning of the division septum but also with the positioning of the division machinery.
Asymmetric cell division is a common developmental theme in eukaryotes to generate progeny
with diverse cellular fates (Li, 2013). During asymmetric cell division in Caenorhabditis elegans,
the positioning of the sperm upon its entry in a newly formed zygote defines the posterior cell
pole. A sperm associated signal then initiates the polarized distribution of PAR proteins which
also regulate the alignment of the spindle by displacing it towards the posterior axis to ensure
proper segregation of cell fate determinants. The asymmetric cleavage then produces two cells
of different sizes and fates, the larger anterior cell and the smaller posterior cell (Li, 2013).
Asymmetric division is also important for nervous system development in Drosophila
melanogaster wherein neuroblasts, the precursors of the central nervous system divide
asymmetrically to produce larger apical daughter which remains a neuroblast and a smaller basal
ganglion mother cell (GMC). Polarity is established by differential distribution of cell fate
determinants to the basal and apical cortex. In this case, the spindle itself becomes asymmetrical
with apical microtubules elongating and basal microtubules shortening and the midbody positions

itself asymmetrically between the spindle poles (Li, 2013).
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In these and other cases of asymmetric cell division, the general theme is establishment
of cell division machinery along an axis of polarity and distribution of cell fate determinants in a
polarized manner along this axis. In case of B. subtilis sporulation, an axis of polarity is likely
established when the division plane shifts from medial to polar position and cell fate determinants
are differentially distributed between the future forespore and the mother cell compartments at
the onset of membrane constriction. In this study, we have identified SpollE as a cell fate
determinant that restricts FtsAZ filaments on the mother cell side for polar division by preferentially
localizing on the forespore side of the invaginating septum. Although, we do not completely
understand why SpollE localizes on the forespore side, it is possible that there are other, as of
yet unidentified cell fate determinants that either recruit IIE or are recruited by IIE to the septum.
This would explain why in the absence of IIE, even though the same number of FtsZ filaments
track the septum as in the wild type vegetative septum, the invaginating septum is still ~10 nm
thinner.

We also showed that the membrane-binding and FtsZ-binding domains of IIE are critical
to regulate the divisome architecture. The case of [IE™F2%d js special as it is targeted to the
septum similar to wild type sporangia but fails to restrict the localization of FtsAZ protofilaments
to the mother cell side. IIE is only present on the forespore side even before membrane
constriction begins and it is possible that IIE binding to pole-proximal FtsZ filaments and inserting
its large membrane domain of 10 segments may induce a significant change in the membrane
curvature. This may either render pole-proximal FtsZ filaments unavailable for other divisome
proteins or conversely if the pole-proximal FtsZ is already bound to other divisome proteins, IIE
may disrupt this interaction by competing for the same binding site via its large membrane-binding
and/or FtsZ-binding domain. In support of this, we observed using time-lapse microscopy and
structured-illumination microscopy, two puncta of fluorescently tagged FtsA at the division
septum, one that constricts and another that remains at the intersection of the lateral and septal

cell wall at the forespore edge in a few cells (Fig. 2.4). However, more biochemical evidence is
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needed to establish conclusively the mechanism by which IIE interacts with different components
of the divisome to negatively regulate sporulation cell division.

Overall, our data provide a significant advancement in the understanding of the
organization of the divisome, its regulators and its role in septal PG synthesis in Bacillus subtilis.
We anticipate that future efforts to identify the molecular arrangement of FtsZ and its regulators
inside the cell will aid in development of new antimicrobials targeting the cell division machinery

in important pathogens.
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2.5 Materials and Methods
Strain and culture conditions

Bacillus subtilis PY79 background was used for all strain constructions. A list of strains
used in the study is provided in Table 2.1. All the strains were routinely grown in LB plates at 30°C
overnight. For sample preparation, cells were either grown in LB media at 30°C to ODeoo ~0.5 for
vegetative growth or by growing in ¥4 diluted LB to OD600 ~0.5-0.8 and then resuspending in A+B
media at 37°C for inducing sporulation. For wild type sporangia, samples were prepared at an
early enough time point of ~T1.5-1.75 hr after inducing sporulation to capture a mixed population
of dividing cells undergoing the formation of polar septum (sporulating cells) or medial septum
(vegetative cells). For other mutant sporangia, samples were also collected at ~T1.5-1.75 hr after

inducing sporulation.

Cryo-FIB-ET workflow

QUANTIFOIL® R2/1 200 mesh holey carbon Cu grids (Quantifoil Micro Tools) were glow
discharged using PELCO easiGlow (Ted Pella). 7-8 pl of diluted liquid culture was deposited onto
the grids which were then mounted to a manual plunger (Max Planck Institute of Biochemistry).
They were then manually blotted using Whatman No. 1 filter paper for 3-4 seconds from the side
opposite to where the cells were deposited to remove excess resuspension media such that the
cells formed a homogeneous monolayer on the grid surface. The grids were then plunge-frozen
in a 50-50 mixture of liquid ethane and propane (Airgas) cooled to liquid nitrogen temperature and
subsequently clipped onto Cryo-FIB Autogrids (Thermo Fisher Scientific). All subsequent

transfers were performed in liquid nitrogen.

Frozen-hydrated cells were micromachined either inside Scios or Aquilos DualBeam
instruments each equipped with a cryo-stage (Thermo Fisher Scientific). An integrated gas

injection system (GIS) was used to deposit an organometallic platinum layer inside the FIB
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chamber to protect the specimen surface and avoid uneven thinning of cells. In case of specimens
prepared in Aquilos, the specimen was also sputter coated with inorganic platinum layer prior to
GIS deposition to prevent charging during imaging. FIB milling was then performed using two
rectangular milling patterns to ablate the top and the bottom parts of the cells in steps of
decreasing ion beam currents at a nominal tilt of 11°-15° which translates into a milling angle of
4°-8°. Initial rough milling was performed using ion beam currents of 0.5-0.3 nA followed by
intermediate milling at 0.1 nA or 50 pA. Finally, fine milling was conducted at 30 pA. In each of
the steps, the distance between the two rectangular milling patterns was sequentially decreased

to get ~100-300 nm thick lamellas.

Tilt series were collected using SerialEM software (Mastronarde, 2005) either in 300-keV
Tecnai G2 Polara or in 300-keV Titan Krios (Thermo Fisher Scientific), both equipped with a
Quantum post-column energy filter (Gatan) and a K2 Summit 4k x 4k pixel direct detector camera
(Gatan). The TEM magnification corresponded to a camera pixel size of either 0.612 nm (for data
acquired on Polara) or 0.534 nm or 0.426 nm (for data acquired on Krios). The tilt series were
usually collected from -61° to + 61° depending on the quality of the specimen with an increment
ranging from 2°-3° with a defocus of -5 um following either the bidirectional or the dose-symmetric
tilt scheme in low dose mode. For both schemes, the zero of the tilt series was defined by taking
into account the pre-tilt of the lamella. The K2 detector was operated in counting mode and images

divided into frames of 0.1s. The cumulative dose for each tilt series was ~50-150 e-/A2.

Tomogram reconstruction and segmentation

MotionCor2 (Zheng et al., 2017) was used to align the frames and dose-weigh the tilt
series according to the cumulative dose. Subsequent alignment of the tilt series was done in
IMOD (Kremer et al., 1996) using patch-tracking in the absence of fiducials and the tomograms

reconstructed using weighted back-projection method. For purposes of representation and
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segmentation tomograms were binned 3x or 4x. Semi-automatic segmentation of the membranes
was performed using a MATLAB script, TomosegmemTV (Martinez-Sanchez et al., 2014) which
were then manually refined in Amira software package (Thermo Fisher Scientific). FtsAZ filaments

were manually traced in Amira.

Image Analysis
Distribution of intensities of cytoskeletal rings

For Fig. 2.1L and Fig. S2.4D, the membrane-proximal and membrane-distal cytoskeletal
rings were masked using Adobe Photoshop and the corresponding intensity values for each pixel
were extracted using a custom-built MATLAB script. The distribution of these values for the two
rings were depicted as box-and-whisker plot alongside those corresponding to cell membrane,

cytoplasm and cell wall (PG) that were used as controls.

Distances between cytoskeletal rings and membrane

For Fig. 2.2A, a medial slice corresponding to the orthogonal view (xz) of the respective
tomograms was taken from the z-stack wherein the cytoskeletal rings were clearly visible. The
distances of the ring from the cell membrane were then calculated using the Fiji plugin ‘points to

distance’.

Fluorescence microscopy for batch cultures

~12 ul of sample were taken at indicated time points and transferred to 1.2% agarose
pads that were prepared using either sporulation resuspension media (for sporulating cultures) or
Ya LB media (for vegetative growth). Membranes were stained with 0.5 ug/ml of FM4-64 (Thermo
Fisher Scientific) that was added directly to the pads. An Applied Precision DV Elite optical
sectioning microscope equipped with a Photometrics CoolSNAP-HQ2 camera was used to

visualize the cells. The images were deconvolved using SoftWoRx v5.5.1 (Applied Precision). For
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all fluorescence images, the medial focal plane of the image is shown. Excitation/emission filters

were TRITC/CY5 for membrane imaging and FITC/FITC to visualize GFP or mNeonGreen signal.

3D-Structured lllumination Microscopy (3D-SIM)

For Fig. 2.4B, cells were grown as indicated above and stained with 0.5 ug/mL FM4-64.
An Applied Precision/GE OMX V2.2 Microscope was then used to image them. Raw data were
sequentially taken by Sl-super-resolution light path to collect 1.5 mm thick specimens in 125 nm
increments in the z-axis with compatible immersion oils (Applied Precision). Standard OMX Sl
reconstruction parameters were then used in DeltaVision SoftWoRx Image Analysis Program to
reconstruct the images. To plot the graph in Fig. 2.4C, the data corresponding to membrane and
mNeonGreen intensity was grouped into smaller bins of approximately equal area along the

normalized length of the cell (as indicated in the inset) using a custom-built MATLAB script.

Spore titer assay
Strains were grown in triplicates in 2 ml of DSM media for 24 hr at 37°C followed by heating
at 80°C for 20 min. Then, serial dilutions for each strain were prepared and spotted on LB plates.

Number of colonies were then used as a marker to calculate spore titers.

Calculating GFP intensity

For Fig. S2.7C, ~15-16 cells with clear evidence of septal biogenesis were manually
selected for each strain and all the images aligned such that the polar septum lies in the same
orientation for all cells as shown in the inset of Fig. S2.7C(i). To get the linear profile of GFP
intensity for each cell, the data was grouped into smaller bins of approximately equal area using
a custom-built MATLAB script. Normalized GFP intensities were then plotted for each cell along

its normalized length as depicted by different curves in the graphs.
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2.7 Figures

Figure 2.1. Architecture of divisome in dividing vegetative B. subtilis cells. (A) Schematic
of cell division in B. subtilis during (i) vegetative growth and (ii) sporulation. The thickness of the
septa upon its closure is indicated for both cases. (B) Schematic to explain the visualization of
cells in different planes in 3D. (i) Initially, the rod-shaped Bacillus cell lies flat on an EM grid. (ii)
3D view of a cellular section upon cryo-FIB-ET treatment using the xyz coordinate axis system. x
axis represents the length along the short axis of the cell, y axis represents the length along the
long axis of the cell and z axis represents the height of the cellular specimen. (iii) Top panel,
projection image of the cell in the xy coordinate plane (top view). Bottom panel, the corresponding
projection image in the xz coordinate plane when the cell is rotated about its short axis by 90°.
The lateral and septal PG are also indicated. (C) Slice through a tomogram of a dividing vegetative
cell. The insets (/ for left and r for right side of the septum) highlight the leading edge of the
invaginating septum. Scale bar: 200 nm. (D) Left panel, zoomed-in view of the inset in (C)
corresponding to ‘I’ in the xy coordinate plane. Right panel, same as left with PG (grey), cell
membrane (peach), membrane-proximal series of dots (pink) and membrane-distal series of dots
(blue) highlighted. The same color scheme is followed throughout. (E) Left panel, zoomed-in view
of the inset in (C) corresponding to ‘r’ in the xy coordinate plane. Right panel, same as left with
different cellular parts highlighted. Scale bars for (D) and (E): 25 nm. (F) Left panel, view of the
septal disk corresponding to (D) in the xz coordinate plane obtained by rotating the cell around its
short axis by 90°. Right panel, same as left with PG, cell membrane, membrane-proximal ring and
membrane-distal ring highlighted. (G) Left panel, view of the septal disk corresponding to (E) in
the xz coordinate plane obtained by rotating the cell around its short axis by 90°. Right panel,
same as left with different cellular parts highlighted. Scale bars for (F) and (G): 25 nm. (H)
Schematic of the arrangement of the cytoskeletal machinery in dividing vegetative cells as seen
in the xy and xz coordinate planes. All cellular parts detailed previously are highlighted in the
same color scheme. (I) Annotation of the cell membrane, membrane-proximal ring and
membrane-distal ring for the tomogram shown in (C). (J) and (K) represent zoomed-in views of
the left (I) side and the right (r) side of the invaginating septum of the segmentation in (I)
respectively. Scale bars are omitted from (l) — (K) owing to their perspective nature. (L) Box-and-
whisker plot depicting the distribution of intensity values for the region traced by the membrane-
distal and the membrane-proximal rings in the range of 0 to 255. A region with approximately
similar area was masked for PG, cell membrane and cytoplasm as controls. Lower the intensity
value of the pixel in the RGB color space, the darker it is. Also see extended data 1 and 2.
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Figure 2.2. Identity of cytoskeletal filaments and their localization during sporulation. (A)
Box-plot showing the distance of the membrane-proximal and the membrane-distal rings from the
cell membrane in wild type and FtsZ-linkerarich Strains. Error bars indicate standard deviation (n.s.:
p>0.05, ***: p £0.001, unpaired t-test). (B) Schematic highlighting the arrangement and identity of
the cytoskeletal machinery with PG (grey), cell membrane (peach), FtsZ (blue) and FtsA (pink)
highlighted. In the top view (xy coordinate plane), the cytoskeletal machinery is visible as two
series of dots at the nascent septum. In the rotated view (xz coordinate plane), denser and more
continuous Z-ring formed by overlapping filaments of FtsZ filaments is tethered to the membrane
via a less continuous A-ring formed by FtsA filaments and likely other smaller cell division proteins.
(C) Slice through a tomogram of a dividing sporulating cell. The forespore and mother cell
compartments are indicated. Scale bar: 200 nm. (D) Left panel, zoomed-in view of the inset in (C)
in the xy coordinate plane. Right panel, same as left with PG (grey), cell membrane (peach), FtsA
series of dots (pink) and FtsZ series of dots (blue) highlighted. (E) Left panel, view of the septal
disk corresponding to (D) in the yz coordinate plane obtained by rotating the cell around its long
axis near the left side of the invaginating septum by 90°. Right panel, same as left with cellular
parts and FtsAZ filaments highlighted. Scale bars for (D) and (E): 25 nm. (F) Schematic of the
arrangement of cytoskeletal machinery during sporulation. (G) & (H) Bar graph depicting (G)
septal thickness and (H) distance spanned by FtsZ series of dots in wild type vegetative and
sporulating cells. For both, error bars indicate standard deviation. (****: p <0.0001, unpaired t-
test). Also see extended data 3-6.
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Figure 2.3. FtsAZ filaments in SpollE mutant sporangia. (A,D,G,J) Slice through a tomogram
of a dividing (A) spollE, (D) spollE-Aregl, (G) spollE-Aregll, and (J) malF-spollE-Aregl sporangia.
Inset highlights the left side of the invaginating septum. (B,E,H,K) Left panel, zoomed-in view of
the inset in (A,D,G,J) respectively in the xy coordinate plane. Right panel, same as left with the
forespore (FS) and the mother cell (MC) compartments indicated in all. PG (grey), cell membrane
(peach), FtsA series of dots (pink) and FtsZ series of dots (blue) are also highlighted for all.
(C,F,l,L) Left panel, view of the septal disk corresponding to (B,E,H,K) respectively in the xz
coordinate plane obtained by rotating the cell around its short axis by 90°. Right panel, same as
left with cellular parts and FtsAZ filaments highlighted. Scale bars for (A,D,G,J): 200 nm and for
(B,C,E,F,H,LK.L): 25 nm. (M) Schematic of the arrangement of the cytoskeletal machinery in
SpollE mutant sporangia from (A)-(L). PG (grey), cell membrane (peach), FtsA dots (pink) and
FtsZ dots (blue) are indicated. (N) Bar graph depicting the septal thickness in wild type vegetative
and sporulating cells and SpollE mutant sporangia. Error bars indicate standard deviation. Each
dot indicates a sample point.
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Figure 2.4. Possible model for explaining the role of SpollE in FtsAZ filament localization.
(A) Timelapse fluorescent microscopy of dividing sporulating cell wherein FtsA (green) is tagged
with mNeonGreen. Membranes (red) are stained with FM4-64. Images are taken every 3 minutes.
At time point of 12 and 15 minutes, two FtsA rings are visible, one that constricts and the other
that stays behind possibly on the forespore side of the septum. White arrows are used to indicate
the FtsA ring on the forespore side that does not constrict. Scale bar: 1 ym. (B) Structured-
illumination microscopy of a dividing sporulating cell where FtsA (green) is tagged with
mNeonGreen. Membranes (red) are stained with FM4-64. The two dots corresponding to FtsA
are more clearly visible, one on the forespore side (yellow arrow) and the other that constricts
(orange arrow). Scale bar: 1 uym. (C) Line graph showing the normalized intensity of the
membrane (red) and FtsA-mNeonGreen (green) signal along the normalized length of the cell.
Two peaks corresponding to two dots of FtsA in (B) are indicated by yellow and orange arrow.
(D) Schematic to explain a possible model of how SpollE (green circles) affects the localization
of FtsA (pink) and FtsZ (blue) filaments during sporulation. PG (grey) and cell membrane (peach)
are also highlighted. IIE molecules are preferentially present on the forespore side and hence
bind to FtsZ on the forespore side (brown asterisks), preventing constriction of FtsA filaments
(and likely the rest of the cell division proteins) on the forespore side while the FtsAZ filaments on
the mother cell side (black asterisks) are able to constrict.
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2.8 Supplemental Data

Table 2.1 Strain list for Chapter 2

Strain Genotype or description Reference, source or construction

PY79 Wild type (Youngman et al., 1984)

KK240 ftsZ-linkerq.ricnQkan This study

KP69 SpollE:: Tn917 (Sandman et al., 1987)

KC548 spollE::phleo spollA::cat amyE::spollE- (Carniol et al. 2005)
Aregll-gfp cat spc

KC549 spollE::phleo spollA::cat amyE::spollE- (Carniol et al. 2005)
Aregl-gfp cat spc

KC538 spollE::phleo spollA::spec amyE::malF- (Carniol et al. 2005)
spollE-Aregl gfp spc kan

KK240

Constructed by transformation of pKK238 (ftsZ-linkerq.icvQkan) into PY79. pKK238
was constructed by removing ssrA tag of pJLG142 and incorporating Q-rich linker from FtsN of
E. coli at the C-terminus of FtsZ.

FtsZ-linkera-rich sequence (Q-rich linker region highlighted in yellow and red):

MLEFETNIDGLASIKVIGVGGGGNNAVNRMIENEVQGVEYIAVNTDAQALNLSKAEVKMOIGAKLTRGLGAGANPEV
GKKAAEESKEQIEEALKGADMVFVTAGMGGGTGTGAAPVIAQIAKDLGALTVGVVTRPFTFEGRKROLOAAGGISAM
KEAVDTLIVIPNDRILEIVDKNTPMLEAFREADNVLROGVQGISDLIATPGLINLDFADVKTIMSNKGSALMGIGIA
TGENRAAEAAKKAISSPLLEAAIDGAQGVLMNITGGTNLSLYEVQEAADIVASASDODVNMIFGSVINENLKDEIVV
TVIATGFIEQEKDVTKPOQRPSLNQSIKTHNQSVPKREPKREEPQQONTVSRHTSQPARQOPTOLVEVPWNEQTPEQOR
OQOTLOROROAQQOLAEQQORLAQOSRTTEQSWOOQTRTSQAAPVOAQPROSKPASSQOPYQODLLOTPAHTTAQSKPQOD
DTLDIPTFLRNRNKRG
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Figure S2.1. Related to Figure 1. (A) Schematic of a rod-shaped cell (grey) subjected to cryo-
focused ion beam (FIB) milling. Two parallel beam of gallium ions (brown) ablate the cellular
material from the top and the bottom of the cell leaving a thin slice (~100-300 nm thick) for imaging
using cryo-electron tomography (cryo-ET). (B) Schematic depicting different sections of the septal
disk that can be captured when a rod-shaped cell is FIB-milled depending on the milling angle,
orientation of the cell on the EM grid and orientation of the cell with respect to the tilt axis. (C)
Schematic depicting the missing wedge issue in cryo-ET workflow. Since we are only able to
image from ~ + 60°, the area from -60° to -90° and from +60° to +90° remains unsampled leading
to missing information for these areas.

55



Cell membrane Membrane-proximal ring Membrane-distal ring PG: Peptidc

WT vegetative septum
(vegetative culture)

Top view

Rotated view

WT vegetative septum
(sporulating culture)

Rotated view
(xz)

Figure S2.2. Related to Figure 1. (A) Slice through a tomogram of a dividing vegetative cell
under vegetative culture conditions (See Materials and Methods). The inset highlights the left side
of the leading edge of the invaginating septum. Scale bar: 200 nm. (B) Left panel, zoomed-in view
of the inset in (A) in the xy coordinate plane. Right panel, same as left with PG (peptidoglycan,
gray), cell membrane (peach), membrane-proximal series of dots (pink) and membrane-distal
series of dots (blue) highlighted. The same color scheme for labeling cellular parts is followed
throughout. (C) Left panel, view of the septal disk corresponding to (B) in the xz coordinate plane
obtained by rotating the cell around its short axis by 90°. Right panel, same as left with different
cellular parts and FtsAZ filaments highlighted. Scale bars for (B) and (C): 25 nm. (D) Slice through
a tomogram of a dividing vegetative cell under sporulation culture conditions (See Materials and
Methods). The inset highlights the left side of the leading edge of the invaginating septum. Scale
bar: 200 nm. (E) Left panel, zoomed-in view of the inset in (A) in the xy coordinate plane. Right
panel, same as left with different cellular parts highlighted. Densities connecting the membrane-
proximal and membrane-distal series of dots are indicated in white (as pointed by a black arrow).
(F) Left panel, view of the septal disk corresponding to (E) in the xz coordinate plane obtained by
rotating the cell around its short axis by 90°. Right panel, same as left with different cellular parts
and FtsAZ filaments highlighted. Densities connecting the membrane-proximal ring to the
membrane are highlighted in yellow (as pointed by a black arrow). Scale bars for (E) and (F): 25
nm.
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Figure S2.3. Related to Figure 2. (A) Morphology of FtsZ-linkera.rich strain during vegetative
growth and (B) sporulation. Membranes are stained with FM4-64. The cells indicated by white
arrows show a filamentous phenotype. (C) Spore titer of wild type and FtsZ-linkera.ich (see
Materials and Methods). (D) Slice through a tomogram of FtsZ-linkerarich dividing cell. The insets
(/ for left and r right for right side of the septum) highlight the leading edge of the invaginating
septum. Scale bar: 200 nm. A schematic showing the construction of the modified strain is overlaid
on the tomogram slice wherein PG (gray), cell membrane (peach) are highlighted. FtsZ (blue) is
tethered to the membrane via FtsA (pink) and the two interact via a linker region (black + Q-rich
linker in orange). The same color scheme is followed throughout the figure. (E) Left panel,
zoomed-in view of the inset in (D) corresponding to ‘I’ in the xy coordinate plane. Right panel,
same as left with PG, cell membrane, membrane-proximal series of dots and membrane-distal
series of dots highlighted. Black arrows indicate membrane-distal dots that are likely not tethered
to the membrane via membrane-proximal dots. Green and red stars are used to differentiate the
two opposite sides of the dividing septum. (F) Left panel, view of the septal disk corresponding to
(E) in the xz coordinate plane obtained by rotating the cell around its short axis by 90°. Right
panel, same as left with different cellular parts and FtsAZ filaments highlighted. Scale bar for (E)
and (F): 25 nm. (G) Segmentation of the cell membrane (peach) corresponding to (E) & (F). Red
and green stars indicate the two opposite sides. (H) View of the side highlighted by the green star
obtained by rotating the cell by 90° as indicated in (G). Membrane-distal dots highlighted by black
arrows in the right panel of (E) are highlighted. (I) Same as (G) except that the cell is rotated along
its short axis by 90° to get a view of the septum side indicated by the red star. (J) View of the side
highlighted by the red star. Membrane-distal dots highlighted by black arrows in the right panel of
(E) are highlighted. Scale bars are omitted from (G)-(J) owing to their perspective nature. (K) Left
panel, zoomed-in view of the inset in (D) corresponding to ‘r’ in the xy coordinate plane. Right
panel, same as left with different cellular parts highlighted. Doublets of the membrane-distal series
of dots are indicated by blue arrows. (L) Left panel, view of the septal disk corresponding to (K)
in the xz coordinate plane obtained by rotating the cell around its short axis by 90°. Right panel,
same as left with different cellular parts and FtsAZ filaments highlighted. Scale bar for (K) and (L):
25 nm. (M) and (N) Two views of the annotated cell membrane, membrane-proximal and
membrane-distal filaments corresponding to (K) and (L). Doublets of membrane-distal filaments
highlighted by blue arrows in the right panel of (K) are indicated in (M) and (N).
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Figure S2.4. Related to Figure 2. (A) Slice through a tomogram of a dividing FtsZ-linkerq.rich
vegetative cell. The inset highlights the left side of the leading edge of the invaginating septum.
Scale bar: 200 nm. (B) Left panel, zoomed-in view of the inset in (A) in the xy coordinate plane.
Right panel, same as left with PG (peptidoglycan, gray), cell membrane (peach color), membrane-
proximal series of dots (pink) and membrane-distal series of dots (blue) highlighted. An
intermediate series of dots between the membrane-proximal and the membrane-distal series is
highlighted in green. (C) Left panel, view of the septal disk corresponding to (B) in the xz
coordinate plane obtained by rotating the cell around its short axis by 90°. Right panel, same as
left with PG, cell membrane, membrane-proximal ring, membrane-distal ring and the intermediate
ring highlighted. Scale bars for (B) and (C): 25 nm. (D) Box-and-whisker plot depicting the
distribution of intensity values for the region traced by the membrane-distal and the membrane-
proximal rings for wild type and FtsZ-linkerasicn in the range of 0 to 255. A region with
approximately similar area was masked for PG, cell membrane and cytoplasm as controls for both
strains. Lower the intensity value of the pixel in the RGB color space, the darker it is.
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Figure S2.5. Related to Figure 2. (A) A section of a dividing sporulating cell. PG (grey), cell
membrane (peach) are highlighted. The xyz coordinate axis to represent the dimensions of the
3D specimen is indicated (same as Figure 1B). (B) Top panel, projection image of the cell in (A)
in the xy coordinate plane. FtsA (pink) and FtsZ (blue) series of dots are indicated on the mother
cell side of the septum. Bottom panel, the corresponding projection image in the xz coordinate
plane when the cell is rotated about its short axis by 90°. The lateral PG, septal PG and FtsAZ
filaments as they project onto the orthogonal view (xz) are also highlighted. Same colo scheme
is followed throughout. (C) Left panel, same as top panel in (B). Right panel, the corresponding
projection image in the yz coordinate plane when the cell is rotated about its long axis on the left
side of the invaginating septum. (D) Left panel, same as top panel in (B). Right panel, the
corresponding projection image in the yz coordinate plane when the cell is rotated about its long
axis on the right side of the invaginating septum. For both (C) and (D), FtsAZ series of dots and
the corresponding filaments are also indicated.
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Figure S2.6. Related to Figure 2. (A) Slice through a tomogram of dividing SpollIEA™-sporangia.
The insets correspond to the left (/) and right (r) side of the invaginating septum. Scale bar: 200
nm. (B) Left panel, zoomed-in view of the inset in (A) corresponding to ‘I in the xy coordinate
plane. Right panel, same as left with PG (peptidoglycan, grey), cell membrane (peach), FtsA
series of dots (pink) and FtsZ series of dots (blue) highlighted. Same color scheme for labeling is
followed throughout. (C) Left panel, view of the septal disk corresponding to (B) in the yz
coordinate plane obtained by rotating the cell around its long axis near the left side of the
invaginating septum by 90°. Right panel, same as left with different cellular parts and FtsAZ
filaments highlighted. (D) Left panel, zoomed-in view of the inset in (A) corresponding to ‘r’ in the
xy coordinate plane. Right panel, same as left different cellular parts highlighted. (E) Left panel,
view of the septal disk corresponding to (D) in the yz coordinate plane obtained by rotating the
cell around its long axis near the right side of the invaginating septum by 90°. Right panel, same
as left with different cellular parts and FtsAZ filaments highlighted. Scale bars for (B)-(E): 25 nm.
(F) Schematic showing the arrangement of the cytoskeletal machinery in dividing SpolllEA™
sporangia with FtsAZ dots indicated.
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Figure S2.7. Related to Figure 3. (A) Bar graph depicting the distance spanned by FtsZ filaments
in wild type vegetative and sporulating cells and SpollE null mutant sporangia. Error bars indicate
standard deviation (n.s.: not significant, ****: p <0.0001, unpaired t-test). Each dot indicates a
sample point. (B) Fluorescence microscopy of GFP-tagged (green) (i) SpollE, (ii) SpollE~™9', (iii)
SpollEA™®" and (iv) SpollE™F-Adl sporangia. Membranes are stained with FM4-64 (red). Scale
bar: 1um. White arrows indicate a representative sporulating cell for each case. (C) Line graphs
showing normalized GFP intensity for (i) spollE, (ii) spollE-Aregl, (iii) spollE-Aregll, and (iv) malF-
spollE-Aregl sporangia along the normalized length of the sporangia. n indicates the number of
cells analyzed for each case. Each line represents a single cell.
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Chapter 3: Chromosome Translocation Inflates
Bacillus Forespores and Impacts Cellular

Morphology
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SUMMARY

The means by which the physicochemical proper-
ties of different cellular components together deter-
mine bacterial cell shape remain poorly understood.
Here, we investigate a programmed -cell-shape
change during Baciilus subtilis sporulation, when a
rod-shaped vegetative cell is transformed to an
ovoid spore. Asymmetric cell division generates a
bigger mother cell and a smaller, hemispherical
forespore. The septum traps the forespore chromo-
some, which is translocated to the forespore by
SpolllE. Simultaneously, forespore size increases
as it is reshaped into an ovoid. Using genetics,
timelapse microscopy, cryo-electron tomography,
and mathematical modeling, we demonstrate that
forespore growth relies on membrane synthesis
and SpolllE-mediated chromosome translocation,
but not on peptidoglycan or protein synthesis. Our
data suggest that the hydrated nucleoid swells
and inflates the forespore, displacing ribosomes
to the cell periphery, stretching septal peptido-
glycan, and reshaping the forespore. Our results
illustrate how simple biophysical interactions be-
tween core cellular components contribute to
cellular morphology.

INTRODUCTION

Bacterial cells display an amazing variety of cellular morphol-
ogies, which are often the defining signatures of different species
(Holt et al., 1994; Young, 2006). It is generally accepted that cell
shape is determined by the peptidoglycan (PG) cell wall. The mo-
lecular mechanisms involved in cell wallhomeostasis are starting
to be deciphered, leading to the emergence of models for the
maintenance of basic shapes (Amir and Nelson, 2012; Bartlett
et al.,, 2017; Cabeen et al., 2009; Nguyen et al., 2015; Pinho
etal., 2013; Ursell et al., 2014). However, it is unclear how the

cell wall and other cellular components interact to generate the
shape of bacterial cells.

Some bacteria modify their shape during specific develop-
mental processes. A paradigmatic example is sporulation in
Bacillus subtilis (Errington, 2003; Higgins and Dworkin, 2012;
Tan and Ramamurthi, 2014) during which rod shaped cells trans-
form into ovoid spores. The study of cell shape transformations
during this process can provide insights into the mechanism of
cell shape generation. Sporulation starts with an asymmetrically
positioned cell division event (polar septation) that generates two
cells of different size and fate (Figure 1A): the smaller forespore
becomes a resilient spore, whereas the larger mother cell lyses
after contributing to forespore development. After polar septa-
tion, the membrane of the mother cell migrates around the fore-
spore in a phagocytosis-like process called engulfment until the
leading edges of the engulfing membrane meet and fuse,
releasing the forespore into the mother cell cytoplasm.

Immediately after polar septation, the forespore is hemi-
spherical (Figure 1A [second cell]). However, during and shortly
after engulfment, it is reshaped into an ovoid (Pogliano et al.,
1999). We have previously observed that a thin layer of PG per-
sists between the mother cell and the forespore membranes
throughout engulfment (Tocheva et al., 2013); this layer likely
plays an important role in reshaping the forespore. Our recent
data indicate that this layer originates as an extension of the
septal PG by coordinated PG synthesis and degradation at
the leading edge of the engulfing membrane (Figure 1B; Ojkic
et al., 2016). During this process, synthesis is carried out by
forespore biosynthetic complexes that move at a position that
coincides with the leading edge of the engulfing mother cell
membrane and PG degradation by a mother cell protein com-
plex (SpolIDMP) that localizes to the leading edge of the engulf-
ing membrane. We propose that coordinated PG synthesis and
degradation moves the junction between the septal PG and the
lateral cell wall around the forespore, mediating membrane
migration and extending the septal PG to fully enclose the fore-
spore (Figure 1B), from now on referred to as the “extended
septal PG.”

Before polar septation, the chromosomes are remodeled into
an elongated axial filament (Kay and Warren, 1968; Pogliano
et al., 2002; Ryter, 1965), with the origins of replication at the

"

66



'muuuuuuooocanﬁn

oM e oS e e A e s n BT s o oo e S el e e e e s HR e e e eene ee s ama e st e

Figure 1. Forespore Growth during Sporulation
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(A) Diagram of polar septation, chromosome translocation, and engulfment showing membranes (red), PG (gray), chromosomes (blue), origin of replication
(purple), terminus (yellow), and SpolllE (orange), with translocation polarity indicated by arrows.

(B) Model for engulfment membrane migration. New PG (green) is synthesized ahead of the engulfing membrane by forespore PG-biosynthetic machineries
(PG®™, green circle), crosslinked (magenta) to the lateral cell wall (gray), and degraded by SpolIDMP (yellow Pacman), extending the septal PG and moving the

septal junction around the forespore.

(C) Timelapse fluorescence microscopy of three wild-type sporangia throughout engulfment showing FM4-64 stained membranes (white). Dotted lines are added
as references, with white indicating the total length of the sporangium and red the original position of the septum.

(D) Average forespore volume (black line, left y axis), mother cell volume (light orange line, right y axis) and forespore plus mother cell volume (dark orange line,
right y axis) of wild-type sporangia over time. Time traces were aligned so that 0 hr was the onset of septum curving. Error bars represent standard deviation.

See also Figure S1 and S2.

cell poles and the termini at midcell (Figure 1A [leftmost cell];
Webb et al., 1997). As a consequence, when the septum is
formed, the origin-proximal part of the forespore chromosome
is inside the forespore, and the origin distal ~2/3 of the chromo-
some (Wu and Errington, 1994, 1998) remains in the mother cell
(Figure 1A). Endospore-forming bacteria have evolved a system
to deal with this topological problem: the SpolllE membrane pro-
tein is recruited to septal midpoint and moves the chromosome
from the mother cell to the forespore (Wu and Errington, 1997;
Bath et al., 2000; Massey et al., 2006). SpolllE assembles two
subcomplexes, one in each cell (Yen Shin et al., 2015). Normally,
only the mother cell subcomplex is active, transporting the chro-
mosome into the forespore. However, in the absence of the
mother cell subcomplex, the forespore subcomplex can trans-
port the chromosome out of the forespore and into the mother
cell, indicating that SpolllE can function as a reversible motor
(Sharp and Pogliano, 2002; Yen Shin et al., 2015). DNA translo-
cation is an energy intensive process that consumes one mole-
cule of ATP per every two base pairs transported (or ~1.5 million
ATP molecules total; Liu et al., 2015). The process commences
immediately after polar septation, when the forespore is just
~0.1 um?®, packing the chromosome into a cell that is, at the
onset of this process, just 1/10 the volume of the mother cell

(Figure 1). It is unclear how this tiny cell accommodates the chro-
mosome and its associated water and counterions.

Here, we study how different core cellular components con-
tribute to the final forespore size and morphology. We propose a
model for forespore remodeling in which chromosome transloca-
tion increases forespore turgor pressure, stretching the extended
septal PG so that it obtains the shape dictated by the forespore
biosynthetic complexes and accommodating new membrane
that is synthesized during engulfment. In the absence of DNA
translocation, the membranes surrounding the forespore appear
wrinkled and floppy, which might hinder the completion of engulf-
ment by providing a more complicated membrane morphology for
the engulfing membranes totraverse. Our results demonstrate that
DNA contributes to forespore size and morphology, not only
through the information it carries, but also through the physico-
chemical properties of the DNA molecule itself.

RESULTS

The Forespore Volume Increases in Detriment of the
Mother Cell Volume

To visualize the transition in forespore shape from hemispherical
to ovoid, we performed timelapse fluorescence microscopy using
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fluorescent membrane stains compatible with spore formation
(Figures 1C, S1, and S2; Pogliano et al., 1999). Immediately after
polar septation, the forespore volume is ~0.1 um?®, constituting
just ~10% of the total volume of the sporangium (Figures 1C
and 1D). However, the forespore starts elongating toward the
mother cell, increasing its volume for ~3 hr. Forespore volume
doubles by engulfment completion (Figures 1C and 1D) and con-
tinues increasing until it plateaus at ~0.3 um?, roughly triple its
initial volume (Figure S1). The mother cell volume decreases by
the same amount as the forespore volume increases, therefore
maintaining a constant total volume for the sporangium (Figures
1C and 1D). The reduction in mother cell volume contrasts with
the ~25% increase in mother cell surface area during engulfment
(Ojkic et al., 2016), which is required to allow the engulfing mem-
brane to completely enclose the forespore.

Forespore Growth Requires Chromosome Translocation
and Membrane Synthesis, but Not PG Synthesis

In previous work, we have observed that mutants impaired in
chromosome translocation typically have small forespores
(Becker and Pogliano, 2007; Sharp and Pogliano, 1999, 2002).
To test if chromosome translocation was necessary for fore-
spore growth, we performed timelapse microscopy of a strain
unable to translocate the chromosome into the forespore due
to a point mutation in SpolllE that abolishes ATPase activity
(SpollIEA™~; Sharp and Pogliano, 1999). In this mutant, although
chromosome translocation is blocked, SpolllE still assembles a
translocation channel at the septum, maintaining separation of
the forespore and mother cell membranes and cytoplasms
(Fleming et al., 2010). Timelapse microscopy showed that
SpollEA™~ forespores showed negligible volume increase
compared to the wild-type (Figures 2A-2C, and S2). After mem-
brane migration, an excess of membrane seemed to accumulate
around the forespore, and a membrane blob was frequently
observed at the mother cell distal tip of the sporangium (Figures
2B and S2). These results indicate that chromosome transloca-
tion is critical for forespore growth.

We next tested if forespore growth, like vegetative growth,
relied on PG and membrane synthesis. However, these pro-
cesses are essential for engulfment (Ojkic et al., 2016), compli-
cating the analysis. In order to uncouple forespore growth from
engulfment, we used engulfment-defective strains that lacked
one protein in the SpolIDMP complex (Figure 1B). In the absence
of any one of these three proteins, membrane migration is
blocked, but the forespore continues to grow, forming a bulge
into the mother cell cytoplasm (Frandsen and Stragier, 1995; Lo-
pez-Diaz et al., 1986; Smith et al., 1993; Figure 2D). We moni-
tored bulge formation by timelapse microscopy in strains lacking
SpollM (Figures 2E and S2). Bulges started to form shortly after
polar septation and continued growing for ~3 hr. Importantly,
chromosome translocation was also required for bulge growth,
as indicated by the failure to form bulges in SpolllEA™-
SpollIM~mutant (Figures 2E [bottom row] and S2). We then moni-
tored bulge formation in the presence of antibiotics thatblock PG
(cephalexin, fosfomycin, penicillin V, or bacitracin) and mem-
brane (cerulenin) biosynthesis (Figures 2E [second and third
rows] and S2) using antibiotic concentrations that affect the for-
mation of polar septa (Ojkic et al., 2016). Bulges formed after

treatment with all the PG synthesis inhibitors tested, but
they failed to grow when membrane synthesis was inhibited
(Figures 2E [second row] and S2). After inhibiting PG synthesis,
bulges appeared unstable, collapsing or disintegrating at later
time points (Figure S2). This instability would reduce the number
of bulges observed in batch cultures, perhaps explaining why we
previously concluded that PG synthesis was required for bulge
formation (Meyer et al., 2010). Together, these results suggest
that forespore growth depends on membrane synthesis and
chromosome translocation, but not on PG synthesis.

Hypotheses to Explain the Requirement of Chromosome
Translocation for Forespore Growth

While the requirement of membrane synthesis for forespore
growth has a straightforward explanation, the role of chromo-
some translocation is not clear. One possibility is that growth re-
quires the forespore expression of genes that are not initially
trapped in the forespore (Figure 2F [red dots in left and middle
cells]). By this hypothesis (hereafter called the gene expression
model), the inhibition of forespore growth in the absence of
DNA translocation would be due to the failure of genes located
in the origin-distal part of the chromosome to enter and be ex-
pressed in the forespores of SpolllEAT"~ sporangia. An alterna-
tive model —the chromosome packing model (Figure 2F)— posits
that forespore growth is a physical consequence of packing the
~4-megabase B. subtilis chromosome into the forespore, which
initially comprises just ~10% (Figure 1) of the total volume of the
sporangium. Packing this long, negatively charged DNA polymer
into the small forespore might generate a significant turgor pres-
sure due to the requirement for additional water molecules and
positively charged counterions to neutralize the charge. These
models are not necessarily mutually exclusive.

Reverse Chromosome Translocation Results in
Forespore Shrinking and Collapse

We next designed experiments to tease apart the relative contri-
bution of forespore gene expression and chromosome packing
to forespore growth. First, we employed a genetic strategy to
reverse SpolllE-mediated chromosome translocation so that
DNA is first moved into and then out of the forespore (Figure 3A;
Yen Shin et al., 2015). To do so, we tagged SpolllE with a modi-
fied ssrA* sequence that is recognized by the E. coli adaptor pro-
tein SspBE° and delivered to the B. subtilis CIpXP protease for
degradation (Griffith and Grossman, 2008). We then degraded
SpolllE in the mother cell by expressing sspBf° from a mother
cell specific promoter (Psponp). As a consequence, degradation
commences slightly after the initiation of chromosome translo-
cation, which gives time for most sporangia to initially translo-
cate the chromosome into the forespore, supporting forespore
growth (Figure 3A). However, after mother cell Spolll[E-ssrA* is
degraded, the forespore SpolllE subcomplex transports the
chromosome out of the forespore. If chromosome packing
drives forespore growth, we expect that pumping the chromo-
some out of this cell would relieve the turgor pressure, causing
it to shrink or collapse (Figure 3A [chromosome packing model]).
However, if growth is the consequence of de novo synthesis of
specific gene products in the forespore that mediate the cell
shape change, then reverse chromosome translocation should
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(A and B) Timelapse fluorescence microscopy of wild-type (A) and SpollIEA™~ (B) sporangia showing FM4-64-stained membranes (red) and SYTOX-green-

stained DNA (green).

(C) Change in forespore volume for wild-type (WT, green) and SpolllE*™~ (red). Time O hr was set as in Figure 1. Error bars represent standard deviation.

(D) Diagram of bulge formation in spoliD, spoliM, and spol/P mutants.

(E) Timelapse microscopy of spolfM sporangia without drug, or in the presence of cephalexin (50 pg/mL) or cerulenin (30 ug/mL). The last row is spolfM spolli

EATP—

sporangia. Membranes were stained with FM4-64. See Figure S2 for additional antibiotics.
(F) Alternative models to explain the dependence of forespore growth on chromosome translocation. For simplicity, only the forespore chromosome is shown.

Additional details are provided in the main text.
See also Figure S2.

have no consequence on forespore shape, since the products
would already be present in the forespore as evidenced by the
initial growth of this cell (Figure 3A [gene expression model]).
We monitored chromosome translocation and forespore vol-
ume by timelapse microscopy, staining the DNA with SYTOX
green and membranes with FM4-64 (Becker and Pogliano,
2007). In the absence of SpolllE degradation, the chromosome
was translocated from the mother cell to the forespore in every
sporangium with a forward translocation rate of 0.4 kb/s per
chromosome arm (Figures 3B and 3C [inset]), and translocation
was typically completed in less than 1 hr after polar septation
(Figures 3B-3E and S3A). As expected, the forespore volume
increased continuously as the chromosome was translocated
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to the forespore, continuing after translocation in a second
phase of growth (Figures 3D, 3E, and S3A). When SpolllE was
degraded in the mother cell, most sporangia initially showed for-
ward chromosome translocation, which supported forespore
growth (Figures 3F-3I, S3B, and S3C). After the initial forward
translocation, we observed chromosome movement out of the
forespore in a significant fraction of the sporangia, suggesting
that the mother cell SpolllE subcomplex was degraded (Figures
3F-3l). We observed two distinct types of reverse translocation
(Figures 3C and 3F-3l). In some sporangia, the chromosome
was slowly and completely translocated out of the forespore,
with a reverse translocation rate of —0.3 kb/s (Figure 3C
[inset])—similar to the rate at which it had initially been
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Figure 3. Reverse Chromosome Translocation Produces Forespore Shrinking and Collapse

(A) Degradation of mother cell SpolllE reverses chromosome translocation (Yen Shin et al., 2015), with differing impacts on forespore volume predicted by the

gene expression and the chromosome packing hypotheses.

(B) Mean forespore DNA fraction () over time during forward chromosome translocation. The green dotted line indicates DNA fraction after chromosome

translocation (n = 0.5). Error bars represent standard deviation.

(C) Mean forespore DNA fraction over time during reverse chromosome translocation and DNA efflux. The inset shows translocation rates {absolute value, kb/s
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per chromosome arm) during forward translocation (Fw.), reverse translocation {Rev.), and DNA efflux. Error bars represent standard deviation.
(D) Timelapse microscopy of a sporangium stained with FM4-64 (red) and SYTOX green (green) without SpolllE degradation.

(E) Graphs showing forespore volume (black line, left y axis) and fraction of DNA in the forespore (n, green line, right y axis) of the sporangium shown in (D).
(F-l) Examples of outcomes after SpolllE degradation in the mother cell. (F) Slow chromosome translocation out of the forespore. (G) Graph showing forespore
volume and forespore DNA fraction for the sporangium in (F). (Hy Example of abrupt DNA efflux. The asterisk indicates the onset of reverse chromosome

translocation. (I) Graph showing forespore volume and forespore DNA fraction of the sporangia shown in (H).
(J) Cross-correlation between n and forespore volume during abrupt DNA efflux. Error bars represent standard deviation.

See Figure S3 for additional examples.
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See also Figure S4.
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translocated into the forespore —as expected for SpolllE-medi-
ated reverse chromosome translocation (Figures 3C, 3F, 3G,
and S3B). In these cases, the forespores gradually lost volume,
becoming misshapen and ultimately collapsing (Figures 3F,
3G, and S3B). In other sporangia, parts of the chromosomes
quickly moved out of the forespores (—1.3 kb/s; Figure 3C),
with coincident and abrupt losses of forespore volume and no
subsequent movements of the remainder of the chromosomes
out of the forespores (Figures 3C, 3H, 3l, and S3C). Cross-corre-
lation analysis showed that, during DNA efflux, there was no time
delay between chromosome movement out of the forespore and
the loss of forespore volume, suggesting a strong coupling be-
tween both processes (Figure 3J). This abrupt DNA efflux has
not been previously observed. Our prior results indicate that
SpolllE complexes in both cells are required to assemble a sta-
ble paired channel and to maintain daughter cell separation (Yen
Shin et al., 2015). It is therefore possible that degradation of
mother cell SpolllE causes the forespore SpolllE channel to
disassemble in some sporangia, opening a pore in the septum
that allows the immediate redistribution of the chromosome be-
tween the two cells in order to minimize the repulsive and hydra-
tion forces associated with packing the chromosome into the
small forespore.

05 1.0
Time (h)

1.5 Thus, the loss of the forespore chromo-
some correlates with decreased fore-
spore volume over two distinct time-
scales, consistent with the hypothesis
that DNA generates pressure within the forespore that is required

to maintain its size and shape.

Sustained Translation in the Forespore Is Not Required
for Growth

The above results show that chromosome packing in the fore-
spore is critical for growth and suggest that expression of genes
encoded in the region of the chromosome initially trapped in the
mother cell might be dispensable for forespore growth. To further
evaluate the gene expression model, we tested if sustained pro-
tein synthesis was required in the forespore to support growth.
We used the cell-specific protein degradation system (Yen Shin
et al., 2015) to specifically block translation in the forespore after
polar septation (Figure 4A). To this end, we constructed a strain
in which the sole isoleucine-tRNA synthetase, lleS, was tagged
with ssrA*. The lleS-ssrA* fusion supports growth with a doubling
time and cellular morphology identical to the parent strain, and
production of SspBF© from a xylose-inducible promoter causes
a rapid cessation of growth (Figures S4A and S4B; Lamsa et al.,
2016). To block translation in the forespore, we expressed sspB©
from a forespore-specific promoter (Psspei2g)- Degradation of
lleS-ssrA*intheforesporedramaticallyreduced spore production,
suggesting that the protein is efficiently degraded (Figure S4C).
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To monitor the degree to which translation was impaired
before chromosome translocation was completed, we placed
a gene encoding the cyan fluorescent protein (CFP) under the
control of a forespore-specific, o -dependent promoter and
integrated the construct into a site close to the chromosome
terminus. Since the terminus is in the mother cell immediately
after polar septation, CFP is not produced until the cfo gene
reaches the forespore (Figure 4B). After forespore lleS degra-
dation, we would expect a reduced CFP signal if translation
was impaired by the time chromosome translocation finishes
(Figure 4B). CFP intensity would therefore be indicative of
the level of translation in individual forespores, allowing us to
determine if there is a correlation between forespore size
and the degree to which translation is inhibited. We plotted
forespore CFP fluorescence versus forespore volume for indi-
vidual sporangia about to complete engulfment with and
without lleS degradation (Figures 4C and 4D). As expected,
the average CFP intensity was shifted toward lower values af-
ter degradation (Figure 4D), and ~20% of the forespores
showed negligible CFP signal, suggesting that in those fore-
spores, translation was almost completely blocked before
chromosome translocation finished. Importantly, there was
no correlation between CFP intensity and forespore size, indi-
cating that continuous protein synthesis in the forespore is not
required for growth. Production of SspBE¢ in the forespore
without ssrA* had no impact on CFP intensity or forespore
size (Figure S4D).

We next performed timelapse microscopy to monitor fore-
spore growth after lleS degradation, following only those 20%
of sporangia that lacked detectable CFP expression at the
end of the experiment (Figure 4E). Loss of forespore protein
synthesis had no impact on forespore growth (Figures 4E and
4F). These results indicate that forespore growth does not
require the continuous production of proteins in the forespore,
suggesting that the chromosome packing is the main driver of
forespore growth, at least during the first 1.5 hr of growth stud-
ied here.
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to protoplasts for wild-type (WT, upper two rows)
and SpolllEA™~ sporangia (bottom two rows).

(D) Volumes of WT and SpolllEA™ forespores af-
ter engulfment membrane migration for intact
(walled) and protoplasted (protoplast) sporangia.
Each dot represents one sporangium. Dotted line,
average of each set.
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Chromosome Packing Increases Forespore Volume by
Extending the Forespore Membrane

Next, we explored if there was a connection between chromo-
some packing and membrane synthesis during forespore
growth. It is conceivable that increased turgor pressure in the
forespore triggers the synthesis of the extra membrane required
for growth. Alternatively, it is possible that the excess membrane
required for forespore growth and engulfment is produced inde-
pendently of chromosome translocation, in which case chromo-
some packing might simply extend the forespore membrane to
yield an effective volume increase. This second possibility seems
to be supported by the accumulation of excess membrane
around the forespores in the absence of chromosome transloca-
tion (Figures 2B, 5A, and S2). However, it is possible that the
membrane excess is solely part of the mother cell engulfing
membrane, which might wrinkle as it migrates around a smaller
than normal forespore.

To distinguish between these two possibilities, we artificially
extended the forespore membranes by enzymatically removing
the cell wall under low-osmolarity conditions (Figures 5B and
5C). We have previously shown that sporulating cells do not
lyse when the cell wall is removed in the absence of osmoprotec-
tants (Ojkic et al., 2014). However, under those conditions, the
engulfing membrane retracts (Figures 5B and 5C), suggesting
that the turgor pressures of the mother cell and forespore in-
crease (Ojkic et al., 2014), which would also allow both cells to
fully extend their membranes during the transition to protoplasts.
We measured the volume of wild-type and SpolllEA™~ fore-
spores from sporangia with an intact cell wall (Figure 5A) after
completion of engulfment membrane migration, but not engulf-
ment membrane fission (Figure 5D [walled]). As expected, the
average volume of SpolllEA™~ forespores was significantly
reduced compared to wild-type forespores (Figure 5D). We
then determined the volume of wild-type and SpolllEA™~ fore-
spores after digesting the cell wall under low-osmolarity condi-
tions (Figure 5D [protoplast]). We monitored protoplast formation
by timelapse microscopy, focusing on sporangia that had



Figure 6. DNA Translocation Affects Ribo-
some Distribution and Membrane Topog-
raphy

(A—F) Slices of cryo-electron tomograms depicting
different stages of engulfment in wild-type
sporangia (A-C) and cormesponding states in
spollIEA™~ sporangia (D-F). Scale bar, 200 nm.
(G and H) Segmented tomogram of WT (G) and
spolllEA™~ (H) sporangia, showing ribosomes
(blue), the forespore membrane (pink), and the
mother cell membrane (purple).

(1) Cumulative distribution of ribosomes as a func-
tion of the distance from the forespore membrane
inWT (green) and SpolllIEA™~ forespores. The gray
line represents the cumulative distribution of
randomly distributed sets of ribosomes generated
in silico. Error bars represent standard deviation.
(J) Cartoons illustrating the exclusion of ribo-
somes by the forespore nucleoid.

See also Figure S5.
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In spolliIEA™~ sporangia, we noted that
the septum appeared wavy (Figures 6D
and S5G) and less extended than
wild-type. At later stages of engulfment,
we observed invaginations of the

Cumulative distribution function

completed engulfment membrane migration by the time lyso-
zyme was added (Figure 5C). As shown in Figure 5D, the average
volumes of protoplasted wild-type and SpoIIIEATFL forespores
are indistinguishable and equivalent to those of walled wild-
type forespores. These results suggest that forespores synthe-
size the excess membrane required for growth independently
of chromosome translocation and that chromosome packing
might simply increase forespore turgor pressure to extend the
forespore membrane, thereby increasing forespore volume.

The Impact of DNA Translocation on Forespore
Morphology Visualized by Cryo-electron Tomography

In order to better understand the impact of chromosome translo-
cation on forespore morphology, we visualized wild-type and
SpolllEA™~ sporangia by cryo-electron tomography (CET).
B. subtilis cells are too thick to obtain high-resolution tomograms
using CET. Tocircumvent this limitation, we used cryo-focusedion
beam (FIB) milling to thin the samples to a thickness compatible
with CET, which allows visualization of cellular structures in a
near-native state, at molecular resolution (Mahamid et al., 2016;
Villa et al., 2013). The tomograms of wild-type sporangia show
that, during engulfment, the septum curves smoothly toward the
mother cell as the mother cell membrane engulfs the forespore
(Figures 6A and 6B). After engulfment, forespores are roughly
ovoid, and the membranes are completely extended (Figure 6C),
with a thin layer of extended septal PG between the forespore
and the mother cell membranes, as we previously observed in
slender ponA mutant sporangia (Tocheva et al., 2013).

00 02 04 06 08 1.0
Norm distance from membrane

double membrane that encloses the fore-
spore (Figures 6E and 6F), and after
engulfment, an excess of membrane
accumulated, often at the sporangial cell
pole (Figures 6F and S5H) or, sometimes, in folds of the two
membranes into the forespore (Figures 6E and 6H). These obser-
vations are consistent with fluorescence microscopy results,
where we typically observed membrane blobs at the mother
cell distal tip of SpolllEATP~ sporangia or elsewhere in the fore-
spore (Figure S2). These results support the idea that, in the
absence of chromosome translocation, newly synthesized fore-
spore membrane cannot be fully extended, causing the fore-
spore and engulfing mother cell membrane to wrinkle.

SpolllEA™

Ribosome Mapping Shows that the Hydrated
Chromosome Occupies a Significant Volume of the
Forespore Core

The bacterial nucleoid does not typically display a high-order or-
ganization and thus cannot be directly observed in our tomo-
grams. However, previous studies have shown that the nucleoid
excludes B. subtilis ribosomes (Lewis et al., 2000). The spatial or-
ganization of ribosomes therefore provides insight into the posi-
tion and space occupied by the hydrated nucleoid. Ribosomes
can be readily identified in our tomograms, using template
matching and subtomogram averaging (Briggs, 2013). We there-
fore compared the spatial distribution of ribosomes in wild-type
and SpolllEA™~ sporangia (Figures 6G and 6H) and used this in-
formation to infer the space occupied by the forespore nucleoid.
We focused on sporangia at late stages of engulfment to ensure
that chromosome translocation was complete in wild-type and
quantified ribosome distribution relative to the membrane. In
SpollIEA™ sporangia, ribosomes were distributed uniformly
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across the forespore cytoplasm, indicating that the portion of the
chromosome in theforespore occupies a smallvolume of the cell
cytoplasm (Figures 6H-6J). In wild-type sporangia, forespore ri-
bosomes were confined to the cell periphery, suggesting the full
nucleoid occupies a significant fraction of the forespore core
(Figures 6G, 61, and 6J). Equivalent results were obtained by im-
aging GFP-labeled ribosomes with fluorescence microscopy
(Figure S5).

Modeling the Impact of Chromosome-Generated Turgor
Pressure on Septal PG and Forespore Shape

Taken together, our results suggest that the forespore chromo-
some effectively inflates the forespore, generating an increased
turgor pressure that allows the cell to accommodate the addi-
tional membrane synthesized during engulfment and subse-
quent steps of spore formation. We estimated potential contribu-
tions of chromosome packing to the forespore turgor pressure
(see STAR Methods). Our calculations indicate that packing a
whole chromosome in the forespore can generate a pressure dif-
ference (Ap) between the forespore and mother cell between
~20 and ~80 kPa, mainly due to the osmotic effect of the coun-
terions required to neutralize the negative charges of the DNA
(Figure S6) and, to a lesser extent, due to the decreased entropy
resulting from packing the chromosome into the small forespore.
However, is this increase in Ap sufficient to explain observed
engulfment dynamics and forespore morphology? To explore
this, we modified our in sifico mathematical model for engulfment
(Ojkic et al., 2016). Briefly, using a simple model that accounts for
cooperation between cell wall synthesis and degradation (Fig-
ure 1B), we proposed a mechanism for the progression of the
leading edge of the engulfing membrane, in which the junction
between the septal PG and the lateral cell wall moves around
the forespore (Ojkic et al., 2016). Increased turgor pressure in
the forespore pushes the septum and stretches the septal PG,
leading to forespore expansion. It is important to note that, since
the peptide-bond spring constant (kyep, = 50 pN/nm) is much
smaller than the glycan spring constant (kgy, = 5570 pN/nm),
the main volume change is due to elastic stretching of the pep-
tide bond (Nguyen et al., 2015; Ojkic et al., 2016). In our model,
newly synthesized peptide bonds are assumed to be relaxed
and are subsequently stretched due to increasing forespore
turgor pressure.

We simulated engulfment with different values of Ap between
the forespore and the mother cell (Figures 7A and 7B). Our sim-
ulations assume that the same amount of extended septal PG is
present in all cells and thus that any size difference is exclusively
due to PG stretching. We observed drastic changes in forespore
volume depending on Ap, indicating that the pressure differential
between the two cells is a critical parameter in forespore size
determination (Figure S7A). Our simulations with Ap around
60 kPa, which is within the Ap range that can be caused by chro-
mosome translocation, produced forespore sizes in accordance
to those found in vivo. Similarly, our simulations with low Ap
yielded forespore sizes compatible with those found in
SpolllEA™ - sporangia.

To see how well this model predicted forespore volume at
varying chromosome-mediated pressure differences, we took
advantage of B. subtilis strains that have different amounts of

DNA in the forespore: a translocation proficient strain in which
the chromosome is fully translocated to the forespore, a
SpolllEA™P~ strain in which only 1/3 of the chromosome is in
the forespore, and a strain in which SpolllE is tagged with
ssrA* and simultaneously degraded in the mother cell and in
the forespore by producing SspBF° in both cells (Yen Shin
et al., 2015). Due to asynchronies between the onset of chromo-
some translocation and SpolllE degradation, this last strain pro-
duces a plethora of chromosome translocation phenotypes,
ranging from non-translocated to almost completely translo-
cated (Figures 7C-7E) (Yen Shin et al., 2015). To assess the frac-
tion of the chromosome translocated in each sporangium, we
stained the DNA with SYTOX green and quantified the amount
of DNA in the forespore relative to the total DNA in the sporan-
gium (fraction of DNA in the forespore, 7). We specifically
selected sporangia that had completed engulfment membrane
migration to compare sporangia at the same stage. By plotting
n against forespore volume, we observed a clear positive corre-
lation (correlation coefficient r = 0.74; Figure 7F). We searched
for the best fit of our simulations to the data with Ap = 0 kPa cor-
responding to non-translocated DNA (n ~0.16), finding that,
when the chromosome is completely translocated (n ~0.5), Ap
is ~58 kPa. This pressure agrees well with our theoretical esti-
mates of DNA-mediated osmotic pressure (see STAR Methods)
and in vitro osmotic measurements (Dobrynin and Rubinstein,
2005; Hansen et al., 2001; Raspaud et al., 2000). Finally, we
found that the model was able to accurately predict forespore
growth in other Bacillus species with different cell volumes and
chromosome sizes (Figure S7). Together, our simulations with
different pressures and Bacillus species closely match experi-
mental data, supporting the notion that increased forespore
turgor pressure due to chromosome translocation deforms and
extends the septal PG, allowing the forespore to adopt its final
size and shape.

DISCUSSION

To understand the mechanisms controlling cell size and shape
in bacteria, it is necessary to consider both biological regula-
tory mechanisms and the underlying biophysical principles of
the system. Here, we studied the transition in forespore shape
during B. subtilis sporulation, from hemispherical to ovoid, us-
ing a combination of cell biology, genetics, CET, and biophys-
ical modeling. We propose a mechanism for forespore shape
generation in which the final shape of the forespore is purely
achieved through physiochemical interactions between three
core cellular constituents: SpolllE-mediated DNA transloca-
tion, which effectively inflates the forespore like air in a
balloon, stimulating forespore growth by extending the fore-
spore membranes and stretching septal PG (Figure 7G). Our
results reveal an unexpected role of DNA in increasing fore-
spore pressure, allowing it to grow within the confines of the
extended septal PG to adopt its final size and shape. First,
we demonstrated that the chromosome needs to be present
in the forespore for this cell to adopt its extended shape (Fig-
ure 3). Second, we showed that sustained translation in the
forespore is not required for growth (Figure 4). Altogether,
our observations indicate that the main contribution of
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Figure 7. Modeling the Impact of Chromo-
some-Generated Turgor Pressure on Septal
PG and Forespore Size

(A) Simulation snapshots of differing stages of
engulfment at increasing pressure difference (Ap)
between the forespore and mother cell. Time be-
tween frames is 0.28 hr.

(B) Simulation snapshots for Ap in the range from
8.63-86.3 kPa. All forespores have the same
amount of extended septal PG. For these pres-
sures, peptide deformations are in the linear
elastic regime, with negligible nonlinear peptide
deformation (see Figure S7A).

(C) Simultaneous degradation of SpolllE in the
mother cell and forespore produces sporangia
with varying amounts of DNA in the forespore.

(D) Fluorescence microscopy showing a wild-type
strain (wild-type), SpolllEA™~, and a strain in
which SpolllE is simultaneously degraded in the
mother cell and the forespore (SpolllE?®%). Scale

SpolllE>=

Ap (kPa) bar, 1 um. Arrowheads represent forespores with
= 0.7 0. 465 6 '13 0 1.3 2,6 39 52 6,5 7,8 9,1 completely translocated (white), non-translocated
EO P L, X . . (red), partially translocated (yellow), or no
g™ & ;g 0.35 : ' {magenta) chromosome.
§ 0.5 2030 : - Control (E) Fraction of forespore DNA in wild-type
'2 o ‘i- 2 0251 3 SpolllEA™ sporan%La (blue), SpolllIEA™ sporangia (red), and
= 3 _g , 5 e SpolllE?*% sporangia (green). Each dot represents
% 03 T+ + a>) 0.20 . RO a different sporangium. Dotted lines, average of
5 2 .| 3015 e il : e Binned data  each set.

5 0.2 1 _*_ """' g 0.101—1-% B — Simulation (F) Correlation between the fraction of DNA in the
B0.1 - & t " forespore (primary x axis) and forespore volume of
w 0.051 H . the sporangia analyzed in (E). Binned data for all
0 \‘o\ & & 0.00 — ' v i v strains are shown with black dots f(error bars
Oo:ﬂ“ o\\\%@ 0\\\,\@\ 0 OV1Fracc:i(2)n of[)b?\lA inofgres %fe ( )0'6 0.7 represent standard deviation) and compared with
YRy R pore (n the simulation (black line) for different Ap (sec-

ondary x axis). Vertical dotted lines indicate the
average fraction of DNA in SpolllEA™~ (left line)
and wild-type (right line) forespores.

(G) Model showing engulfment and reshaping of
the forespore. After polar septation, the forespore
is hemispherical and is separated from the mother
cell by relaxed septal PG (dark gray). Chromo-
some translocation increases forespore turgor
pressure, stretching the septal PG and allowing

the accommodation of newly synthesized membrane (red patches on the membrane). Simultaneously, coordinated PG synthesis by forespore biosynthetic
proteins (PG, green) and degradation by SpolIDMP (yellow Pacman) moves the junction between the septum and the lateral cell wall (pink peptide crosslink)
around the forespore, extending the septal PG (with new PG represented in green). In the absence of chromosome translocation, forespore turgor pressure
remains low, preventing stretching of the extended septal PG and the accommodation of the excess membrane produced during engulfment.

See also Figure S6 and S7.

chromosome translocation to forespore size and shape is the
increase in forespore turgor pressure rather than the expres-
sion of genes located on the region of the chromosome that
is initially excluded from the forespore.

According to our theoretical calculations, the main contribu-
tion of the chromosome to forespore pressure is osmotic (see
STAR Methods). This can be conceptualized according to the
Gibbs-Donnan effect (Figure S6; Castelnovo and Evilevitch,
2006): the translocation of a negatively charged polyelectrolyte,
such as DNA, to the forespore would generate an electrostatic
imbalance between the forespore and the mother cell, with the
forespore negatively charged with respect to the mother cell.
Such imbalance is compensated by a redistribution of the
cytoplasmic cations between both cells, generating an effective

osmotic Ap. Our CET images indicate that, upon chromosome
translocation, the forespore nucleoid displaces the ribosomes
to the cell periphery (Figure 6). This observation is compatible
with the idea that the chromosome might in fact act as a sponge
that swells by sequestering cations and water, causing the fore-
spore to inflate.

Our calculations indicate that packing a full chromosome in
the forespore could generate a difference of pressure between
mother cell and forespore ranging from ~20 to ~80 kPa. At first
sight, this Ap seems relatively minor in the context of a cell with
a turgor pressure of ~2 MPa during vegetative growth (What-
more and Reed, 1990). However, it is similar to the turgor pres-
sure of E. coli cells (~30 kPa) (Deng et al., 2011), which is suffi-
cient to deform the thin layer of septal PG from flat during
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division to curved after cell separation. Our CET images (Fig-
ure 6; Tocheva et al., 2013) show that the extended septal PG
has a thickness similar to that of E. coli cell wall, suggesting
that the Ap between forespore and mother cell should be suffi-
cient to stretch the extended septal PG, making it curve into the
mother cell. In agreement with this idea, our simulations indi-
cate that PG stretching due to chromosome-generated turgor
pressure is enough to explain the size difference between
wild-type and SpolllEA™- forespores during engulfment.
This is further supported by the rapid loss of forespore volume
upon abrupt reverse chromosometranslocation (Figures 3H-3J
and S3C), which suggests that the chromosome produces an
elastic deformation of the forespore. It is therefore possible
that increased forespore turgor pressure does not trigger syn-
thesis of extra PG but rather promotes the stretching of the
septal PG—a hypothesis that is consistent with the indepen-
dence of forespore growth from PG synthesis. A stretching-
based model has also been proposed for the elongation of
the E. coli PG sacculus (Rojas et al., 2014).

Chromosome translocation proceeds through the hydrolysis
of vast amounts of ATP by the mother cell SpolllE subcomplex.
Forespore growth could therefore be envisioned as an energy
transduction process, from chemical energy stored in ATP to
mechanical energy in the form of the expansion of the DNA
with its associated counterions, similar to the hydration of a
glass-like gel that in turn expands the membranes and stretches
the septal PG (Parry et al., 2014; Taylor, 1923). In several bacte-
riophages, the ATP-driven packaging motor generates a force
resulting in a continuous increase in internal pressure as DNA
is packaged inside the phages (Evilevitch et al., 2003; Smith
et al., 2001), and energy generated in this process is converted
to work when the DNA is injected into the host cell. Analogously,
the ATP-driven motor of SpolllE might also force the DNA inside
the small volume of the forespore. In support of this idea, we
have observed that the DNA is rapidly ejected from the forespore
in some sporangia after degradation of SpolllEin the mother cell,
presumably through an opening in the septum generated due to
the disassembly of the translocation complex. The mechanical
energy generated in the process of packaging the chromosome
in the forespore may be converted into work done in stretching
the septal PG and extending the forespore membrane to pro-
ceed with engulfment.

Overall, our results lead to a mechanism of forespore size
and morphology determination in which the septal PG is
stretched as a consequence of the DNA-mediated increase
in forespore turgor pressure, allowing the membranes that sur-
round the forespore to adopt an optimal smooth conformation
to proceed with engulfment. Then, coordinated PG synthesis
and degradation at the leading edge of the engulfing mem-
brane allows the extension of the septal PG, moving the junc-
tion between the septal PG and lateral cell wall around the
forespore and generating space for the movement of the
mother cell engulfing membrane (Figure 7G). The results pre-
sented here illustrate how relatively simple biochemical pro-
cesses and biophysical principles governing the interaction
between core cellular components can together mediate com-
plex processes, such as programmed changes in cellular
morphology and engulfment.

STARX*METHODS

Detailed methods are provided in the online version of this paper
and include the following:

o KEY RESOURCES TABLE
e CONTACT FOR REAGENT AND RESOURCE SHARING
e EXPERIMENTAL MODEL AND SUBJECT DETAILS
O Bacillus subtilis PY79
O Bacillus megaterium QM B1551
O Bacillus thuringiensis serotype israelensis
O Bacillus pumilus BL8
e METHOD DETAILS
O Experimental procedures
O Image analysis
O Modeling, simulations & pressure calculations
e QUANTIFICATION AND STATISTICAL ANALYSIS
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

We used four different Bacillus species as experimental models: Bacillus subtilis PY79, Bacillus megaterium QM B1551, Bacillus thur-
ingiensis serotype israelensis, and Baciflus pumilus BL8. All of them were routinely grown in LB plates at 30°C. Sporulation was
induced in two different ways: (i) For B. subtilis PY79, sporulation was induced by resuspension in A+B medium, after growing the
bacteria in 1/4 diluted LB to O.D.ggq ~0.5. For strains carrying an integration in thrC, the resuspension medium was supplemented
with 50 ug/ml of threonine. Sporulation cultures were grown at 37°C for batch culture and protoplast experiments, and at 30°C for
timelapse experiments. (ij) For comparing forespore sizes of all the model organisms (Figure S7), sporulation was induced by exhaus-
tion in Difco Sporulation Medium (DSM) at 30°C. Relevant details about the different experimental models are provided below:

Bacillus subtilis PY79
Most of the work was done using this model, since it is highly genetically tractable. A list of the different Bacillus subtilis PY79 strains
used in his study is provided in Table S1. The plasmids and oligonucleotides used to construct the different strains are provided in
Tables S2 and S3, respectively. Table S4 includes detailed descriptions of plasmid construction.

Chromosome size: 4.03 megabases.

No plasmids.

Bacillus megaterium QM B1551
Chromosome size: 5.10 megabases.
Seven plasmids, with a combined size of 0.43 megabases.

Bacillus thuringiensis serotype israelensis
Chromosome size: 5.50 megabases.
Six plasmids, with a combined size of 0.84 megabases.

Bacillus pumiius BL8
Chromosome size: ~3.7-3.8 megabases.

METHOD DETAILS

Experimental procedures
Fluorescence microscopy from batch cultures
Cells were visualized on an Applied Precision DV Elite optical sectioning microscope equipped with a Photometrics CoolSNAP-HQ?
camera and deconvolved using SoftWoRx v5.5.1 (Applied Precision). For imaging, cells (12 pl) were transferred to 1.2% agarose pads
prepared using sporulation resuspension medium. Cells were typically imaged ~3 hours after sporulation induction at 37°C. The me-
dian focal plane is shown. When appropriate, membranes were stained with 0.5 ng/ml of FM4-64, added directly to the agarose pad.
DNA was stained with 0.5 uM of SYTOX green, added to the sporulating cultures ~1 hour after resuspension and to the agarose pad.
To observe ribosome distribution using a RPS2-GFP after transcription blockage with rifampicin (Figure S5), sporulating cultures of
a strain expressing rpsB-GFP were split 2 hours after sporulation induction and incubated with and without 0.25 ug/ml of rifampicin
for one extra hour. Cells were then imaged as described above.
Timelapse fluorescence microscopy
Sporulation was induced at 30°C. To visualize DNA, the culture was supplemented with 0.5 tM SYTOX green ~one hour after spor-
ulation induction. SYTOX green is typically used as an indicator of dead cells, as it has a limited ability to cross the membrane of living
cells. However, when added to sporulating cultures several hours before imaging, SYTOX green stains the chromosomes yielding a
readily detectable fluorescence signal, without affecting the sporulation process. To visualize the membranes, 0.5 ng/ml FM4-64 was
added to the culture ~2 hours after sporulation induction and incubation continued for another hour. Seven pul samples were taken 3
hours after resuspension and transferred to agarose pads prepared as follows: 2/3 volume of supernatant from the sporulation cul-
ture; 1/3 volume 3.6% agarose in fresh A+B sporulation medium; 0.17 pg/ml FM4-64; 0.17 uM SYTOX green. When appropriate, an-
tibiotics were added to the pads to the final concentrations indicated in the figure legends. Pads were partially dried, covered with a
glass slide and sealed with petroleum jelly to avoid dehydration during timelapse imaging. Petroleum jelly is not toxic and cannot be
metabolized by B. subtilis, which poses an advantage over other commonly used sealing compounds, such as glycerol, which can be
used as a carbon source and inhibit the initiation of sporulation. Pictures were taken in an environmental chamber at 30°C every 5 min
for at least 5 hours. Excitation/emission filters were TRITC/CY5 for membrane imaging, and FITC/FITC for DNA imaging. Excitation
light transmission was set to 5% to minimize phototoxicity. Exposure time was 0.1 s. For presentation purposes, sporangia were
aligned vertically (with forespore on top) by rotating them using Photoshop.
Protoplast timelapse fluorescence microscopy
Sporulation was induced at 37°C. Samples were taken 3-4 hours after resuspension, spun at 7000 x g for 10 s, and resuspended
in 25 ul of a buffer containing 20 mM maleic acid and 20 mM MgCl,, pH 6.5. 10 pl of the resuspended culture were placed on a
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poly-L-lysine-treated coverslip and mixed with lysozyme and FM 4-64 (final concentrations 1 mg/ml and 5 ng/ml, respectively). Im-
ages were taken at room temperature, every 45 s for one hour. Excitation light transmission was set to 32%. Exposure time was 0.1 s.
Cryo-Electron Tomography

Holey carbon coated QUANTIFOIL R 2/1 copper grids were glow discharged using Pelco easiGlow glow discharge cleaning system
and sporulating B. subtilis PY79 cells were deposited on these grids. Samples were taken approximately 2-3 hours after resuspen-
sion for wild-type sporulating cells and at 2.5 hours after resuspension for spolllE*™"- strain. Excess resuspension media was
removed by manual blotting using Whatman No. 1 filter paper from the reverse side so that cells form a monolayer on the grids. Grids
were then plunge-frozen using a custom-built vitrification device (Max Planck Institute for Biochemistry, Munich) by rapid immersion
in ethane/propane mixture cooled by liquid nitrogen.

Grids were mounted into modified FEI Autogrids after vitrifcation. This prevents any mechanical damage to the delicate grids dur-
ing subsequent transfer steps. Then, these clipped grids were transferred into a dual-beam (cryo-FIB/SEM) microscope (Scios,
Thermo Fisher Scientific, formerly FEI) equipped with a cryogenic stage. Thin sections of 100-250 nm, or lamellae, were prepared
as previously described in Rigort et al., 2012 (see protocol for lamella preparation, not wedges). Each lamella contains ~10-12 cells.

Tilt-series were collected from typically —66° to +66° with a tiltincrement of 1.5° or 2° using SerialEM in a 300-keV Tecnai G2 Polara
(Thermo Fisher Scientific, formerly FEI) equipped with post-column Quantum Energy Filter (Gatan) and a K2 Summit 4k x 4k direct
detector camera (Gatan). Images were recorded at a nominal magnification of 34,000 with a pixel size of 0.61 nm or 22,500 with a
pixel size of 0.92 nm. The dose rate was set to 10-12 e /physical pixel at the camera level. Frame exposure was set to 0.1 s, with
a total exposure in a frame set to be determined by an algorithm targeting an average count number. The total dose in a tomogram
was typically ~100-150 e /A2 with a defocus ranging from —5 to —6 um. A total of 24 tomograms from 14 FIB-milled lamellae were
collected for wild-type sporulating cells and 16 tomograms from 6 FIB-milled lamellae for spolllEA™ cells.

Tomograms were reconstructed in IMOD (Mastronarde, 1997) using patch tracking.

Image analysis

Determination of cell volume

To determine the volumes of the forespore and the mother cell, we extracted the membrane contours of the forespore and the mother
cell using microscopy images in which membranes were stained with FM4-64. For this purpose, we used the semi-automated active
contour software JFilament, available as Imaged plugin (Smith et al., 2010). In the case of timelapse movies, the membrane position
was extracted for every time frame. We then used a custom-built Mathematica software (volumeestimator) to calculate 3D volumes of
forespore, by assuming rotational symmetry around the axis connecting the center of masses of forespore and mother cell. The code
is available in Ojkic et al., 2016. In the case of the forespore volumes reported in Figures 4D, 5D, and S4D, forespore volume was
extracted without considering the center of masses to determine the rotational axis. Instead, since we only focused on the fully en-
gulfed forespores that have typical ovoid shape, the rotational axis was estimated by finding axis of rotation as minimum moment of
inertia axis. This method was validated by comparing forespore volumes using the two different methods giving R? > 0.99 (graph
not shown).

Estimation of chromosome translocation

The forespore and mother cell contours were determined using JFilament, as above. We extended the Mathematica software to
extract the total fluorescence intensity of the pixels enclosed by the contours (intensityestimator). In the case of timelapse movies,
we used one optical section per time frame, and the total forespore and mother cell SYTOX green intensities were tracked over time.
For measurements from batch culture microscopy experiments, we added the SYTOX green intensities of six consecutive optical
sections, covering a total thickness of 0.75 um. The background intensity was calculated using a rolling radius of 3.2 um (ImageJ).
From the total SYTOX green intensity within the forespore and the mother cell, we subtracted the total background intensity to obtain
the net SYTOX green intensity in each cell. We defined the fraction of DNA in forespore (n) as [total net SYTOX green intensity in FS/
(total net SYTOX green intensity in FS + total net SYTOX green intensity in MC)]. When chromosome translocation is completed, 7 is
~0.5 (Figures 3B and 7E).

Translocation rate measurements

From the measurement of fraction of DNA in the forespore () over time (see previous section) we calculated translocation speed per
chromosome arm as v =N dn/dt, where N is the number of bp per DNA, and t is time. During forward and slow reverse translocation,
chromosomes are translocated with constant rate (Figure 3B and 3C). For each cell, we determined dn/dt using linear fit from n versus
time graph, and we calculated the average + SD of the different cells. The fast reverse translocation rate was calculated similarly as
above, but for each cell the slopes were determined from three consecutive time points separated by 5 min intervals, after the onset of
the reverse translocation.

Forespore CFP fluorescence intensity

To determine the CFP intensity in the forespore, the intensity of five optical sections was added, covering a total thickness of 0.6 pm.
The forespore contour and the CFP intensity enclosed by it were calculated using intensityestimator, as explained in “Estimation of
chromosome translocation” subsection.

Fluorescently labeled ribosome distribution

Forespore and mother cell contours were extracted using the ImageJ plugin JFilament, as above. The long axis of every sporangium
was rotated to be parallel with y-axis, with the forespore pointing up. Then, we aligned the centers of mass of every forespore, and
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normalized RPS2-GFP fluorescence at the medial focal plane. To calculate average fluorescence distribution of many forespores, we
created asquare grid with a meshwork size of 16 nm. For each meshwork point we binned pixel intensities that were withinaradius of
64 nm. Subsequently, we calculated the average fluorescence for each meshwork point and plotted as a density plot (Figure S5J).
Normalized intensity through the center of the forespore and perpendicular to the long axis of the cell (along y = 0 line) is plotted in
Figure S5K.
Ribosome distribution in CET
Semi-automatic segmentation of membranes was done using TomosegmemTV (Martinez-Sanchez et al., 2014) and then manual
refinement in Amira (FEI Visualization Sciences Group). Subtomograms containing ribosomes were manually picked using
EMAN2 (Tang et al., 2007) and averaged, classified and placed in their original positions in the tomogram using Dynamo
(Castano-Diez et al., 2012) and Amira. We analyzed the distribution of the ribosomes in tomograms of six wild-type and four
SpolllEA™P~ forespores. We determined the shortest distance between each ribosome and the segmented surface of the forespore
in 3D. For each case, the distance between the ribosome and the forespore membrane was normalized to the largest possible
distance from the membrane determined numerically for each forespore in 3D. As a control, we generated random distributions
of ribosomes within the SpolllEATP- forespores wherein the same number of ribosomes (as found in the respective tomogram)
were initiated randomly within the membrane region. The number of random sets for each SpolllEAT~ forespores was ~300. A
cumulative distribution of ribosomes (normalized to the total number of ribosomes) was then plotted against distance from the
membrane for each forespore.
DNA mesh pore size calculation
Estimates for DNA mesh pore size in the forespore were made based on calculations in S| appendix, section S4 in Castellana et al.,
2016. L denotes the total length of forespore DNA (~4.03 megabases or ~1.37 mm) and V'is the volume of the forespore (0.1-0.2 um?)
wherein DNA is confined. As an approximation, DNA can be thought of as occupying a cubic lattice of volume V that consists of N
cubic pores each with edge length a (pore size) so that V = Na® and DNA length, L is given by L = 3aN for close packing. This provides
an estimate of pore size as a= \/(SV/L)

Based on these calculations, the forespore nucleoid can be thought of as a DNA mesh with an average pore diameter of
~15-20 nm.

Modeling, simulations & pressure calculations

Engulfment model and simulations are described in detail in Ojkic et al., 2016. Different Bacillus species were simulated using
different initial forespore sizes, by varying the radius of the forespore to be 0.26, 0.32, 0.55 and 0.6 um corresponding to
B. pumilus, B. subilis, B. thuringiensis, and B. megaterium, respectively. The cell sizes were derived from fluorescence microscopy
images of sporangia of the different species (Figures S7B and S7C). Below there is a detailed description of how chromosome-gener-
ated turgor pressure was calculated for B. subtilis. The same calculations where used for different species, taking into account their
respective cell and genome sizes.

In B. subtilis, packing a long ~4-megabase DNA polymer into a forespore that is initially ~0.1 um? (Figure 1) creates a DNA con-
centration (Cpna) of ~45 g/l. Each base pair (bp) of the chromosome accompanies two negative phosphate charges, which makes the
DNA molecule highly negatively charged. Based on those premises we explored entropic, elastic, electrostatic, and osmotic contri-
butions to the total forespore pressure.

Entropic contribution

By packing the chromosome into the forespore the number of potential DNA conformations is reduced, leading to the increased
entropic pressure. When fully translocated, DNA volume fraction (DNA volume divided by forespore volume) is ~6.2%. This produces
an entropic pressure of ~2 kPa, estimated using Langevin simulations (Pereira et al., 2017). This estimate is in a good agreement with
the experimental measurements in E. coli, which suggest that the entropic pressure generated by a 4.6-megabase chromosome is
~4 kPa (Pelletier et al., 2012). However, this estimated entropic pressure is not large enough to significantly deform peptidoglycan
meshwork (Figure S7).

Elastic contribution

The DNA elastic bending stiffness tends to restore bent DNA molecules to their straight configuration. The DNA persistence length,
15~50 nm, is much smaller than the typical linear size of the forespore, ~ Vm =460 nm. Additionally, the DNA persistence length
decreases in ionic solutions (Manning, 2006). Since the forespore size is about an order of magnitude larger than the DNA persistence
length, the DNA elastic bending contribution to the forespore pressure is negligible.

Electrostatic contribution

DNA is negatively charged and the electrostatic repulsion depends on the spacing between neighboring DNA strands. To estimate
average DNA radial separation d, we approximate the DNA molecule by a cylinder of the same length as a whole molecule: a2 Lpna
= Vispore» Where Lpna is the total DNA length (Purohit et al., 2003). Since bp linear size is 0.34 nm (Kempes et al., 2016; Raspaud et al.,
2000), we obtain that the typical distance between two neighboring DNA strands is ~8.4 nm. DNA electrostatic interactions are
screened in the ionic solutions due to counterions and the typical Debye’s electrostatic screening length of about 0.8 nm (Podgornik
etal., 2016; Raspaud et al., 2000). Since the calculated distance d between neighboring DNA strands is much larger thanthe Debye’s
screening length, the electrostatic contribution to the pressure is also negligible.
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Osmotic contribution

DNA is negatively charged and attracts positively charged counterions that contribute to osmotic pressure. The DNA volume fraction
in the forespore is ~6.2% corresponding to a semi-dilute polymer solution. In this regime, the osmotic pressure (p) has polymeric (pp)
and an ionic contribution of the DNA counterions (p;) (Dobrynin and Rubinstein, 2005; Dobrynin et al., 1995). For DNA forespore con-
centrations, the polymeric contribution is negligible (Raspaud et al., 2000) therefore p = p;. The expression for the osmotic pressure
of DNA counterions is given by:

_RT4C.
P= 4
#Cc

where R is the ideal gas constant, T is the temperature, ¢ is the osmotic coefficient, C. is the counterion concentration, and Cs is the
salt concentration (Dobrynin et al., 1995). The counterion concentration is equal to the DNA phosphate concentration (Raspaudet al.,
2000). The above expression fits well with experimentally measured counterion osmotic pressure with ¢ = (0.245 + 0.020) (Raspaud
et al., 2000). Note that the dependence of the osmotic pressure due to DNA counterions on Cg accounts for the classical Gibbs-
Donnan effect. Using experimentally measured salt concentration in E. coli (Lo et al., 2006) in the range of 2-20 mM and applying
above expression we obtain that the forespore osmotic pressure is in the range 26-70 kPa. This estimate agrees with in vitro mea-
surement of osmotic pressure of 63 kPa for the Cs = 10 mM and DNA forespore concentration (Hansen et al., 2001; Raspaud et al.,
2000). In the lower range of salt concentration, Debye's electrostatic screening length remains smaller than the typical distance be-
tween neighboring DNA strands.

1+

QUANTIFICATION AND STATISTICAL ANALYSIS
For each experiment we had at least two biological replicas, and each one contained at least three technical replicas. Averages of

individual cells, but not the averages of different replicas are reported. The number of cells analyzed (N) is indicated in each figure.
Data represent the mean of N cells. The standard deviation is shown as dispersion measurement.
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Figure S1. Forespore Growth over Longer Time, Related to Figure 1

(A) Timelapse fluorescence microscopy of wild-type sporangia stained with the membrane dye FM4-64. Each row is a different sporangium. The time between
two consecutive snapshots is 20 min, and the total time of each series is 4 hours. The asterisk indicates the time point at which engulfment completes.

(B) Change in forespore volume over time, extracted from timelapse movies. For each time point, the average and standard deviation of 41 sporangia is shown.
The green vertical band indicates the time interval at which engulfment membrane migration is completed for the analyzed sporangia. The timelapses were
aligned so that 0 h was the time immediately before the time point at which the flat sporulation septum started to curve.
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Figure S2. Full Timelapse Microscopy Series, Related to Figures 1 and 2

This figure is provided at high-resolution and zoom-in is recommended for proper visualization. Timelapse microscopy of wild-type sporangia, Spolll
sporangia, SpollM~ sporangia, SpollIM~ sporangia treated with cephalexin (50 pg/ml), fosfomycin (6900 pg/ml), penicillin V (500 pg/ml), bacitracin (50 pg/ml) or
cerulenin (30 ug/ml), and SpollM~ SpollIEA™~ sporangia. Images were collected at 30°C every 5 minutes for a total of up to 295 minutes. Each row represents a
different sporangium and all the collected time points are shown. Membranes were stained with FM4-64.

EATP-
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A Forward translocaiton B slow reverse translocaiton C Abrupt DNA efflux

Figure S3. Forward and Reverse Chromosome Translocation, Related to Figure 3

This figure is provided at high-resolution and zoom-in is recommended for proper visualization. Examples of control sporangia (A) in which the chromosome is
completely translocated from the mother cell to the forespore, and sporangia in which SpolllE is degraded in the mother cell (B and C) and the chromosome is
slowly (B) or abruptly (C) translocated out of the forespore. Membranes are stained with FM4-64 and DNA with SYTOX green. Snapshots taken every 10 min are
shown for (A) and (B), and every 5 min for (C). Graphs show forespore volume (black line, left y axis) and fraction of DNA intensity in the forespore, 7 (green line,
right y axis), over time of the sporangium immediately next to them. The green dotted line represents the fraction DNA intensity in the forespore corresponding to
full chromosome translocation. The asterisks in (C) indicate the onset of the chromosome abrupt transport out of the forespore.
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Figure S4. lleS-ssrA* Is Efficiently Degraded and sspBE° Expression in the Forespore Does Not Affect Either Translation or Forespore Size,
Related to Figure 4

(A) Fluorescence microscopy of non-sporulating wild-type and lleS-ssrA* strains. Membranes were stained with FM4-64 and DNA with DAPI. Scale bar, 1 pm.
Images were taken at the indicated time points after diluting a late exponential culture to O.D.gpp = 0.2.

(B) Growth curves of strains producing SspBE under the control of a xylose-dependent promoter (Pyy14), in @ background in which lleS is not tagged with ssrA*
(control, green lines), or in a background in which lleS is tagged with ssrA* (IleS-ssrA*, gray lines). Late-exponential cultures of each strain were diluted to O.D.gpo =
0.2, either in the absence of xylose (solid lines) or in the presence of 1% xylose (dotted lines). O.D.goo measurements were taken every 30 minutes for 4 hours.
Production of SspBE® in the control does not interfere with growth. However, production of SspBE® in the lleS-ssrA* background abolishes growth, suggesting
that lleS-ssrA* is efficiently degraded.

(C) Spore titers of wild-type and lleS-ssrA* strains in the absence of SspB=® (No SspB&°) or when SspB is produced in the forespore from Pssperee) (FS SspBF9).
Production of SspB in the forespore does not interferes with spore formation in wild-type background, but produces a dramatic reduction (~10° folds) in spore
titers in lleS-ssrA* background. The averages of three independent experiments are shown.

(D) Plot representing the total CFP fluorescence intensity in the forespore (x axis) versus forespore volume (y axis) of wild-type sporangia (blue dots), or of
sporangia in which SspBE° is produced in the forespore, but in which no protein is tagged with ssrA* (red dots). Each dot represents an individual forespore. The
solid dots represent the average CFP intensity and volume of wild-type sporangia (blue, N = 141) and sporangia in which SspB°is produced in the forespore (red,

N =61). The error bars represent the standard deviations. No significant differences are observed on the CFP intensity (p = 0.4345) or forespore size (p = 0.4812)
between the two strains.
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Figure S5. FIB-CE Tomograms Thickness and Membrane Segmentation, Related to Figure 6

{A-F) Cells shown in Figure 6A-6F have been rotated 90° around the short axis of the respective cell. The mother cell membrane (MCM) and forespore membrane
{FSM) are highlighted with magenta and pink dotted lines, and PG with white dotted lines. Inner membrane of the bleb (IMB) and outer membrane of the bleb
{OMB) for the tomogram shown in Figure 6E are highlighted with magenta and pink dotted lines, respectively, in the rotated view in shown in S5E. The thickness of
each lamella as well as the approximate width of the plane at which the slice of the tomogram was taken for Figure 6A-6F is shown for each cell. The volumes

(legend continued on next page)
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enclosed by the milled forespores shown in Figure 6B (and B) and Figure 6E (and E) are ~0.062 um® and ~0.046 um?, respectively (measured by segmenting the
forespore in Amira), and there are ~167 and ~79 ribosomes in those volumes. Scale bars, 200 nm.

(G) Segmentations of the forespore and mother cell membranes of the sporangium shown in Figure 6D (and S5D) with a wavy appearance.

(H) Segmentations of the forespore and mother cell membranes of the sporangium shown in Figure 6F (and S5F). Excess membrane that accumulates at the
mother cell distal pole has also been shown. The forespore membrane is shown in pink, the mother cell membrane in magenta. Scale bars have been omitted in
panels G and H as a perspective view of the cells is shown.

(1) Fluorescence microscopy of wild-type sporangia (left), SpollIEA™P~ sporangia (middle) and wild-type sporangia treated with rifampicin (0.25 ug/ml) for one hour
(right) to stop transcription, expressing a GFP fusion to the ribosomal protein S2 (encoded by rpsB) to visualize ribosome distribution. The concentration of
rifampicin used is five times higher than the minimal inhibitory concentration (Lamsa et al., 2016). The arrows point at representative forespores. Membranes were
stained with FM4-64. Scale bar, 1 um.

(J) Average ribosome distribution in wild-type forespores (WT, right), SpolllEA™ ~ forespores (middle), and wild-type forespores treated with rifampicin (WT +
Rifampicin, left).

(K) Normalized fluorescence intensity along a horizontal line that cross (at y = 0) the averaged forespores shown in (J). Fluorescently-labeled ribosomes localize to
the forespore periphery in wild-type sporangia, but are homogenously distributed in SpollIEA™~ forespores, in agreement with CET results (Figure 6G-6J).
Ribosomes still tend to localize to the forespore periphery after treatment with rifampicin for one hour, suggesting that the peripheral localization of the ribosomes
is not entirely due to the presence of transcriptionally active loops at the forespore periphery. It is likely that the compacted chromosome physically excludes
ribosomes due to an excluded volume effect: Forespores are only 0.1-0.2 um? in volume (compared to 1 um? for mother cells), and we estimate that packing a ~4-
megabase chromosome into this small volume will create a DNA mesh with an average pore diameter of < 20 nm (see STAR Methods for calculation details),
significantly smaller than what has been estimated for E. coli cells (~50 nm; Castellana et al., 2016). Bacillus ribosomes have a diameter of ~20 nm, and therefore
would be unable to freely diffuse inside the nucleoid.
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Figure S6. Gibbs-Donnan Effect to Explain the Osmotic Difference between Mother Cell and Forespore, Related to Figure 7

Right after polar septation, the forespore and mother cell are in both electrostatic and osmotic equilibrium, as the same concentration of charges and ions are
present in both cells. The translocation of the polyanionic chromosome to the forespore generates an electrostatic imbalance, since the concentration of DNA in
the forespore is higher than in the mother cell, due to the size difference of both cells. Because the DNA cannot diffuse freely between the forespore and the
mother cell, the electrostatic imbalance is compensated by the redistribution of positively-charged ions (purple circles), which become more concentrated in the
forespore. In turn, this creates an osmotic difference between both cells, which ultimately results in a net water flow to the forespore, leading to an increase in

turgor pressure.
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Figure S7. Simulations for Different Peptide Models and Different Bacillus Species, Related to Figure 7

(A) Forespore volume at the end of engulfment versus pressure difference (Ap) between forespore and mother cell. Peptides are modeled as linear springs with
effective spring constant kpep = 25 pN/nm, or bilinear peptide springs with effective spring constants kpen1 = 25 pN/nm for peptide elongation up to 50% natural
spring length, and kpepz = 1100 pN/nm for elongations larger than 50% natural spring length (Nguyen et al., 2015; Ojkic et al., 2016). Simulations with linear or
bilinear peptides show no significant difference up to pressures of ~100 kPa. In our simulations we used bilinear spring constants. Vertical line represents
maximum pressures used to simulate engulfment in Figure 7.

(B) Fluorescence microscopy images of B. pumilus, B. subtilis, B. thuringiensis, and B. megaterium sporulating cultures. Membranes were stained with FM4-64.
The scale bars are identical for every species (1 um).

(C) Forespore volume of sporangia that completed engulfment membrane migration (engulfed) for different Bacillus species: B. pumilus (blue), B. subtilis (green),
B. thuringiensis (orange) and B. megaterium (red). Each dot represents a different forespore. The number of forespores measured in each set (V) is indicated at the
bottom of the graph.

(D-F) Simulated forespore volume after engulfment (black lines) for B. pumilus (D), B. thuringiensis (E) and B. megaterium (F) as a function of Ap. B. subtilis
simulations are shown in Figure 7. The average forespore volume of sporangia that just underwent polar septation (flat septa) and of sporangia that completed
engulfment membrane migration (engulfed) is shown on the left side of each graph. The error bars represent the standard deviation, and the number of forespores
measured (N) is indicated inside the graph. The difference in volume between engulfed and flat septum sporangia provides a rough estimate of how much
forespores grow during engulfment. On the right side of each graph, the horizontal bands represent average volume + STD of forespores with flat septa (lower
band) and fully engulfed forespores (higher band). Theoretically calculated ranges of osmotic pressures generated by genome packing in the forespore are shown
with gray arrow bars at the bottom of the graphs. Chromosome sizes of the different species are provided in the STAR Methods. For B. thuringiensis, and
B. megaterium, which contain large plasmids, theoretically calculated ranges of osmotic pressures are shown taking into account uncertainties in forespore
plasmid numbers in the forespore. Simulations show that osmotic pressure due to packing the genome in the forespore is enough to explain forespore growth
during engulfment in the different Baciilus species. Simulation snapshots for different Ap are shown to the right of each graph. Scale bars, 1 pm.
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Chapter 4: The molecular architecture of
engulfment during Bacillus subtilis sporulation
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The molecular architecture of engulfment
during Bacillus subtilis sporulation

Kanika Khanna, Javier Lopez-Garrido, Ziyi Zhao, Reika Watanabe, Yuan Yuan,
Joseph Sugie, Kit Pogliano*, Elizabeth Villa*

Division of Biological Sciences, University of California, San Diego, La Jolla, United
States

Abstract The study of bacterial cell biology is limited by difficulties in visualizing cellular
structures at high spatial resolution within their native milieu. Here, we visualize Bacillus subtilis
sporulation using cryo-electron tomography coupled with cryo-focused ion beam milling, allowing
the reconstruction of native-state cellular sections at molecular resolution. During sporulation, an
asymmetrically-positioned septum generates a larger mother cell and a smaller forespore.
Subsequently, the mother cell engulfs the forespore. We show that the septal peptidoglycan is not
completely degraded at the onset of engulfment. Instead, the septum is uniformly and only slightly
thinned as it curves towards the mother cell. Then, the mother cell membrane migrates around the
forespore in tiny finger-like projections, whose formation requires the mother cell SpolIDMP
protein complex. We propose that a limited number of SpolIDMP complexes tether to and
degrade the peptidoglycan ahead of the engulfing membrane, generating an irregular membrane
front.

DOI: https://doi.org/10.7554/eLife.45257.001

Introduction
From an architectural point of view, bacterial cells are among the simplest forms of life on the
planet. Their cytoplasm is typically devoid of membrane bound organelles, and their cellular mor-
phology relies upon a semi-rigid peptidoglycan (PG) cell wall that imposes its shape on the malleable
cell membrane(s). Bacterial cells are inflated by their high internal turgor pressure, which pushes the
membranes against the cell wall, causing the PG to stretch and the cell to adopt its appropriate
shape. Despite the apparent simplicity, studies in the past few decades have demonstrated that bac-
terial cellular architecture is far more complex than previously thought, in terms of both its ultrastruc-
ture and dynamic capabilities (Hawver et al., 2016, Wagstaff and Léwe, 2018, Wang et al., 2013).
Endospore formation in Bacillus subtilis represents a striking example of the dynamic capabilities
of bacterial cells, as it entails dramatic changes in cellular architecture. First, the division site shifts to
polar position, generating a sporangium comprised of two cells: a larger mother cell and a smaller
forespore (Figure 1A; Errington, 2003; Higgins and Dworkin, 2012; Tan and Ramamurthi, 2014).
The polar septum traps the forespore chromosome, which is subsequently transported to the fore-
spore by SpolllE, a membrane-anchored ATPase that assembles a translocation complex at septal
midpoint (Bath et al., 2000; Yen Shin et al., 2015; Wu and Errington, 1994; Wu and Errington,
1997). Chromosome translocation increases the turgor pressure in the forespore, causing it to inflate
and expand into the mother cell (Lopez-Garrido et al., 2018). Simultaneously, the mother cell
engulfs the forespore in a process that resembles eukaryotic phagocytosis (Figure 1A). After engulf-
ment, the forespore is fully enclosed within the cytoplasm of the mother cell, where it matures in a
process that involves the synthesis of protective layers of cortex and coat, and the partial dehydra-
tion of the forespore cytoplasm. Finally, the mother cell lyses and the mature spore is released to
the environment, where it remains dormant until the conditions are appropriate for germination.
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elLife digest Much of what happens in biology occurs at scales so small that the microscopy
methods traditionally used by biologists cannot visualize them. One such process is bacterial
sporulation: in stressful conditions, bacteria like Bacillus subtilis can divide to produce a smaller cell
called a forespore, which the larger mother cell then engulfs. The forespore matures into a hardy
spore, which is able to survive in harsh environments and only transform into an active bacterium
when conditions improve.

Bacterial cells are surrounded by a stiff layer of a material called peptidoglycan. This wall sits
outside of the bacterium’s thin flexible membrane and determines the bacterium’s shape. At the
beginning of sporulation, the forespore is separated from the mother cell by a peptidoglycan wall.
Engulfment of the spore by the mother cell requires a dramatic change in the shape of this partition.
Microbiologists had thought that all the rigid peptidoglycan must be degraded to allow the
partition to deform flexibly during engulfment; however, no one had yet observed the tiny structures
involved.

Khanna et al. directly visualized sporulation in B. subtilis using a technique called cryo-electron
tomography (or cryo-ET for short). In cryo-ET, samples are cooled to low temperatures and then
imaged with a beam of electrons. Cryo-ET requires thin samples, thinner even than most bacteria.
By combing cryo-ET with another methodology that allowed them to focus in on thin sections of
their sample, Khanna et al. generated high resolution images, which provided a look at forespore
engulfment in unprecedented detail.

These images revealed that the peptidoglycan wall separating the mother cell from forespore is
not completely degraded: a thin layer of peptidoglycan persists. Comparing these images to cryo-
ET images of cells treated with drugs that block the production of peptidoglycan suggested a new
engulfment mechanism. This includes a cycle of peptidoglycan production and degradation that
accompanies the advancing mother cell membrane as it surrounds the forespore during engulfment.
Khanna et al. could also see that the mother cell’s membrane formed finger-like projections as it
moved around the forespore, something that was not visible with previous techniques.

This detailed engulfment mechanism is an important advance in the understanding of bacterial
spore formation. Additionally, Khanna et al. have generated a collection of images, methods and
analyses that may prove useful to a wide community of biologists attempting to understand
sporulation and other fundamental processes that occur on a small scale.

DOI: https://doi.org/10.7554/eLife.45257.002

Engulfment represents a major rearrangement of the sporangium, from two cells that lie side by
side to a cell within a cell. Such rearrangement likely involves a profound remodeling of the PG cell
wall around the forespore, which would otherwise constrain the movement of the engulfing mem-
brane. At the onset of engulfment, the engulfing mother cell membrane must circumvent the physi-
cal barrier posed by the septal PG in order to migrate around the forespore. This has led to the
logical proposal that engulfment must entail the complete dissolution of the septal PG, a process
often referred to as ‘septal thinning’ (Chastanet and Losick, 2007; llling and Errington, 1991;
Perez et al., 2000). This proposal was supported by early electron microscopy studies of fixed and
stained sporangia showing that engulfment-defective mutants had thicker septa than wild type spo-
rangia (Holt et al., 1975; llling and Errington, 1991; Rousseau and Hermier, 1975). Further studies
showed that engulfment requires three mother cell proteins: SpollD, SpollM and SpollP, which form
a complex (DMP) with PG degradation activity (Abanes-De Mello et al., 2002; Aung et al., 2007,
Chastanet and Losick, 2007, Morlot et al., 2010). In principle, DMP could mediate the complete
dissolution of the septal PG to remove the steric block to the movement of the mother cell mem-
brane around the forespore.

The idea that septal PG is completely degraded has been more recently challenged by cryo-elec-
tron tomography (cryo-ET) images showing that a thin PG layer is present between the forespore
and the mother cell membranes throughout engulfment (Tocheva et al., 2013). It has also been
shown that DMP-mediated PG degradation is required and rate-limiting for membrane migration
even after the septal barrier has been bypassed, suggesting that DMP plays a role separate from the
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Figure 1. Visualizing the 3D architecture of engulfment during sporulation in B. subtilis. (A) Schematic illustrating the process of polar septation,
chromosome translocation, engulfment and spore maturation. Membranes (red), PG (gray), chromosomes (blue), SpolllE (orange) and coat proteins
(shades of brown) are highlighted. Outward arrows in the stage Il; forespore indicate increased turgor pressure due to chromosome translocation. (B)
Revised engulfment model (Ojkic et al., 2016): new PG (purple) is synthesized ahead of the leading edge of the engulfing membrane by forespore-
associated PG biosynthetic enzymes (blue) and is subsequently degraded by DMP (yellow pacman), making room for the engulfing membrane to
advance. The coordinated synthesis and degradation of PG at the leading edge of the engulfing membrane can move the junction between the
septum (pink) and the lateral cell wall (gray) around the forespore. (C) Schematic illustrating cryo-FIB-ET methodology for bacterial samples (see
Materials and methods). (D) Slices through cryo-electron tomograms representing different stages of engulfment: (D) flat polar septum (Stage I1;), (F)
curved septum (Stage Il;) and (H) engulfing septum (Stage Il;;). Scale bar for (D,F,1): 200 nm. The corresponding forespore membrane (green) and the
mother cell membrane (yellow) are annotated in (E,G,|) respectively. n indicates the number of tomograms acquired for each cell type. Scale bars have
been omitted for (E,G,|) as cells are shown in perspective views . (J-N) Zoomed-in slices through cryo-electron tomograms showing (J) a large
ellipsoidal complex adjacent to the forespore membrane (black arrow), (K) a putative SpolllE channel (brown arrow) and (L) another putative channel
(brown arrow), (L,M) coat filaments (green arrows), (M) basement coat layer (maroon arrow) and (N) amorphous coat proteins (purple arrow). Scale

bar for (J-N): 50 nm.

DOI: https://doi.org/10.7554/eLife.45257.003

The following figure supplements are available for figure 1:

Figure supplement 1. Slices through cryo-electron tomograms representing different stages of engulfment in wild type sporulating B. subtilis cells.
DOI: https://doi.org/10.7554/eLife.45257.004

Figure supplement 2. Slices through cryo-electron tomograms representing later stages of sporulation when the forespore is completely inside the
mother cell.

DOI: https://doi.org/10.7554/eLife 45257.005

Figure supplement 3. Unidentified complexes during sporulation in B. subtilis.

DOI: https://doi.org/10.7554/eLife.45257.006

dissolution of septal PG (Abanes-De Mello et al., 2002; Gutierrez et al., 2010). In addition, the
movement of the mother cell membrane also requires PG synthesis at the leading edge of the
engulfing membrane (Meyer et al., 2010; Ojkic et al., 2016). Based on these observations, we pro-
posed a revised model for engulfment membrane migration in which coordinated PG synthesis and
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degradation at the leading edge of the engulfing mother cell membrane moves the junction
between the septum and the lateral cell wall around the forespore, making room for the engulfing
membrane to advance (Figure 1B; Ojkic et al., 2016). This model eliminates the need for complete
dissolution of the septal PG and predicts that PG synthesis happens ahead of the leading edge of
the engulfing membrane. Then, the mother cell DMP degrades this new PG to mediate membrane
migration. However, due to the limited resolution of optical microscopy, conclusive evidence that
PG synthesis occurs ahead of PG degradation is lacking.

Cryo-ET allows the visualization of three-dimensional (3D) architecture of bacterial membranes
and cell wall in a hydrated near-native state that cannot be achieved by methods reliant on chemical
fixation and staining (Ben-Harush et al., 2010; Matias and Beveridge, 2005; Oikonomou et al.,
2016). However, a limitation of cryo-ET is that the samples must be less than ~500 nm thick to
obtain high-resolution tomograms, constraining its application to only a handful of bacteria that are
either naturally slender, or, as in the case of B. subtilis, for which slender mutant strains are available
(Tocheva et al., 2013). But the latter typically contain mutations in genes involved in PG metabolism
and may not be ideal to study cell wall remodeling. Recent application of cryo-focused ion beam
(cryo-FIB) milling has produced artifact-free thin sample sections of ~100-300 nm, which allows the
acquisition of high-resolution tomograms of sections of wild type cells (Figure 1C; Marko et al.,
2007; Rigort et al., 2012; Villa et al., 2013). Cryo-FIB milling coupled with cryo-ET (or cryo-FIB-ET)
is therefore becoming the method of choice for studies of cellular architecture of both eukaryotic
and prokaryotic cells (Chaikeeratisak et al., 2017; Engel et al., 2015; Lopez-Garrido et al., 2018;
Mahamid et al., 2016).

Here, we have used cryo-FIB-ET to study sporulation in B. subtilis, revealing the different stages
of engulfment with a resolution that has not been achieved previously. We have analyzed wild type
sporangia, engulfment mutants, and sporangia treated with PG synthesis inhibitors to obtain new
mechanistic insights into the PG transformations that occur during engulfment. First, we provide evi-
dence that septal PG is not degraded completely at the onset of engulfment. Second, we show that
during membrane migration, the newly synthesized PG deforms the forespore membrane ahead of
the leading edge of the engulfing mother cell membrane, indicating that PG synthesis precedes PG
degradation. Third, we observe that the mother cell membrane migrates around the forespore by
forming tiny finger-like projections, the formation of which depends on DMP complexes tethering to
and degrading the PG ahead of the engulfing membrane. The methodology, images and analyses
presented here will provide valuable resources for future studies of spore assembly and other funda-
mental cell biological processes.

Results

Visualizing sporulation in wild type
B. subtilis at molecular resolution

Recently, we used cryo-FIB-ET to illustrate the
role of DNA translocation in inflating the fore-
spore (Lopez-Garrido et al., 2018). These data
confirmed the presence of a thin layer of PG
between the forespore and the mother cell mem-
branes in the wild type strain, as previously visual-
ized by cryo-ET of a slender ponA mutant of B.
subtilis (Tocheva et al., 2013). We expanded our
cryo-FIB-ET studies to investigate the architecture
of B. subtilis cells during different stages of spor-
ulation (Figure 1C; see Materials and methods).
We acquired high-quality data of wild type cells
during engulfment (Stage Il, Figure 1D-I; Fig-
ure 1—figure supplement 1) and during later

Video 1. Movie showing slices through a cryo-electron

stages of sporulation, when cortex and coat were
being assembled (Stages ll-VI, Figure 1—figure
supplement 2). Data of very late stages of

tomogram of B. subtilis wild type sporangium (flat
septum, Stage Il;) shown in Figure 1D.
DOI: https://doi.org/10.7554/ el ife.45257.007
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Video 2. Movie showing slices through a cryo-electron Video 3. Movie showing slices through a cryo-electron

tomogram of B. subtilis wild type sporangium (curved tomogram of B. subtilis wild type sporangium
septum, Stage II;) shown in Figure 1F. (engulfing septum, Stage Il;;) shown in Figure TH.
DOI: https://doi.org/10.7554/eLife.45257.008 DOI: https://doi.org/10.7554/eLife.45257.009

sporulation failed to provide high-resolution information inside the forespore, likely due to the dehy-
dration of this cell, which increases sensitivity of cryo-ET samples to the electron beam (Wu et al.,
2012).

Our data showed that the external cell wall of sporulating cells was ~20-30 nm thick, consistent
with other EM studies (Matias and Beveridge, 2005; Tocheva et al., 2013). The polar septum
formed close (within 500 nm) to one cell pole, and was initially flat (Figure 1D,E, Figure 1—figure
supplement 1A-D, Video 1). Eventually, the septum bent smoothly into the mother cell (Figure 1F,
G, Figure 1—figure supplement 1E-H, Video 2) and the mother cell membrane moved forward to
engulf the forespore, at which stage the forespore was roughly rounded (Figure 1H,I, Figure 1—fig-
ure supplement 1I-L, Video 3).

Visual inspection of tomograms also revealed several structures that have not been characterized
previously. Immediately after polar septation, we observed ellipsoidal complexes that were present
only in the forespore, adjacent to the membrane and often close to the intersection between the
septum and the lateral cell wall (Figure 1J, Figure 1—figure supplement 3A-C). These structures
were observed in 2 out of 7 tomograms of wild type sporangia with flat septa, with ~4 ellipsoidal
complexes observed in ~200 nm slices. The 3D reconstruction of these complexes revealed that the
ellipsoidal structures had a mean radius of ~45 nm (Figure 1—figure supplement 3A-C, see Materi-
als and methods). The molecular identity of these structures remains undetermined. We also identi-
fied a region approximately in the center of a flat septum where the two membranes are closer
together than elsewhere on the septum (14 nm vs. 23 nm, Figure 1K, Figure 1—figure supplement
3D,E). This constriction may correspond to paired hexameric SpolllE channels (Fleming et al., 2010;
Liu et al., 2006; Yen Shin et al., 2015). We also observed structures that appear to be channels
crossing the septum (Figure 1L) that may correspond to SpolllA-SpollQ complexes (Blaylock et al.,
2004; Levdikov et al., 2012; Morlot and Rodrigues, 2018; Zeytuni et al., 2017). We observed this
thin region in the polar septum and channel-like features (Figure 1K,L) in 2 out of 15 tomograms of
wild type sporangia with flat and curved septa. The low frequency of observation could be attributed
to the fact that we are imaging only ~150-250 nm slices of cells that are over 1 um wide. So, many
tomograms would not include low abundance structures such as SpolllE, which is comprised of two
adjacent channels. Next, we observed a basement coat layer adjacent to the outer forespore mem-
brane that is likely comprised of SpoVM and/or SpolVA (Figure 1M; Ramamurthi and Losick,
2009). This layer is visible as an array of dots spaced ~4-6 nm apart, similar to that observed previ-
ously in Acetonema longum sporulating cells (Tocheva et al., 2011). Moving outward, we observed
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WT Untreated WT + Bacitracin WT + Cephalexin
n=19 n=10 n=8

WT + Penicillin V WT + Cephalexin + Penicillin V
n=3 n=

Antibiotic | Conc.
Bacitracin 50 pg/ml
Cephalexin | 50 pg/ml
Penicllin V | 500 pg/ml

Figure 2. Septal PG is not completely degraded at the onset of engulfment. (A-C) Slices through cryo-electron tomograms of wild type engulfing
sporangia that are (A) untreated, (B) bacitracin-treated, (C) cephalexin-treated, (D) penicillin V-treated and (E) penicillin V- and cephalexin-treated. The
thin layer of septal PG is indicated by yellow arrows in the zoom-in panels for each of the tomographic slices. n indicates the number of tomograms
acquired for each cell type. Antibiotic concentrations used for the experiments are indicated in the bottom right. Scale bar: 200 nm.

DOI: https://doi.org/10.7554/eLife.45257.010

The following figure supplements are available for figure 2:

Figure supplement 1. Quantification of cell length upon antibiotic treatment.

DOI: https://doi.org/10.7554/eLife.45257.011

Figure supplement 2. Thin layer of septal peptidoglycan persists in wild type and antibiotic-treated sporangia.

DOI: https://doi.org/10.7554/eLife.45257.012

a dense amorphous layer and a filamentous layer
(Figure 1L-N, Figure 1—figure supplement 3F,
G) that may contain CotE, SpolVA and other coat
proteins that are recruited to the outer forespore
membrane during engulfment (McKenney et al.,
2013). Further studies are required to determine
the molecular identity of these structures
unambiguously.

Septal PG is not completely
degraded at the onset of
engulfment

The cryo-FIB-ET images provided high-resolution

Video 4. Time-lapse microscopy of untreated

details of the septum and the engulfing mem- sporulating B. subtilis cells stained with the membrane
brane. Hence, we focused on those details to dye FM4-64. Pictures were taken every 5 minutes for 2
obtain mechanistic insights about engulfment. hours (related to Figure 2—figure supplement 1).
The complete degradation of the septal PG DOI: https:/doi.org/10.7554/elife 45257.013
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during septal thinning has been traditionally considered a prerequisite for engulfment (Abanes-
De Mello et al., 2002; Chastanet and Losick, 2007; Eichenberger et al., 2001; Perez et al.,
2000). However, we observed a thin PG layer between the mother cell and the forespore mem-
branes throughout engulfment in both wild type (Figure 2A; Lopez-Garrido et al., 2018) and a slen-
der ponA mutant (Tocheva et al., 2013), suggesting that the septal PG is either not completely
degraded or is quickly resynthesized after degradation.

To probe this, we imaged engulfing sporangia after treatment with antibiotics that block PG syn-
thesis. When PG synthesis is inhibited, engulfment membrane migration does not continue, although
the septum still stretches and curves into the mother cell (Ojkic et al., 2016). We reasoned that, if
the septal PG was completely degraded, we would observe sporangia lacking PG between the
mother cell and the forespore membranes after antibiotic treatment. However, if the septal PG was
not completely degraded, the sporangia would show a layer of PG around the forespore, indepen-
dent of antibiotic treatment.

To inhibit PG synthesis, we treated the cells with bacitracin, cephalexin, penicillin V or a combina-
tion of penicillin V and cephalexin (Figure 2). We previously assessed the extent of PG inhibition
after antibiotic treatment by determining the frequency of division events, which rely on the synthe-
sis of new PG (Ojkic et al., 2016). As expected, our results showed that untreated cells continued to
grow and divide under the experimental conditions (Figure 2—figure supplement 1A) but when
treated with cephalexin and penicillin V, cell division was completely blocked. These results also indi-
cated that PG synthesis was inhibited within a few minutes of antibiotic treatment, because cells that
were already undergoing septation were unable to complete septum formation (Figure 2—figure
supplement 1B-D, top panels). To complement this analysis, we tested if these drugs also inhibited
elongation, which also depends on PG synthesis (Spratt, 1975). To do so, we measured the elonga-
tion of vegetative cells present in sporulating cultures over a period of one hour after antibiotic
treatment (Figure 2—figure supplement 1E, see Materials and methods). The length of wild type
untreated vegetative cells increased by ~35% in an hour, but when treated with cephalexin or peni-
cillin V alone, they elongated only ~10%. Furthermore, when treated with a combination of cepha-
lexin and penicillin V, the cells elongated negligibly, indicating complete blockage of both septation
and elongation (Figure 2—figure supplement 1, Videos 4-7).

For cryo-FIB-ET, we added the antibiotics two hours after inducing sporulation, when ~ 40-50%
of the cells have undergone polar septation (Ojkic et al., 2016), and plunge froze the samples either
one (for bacitracin) or two hours (for cephalexin, penicillin V, and combination of cephalexin and
penicillin V) later. Indeed, we observed a thin PG layer in both untreated and antibiotic-treated spo-
rangia (Figure 2, Figure 2—figure supplement 2), suggesting that septal PG is not completely
degraded at the onset of engulfment.

Septal thickness decreases slightly and uniformly across the entire
septum during engulfment

The above observation prompted us to re-evaluate the process of septal thinning. The current model
for septal thinning proposes that DMP initially localizes to the septal midpoint, where it starts
degrading the septal PG as it moves towards the edge of the septal disk (Abanes-De Mello et al.,
2002; Chastanet and Losick, 2007, llling and Errington, 1991, Meyer et al., 2010). This enzymatic
septal thinning model predicts that, during the transition from flat to curved septa, the septum
should be thinner in the middle than at the edges (Figure 3A). To test this, we measured the dis-
tance between the forespore and the mother cell membranes across the length of the septum (see
Materials and methods) for cells with flat (Stage II;), curved (Stage II;) and engulfing (Stage Il;;) septa
(Figure 3B-D, Figure 3—figure supplement 1). Sporangia with flat septa had an average septal
thickness of ~23 nm+3.3 nm (Figure 3B,E,F) with 3 out of 5 septa being thicker at the middle (~28
nm) than at the edges (~22 nm) (Figure 3B,E, Figure 3—figure supplement 1A), contrary to what is
proposed by the enzymatic septal thinning model. The septal thickness decreased by ~25% to~18
nm during later stages of engulfment (Figure 3C-F, Figure 3—figure supplement 1B,C) and a thin
layer of PG was observed in all septa (Figure 2A, Figure 2—figure supplement 2A-C). Importantly,
septal thickness was uniform across the entire septum during later stages (Figure 3C,D,E, Figure 3—
figure supplement 1B,C) and no septum was thinner in the middle than in the edges. These results
show that the transition from thick to thin septum is homogenous, contrary to the prediction of the
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enzymatic septal thinning model, and consistent
with the model that DNA translocation depen-
dent forespore growth stretches septal PG.

SpolIDMP is essential to maintain a
thin, flexible septum

Next, we tested whether DMP was required to
mediate the slight thinning observed during the
transition from flat to curved septum. To address
this question, we measured septal thickness in
DMP mutants. In single mutants lacking D, M or
P, engulfment is blocked but the septum bulges
towards the mother cell, which complicates the
analysis (Figure 3—figure supplement 2). How-

Video 5. Time-lapse microscopy of penicillin V-treated
(500 pg/ml) sporulating B. subtilis cells stained with the
membrane dye FM4-64. Pictures were taken every 5
minutes for 2 hours (related to Figure 2—figure
supplement 1). ever, bulge formation is largely abolished in a tri-
DOI: https://doi.org/10.7554/eLife.45257.014 ple mutant lacking functional versions of D, M

and P simultaneously (Eichenberger et al.,
2001). Therefore, we imaged the DMP triple
mutant by cryo-FIB-ET and measured its septal
thickness (Figure 3G-l, Figure 3—figure supplement 3).

Most sporulation septa of the DMP triple mutant were either flat or slightly curved into the
mother cell (Figure 3G-I, Figure 3—figure supplement 3A-D). In some cells, we observed mem-
brane accumulation in the mother cell (Figure 3H,l, Figure 3—figure supplement 3A,B) and small
bulges approximately in the middle of the septum (Figure 3—figure supplement 3C,D, Video 8).
Septal thickness ranged from ~25 nm to ~45 nm, with an average thickness of 28 nm +2.09 nm
(Figure 3E-G, Figure 3—figure supplement 3E), which is ~5 nm greater than that of wild type spo-
rangia with flat septa. Importantly, there were no significant differences in septal thickness between
flat and curved septa in DMP mutant sporangia (Figure 3G, Figure 3—figure supplement 3E), indi-
cating that DMP is in fact necessary for the slight thinning of the septum observed in wild type
sporangia.

Surprisingly, the thickness of individual DMP mutant septum was irregular across the septal
length, with thicker regions of more than 45 nm, that were not observed in wild type cells
(Figure 3G, Figure 3—figure supplement 3E). One possible explanation for this finding is that in
the absence of DMP, proteins involved in PG synthesis persist at the septum, and their continued
activity leads to thicker and less flexible septal regions (Figure 3J). To test this model, we stained
wild type and DMP mutant sporangia with BOCILLIN-FL, a fluorescent-derivative of penicillin V with
affinity for multiple penicillin-binding proteins (PBPs) (Zhao et al., 1999, see Materials and methods).
We observed continuous fluorescent signal around the septa in both strains, but the signal was

Video 6. Time-lapse microscopy of cephalexin-treated Video 7. Time-lapse microscopy of cephalexin- (50 ng/
(50 ug/ml) sporulating B. subtilis cells stained with the ml) and penicillin V- (500 pg/ml) treated sporulating B.

membrane dye FM4-64. Pictures were taken every 5 subitilis cells stained with the membrane dye FM4-64.
minutes for 2 hours (related to Figure 2—figure Pictures were taken every 5 minutes for 2 hours (related
supplement 1). to Figure 2—figure supplement 1).

DOI: https://doi.org/10.7554/eLife.45257.015 DOI: https://doi.org/10.7554/eLife.45257.016
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Figure 3. Septum is uniformly and only slightly thinned during engulfment and SpollDMP is required to maintain a thin flexible septum. (A) Schematic
illustrating the model of septal thinning driven by septal PG (black meshwork) degradation by the DMP complex (yellow pacman) with membranes (red)
and lateral PG (gray) highlighted. (B-D) Septal disc is color-coded according to the distance between the forespore and the mother cell membranes in
five wild type sporangia with (B) flat, (C) curved and (D) engulfing septa. Schematic representing the morphology of each cell type is shown on the far
left. (E) Average thickness of the septum across the forespore surface for the cells shown in (B-D,G). Error bars indicate standard deviation. n indicates
the number of tomograms used for calculating septal distances in each case. (F) Average septal thickness for wild type flat (Stage II;), curved (Stage II;)
and engulfing (Stage Il;;) sporangia and spolIDMP mutant sporangia. Error bars indicate standard deviation (n.s.: p>0.05; *: p<0.05; **: p<0.01; ***:
p<0.001, unpaired t-test). (G) Septal disc is color-coded according to the distance between the forespore and the mother cell membranes in seven
spolIDMP mutant sporangia. Scale bars have been omitted in distance plots as perspective views are shown. (H) Slice through a cryo-electron
tomogram of spollDMP mutant sporangia. Scale bar: 200 nm. (I) Annotated forespore (green) and mother cell (yellow) membranes for the tomogram in
(H). Excess membrane accumulation is highlighted by green arrows. (J) Schematic representing the role of DMP (yellow pacman) in septal thinning with
membranes (red), lateral PG (gray) and septal PG (pink) highlighted. The rigid and thick septum in wild type can curve into the mother cell during
engulfment but that of DMP becomes even thicker and does not curve into the mother cell.

Figure 3 continued on next page

103



Figure 3 continued

DOI: https://doi.org/10.7554/elife.45257.017
The following source data and figure supplements are available for figure 3:

Source data 1. Raw data of septal distances in wild type B. subtilis sporangia and sporangia of engulfment-defective mutants used to plot the bar

graph in Figure 3F.

DOI: https://doi.org/10.7554/elife 45257022

Figure supplement 1. Septal thickness during engulfment in wild type B. subtilis.
DOI: https://doi.org/10.7554/eLife.45257.018

Figure supplement 2. Septal thickness in spollP mutant sporangia.

DOI: https://doi.org/10.7554/eLife.45257.019

Figure supplement 3. Septal thickness in spoll[DMP sporangia.

DOI: https://doi.org/10.7554/eLife.45257.020

Figure supplement 4. Observing peptidoglycan synthesis using BOCILLIN-FL.
DOI: https://doi.org/10.7554/eLife.45257.021

brightest at the leading edge in wild type sporangia (Ojkic et al., 2016) and at different positions
across the septum in DMP mutant sporangia (Figure 3—figure supplement 4). This mislocalization
might allow ongoing synthesis of septal PG, leading to abnormally thick sporulation septa.

PG is synthesized ahead of the leading edge of the engulfing
membrane

Once the septum curves, the mother cell membrane starts to migrate around the forespore. Since
the PG is not completely degraded, it will represent a major obstacle for the advancement of the
engulfing membrane. To explain how cells overcome this hurdle, we previously proposed a concep-
tually new model for engulfment in which coordinated PG synthesis and degradation at the leading
edge of the engulfing membrane moves the junction between the septum and the lateral cell wall
around the forespore, making room for the engulfing mother cell membrane to advance (Figure 1B;
Ojkic et al., 2016). In this ‘make before break’ model, new PG would be synthesized ahead of the
engulfing membrane by forespore-associated PG biosynthetic complexes and subsequently
degraded by DMP. To test this model, we first focused on the shape of the forespore membrane
opposing the leading edge of the engulfing mother cell membrane. In wild type sporangia, the fore-
spore membrane was rounded immediately ahead of the engulfing membrane (Figure 4A). This
could be due to accumulation of additional PG at this site, which might push and deform the fore-
spore membrane, introducing a broader curve. To confirm this, we analyzed the shape of the fore-
spore membrane of sporangia in which PG synthesis was blocked with either bacitracin or
cephalexin (Figure 4B, Figure 4—figure supplement 1, see Materials and methods). The forespore
membrane was less rounded and had a sharp corner with a radius of curvature that was four times
smaller than that of untreated cells (~30 nm vs. ~120 nm, Figure 4C). These results indicate that new
PG is indeed synthesized ahead of the leading edge of the engulfing membrane, and that it deforms
the forespore membrane at the junction between the septum and the lateral cell wall.

To exclude the possibility that new PG synthesis also happened behind the leading edge of the
engulfing membrane, we analyzed septal thickness in sporangia treated with cephalexin and a com-
bination of cephalexin and penicillin V using cryo-FIB-ET. If the septum is thinner in the presence of
antibiotics, it would suggest that additional septal PG is synthesized after the DMP complex advan-
ces and degrades the PG ahead of the leading edge of the engulfing membrane. However, if septal
thickness is independent of the presence of antibiotics, it would suggest that PG is not normally syn-
thesized behind the DMP complex. Our data showed that the septal thickness of cells treated with
cephalexin was comparable to that of untreated cells. Surprisingly, the septal thickness of cells
treated with a combination of cephalexin and penicillin V was ~3 nm greater than that of untreated
cells (Figure 4—figure supplement 2). This modest increase in septal thickness is of a magnitude
that is consistent with recent molecular dynamics simulations which show that relaxed PG is thicker
than stretched PG (Beeby et al., 2013). It is possible that treatment with antibiotics blocking PG
synthesis inhibits the stretching of septal PG due to the absence of membrane migration which could
pull the septal PG around the forespore. Alternatively, the residual DMP might partially cleave septal
PG, releasing the tension and leading to slightly thicker septa. Taken together, in both cases of
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antibiotic treatment the septal thickness did not
decrease compared to untreated sporangia, sug-
gesting that PG is not synthesized behind the
DMP complex.

3D architecture of the leading
edge of the engulfing membrane
The new PG synthesized ahead of the leading
edge of the engulfing membrane might interfere
with the movement of the engulfing membrane,
until it is degraded by DMP. To obtain insights
about the movement of the engulfing membrane,
we annotated the forespore and the mother cell
membranes in our tomograms to visualize the
architecture of the leading edge in 3D. Our data
showed that the leading edge of the engulfing
membrane in wild type sporulating cells moved
around the forespore in tiny finger-like projec-
tomogram of spollDMP mutant sporangium shown in tions (Figure 4D-G, Figure 4—figure supple-
Figure 3—figure supplement 3C. ment 3). The projections were ~10-30 nm wide
DOI: https://doi.org/10.7554/eLife.45257.023 and ~5-20 nm long, with significant variations
from cell to cell. We hypothesized that those pro-
jections could be due to the uneven degradation
of PG ahead of the leading edge of the engulfing
membrane. To test this possibility, we imaged spollP mutant sporangia, which lack a functional DMP
complex. As expected, the septum bulged towards the mother cell cytoplasm, but the mother cell
membrane did not move forward in these cells. No membrane projections anywhere were observed
in the mother cell membrane in any of the tomograms that were annotated (Figure 4H-K, Fig-
ure 4—figure supplement 4, Video 9). Also, no projections were observed in the DMP triple
mutant, most of which did not form bulges (Figure 4—figure supplement 5). These findings sug-
gest that SpolIDMP is necessary for the formation of finger-like projections in the engulfing mother
cell membrane.

We next tested whether PG synthesis was also required for the formation of finger-like projec-
tions. To study this possibility, we focused on sporangia in which PG synthesis was blocked using
cephalexin (Figure 4L-O, Video 10). When treated with antibiotics that block PG synthesis, mem-
brane migration is blocked although the forespore continues to grow into the mother cell
(Ojkic et al., 2016). The case of cephalexin-treated cells is more complicated than other antibiotics,
because after the septum curves into the mother cell, the leading edge sometimes retracts on one
side while advancing slightly on the other (Video 10; Ojkic et al., 2016). This appears to consist of
rotation of the ‘cup’ formed by the bulging septum relative to the lateral cell wall, rather than mem-
brane migration, because the distance between the leading edges does not decrease during this
process. Thus, rotation of the septal cup does not reflect the degree to which the forespore is
engulfed. Cephalexin inhibits the earliest stages of cell division (Eberhardt et al., 2003;
Kocaoglu and Carlson, 2015), and therefore we speculate that it might be required to tether the
extending septum to the lateral cell wall. In the absence of these bridges, the septum might be free
to rotate according to Brownian motion, perhaps anchored by the Q-AH ratchet that can also medi-
ate engulfment in the absence of the cell wall (Broder and Pogliano, 2006). We used cryo-FIB-ET to
compare the architecture of both sides of the engulfing membrane in cephalexin-treated sporangia
(Figure 4L-0). We did not observe finger-like projections in the side of the membrane that retracts
(Figure 4M) but observed a few projections in the opposite side (Figure 4N), which might remain
tethered to PG ahead of the engulfing membrane. Also, when cells were treated with penicillin V,
we observed fewer projections that were shorter compared to untreated cells (Figure 4—figure sup-
plement 6). Taken together, these results suggest that the finger-like projections at the leading
edge of the engulfing membrane might be caused by tethering of the engulfing membrane to the
PG via DMP (Figure 4P).

Video 8. Movie showing slices through a cryo-electron
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Figure 4. Architecture of the leading edge of the engulfing membrane. (A,B) Slices through cryo-electron tomograms of wild type (A) untreated and (B)
cephalexin-treated sporangia. The radius of curvature (orange circle) of the forespore membrane (blue spline) ahead of the leading edge of the
engulfing membrane is highlighted in the respective insets. (C) Plot showing the average radius of curvature (nm) of the forespore membrane ahead of
the leading edge of the engulfing membrane for untreated and antibiotic-treated sporangia. Blue dots indicate individual data points (as also indicated
by n); black bars indicate the standard deviation (***: p<0.001, unpaired t-test). (D) Slice through a cryo-electron tomogram of wild type B. subtilis
sporangium. (E,F) Annotated forespore (green) and mother cell (yellow) membranes for the tomogram shown in (D) as viewed from both the left (blue
asterisk) and the right (maroon asterisk) sides respectively, with insets of zoomed-in views of the leading edge of the engulfing membrane of both
sides. Similar labeling scheme is followed through (H-N). (G) Schematic showing the localization of DMP PG degradation machinery (yellow pacman)
and PG synthases (blue circles). Membranes (red), lateral PG (gray), septal PG (pink) and new PG (purple) are also highlighted. (H) Slice through a cryo-
electron tomogram of spollP mutant sporangium. (I,J) Annotated membranes for the tomogram shown in (H) with insets of zoomed-in views of the
leading edge of the engulfing membrane of both sides. (K) Schematic representing a cell in which the DMP complex (yellow pacman) does not
assemble. (L) Slice through a cryo-electron tomogram of cephalexin-treated sporangium. (M,N) Annotated membranes for the tomogram shown in (L)
with insets of zoomed-in views of the leading edge of the engulfing membrane of both sides. (O) Schematic representing a cell in which PG synthesis
(blue circles) has been inhibited. Scale bar for (D,H,L): 200 nm. Scale bars have been omitted for surface rendered images owing to their perspective
nature. (P) Model for mother cell membrane migration. DMP complexes (yellow pacman) present at different positions on the mother cell membrane
(red) tether the membrane to the PG (gray) synthesized ahead. Due to a limited number of DMP complexes, the engulfing membrane may move
forward in finger-like projections. This is indicated by a representative annotated mother cell membrane (yellow) from Figure 4F.

DOI: https://doi.org/10.7554/eLife.45257.024

The following figure supplements are available for figure 4:

Figure 4 continued on next page
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Figure 4 continued

Figure supplement 1. Quantification of radius of curvature of the forespore membrane.

DOI: https://doi.org/10.7554/eLife.45257.025

Figure supplement 2. Graph depicting the septal thickness of wild type untreated and antibiotic-treated sporangia (cephalexin and a combination of
cephalexin and penicillin V) according to concentrations specified in Figure 2—figure supplement 1.
DOI: https://doi.org/10.7554/eLife.45257.026

Figure supplement 3. Membrane architecture in wild type.

DOI: https://doi.org/10.7554/eLife.45257.027

Figure supplement 4. Membrane architecture in spollP sporangia.

DOI: https://doi.org/10.7554/eLife.45257.028

Figure supplement 5. Membrane architecture in spollDMP sporangia.

DOI: https://doi.org/10.7554/eLife.45257.029

Figure supplement 6. Membrane architecture in antibiotic-treated sporangium.

DOI: https://doi.org/10.7554/eLife.45257.030

Discussion

In this study, we have visualized the developmental process of sporulation in Bacillus subtilis using
cryo-FIB-ET. We have obtained images of cells during different stages of sporulation at a resolution
of a few nanometers, revealing new details about the architecture of spore assembly, as well as sev-
eral hitherto unknown structures inside and around the developing spore (Figure 1). Our results also
provide mechanistic insights into engulfment, including the early step of septal thinning (Figures 2
and 3) and membrane migration (Figure 4) which are captured in the model presented in Figure 5.

We provide evidence that the septal PG is not completely degraded at the onset of engulfment.
Instead, the septum gets slightly (~25%) thinner as it curves into the mother cell, with PG continu-
ously present between the mother cell and the forespore membranes. In addition, the whole septum
transitions from thick to thin homogenously, contrary to previous results that suggested that septal
thinning started in the middle and progressed towards the edges. The homogenous thinning of the
septum can be explained by our previous finding that septal PG is stretched as the forespore grows
towards the mother cell due to increased turgor pressure caused by SpolllE-mediated chromosome
translocation (Lopez-Garrido et al., 2018). Thus,
septal thinning could simply represent a change
in the conformation of the septal PG, from a
relaxed to a stretched state, triggered by the
increased turgor pressure in the forespore. This is
consistent with recent molecular dynamics simula-
tions on Gram-positive cell walls, which show that
relaxed PG fragments are ~25% thicker than
those in a strained conformation (Beeby et al.,
2013).

Our results also indicate that DMP is required
to maintain a flexible septum that can curve as
the forespore grows into the mother cell (Fig-
ure 3). We found that the septa of DMP triple
mutants have irregular thickness and are on aver-
age thicker than wild type septa (Figure 3E-G).
Since DMP is produced after polar septation, the
septa of DMP mutant sporangia must have thick-
ened after they have been formed. Thus, it is pos-
sible that DMP prevents septal thickening by video 9. Movie showing slices through a cryo-electron
clearing PG synthases from the septum, where tomogram of spollP mutant sporangium shown in
they would accumulate after polar septation. This Figure 4H.
model is consistent with the increased DOI: https://doi.org/10.7554/elife.45257.031
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localization of PBPs throughout the septum in
DMP mutants (Figure 3—figure supplement 4).
Nevertheless, we cannot rule out the possibility
that DMP degrades the septal PG partially to
generate a flexible septum. If this was the case,
the partial degradation should happen simulta-
neously across the whole septum to enable the
homogenous transition from thick to thin. How-
ever, since DMP is rate limiting for engulfment, it
seems unlikely that there may be enough DMP
complexes to mediate the homogeneous thin-
ning of the septum. We therefore favor the
model that septal thinning is primarily driven by
stretching of septal peptidoglycan.

Our data also provide insights into the mecha-
nism of membrane migration during engulfment.
Using fluorescence microscopy, we previously
observed that new PG is synthesized at the lead-
ing edge of the engulfing membrane

electron tomogram of wildtype B. subtilis sporangium (Ojkic et al., 2016; Tocheva et al., 2013). We
treated with cephalexin shown in Figure 4L. ’ ! ’ )

DOI: https://doi.org/10.7554/eLife.45257.032

Video 10. Movie showing slices through a cryo-

also showed that many forespore penicillin bind-
ing proteins (PBPs) can track the leading edge of
the engulfing mother cell membrane (Ojkic et al.,
2016), suggesting that PG synthesis at the lead-
ing edge of the engulfing membrane is carried out by forespore PBPs. The cryo-FIB-ET images pre-
sented here provide further support to this idea: the comparison of the architecture of the leading
edge of the engulfing membrane between native sporangia and sporangia in which PG synthesis is
blocked by antibiotics shows that new PG deforms and rounds the forespore membrane ahead of
the leading edge of the engulfing membrane (Figure 4A-C), indicating that new PG is synthesized
by forespore PBPs immediately ahead of the leading edge of the engulfing mother cell membrane.
We propose that DMP complexes at the leading edge of the engulfing membrane target this new
PG for degradation, making room for the engulfing membrane to advance (Figures 1B and 5C). This
relatively simple model suggests that engulfment could have evolved by developing new mecha-
nisms to spatially and temporally regulate the conserved protein machineries that synthesize and
degrade peptidoglycan.

The 3D reconstruction of the leading edge of the engulfing mother cell membrane shows the
presence of finger-like projections that resemble the filopodia of eukaryotic cells (Mattila and Lap-
palainen, 2008). In eukaryotic cells, these membrane projections are produced by cytoskeletal pro-
teins, and the projections are typically a few micrometers wide. In contrast, no cytoskeletal elements
contributing to engulfment have been described so far (or visualized in our tomograms) and the fin-
ger-like projections at the leading edge of the engulfing membrane are only a few nanometers
wide. Instead, our results demonstrate that DMP is required for the formation of these finger-like
projections. The simplest model to explain these data is that DMP tethers the engulfing membrane
to the PG ahead of the leading edge of the engulfing membrane, as it degrades the new PG to
make room for the engulfing membrane to expand. DMP activity is rate limiting for membrane
migration (Abanes-De Mello et al., 2002; Meyer et al., 2010), suggesting that there is a discrete
number of DMP complexes to remove the steric barrier posed by the newly synthesized PG ahead
of the leading edge. The limited number of DMP complexes might cause the PG to be degraded
irregularly, generating an uneven membrane front in the form of finger-like projections. The distance
between the tips of the finger-like projections is ~5-20 nm, which would require that some DMP
complexes are ahead of others by 2 to 8 glycan strands (Turner et al., 2018). Our observations are
consistent with the hypothesis that the finger-like projections are produced via the tethering of the
DMP complex to existing peptidoglycan, since short fingers are observed when PG synthesis is
inhibited, and that these fingers are either stabilized or enhanced by binding newly synthesized pep-
tidoglycan, since longer fingers are observed in the presence of ongoing PG synthesis. This is sup-
ported by prior studies of the two enzymes that degrade peptidoglycan (D and P), which have
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Figure 5. Model for septal thinning and membrane migration. (A) Schematic of a sporulating cell with a flat
septum and relaxed septal PG (pink). Membranes (red), lateral PG (gray), SpolllE (orange) and forespore
chromosome (green) are also highlighted. (B) As SpolllE translocates the chromosome to the forespore, the septal
PG is stretched which may contribute to septal thinning. (C) Top view of the sporulating cell wherein coordinated
PG degradation by DMP (yellow pacman) and PG synthesis by PG biosynthetic enzymes (blue) at the leading edge
provide room for the engulfing mother cell membrane migration. (D) Side view depicting the proposed membrane
migration model with mother cell membrane (red), PG synthesized ahead of the membrane (purple) and lateral PG
(gray) highlighted. During engulfment, DMP complexes present at different locations on the mother cell
membrane may move forward by degrading the PG ahead and their rate-limiting activity may lead to the
formation of tiny finger-like projections. FS: Forespore; MC: mother cell.

DOI: https://doi.org/10.7554/eLife.45257.033

shown that these comprise a processive enzyme complex in which P binds and cleaves PG first,
allowing D to bind and cleave PG (Morlot et al., 2010). Our cell biological data showed that locali-
zation of P to the leading edge of the engulfing membrane is decreased but not completely absent
when PG synthesis is inhibited (Ojkic et al., 2016), suggesting that P can bind to existing PG, but
that high affinity binding requires newly synthesized peptidoglycan. This increased binding of P
would likely allow the formation of longer finger-like projections. From a functional perspective, we
speculate that the finger-like projections could be compared to ‘friction ridges’, the minutely raised
ridges of the epidermis that provide a grasping surface on our fingers (Tomlinson et al., 2007). Dur-
ing engulfment, these membrane projections may provide the engulfing membrane a tighter lateral
grip while moving around the forespore, hence serving as a ratchet that prevents backward move-
ment of the membrane.

The application of cryo-FIB-ET has been instrumental in allowing us to visualize and accurately
measure structural details of engulfing sporangia, which transpire at a scale of a few nanometers.
Our studies support a mechanistic model for the enigmatic process of engulfment, while revealing
novel architectural details about engulfment and spore assembly, including intriguing new molecular
structures that will require further study to unambiguously identify them. Our findings reveal details
about sporulation at an unprecedented resolution and further illustrate the potential of cryo-FIB-ET
to reveal critical new information about dynamic biological processes.
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Key resources table

Materials and methods

Reagent
type (species) Additional
or resource Designation Source or reference Identifiers information
Strain, PY79 (Youngman et al., 1984) Tax. ID:1415167 Wild type
strain
background (Bacillus
subtilis PY79)
Strain, AspollP::tet (Frandsen and Stragier, 1995) KP513
strain
background (Bacillus
subtilis PY79)
Strain, spollD298, (Broder and KP4188
strain spollM-mls, AspollP::tet Pogliano, 2006)
background (Bacillus
subtilis PY79)
Chemical compound, drug FM4-64 Thermo Cat#T13320
Fisher Scientific
Chemical compound, drug Bacitracin MilliporeSigma Cat#B0125 Conc. used:
50 ug/ml
Chemical compound, drug Penicillin V MilliporeSigma Cat#1504489 Conc. used:
500 pg/ml
Chemical compound, drug Cephalexin MilliporeSigma Cat#C4895 Conc. used:
50 ug/ml
Software, algorithm JFilament (Smith et al., 2010) http://athena.physics.
lehigh.edu/jfilament/
Software, algorithm IMOD (Mastronarde, 1997) http://bio3d.colorado.edu/imod/;
RRID: SCR_003297
Software, algorithm TomoSegMemTV (Martinez-Sanchez https://sites.google.com/site
et al., 2014) /3demimageprocessing/
tomosegmemtv
Software, algorithm Amira Commercial https://www.fei.com/software
software by /amira-3d-for-life-sciences/;
Thermo RRID: SCR_014305
Scientific
(formerly FEI)
Software, algorithm SerialEM (Mastronarde, 2005) http://bio3d.colorado.edu/Serial EM/
Software, algorithm Matlab code This paper;
to calculate Source code 1
septal
distances
of sporangia
Software, algorithm Matlab code This paper;
to calculate Source code 2
cell length
using
fluorescence

microscopy images

Strains and culture conditions

We used Bacillus subtilis PY79 background for all data acquisition. The strains (see Key Resources
Table) were grown in LB plates at 30°C. The bacteria were first grown in % diluted LB to
ODgoo ~0.5-0.7. Sporulation was then induced by resuspension in A + B media at 37°C. For cryo-FIB-
ET, we collected wild type sporulating cells 1.5-3 hr after sporulation induction. For cells treated
with antibiotics, 50 pg/ml of bacitracin, 50 pug/ml of cephalexin and 500 pg/ml of penicillin V were
used. Antibiotics were added two hours after induction of sporulation and samples for cryo-FIB-ET
were collected either one (for bacitracin) or two hours (for cephalexin, penicillin V and a combination
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of cephalexin and penicillin V) later. For spollP and spollIDMP mutant sporangia, cells were collected
2.5 hr after induction of sporulation for cryo-ET.

Cryo-FIB-ET and image processing

7 ul of diluted liquid culture was deposited onto glow-discharged (using Pelco easyGlow) holey car-
bon coated QUANTIFOIL R 2/1 200 mesh copper grids. Manual blotting was performed using What-
man No. one filter paper from the reverse side to remove excess resuspension media such that cells
form a monolayer on the grids. They were then immediately plunge-frozen into a liquid ethane/pro-
pane mixture cooled by liquid nitrogen using a custom-built vitrification device (Max Planck Institute
for Biochemistry, Munich). These grids were then stored in storage boxes in liquid nitrogen until fur-
ther use.

Vitrified bacterial samples forming a monolayer on the grids were mounted into modified auto-
grids (Max Planck Institute for Biochemistry) for milling inside a Thermo Scientific Scios DualBeam
(cryo-FIB/SEM) (Materials and methods). 100-250 nm thin sections or lamellae (12-15 um in width)
were then prepared using rectangular milling patterns and beam current of 0.1 nA or 0.3 nA for
rough milling and 10 pA or 30 pA for fine milling as described in Chaikeeratisak et al. (2017). Tilt
series were collected in a 300-keV Tecnai G2 Polara (Thermo Scientific) equipped with a K2 Summit
direct detection camera (Gatan) and a post-column Quantum energy filter (Gatan). The samples
were usually tilted from —66° to +66° (the range per tilt series depending on the quality of the lamel-
lae) with an increment of 1.5° or 2°. The tilt series were acquired using SerialEM (Mastronarde, 2005).
The images were recorded at a defocus of —5 to —6 um at nominal magnifications of 34,000 (pixel
size: 0.61 nm) or 41,000 (pixel size: 0.49 nm) with a cumulative dose of ~60-130 e/A2. Images for
later stages of sporulation (Figure 1—figure supplement 2B) were acquired at nominal magnifica-
tion of 22,500 (pixel size: 0.92 nm) as these samples were highly sensitive to radiation damage.

The patch-tracking feature of IMOD was used to reconstruct the tilt-series (Kremer et al., 1996).
TomosegmemTV (Martinez-Sanchez et al., 2014) was used for semi-automatic segmentation of
membranes followed by manual refinement in the Amira software package.

Measuring mean radius of ellipsoidal complexes
The mean radius (r) of an ellipse is given by:

a®> + b?
2

where a is the semi-major axis of the ellipse and b is the semi-minor axis of the ellipse. For ellipsoidal
complexes observed in our tomograms (Figure 1J, Figure 1—figure supplement 3A-C), average
value of a is ~45 nm and that of b is ~42 nm.

Calculating septal distances

‘Surface distance’ feature of Amira was used to calculate the septal distances between the forespore
and mother cell membranes. The septal-disc was color coded according to these values (Figure 3B-
D,G, Figure 3—figure supplement 2E). Five tomograms each of wild type cells representing differ-
ent stages of engulfment (flat, curved and engulfing septa) were used for analysis. For engulfment
mutants, five spollP sporangia and seven spollDMP sporangia were analyzed. For antibiotic treated
cells, six cephalexin-treated sporangia and five cephalexin- and penicillin V- combination treated
sporangia were analyzed. To get the linear profiles of the distances, the data was grouped into
smaller bins of approximately equal area for each tomogram. Then the average of the distance
within a bin was used to represent the distance between the membranes at that location of the bin
(see Source code 1). Figure 3E represents an average of all the profiles for each cell type in Fig-
ure 3—figure supplement 1 and Figure 3—figure supplement 3E.

Fluorescence microscopy

Cells were visualized on an Applied Precision DV Elite optical sectioning microscope equipped with
a Photometrics CoolSNAP-HQ2 camera and deconvolved using SoftWoRx v5.5.1 (Applied Precision).
For experiment outlined in Figure 3—figure supplement 4, the median focal plane of the image is
shown. Membranes were stained with 0.5 ug/ml of FM4-64 (Thermo Fisher Scientific) that was added
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directly to 1.2% agarose pads prepared using sporulation resuspension medium. 10 ug/ul of BOCIL-
LIN-FL was added to 1 ml of culture aliquoted ~2.5 hr after sporulation induction (at 37°C) and
washed with sporulation resuspension medium three times. 12 ul of washed cells were then trans-
ferred to agarose pads for imaging.

For time-lapse microscopy, sporulation was induced at 30°C. 0.5 ng/ml FM4-64 was added to the
cultures ~1.5 hr after sporulation induction and incubation continued for another hour. Composition
of agarose pads for time-lapse microscopy is as follows: 2/3 vol of supernatant from the sporulation
culture, 1/3 vol 3.6% agarose in fresh A + B sporulation medium, 0.17 ug/ml FM4-64, supplemented
with antibiotics according to concentrations mentioned above in ‘Strains and culture conditions’. 12
ul samples were taken 3 hr after resuspension and transferred to the agarose pads. Pads were cov-
ered with a glass slide and sealed with petroleum jelly to avoid dehydration during time-lapse imag-
ing. Pictures were taken in an environmental chamber at 30°C every 5 min for ~5 hr. Excitation/
emission filters were TRITC/CY5 for membrane imaging. Excitation light transmission was set to 5%
to minimize phototoxicity and exposure time was set to 0.1 s.

Calculating cell length using fluorescence microscopy images

To determine the length of vegetative cells over time (Figure 2—figure supplement 1E), membrane
contours were extracted from microscopy images for each time frame (up to 60 min post treatment
with antibiotics) using semi-automated active contour software JFilament, available as a Fiji plugin
(Schindelin et al., 2012; Smith et al., 2010). The cell length was then calculated by measuring along
the long axis of the contours using a custom-built MATLAB script (see Source code 2). To plot the
average cell length, the data was normalized to the initial cell length for each of the cases.

Calculating radius of curvature

To calculate radius of curvature (Figure 4A-C, Figure 4—figure supplement 1), a slice was taken
approximately from the center of the z-stack for each of the tomograms. ‘Measure spline curvature’
feature of sabl_mpl (Yao et al., 2017) was then used to plot radii of curvatures around the forespore
membranes just ahead of the leading edge for seven native sporangia and five antibiotic-treated
sporangia wherein membrane migration appears to be blocked.
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Supplemental Files

< > Figure 1—figure supplement 1 ¥ E

WT Curved septum WT Flat septum

WT Engulfing septum

Slices through cryo-electron tomograms representing different stages of engulfment in wild type sporulating

B. subtilis cells.

The forespore (green) and the mother cell (yellow) membranes are annotated and shown adjacent to each tomogram.
(A-D) represent flat septum (Stage IIj) sporangia, (E-H) represent curved septum (Stage IIjj) sporangia and (I-L)
represent engulfing septum (Stage Iljjj) sporangia. Scale bar for the tomogram slices (A,C,E,G,I,K): 200 nm. Scale bars

have been omitted for all segmented images as cells are displayed in perspective mode.
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< > Figure 1—figure supplement 2 ¥ Z

Slices through cryo-electron tomograms representing later stages of sporulation when the forespore is completely
inside the mother cell.

(A) represents an earlier stage than (B). A dense spore with coat and cortex layers is observed in (B). Scale bar: 200 nm.
https://doi.org/10.7554/eLife.45257.005
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< Figure 1—figure supplement 3 ¥ 4
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Unidentified complexes during sporulation in B. subtilis.

(A) Ellipsoidal structure (black arrow) seen in the forespore shortly after septum formation as shown in Fi 1). Scale

bar: 50 nm. (B,C) 2 different slices through the same cryo-electron tomogram shown in (A) depicting the 3D annotation
of the ellipsoidal structures (maroon). The structure highlighted in (A) in black arrow is pointed out at in (C). (D) Slice
through a cryo-electron tomogram with putative SpollIE channel (black arrow) highlighted as in Figure 1K and (E) shows
the corresponding color-coded distance of the forespore membrane from the mother cell membrane. The putative
channel corresponds to a septal thickness of ~14 nm. (F) Slice through a cryo-electron tomogram with coat filaments
(green arrow) and amorphous dense coat layer (orange arrow) highlighted. (G) shows the corresponding 3D
annotations of the filaments (green) and the coat layer (orange), along with the forespore membrane (green) and the
mother cell membrane (yellow). Scale bar for (D,F): 50 nm. Scale bars have been omitted for all segmented images as

cells are displayed in perspective mode.
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Quantification of cell length upon antibiotic treatment.

(A-D) Time-lapse microscopy showing the growth of wild type vegetative B. subtilis
cells that are (A) untreated, (B) cephalexin-treated, (C) penicillin V-treated and (D)
treated with a combination of cephalexin and penicillin V. The cells at the top in panels
(B-D) had initiated septation before imaging, but the formation of the septum is
interrupted upon exposure to the antibiotics, indicating that the blockage of PG
synthesis happens on a time scale of a few minutes. An abortive polar septum close to
the upper cell pole is observed in the cell in top panel (B), and abortive vegetative
septa in the middle of the cell are observed in top panels (C) and (D). The cells at the
bottom in panels (B-D) have dotted lines plotted along the lower and the upper pole
of the cell from where the time-lapse experiment starts (0 min time point) to provide
visual cue for the change in cell length over the course of time. Scale bars for (A-D): 1
pm. (E) Average length of vegetative cells (normalized) plotted as a function of time
for untreated and different antibiotic-treated cases. n indicates the number of cells
analyzed for each case and antibiotic concentrations used in the study are indicated
alongside.
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< Figure 2—figure supplement 2 ¥ (4

WT Untreated

WT+Cephalexin

Antibiotic
Cephalexin | 50 pg/mi
Penicllin V | 500 pg/ml

WT+Cephalexin + PenV

Thin layer of septal peptidoglycan persists in wild type and antibiotic-treated sporangia.

(A-C) Slices through cryo-electron tomograms of wild type untreated B. subtilis sporangia, (D-F) cephalexin-
treated) sporangia, and (G,H) cephalexin- and penicillin V-treated sporangia. The thin layer of PG between the
forespore and the mother cell membranes is indicated by yellow arrows in the zoom-in panels for each
tomographic slice. Antibiotic concentrations used are indicated in the bottom right. Scale bars for (A-H): 200 nm.
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< > Figure 3—figure supplement 1
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Septal thickness during engulfment in wild type B. subtilis.

(A) Average thickness of the septum across the forespore surface for five wild type Stage IIj sporangia shown in
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< > Figure 3—figure supplement 2 ¥ Z
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Septal thickness in spoIIP mutant sporangia.

(A-D) Slices through cryo-electron tomograms of spolIP sporangia with annotations of the forespore membrane
(green) and the mother cell membrane (yellow) adjacent to each tomogram. Scale bars for tomogram slices in (A,C):
200 nm. Scale bars have been omitted in segmented images owing to their perspective nature. The septum of
spollP sporangia typically contains a bulge in the middle, and a thicker, flat region at the edges that does not bulge
towards the mother cell. The distance between the membranes was only determined for the part of the setum that
bulges towards the mother cell, but not for the thicker part at the edges that does not bulge. (E) Color-coded
distance of the forespore membrane from the mother cell membrane along the length of the septum for spolIP
mutant sporangia. (F) Average thickness of the septum across the forespore surface for five spolIP mutant
sporangia shown in (E). (G) Average septal thickness for wild type stages Ilj-jii and spolIDMP and spollIP mutant
sporangia. Error bars indicate standard deviation (n.s.: p>0.05; *: p<0.05; **: p<0.01; ***: p<0.001, unpaired t-test).
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< > Figure 3—figure supplement 3
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Septal thickness in spoIIDMP sporangia.

(A-D) Slices through cryo-electron tomograms of spoIIDMP mutant sporangia with annotations of the forespore

membrane (green) and the mother cell membrane (yellow) adjacent to each tomogram. Bulges are indicated by
green arrows in (A,B) and in red arrows in the middle of the septum in (C,D). Scale bars for tomogram slices in (A,C):

200 nm. Scale bars are omitted for all segmented images due to their perspective nature. (E) Average thickness of
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< Figure 3—figure supplement 4
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Overlay
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Observing peptidoglycan synthesis using BOCILLIN-FL.

(A) Wild type sporulating cells stained with a green fluorescent derivative of penicillin V (BOCILLIN-FL). Membranes
were stained with FM 4-64 (red). White arrows indicate cells with enhanced fluorescent signal at the leading edges
of the engulfing membrane. (B) spolIDMP mutant sporangia stained with BOCILLIN-FL (green). Membranes were
stained with FM 4-64 (red). White arrows indicate cells with enhanced fluorescent signal in variable regions of the
septum. Scale bars: 1 pm. (C) Schematic to explain accumulation of PG synthases in the septum (blue circles) in the
absence of DMP as opposed to being localized near the leading edges in wild type sporangia. Membranes (red),
lateral PG (gray) and septal PG (pink circles) are also highlighted.
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{ > Figure 4—figure supplement 1
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Quantification of radius of curvature of the forespore membrane.

(A) Slice through a cryo-electron tomogram of a wild type sporangium treated with bacitracin (50 pg/ml) with the

radius of curvature of the forespore membrane ahead of the leading edge of the engulfing membrane

highlighted. Scale bar: 200 nm. (B) Raw data for radius of curvature of the forespore membrane of wild type

sporangia and antibiotic (cephalexin and bacitracin) treated sporangia with mean and standard deviation indicated.
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{ > Figure 4—figure supplement 2
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Graph depicting the septal thickness of wild type untreated and antibiotic-treated sporangia (cephalexin and a
combination of cephalexin and penicillin V) according to concentrations specified in Figure 2—figure
supplement 1.

n indicates the number of tomograms analysed. The mean and standard deviation for each case is indicated.
https://doi.org/10.7554/eLife.45257.026

{ > Figure 4—figure supplement 3 ¥ Z

WT (Untreated)

Membrane architecture in wild type.

(A) Slice through a cryo-electron tomogram of a wild type sporangium. (B,C) Annotation of membranes for the
tomogram shown in (A). Forespore membrane is shown in green and mother cell membrane in yellow and both
sides of the engulfing mother cell membrane are indicated by blue and maroon asterisks respectively. Scale bar for

(A): 200 nm. Scale bars are omitted for annotated panels that are shown in perspective mode.
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< > Figure 4—figure supplement 4 ¥ Z

spoliP

Membrane architecture in spolIP sporangia.
(A) Slice through a cryo-electron tomogram of a spoIIP sporangium. (B,C) Annotation of membranes for the
tomogram shown in (A). Forespore membrane is shown in green and mother cell membrane in yellow and both

sides of the engulfing mother cell membrane are indicated by blue and maroon asterisks respectively. Scale bar for
(A): 200 nm. Scale bars are omitted for annotated panels that are shown in perspective mode.
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< > Figure 4—figure supplement 5 ¥ 4

spollIDMP

Membrane architecture in spoIIDMP sporangia.

(A,D) Slices through cryo-electron tomograms of spoIIDMP sporangia. (B,C) Annotation of membranes for the

tomogram shown in (A). (E,F) Annotation of membranes for the tomogram shown in (D). Forespore membrane is
shown in green and mother cell membrane in yellow and both sides of the engulfing mother cell membrane are
indicated by blue and maroon asterisks respectively. A bulge in the middle of the septum (orange arrow) in (D) is

highlighted in orange in (E) and (F). Scale bars for (A,D): 200 nm. Scale bars are omitted for annotated panels that
are shown in perspective mode.
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< Figure 4—figure supplement 6

WT + PenV

Membrane architecture in antibiotic-treated sporangium.

(A) Slice through a cryo-electron tomogram of a wild type sporangium treated with penicillin V. (B,C) Annotation of
membranes for the tomogram shown in (A). Forespore membrane is shown in green and mother cell membrane in
yellow and both sides of the engulfing mother cell membrane are indicated by blue and maroon asterisks

respectively. Scale bar for (A): 200 nm. Scale bars are omitted for annotated panels that are shown in perspective
mode.
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Chapter 5: Toroidal packaging of DNA during

sporulation in Bacillus subtilis

5.1 Summary

There is limited knowledge about how protein binding modulates the architecture and
dynamic properties of DNA inside the cells. During sporulation in B. subtilis, the cell divides into
a smaller forespore which is ultimately engulfed by the larger mother cell. After engulfment, the
forespore DNA condenses into a toroidal shape when a class of proteins termed small, acid-
soluble proteins (SASP) bind to it. This condensation is thought to protect the spore DNA from
environmental assaults. However, there is limited knowledge about how SASP binding modulates
the architecture and dynamic properties of the forespore DNA. In this study, we have elaborated
the role of major o/B-type SASP in changing the conformation of DNA from random coil to
condensed state during sporulation. We show using timelapse fluorescence microscopy and cryo-
electron tomography that upon SASP binding, the forespore DNA adopts a twisted toroid
confirmation and discuss the implications the binding interaction may have on DNA regulation

and architecture.
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5.2 Introduction

Deoxyribonucleic acid or DNA is the central feature of all life forms, encoding the genetic
information to carry out cellular processes. While the DNA in eukaryotes is enclosed in a
membrane-bound compartment, the DNA and its associated molecules in prokaryotes occupy a
distinct region in the cytoplasm called the ‘nucleoid’. The enzymatic details of DNA replication and
transcription in bacteria have been studied in great detail, but we have a limited understanding of
how the dynamics and architecture of DNA regulate these processes.

Bacillus subtilis, a rod-shaped Gram-positive bacterium, packs a circular chromosome of
~4.2 Mbp in ~1 ym? cell volume (Kunst et al., 1997). During vegetative growth, B. subtilis divides
into two equal daughter cells each with its own copy of chromosome. However, during starvation,
the cells switch to sporulation which is characterized by the formation of an asymmetrically
positioned (polar) septum (Higgins and Dworkin, 2012; Tan and Ramamurthi, 2014). This leads
to the formation of two daughter cells of unequal sizes: the smaller cell called the forespore which
is ultimately engulfed by the larger cell called the mother cell. At the onset of sporulation, the
segregating chromosomes are remodeled into an elongated structure called the axial filament,
with the origins of replication at the cell poles and the termini at mid cell (Kay and Warren, 1968;
Pogliano et al., 2002; Ryter, 1965; Webb et al., 1997). The polar septum forms before the origin-
distal part of the chromosome enters into the forespore. Hence, after polar septation, the
forespore chromosome is trapped at the sporulation septum such that only the one-third origin-
proximal part of the chromosome is present in the forespore while the rest two-thirds remains in
the mother cell (L J Wu and Errington, 1994; Wu and Errington, 1998). A membrane-anchored
and ATP-powered motor called SpolllE then pumps the remaining chromosome from the mother
cell to the forespore (Bath et al., 2000; Massey et al., 2006; Wu and Errington, 1997). We recently
showed that chromosome translocation is essential for the growth of the forespore and that
packing this long, negatively charged DNA polymer into the small volume of the forespore

generates significant turgor pressure in the forespore (Lopez-Garrido et al., 2018).
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Later in sporulation when the forespore is encased inside the mother cell, a set of proteins
known as the small acid-soluble proteins (SASP), that are produced specifically in the forespore
bind to and saturate the forespore chromosome (Driks, 2014; Setlow, 2007, 2006). SASP are
encoded by genes termed ssp that are expressed under the control of the forespore-specific o
factor, 0®. They make up about 10% protein content of dormant spores and are highly conserved
among endospore-forming bacteria (Driks, 2014; Setlow, 2006, 1995, 1994). They are usually 60-
75 residues in length and bind DNA in a non-specific and highly cooperative manner. The majority
of SASP (~75%) are composed of three proteins: SASP-a, SASP- and SASP-y. Previous studies
have shown that the a/B-type SASP are associated with the forespore chromosome and together
they form a compact ring-like structure during later stages of forespore development (Francesconi
et al., 1988; Pogliano et al., 1995).

Previous spectroscopic analysis indicated that binding of a/p-type SASP changes the
configuration of DNA from B-like form to A-like form (Donnellan and Stafford, 1968; Stafford and
Donnellan, 1968). However, electron microscopy data suggested that the DNA helix bound to
SASPs has mixed features, with rise per base pair in DNA identical to B-form, and twist, width of
the minor groove and sugar puckering identical to A-form (Frenkiel-Krispin et al., 2004; Ki et al.,
2008). Another important characteristic of SASP-bound DNA is the significant increase in its
persistence length, making the DNA rigid and less prone to damage by UV radiation, heat and
genotoxic chemicals (Griffith et al., 1994). Although substantial studies have been done to
understand the role of SASPs in mediating DNA protection and in modulating DNA properties,
little is known about the high-resolution architecture and dynamics of regulation of SASP-DNA
binding in vivo.

In this study we have used timelapse fluorescence microscopy and cryo-focused ion beam
milling coupled with cryo-electron tomography (or cryo-FIB-ET) to get insights into forespore DNA

architecture upon SASP-binding at high resolution in the native state and the dynamics of SASP-
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DNA interaction. We show that SASP-binding changes the forespore DNA conformation from
random coil to a twisted toroid and discuss the possible implications it may have in protecting the

forespore DNA from harsh environmental conditions.

5.3 Results
SASP adopt twisted toroidal configuration inside forespores

Previous cytological evidence using indicated that a/p-type SASP adopt a toroidal ring-
like configuration inside forespores (Francesconi et al., 1988; Pogliano et al., 1995). To get better
insights about SASP-DNA binding, we visualized strains containing functional GFP fusions of the
major SASP, SspA and SspB using timelapse fluorescence microscopy (Fig. 5.1). For both SspA
and SspB, we observed GFP signal in the forespore compartment before the completion of
engulfment. Also, both SASP adopt a configuration resembling twisted toroid instead of a ring-
like doughnut shaped as has been previously reported by immunofluorescence and
immunoelectron microscopy (Francesconi et al., 1988; Pogliano et al., 1995). In fact, these twisted
toroids continuously rotate inside the forespore as they are being formed and even after fully
adopting the toroidal configuration and eventually become static ~ 2.5 hours after they have been
formed (Fig. 5.1).

We also tested the fate of SASP in a SpolllEA™ mutant (Sharp and Pogliano, 1999)
wherein the forespore DNA remains trapped at the septum due to a point mutation in SpolllE,
rendering its ATPase activity non-functional (Fig. S5.1). In both the GFP strains, we observe
diffuse fluorescence throughout the cytoplasm in both the forespore and the mother cell, probably

due to non-specific activation of o€ in both the compartments.

Architecture of toroidal forespore DNA using cryo-FIB-ET
It is difficult to visualize ~2 nm thin DNA inside the cells in a native state with the current

pool of available electron microscopy techniques unless it displays any high-order organization.
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For instance, the arrangement of condensed DNA in viruses can be readily revealed by cryo-ET
(Cyrklaff et al., 2007; Grinewald and Cyrklaff, 2006). For prokaryotic cells, previous studies have
indicated that the nucleoid excludes ribosomes and other major cellular complexes (Bakshi et al.,
2015; Chai et al., 2014; Lewis et al., 2000; Luef et al., 2015). Since ribosomes can be easily
identified using cryo-ET, this information can be used to assign localization to DNA based on the
areas that are excluded by the ribosomes, an approach we had used earlier to define the role of
DNA in shaping the forespore in B. subtilis (Lopez-Garrido et al., 2018).

Since SASP are known to saturate and condense the forespore DNA, we anticipated that
we may be able to capture higher-order arrangement of SASP-bound DNA inside the forespore
using cryo-FIB-ET. We imaged the cells roughly 4 hours after sporulation induction at which stage
majority of the forespores are engulfed and growing inside the mother cell. Our data indicated
that initially, the forespore ribosomes are distributed in the periphery of the forespore (Fig. S5.2).
Since the excluded space is occupied by the DNA, it seems to be packed in a random coll
configuration in the center of the forespore as we did not detect any higher order arrangement at
this stage. As the forespore develops further inside the mother cell, it grows in volume and we
have previously shown that this value gradually increases from 0.2 um?® upon engulfment
completion to ~0.3 ym?® when it plateaus (Lopez-Garrido et al., 2018). At this stage, the condensed
forespore DNA is clearly visible in cryo-FIB-ET images (Fig. 5.2A-C). Depending on the
orientation of the cells on the electron microscopy grids and positioning of the rectangular milling
patterns inside the FIB, we captured different views of the twisted toroidal DNA, either complete
rings or half or three-fourths ring (Fig. 5.2A-C, S5.3). The condensed DNA consisted of tightly
packed spirals encircling the inside of the forespore with a spacing of ~ 6-9 nm between the
strands. The ribosomes were densely packed in the center of the forespore in these cells. In many
of the forespores, we observed a highly electron-dense circular region of ~60-70 nm diameter and
it appeared that the DNA was wound around it (Fig. 5.2C). Currently, we do not know the identity

of these complexes.
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Next, we imaged a strain mutant for both SspA and SspB, the major SASP. We did not
observe any obvious condensed or toroidal DNA arrangement in these mutant sporangia (Fig.
5.2D-F). However, in some sporangia we observed the electron-dense region similar to wild type
and a few short regions of condensed structures likely reflecting residual DNA packaging due to

other minor SASP (Fig. 5.2F).

5.4 Discussion

It has been previously established that 3-4 hours after onset of sporulation, o/p-type small
acid soluble proteins (SASPs) accumulate to a high level inside the spore, saturate the forespore
DNA by binding nonspecifically in a highly cooperative manner and drive the transformation of
DNA from random coil state to toroidal configuration. In this study, we demonstrated that binding
of a/B-type SASP to the forespore DNA changes its configuration to that of a twisted toroid and
elaborated upon the architecture of the packaged DNA using fluorescence microscopy and cryo-
FIB-ET (Fig. 5.3).

After SpolllE translocates DNA into the forespore, the forespore contains one copy of
circular chromosome of ~ 4.2 Mbp, that would translate to a total length ~1.5 mm. Our cryo-FIB-
ET data indicate that the twisted toroids are ~150 nm wide. Assuming that the diameter of the
forespore is ~1000 nm and toroid occupies the forespore periphery, this would mean that the DNA
is wounded circumferentially as in a rope for ~400-500 rounds. Since DNA segments are highly
negatively charged, they would repel each other strongly under normal conditions. However, the
positively charged SASP molecules synthesized in the forespore with a copy number of ~ 1
million, bind to the forespore DNA and mediate the attraction between the DNA strands.

The finding that both SspA and SspB are expressed before engulfment completion is
surprising because ssp genes encoding SASP are under the control of forespore-specific

transcription factor, o®, the activation of which is thought to be linked to engulfment completion
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(Regan et al., 2012). However, recently there has been contrary evidence and debate in the field
about this claim (Doan et al., 2013, 2009). Specifically, half of the sporangia that are mutant for a
protein mediating membrane fission are still able to activate o® suggesting that engulfment
completion and o activation are likely not coupled (Doan et al., 2013). Our observation that the
major SASP are expressed before engulfment membrane fission also lends credence to the latter
claim.

Our timelapse fluorescence microscopy data indicate that the twisted toroids formed by
major SASP rotate inside the forespore as engulfment membrane migration proceeds. In many
cases, protein binding can significantly bend the DNA (Schultz et al., 1991). This bending would
then introduce strain in the DNA segment such that when the circular DNA closes upon itself upon
joining of its two ends, it would deform into a twisted shape like a figure eight as is the case in
supercoiled DNA. Perhaps, the bending of the forespore DNA when many molecules of SASP
bind to it introduces sufficient strain to twist the toroid. Previous studies show that many of the
proteins that bind non-specifically to DNA exhibit a rotation-coupled sliding along DNA helical
pitch (Ando and Skolnick, 2014; Blainey et al., 2009). Hence, it is possible that the rotation of the
toroid that we see in our timelapse experiment reflects the period when the newly expressed
SASP are still searching for their binding sites on the DNA. Notably, the rotation happens prior to
engulfment completion when we do not see any evidence of condensed DNA in our cryo-FIB-ET
images. It is possible the end of the rotation of the twisted toroid is somehow coupled to the
expression of SASP. When SASP expression has reached its maximum, it is possible that the
molecular crowding prevents them from sliding any further on the condensed DNA. Alternatively,
the rotation of SASP on DNA is facilitated by some factor in the forespore and once that factor
has degraded, the SASP molecules stop rotating. More data are needed to test these hypotheses
and establish biophysical basis for how SASP cooperatively search for their target binding regions

in the forespore DNA resulting in changes in the DNA topology.
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Maijority of the dsDNA viruses pack their genome under a very high pressure to overcome
the repulsion between negatively charged DNA strands with the help of an ATP-powered motor
protein. In such cases, the spacing between the adjacent strands is ~2.5-3 nm which is lower than
the value of 6-9 nm that we report in the SASP-bound DNA filaments in B. subtilis. However, more
recently the structural studies of filamentous viruses and an archaeal virus that harbor dsDNA in
A-form suggest that their genome packaging is facilitated by a virion protein that decorates the
DNA and the spacing between the nucleoprotein filaments is slightly larger in these cases at ~4.3
nm (DiMaio et al., 2015; Wang et al., 2019).

Ring-like structures of DNA condensates have previously been observed in the case of
sperm DNA packaging by protamines, a family of small arginine-rich proteins that prevent DNA
from various stresses like sonication and boiling (Eickbush and Moudrianakis, 1978). Doughnut-
shaped complexes have also been observed when histone H1 was mixed with DNA (Hsiang and
Cole, 1977). Our observation that the forespore DNA is wrapped around an electron-dense region
in many cells (Fig. 5.2C) is reminiscent of DNA wrapping around histones in eukaryotes. Although
we only observe roughly one such electron-dense region in ~200 nm slices of cells prepared by
cryo-FIB-ET, it is possible that there are more of these in the entire ~1.2 um wide cell. In fact, it
was previously shown that B. subtilis histone-like protein, HBsu colocalized with a/B-type SASP
on the forespore nucleoid but unlike SASP did not form complete rings (Ross and Setlow, 2000).
Margery & Ross further demonstrated in vitro that HBsu modulated the effects of SASP binding
on DNA including protection from DNase damage and DNA supercoiling and persistence length
(Ross and Setlow, 2000). It is possible that these electron-dense regions may be aggregrates of
HBsu although more conclusive evidence is needed.

Collectively, our results demonstrate the higher-order architectural information about DNA
packaging mediated by SASP during B. subtilis sporulation, a process that is thought to preserve
the spore genome from harsh environmental conditions including UV irradiation, antibiotics,

oxidative damage etc. We anticipate that this study combined with further biophysical modeling
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and structural studies will enable us to understand the basic principles underlying protein-DNA
interactions in extreme environments. This will be an important step towards designing cell-based
therapies that can protect DNA in many other cell types to increase their resistance and improve

chances of their survival under stressful conditions.
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5.5 Materials and Methods
Strains and culture conditions

Bacillus subtilis PY79 or 168 background was used for all strain constructions. A list of
strains used in the study is provided in Table 5.1. All the strains were routinely grown in LB plates
at 30°C overnight. For sample preparation, cells were grown in in Y4 diluted LB to OD600 ~0.5-

0.8 and then resuspended in A+B media at 37°C for inducing sporulation.

Table 5.1 Strain list for Chapter 5

Strain Genotype or description Reference, source or

construction

PY79 Wild type (Youngman et al., 1984)(Youngman
et al., 1984)

KK233 SSpA-sfGFPQkan pKK229 - PY79 (Kan, This study)

KK234 sspB-sfGFPQkan pKK231 - PY79 (Kan, This study)

KP53 AsspA AsspB (Mason & Setlow, 1986)(Mason and

Setlow, 1986)

KP541 spollIEATF- (G467S; ATPase mutant) | (Sharp & Pogliano, 1999)(Sharp

and Pogliano, 1999)

KK377 SSpA-sfGFP spolllEA™ KK233 - KP541* (Kan)

KK379 SspB-sfGFP spolllEA™ KK234 - KP541* (Kan)

*Genomic or plasmid DNA of the strain on the left side of the arrow transformed into
competent cells of the strain on the right side of the arrow. The selection antibiotics are indicated

alongside.
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Table 5.2 Oligo list for Chapter 5

Primer | Sequence

JLG-7 AATTGGGACAACTCCAGTG

JLG-77 | GCTAGCAGCGCAAGCGC

JLG-95 | CATGGATTACGCGTTAACCC

JLG-96 | GCACTTTTCGGGGAAATGTG

KK82 gggttaacgcgtaatccatgGAGCGTGGCCGTAATGATTTC*

KK83 cttgcgcttgcgetgetagcTTGAACTCTGCCGCCCATTTG

KK86 cactggagttgtcccaattAATATATGGCTATAGAGGGC*

KK87 cacatttccccgaaaagtgcATCGGGAATCTAGGATCC*

KK88 gggttaacgcgtaatccatgTGTTCATTTCTTCAGCCCG*

KK89 cttgegcttgecgetgctagcGAATTGTCCTCCGCCCATG*

KK90 cactggagttgtcccaattACAATTTCACATAATGGCTTAG*

KK91 cacatttccccgaaaagtgcGACGATATCCTTTTCAGAAATG*

*Capital letters indicate regions of the primer that anneal to the template and lowercase italicized

letters indicate the homologous regions for Gibson assembly.

Plasmid construction
pKK229: This plasmid was constructed by assembling the following 4 fragments by

Gibson Assembly (New England Bioloabs): (i) a DNA fragment encompassing the spectinomycin
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resistance gene, the origin of replication, and the ampicillin resistance gene from
pDG1662(Guérout-Fleury et al., 1996) amplified with primers JLG-95 and JLG-96, (ii) a 682 bp
region upstream of sspA coding sequence and the 207 bp of sspA coding sequence (not including
the stop codon) amplified with KK88 and KK89 from B. subtilis PY79 genomic DNA (iii)
SfGFPQkan from pJLG36(Shin et al., 2015) amplified with JLG7 and JLG77, and (iv) a region of
820 bp immediately downstream of sspA stop codon amplified with KK90 and KK91.

pKK231: This plasmid was constructed by assembling the following 4 fragments by
Gibson Assembly (New England Bioloabs): (i) a DNA fragment encompassing the spectinomycin
resistance gene, the origin of replication, and the ampicillin resistance gene from
pDG1662(Guérout-Fleury et al., 1996) amplified with primers JLG-95 and JLG-96, (ii) a 431 bp
region upstream of sspB coding sequence and the 201 bp of sspB coding sequence (not including
the stop codon) amplified with KK82 and KK83 from B. subtilis PY79 genomic DNA (iii)
SfGFPQkan from pJLG36(Shin et al., 2015) amplified with JLG7 and JLG77, and (iv) a region of

593 bp immediately downstream of sspB stop codon amplified with KK86 and KK87.

Fluorescence microscopy for batch cultures

Please refer to Section 2.5 (Fluorescence microscopy for batch cultures) for more details.

Timelapse fluorescence microscopy

0.5 pg/ml FM4-64 was added to cultures ~2 hours after sporulation induction to visualize
the membranes. The cultures were then incubated for another hour before collecting the samples
for timelapse microscopy (~ 3 hours after sporulation induction). 1.5 ml of the culture at ~3 hours
was spun at ~6000 rpm for 1 min and 1ml of the supernatant collected which was mixed with 0.5
ml of 3.6% agarose prepared in A+B sporulation media to make pads for timelapse microscopy.
7 ul of the culture was then added to these pads, let to dry and the slides covered with a glass

coverslip and sealed with petroleum jelly. Pictures were taken in an environmental chamber at
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30°C every 5 min for ~5 hours. TRITC/CY5 filters were used for membrane imaging and
FITC/FITC for sfGFP. For each image, exposure time was set to 0.1 and excitation light

transmission to 5%.

Cryo-FIB-ET workflow
Samples for cryo-FIB-ET were collected 4 hours after induction of sporulation. For details
regarding the procedures for plunge-freezing, cryo-FIB milling and cryo-ET, please refer to

Section 2.5 (cryo-FIB-ET workflow).

Tomogram reconstruction and segmentation
Please refer to Section 2.5 (Tomogram reconstruction and segmentation) for more
details. For ribosome segmentation, please refer to the procedure outlined before in

Chaikeeratisak et al., 2017 (Materials and Methods)(Chaikeeratisak et al., 2017).
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5.7 Figures
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Figure 5.1. a/B-type SASP form twisted toroids in vivo. Timelapse fluorescence microscopy
of (A) SspA-sfGFP and (B) SspB-sfGFP sporangia showing membranes stained with FM4-64
(red) and the sfGFP-tagged proteins, SspA and SspB (green). Time between two consecutive
images is 15 minutes and the total time of each series is 2 hours. Astereik indicates the time point
at which twisted toroids stop rotating. Scale bar: 1 um. (C) Schematic of twisted toroid formed by
SASP in the forespore with the cell wall (grey), mother cell membrane (red), inner and outer
forespore membranes (pink) and twisted toroidal arrangement of SASP (green) highlighted.
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Figure 5.2. SASP-DNA packaging visualized using cryo-FIB-ET. (A) Slice through a
tomogram of a wild type sporangium. (B) Segmentation of the tomogram shown in (A) with the
mother cell membrane (green), the inner forespore membrane (light green), the outer forespore
membrane (yellow), ribosomes (blue) and toroidal DNA (pink) highlighted. (C) Slice through a
tomogram of another wild type sporangium. Black arrow indicates the electron-dense region
around which the DNA seems to be wound. Scale bar for (A) and (C): 200 nm. Scale bar has
been omitted from (B) owing to its perspective nature. (D)-(F) Different slices through the same
tomogram of a sspA sspB double mutant sporangium. White arrows indicate the small patches of
condensed DNA visible in the mutant sporangium and black arrows indicate the electron dense
region similar to the one indicated in (C). Scale bars (D) to (F): 200 nm.
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Figure 5.3. Conformational change in SASP-bound DNA. Schematic representing the change
in the configuration of the DNA (peach) from random coil state to a twisted toroidal state upon
SASP (yellow) binding. Initially, the ribosomes (blue) are distributed throughout the cytoplasm
with preferential localization towards the forespore periphery as the DNA occupies a large central
volume. Upon SASP binding, the ribosomes localize preferentially to the center of the forespore
in the space occluded by the condensed DNA (shown in 3D in peach in the right panel) which
localized to the periphery. The cell wall (grey), mother cell membrane (red) and the inner and
outer forespore membranes (green) are also highlighted.
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5.8 Supplemental Figures
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Figure S5.1. Related to Fig. 1. (A) & (B) In SpolllEA™ sporangia, the forespore DNA remains
trapped at the septum such that only one-third of the DNA is present in the forespore and the
remaining in the mother cell(Bath et al., 2000; Massey et al., 2006; Ling Juan Wu and Errington,
1994; Wu and Errington, 1998, 1997). As the ATPase activity of SpolllE is abolished, it is unable
to translocate the rest of the DNA from the mother cell into the forespore and eventually the
forespore collapses(Lopez-Garrido et al., 2018). In such cases, o° that controls the activation of
sspA and sspB genes encoding a/B-type SASP is not activated in a compartment-specific manner
and hence we see diffuse GFP signal (green) for the two proteins in (A) and (B). Membranes are
stained with FM4-64. Scale bar: 1 ym.
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Wild type

Figure S5.2. Related to Fig. 5.2. (A) Slice through a tomogram of a wild type sporangia wherein
the forespore is inside the mother cell but the DNA is not condensed yet. Scale bar: 200 nm. (B)
Segmentation of the tomogram in (A) with the mother cell membrane (green), the inner forespore
membrane (light green), the outer forespore membrane (yellow) and ribosomes (blue) highlighted.
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Figure S5.3. Related to Fig. 5.2. Visualized of SASP-bound condensed DNA inside the forespore.
(A), (C) & (E) Slices through additional tomograms of wild type sporangia with different
orientations in which the condensed DNA has been captured. (B), (D) & (F) Same as (A), (C) &
(E) respectively with the condensed DNA traced in peach. Scale bars for (A) to (F): 200 nm.
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Chapter 6: Discussion
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6.1 Introduction

My thesis aims to elaborate studies of cellular processes in bacteria that have benefitted
by the application of cryo-electron tomography (cryo-ET) in complementation with FM, genetics,
biochemical techniques and biophysical modeling to provide a comprehensive understanding of
cellular processes. In this discussion section, | will first discuss new sample preparation
techniques for cryo-ET that have accelerated the pace of discoveries by making suitable thin
samples and imaging the target of interest. Then, | will summarize some of the recent studies that
have employed these cutting-edge methods to answer intriguing biological questions in bacteria,
with a special focus on sporulation in B. subtilis, phage infection in bacterial hosts and bacterial

cytoskeleton.

6.2 Sample preparation strategies for cryo-ET

Cryo-EM involves the imaging of frozen hydrated specimens preserved in a vitreous,
glass-like ice layer in an ultra-high vacuum in a transmission electron microscope (TEM). Cryo-
ET is an application of cryo-EM wherein multiple images of the specimen are taken by tilting it
with respect to the electron beam which can then be combined to obtain a high resolution (~a few
nanometers) 3D view of the specimen (Baumeister, 2002). An image is formed when the electron
beam interacts with the specimen that can result in one of three scenarios: (1) the electron passes
through the specimen uninterrupted without interacting with any atom, or (2) the electron can be
scattered without any loss in energy (elastic scattering), or (3) the electron transfers some of its
energy to the specimen (inelastic scattering). The last case contributes to noise in the image
which increases with the thickness of the specimen. This becomes a problem especially during
acquisition of images at higher tilts in cryo-ET when the thickness of the specimen is effectively
greater. These factors limit the imaging of bacterial specimens to slender strains typically < 1 pm

in thickness (like C. crescentus, E. coli and spirochetes).
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It is possible to make thinner bacterial samples for higher resolution imaging either prior
to or post-vitrification. For the former case, genetic manipulations can be introduced in bacteria
to construct slender mutant strains. For instance, minicells (small cells without genomes) in the
order of ~500 nm have been generated previously for E. coli and S. enterica by manipulating
genes that result in aberrant cell division events. They have been used in cryo-ET studies of
chemoreceptor arrays, flagellar motors, injectisomes, phage-host interactions and cell division
(Briegel et al., 2012; Farley et al., 2016; Liu et al., 2012; Szwedziak et al., 2014). In B. subtilis,
deletion of a gene encoding for a penicillin-binding protein (ponA) resulted in thinner cells of ~700
nm that were used to study peptidoglycan remodeling during sporulation (Tocheva et al., 2011).
Biochemical modifications to thin specimens prior to freezing include gently lysing the cells using
either antibiotic, lysozyme or an inducible phage gene to deplete the cells of their cytoplasm
producing ghost cells with intact cell membranes. This approach has been used to study cell
membranes and protein complexes embedded in the membranes in their native context (Briegel
etal.,, 2012, 2009; Fu et al., 2014). However, such genetic or biochemical modifications can affect
the very process under study, hence distorting the interpretations of the results.

In order to obtain insights unhindered by manipulations to the bacterial specimen prior to
vitrification, it is preferable to thin them for cryo-ET post-vitrification. Currently, there are two
widely adopted approaches for the same. The first one relies on sectioning the specimen using a
cryo-ultramicrotome. However, the method suffers from several drawbacks. It is technically
challenging and results in artefacts including knife marks, compressions along the direction of
cutting and crevasses perpendicular to it, physically distorting the specimen (Matias et al., 2003;
McDowall et al., 1983; Salje et al., 2009). The more recent approach to thin the specimens post-
vitrification involves the application of a focused beam of gallium ions to ablate the cellular material
from the top and bottom of the specimen, leaving a section of ~100-300 nm of the specimen for
cryo-ET data acquisition (Bock et al., 2017; Chaikeeratisak et al., 2019, 2017; Khanna et al., 2018;

Lopez-Garrido et al., 2018; Marko et al., 2007; Weiss et al., 2019). This method, known as cryo-
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FIB milling provides artefact-free views of the biological specimen, enabling high-resolution
structural determination of macromolecules of interest. Recent development of automated
pipelines for cryo-FIB milling is also paving way for it to become more routine and high-throughput
(Buckley et al., 2019; Zachs et al., 2019).

In spite of these specimen-thinning approaches, it is difficult to unambiguously identify
most of the macromolecules of interest from black and white cryo-ET images even where prior
knowledge about their feature or localization is available. So far, in situ cryo-ET is limited to larger
complexes like ribosomes or those that display a higher-order organization like bacterial secretion
systems or cytoskeletal filaments or the more definitive cellular envelope. One way to localize the
molecule of interest would be to combine the strengths of two complementary approaches by first
visualizing it using FM using genetically encoded fluorophores and then finding its corresponding
location in the cells using cryo-EM, a technique referred to as cryo-correlative light and electron
microscopy (or cryo-CLEM) which can be especially useful when only few cells express the
molecule of interest (Wolff et al., 2016; Zhang, 2013). This step is typically incorporated prior to
cryo-FIB milling in the experimental workflow as exposure to electron or ion beam could potentially
bleach the fluorophore prior to TEM imaging. For samples that are thinned using cryo-
ultramicrotome, however, this step could be incorporated after sectioning and prior to TEM
imaging.

Integration of cryo-FM basically involves another transfer step during the imaging pipeline
with potential for additional contamination and/or devitrification of specimens. Moreover, due to
the very small sizes of bacteria, the level of precision of localization of the fluorescent signal is
pretty low. Techniques incorporating super-resolution light microscopy at liquid nitrogen
temperatures may hopefully lead to better localization precision in the future (Chang et al., 2014).
Another alternative can be do endogenously tag the macromolecule of interest with a label that is
easily identifiable in EM images. Resolving different features of interest in cryo-EM images

depends on the contrast generated when atoms with different scattering properties interact with
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the electron beam to generate different intensities. Hence, the tags developed for EM so far have
been mostly heavy metal based which are more electron-dense than the background and readily
visible in EM images (Bouchet-Marquis et al., 2012; Wang et al., 2011), although an equivalent
of a widely applicable endogenous GFP tag for localization of protein complexes using cryo-ET
still does not exist. Recently, a promising progress made in the direction came in the form of a
genetically encoded label corresponding to iron loaded ferritin FtnA protein of E. coli (Wang et al.,
2011). As a test, ferritin tag was fused to bacterial proteins with known subcellular locations as
well as GFP for localization in both FM and EM simultaneously. For instance, when tagged to a
cell division protein or a protein of the chemotaxis system, the label localized to the division
septum or the cell pole respectively, with the same localization pattern as observed with FM
(Wang et al., 2011). However, the large size (~12 nm diameter) and the multivalent nature of
ferritin particles can potentially affect the localization pattern and/or the structure of the
macromolecule of interest. Hence, the tag may not be suitable for all complexes/model systems.
Moreover, to visualize iron loaded FtnA molecules, cells have to be grown in the presence of iron

which can be toxic, further limiting the applicability of this tag.

6.3 Phage-host interaction

Bacteriophages (or phages) are perhaps one of the most abundant entities in the
biosphere and carry out important ecological roles by influencing the genomes of the bacteria
they infect and have also been implicated in the evolution of pathogenic bacteria (Clokie et al.,
2011). Recently, there has been a renewed interest in phages as they can be an alternative to
antibiotics to treat multi-drug resistant bacterial infections, a concept referred to as phage therapy
(Dedrick et al., 2019). Phages are extremely small entities with size ranging from 25-200 nm and
hence cryo-ET is a viable technique to study spatiotemporal regulation of host infection by phages
in native context due to the high resolution offered by the method in comparison to other

microscopy techniques.
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The first study to employ cryo-ET to study phage-host interaction involved an in vitro
reconstitution system to decipher the mechanism of the interaction of T5 phages and its E. coli
receptor FhuA contained in a proteoliposome (Bohm et al., 2001). At that time, the widespread
belief in the field was that the viral DNA is transferred to the bacterial host via diffusion through
the FhuA channel. However, Bohm et al. demonstrated that the tip of the phage tail undergoes a
conformational change when it contacts FhuA and shrinks in length, acting like an “injection
needle” to transfer the viral DNA to the host (Béhm et al., 2001). Subsequent cryo-ET studies of
phage infection in the naturally slender Prochlorococcus marinus and E. coli minicells further
revealed more details about the mechanism of DNA injection into the hosts (Liu et al., 2011,
2010). These studies demonstrated the distinct mechanisms of structural alterations that different
phages deploy to trigger the release of their genome into the respective host. Another cryo-ET
study combined elegant microbiological assays to determine the mechanism of infection of C.
crescentus Siphoviridae phages that have an elongated head (60 nm in diameter and 200 nm in
length) and a large genome (>200 kb) (Guerrero-Ferreira et al., 2011). The work showed that
these phages use their head filament to attach to the bacterial flagella and subsequent flagellar
rotation allows the phage tails to irreversibly contact the bacterial cell surface on pili portals to
release their genome.

More recently, integration of newer optics and sample thinning strategies have enabled
visualization of phage replication inside their bacterial hosts. Dai et al. imaged the maturation
process of a dsDNA cyanophage Syn5 inside Synechococcus in a TEM equipped with a Zernike
phase plate (Dai et al., 2013). A phase plate is essentially a thin film of carbon placed in the back
focal plane of the objective lens with a small central aperture that is able to recover some of the
low spatial frequencies, enhancing the image contrast compared to conventional TEM images
(Danev and Baumeister, 2017). This was the first study that described the structural features of
different intermediates in viral assembly inside its host using in situ cryo-ET. We recently studied

the mechanism of replication of jumbo phages in Pseuodomonas by combining cryo-FIB milling
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to cryo-ET workflow coupled with genetics and fluorescence microscopy. These complementary
cell biological studies revealed that jumbo phages belonging to phiKZ family enclose their genome
in a protein shell that functionally resembles a eukaryotic nucleus, with DNA replication and
transcription localized inside the shell and DNA translation outside in the cytoplasm
(Chaikeeratisak et al., 2017; Erb et al., 2014; Kraemer et al., 2012). Further, these phages encode
a tubulin-based spindle and the capsids traffic along these filaments to the phage nucleus for
DNA packaging (Chaikeeratisak et al., 2019). Cryo-FIB-ET also enabled visualization of different
assembly intermediates and their structural features at a high-resolution inside Pseudomonas as
they replicate, from the formation of capsids near the cytoplasmic cell membrane to fully
assembled phages with their tails.

We anticipate that future studies aimed at integrating structural biology approaches with
cell biological studies will further propel the field toward a mechanistic understanding of phage-
host interactions and replication of phages inside the bacterial cells, helping us to understand how
phages are able to evade and evolve newer mechanisms to fight host defense machinery and

how we can use harness their power to treat multi-drug resistant bacteria.

6.4 Bacterial sporulation

Sporulation is a unique developmental pathway in many Gram-positive bacteria belonging
to the phylum Firmicutes (or genera Bacillus and Clostridium) that results in the production of
tough, hardy and resilient endospores (Higgins and Dworkin, 2012; Tan and Ramamurthi, 2014).
The pathway is triggered in starvation conditions and is used as a survival strategy by bacteria to
stay dormant until the conditions in the environment become favorable again. Sporulation begins
with the formation of a septum closer to the cell pole, dividing the cell into two unequal parts — the
smaller forespore and the larger mother cell. The septum then curves towards the mother cell and
eventually the mother cell membrane migrates forward to engulf the forespore. The migration of

the mother cell membrane is mediated by coordinated degradation and synthesis of the cell wall

163



peptidoglycan (PG) at the leading edge by SpolIDMP (or DMP) complex and PG synthases
respectively (Khanna et al., 2018; Ojkic et al., 2016). Upon polar septum formation, the forespore
DNA remains trapped at the septum such that only 1/3" of the DNA is present inside the
forespore. SpolllE, an ATP-dependent DNA translocase then subsequently transports the
remaining 2/3" of the DNA from the mother cell to the forespore as engulfment proceeds (Wu and
Errington, 1997, 1994). Once the forespore is completely inside the mother cell, protective layers
of coat and cortex form around the forespore. Ultimately, the mature endospore is released to the
environment upon mother cell lysis.

Bacterial spores have been the subject of electron microscopy since the mid twentieth
century when researchers started to visualize the beautiful concentric layers of the coat and cortex
surrounding the dormant endospores (Ryter, 1965). These methods relied on imaging ultrathin
sections of several species involving dehydration, chemical fixation etc. that can introduce
artefacts and destroy many of the macromolecular structures. For instance, many researchers
visualized structures called “mesosomes” in thin sections of Bacillus species which appeared
close to the cytoplasmic membrane as invaginations and were thought to be involved in septum
formation and engulfment during membrane migration (FITZ-JAMES, 1960). However, later on it
was shown that mesosomes were artifacts formed due to chemical fixatives used for traditional
EM sample preparation as they were not detected in cells processed using cryofixation and freeze
substitution methods that preserve the native cellular structures (Ebersold et al., 1981).

B. subtilis has been the model organism of choice to study sporulation as its natural
competency facilitated its genetic and biochemical characterization although they were excluded
from high resolution cryo-ET for a long time due to their thickness. The Jensen lab first used cryo-
ET to study sporulation in a slender Gram-negative bacterium, Acetonema longum, part of the
lesser-known family of Clostridia (Tocheva et al., 2011). Tocheva et al. imaged different stages
of spore formation in A. longum cells using cryo-ET. Based on previous thin-section EM images

of sporulating Gram-positive cells, it was previously thought that the peptidoglycan (PG) present
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between the septum was completely degraded starting from the middle of the septum by the DMP
degradation machinery and a new PG is synthesized during cortex formation (llling and Errington,
1991). However, cryo-ET images of A. longum cells suggested that a thin layer of PG persisted
throughout engulfment and that it is remodeled to produce cortex during spore maturation
(Tocheva et al., 2011). Similar observations regarding PG remodeling were obtained later with
cryo-ET images of sporulating B. subtilis cells which were made thin for cryo-ET by deleting a
ponA gene encoding for a penicillin-binding protein and later for wild type (Lopez-Garrido et al.,
2018; Tocheva et al., 2013). Combined with optical microscopy and bioinformatics, the authors
proposed a theory for the evolution of Gram-negative bacteria. Their data suggested that the
cytoplasmic mother cell membrane (or the outer forespore membrane) that surrounds the
forespore in B. subtilis is degraded upon germination to morph into a Gram-positive bacterium
whereas in A. longum, it is retained and remodeled into the outer membrane of a Gram-negative
bacterium (Tocheva et al., 2016, 2011). The authors propose the idea that it is possible that at
some point in evolution, certain spore-formers may have retained their outer forespore membrane
during germination that gave way to the formation of Gram-negative bacteria.

More recently, we used cryo-FIB milling to visualize wild type B. subtilis during different
stages of engulfment (Khanna et al., 2019; Lopez-Garrido et al., 2018). In complementation with
genetics, light microscopy and biophysical modeling, we suggested the first mechanistic model of
engulfment during sporulation. First, our data provided evidence that during translocation of the
chromosome from the mother cell to the forespore increases the turgor pressure in the forespore,
stretching the septal PG and reshaping the forespore during engulfment (Lopez-Garrido et al.,
2018). Second, the septum is homogenously and only slightly thinned when it transitions from flat
to curved state which can be attributed to the increased turgor pressure in the forespore upon
chromosome translocation (Khanna et al., 2019). Third, the mother cell migrates around the
forespore in tiny finger-like projections which are caused due to uneven degradation of the PG by

limited number of DMP complexes, resulting in an irregular membrane front (Khanna et al., 2019).
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Together, cryo-ET data has significantly advanced our understanding of PG remodeling during

an important evolutionary process of sporulation in bacteria.

6.5 Bacterial cytoskeleton

For a long time, the absence of cytoskeletal filaments in prokaryotes was thought of as
one of the major elements distinguishing them from eukaryotes as these structures were not seen
in EM images of thin-section bacterial specimens prepared using chemical fixatives, heavy metal
stains or plastic-embedding. Likely these structures were not preserved when bacterial specimens
were subjected to such harsh treatments. However, freeze-substitution and vitrification lead to
better preservation of structural features and consequently, cytoskeletal filaments mediating
different cellular processes including cell division, elongation and plasmid segragation could be
detected in bacteria prepared using these approaches.

FtsZ, a bacterial tubulin homolog is the major cell division protein in almost all bacteria
and forms a ring-like structure at the division site, called the Z-ring (Errington et al., 2003;
Haeusser and Margolin, 2016). The Z-ring then acts as a scaffold to recruit other cell division
proteins to promote its interaction to the membrane and synthesize septal PG. However, the
molecular organization of the Z-ring and the mechanism by which the Z-ring mediates the
constriction of the membrane is still a matter of debate. Li et al. first visualized FtsZ filaments
using cryo-ET in C. crescentus as a series of few short arcs (~100 nm) placed arbitrary near the
division site (Li et al., 2007). Although, widefield microscopy at that time suggested that the Z-ring
formed a continuous band at the septum, super resolution microscopy studies later suggested
that the Z-ring is patchy with holes that corresponded to gaps in the ring. Szwedziak et al. later
imaged dividing C. crescentus and E. coli minicells using TEM instruments equipped with better
cameras and the higher-quality images suggested that the Z-rings were mostly continuous for
both cell types (Szwedziak et al., 2014). Our cryo-FIB-ET data for dividing B. subtilis cells also

demonstrate the continuity of the Z-rings. In addition, we also see rings formed by FtsA filaments
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in B. subtilis which were not previously seen in cryo-ET images of the Gram-negative bacteria
and could be a consequence of thicker septal PG in B. subtilis that requires the scaffolding action
of multiple FtsA and FtsZ filaments for constriction of the septum. Also, our data suggest a
fundamental difference in the organization of FtsZ filaments during vegetative growth and
sporulation. In the former case, FtsZ filaments are present uniformly along the leading edge of
the invaginating septum whereas during sporulation, they are only present on the mother cell side.
We further showed that a sporulation specific protein SpollE that localizes only on the forespore
side of the septum restricts the assembly of the divisome to only one side by potentially competing
with FtsA and other cell division proteins to bind the Z-ring on the forespore side and in the
process dismantling the constriction machinery on that side. This is the first evidence to date in
bacteria wherein the polar distribution of a cell fate determinant (SpollE) results in the asymmetric
localization of the divisome and hence production of cell types with diverse fates.

Cryo-ET studies have also shed light on the architecture of MreB, actin-like filaments
involved in maintenance of bacterial cell shape. Based on light microscopy data, MreB was
thought to polymerize into long helical filaments in the cytoplasm of many rod-shaped bacteria
(Jones et al., 2001). However, cryo-CLEM data suggested that these helices were likely a result
of overexpression of MreB due to the N-terminal YFP tag as no helices were observed upon
removal of the tag (Swulius and Jensen, 2012). This is also in agreement with recent TIRF
microscopy data demonstrating that MreB filaments organize as small patches that move around
the circumference of the cell (Dominguez-Escobar et al., 2011).

Several other bacterial filaments have been characterized using cryo-ET and
complementary genetic and biochemical studies. The metabolic enzyme CTP synthase CtpS in
C. crescentus was observed as bundles of filament that interact with an intermediate filament
homolog crescentin to regulate cellular curvature (Briegel et al., 2006; Ingerson-Mahar et al.,
2010). In vitro and in vivo studies have also shed light on the structure and arrangement of ParM

filaments in E. coli that are involved in segregating low copy number plasmid R1 by forming a
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bipolar spindle (Bharat et al., 2015). The actin homolog MamK found in magnetotactic bacteria
Magnetospirillum forms polar, double-helical filaments that flanks subcellular organelles
containing magnetite crystals called magentosomes which in turn are responsible for navigating
these bacteria along magnetic field (Komeili et al., 2006; Scheffel et al., 2006). Further studies
have identified regulators of the dynamic behavior of MamK and how MamK filaments are
remodeled spatiotemporally during cytokinesis, opening up doors for some interesting cell biology

in so-called “non-model model organisms” (Draper et al., 2011; Katzmann et al., 2011).

6.6 Multicellularity in bacteria

Recently, cryo-EM modalities have also shed light on decoding principles that govern
multicellular behavior in bacteria including Strepfomyces and Anabaena (Celler et al., 2016;
Weiss et al., 2019). Streptomyces are filamentous bacteria and one of the major sources of natural
products including antibiotics and other bioactive compounds. Once germinated, they grow as a
complex branched network of hyphae separated by peptidoglycan-based septa or cross-walls.
However, the cross-walls are spaced several micrometers apart, hence Celler et al. suspected an
alternative mechanism that Streptomyces may use to achieve effective compartmentalization
during their life cycle. The authors elegantly used cryo-CLEM and found that the mycelium is
compartmentalized by the formation of small membrane vesicles between the cell wall and
cytoplasmic membrane, termed as cross-membranes delimiting the hyphae (Celler et al., 2016).
Their FRAP experiments also suggested that about one-third of the cross-membranes are protein-
impermeable acting as physical barriers between adjacent compartments. In another study,
Weiss et al. studied the in situ structure of septal junctions in the filamentous multicellular
cyanobacteria, Anabaena using cryo-FIB-ET (Weiss et al., 2019). Conventional EM methods
revealed the presence of small pores or septal junctions traversing the septum that contains a PG
disc surrounded by two cytoplasmic membranes which were thought to be critical for cell-cell

communication. Cryo-FIB-ET images suggested that these pores were organized as tubes
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traversing the septal PG covered by a cytoplasmic cap and a plug-like density appeared in the
cytoplasmic membrane. Subtomogram averaging of septal junctions in wild type and strains
mutant in different proteins involved in septal junction assembly suggested that these display
mechanistic analogy to metazoan gap junctions in that they are gated channels that reversibly
block intercellular diffusion of molecules under different stress conditions (Weiss et al., 2019). In
combination with FRAP experiments, the authors suggested that the intercellular communication
was blocked under stress and the conformational change in the cytoplasmic cap regulated the
gating of the channel. Hopefully, future studies in understanding the molecular architecture of
multicellular behavior in bacteria will provide a deeper understanding about evolution of cell

differentiation, cell-cell signaling and multicellularity in animals.

6.7 Concluding remarks

| have highlighted some of the most prominent studies that use novel cryo-ET modalities
as a cell biological tool in combination with genetics, light microscopy, biochemistry and
biophysics to understand the cellular process in bacteria at molecular resolution in the native
context. With the advent of other novel modalities in the field, we anticipate we will dive deeper
into the unknown world of bacteria and even smaller entities like viruses which have been

precluded from high-resolution imaging so far.
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