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Summary

Cell shape matters across the kingdoms of life, and cells have the remarkable capacity to define 

and maintain specific shapes and sizes. But how are the shapes of micron-sized cells determined 

from the coordinated activities of nanometer-sized proteins? Here, we review general principles 

that have surfaced by the study of rod-shaped bacterial growth. Imaging approaches have revealed 

that polymers of the actin homolog MreB play a central role. MreB both senses and changes cell 

shape, thereby generating a self-organizing feedback system for shape maintenance. At the 

molecular level, structural and computational studies indicate that MreB filaments exhibit tunable 

mechanical properties that explain their preference for certain geometries and orientations along 

the cylindrical cell body. We illustrate the regulatory landscape of rod-shape formation and the 

connectivity between cell shape, cell growth, and other aspects of cell physiology. These 

discoveries provide a framework for future investigations into the architecture and construction of 

microbes.
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Introduction

Captivation with shape and how it is generated stretches back to Aristotle, who argued that 

things acquire their form from the material from which they are assembled, the tools used to 

make them, and the design of their construction (Leroi, 2014). While considerations of form 

and function in living organisms have historically focused on macroscale structures such as 

bird beaks and giraffe necks, even the first drawings of microscopic bacteria by van 

Leeuwenhoek noted the variety of shapes adopted by these tiny “animalcules”. For much of 

the 20th century, the fascinating diversity of bacteria morphology was used merely as an 

identification tool; but thankfully, the advent of bacterial cell biology has inspired a broad 

community of biologists, chemists, physicists, and engineers who are now also interested in 

why bacteria have different shapes.

Despite dizzying variability in shape and size across prokaryotes (Figure 1A), most bacterial 

species tightly regulate their shape and size (Young, 2006). The attention organisms pay to 

their appearance has clear selective benefits; shape impacts how cells move, adhere, colonize 

new environments, and survive predation (Young, 2006). Size is also tightly linked to growth 

rate (Harris and Theriot, 2016; Schaechter et al., 1958), and long-term evolution experiments 

have repeatedly noted that larger, fitter cells harboring mutations in their shape-related genes 

tend to the emerge over time (Lenski and Travisano, 1994; Tenaillon et al., 2012), 

underscoring the evolutionary importance of cell size.

Similarly to plants and fungi, bacterial cell shape is ultimately determined by cell wall 

geometry (Holtje, 1998). The rigid cell wall exoskeleton allows bacteria to retain specific 

shapes under high loads of turgor pressure. However, exoskeletons also present a structural 

challenge because their integrity must be consistently maintained while they are 

simultaneously remodeled to facilitate dynamic growth and division. Much as the 

construction of a building is achieved by the spatial coordination and assembly of smaller 

components, so also walled cells require molecular components that bridge the nanometer 

and micron length scales. And much as buildings require an architect and a blueprint to 

organize construction and assemble materials into the larger structure, micron-scale bacterial 

cells are built by the spatial coordination of nanometer-scale cell-wall enzymes.

Escherichia coli and Bacillus subtilis are prototypical rod-shaped bacteria representing 

Gram-negative and Gram-positive species, respectively. As research models they have aided 
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our general understanding of bacterial growth and morphogenesis. The rod shape is one of 

the simplest symmetry-broken (non-spherical) shapes possible, and in E. coli and B. subtilis, 

growth results mainly from one-dimensional elongation along the length of the cell body, 

while the endcaps remain unchanged (Höltje, 1998). Yet even a shape as simple as a rod 

exhibits multiple morphological features. Variations in features of the rod structure other 

than length can occur. These features include the width (or cross-sectional diameter, which 

alters the aspect ratio), the shape of the poles, and the uniformity of the cylindrical region 

(which can be straight, bent, or contain bumps). Shape differences can be represented as 

deviations in any of these features from an idealized cylinder, and population-level 

heterogeneity can exist in any of these shape-altering parameters (Figure 1B).

Furthermore, while E. coli typically maintains its shape under a given growth condition, 

environmental and genetic perturbations can morph rod-shaped cells into other shapes. Cells 

shrink when starved for nutrients (Schaechter et al., 1958) and bend when confined to a 

donut-shaped chamber (Takeuchi et al., 2005) or under liquid flow (Amir et al., 2014). 

Mutants can adopt round, helical, branched, or lemon shapes (Young, 2006). And much as a 

building can be rebuilt after mechanical catastrophe, E. coli is able to reform its rod shape de 
novo after chemical (Lederberg, 1956) or mechanical (Si et al., 2015) disruption.

Many molecules contribute to the cellular construction crew. There are two main classes of 

proteins required for bacterial shape determination: cell wall synthesis enzymes, which 

function outside the cytoplasm and directly build and remodel the cell wall, and 

cytoskeleton-associated proteins that function within the cytoplasm to coordinate the 

location of cell-wall enzymes activities (Figure 1C). The bacterial cell wall is a single, large 

peptidoglycan that consists of long, stiff sugar polymers (glycans) crosslinked by flexible 

peptide bridges. The identities and properties of the individual components of the 

peptidoglycan synthesis machinery are mostly known (Scheffers and Pinho, 2005), yet it is 

not obvious how they influence cell shape. Bacterial species with different shapes have cell 

walls that are made of similar materials, just as different-looking buildings can be made of 

similar building blocks. Thus, shape is determined by the special coordinating activities of a 

species’s specific molecular foreman.

Evidence from many rod-shaped bacteria suggests that this coordination function is 

primarily carried out by the eukaryotic actin homolog, MreB. Here, we focus on recent 

findings about MreB function to generate an integrated model of rod-shaped wall 

construction that includes our current understanding of how the cytoskeleton-associated 

protein foreman (MreB) directs its construction crew (the cell-wall enzymes), and how the 

product of their dialogue (cell shape and size) impacts other cellular processes.

How do cells break symmetry and regulate the spatial pattern of growth? This fundamental 

question has inspired models with diverse biophysical perspectives based on soap-bubble 

theory (Koch et al., 1981), the coordination of motor-like activities (Nguyen et al., 2015; 

Reimold et al., 2013), mechanical propagation of cell-wall defects (Amir and Nelson, 2012), 

and geometric and mechanical stress-mediated feedback on cell-wall growth (Furchtgott et 

al., 2011; Jiang et al., 2011). Here, we address the central questions of cell-shape 

determination in E. coli and B. subtilis: what is necessary to make a rod, how do proteins 
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detect and define a rod, how do cells adjust their dimensions, and how do shape and size 

affect cellular physiology?

MreB polymers are central to cell shape and size determination

Among multiple proteins necessary for establishing, maintaining, and regulating cell shape, 

studies from several systems have converged on MreB as a key participant. Many rod-like 

and curved bacterial species require MreB to elongate, although there are exceptions such as 

the Actinobacteria and Rhizobiales that lack MreB altogether. While some species like B. 
subtilis have multiple MreB homologs contributing to cell shape in partially redundant ways 

(Kawai et al., 2009), E. coli has only a single MreB homolog. E. coli MreB forms 

membrane-bound, anti-parallel double protofilaments that are essential for rod-shape 

determination (Van den Ent et al., 2014), MreB depletion results in loss of rod-like shape 

and rounding (Kruse et al., 2005), and there are no E. coli mutants or growth conditions 

known to restore rod-like shape in the absence of MreB.

Given the essential nature of MreB and the slow time scale of depletion studies, the small 

molecule A22 has emerged as a powerful tool for probing MreB function. A22 binds MreB 

and leads to depolymerization and relocalization of MreB within minutes (Gitai et al., 2005; 

Wang et al., 2010). During A22 treatment, wall construction persists (Billings et al., 2014; 

Cho et al., 2014) but occurs diffusely, across the entire cell surface including the cell poles 

(Ursell et al., 2014), resulting in loss of rod-shape over the course of multiple cell divisions 

and eventual cell lysis (Gitai et al., 2005). The observation that A22 causes MreB to 

depolymerize much faster than it causes shape loss suggests that polymerized MreB does not 

simply act as a structural foundation required for defining the shape of the cell, but instead 

patterns cell-wall growth (Errington, 2015), though some studies have suggested that MreB 

may also contribute to cell stiffness and also have some effects on cell-wall synthesis itself 

(Cho et al., 2014; Nguyen et al., 2015; Wang et al., 2010).

Despite the essentiality of MreB, many MreB perturbations do not completely disrupt rod-

like shape and growth rate. Early studies in B. subtilis reported MreB point mutations that 

alter cell length or width (Jones et al., 2001). In E. coli, a large number of MreB point 

mutants have been identified that alter various features of rod-like shape (Figure 2), 

including average width (rod diameter) of the population (Ouzounov et al., 2016; Shi et al., 

2017), variation in width along individual cells (Morgenstein et al., 2015; Morgenstein et al., 

2017), cell bending (Shi et al., 2017), and cell branching (Kawazura et al., 2017). Different 

amino acid substitutions at a single MreB residue can produce thinner or wider cells, 

depending on the exact substitution, further emphasizing the tunable nature of MreB 

function (Monds et al., 2014; Ouzounov et al., 2016; Shi et al., 2017). The growth rate of 

many MreB shape mutants is unaffected, indicating that MreB function can be modulated 

without impacting steady-state growth or cell survival (Shi et al., 2017). Finally, MreB point 

mutants can modulate specific aspects of cell shape independently of one another 

(Morgenstein et al., 2017; Ouzounov et al., 2016). Thus, MreB acts upstream of multiple 

aspects of shape determination in a tunable manner.
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Powerful imaging tools for quantifying cell shape and mapping cell growth

To understand the spatiotemporal dynamics of cell shape determination, maps of where and 

when cell-wall growth takes place and which proteins are colocalized there in time and 

space have be used to reverse engineer the blueprint for cell construction. Recent 

developments in quantitative imaging and surface labeling have empowered the 

quantification of growth patterns in many cell shapes. Studies of intracellular organization 

and morphogenesis have been greatly facilitated by computational tools that enable 

automated, high-throughput quantification of cell shape and fluorescence from microscopy 

images (Ducret et al., 2016; Paintdakhi et al., 2016; Stylianidou et al., 2016; Ursell et al., 

2017). These software packages have been able to achieve subpixel resolution of cell 

contours, enabling quantification of cellular dimensions (Campos et al., 2017; Hussain et al., 

2017; Ursell et al., 2017), the degree of cell straightness and width variation (Morgenstein et 

al., 2015; Morgenstein et al., 2017; Ouzounov et al., 2016), and the correlation of protein 

localization with cell geometry (Renner et al., 2013; Ursell et al., 2017; Wong et al., 2017).

Additionally, proteins involved in cell-wall growth, generally positioned near the cell 

surface, have been imaged. Total internal reflectance fluorescence microscopy has been used 

to examine their localization and dynamics, providing high-resolution spatial information 

down to the nanometer-scale. Super-resolution methods have further enhanced our ability to 

examine the location, structure, orientation, and movement of MreB polymers (Domínguez-

Escobar et al., 2011; Garner et al., 2011; Reimold et al., 2013). Finally, reconstruction of 

three-dimensional surface topology from z-stacks has enabled correlation of many surface 

features with the localization of key proteins, including MreB (Morgenstein et al., 2015; 

Ouzounov et al., 2016; Ursell et al., 2014; Wang et al., 2012).

To connect protein dynamics to wall construction, the development of fluorescent probes for 

labeling the cell wall has proven illuminating (pun intended). Fluorescent vancomycin 

derivatives have been used to reveal diverse patterns of cell-wall insertion in Gram-positive 

bacteria (Daniel and Errington, 2003), though Gram-negative bacteria do not stain with these 

reagents due to their impermeable outer membrane. Many bacteria can incorporate non-

natural D-amino acids into their cell-wall subunit peptides. This has permitted labeling with 

a chemically-modified D-amino acids that are directly conjugated to a fluorophore (FDAA) 

(Hsu et al., 2017; Kuru et al., 2012) or are amenable to secondary click chemistry labeling 

(Siegrist et al., 2013). Differentially colored FDAAs have been used in pulse-chase 

experiments and sequential labeling studies to map cell-wall synthesis and remodeling 

dynamics with high spatial and temporal resolution (Bartlett et al., 2017; Hsu et al., 2017; 

Ursell et al., 2014). Additionally, new probes for glycan incorporation have been developed 

taking advantage of secondary labeling via bio-orthogonal click chemistry (Liang et al., 

2017). With these developments, it is now possible to interrogate the pattern of wall 

synthesis across the bacterial kingdom.

Visualization of MreB localization

How does MreB, which has no enzymatic activity, regulate cell-wall synthesis and thus cell 

shape? The key to understanding MreB function was to understand its subcellular 
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localization. Classical studies had shown that mreB mutants lose cell shape (Wachi et al., 

1989) and MreB’s actin homology (Ayako et al., 1992). However, the idea that MreB could 

function as an organizing cytoskeletal element first emerged when GFP fusions to the N-

terminus of MreB suggested that MreB can form filamentous structures in a wide range of 

bacterial species, including E. coli and B. subtilis (Jones et al., 2001; Shih et al., 2003). 

These fusions appeared patchy in raw images, but deconvolution algorithms biased toward 

finding ordered structures suggested extended helical structures. These results led to early 

functional models in which MreB forms a single, large helix whose shell defines the rod. 

However, a series of follow-up studies invalidated this early model. Most notably, an N-

terminal E. coli GFP-MreB fusion was found to form hyper-stabilized structures (Swulius 

and Jensen, 2012) due to a synergistic effect of the weak affinity of GFP for itself and the 

polymerization of MreB (Landgraf et al., 2012). Later, it was found that the N-terminus of 

E. coli MreB forms an amphipathic helix essential for membrane anchoring (Van den Ent et 

al., 2014), and the N-terminal fusion was thus a poor reporter of MreB localization as it 

proved to be largely non-functional and did not co-localize with native MreB. Since B. 
subtilis MreB does not have the amphipathic helix, its N-terminal fluorescent protein fusions 

may be more functional, and have provided indications of moving MreB filaments with 

varying lengths (Garner et al., 2011; Jones et al., 2001; Reimold et al., 2013)

Subsequently, a new generation of MreB localization reporters were generated by 

developing “sandwich” (SW) fusions, where the fluorescent protein was inserted into a 

poorly conserved, surface-exposed loop (Bendezú et al., 2009), and by using fluorescent 

proteins with less of a tendency to aggregate (e.g., msfGFP) (Landgraf et al., 2012; 

Ouzounov et al., 2016; Ursell et al., 2014). When wild type mreB is replaced by mreB-
msfGFPsw, rod-shaped cells are formed in which all of the MreB is fluorescently tagged. 

Growth rates and cellular dimensions in these engineered cells are within ~10% those of 

wild-type cells, suggesting that these MreB fusions are largely functional and accurately 

report MreB localization.

MreB dynamics

Using functional MreB-GFP fusions in E. coli (Van Teeffelen et al., 2011) and B. subtilis 
(Domínguez-Escobar et al., 2011; Garner et al., 2011), researchers have demonstrated that 

MreB does not form a large continuous structure, as was originally thought, but rather 

discrete small structures along the cell membrane that move independently around the cell 

circumference. This is similar to what has been observed by single-molecule tracking of 

MreB in Caulobacter crescentus (Kim et al., 2006). In E. coli, A22 treatment reduces the 

number of moving MreB puncta but does not affect velocity (Van Teeffelen et al., 2011). 

This indicates that MreB motion is not caused by treadmilling, which is consistent with the 

antiparallel MreB structure identified by X-ray crystallography (Van den Ent et al., 2014). 

Instead, MreB motion is inhibited by certain antibiotics that disrupt cell-wall crosslinking 

(Domínguez-Escobar et al., 2011; Garner et al., 2011; Lee et al., 2014; Van Teeffelen et al., 

2011), indicating that MreB dynamics are closely coupled to cell-wall synthesis. These 

findings led to a shift in how we think about MreB’s function: no longer as a cellular-scale 

shape determinant, but now as a local coordinator of cell growth.
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MreB localization dictates where E. coli grows

E. coli MreB polymers can directly bind to the cytoplasmic face of the inner membrane via 

the amphipathic helix at its N-terminus. However, because MreB is in the cytoplasm and the 

cell wall is in the periplasm, linker proteins are needed to couple their activities across the 

inner membrane (Figure 1C). One such factor is the transmembrane protein, RodZ, which is 

co-conserved with MreB in most species (Alyahya et al., 2009; Bendezú et al., 2009; Shiomi 

et al., 2008a). In E. coli, RodZ’s cytoplasmic domain binds MreB (Van den Ent et al., 2010) 

while its periplasmic domain binds several cell-wall synthesis enzymes (Morgenstein et al., 

2015; Shiomi et al., 2013). Deletion of rodZ leads to round cells, in which MreB no longer 

rotates around the cell circumference (Morgenstein et al., 2015) but instead moves 

diffusively. This suggests that RodZ helps couple MreB motion to growth. Notably, a 

specific point mutation in MreB suppresses much of the ΔrodZ cell-shape defect without 

restoring MreB rotation. These mutant cells are more sensitive to cell-wall antibiotics and 

osmotic stress (Morgenstein et al., 2015), suggesting that MreB rotation may not be strictly 

necessary for rod shape but may promote the robustness of the wall.

To determine if MreB’s spatial organization is important for its function, it was necessary to 

use imaging to simultaneously identify where new cell wall material is insert and where 

MreB is localized. The subcellular pattern of cell-wall growth was determined through 

pulse-chase labeling of the cell wall. Concurrent imaging of a functional MreBSW reporter 

revealed that MreB polymers are excluded from the poles but localize to patches along the 

cell body, which coincide with site of new cell wall insertion (Ursell et al., 2014). Disruption 

of MreB assembly by A22 treatment caused more uniform growth across the cell surface, 

with wall insertion commencing at the poles (Ursell et al., 2014). Conceptually similar 

experiments following the process by which E. coli (Billings et al., 2014) or B. subtilis 
(Hussain et al., 2017) reform rods from spheres reinforced the conclusion that cells insert 

new cell wall material specifically at the sites where MreB localizes, even in amorphous or 

irregularly-shaped cells. Thus, MreB polymers spatially dictate the subcellular sites of 

growth.

An MreB feedback loop maintains rod shape

Since the spatial pattern of MreB determines where new cell wall is inserted, the important 

question is then: “How is MreB localized?” There is increasing evidence that MreB 

organization is dictated by cues from the local geometry of the cell surface. In E. coli and B. 
subtilis, MreB polymers are preferentially excluded from the cell poles. The cell poles are 

highly and outwardly curved regions of the surface, suggesting that curvature may play an 

important role in dictating MreB localization. Consistent with this hypothesis, when cells 

with large curvature ranges were generated, through chemical treatment or mechanical 

confinement, MreB preferentially localized to inwardly curved regions (Billings et al., 2014; 

Renner et al., 2013; Ursell et al., 2014).

Preference is dictated by how well the shape of an MreB polymer matches the shape of the 

cell surface. For a two-dimensional cross-section of a rod-shaped cell, the curvature at any 

point on its perimeter is the inverse of the radius of a circle that locally fits the perimeter. For 
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a surface in three dimensions, each point on the surface can be fitted by multiple circles with 

different orientations that lead to different curvatures (Figure 3); for instance, if the cell is 

cylindrically symmetric about its long axis, the curvature in that orientation is the inverse of 

the local radius. Because MreB polymers are elongated, MreB’s integration of the local 

curvatures is likely coupled to both its biophysical characteristics and localization 

mechanism. Two- and three-dimensional measurements of cell surface geometry along with 

simultaneous MreB imaging enables MreB localization to be calculated as a function of 

local curvatures.

Different studies have used different metrics and sign conventions to quantify MreB’s 

curvature-based localization, making their absolute measurements difficult to compare 

directly. However, all analyses agree that MreB strongly avoids bulging regions like the 

poles and enriches locally where inward surface indentations occur, including at the necks of 

regions with cell bulges (Billings et al., 2014; Hussain et al., 2017; Ursell et al., 2014) 

(Figure 4). Furthermore, the existence of rod-shaped E. coli mutants that inhibit MreB’s 

rotational motion but retain MreB’s curvature-based localization preference indicates that 

curvature preference is not simply due to time-averaging of circumferential rotation 

(Morgenstein et al., 2015; Morgenstein et al., 2017). Curvature-based localization may be a 

generally conserved property of MreB, as B. subtilis MreB is also recruited to the necks of 

cell bulges (Hussain et al., 2017) and purified Thermatoga maritima MreB polymers curve 

membranes in vitro (Salje et al., 2011).

Like other properties of MreB, its curvature localization can be tuned. In the absence of 

RodZ, MreB loses its curvature preference (Colavin et al., 2017; Morgenstein et al., 2017) 

and cells lose rod shape. When a saturated culture is diluted into fresh medium, the 

curvature enrichment profile of MreB changes systematically along with both RodZ levels 

and cellular dimensions (Colavin et al., 2017). Induction of RodZ expression increases the 

curvature sensitivity of MreB and decreases cell width in a dose-dependent manner (Colavin 

et al., 2017). Thus, cells may actively regulate MreB curvature preference in different 

environments.

These findings highlight a feedback loop between MreB localization and function: MreB 

localization is determined by the local shape of the cell, while MreB localization directs cell 

growth to locally change cell shape (Figure 4A). Such a system is precisely what would be 

necessary to maintain a rod-like shape whenever the cell happens to bend due to fluctuations 

in growth patterning, with increased wall insertion along the shorter, inner face of the 

cylindrical region relative to the outer face (Sliusarenko et al., 2010). If E. coli cells formed 

a perfect cylinder about a curved centerline, MreB’s circumferential dynamics would rapidly 

shift patches between inward- to outward-facing regions, seemingly negating the benefits of 

curvature-mediated localization; however, local curvatures on the opposite faces are largely 

uncoupled (Ursell et al., 2014), and MreB can be observed rotating between indentations on 

the opposite faces while avoiding outward bulges (Ursell et al., 2014). A22 treatment 

disrupts MreB’s localization and therefore breaks the MreB localization/cell shape feedback 

loop (Figure 4B). Such cells should not be able to recover from shape perturbations, and 

indeed A22-treated cells gradually lose shape and spheroplasts cannot revert back to rods in 

the presence of A22 (Billings et al., 2014). Cells bent by mechanical forces may also use 
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additional cell straightening mechanisms in which growth is biased by stresses in the wall 

(Wong et al., 2017). While one study observed MreB localization at midcell during cell 

division (Fenton and Gerdes, 2013), it remains unknown whether MreB responds to the 

constriction sites as it does to geometric features along the cell body, or whether there are 

additional regulatory mechanisms associated with division that lead to midcell localization 

of MreB. Interestingly, in A22-treated cells, inhibition of the division machinery reduces cell 

wall insertion by at ~80% (Cho et al., 2014; Uehara and Park, 2008), suggesting an 

additional layer of involvement by MreB in cell-wall synthesis.

The molecular and structural origins of curvature sensing by MreB

On the molecular scale, MreB’s curvature-based localization suggests that MreB polymers 

have a preferred curvature. The curvature preference of a polymer is dictated by its bending 

stiffness, intrinsic curvature, and length. Since individual protein molecules are small on the 

scale of the membrane curvatures sensed by MreB, effective geometric sensing might 

require higher-order structures such as MreB polymers.

A deeper understanding of the biophysical properties of MreB filaments has emerged from a 

variety of structural methodologies. X-ray crystallography revealed the actin-like structure 

of MreB in monomeric (Van den Ent et al., 2014) and filamentous states (van den Ent et al., 

2001). Recent advances in cryo-electron microscopy have demonstrated that T. maritima and 

E. coli MreB bind directly to lipid vesicles in vitro and induce curvature in the membrane 

(Salje et al., 2011), suggesting a preference of MreB filaments for curved surfaces.

From this static structural knowledge, information about MreB filament mechanics key to 

curvature sensing can be obtained using in silico molecular dynamics (MD) simulations. 

MD simulations revealed large, polymerization-dependent intramonomeric dynamics 

(Colavin et al., 2014) consistent with X-ray crystallography (Van den Ent et al., 2014). In 

simulations of MreB single-protofilaments, ATP-bound filaments are more bent than ADP-

bound filaments (Colavin et al., 2014), suggesting that MreB filaments have a preferred 

membrane curvature dependent on the bound nucleotide. Filaments also exhibit twisting in 
silico (Colavin et al., 2014) and in vitro (Nurse and Marians, 2013). The balance between 

filament mechanics, membrane mechanics, and membrane binding affinity dictates how 

much a twisted polymer will untwist to align its binding interface along the surface (Quint et 

al., 2016), thereby affecting filament length, curvature preference, and filament orientation 

(Hussain et al., 2017; Quint et al., 2016; Wang and Wingreen, 2013). It remains to be seen 

how the double-protofilament structure of MreB (Salje et al., 2011; Van den Ent et al., 2014) 

affects filament twisting and bending. These questions should serve as motivation for further 

biochemical and biophysical studies of MreB filaments.

How then do MreB filaments distinguish micron-scale curvatures? In vitro, MreB tubulates 

liposomes, orienting circumferentially within the tubes (Hussain et al., 2017). Moreover, 

when a rod-like shape is imposed on round B. subtilis cells, MreB rapidly switches from 

isotropic to circumferential orientation (Hussain et al., 2017). These experimental results 

suggest that MreB has an intrinsic orientation preference, which is also predicted by 

biophysical modeling of pre-bent filaments (Hussain et al., 2017; Wang and Wingreen, 
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2013). Such an intrinsic preference would generate an energetic bias favoring localization to 

regions of the cell with smaller local cell widths, consistent with the localization of MreB to 

thin regions of a C. crescentus MreB mutant with variable cell width (Harris et al., 2014) 

and with the accumulation of MreB at the necks of cell bulges.

Given the multitude of proteins that directly or indirectly interact with MreB to insert wall 

material (Scheffers and Pinho, 2005), not to mention the membrane and the cell wall itself, 

the properties of MreB filaments that determine curvature sensing could be subject to 

regulation. Genetic studies show that RodZ, which has been co-crystallized with MreB (Van 

den Ent et al., 2010), promotes MreB’s curvature sensing (Colavin et al., 2017; Morgenstein 

et al., 2017) and MD simulations predict that RodZ binding modulates the preferred 

curvature of MreB filaments (Colavin et al., 2017). MreB mutants that suppress the growth 

defect of rodZ deletion largely restore rod-like shape, and their bending dynamics in MD 

simulations without RodZ phenocopy the effects of RodZ binding to wild-type MreB 

(Colavin et al., 2017). It is enticing to speculate that a host of other proteins could affect the 

properties of MreB filaments, similar to the menagerie of actin-binding proteins in 

eukaryotes and regulators of the tubulin homolog FtsZ in bacteria (Ortiz et al., 2016).

Additional inputs into rod-like cell shape

While curvature-based MreB localization represents a strong framework for interrogating 

how MreB directs cell shape, there are clearly multiple additional factors that contribute to 

E. coli morphogenesis. MreB localization cannot be the sole factor involved in shape 

maintenance, since an MreB point mutant that retains wild-type-like curvature preference in 

the absence of RodZ is less cylindrically uniform (increased intracellular width variation) in 

the absence of RodZ than with RodZ present (Morgenstein et al., 2017), indicating that 

MreB localization cannot be the sole factor involved in shape maintenance. Processive MreB 

motion is not necessary for E. coli rod formation, but does promote the robustness of shape 

to cell wall stressors (Morgenstein et al., 2015) and has been proposed to play a key role in 

B. subtilis (Hussain et al., 2017). Similarly, across specific MreB point mutants, MreB 

polymer orientation is correlated with average E. coli cell diameter (Ouzounov et al., 2016), 

and these width mutants retain wild-type curvature localization, uncoupling width control 

from the control of cylindrical uniformity (Morgenstein et al., 2017). Other parameters such 

as MreB polymer number and length may also play a role in shape determination (Colavin et 

al., 2017; Morgenstein et al., 2017). Thus, the emerging picture is that MreB filaments have 

multiple properties that dictate distinct aspects of cell shape, representing multiple inputs for 

regulating morphogenesis. Also, since Gram-positive cells have much thicker, multi-layered 

cell walls and new cell-wall insertion is thought to occur only in the innermost layer adjacent 

to the membrane, it remains unclear how the three-dimensional architecture of their walls is 

established and maintained.

Is MreB localization affected by factors other than local cell geometry? The curvature 

enrichment profile of MreB remains constant throughout the reversion of cell wall-deficient 

spherical E. coli cells (Billings et al., 2014) and in chemically-rounded E. coli (Morgenstein 

et al., 2017), indicating that curvature sensing does not require the cell wall and is 

independent of global cell shape. Similarly, the orientational bias of MreB in B. subtilis does 

Shi et al. Page 10

Cell. Author manuscript; available in PMC 2019 March 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



not require the cell wall (Hussain et al., 2017). In an MreB mutant that exhibits a wide range 

of cell widths, the narrower and wider subpopulations had very similar MreB curvature-

localization patterns despite substantial variability across mutants of different mean widths 

(Shi et al., 2017), indicating that MreB localization is upstream of cell shape. However, the 

plasma membrane may also play a role: in B. subtilis, MreB binding is stimulated in 

membrane regions with higher fluidity (Strahl et al., 2014), but suppressed when membrane 

potential is reduced (Strahl and Hamoen, 2010). Membrane association of MreB in B. 
subtilis is also regulated by lipid-linked cell-wall precursors (Schirner et al., 2015); it is 

unknown how depletion of these precursors affects MreB localization in E. coli.

When considering the maintenance of cell shape, it is important to note that E. coli cells can 

become curved in ways besides random growth fluctuations, including mechanical 

constraints from externally applied bending forces (Amir et al., 2014) and curved 

microfluidic chambers (Takeuchi et al., 2005). By contrast with unconstrained cells, cells 

forced to bend continue to do so until the external constraints are removed (Amir et al., 

2014). Thus, the growth dynamics of a curved cell must be dependent on external 

constraints, in addition to cues provided by cell shape. One mechanism consistent with the 

dynamics of straightening after cells are forced to bend is that cell-wall growth is dependent 

on the pattern of mechanical stresses (Wong et al., 2017). It remains an open question 

whether and how the connection between MreB and the wall-synthesis machinery is altered 

by mechanical stress.

Although our knowledge of how MreB functions has expanded dramatically in the past 

decade, the functions of several proteins known to be associated with cell-shape 

determination have only recently been discovered (Cho et al., 2016) or remain mysterious. 

MreC and MreD are essential, membrane-bound proteins that have similar depletion 

phenotypes as MreB, bind to each other and/or to MreB (Kruse et al., 2005), and may be 

physical links that couple MreB localization to the cell-wall synthesis machinery. 

Regardless, it remains unclear why rod shape is lost in their absence, or whether they, like 

RodZ, affect the localization of MreB through modulating the properties of MreB filaments.

The interplay between growth, cell-size determination, and physiology

While MreB is primarily thought to function as a cell shape determinant, changes in shape 

can have profound effects on cell physiology and vice versa, hence MreB is connected with 

many aspects of bacterial growth. Although cells maintain a constant width during steady-

state growth in a particular environment, in many organisms cell size increases with 

increasing nutrient levels (Schaechter et al., 1958). E. coli cells typically become much 

smaller during starvation, and just as mutations of MreB can generate cells of different sizes, 

growth transitions may be dependent on regulation of MreB properties (Colavin et al., 

2017).

For a rod-shaped cell such as E. coli, surface area is approximately proportional to the cell 

width while volume is proportional with the square of the width, assuming fixed length. 

Thus, an intriguing consequence of increasing cell width is a proportionately larger volume 

increase relative to surface area. This decrease in surface area-to-volume ratio could be 
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particularly relevant for stationary-phase cells (Harris and Theriot, 2016), whereby limiting 

surface growth allows cells to speed the transition to exponential growth by allocating more 

cellular resources to synthesis of ribosomal proteins (Scott et al., 2010). In E. coli, sublethal 

chemical inhibition of wall synthesis (Harris and Theriot, 2016) or expression of 

unnecessary proteins (Basan et al., 2015; Harris and Theriot, 2016) shifts the balance 

between surface area and volume growth rates to cause increases in cell width. While the 

extent to which these effects are MreB-dependent remains to be seen, it is notable that some 

MreB mutations confer width-dependent fitness advantages associated with wider cells 

exiting stationary phase more quickly (Monds et al., 2014).

If bigger can be better, is there a maximum limit on cell size? Mutation of MreB or 

treatment with sublethal levels of A22 can only increase rod width up to ~2 μm (Desmarais 

et al., 2015; Tropini et al., 2014); after this point, cells fail to maintain rod shape. As cells 

widen further, they likely reach limits on growth due to nutrient uptake or electron transport 

as the membrane becomes fully occupied (Szenk et al., 2017). In addition to metabolic 

limitations, growth defects in wider cells can often be suppressed by overexpression of the 

key division protein FtsZ (Bendezú and de Boer, 2008), presumably due to challenges 

associated with the construction of a larger septum during cell division. Taken together, E. 
coli cells have the capacity to tune their cell size, but size changes are balanced by metabolic 

and mechanical tradeoffs.

The selective value of bacterial cell shape is the topic of a superlative review (Young, 2006). 

Researchers have only recently started to ask if and how cell size is linked to other aspects of 

bacterial physiology, partially thanks to the discovery of genetic and chemical means for 

tuning cell width and length in E. coli. Single-cell imaging has validated the long-standing 

hypothesis that DNA replication is coordinated with cell volume (Donachie, 1968; 

Helmstetter et al., 1968): the cell volume per origin of replication at the start of replication 

initiation remains constant across many steady-state growth conditions with a range of mean 

cellular dimensions (Si et al., 2017; Wallden et al., 2016; Zheng et al., 2016). Consistent 

with these findings, in MreB mutants with different cell volumes but wild-type growth rates, 

larger cells had more DNA, albeit unchanged DNA concentrations (Shi et al., 2017). Since 

faster growing cells allocate more translational capacity to ribosomes at the expense of other 

proteins (Hui et al., 2015), the ability to separate cell size from growth rate is critical for 

examining how cell size affects protein abundances. Libraries of MreB mutants with 

unaltered growth rates provide the exciting capacity to determine whether the abundances of 

any cellular components are regulated directly by cell size.

Perspective: a vast microbial world

While cell growth is a collective effort of many cellular components and processes, at the 

center of the action is the orchestration of rod-shape construction by MreB. Much progress 

has been made in understanding how MreB generates rod shape and size, at least in part by 

responding to local geometric cues. And yet, open questions persist concerning MreB and its 

connection to cell wall synthesis. While MreB may orient circumferentially based on its 

biophysical properties, it is unclear what determines the orientation of glycan strand 

insertion, which is thought to be highly correlated with the orientation of MreB motion. The 
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spontaneous accumulation and alignment of MreB during de novo rod-shape generation 

(Hussain et al., 2017) suggests that the existing glycans in the wall provide a template that 

guides future insertion, perhaps originally established by MreB. The molecular drivers of 

MreB motion are also unclear, as is whether the wall synthesis complex can dynamically 

assemble (Cho et al., 2016; Lee et al., 2014) or must be stable (Cho et al., 2016). 

Understanding MreB regulation may require the identification of more regulators like RodZ, 

along with the roles of global cellular properties, e.g., membrane fluidity (Strahl et al., 2014) 

and electrical potential (Rojas et al., 2017; Strahl and Hamoen, 2010). Addressing some of 

these questions will be greatly facilitated by progress in reconstitution of cell-wall synthesis 

(Lebar et al., 2014) and in vitro studies of purified MreB (Nurse and Marians, 2013) on 

liposomes (Hussain et al., 2017) and supported lipid bilayers.

The ability to tune cell shape will provide key insight into strong shape-related selective 

pressures. In many rod-shaped species, round mutants are hampered in growth (Shiomi et 

al., 2008b), although E. coli cells can become wider or longer without growth defects (Shi et 

al., 2017). In C. crescentus, straight mutants grow as fast as curved wild-type cells, but have 

impaired surface colonization under flow relative to curved cells (Persat et al., 2014). In V. 
cholerae, curvature changes across growth phases, and curved cells are more motile in 

hydrogels and have an advantage in host colonization and pathogenesis (Bartlett et al., 

2017). In the helical-rod Helicobacter pylori, shape mutants exhibit motility defects that may 

be associated with mucus colonization (Martínez et al., 2016; Sycuro et al., 2012). The 

development of libraries of size mutants, in addition to shape mutants, will makes it possible 

to answer size questions as well.

In addition to fundamental lessons learned about the canonical growth pattern of rod-shaped 

bacteria, species with other growth patterns and/or shapes highlight alternative strategies for 

robust shape determination. Borrelia burgdorferi, the causative agent of Lyme disease, 

elongates as a rod to tens of microns, and wall staining revealed that insertion takes place at 

discrete locations along the cell body that later become division sites (Jutras et al., 2016). 

Some rod-shaped bacteria, such as Agrobacterium tumefaciens grow by inserting wall 

material at one end of the cell rather than along the cell body (Brown et al., 2012). C. 
crescentus (Cabeen et al., 2009) and V. cholerae (Bartlett et al., 2017) form curved rods due 

to the localization of a filament-forming protein along the inner curvature. In the case of V. 
cholerae, these filaments are localized to the periplasmic compartment between the 

cytoplasmic and outer membranes and regulate the spatial pattern of cell-wall insertion 

(Bartlett et al., 2017). The relationships between the mechanisms that generate these more 

complex shapes and the core MreB-related activities remain largely mysterious.

The studies on MreB and the maintenance of cell shape in E. coli and B. subtilis reviewed 

here establish a paradigm for dissecting other systems. It is now possible to characterize the 

pattern of growth by fluorescently labeling the cell wall. High-throughput screening and 

imaging can rapidly identify factors that affect the growth pattern and link these factors to 

the regulation of cell shape. Structural information and biophysical modeling at the cellular 

scale can integrate the molecular and cellular scales. Finally, the way in which 

environmental shifts and mechanical forces affect the localization of these morphogenetic 

factors reveals connections between cell shape and protein activity. There is no doubt that a 
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diverse collection of novel building plans is waiting to be discovered, perhaps many of 

which will rely on feedback between protein polymers and cell shape.

Acknowledgments

The authors thank the Huang, Gitai, and Shaevitz labs for useful discussions, and Ethan Garner, Ariel Amir, Ned 
Wingreen, Spencer Cesar, and Carolina Tropini for critical readings of the manuscript. This work was supported by 
an Agilent Graduate Fellowship and a Stanford Interdisciplinary Graduate Fellowship (to H.S.), NIH Director’s 
New Innovator Award DP2OD006466 (to K.C.H.), NIH Director’s Pioneer Award DP1AI124669 (to Z.G.), NSF 
CAREER Award MCB-1149328 (to K.C.H.), NIH R01 GM107384 (to B.P.B, Z.G.), the Stanford Systems Biology 
Center funded by NIH grant P50 GM107615 (to K.C.H.), the Glenn Foundation (to B.P.B), and the Allen Discovery 
Center at Stanford on Systems Modeling of Infection (to K.C.H.). K.C.H. is a Chan Zuckerberg Biohub 
Investigator. This work was also supported in part by the National Science Foundation under Grant PHYS-1066293 
and the hospitality of the Aspen Center for Physics.

References

Alyahya SA, Alexander R, Costa T, Henriques AO, Emonet T, Jacobs-Wagner C. RodZ, a component 
of the bacterial core morphogenic apparatus. Proceedings of the National Academy of Sciences. 
2009; 106:1239–1244.

Amir A, Babaeipour F, McIntosh DB, Nelson DR, Jun S. Bending forces plastically deform growing 
bacterial cell walls. Proceedings of the National Academy of Sciences. 2014; 111:5778–5783.

Amir A, Nelson DR. Dislocation-mediated growth of bacterial cell walls. Proceedings of the National 
Academy of Sciences of the United States of America. 2012; 109:9833–9838. [PubMed: 22660931] 

Ayako N, Naterstad K, Kristensen T, Lopez R, Bork P, KolstØ AB. Cloning of a gene from Bacillus 
cereus with homology to the mreB gene from Escherichia coli. Gene. 1992; 122:181–185. 
[PubMed: 1452027] 

Bartlett TM, Bratton BP, Duvshani A, Miguel A, Sheng Y, Martin NR, Nguyen JP, Persat A, 
Desmarais SM, VanNieuwenhze MS. A Periplasmic Polymer Curves Vibrio cholerae and Promotes 
Pathogenesis. Cell. 2017; 168:172–185. e115. [PubMed: 28086090] 

Basan M, Zhu M, Dai X, Warren M, Sévin D, Wang YP, Hwa T. Inflating bacterial cells by increased 
protein synthesis. Molecular systems biology. 2015; 11:836. [PubMed: 26519362] 

Bendezú FO, de Boer PA. Conditional lethality, division defects, membrane involution, and 
endocytosis in mre and mrd shape mutants of Escherichia coli. Journal of bacteriology. 2008; 
190:1792–1811. [PubMed: 17993535] 

Bendezú FO, Hale CA, Bernhardt TG, De Boer PA. RodZ (YfgA) is required for proper assembly of 
the MreB actin cytoskeleton and cell shape in E. coli. The EMBO journal. 2009; 28:193–204. 
[PubMed: 19078962] 

Billings G, Ouzounov N, Ursell T, Desmarais SM, Shaevitz J, Gitai Z, Huang KC. De novo 
morphogenesis in L-forms via geometric control of cell growth. Molecular microbiology. 2014; 
93:883–896. [PubMed: 24995493] 

Brown PJ, de Pedro MA, Kysela DT, Van der Henst C, Kim J, De Bolle X, Fuqua C, Brun YV. Polar 
growth in the Alphaproteobacterial order Rhizobiales. Proceedings of the National Academy of 
Sciences. 2012; 109:1697–1701.

Cabeen MT, Charbon G, Vollmer W, Born P, Ausmees N, Weibel DB, Jacobs-Wagner C. Bacterial cell 
curvature through mechanical control of cell growth. The EMBO journal. 2009; 28:1208–1219. 
[PubMed: 19279668] 

Campos M, Dobihal G, Jacobs-Wagner C. Genome-wide phenotypic analysis of growth, cell 
morphogenesis and cell cycle events in Escherichia coli. bioRxiv. 2017

Cho H, Uehara T, Bernhardt TG. Beta-lactam antibiotics induce a lethal malfunctioning of the 
bacterial cell wall synthesis machinery. Cell. 2014; 159:1300–1311. [PubMed: 25480295] 

Cho H, Wivagg CN, Kapoor M, Barry Z, Rohs PD, Suh H, Marto JA, Garner EC, Bernhardt TG. 
Bacterial cell wall biogenesis is mediated by SEDS and PBP polymerase families functioning 
semi-autonomously. Nat Microbiol, 16172. 2016

Shi et al. Page 14

Cell. Author manuscript; available in PMC 2019 March 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Colavin A, Hsin J, Huang KC. Effects of polymerization and nucleotide identity on the conformational 
dynamics of the bacterial actin homolog MreB. Proceedings of the National Academy of Sciences. 
2014; 111:3585–3590.

Colavin A, Shi H, Huang KC. Cell size regulation through tunable geometric localization of the 
bacterial actin cytoskeleton. Nature Communications. 2017

Daniel RA, Errington J. Control of cell morphogenesis in bacteria: two distinct ways to make a rod-
shaped cell. Cell. 2003; 113:767–776. [PubMed: 12809607] 

Desmarais SM, Tropini C, Miguel A, Cava F, Monds RD, de Pedro MA, Huang KC. High-throughput, 
Highly Sensitive Analyses of Bacterial Morphogenesis Using Ultra Performance Liquid 
Chromatography. J Biol Chem. 2015; 290:31090–31100. [PubMed: 26468288] 

Domínguez-Escobar J, Chastanet A, Crevenna AH, Fromion V, Wedlich-Söldner R, Carballido-López 
R. Processive movement of MreB-associated cell wall biosynthetic complexes in bacteria. Science. 
2011; 333:225–228. [PubMed: 21636744] 

Donachie WD. Relationship between cell size and time of initiation of DNA replication. Nature. 1968; 
219:1077–1079. [PubMed: 4876941] 

Ducret A, Quardokus EM, Brun YV. MicrobeJ, a tool for high throughput bacterial cell detection and 
quantitative analysis. Nature Microbiology. 2016; 1:16077.

Errington J. Bacterial morphogenesis and the enigmatic MreB helix. Nat Rev Microbiol. 2015; 
13:241–248. [PubMed: 25578957] 

Fenton AK, Gerdes K. Direct interaction of FtsZ and MreB is required for septum synthesis and cell 
division in Escherichia coli. The EMBO journal. 2013; 32:1953–1965. [PubMed: 23756461] 

Furchtgott L, Wingreen NS, Huang KC. Mechanisms for maintaining cell shape in rod-shaped Gram-
negative bacteria. Mol Microbiol. 2011; 81:340–353. [PubMed: 21501250] 

Garner EC, Bernard R, Wang W, Zhuang X, Rudner DZ, Mitchison T. Coupled, circumferential 
motions of the cell wall synthesis machinery and MreB filaments in B. subtilis. Science. 2011; 
333:222–225. [PubMed: 21636745] 

Gitai Z, Dye NA, Reisenauer A, Wachi M, Shapiro L. MreB actin-mediated segregation of a specific 
region of a bacterial chromosome. Cell. 2005; 120:329–341. [PubMed: 15707892] 

Harris LK, Dye NA, Theriot JA. A Caulobacter MreB mutant with irregular cell shape exhibits 
compensatory widening to maintain a preferred surface area to volume ratio. Molecular 
microbiology. 2014; 94:988–1005.

Harris LK, Theriot JA. Relative rates of surface and volume synthesis set bacterial cell size. Cell. 2016; 
165:1479–1492. [PubMed: 27259152] 

Helmstetter, C., Cooper, S., Pierucci, O., Revelas, E. On the bacterial life sequence. Paper presented at: 
Cold Spring Harbor symposia on quantitative biology; Cold Spring Harbor Laboratory Press; 
1968. 

Holtje JV. Growth of the stress-bearing and shape-maintaining murein sacculus of Escherichia coli. 
Microbiol Mol Biol Rev. 1998; 62:181–203. [PubMed: 9529891] 

Höltje JV. Growth of the stress-bearing and shape-maintaining murein sacculus of Escherichia coli. 
Microbiology and molecular biology reviews: MMBR. 1998; 62:181–203. [PubMed: 9529891] 

Hsu YP, Rittichier J, Kuru E, Yablonowski J, Pasciak E, Tekkam S, Hall E, Murphy B, Lee TK, Garner 
EC. Full color palette of fluorescent D-amino acids for in situ labeling of bacterial cell walls. 
Chemical Science. 2017; 8:6313–6321. [PubMed: 28989665] 

Hui S, Silverman JM, Chen SS, Erickson DW, Basan M, Wang J, Hwa T, Williamson JR. Quantitative 
proteomic analysis reveals a simple strategy of global resource allocation in bacteria. Mol Syst 
Biol. 2015; 11:784. [PubMed: 25678603] 

Hussain S, Wivagg CN, Szwedziak P, Wong F, Schaefer K, Izore T, Renner LD, Sun Y, Bisson Filho 
AW, Walker S, et al. MreB Filaments Create Rod Shape By Aligning Along Principal Membrane 
Curvature. bioRxiv. 2017:197475.

Jiang H, Si F, Margolin W, Sun SX. Mechanical control of bacterial cell shape. Biophys J. 2011; 
101:327–335. [PubMed: 21767484] 

Jones LJ, Carballido-López R, Errington J. Control of cell shape in bacteria: helical, actin-like 
filaments in Bacillus subtilis. Cell. 2001; 104:913–922. [PubMed: 11290328] 

Shi et al. Page 15

Cell. Author manuscript; available in PMC 2019 March 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Jutras BL, Scott M, Parry B, Biboy J, Gray J, Vollmer W, Jacobs-Wagner C. Lyme disease and 
relapsing fever Borrelia elongate through zones of peptidoglycan synthesis that mark division sites 
of daughter cells. Proceedings of the National Academy of Sciences. 2016 201610805. 

Kawai Y, Asai K, Errington J. Partial functional redundancy of MreB isoforms, MreB, Mbl and 
MreBH, in cell morphogenesis of Bacillus subtilis. Molecular microbiology. 2009; 73:719–731. 
[PubMed: 19659933] 

Kawazura T, Matsumoto K, Kojima K, Kato F, Kanai T, Niki H, Shiomi D. Exclusion of assembled 
MreB by anionic phospholipids at cell poles confers cell polarity for bidirectional growth. 
Molecular microbiology. 2017; 104:472–486. [PubMed: 28164388] 

Kim SY, Gitai Z, Kinkhabwala A, Shapiro L, Moerner W. Single molecules of the bacterial actin MreB 
undergo directed treadmilling motion in Caulobactercrescentus. Proceedings of the National 
Academy of Sciences. 2006; 103:10929–10934.

Koch A, Higgins M, Doyle R. Surface tension-like forces determine bacterial shapes: Streptococcus 
faecium. Microbiology. 1981; 123:151–161.

Kruse T, Bork-Jensen J, Gerdes K. The morphogenetic MreBCD proteins of Escherichia coli form an 
essential membrane-bound complex. Mol Microbiol. 2005; 55:78–89. [PubMed: 15612918] 

Kuru E, Hughes H, Brown PJ, Hall E, Tekkam S, Cava F, de Pedro MA, Brun YV, VanNieuwenhze 
MS. In situ probing of newly synthesized peptidoglycan in live bacteria with fluorescent D-amino 
acids. Angewandte Chemie International Edition. 2012; 51:12519–12523. [PubMed: 23055266] 

Landgraf D, Okumus B, Chien P, Baker TA, Paulsson J. Segregation of molecules at cell division 
reveals native protein localization. Nature methods. 2012; 9:480–482. [PubMed: 22484850] 

Lebar MD, May JM, Meeske AJ, Leiman SA, Lupoli TJ, Tsukamoto H, Losick R, Rudner DZ, Walker 
S, Kahne D. Reconstitution of peptidoglycan cross-linking leads to improved fluorescent probes of 
cell wall synthesis. J Am Chem Soc. 2014; 136:10874–10877. [PubMed: 25036369] 

Lederberg J. Bacterial Protoplasts Induced by Penicillin. Proceedings of the National Academy of 
Sciences of the United States of America. 1956; 42:574–577. [PubMed: 16589908] 

Lee TK, Tropini C, Hsin J, Desmarais SM, Ursell TS, Gong E, Gitai Z, Monds RD, Huang KC. A 
dynamically assembled cell wall synthesis machinery buffers cell growth. Proceedings of the 
National Academy of Sciences. 2014; 111:4554–4559.

Lenski RE, Travisano M. Dynamics of adaptation and diversification: a 10,000-generation experiment 
with bacterial populations. Proceedings of the National Academy of Sciences. 1994; 91:6808–
6814.

Leroi, AM. The Lagoon: How Aristotle Invented Science. Bloomsbury Publishing; 2014. 

Liang H, DeMeester KE, Hou CW, Parent MA, Caplan JL, Grimes CL. Metabolic labelling of the 
carbohydrate core in bacterial peptidoglycan and its applications. Nature communications. 2017; 
8:15015.

Martínez LE, Hardcastle JM, Wang J, Pincus Z, Tsang J, Hoover TR, Bansil R, Salama NR. 
Helicobacter pylori strains vary cell shape and flagellum number to maintain robust motility in 
viscous environments. Molecular microbiology. 2016; 99:88–110. [PubMed: 26365708] 

Monds RD, Lee TK, Colavin A, Ursell T, Quan S, Cooper TF, Huang KC. Systematic perturbation of 
cytoskeletal function reveals a linear scaling relationship between cell geometry and fitness. Cell 
reports. 2014; 9:1528–1537. [PubMed: 25456141] 

Morgenstein RM, Bratton BP, Nguyen JP, Ouzounov N, Shaevitz JW, Gitai Z. RodZ links MreB to cell 
wall synthesis to mediate MreB rotation and robust morphogenesis. Proceedings of the National 
Academy of Sciences of the United States of America. 2015; 112:12510–12515. [PubMed: 
26396257] 

Morgenstein RM, Bratton BP, Shaevitz JW, Gitai Z. RodZ promotes MreB polymer formation and 
curvature localization to determine the cylindrical uniformity of E. coli shape. bioRxiv. 2017

Nguyen LT, Gumbart JC, Beeby M, Jensen GJ. Coarse-grained simulations of bacterial cell wall 
growth reveal that local coordination alone can be sufficient to maintain rod shape. Proceedings of 
the National Academy of Sciences. 2015; 112:E3689–E3698.

Nurse P, Marians KJ. Purification and characterization of Escherichia coli MreB protein. J Biol Chem. 
2013; 288:3469–3475. [PubMed: 23235161] 

Shi et al. Page 16

Cell. Author manuscript; available in PMC 2019 March 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Ortiz C, Natale P, Cueto L, Vicente M. The keepers of the ring: regulators of FtsZ assembly. FEMS 
Microbiol Rev. 2016; 40:57–67. [PubMed: 26377318] 

Ouzounov N, Nguyen JP, Bratton BP, Jacobowitz D, Gitai Z, Shaevitz JW. MreB orientation correlates 
with cell diameter in Escherichia coli. Biophysical journal. 2016; 111:1035–1043. [PubMed: 
27602731] 

Paintdakhi A, Parry B, Campos M, Irnov I, Elf J, Surovtsev I, Jacobs-Wagner C. Oufti: an integrated 
software package for high-accuracy, high-throughput quantitative microscopy analysis. Mol 
Microbiol. 2016; 99:767–777. [PubMed: 26538279] 

Persat A, Stone HA, Gitai Z. The curved shape of Caulobacter crescentus enhances surface 
colonization in flow. Nat Commun. 2014; 5:3824. [PubMed: 24806788] 

Quint DA, Gopinathan A, Grason GM. Shape selection of surface-bound helical filaments: 
biopolymers on curved membranes. Biophysical journal. 2016; 111:1575–1585. [PubMed: 
27705779] 

Reimold C, Soufo HJD, Dempwolff F, Graumann PL. Motion of variable-length MreB filaments at the 
bacterial cell membrane influences cell morphology. Molecular biology of the cell. 2013; 
24:2340–2349. [PubMed: 23783036] 

Renner LD, Eswaramoorthy P, Ramamurthi KS, Weibel DB. Studying biomolecule localization by 
engineering bacterial cell wall curvature. PLoS One. 2013; 8:e84143. [PubMed: 24391905] 

Rojas ER, Huang KC, Theriot JA. Membrane tension and depolarization inhibit cell wall synthesis to 
ensure cell envelope homeostasis in Gram-positive bacteria. Cell Systems. 2017

Salje J, van den Ent F, de Boer P, Löwe J. Direct membrane binding by bacterial actin MreB. 
Molecular cell. 2011; 43:478–487. [PubMed: 21816350] 

Schaechter M, Maaløe O, Kjeldgaard NO. Dependency on medium and temperature of cell size and 
chemical composition during balanced growth of Salmonella typhimurium. Microbiology. 1958; 
19:592–606.

Schäffer E, Thiele U. Dynamic domain formation in membranes: thickness-modulation-induced phase 
separation. The European Physical Journal E: Soft Matter and Biological Physics. 2004; 14:169–
175.

Scheffers DJ, Pinho MG. Bacterial cell wall synthesis: new insights from localization studies. 
Microbiol Mol Biol Rev. 2005; 69:585–607. [PubMed: 16339737] 

Schirner K, Eun YJ, Dion M, Luo Y, Helmann JD, Garner EC, Walker S. Lipid-linked cell wall 
precursors regulate membrane association of bacterial actin MreB. Nat Chem Biol. 2015; 11:38–
45. [PubMed: 25402772] 

Scott M, Gunderson CW, Mateescu EM, Zhang Z, Hwa T. Interdependence of cell growth and gene 
expression: origins and consequences. Science. 2010; 330:1099–1102. [PubMed: 21097934] 

Shi H, Colavin A, Bigos M, Tropini C, Monds RD, Huang KC. Deep Phenotypic Mapping of Bacterial 
Cytoskeletal Mutants Reveals Physiological Robustness to Cell Size. Current Biology. 2017; 27:1–
11. [PubMed: 27916526] 

Shih YL, Le T, Rothfield L. Division site selection in Escherichia coli involves dynamic redistribution 
of Min proteins within coiled structures that extend between the two cell poles. Proceedings of the 
National Academy of Sciences. 2003; 100:7865–7870.

Shiomi D, Sakai M, Niki H. Determination of bacterial rod shape by a novel cytoskeletal membrane 
protein. The EMBO journal. 2008a; 27:3081–3091. [PubMed: 19008860] 

Shiomi D, Sakai M, Niki H. Determination of bacterial rod shape by a novel cytoskeletal membrane 
protein. The EMBO journal. 2008b; 27:3081–3091. [PubMed: 19008860] 

Shiomi D, Toyoda A, Aizu T, Ejima F, Fujiyama A, Shini T, Kohara Y, Niki H. Mutations in cell 
elongation genes mreB, mrdA and mrdB suppress the shape defect of RodZ-deficient cells. 
Molecular microbiology. 2013; 87:1029–1044. [PubMed: 23301723] 

Si F, Li B, Margolin W, Sun SX. Bacterial growth and form under mechanical compression. Scientific 
reports. 2015; 5:11367. [PubMed: 26086542] 

Si F, Li D, Cox SE, Sauls JT, Azizi O, Sou C, Schwartz AB, Erickstad MJ, Jun Y, Li X. Invariance of 
initiation mass and predictability of cell size in Escherichia coli. Current Biology. 2017; 27:1278–
1287. [PubMed: 28416114] 

Shi et al. Page 17

Cell. Author manuscript; available in PMC 2019 March 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Siegrist MS, Whiteside S, Jewett JC, Aditham A, Cava F, Bertozzi CR. D-amino acid chemical 
reporters reveal peptidoglycan dynamics of an intracellular pathogen. ACS chemical biology. 
2013; 8:500–505. [PubMed: 23240806] 

Sliusarenko O, Cabeen MT, Wolgemuth CW, Jacobs-Wagner C, Emonet T. Processivity of 
peptidoglycan synthesis provides a built-in mechanism for the robustness of straight-rod cell 
morphology. Proceedings of the National Academy of Sciences. 2010; 107:10086–10091.

Strahl H, Bürmann F, Hamoen LW. The actin homologue MreB organizes the bacterial cell membrane. 
Nature communications. 2014; 5

Strahl H, Hamoen LW. Membrane potential is important for bacterial cell division. Proceedings of the 
National Academy of Sciences. 2010; 107:12281–12286.

Stylianidou S, Brennan C, Nissen SB, Kuwada NJ, Wiggins PA. SuperSegger: robust image 
segmentation, analysis and lineage tracking of bacterial cells. Mol Microbiol. 2016; 102:690–700. 
[PubMed: 27569113] 

Swulius MT, Jensen GJ. The helical MreB cytoskeleton in Escherichia coli MC1000/pLE7 is an 
artifact of the N-Terminal yellow fluorescent protein tag. Journal of bacteriology. 2012; 194:6382–
6386. [PubMed: 22904287] 

Sycuro LK, Wyckoff TJ, Biboy J, Born P, Pincus Z, Vollmer W, Salama NR. Multiple peptidoglycan 
modification networks modulate Helicobacter pylori’s cell shape, motility, and colonization 
potential. PLoS Pathog. 2012; 8:e1002603. [PubMed: 22457625] 

Szenk M, Dill KA, de Graff AM. Why Do Fast-Growing Bacteria Enter Overflow Metabolism? 
Testing the Membrane Real Estate Hypothesis. Cell Systems. 2017; 5:95–104. [PubMed: 
28755958] 

Takeuchi S, DiLuzio WR, Weibel DB, Whitesides GM. Controlling the shape of filamentous cells of 
Escherichia coli. Nano letters. 2005; 5:1819–1823. [PubMed: 16159230] 

Tenaillon O, Rodriguez-Verdugo A, Gaut RL, McDonald P, Bennett AF, Long AD, Gaut BS. The 
molecular diversity of adaptive convergence. Science. 2012; 335:457–461. [PubMed: 22282810] 

Tropini C, Lee TK, Hsin J, Desmarais SM, Ursell T, Monds RD, Huang KC. Principles of bacterial 
cell-size determination revealed by cell-wall synthesis perturbations. Cell reports. 2014; 9:1520–
1527. [PubMed: 25456140] 

Uehara T, Park JT. Growth of Escherichia coli: significance of peptidoglycan degradation during 
elongation and septation. Journal of bacteriology. 2008; 190:3914–3922. [PubMed: 18390656] 

Ursell T, Lee TK, Shiomi D, Shi H, Tropini C, Monds RD, Colavin A, Billings G, Bhaya-Grossman I, 
Broxton M, et al. Rapid, precise quantification of bacterial cellular dimensions across a genomic-
scale knockout library. BMC Biology. 2017; 15:1–15. [PubMed: 28100223] 

Ursell TS, Nguyen J, Monds RD, Colavin A, Billings G, Ouzounov N, Gitai Z, Shaevitz JW, Huang 
KC. Rod-like bacterial shape is maintained by feedback between cell curvature and cytoskeletal 
localization. Proceedings of the National Academy of Sciences. 2014; 111:E1025–E1034.

van den Ent F, Amos LA, Lowe J. Prokaryotic origin of the actin cytoskeleton. Nature. 2001; 413:39–
44. [PubMed: 11544518] 

Van den Ent F, Izoré T, Bharat TA, Johnson CM, Löwe J. Bacterial actin MreB forms antiparallel 
double filaments. Elife. 2014; 3:e02634. [PubMed: 24843005] 

Van den Ent F, Johnson CM, Persons L, De Boer P, Löwe J. Bacterial actin MreB assembles in 
complex with cell shape protein RodZ. The EMBO journal. 2010; 29:1081–1090. [PubMed: 
20168300] 

Van Teeffelen S, Wang S, Furchtgott L, Huang KC, Wingreen NS, Shaevitz JW, Gitai Z. The bacterial 
actin MreB rotates, and rotation depends on cell-wall assembly. Proceedings of the National 
Academy of Sciences. 2011; 108:15822–15827.

Wachi M, Doi M, Okada Y, Matsuhashi M. New mre genes mreC and mreD, responsible for formation 
of the rod shape of Escherichia coli cells. Journal of bacteriology. 1989; 171:6511–6516. 
[PubMed: 2687239] 

Wallden M, Fange D, Lundius EG, Baltekin Ö, Elf J. The synchronization of replication and division 
cycles in individual E. coli cells. Cell. 2016; 166:729–739. [PubMed: 27471967] 

Shi et al. Page 18

Cell. Author manuscript; available in PMC 2019 March 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Wang S, Arellano-Santoyo H, Combs PA, Shaevitz JW. Actin-like cytoskeleton filaments contribute to 
cell mechanics in bacteria. Proceedings of the National Academy of Sciences. 2010; 107:9182–
9185.

Wang S, Furchtgott L, Huang KC, Shaevitz JW. Helical insertion of peptidoglycan produces chiral 
ordering of the bacterial cell wall. Proceedings of the National Academy of Sciences. 2012; 
109:E595–E604.

Wang S, Wingreen NS. Cell shape can mediate the spatial organization of the bacterial cytoskeleton. 
Biophysical journal. 2013; 104:541–552. [PubMed: 23442905] 

Wong F, Renner L, Özbaykal G, Paulose J, Weibel D, van Teeffelen S, Amir A. Mechanical strain 
sensing implicated in cell shape recovery in Escherichia coli. Nature microbiology. 2017; 
2:17115.

Young KD. The selective value of bacterial shape. Microbiology and molecular biology reviews. 2006; 
70:660–703. [PubMed: 16959965] 

Zheng H, Ho PY, Jiang M, Tang B, Liu W, Li D, Yu X, Kleckner NE, Amir A, Liu C. Interrogating the 
Escherichia coli cell cycle by cell dimension perturbations. Proceedings of the National Academy 
of Sciences. 2016; 113:15000–15005.

Shi et al. Page 19

Cell. Author manuscript; available in PMC 2019 March 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. The robustness of bacterial cell shape determination
(A) The bacterial kingdom contains species representing a staggering variety of cell shapes. 

Beyond spheres, many model systems are rod-like, the simplest shape that breaks spherical 

symmetry. Curved, helical, and branched cells represent deviations on a rod, and there is 

even further diversification into exotic shapes like stars.

(B) The average cell width and length of rod-shaped cells is dependent on its nutrient 

conditions, with faster-growing cells being larger. Due to natural fluctuations during growth, 

or environmental, chemical, and genetic perturbations, rod-shaped cells also often deviate 

from an idealized cylinder with hemispherical endcaps. These deviations can be described 

by a number of quantitative metrics.

(C) On the cellular scale, the shape of a bacterial cell is defined by its rigid cell wall, a 

macromolecular exoskeleton of glycan strands crosslinked by short peptides. Gram-negative 

bacteria also have an outer membrane that lies beyond the cell wall. MreB filaments bind to 
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the inner surface of the cytoplasmic membrane, orient and move approximately 

circumferentially, and determine the spatiotemporal pattern of insertion of cell-wall 

precursors. To communicate with the cell wall synthesis machinery, which is positioned in 

the periplasmic space between the cytoplasmic membrane and cell wall, MreB interacts with 

linker proteins such as MreC/D and RodZ.

Shi et al. Page 21

Cell. Author manuscript; available in PMC 2019 March 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. Despite its essentiality, MreB is highly mutable and mutations allow cells to access a 
wide range of shapes
Single point mutations across the MreB structure can alter rod-like shape in distinct ways, 

suggesting that specific properties of MreB regulate specific aspects of morphogenesis. Cells 

can be much thinner (M272L) or wider (K27E) than wild-type, have substantial intracellular 

width variation (E143A), and exhibit cell bending (D78V) or cell branching (D83Y). 

Different substitutions at a single position (A53) can tune cell width over a large range. At 

the molecular level, rod-shape parameters such as cell width can be highly correlated with 

the average and variability in MreB filament orientation, glycan-strand orientation, and 

MreB geometric localization pattern. At the cellular scale, changes in cell width need not 

affect growth rate but can impact fitness through width-dependent shifts in lag time or 

sensitivity to cell-wall stressors. Gray ribbon: MreB protein structure; colored spheres: 

residue positions with MreB mutations; yellow sticks: ATP. The MreB homology model was 

constructed by aligning the E. coli MreB sequence to a crystal structure of T. maritima MreB 

(PDB ID: 1JCG).
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Figure 3. Schematics of curvature measurements
For each point on the cell surface (red sphere), its three-dimensional geometry is determined 

by two principal curvatures (κ1 and κ2), which are defined as the inverse of the radii of the 

circles fitting the surface in orthogonal two-dimensional planes (r1 and r2). The principal 

curvatures can be combined into the Gaussian curvature K = κ1 × κ2, shown mapped onto 

the surface of a bent cell (right).
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Figure 4. MreB localization depends on the local geometry of the cell surface
(A)) In the model of rod-shape maintenance presented in this review, the local geometry of 

the cell surface directs MreB to localize in a curvature-dependent manner, where it recruits 

the cell-wall insertion machinery and thereby alters cell shape. This model predicts a 

feedback loop that can maintain rod-like shape even in the presence of stochastic shape 

defects, and also allows rods to be generated de novo from round cells. How factors such as 

MreB filament properties and dynamics, MreB-interacting proteins, mechanical stresses, and 

environmental inputs couple to this feedback will likely be the topics of exciting discoveries 

ahead.

(B) During normal growth in E. coli and B. subtilis, MreB avoids the outwardly curved poles 

and localizes along the cylindrical regions of the cell. In E. coli, MreB specifically localizes 

to more inwardly curved areas, directing a bursty pattern of cell-wall insertion. After cells 

are forced to become round through chemical treatment or mechanical confinement, during 

the reversion back to rod-like shape MreB localization is still driven by geometry, avoiding 

regions that look similar to poles and localizing near the necks of bulges. Following 

treatment with A22, MreB unbinds from the membrane and becomes diffuse. The geometry-

driven pattern of wall growth is disrupted, leading to uniform insertion across the surface 

(orange), including at the poles, and eventual cell swelling.
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