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Abstract
Bacterial cell growth is a complex process consisting of two distinct phases: cell elongation and
septum formation prior to cell division. Although bacteria have evolved several different
mechanisms for cell growth, it is clear that tight spatial and temporal regulation of peptidoglycan
synthesis is a common theme. In this review, we discuss bacterial cell growth with a particular
emphasis on bacteria that utilize tip extension as a mechanism for cell elongation. We describe
polar growth among diverse bacteria and consider the advantages and consequences of this mode
of cell elongation.
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1 Introduction
1.1 The diversity of bacterial morphology

The relative simplicity of certain bacterial cell morphologies and life cycles stands in stark
contrast to the complex morphologies shaped by defined developmental processes in many
eukaryotes. Consider, for example, the coordinated spatiotemporal pattern of cell
proliferation and differentiation involved in the maturation of Drosophila melanogaster
from egg to larva to reproductive adult; as opposed to the process of elongation and
septation of a single, rod shaped cell for reproduction of Escherichia coli. Organismal
growth and reproduction seem comparatively straightforward in the case of the bacterium.

The simplicity of some morphologies notwithstanding, the bacterial domain actually
encompasses an extremely broad range of cell shapes [1] (Figure 1). Spirals, spikes, and
stalks abound (the list goes on), and these shapes presumably confer selective advantages in
particular environments, e.g. uptake of limiting nutrients via elongated stalks in Caulobacter
[2, 3]. How, then, is growth coordinated to generate cellular appendages and modified cell
body geometries? Stepping back to “simple” bacteria like E. coli, how is cell growth
coordinated to drive both elongation and division over the course of the life cycle? Patterns
of bacterial growth clearly can vary immensely between species, and even through space
and time within the same cell.
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1.2 The bacterial cell wall
Before addressing specific modes of bacterial growth, we must identify some aspect of the
bacterial cell that provides a useful biological and experimental basis for defining growth.
The cell wall, which establishes the boundary of the bacterial cell and maintains its integrity,
serves best in this regard.

The composition of the bacterial cell envelope varies between taxa. However, common to
most bacteria is a layer of peptidoglycan (often referred to as the sacculus), comprising
glycan strands of alternating N-acetylglucosamine and N-acetylmuramic acid residues with
peptide cross-bridges, which provides the cell wall with its strength and maintains its shape.
A phospholipid bilayer inner membrane lies interior to the peptidoglycan, and a second such
outer membrane on the exterior of Gram-negative, but not Gram-positive, bacteria. As the
sacculus serves as the structural underpinning of the cell wall in most of the best-studied
bacterial model systems, we focus largely on peptidoglycan when considering detailed
mechanics of cell growth in this review. The planctomyetes and the closely related
chlamydiae represent a notable exception to this paradigm, with defined cell walls
containing no peptidoglycan but possibly instead highly crosslinked protein sacculi [4–6];
see Section 2.3, below.

1.3 Zonal, non-polar growth in rod-shaped bacteria
Polar growth is a well-known and widely studied feature of eukaryotic cells. In contrast,
many bacteria exhibit relatively simple morphologies that might, at first glance, appear to
require little spatial coordination of cell wall growth. For example, the well-studied model
species Escherichia coli and Bacillus subtilis form symmetric rods with a single polar axis,
whereas Staphylococcus aureus forms non-polar spheres, and division at a central septum in
each case gives rise to morphologically symmetric daughter cells.

Several well-studied organisms display highly spatially and temporally structured growth
patterns. Between divisions, elongation of rod-shaped bacteria among the
Gammaproteobacteria (e.g. Escherichia and Haemophilus), Firmicutes (e.g. Bacillus), and
various other diverse taxonomic groups involves incorporation of peptidoglycan along the
sidewalls [7–10]. Material at the poles, on the other hand, remains inert, with no indication
of new incorporation or turnover of existing material [7, 9, 10]. In Bacillus subtilis,
fluorescent vancomycin derivatives label peptidoglycan precursors, thereby identifying
regions of active growth via incorporation into newly synthesized cell wall material [8].
Fluorescent vancomycin staining reveals that the sites of growth are structured at a finer
spatial resolution into defined, helical bands [8, 11] (Figure 1). In diverse rod-shaped
bacteria, the actin-like proteins MreB and, in the case of B. subtilis, Mbl, appear to function
in spatially orienting peptidoglycan synthesis machinery to generate and maintain cell shape
[8, 12, 13]. These cytoskeletal proteins form helical filaments along which penicillin binding
proteins specialized in lateral cell wall growth are active [8, 14, 15, 16].

Upon cell division, growth shifts to the midcell division site, or septum, to generate the
nascent poles. The composition and location of the peptidoglycan synthesis and remodeling
machinery shift to organize around the well-studied septal FtsZ ring [14, 16–19] (Figure 1).
This highly conserved machinery governs division even in spherical bacteria, with local
peptidoglycan incorporation at the FtsZ ring despite the fully spherical morphological
symmetry of the resulting daughters [20–23].

Taken together, these observations demonstrate that both lateral and septal cell growth
involve spatially structured, zonal modes of growth in diverse rod-shaped bacteria. The
process of cell wall synthesis is tightly spatiotemporally regulated by specific enzyme
complexes targeted to particular modes of growth. These findings belie any notion of
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diffuse, unstructured growth along the cell wall even in bacteria with relatively uniform and
symmetric morphologies.

1.4 Diverse growth patterns for diverse bacterial phenotypes
As evidenced by the examples presented above, bacterial growth and reproduction involve
temporally regulated cell wall synthesis at specific regions. At a primary level, we can
therefore classify growth as zonal rather than diffuse (cf. Figure 2a, 2b).

The zonal pattern of growth inherent even to spherical and rod-shaped bacteria provides a
basis for tight, spatiotemporal control over cell wall growth (Figure 2). At the most basic
and universal level, repositioning this zonal cell wall synthesis machinery at specific times
permits alternation between cell elongation and division (Figure 2b, 2c). Furthermore, polar
localization of cell wall synthesis serves to generate appendages (Figure 2e) and even
budding modes of reproduction (Figure 2f). Thus, zonal growth potentiates a variety of
growth patterns and resulting morphologies.

This review considers different forms of bacterial growth with respect to spatial and
temporal patterns. We focus particularly on polar growth, which has received relatively little
attention compared with non-polar growth patterns common to most well-studied model
systems. A survey of cell wall synthesis in various taxa highlights the diversity of growth
modes and underlying mechanisms encountered among the bacteria. We next consider how
zonal cell wall synthesis may have facilitated transitions between the various described
modes of growth. We conclude by considering selective pressures that may drive the
evolution of zonal and polar cell wall synthesis patterns.

2 Polar growth patterns in specific bacterial taxa
2.1 Polar growth occurs among the rod-shaped and filamentous Actinobacteria

The Actinobacteria are comprised of Gram-positive bacteria that display morphological
diversity including cocci, rods, and highly branched cells. In contrast to most rod-shaped
bacteria whose growth is dependent on MreB rod-shaped and filamentous Actinobacteria
grow strictly at the poles by a DivIVA-dependent mechanism. This section highlights what
is known about the polar growth of three genera of the Actinobacteria: Corynebacterium,
Mycobacterium, and Streptomyces.

2.1.1 Polar cell wall growth in Corynebacterium—Growth of Corynebacterium
diphtheriae mitis [24] and Corynebacterium glutamicum [8] is restricted to the cell poles in
young cells and to the cells poles and midcell in predivisional cells. In both C. diphtheriae
and C. glutamicum, there is little or no recycling of preexisting cell wall material. These
observations have led to a proposed model for cell growth in C. glutamicum [8]. In a
newborn cell, active peptidoglycan growth is constrained to both cell poles while the
remainder of the peptidoglycan along the sidewalls is inert. Once the cell doubles in length,
the division machinery localizes to the mid-cell and new peptidoglycan synthesis occurs to
allow septum formation. Following cell division, cell growth occurs at both new and old
poles to enable cell elongation.

In Gram-positive bacteria, DivIVA is a highly conserved protein that localizes at the cell
poles and division site and performs a vast array of functions. In C. glutamicum, DivIVA
localizes to the cell poles and to a lesser extent to the mid-cell (Figure 1, bottom panel in C.
glutanicum image) [25, 26]. Depletion of the essential DivIVA protein causes a loss of polar
cell wall elongation and results in the formation of coccoid cells [25]. In contrast,
overexpression of DivIVA causes the protein to accumulate at one cell pole, stimulating
polar peptidoglycan synthesis and causing an increase in the pole diameter [25, 26]. Mid-cell
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DivIVA arrives at that position after chromosome segregation and the initiation of septal
peptidoglycan synthesis [25].[27]. These observations indicate that DivIVA is essential for
cell elongation, and it has been suggested that DivIVA may oligomerize and act as a
scaffold for peptidoglycan synthesis machinery at the cell poles. Functional analyses of the
coiled-coiled domains within DivIVA suggest their involvement in self-interaction,
localization to the cell poles, and stimulation of peptidoglycan synthesis at the cell poles
[28].

DivIVA depletion leads to upregulation of RsmP, which has similarity to eukaryotic
intermediate filaments [29]. RsmP is an essential protein and its homologs are unique to the
Actinobacteria. RsmP forms filamentous structures in vitro that span from pole to pole, and
partial depletion of RsmP in vivo results in the formation of coccoid cells. These data
indicate that RsmP is a cytoskeletal element involved in the maintenance of cell shape and
polar growth. RsmP is phosphorylated by the essential serine/threonine protein kinase PknA
in vitro, and a phosphomimetic form of the RsmP protein accumulates at the cell poles
rather than along the length of the cells. Overexpression of PknA causes coccoid
morphology while partial depletion causes cell elongation [30]. MurC, an essential ligase
required for peptidoglycan biosynthesis, is also phosphorylated by PknA [31]. These
observations suggest that phosporylation plays a key role in the regulation of both cell
division and polar cell growth.

2.1.2 Polar cell wall growth in Mycobacterium—Nascent peptidoglycan synthesis in
M. tuberculosis and M. smegmatis is restricted to the cell poles and mid-cell [32] and
depends on an essential DivIVA homolog, Wag31 [33, 34]. Overexpression of Wag31
causes this protein to accumulate at one cell pole where an increase in peptidoglycan
synthesis leads to the production of asymmetric bowling pin-shaped cells [34]. Wag31 is
primarily localized to the poles where cell elongation occurs and only accumulates at the
mid-cell following cytokinesis [33]. Following the completion of cell division,
peptidoglycan synthesis occurs at both the new and old poles to allow cell elongation.

The phosphorylation state of Wag31 is modulated by the serine/theronine kinases PknA and
PknB [33, 35–37]. Overexpression of wild-type or a phosphomimetic allele of Wag31, but
not a phosphoablative allele, leads to the production of short, rounded cells [37]. Expression
of a phosphomimetic allele of Wag31 or overexpression of PknB, which increases the pool
of phosphorylated Wag31, leads to an increase in polar localization of Wag31 and a
subsequent increase in nascent peptidoglycan synthesis [36]. Furthermore, expression of the
phosphomimetic allele significantly increases the combined activity of MraY and MurG,
transferases involved in the final step of peptidoglycan synthesis [36] and leads to an
elevated amount of D-glutamic acid, D-alanine, and N-acetylglucosamine components of
peptidoglycan [35]. These results suggest the Wag31 phosphorylation regulates the activity
of the peptidoglycan biosynthesis machinery, although it remains unknown if the regulation
is direct or indirect.

In addition to modulating the activity of Wag31, the PknA and PknB protein kinases are
involved in the regulation of peptidoglycan synthesis. Overexpression of PknA or PknB
causes the production of broad cells with nonuniform cell diameters [37]. PknA has been
implicated in the phosphorylation of mycobacterial MurD, an essential ligase involved in
peptidoglycan synthesis [38], and both PknA and PknB are involved in modulating the
phosporylation state of GlmU, which synthesizes a precursor for peptidoglycan [39].

2.1.3 Streptomycetes grow by tip extension—Streptomyces exhibit a complex
developmental cycle (for recent reviews see [40, 41]) in which spores germinate into germ
tubes that grow by tip extension and branching to form the vegetative mycelium. When
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nutrient limiting conditions are encountered, aerial hyphae are formed, divided into prespore
compartments, and converted into mature spores.

Polar growth of Streptomyces coelicolor during vegetative growth has been recently
reviewed [41, 42] and is dependent on the presence of DivIVA. DivIVA is an essential
protein, localizes to the sites of nascent peptidoglycan synthesis in the hyphal tips and lateral
branches, and overexpression of DivIVA causes bulging at the growing tips of the hyphae
(Figure 1) [43]. Furthermore, small foci of DivIVA along the lateral walls mark the future
sites for hyphal branching indicating that the presence of DivIVA triggers peptidoglycan
synthesis [44]. Notably, this observation indicates that DivIVA promotes the creation of new
cell poles from the hyphal sidewall, rather than the sites of cell division.

In addition to DivIVA, a eukaryotic intermediate filament-like protein is involved in tip
extension during vegetative growth. FilP forms filaments in vitro, and in vivo the FilPEGFP
filaments localize in patches throughout the hyphae [45]. Deletion of FilP causes branching
and swelling at the tips of the hyphae suggesting that this protein has a role in regulating
peptidoglyan synthesis at the hyphal tips [45].

2.1.4 Common themes in Actinobacterial growth—Cell growth in the
Actinobacteria requires precise spatial and temporal targeting of peptidoglycan synthesis.
Cell growth requires two distinct phases, polar cell elongation and mid-cell septum
formation for cell division. DivIVA, is a key player in the localization and regulation of
peptiodoglycan synthesis machinery for cell elongation. The essential protein kinases
proteins PknA and PknB modulate the activity of some enzymes involved in peptidoglycan
synthesis, suggesting that phosphorylation is likely to be an important means of regulating
the timing and location of new peptidoglycan synthesis. Finally, intermediate filament-like
proteins likely serve as cytoskeletons and are involved in maintenance of cell shape and
polar growth. While many questions remain regarding the mechanisms underlying polar
growth within the Actinobacteria, it is clear that common themes are emerging.

2.2 Polar growth in the Alphaproteobacteria
Bacteria exhibiting polar growth are broadly distributed among the Alphaproteobacteria.
The Rhizobiales and Caulobacterales clades of Alphaproteobacteria contain genera of
classically defined budding bacteria in which polar growth mediates cell elongation In
addition, some Alphaproteobacteria in which cell elongation occurs laterally along the
sidewall of the cell also produce stalks, requiring a specialized form of focal growth. is
required to allow stalk synthesis to occur at specific cellular locations. This section will
discuss what is known (and largely unknown) about polar growth for cell elongation and
stalk production in the Alphaproteobacteria.

2.2.1 Polar growth among bacteria belonging to the Rhizobiales—Polar growth
within the Rhizobiales has been observed primarily within the Hyphomicrobiaceae and
Bradyrhizobiaceae families. The genera Hyphomicrobium, Rhodomicrobium,
Filomicrobium, Pedomicrobium, and Rhodopseudomonas are comprised of stalked bacteria
that grow by budding [46]. Budding bacteria produce daughter cells that are initially smaller
than the mother cell and typically increase in diameter during cell growth. Daughter cells are
comprised entirely of newly synthesized cell wall material and daughter cell synthesis is
usually complete before migration of DNA occurs. Simple observations of these bacteria
reveal that the emergence of new cell growth occurs within or at the tips of the stalks [46–
48]. In contrast, Prosthecomicrobium and Ancalomicrobium are stalked bacteria that grow
by budding; however, new cell growth emerges from the cell body of the mother cell [49].
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Since genetic systems are lacking or limited for these bacteria, the mechanisms underlying
budding in the Rhizobiales remain unknown.

2.2.1.1 Polar growth in bacteria that bud through stalks: Many of the budding bacteria
initially produce a stalk (also called hyphae or prosthecae) at one cell pole and the daughter
cell emerges from the tip of the stalk. The striking cell morphologies of the stalked bacteria
belonging to the family Hyphomicrobiacae (Figure 1) suggest that these bacteria exhibit
polar growth. The most well-studied examples of budding stalked bacteria within the
Rhizobiales are Hyphomicrobium [47] and Rhodomicrobium [48], which will be the focus of
this section.

Growth of the stalk occurs prior to daughter cell synthesis in Hyphomicrobium and
Rhodomicrobium. Hyphomicrobium typically produces a single stalk at one cell pole and a
single daughter cell whereas Rhodomicrobium often produces stalks at both poles and these
stalks often branch allowing the production of multiple daughter cells (Figure 1) [46–48].
During stalk elongation there is no additional growth of the main cell body [48, 50] and stalk
elongation ceases before daughter cell synthesis is initiated. Stalk synthesis resumes from
the mother cell-to-stalk junction after division of the daughter cell, indicating that the site of
growth alternates between the base and the tip of the stalk at every cell cycle. The presence
of a stalk appears to be essential for daughter cell synthesis as budding has not been
observed in mother cells without stalks [50, 51].

Following the completion of stalk elongation, the initiation of daughter cell synthesis is
observed as a swelling at the tip of the stalk. It remains unknown if growth occurs at the
junction of the stalk and cell body, is dispersed throughout the daughter cell, or occurs at the
cell pole opposite the stalk. Growth of the daughter cell continues until the cell is similar in
size to the mother cell, and then a septum is produced in the stalk, near the daughter cell
body [47, 48]. After daughter cell release, a brief period of stalk elongation occurs before
the next bud is formed [46, 50]. Both Hyphomicrobium [47] and Rhodomicrobium [48] cells
can produce a finite number of daughter cells suggesting that directional growth in which
the daughter cell is the recipient of the newly synthesized cell material may adversely
impact the reproductive capacity of mother cells (see Section 3.2).

The observations described in this section suggest that growth of bacteria that bud through
the stalk requires cell growth at three distinct foci and times: at the junction of the cell body
and stalk to allow stalk elongation; at the tip of the stalk to allow daughter cell production;
and within the stalk to allow septum formation. The three forms of cell growth appear to be
mutually exclusive and are likely to be tightly regulated. While the mechanism and
regulation of cell growth in these bacteria remain unknown, it is clear that the bacteria are
capable of directional cell growth restricted to specific foci.

2.2.1.2 Polar growth in bacteria that bud through the cell body: The genera
Ancalomicrobium and Prosthecomicrobium are comprised of stalked bacteria that grow by
budding; however, daughter cells emerge from the cell body of the mother cell rather than
the tips of the stalks [49, 52–54]. The complex morphologies of these bacteria (Figure 1) are
remarkable, and it is of interest to consider how cell growth can generate these shapes.
Ancalomicrobium adetum cells have several long stalks distributed around the cell body,
whereas Prosthecomicrobium cells have numerous short stalks surrounding the cell body
(Figure 1). The stalks of these bacteria are similar in structure to the stalks of
Hyphomicrobium and Rhodomicrobium and are true extensions of the cell body. Despite the
morphological differences between A. adetum and Prosthecomicrobium cells, growth
appears to be similar [49, 52–54]. Daughter cells emerge repeatedly from a single non-
stalked location on the mother cell, typically a cell pole. New stalks are formed de novo on
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the daughter cells prior to cell division, which occurs when the daughter cell is
approximately equal in size to the mother cell.

Unlike most described species of Prosthecomicrobium, P. hirschii produces two distinct
morphotypes; a long-stalked cell morphologically similar to Ancalomicrobium and a short-
stalked cell typical of the Prosthecomicrobium genus [52]. Both morphotypes grow by
budding and daughter cells emerge from the cell pole. Remarkably, daughter cells can form
either morphotype, irrespective of the mother cell morphology. The morphology of the
mature cells is stable, suggesting that the only way to change morphology is by the
production of a daughter cell with a different morphotype. Mother cells typically produce
the daughter cells of one morphotype, irrespective of their own morphotype, for several
generations.

The inclusion of bacteria within the genus Prosthecomicrobium was initially based largely
on morphology. Recent phylogenetic analyses indicate that the genus Prosthecomicrobium
is polyphyletic [54, 55], suggesting that the presence of the short-stalked morphology of
these bacteria is a poor indicator of species relatedness. Several Prosthecomicrobium species
have been reclassified as belonging to either of two novel genera, Vasilyevaea or Bauldia
[55]. It is worth noting that these genera are broadly distributed within the order
Rhizobiales, suggesting that the ability to grow by budding may be widespread.

2.2.1.3 Does polar growth occur in the Rhizobiaceae and Brucellaceae families?: While
polar growth has not been demonstrated for other families within the Rhizobiales, there are
indications suggesting that members of the Rhizobiaceae and Brucellaceae families exhibit
polar growth. Known modulators of cell elongation, including MreB and DivIVA, are absent
from the genomes of sequenced bacteria belonging to these families, suggesting that cell
elongation in these bacteria occurs by a mechanism different from either of the two
described for rod-shaped bacteria [8, 56]. In addition, mutants have been identified in
Brucella abortus [57, 58], Sinorhizobium meliloti [59, 60], and Agrobacterium tumefaciens
[61–64] that have branching morphologies. The presence of branching morphologies in
mutants of these bacteria may indicate polar or focal growth, as most bacteria with a
dispersed mode of cell elongation tend to generate filamentous rather than branched cells.
Further support for polar growth of these bacteria is provided by the observation that
Sinorhizobium meliloti and Agrobacterium tumefaciens cells, when blocked for cell division,
have a strong tendency to form branches [65]. However, branch placement does not appear
to be random; branches tend to emerge from the cell pole or the mid-cell, resulting in the
production of Y- or T-shaped cells, respectively. It seems quite plausible that the new
growth following the cell division block occurs at previous sites of cell growth, suggesting
that polar growth may be responsible for cell elongation in these bacteria.

2.2.2 Polar growth among bacteria belonging to the Caulobacterales—Many
bacteria belonging to the Caulobacteraceae and Hyphomonadaceae families exhibit polar
growth. Bacteria within these families are dimorphic; asymmetric cell division gives rise to
two morphologically distinct daughter cells. Within the Hyphomonadaceae, bacteria
belonging to the genera Hyphomonas and Hirchia have striking morphological similarity to
Hyphomicrobium (See Figure 1 and Section 2.2.1.1). Hyphomonas and Hirchia produce
single polar stalks, and daughter cells emerge from the tip of the stalks, suggesting that cell
elongation is mediated by polar growth. Within the Caulobacteraceae, many bacteria,
including those belonging to the genera Caulobacter and Asticcacaulis, have stalks. The
stalks are not reproductive structures and polar growth is not involved in cell elongation, but
rather is responsible for stalk synthesis. This section highlights the role of polar growth in
cell elongation of Hyphomonas and Hirchia and stalk synthesis of Caulobacter.
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2.2.2.1 Polar growth in the budding bacteria Hyphomonas and Hirschia: Much like
stalked, budding rhizobiales described above, bacteria of the genera Hyphomonas and
Hirschia reproduce by the production of a stalkless daughter bud at the tip of the parent cell
stalk [66] (Figure 1). Observations of Hyphomonas neptunium indicate that growth similarly
occurs in three spatiotemporally distinct phases: stalk elongation in immature cells, bud
formation from the tip of the reproductive cell stalk, and septation to release the immature
cell following bud maturation [67]. The transition from stalk elongation to bud formation
coincides with the initiation of DNA replication [67], indicating a correspondence between
morphological growth transitions and key events in the life cycle.

Detailed electron microscopic analysis of Hyphomonas sp. strains VP-6 and MHS-3
provides insight into the mechanics behind the polar growth process driving bud formation
[68]. The cytoplasmic membrane of the mature stalked cell forms a “membrane cap” that
partitions the cell body cytoplasm from that of the stalk and the forming bud. A chain of
connected, cytoplasmic membrane-bound “pseudovesicles” extends from the membrane cap
and into the nascent daughter bud. Though macromolecule movement has not been tracked
in live cells, it appears that pseudovesicles mediate translocation of ribosomes and DNA
from the mother cell to the bud, thereby providing some of the components required to
assemble a viable daughter cell at the distal end of the stalk. These observations offer some
insight into how bacteria handle the complexities involved in elaborating a bud spatially
removed from the mother cell body. The hyphomonads thus offer a promising model for
additional study into highly asymmetric, polarized patterns of growth and reproduction.

2.2.2.2 Polar growth allows stalk formation in Caulobacter: The well-studied bacterium
Caulobacter crescentus has a single polar stalk that is a true extension of the cell body and is
not involved in reproduction [69]. Interestingly, the localization of nascent peptidoglycan
synthesis follows a distinct pattern throughout cell growth [70, 71]. In immature cells,
peptidoglycan synthesis occurs laterally along the sidewall. Lateral cell growth likely
continues throughout the cell cycle; however, bursts of peptidoglycan synthesis occur at the
cell pole to accommodate stalk synthesis and later at the mid-cell of predivisional cells to
allow constriction and cell division.

Lateral cell elongation is mediated by MreB, which positions peptidoglycan synthesis
proteins in a helical pattern along the sidewall of the cells [71, 72]. Zonal insertion of the
newly synthesized peptidoglycan occurs at the mid-cell prior to constriction and is
dependent on FtsZ, which recruits at least one peptidoglycan synthesis protein to the mid-
cell [70]. A shift from lateral to mid-cell peptidoglycan insertion as the predominant mode
of cell elongation occurs when the FtsZ ring is assembled at the mid-cell [70, 71]. In C.
crescentus, FtsZ ring assembly occurs before constriction, and zonal growth at the mid-cell
is likely to contribute to both cell elongation and division.

In addition to mediating cell elongation and division, targeting of peptidoglycan synthesis
machinery is required to enable stalk synthesis. Stalks contain newly synthesized
peptidoglycan, which is produced at the junction of the cell pole and the stalk [2, 70, 71].
Interestingly, MreB is required for stalk synthesis [73] and specifically for peptidoglycan
synthesis at the cell pole [71]. FtsZ had also been shown to be involved in peptidoglycan
synthesis at the cell pole during stalk synthesis [71]. Stalks normally contain crossbands,
transverse discs that cross the inner membranes and peptidoglycan and are likely comprised
of peptidoglycan [69, 74]. The stalks of cells depleted of FtsZ do not contain crossbands,
suggesting that FtsZ is required for transverse synthesis of peptidoglycan at the base of the
cell.
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These data indicate that the mode of cell growth (i.e. lateral, septal, or polar) may be a
consequence of the localization of the protein(s) that target the peptidoglycan synthesis
machinery. Thus, it is quite possible that the insertion of peptidoglycan for cell elongation in
bacteria occurs by a conserved mechanism but is targeted to different locations (see Section
3.1).

2.3 Planctomycetes
Members of the Planctomycetes and the related Chlamydiae [75] represent a group of
related bacteria anciently diverged from the other bacteria considered above, and several
distinctive features attest to their separate evolutionary history. Most notably, both
planctomycetes [76] and chlamydiae [77–79] lack peptidoglycan. Instead, a proteinaceous
cell wall gives the cell envelope its structural integrity [76, 80], with extensive amino acid
cross-linking providing the required strength [80–83]. Thus, planctomycetes and chlamydiae
utilize cross-linked protein instead of peptidoglycan in a cell wall that nonetheless provides
the required strength for maintaining cell shape and integrity.

Planctomycetes exhibit striking morphological features pertinent to polar and asymmetric
growth patterns. Though relatively difficult to culture, planctomycetes occur quite
frequently in various environments [84, 85]. They are particularly common in surface-
associated bacterial communities [86–89], and many planctomycete species grow attached to
surfaces via a holdfast anchored at the tip of a long stalk [4] (Figure 1). Much as in other
stalked Alphaproteobacteria (caulobacters, hyphomonads, and prosthecate rhizobia),
daughter cells are born stalkless with a polar or subpolar flagellum, then later develop a stalk
at or near the flagellar pole. The stalk defines a specific zone of growth that is necessarily
polar; though many planctomycetes exhibit rounded cell bodies without obvious
morphological polarity, stalk biogenesis is polar with respect to the axis established by
daughter cell production at the opposite cell body pole. Furthermore, planctomycetes
reproduce by budding of the daughter cell (Figure 1) via polar, de novo synthesis of the cell
envelope at the site of the daughter bud [4, 90]. This pattern stands in contrast to the zonal
but non-polar cell growth observed at the central septum in other round bacteria like
Staphylococcus aureus and Streptococcus pneumoniae [20, 22].

We are unaware of any studies into the mechanistic basis of cell wall growth in
planctomycetes. However, genomic analysis of planctomycetes and the related chlamydiae
indicates at least some conservation of genes responsible for synthesizing and shaping
peptidoglycan in other bacteria, including mreB and several muramidase genes [8, 15, 91].
Interestingly, chlamydiae also express several penicillin binding proteins, and sensitivity to
antibiotics targeting these proteins suggests they retain a critical functional role, possibly in
cross-linking the proteinaceous sacculus [6, 77, 78].

3 Implications of polar growth
3.1 Zonal cell wall synthesis facilitates polar and asymmetric growth

How did polar and asymmetric growth patterns evolve among bacteria? The progenitor of
the bacterial lineage was likely rod-shaped [92], though uncertainties regarding the exact
ordering of deep-branching lineages in the bacterial phylogeny, as well as limited
knowledge of growth pattern details outside of well-studied model systems, preclude
speculation about whether cell wall synthesis was originally polar. Regardless, zonal growth
permits a ready switch from non-polar to polar cell wall synthesis (and vice versa) even over
the life cycle of single bacteria, e.g. in corynebacteria where polar cell elongation alternates
with mid-cell septal growth as coordinated by DivIVA (see Section 2.1.1). Zonal growth
therefore potentiates a ready evolutionary transition between non-polar and polar modes of
growth via the particular localization pattern of cell wall synthesis (Figure 2B, 2D).
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Contrasting peptidoglycan synthesis along sidewalls during elongation of Bacillus and
Escherichia (Section 1.3) with polar elongation in Corynebacterium and Streptomyces
(Section 2.1) suggests just such an evolutionary event (Figure 1). Similarly, zonal growth
readily generates morphological and reproductive asymmetries: unipolar stalk formation and
budding modes of reproduction both result from targeting zonal cell wall synthesis to
specific polar regions (Figure 2E 2F). Interestingly, the bacterial phylogeny suggests the
independent emergence of stalked cell morphologies at least three times: in planctomycetes,
in the stalked Rhizobiaceae (e.g. Hyphomicrobium), and in the Caulobacter/Hyphomonas
clade (Figure 1). Thus, zonal cell wall synthesis facilitates ready transitions between various
patterns of growth, leading to potentially diverse cell shapes and modes of reproduction
simply by modulating the location and timing of growth zones in the cell.

3.2 Why zonal and polar growth?
The apparent ubiquity of zonal growth among bacteria suggests an adaptive advantage to
this mode of cell wall synthesis. Considering the numerous distinct proteins required to
catalyze the various polymerization and hydrolysis steps involved in peptidoglycan
synthesis and remodeling (summarized in [93]), a simple energetic argument proves
compelling. Coordinating synthesis on a spatially restricted scaffold greatly enhances the
degree of interaction between the components of the machinery and minimizes the number
of energetically expensive proteins that must be produced by the cell.

At a fundamental level, cell wall synthesis in defined zonal patterns facilitates the generation
of diverse shapes and features. From rod-shaped cell bodies to elaborate stalks and spikes,
these shapes figure prominently into bacterial adaptation to the environment [1]. For
example, the polar stalk of C. crescentus functions in nutrient uptake from the environment.
Enhanced stalk growth under conditions of low phosphate permit the bacterium to scavenge
limiting phosphate more efficiently [2, 3], providing a link between directed, polar cell wall
growth and the cell's fitness in the current environment.

Zonal growth may also enable independent regulation of specific modes of growth. For
example, in H. influenzae and E. coli, distinct peptidoglycan synthetic complexes function in
H. influenzae elongation and division at different times in the life cycle [14, 16, 94, 95].
Zonal growth through interactions between different enzyme complexes and their unique
scaffolds could help to ensure the proper type, location, and timing of new peptidoglycan
incorporation. Observations of specific interactions between cytoskeletal scaffolding
proteins and peptidoglycan synthesis enzymes [12, 71, 72, 96] support this notion.

Finally, zonal growth tends to generate reproductive asymmetries that may prove
advantageous in purging accumulated cellular damage via cell “aging.” By bundling
damaged macromolecules into an “old” cell upon division, bacterial lineages may persist
through the attendant rejuvenation of “young” cells under conditions where damage
accumulation would drive to extinction populations where damage is partitioned equally
[97]. Even in rod-shaped bacteria like E. coli and B. subtilis with apparent morphologically
symmetric division by binary fission, zonal cell wall synthesis at the septum defines a young
pole distinct from the extant, old cell pole with its inert peptidoglycan [7, 9, 98], and the
poles themselves are indeed morphologically asymmetric [99]. Tracking these cells through
time, an aging cell that repeatedly inherits the old pole at each division shows a concomitant
increase in damage accumulation and decrease in growth rate [100, 101]. Notably, while
zonal growth serves to establish polar asymmetry in morphologically symmetric bacteria,
even stronger reproductive asymmetry should occur with asymmetric polar growth as
observed in the various budding bacteria described earlier in this review. Despite reports of
Hyphomicrobium and Rhodomicrobium cells ceasing to divide after producing a limited
number of buds [47, 48], aging in these organisms awaits detailed study.
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4. Perspectives
Bacterial cell growth is, in essence, mediated by spatiotemporal regulation of peptidoglycan
synthesis. In many rod-shaped bacteria for which growth has been studied in detail, MreB-
like proteins comprise a helical scaffold that drives the insertion of new peptidoglycan along
the lateral cell wall. Notably, the insertion of peptidoglycan occurs not at random locations,
but rather at discrete positions. While often viewed as an exception to the rule, it is
becoming increasingly clear that many rod-shaped bacteria employ a mode of cell
elongation in which the insertion of peptidoglycan occurs at constrained locations, such as
the cell pole. Both helical and polar growth require the targeting of peptidoglycan synthesis
machinery to specific cellular locations, such that both modes of growth can be accurately
described as zonal.

In this review, we have highlighted the prevalence of obligate polar growth within three
large and anciently diverged clades of bacteria: Actinobacteria, Alphaproteobacteria, and
Planctomycetes. Within these groups, the targeting of cell wall synthesis machinery to the
cell pole occurs by diverse mechanisms. While DivIVA is involved in recruiting the
peptidoglycan synthesis machinery to the cell pole in the Actinobacteria, homologs of this
protein are abent in the Alphaproteobacteria and Planctomycetes. This observation supports
the hypothesis that polar growth evolved independently and repeatedly within the bacteria.
Given that the details of cell wall synthesis have only been explored in a limited subset of
bacterial taxa, the prevalence of polar growth among bacteria remains to be determined.
Indeed, its occurrence among groups spanning such a broad phylogenetic spectrum suggests
that further study may identify ancient and widely inherited mechanisms of polar growth.

Why has polar growth evolved among the bacteria? It seems likely that this mode of growth
confers an advantage in particular environments. Polar growth has allowed diverse bacterial
cell shapes to emerge, including the stalked bacteria, where the presence of the stalks may
help bacteria to survive in oligotrophic environments by increasing nutrient uptake. In
addition, the asymmetric allocation of newly synthesized peptidoglycan to the daughter cell
may serve to rejuvenate nascent cells and prevent the accumulation of molecular damage in
a cell lineage. Further research into the details of cell wall growth in a more
phylogenetically diverse set of organisms will better inform our understanding of the
prevalence, evolutionary history, and ecological importance of polar and other zonal growth
patterns in bacteria.
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Figure 1.
Phylogeny and morphology of diverse bacteria exhibiting different modes of cell growth.
gyrA sequences from representative species were aligned using MUSCLE [11]. RAxML
[102] reconstructed the maximum likelihood phylogeny using the JTT amino acid
substitution matrix and a four-category discrete gamma distribution of sequence rate
variation among sites. Red text indicates species associated with adjacent micrographs.
Bacillus subtilis with fluorescent vancomycin staining at progressive stages of the cell cycle;
image adapted with permission from [8]. Corynebacterium glutamicum with fluorescent
vancomycin staining (red; top panel) and DivIVA localization (green; bottom panel); images
reproduced with permission from [25]. Streptomyces coelicolor with fluorescent
vancomycin staining (red; top) and DivIVA localization (green; bottom); images reproduced
with permission from [41]. Plantomyces maris image reproduced with permission from [4].
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Figure 2.
Zonal cell wall synthesis establishes various patterns of bacterial growth and division. Blue
regions indicate the location of cell wall synthesis activity (left), and green regions the
resulting location of new peptidoglycan after synthesis (right). A. Elongation by diffuse
synthesis along sidewalls. B. Elongation by synthesis in a spiral pattern along sidewalls (e.g.
Bacillus). C. Division by synthesis at the septum (e.g. division at the FtsZ ring in diverse
bacteria). D. Polar elongation (e.g. Corynebacterium). E. Stalk formation (e.g. Caulobacter).
F. Budding (e.g. planctomycetes).
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