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Bacterial cell division takes place almost entirely below the
diffraction limit of light microscopy, making super-resolution
microscopy ideally suited to interrogating this process. | review
how super-resolution microscopy has advanced our
understanding of bacterial cell division. | discuss the
mechanistic implications of these findings, propose physical
models for cell division compatible with recent data, and
discuss key outstanding questions and future research
directions.
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Introduction

How do you cut a balloon in half without bursting it? This
is the remarkable challenge that bacteria must overcome
in order to divide and multiply. How bacterial cell
division proteins work together to cut the cell in two
has remained mysterious for decades, because it is difficult
to measure protein organization and dynamics in cells not
much larger than the diffraction limit of visible light. Now,
single molecule imaging and super-resolution microscopy,
together with ## vitro reconstitution and cryo-electron
microscopy, are allowing us to make major steps forward
in our understanding of bacterial cell division.

In this commentary, I will focus on how single molecule
and super-resolution microscopies have helped us under-
stand how the bacterial division machinery constricts the
cell. Owing to space constraints, [ do not discuss excellent
work using super-resolution microscopy to study other
aspects of division, including positioning of the division
machine [1], coordinated disassembly of the division
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machine [2], and the role of divisome regulatory proteins
[3,4].

The divisome, a multi-protein nanomachine
Bacteria are surrounded by a mesh-like peptidoglycan cell
wall which opposes the cell’s high osmotic pressure.
Gram-positive bacteria have a single plasma membrane
surrounded by a thick multi-layered cell wall and main-
tain an osmotic pressure of approximately 20 atmospheres
[5] (Figure 1a). To divide, Gram-positives build a cross-
wall or septum across the mid-cell [6]. Gram-negative
bacteria have both an inner and outer membrane sur-
rounding a thin, mainly single layered cell wall [7]
(Figure 1b), and maintain a lower osmotic pressure of
about 0.3 atmospheres [8]. Instead of building a division
septum, Gram-negative cells form a constricting invagi-
nation at mid-cell, probably by simultaneously building
new inner layers of cell wall at mid-cell, hydrolysing the
old outer layers and remodelling the outer membrane
[9,10°].

Division is carried out by a network of proteins called the
divisome [11]. The core of the divisome is the almost
universally essential tubulin homologue FtsZ, which
polymerizes to form a mid-cell band, and recruits the
other divisome proteins to mid-cell. FtsZ is tethered to
the cell membrane by redundant membrane anchors,
including the widely conserved actin homologue FtsA.
FtsZ recruits the cell-wall synthesis machinery to mid-
cell, including a glycosyltransferase, FtsW or PBP1B
(Escherichai coli)/PBP1 (Bacillus subtilis), which elongates
glycan strands, and a transpeptidase, PBP3 (E. co/i)/
PBP2B (B. subtilis), which attaches new glycan strands
to existing peptidoglycan. These core proteins are sup-
plemented by multiple additional factors, mostly with
regulatory or scaffolding roles [6,9].

How the divisome works mechanistically has remained a
great unsolved mystery of cell division since the discovery
that FtsZ localizes to mid-cell 25 years ago [12]. Key
mechanistic questions are: how is constrictive force gen-
erated to oppose turgor pressure, how is septal cell wall
synthesis organized, and how are synthesis and force
generation coupled? Recently, super-resolution and sin-
gle molecule microscopies have made important contri-
butions to these questions thanks to their high resolution
and sensitivity (Box 1).

How does the divisome generate constrictive force? A
longstanding model for cytokinesis is the contractile ring
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Figure 1
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Mechanistic principles of Gram-positive B. subtilis and Gram-negative E. coli cell division. (a) Key physical tasks required for division of Gram-
positive B. subtilis by septal cross-wall building. (b) Key physical tasks required for invagination of the E. coli mid-cell. PG, peptidoglycan; OM,

outer membrane.

model [13] where FtsZ forms a continuous ‘Z-ring’
around the mid cell, made up of either a single continuous
FtsZ filament, or multiple overlapping short filaments.
The Z-ring would generate sustained constrictive force
around the entire circumference of the plasma mem-
brane, similar to the actin-myosin contractile ring in
eukaryotes. This could be achieved either through
GTP-hydrolysis induced bending of the Z-ring, or by
sliding of multiple overlapping short FtsZ filaments
within the Z-ring [14]. This was supported by the fact
that FtsZ forms an apparently continuous ring when
observed via widefield fluorescence microscopy, and that
reconstituted FtsZ forms helices or rings capable of con-
stricting artificial lipid vesicles [15,16].

The contractile ring model makes the strong prediction
that FtsZ should form continuous ring-like structures 7z
vivo. However, widefield fluorescence microscopy of
FtsZ has insufficient resolution to test this hypothesis,
and transmission electron microscopy failed to detect
FtsZ filaments at mid-cell.

Divisome ultrastructure

The first major step forward in determining the iz vivo
ultrastructure of FtsZ came from cryo-electron tomogra-
phy (cryo-ET). In 2007 Li and co-workers used cryo-
electron tomography to detect multiple short scattered
FtsZ filaments around the mid-cell of Caulobacter crescen-
tus [17°]. What they did not see was the predicted con-
tinuous FtsZ ring, intriguingly suggesting that cell divi-
sion might not in fact be driven by a contractile Z-ring.
However at the time it was unclear whether this was
because a continuous Z-ring was genuinely absent, or

whether cryo-ET’s relatively low contrast and missing
wedge (incomplete imaging around the cell circumfer-
ence) meant that only a small fraction of polymerized
FtsZ was detected.

The ultrastructure of the FtsZ ring was therefore an ideal
target for the nascent field of super-resolution micros-
copy, as it offered high 7z vivo resolution, protein specific
high contrast, single molecule sensitivity, and the ability
to image around the entire cell.

In 2010, Fu and co-workers presented a pioneering first
study of FtsZ ultrastructure by super-resolution micros-
copy [18°°] (Figure 2a). They used 2D localization
microscopy at 30 nm resolution to discover that E. co/i
FtsZ rings are surprisingly thick structures, about 100 nm
thick axially. As it would be hard to build such a thick
structure from a single continuous FtsZ filament, due to
low cellular FtsZ concentration, this instead suggested a
loosely packed Z-ring composed of multiple overlapping
filaments. However, this early study lacked the crucial
third dimension required to resolve the overall architec-
ture of the Z-ring.

Shortly after, Strauss and co-workers used structured
illumination microscopy to perform the first 3D super-
resolution study of FtsZ ultrastructure and dynamics,
allowing the overall architecture of the entire Z-ring
to be resolved [19°°] (Figure 2b). Structured illumination
microscopy uses patterned illumination to double
the resolution of conventional widefield microscopy,
to 100 nm laterally and 300 nm axially. Strauss and co-
workers examined FtsZ localization in B. subtilis and
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Box 1 Super-resolution/advanced microscopy approaches for cell division imaging

Method XY resolution  Zresolution  Principle/technical notes Advantages/disadvantages for cell division
imaging
Localization microscopy 10-40 nm 20-100 nm Circumvents diffraction limit via Highest fluorescence-based resolution.
(PALM/STORM) stochastic localization of single Mainly limited to fixed cells or single
blinking fluorophores [50,51]. snapshots in live cells.
Structured illumination 100 nm 300 nm Doubles resolution through spatially ~ Only doubles resolution compared to
microscopy (SIM) patterned illumination [52]. Related  epifluorescence, but relatively low light
image scanning microscopy intensity makes SIM ideal for live cell
techniques [53] achieve similar imaging of division. Can be further
resolution inc. Airyscanning/ combined with TIRF to reduce background
HyVolution/iSIM. or vertical immobilization to increase
effective resolution.
Stimulated emission ~50 nm ~100 nm Narrows effective confocal High illumination intensity effectively limits
depletion microscopy microscope spot size with a this approach to fixed cells. Requires dye/
(STED) stimulated emission doughnut beam  antibody labelling for optimal image quality.
surrounding the excitation spot [54].
Single molecule tracking <30 nm <100 nm Tracking of small numbers of Allows measurement of overall motion,
isolated individual fluorescently organization and subpopulation
labelled molecules within a cell. heterogeneity for individual proteins.
Often illuminated in TIRF, or by
combined widefield illumination and
photoactivation (sptPALM) [55].
TIRF microscopy 250 nm 50-150 nm Evanescent field illumination of a Restricted illumination depth greatly
small slice within about 100 nm from  increases signal to noise ratio, making TIRF
the cover glass-sample interface. ideal for live cell imaging of membrane
Can be combined with other SR bound proteins. Can only be used to
methods. interrogate early cell division as septal
constriction eventually moves the division
machinery out of the illumination area.
Vertical immobilization 250 nm 500 nm Vertical immobilization of rod- Allows simultaneous live cell imaging of the

shaped bacteria in patterned
microholes [30°°]. This rotates the
cell division plane parallel to the 2D
imaging plane, increasing effective
resolution. Can be combined with
other SR methods.

entire division site, throughout the division
cycle at increased effective resolution and
with less photobleaching than 3D
microscopy. However, signal to noise ratio
is lower than TIRF.

Staphylococcus aureus, notably using a B. subti/is strain with
FtsZ-GFP as the sole source of cellular FtsZ. Remark-
ably, they found that FtsZ formed highly heterogeneous
rings, containing gaps of >120 nm, calling into question
the contractile Z-ring model. Subsequent 3D-SIM in E.
coli also presented a similar picture of patchy FtsZ orga-
nization [20].

Biteen and co-workers presented the first proof of concept
imaging of FtsZ by 3D localization microscopy, allowing
imaging around the entire C. crescentus Z-ring at 30 nm
lateral resolution and 100 nm axial resolution [21°]. In
preliminary measurements of 3D Z-ring organization in
two cells they observed Z-rings composed of a loosely
packed band of FtsZ.

In 2014 we presented a systematic study of FtsZ ultra-
structure by 3D localization microscopy, again at 30 nm
lateral and 100 nm axial resolution, using an automated
high-throughput 3D PALM microscope which we

developed [22°°] (Figure 2¢). We analysed 3D Z-ring
organization in hundreds of cells throughout the C. cres-
centuscell cycle and observed that the Z-ring consistently
showed large gaps of several hundred nanometres. Similar
organization of the K. co/i Z-ring has subsequently been
observed by 3D PALM [23°°24] (Figure 2d). Taken
together with 3D-SIM studies [19°°,20], these data
from multiple organisms and imaging techniques form
a consistent picture of the Z-ring as a patchy heteroge-
neous structure, inconsistent with the model of a contin-
uous Z-ring which generates stable sustained force
around the entire division site [13].

In the most recent of several cryo-E'T studies of FtsZ
ultrastructure [17°,25°,26°], FtsZ was imaged throughout
the cell cycle in multiple Gram-negative species, and
was found to form largely patchy Z-rings made up of
short FtsZ filaments [26°], fairly consistent with super-
resolution studies. However, the precise ultrastructure of
the Z-ring still remains unclear. Super-resolution studies
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Figure 2
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Super-resolution imaging of FtsZ ultrastructure. (a) 2D localization microscopy of E. coli FtsZ showing axially thick Z-rings. Scale bar, 500 nm. (b—
d) 3D super-resolution imaging of mid-cell FtsZ showing patchy Z-rings. (b) 3D-SIM of B. subtilis FtsZ; mid-cell Z cross-sections. (c) 3D-PALM of
C. crescentus FtsZ; mid-cell volume renderings. (d) 3D-PALM of E. coli FtsZ; mid-cell Z cross-sections. Scale bar, 300 nm.

(a—d) adapted from [18°°,19°°,22°°,23°°] with permission.

suggest a loose, patchy, toroidal FtsZ band, about
80-100 nm thick radially [22°°,24] — possibly exagger-
ated by the historic use of ectopically expressed FtsZ
fluorescent protein fusions for PALM. Cryo-E'T studies
have only detected FtsZ in a thin layer about 15 nm from
the inner membrane [25°] (which fits with FtsA mem-
brane anchor spacing), but due to lower contrast, could
miss short FtsZ filaments further away from the mem-
brane. I speculate the truth may be somewhere in
between; treadmilling FtsAZ filaments (see below)
should be strongly membrane associated, but a sparse
halo of short FtsZ filaments or dimers extending further
into the cytoplasm could surround the division site,
possibly acting as nucleators for polymerization of mem-
brane-associated FtsAZ.

Pairing super-resolution and cryo-ET as complementary
techniques could be an exciting future direction to study
cytoskeletal ultrastructure. Each technique can in

principle complement the advantages of the other:
cryo-E'T offers ultimate resolution and minimal pertur-
bation, and super-resolution offers high (single molecule)
protein specific contrast, imaging throughout the entire
cell, and higher throughput. However, fluorescence
super-resolution methods also have a further key appli-
cation beyond imaging of ultrastructure — high resolu-
tion imaging in living cells.

Divisome dynamics

Division is a necessarily dynamic process involving rapid
remodelling of the bacterial cell wall. It has been known
for some time that FtsZ is highly dynamic, with the entire
Z-ring turning over in <10 s [27], but the purpose of this
dynamic turnover has until recently remained unclear.
Super-resolution and single molecule fluorescence
microscopy have proved ideal for investigating the orga-
nization and function of the dynamics of cell division at
sufficient resolution 2 vivo.
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In a pioneering first study of divisome dynamics at the
single molecule level, in 2008 Niu and Yu carried out
single molecule tracking of FtsZ, and found that individ-
ual FtsZ molecules within the E. ¢co/i Z-ring are immobile
[28°°]. This provided strong evidence against filament
sliding models of FtsZ force generation [14].

In their 2012 3D-SIM paper discussed above, Strauss and
co-workers [19°°] also intriguingly found that B. subtilis and
8. aureus Z-rings displayed dynamic structural rearrange-
ments throughout constriction, suggesting that the high
rate of FtsZ turnover involves not only Z-ring subunit
exchange, but large scale structural rearrangement.

In 2016, Coltharp and co-workers used localization
microscopy, combined with brightfield imaging of con-
striction site diameter, to measure constriction site
dynamics in live E. co/i [23°°]. Surprisingly, perturbation
of FtsZ G'TP-hydrolysis activity did not affect constric-
tion rate in K. co/i, that is, FtsZ turnover does not appear
to be rate limiting for E. co/i cytokinesis. Furthermore,
they found that cell wall synthesis is likely rate limiting
for constriction, and that MatP, a regulator of chromo-
some segregation, may act as a brake on division, perhaps
to allow sufficient time for chromosome segregation.

T'his question of divisome dynamics and rate-limiting
steps in cytokinesis has recently proved crucial in eluci-
dating key mechanistic principles of division. In 2014,
Loose and Mitchison made the remarkable discovery that
FtsZ can treadmill 7z vitro on supported lipid bilayers
[29°°], that is, that FtsZ filaments can move by GTP-
hydrolysis-driven asymmetric filament polymerization
and depolymerization. This inspired us and others to
revisit the longstanding puzzle of why mid-cell FesZ
turns over rapidly 7z vive [27].

Together with collaborators, we recently showed in B.
subrilis [30°°], and Yang and co-workers showed in E. co/i
[31°°], that FtsZ forms motile filaments which treadmill 7z
vivo, and that the treadmilling motion of FtsZ drives cell
division and septal cell wall synthesis. This was demon-
strated by TIRF and SIM microscopy for FtsZ localized
to predivisional FtsZ-rings in a range of wildtype and
GTP-hydrolysis impaired mutants [30°°,31°°]. In B. sub-
tilis, we further showed that FtsZ treadmills even in
highly constricted, actively dividing cells, using a novel
method for imaging bacteria immobilized in vertical
agarose microholes [30°°]. In each case, high resolution
live cell imaging of FtsZ dynamics, by TIRF, SIM, or
vertical cell immobilization was crucial in providing suf-
ficient spatiotemporal resolution and image contrast to
successfully observe FtsZ treadmilling despite the near-
diffraction-limited size of the division site.

Furthermore, SIM imaging of newly synthesized pepti-
doglycan showed that septal cell wall synthesis occurred

at discrete mobile sites [30°°], and single molecule track-
ing showed that single cell wall synthases PBP2B (5.
subtilis)[PBP3 (E. coli) moved processively around the
division site [30°°,31°°]. Surprisingly, the treadmilling
motion of FtsZ was required for synthase motion, and
the speed of individual synthases was set by the tread-
milling speed of guiding FtsZ filaments [30°°,31°°]. In B.
subtilis, FtsZ. treadmilling further set the rate of division,
which seems intuitive: treadmilling limits synthase
speed, which thus limits constriction [30°°].

Remarkably, in E. co/i, treadmilling does not appear to set
the rate of division. Although in E. co/i the FtsZ GTP
hydrolysis rate/treadmilling speed sets the speed of indi-
vidual synthases, perturbations to FtsZ treadmilling do
not affect the overall speed of division [31°°]. Perhaps this
is because K. co/i has a more complex job than B. subtilis: it
must maintain a thin cell wall at the division site, which
presumably requires much more careful control than for
the mult-layer B. subtilis cell wall in order to avoid lysis
[9]. E. co/i must also coordinate constriction with remo-
delling of the outer membrane [9]. These additional
processes may act as brakes on division, such that E. co/i
FtsZ is the rate-limiting guide of individual synthases,
but not of overall constriction rate. Together with previ-
ous work [23°°], this then begs the intriguing question
of what exactly is the key rate-limiting step for E. co/i
constriction?

These discoveries provide important new insight into the
basic mechanism of cell division; that cell wall remodel-
ling at mid-cell is carried out by multiple motile cyto-
skeleton-synthase complexes, driven by FtsZ treadmill-
ing. However, multiple key questions about the
mechanistic principles of cell division remain unsolved.

Implications for physical mechanisms of
bacterial cell division

It is still unclear how the division machine generates
constrictive force to oppose the cell’s high turgor pres-
sure. Although FtsZ treadmilling rate limits the motion of
cell wall synthases, this does not mean that FtsZ gen-
erates force — it merely says FtsZ treadmilling is the
slowest chemical/mechanistic step in the division process.

However, the treadmilling-driven cytokinesis model,
where cell division is orchestrated by motile cytoskele-
ton-synthase complexes driven by FtsZ treadmilling and
localized in a patchy ‘Z-ring’, does place significant con-
straints on how constrictive force could be generated.
There are three primary possibilities consistent with
treadmilling-driven cytokinesis (Figure 1): First, FrsZ
pulling: G'TP-hydrolysis-induced bending of short tread-
milling FtsZ filaments could create a moving membrane
deformation which the synthesis complex can surf along
as it builds the cell wall. Importantly, this model requires
only a localized and transient membrane deformation by
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FtsZ filaments, subsequently rectified by ratchet-like cell
wall synthesis. This significantly reduces force generation
requirements compared to models requiring sustained
force generation around the entire Z-ring [32°33].
Assuming typical turgor pressure of 0.3 atm (Gram-
negative) or 20 atm (Gram-positive) [5,8] and a 2 nm?
membrane deformation as sufficient to accommodate one
peptidoglycan subunit [34], the minimum force to locally
oppose turgor pressure is 0.05 pN or 4 pN for Gram-
negative or Gram-positive bacteria respectively. This is
well within the plausible range of force generation by
G'TP-hydrolysis-induced FtsZ bending [35,36]. The sur-
prisingly low force estimate for Gram-negatives might
even explain why FtsZ treadmilling is rate limiting for
division in B. subtilis but not for E. coli. Second, synthase
pushing: Alternatively, the synthesis complex could be
strong enough to displace the membrane inwards as it
synthesizes new glycan strands. 7%ird, combined push-pull-
ing: Finally, both FtsZ and the synthesis complex could
generate constrictive force, working together to drive
division.

It was recently proposed that the divisome might not
need to overcome turgor pressure, due to evidence from
bulk studies of cytoplasmic and periplasmic volume that
the periplasm/periplasmic space may be isosmotic with
the cytoplasm [10°]. For Gram-negatives, the isotonic
periplasm/cytoplasm hypothesis would move the key
osmotic barrier to the periplasm-peptidoglycan interface
[10°]. A problem with this hypothesis is that Gram-
negative constriction site building necessarily reduces
the volume of both periplasm and cytoplasm. Therefore,
even in an isotonic periplasm/cytoplasm, the divisome
would still need to overcome turgor pressure at the
leading edge of the constriction site, leaving the physical
constraints on Gram-negative cell division similar to the
case of a non-isotonic cytoplasm. However, as discussed
above, the force required to locally oppose Gram-negative
turgor pressure could actually be rather small, and less of a
critical factor than for higher turgor Gram-positives.

In Gram-positives, evidence that turgor pressure might
not act on the plasma membrane comes from cryo-
electron microscopy of frozen-hydrated cell sections by
Beveridge and co-workers, which appear to support the
existence of a periplasmic space in B. subtilis and S. aureus
between the membrane and the peptidoglycan [37,38].
However, less perturbative cryo-electron tomography of
flash frozen B. subtilis has subsequently not observed a
periplasmic space [39,40] suggesting that the apparent
periplasmic space seen in the Beveridge data may have
been an artefact of high pressure freezing or cryoprotec-
tant-induced osmotic upshock [39]. Current evidence
therefore favours a model where the Gram-positive turgor
pressure barrier is indeed the plasma membrane, and
where the Gram-positive divisome must directly overcome
turgor pressure under the physical constraints discussed

above. However, further research into the role of turgor
pressure in bacterial division and growth is required.

Beyond the question of force generation, treadmilling-
driven cytokinesis raises many other exciting new ques-
tions. The molecular mechanism behind the coupled
motion of the processive cell wall synthases and tread-
milling FtsAZ filaments is unknown. Could one of the
divisome components couple the synthesis machinery to
moving FtsAZ filaments by acting as a filament end-
tracker, like eukaryotic formins? Or perhaps the synthesis
machinery uses FtsAZ filaments as a track for processive
sliding, more like DNA polymerases?

Additionally, the tight coupling between FtsZ dynamics
and cell wall synthesis identifies a new potential role for
the various FtsZ-associated proteins. By modulating the
organization and dynamics of FtsZ dynamics, Z-associ-
ated proteins could have a key functional role in regulat-
ing septal cell wall synthesis. It was recently shown that
the C. crescentus Z-associated protein FzIA likely has
exactly this role [41°]. In future, it will be exciting to
examine the possible regulatory roles of the other Z-
associated proteins.

Outlook

Over the last decade, single molecule and super-resolu-
tion microscopies have delivered exciting new insights
into bacterial cytokinesis. Future cell division studies
should benefit from recent developments in high resolu-
tion localization microscopy [42], new cell permeable
dyes for live cell imaging [43,44], and new probes for
super-resolution imaging of the bacterial cell wall [45,46].

Owing to their ability to interrogate the nanoscale motion
and organization of division proteins directly in living
cells, super-resolution microscopies should be crucial in
the continuing quest to understand how bacteria cut
themselves in two. They should be especially useful in
testing physical models of cell division proposed here and
elsewhere [10°,32°,47], in further resolving the organiza-
tion, dynamics and function of FtsZ and the Z-associated
proteins, and in revealing the mechanistic details of how
FtsZ and its anchors guide and are coupled to the cell wall
synthesis machinery. Investigation into the division
mechanisms of non-canonical bacterial model organisms
should be another exciting future application of super-
resolution microscopy [48,49].
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