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Abstract 

A fundamental question in biology is how cell shapes are genetically encoded and 

enzymatically generated. Prevalent shapes among walled bacteria include spheres and 

rods. These shapes are chiefly determined by the peptidoglycan (PG) cell wall. Bacterial 

division results in two daughter cells, whose shapes are predetermined by the mother.  

This makes it difficult to explore the origin of cell shapes in healthy bacteria. In this 

review, we argue that the Gram-negative bacterium Myxococcus xanthus is an ideal 

model for understanding PG assembly and bacterial morphogenesis because it forms 

rods and spheres at different life stages. Rod-shaped vegetative cells of M. xanthus can 

thoroughly degrade their PG and form spherical spores. As these spores germinate, 

cells rebuild their PG and reestablish rod shape without preexisting templates. Such a 

unique sphere-to-rod transition provides a rare opportunity to visualize de novo PG 

assembly and rod-like morphogenesis in a well-established model organism.   
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Introduction 

        While spheres may seem simple and physically preferable, cells are seldom 

spherical. Instead, most cells invest extra energy to establish and maintain nonspherical 

shapes through a process known as “morphogenesis”. How cells use molecules at 

nanometer-scale to establish defined morphology at micrometer-scale has become a 

fundamental question in biology. Because of their relative simplicity, bacteria are 

excellent models for studying how genes and proteins determine cell morphology. Rods 

are the simplest nonspherical shapes adopted by many bacteria. Phylogenic studies 

suggest that the common ancestor of bacteria was rod-shaped and rod-like shapes are 

advantageous for cell survival [1-3]. Thus, the switch from primeval spheres to rods 

marks the origination of bacteria and represents a landmark morphological transition in 

evolution. Understanding this switch will likely uncover fundamental mechanisms of 

morphogenesis. 

        The word “morphogenesis” (from the Greek words “morphê” and “genesis”) 

means “the beginning of shape”. However, despite seeing “the surprising and 

bewildering riot of shapes” in bacteria [3], true morphogenesis is seldom studied 

because we can rarely see the beginning of shape. In most bacteria, rigid peptidoglycan 

(PG) structures largely determine cell shape. Disruption of PG usually results in the loss 

of defined cell shape and eventual cell death [4,5]. Thus, in order to maintain their 

shapes during growth, bacterial cells must add new PG subunits into existing PG 

structures [6-9]. When cells divide, the shapes of daughter cells are already 

predetermined by their mothers. The preexistence of PG has become a central challenge 

and progress in understanding bacterial morphogenesis.  

        One way to circumvent this dilemma is to investigate how cells establish 

nonspherical shapes from PG-deficient spheres. Some bacteria can shed PG, losing their 

original morphology to cope with environmental stresses, especially when attacked by 
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host immune systems and antimicrobial agents [10,11]. Among these PG-deficient cells, 

spheroplasts and L-forms derived from rod-shaped cells are able to regenerate rod 

shapes [11,12]. Especially, stable L-form state can be induced in many bacteria by 

genetically inhibiting the synthesis of PG precursors or up-regulating membrane 

biosynthesis [13-15]. L-form cells of both Bacillus subtilis and Escherichia coli can rebuild 

rods when their genetic defects are rescued, which provides potential vehicles to study 

the de novo generation of nonspherical shapes [16,17]. However, these PG-deficient cells 

usually take on an array of irregular shapes, especially during proliferation, which 

makes live-cell imaging technically challenging [16-18]. Moreover, spheroplasts and L-

form cells take several generations to restore original cell shapes, which implies the 

involvement of cell division in morphogenesis [12,17]. It becomes difficult to track 

morphological changes in single cells and to attribute them to a simple PG assembly 

system. Therefore, in order to understand bacterial morphogenesis, it is critical to find a 

system in which homogenous spheres generate nonspherical shapes independent of 

both division and preexisting templates.  

        Myxococcus xanthus is a Gram-negative bacterium that has been studied extensively 

for its motility, multicellular development, and predatory behaviors. Vegetative M. 

xanthus cells are long rods (1 m in diameter and 5 – 10 m in length). In response to 

certain chemicals, individual M. xanthus cells can degrade their PG thoroughly and 

form spherical spores [19,20]. During germination, these spores restore vegetative 

morphology by assembling rod-shaped PG de novo. As PG is essential for the survival of 

most bacteria, M. xanthus provides unique angles to understand the mechanisms of PG 

assembly and rod-like morphogenesis.  

PG and cell shape  

        The entire PG layer is a continuous, mesh-like macromolecule of glycan strands 

that are crosslinked via short peptides [21]. PG surrounds the whole cell, provides major 
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mechanical support against turgor pressure and defines cell shape throughout the life 

cycles of most bacteria [22]. As PG is chemically unique and usually essential for cell 

survival, the synthesis and turnover of PG have been predominant targets for 

antibacterial treatments [23].  

      Cells synthesize lipid II, the PG subunit carried by lipid, using conserved enzymes 

in the cytoplasm and membrane. Lipid II is flipped into the periplasm where it is 

assembled into the existing PG structure [9]. PG assembly during vegetative growth 

relies on two conserved polymerization systems, the Rod complex and class A 

penicillin-binding proteins (aPBPs). The central components of Rod complex are RodA, 

PBP2 and MreB.  RodA, a SEDS (shape, elongation, division, and sporulation) family 

transglycosylase (TGase), catalyzes the formation of glycosidic bonds in the glycan 

strands. PBP2, a member of class B penicillin-binding proteins (bPBPs) that has 

transpeptidase (TPase) activity, crosslinks the short peptides on adjacent glycan strands 

([24-28]. MreB, an actin-like cytoskeletal protein that is conserved in most rod-shaped 

bacteria, is proposed to form the scaffolds that orchestrate PG assembly [29]. Different 

from the Rod components, aPBPs have both TGase and TPase activities. While the Rod 

system is essential for rod-like morphology [29-31], functions of aPBPs are still not fully 

understood [32]. A recent work suggests that aPBPs contribute to shape maintenance 

indirectly by repairing PG defects [33]. In general, the rod complexes reduce cell 

diameter, whereas aPBPs increase it [34]. Hydrolases also play important roles in PG 

growth, which generate small openings on the existing PG layer to allow the insertion 

of new subunits. Thus PG is a dynamic structure under the coordinated control of its 

polymerases and hydrolases [35].       

The sporulation and germination of M. xanthus  

        Many bacteria form spores to survive under unfavorable environmental conditions. 

The endospores formed by Firmicutes such as Bacilli and Clostridia have been subject to 
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extensive studies. In these organisms, the morphological differentiation from rod-

shaped vegetative cells to oval spores begins with an asymmetric division, resulting in 

the formation of a smaller cell, the forespore, and a larger mother cell. Eventually, the 

forespore is engulfed by and becomes wholly contained within the mother cell. The 

resulted endospores contain intact and, in many cases, thickened PG. And because the 

cell poles in forespores are generated through division, mature endospores are also 

likely to preserve the information of cell polarity [36-38]. 

        Strikingly different from endospore-forming bacteria, cell division is not involved 

in the sporulation of M. xanthus. M. xanthus can form spores using two distinct 

mechanisms, in both of which whole vegetative cells transform from rods into spheres. 

First, large groups of vegetative cells can aggregate on solid surfaces and build fruiting 

bodies that are filled up with spores. Such spores are difficult to study because to 

release individual spores, the coats of fruiting bodies have to be broken and removed by 

intensive sonication [39]. Second, individual vegetative cells can form dispersed, 

spherical spores in response to various chemical signals, such as glycerol, dimethyl 

sulfoxide (DMSO), and agents that inhibit PG synthesis or disrupt PG, including -

lactams, D-cycloserine, fosfomycin, and lysozyme [40,41]. In contrast to fruiting bodies 

that require millions of cells, solid surfaces, and days to form, chemical-induced 

sporulation can complete at low cell density, in liquid media, and in a few hours. For 

example, adding 0.5 – 1 M glycerol into rich liquid media induces the transition of M. 

xanthus from rod-shaped vegetative cells to spherical spores in 1 – 3 hours [40]. These 

“quick” spores used to be considered artificial. However, we believe that chemical-

induced sporulation is a naturally occurring process through which dispersed cells 

form spores rapidly under environmental stresses. First, many signals that induce quick 

sporulation could also present in the natural habitats of M. xanthus. Second, chemical-

induced spores show typical characteristics of genuine spores, such as considerable 
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resistance to heat, desiccation, UV-irradiation, sonication, detergents, and enzymatic 

digestion [42]. 

        Unlike endospores, glycerol-induced M. xanthus spores are PG-deficient. Using 

high performance liquid chromatography (HPLC) and transmission electron 

microscopy (TEM), Bui et al. first reported that such spores contained no detectable 

muropeptides [19]. This conclusion was later confirmed by cryo-electron tomography 

(cryo-ET) [20]. Thus during sporulation, vegetative cells thoroughly degrade their PG, 

shrink into near-perfect spheres [19], and synthesize spore coats that consist of 

polysaccharides and proteins [43]. Sensing certain environmental signals, such as 

inorganic ions HPO42−, Mg2+, Ca2+, and NH4+, M. xanthus spores regenerate vegetative 

cells with rod-like morphology [44]. So far, Ca2+ has been found to be a strong germinant 

that induces roughly synchronized germination [45]. When incubated in rich liquid 

media containing Ca2+, M. xanthus spores can restore vegetative cell shape within 2 - 3 

hours [20,45,46]. 

PG assembly and morphological transition during M. xanthus spore germination 

        Do M. xanthus spores preserve PG subunits from previous vegetative cells? Bui et 

al. proposed that glycerol-induced M. xanthus spores may contain PG subunits [19]. 

Consistent with this report, these spores are able to germinate and restore vegetative 

morphology in the presence of fosfomycin, an antibiotic that inhibits the production of 

UDP-MurNAc, a precursor of PG. However, after the exhaustion of preserved PG 

subunits, nascent vegetative cells become sensitive to fosfomycin and unable to 

elongate further [20,47]. These results indicate that glycerol-induced spores preserve 

most of the PG subunits from previous vegetative cells. Thus, PG assembly, rather than 

the production of PG subunits, is the decisive step for the restoration of rod shape.  

        Similar to endospores [48], M. xanthus spores are refractile and appear bright under 

phase-contrast microscope [45,46]. Upon being suspended into rich media that contain 
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Ca2+, most spores lose refractility within a few minutes, indicating that germination 

initiates immediately upon induction [45,46]. However, germinating spores remain 

spherical and do not elongate until 45 – 60 minutes later [20]. Despite the absence of 

morphological changes, PG assembly initiates immediately once germination starts, as 

germinating spores begin to incorporate TAMRA 3-amino-D-alanine (TADA), a 

fluorescent D-amino acid (fDAA), evenly onto their surfaces (Fig. 1A) [20]. Because 

fDAAs specifically label newly assembled PG [49,50], the incorporation pattern of TADA 

indicates that spores first synthesize spherical PG layers in this early phase of 

germination.  

        After remaining spherical for approximately one hour, germinating spores quickly 

start to elongate. Compared to vegetative cells that double their length in about four 

hours, the elongation of germinating spores proceeds quite rapidly, growing one cell 

length within an hour [20]. During elongation, cells only incorporate TADA to the 

cylindrical, nonpolar portion of their surfaces, indicating that cell poles become inert for 

PG growth (Fig. 1A) [20].  

        These distinct growth patterns allow us to divide M. xanthus spore germination 

into two phases: the spherical phase (Phase I) in the first hour of germination when 

spores assemble PG evenly on their entire surfaces and the elongation phase (Phase II) 

in the second to third hour when PG growth at the nonpolar regions drives cell 

elongation (Fig. 1A). The correlation between the shapes of cells and the patterns of PG 

growth suggests that a major switch in the mode of PG assembly results in the de novo 

establishment of rod shape. 

Roles of aPBPs and the Rod system during germination 

        The roles aPBPs and the Rod system play in PG assembly can be studied by 

monitoring TADA incorporation in the presence of antibiotics, which specifically inhibit 

either aPBPS or the Rod system. In the spherical phase, neither mecillinam, an inhibitor 
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of PBP2 in the Rod system, nor cefsulodin and cefmetazole, antibiotics that mainly 

inhibit aPBPs, are able to block TADA incorporation. However, spores stop 

incorporating TADA when treated by all three antibiotics. In contrast, once spores enter 

the elongation phase, mecillinam alone is sufficient to block TADA incorporation 

whereas cefsulodin and cefmetazole do not show significant effects [20]. M. xanthus 

spores are able to germinate into rods in the presence of cefsulodin and cefmetazole, 

indicating that aPBPs are dispensable for cell elongation [20]. However, elongated cells 

revert to spheres after prolonged inhibition of aPBPs, which suggests that aPBPs 

stabilize rod shapes [20]. This observation echoes the reports in E. coli where aPBPs do 

not determine rod shape, but rather maintain PG integrity, especially across different 

pH environments [33,51]. Whereas both aPBPs and the Rod system participate in the 

assembly of spherical PG layer, the Rod system is essential for the establishment of rod 

shape.  

        The Rod proteins are stably produced and remain active during the entire 

germination process [20,43], whereas the spatial distribution of Rod complexes altered 

dramatically when spores start to elongate. While RodA localizes randomly on spore 

surfaces in the spherical phase, it concentrates at nonpolar regions during elongation 

[20]. Similar to RodA, MreB first appears diffusive in the spherical phase and then forms 

filaments that mainly localize at nonpolar regions as nascent cells elongate [20]. Such 

nonpolar localization of Rod complexes is consistent with the lateral growth pattern of 

PG. Taken together, to establish rods from spheres, germinating M. xanthus spores must 

establish cell poles first and then restrict Rod complexes to nonpolar regions.    

De novo establishment of cell poles  

        While M. xanthus spores are approximately spherical, those spheres are rarely 

“perfect”. If such morphological “imperfection” preserves polarity from previous 

vegetative cells, each germinating spore is expected to elongate along the long axis of 
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the ovoid. However, the elongation axis during germination appears random in many 

spores, independent of their original morphology [20].  

         Then how do spores establish cell poles de novo? In vegetative M. xanthus cells, 

directed motility requires a head-tail polarity axis, which is under the modulation of 

multiple regulators, including the Mgl regulators (MglA, MglB and MglC) [52-54], the 

RomR-RomX pair [55-57], and PlpA [58]. Among these regulators, MglA, the Ras-like 

GTPase and its GTPase-activating protein, MglB, are required for rapid cell elongation 

in the elongation phase of germination. Specifically, a fine-tuned MglA is critical for 

optimal germination efficiency. Deleting mglA or mglB, nullifying the active site of 

MglA, and over-stimulating the GTPase activity of MglA by over producing MglB all 

cause severe delay in cell elongation (Fig. 1A) [20]. Strikingly, unlike the wild type 

spores that maintain relatively smooth cell surfaces throughout the germination 

process, these mgl mutant spores germinate into bulged, multipolar intermediates (Fig. 

1A). Many of these intermediates lyse before becoming vegetative cells, especially 

under osmotic stress [20]. Such morphological abnormality directly reflects the 

structural defects in newly assembled PG. A large portion of Rod complexes heavily 

incorporate TDA and mis-localize at cell poles and bulge in elongating mgl mutant 

spores. This is in contrast to wild type spores in which Rod complexes, and therefore 

PG assembly, are restricted to nonpolar regions in the elongation phase of germination 

(Fig. 1A) [20]. These findings indicate that the Mgl system plays a central role in 

expelling PG assembly from cell poles during germination.    

Symmetry-breaking by random fluctuation   

        Does polarity originate from preserved spatial cues or stochastic fluctuations? M. 

xanthus spores preserve both MglA and MglB [20,59,60]. Fluorescence-labeled MglB 

forms a single bright cluster in each spore throughout the entire course of germination. 

These clusters first move randomly in the spherical phase and then abruptly stop 
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moving. Importantly, once a MglB cluster stalls, the spore immediately starts to 

elongate, using the position of the MglB cluster as one cell pole (Fig. 1B) [20]. In contrast, 

MglA only begins to form a cluster after MglB stalls and the formation of MglA clusters 

requires MglB. Once formed, clusters of MglB and MglA always occupy opposite sides 

of the same spore (Fig. 1B) [20]. Thus, the sequential stabilization of MglB and MglA 

clusters establishes the polarity axis for PG assembly.  

        The random “walk” of MglB clusters in the spherical phase of germination suggests 

that polarity is not preserved. The localizations of stalled MglB clusters do not correlate 

with the geometry of spores. Instead, MglB clusters are immobilized by the inhibitors of 

PG assembly, especially the agents that inhibit the Rod system [20]. Thus, MglB clusters 

could stall at the sites where PG assembly has completed or not yet initiated. In this 

case, it is unlikely that PG assembly has not yet initiated because no obvious PG 

assembly activity is observed near the nascent cell poles after the stall of MglB clusters 

(Fig. 1A) [20]. MglB activates the GTPase activity of MglA, and turns MglA-GTP into 

MglA-GDP. As MglA-GDP cannot form clusters, clusters of MglB and MglA (MglA-

GTP) always maintain longest distance in the same cell [52,53]. As the consequence, once 

an MglB cluster stalls at one pole, the expulsion between MglB and MglA-GTP causes 

MglA-GTP to cluster at the opposite side of the spore, the second cell pole (Fig. 1B). 

When PG assembly intersects with gliding motility 

        MglB clusters must have the ability to survey the random fluctuation of PG growth 

in the spherical phase of germination and stall at the region where PG growth 

completes first. Once polarity establishes, Mgl regulators must expel Rod complexes 

from cell poles. How do Mgl regulators connect to the Rod system? Besides being a 

component in the Rod system, MreB also supports the gliding motility of M. xanthus. 

MglA-GTP stimulates the assembly of the gliding machineries through direct 

interaction with MreB [61-64] and directs the gliding machineries toward nonpolar 
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regions [65]. Gliding machineries then carry MreB filaments as they move rapidly in the 

membrane [47,66,67]. MglA-GTP clusters therefore colocalize with MreB filaments that 

also carry Rod complexes [52,53,62,68]; however, MglB clusters do not (Fig. 1B).  

        Through the mutual expulsion between MglB and MglA-GTP, MglB clusters stall at 

the sites where PG assembly is complete and Rod complexes are absent. At the first pole 

that contains the MglB cluster, MglB expels MglA-GTP and thus the Rod complexes 

toward the second pole. MglA-GTP then occupies the second pole, stimulates the 

assembly of the gliding machineries [62,69], which transport MreB filaments, together 

with Rod complexes, toward the first pole [47,65]. As a result, the diametrically opposing 

clusters of MglA-GTP and MglB restrict the Rod system, thus the assembly of PG, to 

nonpolar locations (Fig. 1B). 

Perspectives         

        What does it take to make a rod? As the assembly of PG is widely conserved in 

bacteria, the mechanisms by which M. xanthus rebuilds rods from spheres might reveal 

the common principles for rod-like morphogenesis. During M. xanthus spore 

germination, the Rod system is the only element known to be essential for the 

establishment of rod shape. Similarly, to our knowledge, artificial spheres from other 

rod-shaped cells are not able to restore their original shapes in the absence of the Rod 

system [70]. Given their critical roles, we hypothesize that restricting Rod complexes to a 

nonpolar, but yet expanded region, might be a common prerequisite for building and 

maintaining a rod. On the one hand, when this restriction is relieved in the mgl mutants, 

cells generate poles randomly and display bulged morphology. On the other hand, in 

the bacteria that over-restrict Rod complexes to very narrow regions, cells are naturally 

oval [71,72].  

        The versatile MreB. In comparation to its analogs in other bacteria, MreB in M. 

xanthus is truly extraordinary for its connection to the Mgl regulators and gliding 
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machineries. MreB filaments in M. xanthus display rapid, directed motions that are not 

yet reported in other organisms [47]. On the other hand, as in most rod-shaped bacteria, 

M. xanthus MreB plays conserved roles in PG assembly. As MreB filaments are 

intrinsically curved and bind to the cytoplasmic membranes, the balance between 

filament bending and membrane deformation can lead MreB filaments to localize at 

inwardly curved regions [29,73-77]. This localization preference in turn, affects the 

localization and dynamics of Rod complexes, which could be sufficient for the 

maintenance of rod shape [29-31,70,75,78,79]. Additionally, the composition and fluidity of 

the cytoplasmic membrane could also modulate the localization and dynamics of MreB 

[80-83]. For instance, rafts of anionic phospholipids preferentially enrich MreB 

monomers at cell poles and expel MreB filaments to nonpolar regions [80]. Using these 

mechanisms, cells are able to generate rod shape spontaneously based on random 

fluctuations, albeit much slower. For example, the mgl and motor mutant spores can 

still elongate into rods and correct morphological defects after prolonged germination 

and the artificial spheres of E. coli and B. subtilis can regain rod shapes in several 

generations [17,20]. Thus, rather than being the determinants for symmetry-breaking, 

Mgl and gliding motors are supplementary accelerators. Nevertheless, such accelerators 

provide critical advantages for the survival of M. xanthus spores. As chemical-induced 

M. xanthus spores are dispersed and PG deficient, they are vulnerable to biotic and 

abiotic environments during germination. Equipped with the Mgl regulators and the 

gliding machineries, M. xanthus spores are able to regain fitness within one generation.  

        While the Rod complexes move relatively slowly with nm/s velocities, gliding 

motors in M. xanthus move significantly faster, at m/s [47,84-86]. Then how do MreB 

filaments coordinate multiple functions that require distinct dynamics? Besides PG 

assembly, MreB affects a broad range of cellular functions either directly or indirectly, 

such as membrane organization, DNA replication and segregation, twitching motility 
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and pathogenesis [87-94]. Studying MreB in M. xanthus provides an opportunity to 

understand how MreB organizes multiple functions simultaneously. 

        Are small GTPases the universal regulators of cell polarity? GTPase-mediated 

cell polarization is common in eukaryotes. The Rho-family GTPase Cdc42 and its 

homologs widely exist from yeast to human [95]. The rod-shaped yeast 

Schizosaccharomyces pombe form spherical spores. During germination, Cdc42 first moves 

randomly during the isotropic growth phase before stalling at a future pole [95,96]. 

Analogous to the connection between MglA and the Rod system in M. xanthus, Cdc42 in 

S. pombe is able to survey the integrity of the spore cell wall by interacting with 

cytoskeletons, cell wall-related enzymes and molecular motors [96]. Such striking 

similarities suggest that M. xanthus might preserve a prototype of polarity regulation 

system that has evolved before the divergence between prokaryotes and eukaryotes. 

Therefore, studying the interaction among Mgl regulators, MreB and motor-associated 

proteins may also aid in the understanding of cell polarity in a broad range of 

organisms.    

        What are the primary roles of the gliding machineries? Vegetative M. xanthus 

cells move on surfaces using both gliding and twitching motility. In contrast to 

twitching that exists in many phylogenically diverse bacteria, gliding, driven by fluid 

motor complexes, is rather unique to Myxococcales [97,98]. While twitching is required 

for group behaviors such as coordinated migration, predation, and multicellular 

development, to name a few, gliding is rather secondary for vegetative growth [99,100]. 

Besides accelerating germination, the gliding machineries are also the distributors of 

spore coat polysaccharides during sporulation, which is critical for the resilience of 

spores [20,101]. Thus, rather than facilitating cell locomotion, the primary function of 

gliding machineries might be distributing various protein complexes in membranes.  

        How do PG polymerases coordinate with hydrolases? It is commonly accepted 

that the insertion of new PG subunits is associated with local hydrolysis of the existing 
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PG network [9,22,35]. It is therefore reasonable to hypothesize that a regulated 

coordination exists between PG polymerases and hydrolases. Therefore, exploiting the 

synergy between these two types of enzymes could usher in new treatments against 

bacterial infections [102,103]. As of now, our understanding on PG hydrolases has long 

been hampered by several challenges. First, these enzymes are highly redundant in 

most bacteria, where strains lacking single hydrolases usually do not show significant 

growth defects. Second, as uncontrolled action of PG hydrolases potentially leads to cell 

lysis, it is difficult to observe highly-activated PG hydrolysis during normal cell growth 

[35]. The sporulation process, in which vegetative M. xanthus cells degrade their PG 

thoroughly within two hours [19,20,40,104], sets a perfect stage for studying PG 

hydrolases. To facilitate rapid PG degradation, the balance between PG polymerases 

and hydrolases changes and hydrolysis becomes dominant over synthesis. Thus, 

studying PG hydrolases during sporulation could provide valuable insight into how PG 

polymerase coordinates with hydrolase.  

        In conclusion, the complete degradation of PG during chemical-induced 

sporulation makes M. xanthus an invaluable model organism for investigating the 

dynamics of PG and cell morphology. First, when M. xanthus spores germinate, cells 

must rebuild their walls and reestablish rod shape without preexisting PG as templates, 

which matches the definition of “morphogenesis” perfectly. Second, unlike spheroplasts 

and L-forms, nascent M. xanthus cells restore rod-shape within one generation [20], 

which largely excludes the involvement of cell division. Third, the germination progress 

of individual M. xanthus spores can be tracked using simple bright-field imaging 

techniques, such as phase-contrast and differential interference contrast microscopy. At 

the population level, germination progress can be easily quantified using the aspect 

ratio (length/width) of individual spores [20]. Using M. xanthus as a model to study PG 

dynamics and cell morphology may allow us to answer many questions regarding 

bacterial growth and survival.   

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 24 March 2021                   doi:10.20944/preprints202103.0595.v1

https://doi.org/10.20944/preprints202103.0595.v1


 16 

Acknowledgements 

The research in our laboratory is supported by the National Institutes of Health 

R01GM129000. The authors thank Joshua Pettibon and Autumn McManis for critical 

reading of this manuscript.  

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 24 March 2021                   doi:10.20944/preprints202103.0595.v1

https://doi.org/10.20944/preprints202103.0595.v1


 17 

References 
1. Yulo, P.R.J.; Hendrickson, H.L. The evolution of spherical cell shape; progress and 

perspective. Biochem Soc Trans 2019, 47, 1621-1634, doi:10.1042/BST20180634. 

2. Chang, F.; Huang, K.C. How and why cells grow as rods. BMC Biol 2014, 12, 54, 

doi:10.1186/s12915-014-0054-8. 

3. Young, K.D. The selective value of bacterial shape. Microbiol Mol Biol Rev 2006, 70, 660-

703, doi:10.1128/MMBR.00001-06. 

4. Holtje, J.V. Growth of the stress-bearing and shape-maintaining murein sacculus of 

Escherichia coli. Microbiol Mol Biol Rev 1998, 62, 181-203. 

5. Yao, X.; Jericho, M.; Pink, D.; Beveridge, T. Thickness and elasticity of gram-negative 

murein sacculi measured by atomic force microscopy. J Bacteriol 1999, 181, 6865-6875. 

6. Typas, A.; Banzhaf, M.; Gross, C.A.; Vollmer, W. From the regulation of peptidoglycan 

synthesis to bacterial growth and morphology. Nat Rev Microbiol 2012, 10, 123-136, 

doi:10.1038/nrmicro2677. 

7. Young, K.D. Bacterial shape: two-dimensional questions and possibilities. Annu Rev 

Microbiol 2010, 64, 223-240, doi:10.1146/annurev.micro.112408.134102. 

8. Holtje, J.V.; Heidrich, C. Enzymology of elongation and constriction of the murein 

sacculus of Escherichia coli. Biochimie 2001, 83, 103-108. 

9. Egan, A.J.F.; Errington, J.; Vollmer, W. Regulation of peptidoglycan synthesis and 

remodelling. Nat Rev Microbiol 2020, 18, 446-460, doi:10.1038/s41579-020-0366-3. 

10. Claessen, D.; Errington, J. Cell Wall Deficiency as a Coping Strategy for Stress. Trends 

Microbiol 2019, 27, 1025-1033, doi:10.1016/j.tim.2019.07.008. 

11. Errington, J.; Mickiewicz, K.; Kawai, Y.; Wu, L.J. L-form bacteria, chronic diseases and 

the origins of life. Philos Trans R Soc Lond B Biol Sci 2016, 371, 

doi:10.1098/rstb.2015.0494. 

12. Ranjit, D.K.; Jorgenson, M.A.; Young, K.D. PBP1B Glycosyltransferase and 

Transpeptidase Activities Play Different Essential Roles during the De Novo Regeneration 

of Rod Morphology in Escherichia coli. Journal of Bacteriology 2017, 199, 

doi:10.1128/JB.00612-16. 

13. Leaver, M.; Dominguez-Cuevas, P.; Coxhead, J.M.; Daniel, R.A.; Errington, J. Life 

without a wall or division machine in Bacillus subtilis. Nature 2009, 457, 849-853, 

doi:10.1038/nature07742. 

14. Mercier, R.; Kawai, Y.; Errington, J. Excess membrane synthesis drives a primitive mode 

of cell proliferation. Cell 2013, 152, 997-1007, doi:10.1016/j.cell.2013.01.043. 

15. Kawai, Y.; Mickiewicz, K.; Errington, J. Lysozyme Counteracts beta-Lactam Antibiotics 

by Promoting the Emergence of L-Form Bacteria. Cell 2018, 172, 1038-1049 e1010, 

doi:10.1016/j.cell.2018.01.021. 

16. Kawai, Y.; Mercier, R.; Errington, J. Bacterial cell morphogenesis does not require a 

preexisting template structure. Curr Biol 2014, 24, 863-867, 

doi:10.1016/j.cub.2014.02.053. 

17. Billings, G.; Ouzounov, N.; Ursell, T.; Desmarais, S.M.; Shaevitz, J.; Gitai, Z.; Huang, 

K.C. De novo morphogenesis in L-forms via geometric control of cell growth. Mol 

Microbiol 2014, 93, 883-896, doi:10.1111/mmi.12703. 

18. Wu, L.J.; Lee, S.; Park, S.; Eland, L.E.; Wipat, A.; Holden, S.; Errington, J. Geometric 

principles underlying the proliferation of a model cell system. Nature communications 

2020, 11, 4149, doi:10.1038/s41467-020-17988-7. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 24 March 2021                   doi:10.20944/preprints202103.0595.v1

https://doi.org/10.20944/preprints202103.0595.v1


 18 

19. Bui, N.K.; Gray, J.; Schwarz, H.; Schumann, P.; Blanot, D.; Vollmer, W. The 

peptidoglycan sacculus of Myxococcus xanthus has unusual structural features and is 

degraded during glycerol-induced myxospore development. J Bacteriol 2009, 191, 494-

505, doi:10.1128/JB.00608-08. 

20. Zhang, H.; Mulholland, G.A.; Seef, S.; Zhu, S.; Liu, J.; Mignot, T.; Nan, B. Establishing 

rod shape from spherical, peptidoglycan-deficient bacterial spores. Proc Natl Acad Sci U 

S A 2020, 117, 14444-14452, doi:10.1073/pnas.2001384117. 

21. Cava, F.; de Pedro, M.A. Peptidoglycan plasticity in bacteria: emerging variability of the 

murein sacculus and their associated biological functions. Curr Opin Microbiol 2014, 18, 

46-53, doi:10.1016/j.mib.2014.01.004. 

22. van Teeffelen, S.; Renner, L.D. Recent advances in understanding how rod-like bacteria 

stably maintain their cell shapes. F1000Res 2018, 7, 241, 

doi:10.12688/f1000research.12663.1. 

23. Cochrane, S.A.; Lohans, C.T. Breaking down the cell wall: Strategies for antibiotic 

discovery targeting bacterial transpeptidases. Eur J Med Chem 2020, 194, 112262, 

doi:10.1016/j.ejmech.2020.112262. 

24. Meeske, A.J.; Riley, E.P.; Robins, W.P.; Uehara, T.; Mekalanos, J.J.; Kahne, D.; Walker, 

S.; Kruse, A.C.; Bernhardt, T.G.; Rudner, D.Z. SEDS proteins are a widespread family of 

bacterial cell wall polymerases. Nature 2016, 537, 634-638. 

25. Rohs, P.D.; Buss, J.; Sim, S.I.; Squyres, G.R.; Srisuknimit, V.; Smith, M.; Cho, H.; Sjodt, 

M.; Kruse, A.C.; Garner, E.C. A central role for PBP2 in the activation of peptidoglycan 

polymerization by the bacterial cell elongation machinery. PLoS genetics 2018, 14, 

e1007726. 

26. Sjodt, M.; Rohs, P.D.A.; Gilman, M.S.A.; Erlandson, S.C.; Zheng, S.; Green, A.G.; Brock, 

K.P.; Taguchi, A.; Kahne, D.; Walker, S., et al. Structural coordination of polymerization 

and crosslinking by a SEDS-bPBP peptidoglycan synthase complex. Nat Microbiol 2020, 

5, 813-820, doi:10.1038/s41564-020-0687-z. 

27. Emami, K.; Guyet, A.; Kawai, Y.; Devi, J.; Wu, L.J.; Allenby, N.; Daniel, R.A.; Errington, 

J. RodA as the missing glycosyltransferase in Bacillus subtilis and antibiotic discovery for 

the peptidoglycan polymerase pathway. Nat Microbiol 2017, 2, 16253, 

doi:10.1038/nmicrobiol.2016.253. 

28. Cho, H.; Wivagg, C.N.; Kapoor, M.; Barry, Z.; Rohs, P.D.; Suh, H.; Marto, J.A.; Garner, 

E.C.; Bernhardt, T.G. Bacterial cell wall biogenesis is mediated by SEDS and PBP 

polymerase families functioning semi-autonomously. Nat Microbiol 2016, 

10.1038/nmicrobiol.2016.172, 16172, doi:10.1038/nmicrobiol.2016.172. 

29. Hussain, S.; Wivagg, C.N.; Szwedziak, P.; Wong, F.; Schaefer, K.; Izore, T.; Renner, L.D.; 

Holmes, M.J.; Sun, Y.; Bisson-Filho, A.W., et al. MreB filaments align along greatest 

principal membrane curvature to orient cell wall synthesis. Elife 2018, 7, 

doi:10.7554/eLife.32471. 

30. Colavin, A.; Shi, H.; Huang, K.C. RodZ modulates geometric localization of the bacterial 

actin MreB to regulate cell shape. Nature communications 2018, 9, 1280, 

doi:10.1038/s41467-018-03633-x. 

31. Ursell, T.S.; Nguyen, J.; Monds, R.D.; Colavin, A.; Billings, G.; Ouzounov, N.; Gitai, Z.; 

Shaevitz, J.W.; Huang, K.C. Rod-like bacterial shape is maintained by feedback between 

cell curvature and cytoskeletal localization. Proc Natl Acad Sci U S A 2014, 111, E1025-

1034, doi:10.1073/pnas.1317174111. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 24 March 2021                   doi:10.20944/preprints202103.0595.v1

https://doi.org/10.20944/preprints202103.0595.v1


 19 

32. Pazos, M.; Vollmer, W. Regulation and function of class A Penicillin-binding proteins. 

Curr Opin Microbiol 2021, 60, 80-87, doi:10.1016/j.mib.2021.01.008. 

33. Vigouroux, A.; Cordier, B.; Aristov, A.; Alvarez, L.; Ozbaykal, G.; Chaze, T.; Oldewurtel, 

E.R.; Matondo, M.; Cava, F.; Bikard, D., et al. Class-A penicillin binding proteins do not 

contribute to cell shape but repair cell-wall defects. Elife 2020, 9, doi:10.7554/eLife.51998. 

34. Dion, M.F.; Kapoor, M.; Sun, Y.; Wilson, S.; Ryan, J.; Vigouroux, A.; van Teeffelen, S.; 

Oldenbourg, R.; Garner, E.C. Bacillus subtilis cell diameter is determined by the opposing 

actions of two distinct cell wall synthetic systems. Nat Microbiol 2019, 10.1038/s41564-

019-0439-0, doi:10.1038/s41564-019-0439-0. 

35. van Heijenoort, J. Peptidoglycan hydrolases of Escherichia coli. Microbiol Mol Biol Rev 

2011, 75, 636-663, doi:10.1128/MMBR.00022-11. 

36. Higgins, D.; Dworkin, J. Recent progress in Bacillus subtilis sporulation. FEMS Microbiol 

Rev 2012, 36, 131-148, doi:10.1111/j.1574-6976.2011.00310.x. 

37. Tocheva, E.I.; Ortega, D.R.; Jensen, G.J. Sporulation, bacterial cell envelopes and the 

origin of life. Nat Rev Microbiol 2016, 14, 535-542, doi:10.1038/nrmicro.2016.85. 

38. McKenney, P.T.; Eichenberger, P. Dynamics of spore coat morphogenesis in Bacillus 

subtilis. Mol Microbiol 2012, 83, 245-260, doi:10.1111/j.1365-2958.2011.07936.x. 

39. Zusman, D.R.; Scott, A.E.; Yang, Z.; Kirby, J.R. Chemosensory pathways, motility and 

development in Myxococcus xanthus. Nat Rev Microbiol 2007, 5, 862-872. 

40. Dworkin, M.; Gibson, S.M. A System for Studying Microbial Morphogenesis: Rapid 

Formation of Microcysts in Myxococcus xanthus. Science 1964, 146, 243-244. 

41. O'Connor, K.A.; Zusman, D.R. Starvation-independent sporulation in Myxococcus xanthus 

involves the pathway for beta-lactamase induction and provides a mechanism for 

competitive cell survival. Mol Microbiol 1997, 24, 839-850, doi:10.1046/j.1365-

2958.1997.3931757.x. 

42. Sudo, S.Z.; Dworkin, M. Resistance of vegetative cells and microcysts of Myxococcus 

xanthus. J Bacteriol 1969, 98, 883-887, doi:10.1128/JB.98.3.883-887.1969. 

43. Muller, F.D.; Schink, C.W.; Hoiczyk, E.; Cserti, E.; Higgs, P.I. Spore formation in 

Myxococcus xanthus is tied to cytoskeleton functions and polysaccharide spore coat 

deposition. Mol Microbiol 2012, 83, 486-505, doi:10.1111/j.1365-2958.2011.07944.x. 

44. Ramsey, W.S.; Dworkin, M. Microcyst germination in Myxococcus xanthus. J Bacteriol 

1968, 95, 2249-2257, doi:10.1128/JB.95.6.2249-2257.1968. 

45. Elias, M.; Murillo, F.J. Induction of Germination in Myxococcus xanthus Fruiting Body 

Spores. Journal of General Microbiology 1991, 137, 381-388, doi:Doi 10.1099/00221287-

137-2-381. 

46. Otani, M.; Inouye, M.; Inouye, S. Germination of myxospores from the fruiting bodies of 

Myxococcus xanthus. J Bacteriol 1995, 177, 4261-4265. 

47. Fu, G.; Bandaria, J.N.; Le Gall, A.V.; Fan, X.; Yildiz, A.; Mignot, T.; Zusman, D.R.; Nan, 

B. MotAB-like machinery drives the movement of MreB filaments during bacterial gliding 

motility. Proc Natl Acad Sci U S A 2018, 115, 2484-2489, doi:10.1073/pnas.1716441115. 

48. Shrestha, R.; Lockless, S.W.; Sorg, J.A. A Clostridium difficile alanine racemase affects 

spore germination and accommodates serine as a substrate. J Biol Chem 2017, 292, 10735-

10742, doi:10.1074/jbc.M117.791749. 

49. Hsu, Y.P.; Rittichier, J.; Kuru, E.; Yablonowski, J.; Pasciak, E.; Tekkam, S.; Hall, E.; 

Murphy, B.; Lee, T.K.; Garner, E.C., et al. Full color palette of fluorescent d-amino acids 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 24 March 2021                   doi:10.20944/preprints202103.0595.v1

https://doi.org/10.20944/preprints202103.0595.v1


 20 

for in situ labeling of bacterial cell walls. Chem Sci 2017, 8, 6313-6321, 

doi:10.1039/c7sc01800b. 

50. Kuru, E.; Radkov, A.; Meng, X.; Egan, A.; Alvarez, L.; Dowson, A.; Booher, G.; Breukink, 

E.; Roper, D.I.; Cava, F., et al. Mechanisms of incorporation for D-amino acid probes that 

target peptidoglycan biosynthesis. ACS Chem Biol 2019, 10.1021/acschembio.9b00664, 

doi:10.1021/acschembio.9b00664. 

51. Mueller, E.A.; Egan, A.J.; Breukink, E.; Vollmer, W.; Levin, P.A. Plasticity of Escherichia 

coli cell wall metabolism promotes fitness and antibiotic resistance across environmental 

conditions. Elife 2019, 8, doi:10.7554/eLife.40754. 

52. Leonardy, S.; Miertzschke, M.; Bulyha, I.; Sperling, E.; Wittinghofer, A.; Sogaard-

Andersen, L. Regulation of dynamic polarity switching in bacteria by a Ras-like G-protein 

and its cognate GAP. Embo J 2010, 29, 2276-2289, doi:10.1038/emboj.2010.114. 

53. Zhang, Y.; Franco, M.; Ducret, A.; Mignot, T. A bacterial Ras-like small GTP-binding 

protein and its cognate GAP establish a dynamic spatial polarity axis to control directed 

motility. PLoS Biol 2010, 8, e1000430, doi:10.1371/journal.pbio.1000430. 

54. McLoon, A.L.; Wuichet, K.; Hasler, M.; Keilberg, D.; Szadkowski, D.; Sogaard-Andersen, 

L. MglC, a paralog of Myxococcus xanthus GTPase activating protein MglB, plays a 

divergent role in motility regulation. J Bacteriol 2015, 10.1128/JB.00548-15, 

doi:10.1128/JB.00548-15. 

55. Zhang, Y.; Guzzo, M.; Ducret, A.; Li, Y.Z.; Mignot, T. A dynamic response regulator 

protein modulates G-protein-dependent polarity in the bacterium Myxococcus xanthus. 

PLoS Genet 2012, 8, e1002872, doi:10.1371/journal.pgen.1002872 PGENETICS-D-12-

00194 [pii]. 

56. Keilberg, D.; Wuichet, K.; Drescher, F.; Sogaard-Andersen, L. A response regulator 

interfaces between the Frz chemosensory system and the MglA/MglB GTPase/GAP 

module to regulate polarity in Myxococcus xanthus. PLoS Genet 2012, 8, e1002951, 

doi:10.1371/journal.pgen.1002951 PGENETICS-D-12-01297 [pii]. 

57. Szadkowski, D.; Harms, A.; Carreira, L.A.M.; Wigbers, M.; Potapova, A.; Wuichet, K.; 

Keilberg, D.; Gerland, U.; Sogaard-Andersen, L. Spatial control of the GTPase MglA by 

localized RomR-RomX GEF and MglB GAP activities enables Myxococcus xanthus 

motility. Nat Microbiol 2019, 10.1038/s41564-019-0451-4, doi:10.1038/s41564-019-

0451-4. 

58. Pogue, C.B.; Zhou, T.; Nan, B. PlpA, a PilZ-like protein, regulates directed motility of the 

bacterium Myxococcus xanthus. Mol Microbiol 2018, 107, 214-228, 

doi:10.1111/mmi.13878. 

59. Muller, F.D.; Treuner-Lange, A.; Heider, J.; Huntley, S.M.; Higgs, P.I. Global 

transcriptome analysis of spore formation in Myxococcus xanthus reveals a locus necessary 

for cell differentiation. BMC Genomics 2010, 11, 264, doi:10.1186/1471-2164-11-264. 

60. Munoz-Dorado, J.; Moraleda-Munoz, A.; Marcos-Torres, F.J.; Contreras-Moreno, F.J.; 

Martin-Cuadrado, A.B.; Schrader, J.M.; Higgs, P.I.; Perez, J. Transcriptome dynamics of 

the Myxococcus xanthus multicellular developmental program. Elife 2019, 8, 

doi:10.7554/eLife.50374. 

61. Nan, B.; McBride, M.J.; Chen, J.; Zusman, D.R.; Oster, G. Bacteria that glide with helical 

tracks. Curr Biol 2014, 24, R169-R173, doi:10.1016/j.cub.2013.12.034. 

62. Treuner-Lange, A.; Macia, E.; Guzzo, M.; Hot, E.; Faure, L.M.; Jakobczak, B.; Espinosa, 

L.; Alcor, D.; Ducret, A.; Keilberg, D., et al. The small G-protein MglA connects to the 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 24 March 2021                   doi:10.20944/preprints202103.0595.v1

https://doi.org/10.20944/preprints202103.0595.v1


 21 

MreB actin cytoskeleton at bacterial focal adhesions. J Cell Biol 2015, 210, 243-256, 

doi:10.1083/jcb.201412047. 

63. Mauriello, E.M.; Mouhamar, F.; Nan, B.; Ducret, A.; Dai, D.; Zusman, D.R.; Mignot, T. 

Bacterial motility complexes require the actin-like protein, MreB and the Ras homologue, 

MglA. Embo J 2010, 29, 315-326, doi:10.1038/emboj.2009.356. 

64. Nan, B. Bacterial Gliding Motility: Rolling Out a Consensus Model. Curr Biol 2017, 27, 

R154-R156, doi:10.1016/j.cub.2016.12.035. 

65. Nan, B.; Bandaria, J.N.; Guo, K.Y.; Fan, X.; Moghtaderi, A.; Yildiz, A.; Zusman, D.R. 

The polarity of myxobacterial gliding is regulated by direct interactions between the 

gliding motors and the Ras homolog MglA. Proc Natl Acad Sci U S A 2015, 112, E186-

193, doi:10.1073/pnas.1421073112. 

66. Nan, B.; Chen, J.; Neu, J.C.; Berry, R.M.; Oster, G.; Zusman, D.R. Myxobacteria gliding 

motility requires cytoskeleton rotation powered by proton motive force. Proc Natl Acad 

Sci U S A 2011, 108, 2498-2503, doi:10.1073/pnas.1018556108. 

67. Nan, B.; Bandaria, J.N.; Moghtaderi, A.; Sun, I.H.; Yildiz, A.; Zusman, D.R. Flagella stator 

homologs function as motors for myxobacterial gliding motility by moving in helical 

trajectories. Proc Natl Acad Sci U S A 2013, 110, E1508-1513, 

doi:10.1073/pnas.1219982110. 

68. Galicia, C.; Lhospice, S.; Varela, P.F.; Trapani, S.; Zhang, W.; Navaza, J.; Herrou, J.; 

Mignot, T.; Cherfils, J. MglA functions as a three-state GTPase to control movement 

reversals of Myxococcus xanthus. Nature communications 2019, 10, 5300, 

doi:10.1038/s41467-019-13274-3. 

69. Faure, L.M.; Fiche, J.B.; Espinosa, L.; Ducret, A.; Anantharaman, V.; Luciano, J.; 

Lhospice, S.; Islam, S.T.; Treguier, J.; Sotes, M., et al. The mechanism of force 

transmission at bacterial focal adhesion complexes. Nature 2016, 539, 530-535, 

doi:10.1038/nature20121. 

70. Shi, H.; Bratton, B.P.; Gitai, Z.; Huang, K.C. How to Build a Bacterial Cell: MreB as the 

Foreman of E. coli Construction. Cell 2018, 172, 1294-1305, 

doi:10.1016/j.cell.2018.02.050. 

71. Reichmann, N.T.; Tavares, A.C.; Saraiva, B.M.; Jousselin, A.; Reed, P.; Pereira, A.R.; 

Monteiro, J.M.; Sobral, R.G.; VanNieuwenhze, M.S.; Fernandes, F., et al. SEDS-bPBP 

pairs direct lateral and septal peptidoglycan synthesis in Staphylococcus aureus. Nat 

Microbiol 2019, 4, 1368-1377, doi:10.1038/s41564-019-0437-2. 

72. Pinho, M.G.; Kjos, M.; Veening, J.W. How to get (a)round: mechanisms controlling 

growth and division of coccoid bacteria. Nat Rev Microbiol 2013, 11, 601-614, 

doi:10.1038/nrmicro3088. 

73. van den Ent, F.; Izore, T.; Bharat, T.A.; Johnson, C.M.; Lowe, J. Bacterial actin MreB 

forms antiparallel double filaments. Elife 2014, 3, e02634, doi:10.7554/eLife.02634. 

74. Shi, H.; Quint, D.A.; Grason, G.M.; Gopinathan, A.; Huang, K.C. Chiral twisting in a 

bacterial cytoskeletal polymer affects filament size and orientation. Nature 

communications 2020, 11, 1408, doi:10.1038/s41467-020-14752-9. 

75. Wong, F.; Garner, E.C.; Amir, A. Mechanics and dynamics of translocating MreB 

filaments on curved membranes. Elife 2019, 8, doi:10.7554/eLife.40472. 

76. Salje, J.; van den Ent, F.; de Boer, P.; Lowe, J. Direct membrane binding by bacterial actin 

MreB. Mol Cell 2011, 43, 478-487, doi:10.1016/j.molcel.2011.07.008. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 24 March 2021                   doi:10.20944/preprints202103.0595.v1

https://doi.org/10.20944/preprints202103.0595.v1


 22 

77. Wingreen, N.S.; Huang, K.C. Physics of Intracellular Organization in Bacteria. Annu Rev 

Microbiol 2015, 69, 361-379, doi:10.1146/annurev-micro-091014-104313. 

78. Bratton, B.P.; Shaevitz, J.W.; Gitai, Z.; Morgenstein, R.M. MreB polymers and curvature 

localization are enhanced by RodZ and predict E. coli's cylindrical uniformity. Nature 

communications 2018, 9, 2797, doi:10.1038/s41467-018-05186-5. 

79. Morgenstein, R.M.; Bratton, B.P.; Nguyen, J.P.; Ouzounov, N.; Shaevitz, J.W.; Gitai, Z. 

RodZ links MreB to cell wall synthesis to mediate MreB rotation and robust morphogenesis. 

Proc Natl Acad Sci U S A 2015, 10.1073/pnas.1509610112, doi:10.1073/pnas.1509610112. 

80. 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. Mol Microbiol 2017, 104, 472-486, doi:10.1111/mmi.13639. 

81. Zielinska, A.; Savietto, A.; de Sousa Borges, A.; Martinez, D.; Berbon, M.; Roelofsen, J.R.; 

Hartman, A.M.; de Boer, R.; Van der Klei, I.J.; Hirsch, A.K., et al. Flotillin-mediated 

membrane fluidity controls peptidoglycan synthesis and MreB movement. Elife 2020, 9, 

doi:10.7554/eLife.57179. 

82. Garenne, D.; Libchaber, A.; Noireaux, V. Membrane molecular crowding enhances MreB 

polymerization to shape synthetic cells from spheres to rods. Proc Natl Acad Sci U S A 

2020, 117, 1902-1909, doi:10.1073/pnas.1914656117. 

83. Kurita, K.; Kato, F.; Shiomi, D. Alteration of Membrane Fluidity or Phospholipid 

Composition Perturbs Rotation of MreB Complexes in Escherichia coli. Front Mol Biosci 

2020, 7, 582660, doi:10.3389/fmolb.2020.582660. 

84. Dominguez-Escobar, J.; Chastanet, A.; Crevenna, A.H.; Fromion, V.; Wedlich-Soldner, R.; 

Carballido-Lopez, R. Processive movement of MreB-associated cell wall biosynthetic 

complexes in bacteria. Science 2011, 333, 225-228, doi:10.1126/science.1203466. 

85. Garner, E.C.; Bernard, R.; Wang, W.; Zhuang, X.; Rudner, D.Z.; Mitchison, T. Coupled, 

circumferential motions of the cell wall synthesis machinery and MreB filaments in B. 

subtilis. Science 2011, 333, 222-225, doi:10.1126/science.1203285. 

86. van Teeffelen, S.; Wang, S.; Furchtgott, L.; Huang, K.C.; Wingreen, N.S.; Shaevitz, J.W.; 

Gitai, Z. The bacterial actin MreB rotates, and rotation depends on cell-wall assembly. 

Proc Natl Acad Sci U S A 2011, 108, 15822-15827, doi:10.1073/pnas.1108999108. 

87. Gitai, Z.; Dye, N.A.; Reisenauer, A.; Wachi, M.; Shapiro, L. MreB actin-mediated 

segregation of a specific region of a bacterial chromosome. Cell 2005, 120, 329-341. 

88. Oswald, F.; Varadarajan, A.; Lill, H.; Peterman, E.J.; Bollen, Y.J. MreB-Dependent 

Organization of the E. coli Cytoplasmic Membrane Controls Membrane Protein Diffusion. 

Biophys J 2016, 110, 1139-1149, doi:10.1016/j.bpj.2016.01.010. 

89. Strahl, H.; Burmann, F.; Hamoen, L.W. The actin homologue MreB organizes the bacterial 

cell membrane. Nature communications 2014, 5, 3442, doi:10.1038/ncomms4442. 

90. Munoz-Espin, D.; Daniel, R.; Kawai, Y.; Carballido-Lopez, R.; Castilla-Llorente, V.; 

Errington, J.; Meijer, W.J.; Salas, M. The actin-like MreB cytoskeleton organizes viral 

DNA replication in bacteria. Proc Natl Acad Sci U S A 2009, 106, 13347-13352, 

doi:10.1073/pnas.0906465106. 

91. Madabhushi, R.; Marians, K.J. Actin homolog MreB affects chromosome segregation by 

regulating topoisomerase IV in Escherichia coli. Mol Cell 2009, 33, 171-180, 

doi:10.1016/j.molcel.2009.01.001. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 24 March 2021                   doi:10.20944/preprints202103.0595.v1

https://doi.org/10.20944/preprints202103.0595.v1


 23 

92. Cowles, K.N.; Gitai, Z. Surface association and the MreB cytoskeleton regulate pilus 

production, localization and function in Pseudomonas aeruginosa. Mol Microbiol 2010, 

76, 1411-1426, doi:10.1111/j.1365-2958.2010.07132.x. 

93. Chiu, S.W.; Chen, S.Y.; Wong, H.C. Localization and expression of MreB in Vibrio 

parahaemolyticus under different stresses. Appl Environ Microbiol 2008, 74, 7016-7022, 

doi:10.1128/AEM.01020-08. 

94. Kruse, T.; Moller-Jensen, J.; Lobner-Olesen, A.; Gerdes, K. Dysfunctional MreB inhibits 

chromosome segregation in Escherichia coli. Embo J 2003, 22, 5283-5292, 

doi:10.1093/emboj/cdg504. 

95. Chiou, J.G.; Balasubramanian, M.K.; Lew, D.J. Cell Polarity in Yeast. Annu Rev Cell Dev 

Biol 2017, 33, 77-101, doi:10.1146/annurev-cellbio-100616-060856. 

96. Bonazzi, D.; Julien, J.D.; Romao, M.; Seddiki, R.; Piel, M.; Boudaoud, A.; Minc, N. 

Symmetry breaking in spore germination relies on an interplay between polar cap stability 

and spore wall mechanics. Dev Cell 2014, 28, 534-546, doi:10.1016/j.devcel.2014.01.023. 

97. Craig, L.; Forest, K.T.; Maier, B. Type IV pili: dynamics, biophysics and functional 

consequences. Nat Rev Microbiol 2019, 17, 429-440, doi:10.1038/s41579-019-0195-4. 

98. Nan, B.; Zusman, D.R. Novel mechanisms power bacterial gliding motility. Mol Microbiol 

2016, 101, 186-193, doi:10.1111/mmi.13389. 

99. Nan, B.; Zusman, D.R. Uncovering the mystery of gliding motility in the myxobacteria. 

Annu Rev Genet 2011, 45, 21-39, doi:10.1146/annurev-genet-110410-132547. 

100. Muñoz-Dorado, J.; Marcos-Torres, F.J.; García-Bravo, E.; Moraleda-Muñoz, A.; Pérez, J. 

Myxobacteria: moving, killing, feeding, and surviving together. Frontiers in Microbiology 

2016, 7, doi:10.3389/fmicb.2016.00781. 

101. Wartel, M.; Ducret, A.; Thutupalli, S.; Czerwinski, F.; Le Gall, A.V.; Mauriello, E.M.; 

Bergam, P.; Brun, Y.V.; Shaevitz, J.; Mignot, T. A versatile class of cell surface directional 

motors gives rise to gliding motility and sporulation in Myxococcus xanthus. PLoS Biol 

2013, 11, e1001728, doi:10.1371/journal.pbio.1001728. 

102. Wittekind, M.; Schuch, R. Cell wall hydrolases and antibiotics: exploiting synergy to create 

efficacious new antimicrobial treatments. Curr Opin Microbiol 2016, 33, 18-24, 

doi:10.1016/j.mib.2016.05.006. 

103. Dik, D.A.; Fisher, J.F.; Mobashery, S. Cell-Wall Recycling of the Gram-Negative Bacteria 

and the Nexus to Antibiotic Resistance. Chem Rev 2018, 118, 5952-5984, 

doi:10.1021/acs.chemrev.8b00277. 

104. Dworkin, M.; Voelz, H. The formation and germination of microcysts in Myxococcus 

xanthus. J Gen Microbiol 1962, 28, 81-85, doi:10.1099/00221287-28-1-81. 

  

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 24 March 2021                   doi:10.20944/preprints202103.0595.v1

https://doi.org/10.20944/preprints202103.0595.v1


 24 

Fig. 1. A schematic model for the de novo establishment of rod-shape from spherical, 

PG-deficient spores. A) As the wild-type (WT) spores germinate, nascent cells restrict 

Rod complexes and thus PG assembly to nonpolar regions in the elongation phase of 

germination. Such a pattern of PG growth maintains the integrity of cell surfaces and 

restores vegetative morphology within 3 h. In contrast, in the mgl spores (from the 

strains of mglA, mglB, mglAQ82L that encodes a GTPase-inactive variant of MglA, and 

mglBOE that overexpresses MglB) and the agl spores that express truncated gliding 

motors, the localizations of Rod complexes and PG assembly are not restricted. As a 

result, such spores grow into bulged intermediates that are sensitive to osmotic stresses 

and restore vegetative cell shape much slower (4 – 7 h). The asterisks mark the sites 

where Rod complexes mis-localize at and bulges appear. B) Symmetry-breaking by 

MglB and MglA. The GTP-bound form of MglA (MglA-GTP) connects to Rod 

complexes through MreB filaments. Through the mutual expulsion between MglB and 

MglA-GTP, MglB clusters survey the status of PG synthesis indirectly and cannot 

localize at the sites where PG assembly is active and Rod complexes are present. 

Therefore, MglB clusters move randomly in early spherical phase when Rod complexes 

distribute randomly on cell surfaces. Once a patch of PG is completely assembled and 

Rod complexes leave, the MglB cluster will stall at this site, which will become the first 

future pole. At the first pole, MglB expels MglA-GTP and thus the Rod complexes 

toward the second pole. MglA-GTP then occupies the second pole, stimulates the 

assembly of the gliding machineries, which transport MreB filaments, together with 

Rod complexes, toward the first pole. As a result, the diametrically opposing clusters of 

MglA-GTP and MglB restrict the Rod system, thus the assembly of PG, to nonpolar 

locations. 
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