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Abstract
A bacterial cell takes on the challenge to preserve and reproduce its shape at every generation
against a substantial internal pressure by surrounding itself with a mechanical support, a
peptidoglycan cell wall. The enlargement of the cell wall via net incorporation of precursors into
the pre-existing wall conditions bacterial growth and morphology. However, generation,
reproduction and/or modification of a specific shape requires that the incorporation take place at
precise locations for a defined time period. Much has been learnt in the past few years about the
biochemistry of the peptidoglycan synthesis process, but topological approaches to the
understanding of shape generation have been hindered by a lack of appropriate techniques. Recent
technological advances are paving the way for substantial progress in understanding the
mechanisms of bacterial morphogenesis. Here we review the latest developments, focusing on the
impact of new techniques on the precise mapping of cell wall growth sites.
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Introduction
Bacterial proliferation depends on the ability of each individual cell to periodically enlarge
and divide in a way compatible with the regeneration of the initial shape and size in
daughter cells. Conceptually the easiest way to achieve this goal is volume doubling
followed by symmetric fission, as exemplified by many of the more commonly used model
bacterial species (Escherichia coli, Bacillus subtilis, Staphylococcus aureus, Streptococcus
pneumoniae, etc). However, this is by no means the only possible way. Indeed, Caulobacter
crescentus is a well-known example of a species in which division results in unequal
offspring [1].

The cell wall (peptidoglycan layer, abbreviated PG, or murein sacculus) is a major element
to consider for an appropriate understanding of bacterial growth. Because the sacculus is a
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covalently closed, stress-bearing, net–like giant molecule coating the cytoplasmic
membrane, cell shape and growth are constrained by coordinated changes in the physical
dimensions of the sacculus. Although the sacculus is elastic and can be considerably
stretched [2], continuous cell growth, division, and generation of shape and cell appendages
requires incorporation of new precursors into the pre-existing cell wall fabric. Incorporation
by itself would not lead to expansion of the sacculus unless some of the existing bonds were
cleaved concomitantly with the insertion of new PG subunits, a function performed by
specialized PG modifying enzymes called endopeptidases [3,4]. Otherwise, sacculi would
simply become thicker. Furthermore, in order to generate a precise shape, both incorporation
and cleavage must take place at specific locations, rates, and times, that is, with a defined
topology. Unfortunately, appropriate experimental tools to explore the delicate balance of
cell wall removal and incorporation have been in short supply, and only very recently
efficient methods to either label [5–8] or visualize growth sites [9,10] have become
available. Here we provide a survey of the state of research on cell wall growth topology and
dynamics in rod-like bacteria. For the case of round and ovoid bacteria (Figure 1), the reader
is referred to excellent recent reviews [11,12].

Septal PG synthesis
Not surprisingly, research on E. coli has remained at the forefront of the bacterial cell wall
biosynthesis field. The topology of PG synthesis in this species was first addressed 40 years
ago in the pioneering work of Ryter et al. [13] using radioactive PG precursors and
autoradiography. Further refinement of the methodology combined with the mathematical
modeling of the data by Verwer and Nanninga led to the proposal of a dispersed mode of
cell wall growth with a higher probability of incorporation at mid-cell [14]. These studies
also lead to the idea that septal PG synthesis was inhibited at the mid-cell prior to nucleoid
segregation, or “nucleoid occlusion” [15], much later substantiated by the discovery of the
FtsZ-ring inhibitor proteins SlmA in E. coli [16] and Noc in B. subtilis [17]. Although the
utilization of radioactive PG precursors is perhaps the least growth perturbing method, the
imaging via autoradiography was intrinsically limited in both spatial and temporal
resolution, forbidding high-resolution mapping. The introduction of the “D-cysteine (D-Cys)
labeling technique” permitted higher resolution and facilitated systematic analysis of cell
wall growth in E. coli strains under a variety of conditions [18]. Taking advantage of the
inherent promiscuity of the cell wall machinery for D-amino acid incorporation, this
technique showed a more complex pattern. Elongation of the cell wall is primarily
performed by disperse incorporation of precursors on the cylindrical wall from cell birth
until termination of the DNA replication round. At this time a zonal, annular incorporation
region becomes active at mid-cell, starts a progressive reduction in diameter (invagination),
and produces the new polar caps of the daughter cells sacculi. Zonal PG synthesis is then
switched off at the new poles and, for still unknown reasons, no further PG synthesis nor
removal seems to ever happen again at the new poles, generating what has been called inert
PG regions [18,19]. Therefore, the cell wall growth cycle in E. coli encompasses two
overlapping biosynthetic processes: An essentially continuous, dispersed mode along the
cell cylinder driving elongation, and a periodic, zonal mode associated with septum
formation (Figure 1).

Of course, a critical remaining question has been which factors direct and control the
activation and location of the biosynthetic complexes involved in each insertion mode. The
onset of midcell PG incorporation was soon shown to depend upon ring formation by the
tubulin-like protein FtsZ, but incorporation was first observed prior to constriction and was
independent of the division-specific penicillin binding protein (PBP) 3. This PBP3-
independent PG synthesis (PIPS) is followed by PBP3-dependent incorporation concomitant
with constriction [18]. FtsZ and its ancillary protein ZipA are the only cell division proteins
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required for PIPS [20], whereas none of the LMW or high molecular weight (HMW) class B
PBPs seem to be required for this process [20,21]. Whether PIPS is a transition stage
between elongation and division or what PG synthesizing enzymes are required for PIPS are
still not known.

Completion of septation does require the participation of the whole plethora of division
proteins as well as LMW-PBPs and N-acetylmuramyl-L-ala amidases. The former are
important to ensure the new poles are correctly shaped [19,20], whereas the later are
required for separation of the new poles at the end of division (see review [22]). These
proteins associate with the FtsZ ring to form the septosome or divisome. Only five out of the
more than 20 proteins involved in septal PG incorporation have recognized enzymatic
activities in PG metabolism: PBP1B, monofunctional PG glycosyltransferase MtgA and FtsI
(PBP3) as PG synthetases for septal growth [23], amidases required for separation of the
inwards growing septum at the end of division, and DacA (PBP5), a D-alanyl-D-alanine
carboxypeptidase necessary to avoid irregularities at cell poles [19]. Interestingly, no
specific regulatory elements have been identified so far to control activation of PBP3 and
PBP5, but amidases are under the control of a particularly sophisticated mechanism based
on the relief of auto-inhibition by regulatory elements related to ABC-transporters in the
cytokinetic ring [24,25]. In some species, septal PG synthesis is also the target for external
modulators of cell division such as BslO, a component of the S-layer of Bacillus anthracis
[26]. Interestingly when division is inhibited, the septation-associated zonal PG synthesis
remains active for a limited period of time, resulting in the synthesis of a ring of new PG
which only depends on FtsZ and ZipA and apparently shares the same properties as polar
PG [19,20]. How and when zonal PG synthesis is switched off under these circumstances is
still unknown.

Cell elongation by dispersed PG synthesis
In E. coli and other species like Bacillus subtilis, growth in length is not predominantly
dependent on the zonal system, but rather on the dispersed incorporation of precursors at
discrete sites over the cylindrical cell body (Figure 1). As is the case for septal PG synthesis,
the elongation PG biosynthetic complexes are made of a large number of molecules [27].
Biosynthetic complexes include not only the polymerizing machinery (PBPs and ancillary
proteins) but also (some) precursor-synthesizing enzymes [28,29], hydrolases [4] and outer-
membrane lipoprotein cofactors [30,31].

The functional interactions between the enzymatic components of the biosynthetic
complexes is also an area of active research. Results indicate the existence of cooperativity
between Class A and Class B PBPs, proposed for a long time but never confirmed [32].
High-resolution techniques support the idea of “mobile” biosynthetic complexes. Early
deconvolution fluorescent microscopy of the actin homologue MreB implied that the protein
polymerized as helical, dynamic filaments along the lateral walls of rod-shaped bacteria
[33]. This led to the idea that MreB serves as the motor to drive biosynthetic complexes
around the cell body as incorporation of precursors proceeds. Although these early
predictions were accurate about the essential role of MreB and associated proteins in
defining the topology of the biosynthetic complexes, high resolution studies using total
internal reflection fluorescence microscopy (TIRFM) revealed that MreB and paralogues
(Mbl and MreBH) in B. subtilis are not polymerized into continuous helical fibers, but are
organized in variable-length patches with a bidirectional movement [9,10,34] (Figure 1).
The PG polymerization process itself would then be the movement generating force and
MreB would work as a scaffold-tracking structure [9,10]. Analysis of the distribution of new
and old PG in the lateral cell wall is consistent with a patchy organization of the biosynthetic
complexes, and indicates a mosaic-like structure with isolated regions of new and old PG
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[35]. Clearly, the assembly of MreB into filaments regulates the subcellular arrangement of
biosynthetic complexes. However, it is still unknown how polymerization of MreB
determines the rod shape of bacterial cells. Other factor(s) are likely to be involved in
controlling the function and dynamics of MreB. For instance FtsZ seems to be involved in
the dynamics of lateral wall synthesis [36,37], as well as RodZ, PBP2 and RodA [38].
Furthermore, local architecture of the PG sacculus or the polymerized nature of the PG
subunits could play a critical role on the differentiation or activation of new biosynthetic
complexes [35,39,40].

The coexistence of two significantly different mechanisms for cell wall elongation and
division brings up an essential question; How are they coordinated? As a simple model, it is
possible to think of a continuous elongation process in which new PG biosynthetic
complexes are generated according to surface availability and metabolic state of the cell, and
a superposed discontinuous zonal synthesis subordinated to DNA replication. Whether both
elongation and division mechanisms are simultaneously active or alternate is another open
question, although short labeling pulses with fluorescent D-amino acids resulted in
simultaneous labeling of the septum and lateral wall in E. coli and B. subtilis, suggesting
that they might be simultaneous [6]. Simple superposition would look simpler, but not
necessarily right. In E. coli the transition from elongation to division apparently requires the
interaction of elongation associated (PBP2) and division specific (PBP3) proteins suggesting
a close coordination between both phenomena [28]. Additional support to this idea is
provided experiments which suggest that bacterial cell division is coupled to cell elongation
via a direct and essential interaction between FtsZ and MreB [41]. A possible self-control
mechanism could be the demand for precursors, in particular lipid II, which is present at a
low concentration [42]. Sudden activation of extra biosynthetic complexes for septal PG
synthesis could restrict lipid II availability for the dispersed PG synthesis complexes,
therefore temporally reducing the elongation rate.

Cell elongation by zonal growth
Not all rod-shaped bacteria elongate by dispersed incorporation of precursors; indeed many
do so by zonal incorporation. In such a situation, both elongation and division occur at the
same cellular location, but not at the same time. Newborn cells differentiate a zonal growth
site which first promotes cell elongation and then is modified to promote inwards growth of
a septum (see review [43]). Division is coupled to inactivation of cell elongation PG
synthesis at the new poles, and a new cycle requires differentiation of a new zonal region
[44]. A good example is the α-proteobacterium C. crescentus (Figure 1). Exhaustive studies
on the growth of this bacterium revealed significant differences from the E. coli model in the
timing of localization of cell-division proteins and the genetic requirements for localization
[45]. FtsZ localization early in the cell cycle drives a switch from dispersed elongation to a
septal elongation mode responsible for a significant amount of growth [36,37]. In addition,
environmental cues can modulate the localization of several elements of the biosynthetic
complexes in C. crescentus. In this regard, it has been shown that PBP1A, PBP2 and RodA
localization to the septa responds to osmotic variations [46].

Recent studies with another rod-shaped α-proteobacterium, Agrobacterium tumefaciens,
revealed an unsuspected mode of bacterial growth and cell division [6,47]. In this species, as
well as in other Rhizobiales, cell elongation happens from the new poles created by division
until the cell doubles in length (Figure 1). A shallow constriction forms close to the growing
pole in very young cells, but further constriction does not occur until late stages of cell
elongation. Elongation is then turned off at the old pole as the new poles are created by
division, and growth switches to these new poles after division, suggesting that the old
biosynthetic complexes are either inactivated or relocated to the new poles [6,47] (Figure 1).

Cava et al. Page 4

Curr Opin Microbiol. Author manuscript; available in PMC 2014 December 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Studies on the dynamics of FtsA and FtsZ suggest that both are required for continuous
activity of the biosynthetic complexes irrespective of their polar (elongation) or central
(division) location [47,48].

Polar cell wall growth is also characteristic of the hyphae of Streptomycetes, where it was
described based on the binding of Vancomycin-FL[49,50], and the incorporation of
fluorescent derivatives of D-amino acids [6]. In these organisms, polar growth is ultimately
determined by the recruitment of PG biosynthetic enzymes to the hyphal tips by the “tip
organizing center” composed of the polar determinant DivIVA, and the cytoskeletal element
Scy [51]. New branch sites along the lateral wall are formed by DivIVA foci that break off
from existing polar foci [52]. DivIVA focus splitting is regulated by its phosphorylation by
the Ser/Thr protein kinase AfsK, which itself is activated by the inhibition of cell wall
synthesis [53]. This may provide a mechanism for redirecting growth when a hyphae
encounters an obstacle. A peculiarity of Streptomycetes is that neither MreB nor FtsZ
homologues are involved in apical hyphal growth. Both cytoskeletal proteins are instead
required for proper sporulation, and the later also for vegetative septation [54,55].
Mycobacteria are similarly characterized by polar cell wall growth driven by the DivIVA
homologue, Wag31. In addition CwsA, a small membrane protein, plays a critical role in
septal and polar PG synthesis modulating FtsZ ring assembly [56]. As in the case of E. coli,
resolution of septa at the end of division requires a sophisticated regulation based on
protein-protein interactions. In this instance a potential hydrolase, RipA, requires proteolytic
activation to cleave septa [57], which happens through a progressive, inwards directed,
degradation of the transversal cell wall starting once the septum is fully closed [58].

Conclusion
In the previous sections we described how current research is revealing the diversity of
mechanisms underlying bacterial cell wall growth. As is often the case, the abundance of
information on a few species is largely out-weighted by the restricted diversity of subjects.
Nevertheless, it is quite evident that bacteria have found diverse ways to coordinate
longitudinal growth with transverse division ensuring conservation of shape. The recently
developed methodologies to visualize new PG in vivo, and specific components of the
biosynthetic complexes involved in elongation and division at higher than ever resolution is
producing a resurgence of interest in the field. However, we are still in the very early days of
understanding the complexity of bacterial shape and growth patterns. Bacterial morphology
can certainly be far more complex than a rod cell. Bacteria with polymorphic cycles,
resistance forms, and specialized cell types are only starting to be studied in any detail. The
case of C. crescentus and the surprising discovery of polar growth in the Rhizobiaceae
provide a good indication of the complexities awaiting to be discovered. For example, while
the model rod-shaped species E. coli and B. subtilis grow using a dispersed mode, labeling
of natural populations of bacteria in situ using fluorescent D-amino acids indicates that zonal
growth is likely a frequent mode of growth in the bacterial world [6,59] (Figure 2).

Finally, how the assembly of new biosynthetic complexes is directed to generate specific
morphological alterations is “terra ignota”. Bacterial shapes are precisely reproduced at
every generation, are genetically encoded, and can be modulated by environmental
conditions and developmental processes, suggesting that the generation of different shapes
confers specific, selectable advantages [60]. Asymmetry in growth and division can generate
phenotypic variation and provide a bet-hedging strategy to increase fitness in the face of
rapid and/or unpredictable environmental shifts [61]. For example, a consequence of
Mycobacterial polar growth is the generation of heterogeneity in elongation rate in the
population and the concomitant decreased susceptibility of the slow growing cells to
antibiotics that target PG synthesis [62]. Asymmetric growth may also facilitate the unequal
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inheritance of damage in daughter cells, generating an aging cell and a relatively damage-
free sibling with higher fitness [61,63]. It is also important to have in mind that invasion of
host cells by bacteria and the generation of biofilms or resistant forms are all processes
involving shape alterations. Therefore, a precise knowledge of the mechanisms responsible
for shape generation should have a strong incidence in the exploitation of bacteria.
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Highlights

Bacterial cell wall growth is conducted by an unsuspected diversity of mechanisms.

High-resolution techniques allow visualization of PG-biosynthetic complex dynamics.

Labeling with D-amino acid derivatives permits real-time, in vivo, tracking of PG-
synthesis.

Division is universally committed to zonal (septal) PG synthesis.

Cell wall elongation follows a dispersed pattern in E. coli while in C. crescentus PG-
synthesis concentrates at mid-cell section.

Rhizobiales species exhibit cell elongation by polar cell wall growth.
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Figure 1. Schematics of different modes of cell wall growth in bacteria
A) E. coli (or B. subtilis) follow a disperse mode of growth during elongation followed by
activation of zonal synthesis at the time of septation. Short MreB filaments direct local
incorporation of nascent PG by the elongation biosynthetic complexes. B) C. crescentus
elongates and divides by zonal insertion of nascent PG at a location slightly offset from the
axis of symmetry. Subsequent septation will lead to distinct offspring cells. C) A.
tumefaciens elongates by zonal-apical growth, followed by activation of a central site of
zonal synthesis and symmetric septation. D,E) In cocci (i.e. S. aureus) and ovococci (i.e. S.
pneumoniae) elongation and septation are essentially a single process mediated by zonal
central PG incorporation. Dark blue, active PG biosynthetic complexes (regions); light blue,
PG produced by zonal insertion; beige, PG produced by disperse insertion.
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Figure 2. Different modes of growth in a natural population
A saliva sample was pulse-labeled successively with a blue, a red, and a green Fluorescent-
D-amino acid (FDAA) with washing of excess dye between each labeling. The large area
labeled in green is a eukaryotic cell that was fortuitously labeled by a degradation product of
the green FDAA (FDAAs do not label eukaryotic cells). The labeling patterns on this image
provides a chronological account of the areas of PG synthesis during each pulse-labeling.
Cells (a) and (b) grow polarly but cell (a) grows at the same rate from each pole, while cells
(b) probably switched growth from the blue (or blue-red) pole to the red-green pole during
the experiment. Cells (c) and (d) grow by septal incorporation. Alternating planes of growth
are evident in cell (d).
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