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SUMMARY

Bacteria display an abundance of cellular forms and can change
shape during their life cycle. Many plausible models regarding the
functional significance of cell morphology have emerged. A
greater understanding of the genetic programs underpinning
morphological variation in diverse bacterial groups, combined
with assays of bacteria under conditions that mimic their varied
natural environments, from flowing freshwater streams to diverse
human body sites, provides new opportunities to probe the func-
tional significance of cell shape. Here we explore shape diversity
among bacteria, at the levels of cell geometry, size, and surface
appendages (both placement and number), as it relates to survival
in diverse environments. Cell shape in most bacteria is determined
by the cell wall. A major challenge in this field has been deconvo-
luting the effects of differences in the chemical properties of the
cell wall and the resulting cell shape perturbations on observed
fitness changes. Still, such studies have begun to reveal the selec-
tive pressures that drive the diverse forms (or cell wall composi-
tions) observed in mammalian pathogens and bacteria more gen-
erally, including efficient adherence to biotic and abiotic surfaces,
survival under low-nutrient or stressful conditions, evasion of
mammalian complement deposition, efficient dispersal through
mucous barriers and tissues, and efficient nutrient acquisition.

INTRODUCTION

Van Leeuwenhoek’s microscopes opened our eyes to the micro-
bial world and its abundance of forms. Bacteria were initially

characterized on the basis of morphology, but over time, phylo-
genetics has proven to be a more robust method for classifying

bacteria. In the clinic, biochemical characteristics (recently in-
cluding those observed by mass spectrometry) and growth on var-
ious indicator media robustly distinguish bacterial pathogens, and
thus there is little incentive to directly observe bacteria. Even in the
research lab, cell biology approaches often focus on morphologi-
cal changes to the host cell during infection, not the morphology
of the pathogen itself. Still, both pathogenic and nonpathogenic
bacteria show considerable morphological diversity. In this re-
view, we consider the functional consequences of differences in
form on bacterial survival in native environments (as opposed to
culture flasks of rich media). The work reviewed here builds on
pioneering studies and hypotheses described in several excellent
reviews on the possible selective consequences of bacterial cell
shape diversity (1–5).

We explore several aspects of morphological diversity (Table
1). Bacteria have distinct cell body shapes, ranging from spheres
(cocci) to rods (bacilli) of various curvatures and helicities and to
more exotic shapes, such as stars, formed by elaboration of
prosthecae through polar growth. Bacteria can also produce a va-
riety of appendages, such as pili or flagella, which show diversity in
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TABLE 1 Examples of bacterial morphological variation and functional consequencesa

a The wave schematic was adapted from reference 48 with permission; the fimbrial schematic was adapted from reference 177 with permission of John Wiley and
Sons.
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overall shape, length, and width as well as placement with respect
to the cell body. Finally, bacteria can change morphology during
their life cycle or in response to environmental conditions. Much
of our understanding of the mechanisms that produce different
shapes comes from the study of model organisms under labora-
tory growth conditions. Increasingly, researchers studying patho-
genic bacteria in the context of infection models have observed
morphological diversity and/or observed that mutants with al-
tered colonization or virulence properties have an altered shape.
This has led to speculation that cell shape itself may be a virulence
factor or that the mammalian host environment(s) imposes a se-
lective pressure driving morphological diversity. In some cases,
studies of shape in model organisms under conditions mimicking
natural environments have revealed selective forces that likely are
relevant to pathogenic lifestyles. This field has made significant
progress recently in part due to advances in imaging that allow
interrogation of individual bacterial cells on multiple time scales
and resolution of bacterial subcellular structures. While this re-
view focuses mostly on recent work on pathogens, we also high-
light work on nonpathogenic organisms that illuminates func-
tional principles and methodologies that will likely translate to the
study of pathogens.

CELL BODY MORPHOLOGY

In most bacteria, the cell wall determines the shape of the cell.
Peptidoglycan (PG) is the major structural component of the cell
wall in both Gram-positive and Gram-negative bacteria. Thus,
much research in the bacterial morphology field focuses on defin-
ing the mechanisms by which the cell wall is synthesized and mod-
ified to produce different cell body shapes. We refer the reader to
several excellent reviews on cell wall synthesis and the evolution of
bacterial morphogenesis for an in-depth consideration of this
topic (6–9). To summarize, studies in a variety of organisms have
revealed that cell shape can be derived from asymmetric position-

ing of new cell wall synthesis, alteration of cell wall thickness,
and/or changes in the chemical composition of the cell wall poly-
mer or its extent of cross-linking. Because the cell wall provides
tensile strength and a diffusion barrier in addition to specifying
cell shape, studies linking changes in cell morphology to particular
phenotypes must carefully consider cell wall structural alterations
as a possible confounder.

Because the structure of the PG cell wall is so intimately cou-
pled with cell shape, we summarize its major features in Fig. 1. The
PG polymer consists of a repeating disaccharide with a short pep-
tide stem attached to one of the sugars (Fig. 1A). Transpeptidation
between peptide stems can link the sugar strands together, form-
ing a rigid meshwork that encases the cell and prevents lysis due to
turgor pressure. The biosynthesis of this essential structure has
been an important antibiotic target and an active area of research,
which is the subject of several excellent reviews (6, 10, 11). In
Gram-negative bacteria, the PG cell wall resides in the periplasm
between the inner and outer membranes. Multiple lines of evi-
dence suggest that the PG layer in Gram-negative bacteria is rela-
tively thin, perhaps a single monolayer, with the glycan strands
oriented primarily in a circumferential direction as a disordered
lattice (Fig. 1B) (6, 10–14). The outer membrane of Gram-nega-
tive bacteria protects the PG from lytic enzymes produced by the
host or other microorganisms. Gram-positive bacteria lack an
outer membrane and have a thicker PG layer that is exposed to the
external environment and includes additional structural constit-
uents, such as wall teichoic acids and mycolic acids (15). Recent
work suggests that even though the Gram-positive cell wall has
multiple layers, it has a similar organization of circumferentially
oriented glycan strands, with newly synthesized material incorpo-
rated on the inner face (16). PG is thought to be the structural
determinant of cell shape because purified PG sacculi retain the
shape of the cell from which they are isolated, be it coccoid or a

FIG 1 Cell wall composition and architecture in different bacterial classes and shapes. (A) Monomeric and cross-linked peptidoglycan (PG) structure depicting
the N-acetylglucosamine (G)–N-acetylmuramic acid (M) disaccharide with a cross-link mediating meso-diaminopimelic acid (m-Dap) in the third position of
the pentapeptide stem. (B) Glycan strands (repeating PG disaccharide subunits) are generally arranged circumferentially around the cell in both Gram-positive
and Gram-negative bacteria. Gram-positive bacteria have a thick layer of PG (shown in purple), while Gram-negative bacteria have a thin layer between the inner
(black outline) and outer (gray outline) membranes. (C) Model for the generation of curvature and twist in curved and helical bacteria whereby asymmetric
wedges or zones of PG synthesis and/or modification may promote increased or decreased PG incorporation on one side or region of the cell.
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straight, curved, or helical rod (17–19). The major theoretical
model of shape generation for the cell wall posits asymmetric syn-
thesis driven by cytoskeletal elements that direct the activity of PG
synthesis enzymes to particular regions of the cell (7), though
mathematical modeling has suggested that changes in cross-link-
ing could also drive alternate shapes (Fig. 1C) (20). In this section,
we explore the functional consequences of different cell shapes.
We limit our discussion of the underlying mechanisms of gener-
ating cell shape to the possible selective forces that may have
driven the convergent evolution of specific cell shapes in different
bacterial lineages.

The Not-So-Simple Sphere

Perhaps the simplest bacterial cell shape that can be adopted is that
of a sphere. Bacteria displaying this shape are classified as either
coccoid (entirely round, such as staphylococci and micrococci) or
ovococcoid (slightly ovoid, such as streptococci or lactococci)
(Table 1). A number of bacterial pathogens fall into these mor-
phological categories, including the Gram-positive bacteria
Staphylococcus aureus (coccoid) and Streptococcus pneumoniae
(ovococcoid) as well as the Gram-negative coccoid pathogens
Neisseria gonorrhoeae and Neisseria meningitidis. Both S. aureus
and S. pneumoniae have been studied in great depth by numerous
groups over the years, and much of our understanding of bacterial
processes in cocci has come from this body of work.

Studies looking at PG synthesis in both coccoid and ovococcoid
bacteria have helped to inform our understanding of how these
basic shapes can be generated. It has been proposed that at least
two different PG machineries exist to generate the ovococcoid
shape, whereas only one PG synthesis complex is required to form
a coccoid cell. Coccoid bacteria, such as S. aureus, grow the cell
wall exclusively by using the cell division machinery, which drives
the synthesis of septal PG. However, S. pneumoniae and other
ovococcoid bacteria synthesize new cell walls by using both the cell
division machinery (septal PG) and an elongation complex (pe-
ripheral PG) (21, 22). Incomplete or delayed cell division of ovo-
cocci results in chains or filaments, as these cells divide in one
plane perpendicular to the long axis of the cell. Coccoid cells,
however, alternate their division axes along two or three planes,
which can result in clusters of cells if division is inefficient (21, 22).
Since coccoid cells synthesize new PG strictly via their division
septa, these cells are often found as diplococci because they must
divide in order to grow their cell wall (23).

The possible implications for bacteria possessing one or more
PG synthesis machineries are intriguing. One might speculate that
coccoid species are more streamlined in the number of factors
required for PG synthesis, since these organisms use only the cell
division machinery to make new cell walls. This implies that the
total number of cell wall genes in coccoid bacteria is smaller and
that these genes contain less redundancy than in organisms pos-
sessing complexes for both septal and peripheral PG incorpora-
tion. Since the cell wall is a target for many important antibiotics,
including the �-lactams, this raises the possibility that these dif-
ferences may affect the susceptibility of these organisms to treat-
ments that specifically disrupt PG biosynthesis. Interestingly, a
bioinformatic search found that many coccoid pathogens have an
expanded number of PG synthesis enzymes (24). Systematic dele-
tion of seven of the nine PG synthesis genes in S. aureus resulted in
a mutant whose morphology and growth appeared to be wild type
under standard laboratory conditions, indicating that only two

PG synthesis enzymes are required for in vitro growth (24). How-
ever, this mutant showed increased susceptibility to lytic enzymes,
such as lysozyme, and to cell wall-specific antibiotics and was at-
tenuated for infection and killing in Drosophila flies (24). These
findings demonstrate that many of the PG synthesis enzymes are
functionally redundant in vitro (24) and suggest that bacteria are
under selective pressure to maintain this redundancy in order to
survive in more diverse environments.

Although the coccoid morphology is the simplest bacterial form
to generate, it is not believed to be the shape of the first bacterium.
Multiple lines of evidence support the model that the ancestral
bacterial morphology was that of a rod, not a sphere. Phylogenetic
analyses indicate that the coccal morphology evolved multiple
times in very distantly related bacteria and that once a lineage
displays this particular shape, subsequent branches are always
coccoid, suggesting that this is the degenerate form (25–27). These
observations imply that coccoid cells result from rods that have
lost the ability to elongate. Moreover, examples of rods changing
into spheres have been demonstrated both genetically and bio-
chemically with the use of antibiotics, thus lending support to this
model (28–32). Indeed, a recent paper describing the possible evo-
lutionary steps that might have driven the bacillus-to-coccoid
shape transition in Neisseria meningitidis provides evidence that
the process happened in two distinct genetic steps. The authors
further argue that convergent evolution in Moraxella catarrhalis
resulted in a similar shape transition for a pathogen that occupies
the same niche as N. meningitidis, suggesting that environmental
selective pressure was the driving force behind this shape change
(32).

The Default Shape

Escherichia coli (Gram negative) and Bacillus subtilis (Gram posi-
tive) are two of the most extensively investigated rod-shaped bac-
teria. Studies of these two model organisms have laid the ground-
work for much of what we know about cell shape generation in
both rods and nonbacillary bacteria. Most rods result from a com-
bination of septal cell wall growth and peripheral sidewall elonga-
tion; however, some rods, such as mycobacteria, agrobacteria, and
corynebacteria, elongate specifically at the poles (33–36). For Pro-
teus mirabilis, a rod-shaped Gram-negative bacterium that can
cause urinary tract infections, evidence suggests that the bacillary
morphology may be important for multicellular swarming motil-
ity (refer to “Running with the Herd,” below) (37). A P. mirabilis
mutant displaying a curved-rod morphology could differentiate
into elongated swarmer cells but was defective in swarming mo-
tility (37). It is thought that these irregularly shaped cells cannot
properly align to form multicellular rafts for productive swarm-
ing, indicating the importance of rod shape maintenance for this
organism. Recent findings from work on CetZ1, an archaeal FtsZ/
tubulin homolog in Haloferax volcanii, support this idea. It was
found that upon disruption of CetZ1 function, H. volcanii cells
lose their rod shape and turn into irregularly shaped cells with
reduced swimming speed, suggesting that the archaeal rod shape
has been maintained to promote robust swimming motility (38).

Crescents

Perhaps one of the best-known examples for how a particular
bacterium achieves its unique cell shape can be found in the model
organism Caulobacter crescentus, which resides in freshwater
streams and lakes. As its name implies, C. crescentus displays a
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characteristic crescent shape or vibrioid morphology that is deter-
mined by a single protein, crescentin (39, 40). Crescentin is a
bacterial intermediate filament-like protein that possesses multi-
ple coiled-coil domains (39). Although crescentin homologs ap-
pear to be restricted to the Caulobacter genus, many bacterial ge-
nomes contain coiled-coil-rich proteins (Ccrps) (39, 41). Null
mutations in creS, the gene that encodes crescentin, result in
straight-rod cells that have no obvious growth defects under stan-
dard laboratory conditions (39). However, isolates of C. crescentus
from the wild maintain the vibrioid morphology, strongly sug-
gesting that this particular shape provides a selective benefit in
nature (42). Intriguingly, many other aquatic microorganisms
adopt a vibrioid morphotype, bolstering the idea that this shape is
somehow selectively maintained (3).

The first experimentally supported model for why C. crescentus
displays its distinctive curved-cell shape was reported by Persat
and colleagues (42). They demonstrated that the C. crescentus cell
curvature enhances the surface colonization of this bacterium un-
der conditions where there is moderate flow over the cells (Fig. 2)
(42). Using time-lapse imaging to monitor microcolony forma-
tion of wild-type cells (crescent rods) in competition with a
straight-rod creS mutant, Persat et al. found that the wild-type
cells outcompeted their straight-rod counterparts on surfaces
with flow. The data support this model, showing that once a wild-
type cell is initially attached to a surface, it elongates in prepara-
tion for cell division. Under moderate amounts of flow, the cur-
vature of the growing cell causes it to orient into an arc that
eventually brings the piliated pole of the emerging daughter cell in
closer proximity to the surface. Seconds before complete cell di-
vision, the surface-attached stalked cell undergoes a single pilus
retraction event which increases the likelihood of daughter cell
attachment. The new surface-attached sessile swarmer cell even-
tually sheds its flagellum and redifferentiates into a stalked cell
(Fig. 2) (42, 43). Taken together, these findings provide a mecha-
nistic model for how a given cell shape can be advantageous and
begin to uncover the selective pressures that drive the mainte-
nance and propagation of specific bacterial morphologies (42).

For other curved rods, including the human pathogens Vibrio
cholerae and Vibrio parahaemolyticus, it is less clear how this par-
ticular shape is achieved (19). These bacteria do not possess an

equivalent creS homolog, indicating that the vibrioid morphology
is generated by an alternate mechanism. Interestingly, members of
the Vibrionaceae family contain homologs of genes that promote
helical shape in Helicobacter pylori and Campylobacter jejuni (de-
scribed in the next section) (19, 44–47). Identification of the genes
governing curved shape in the Vibrionaceae would allow explora-
tion of the functional significance of the vibrioid shape of these
organisms in the aquatic environment, the mammalian host, or
both.

Corkscrews and Waves

Helical shapes have arisen multiple times during the evolution of
bacteria and are represented by distinct groups of bacterial patho-
gens that include the spirochetes (e.g., Treponema, Spirochaeta,
Leptospira, and Borrelia spp.) and the proteobacteria (e.g., gastric
and nongastric Helicobacter spp. and the foodborne pathogen
Campylobacter jejuni), all of which cause a wide variety of diseases
in humans and animals. It has been shown for both helical pro-
teobacteria and spirochetes that a loss of motility and/or helical
cell shape causes major defects in the colonization potential of
these organisms (19, 47, 48). For clarity, we define a helical or
flat-wave-shaped cell as distinct from a spiral-shaped cell, al-
though these descriptors are often used interchangeably in the
literature to define truly helical cells with a fixed or constant heli-
cal radius along the length of the cell body. While it is true that, by
definition, a spiral may be described as a helix, a spiral-shaped cell
would have a continually expanding helical radius (i.e., a nautilus
shell), and to our knowledge, there are no described bacteria with
a truly spiral morphology.

Interestingly, helical and planar-wave cell morphologies appear
to be found mainly in Gram-negative bacteria. A notable excep-
tion is the helical shape of Streptomyces aerial hyphae that result
from polar growth (49). The relative restriction of helical shape to
Gram-negative bacteria is likely a consequence of the biophysical
properties of the PG cell wall which encases the cell. Because
Gram-positive bacteria possess a thick, multilayered PG sacculus
surrounding the cell, it is likely a more rigid structure than the
single layer of PG found in Gram-negative bacteria (Fig. 1). In
order to deviate from a straight-rod morphology, there must be a
mechanism of asymmetric incorporation of new PG into the cell

FIG 2 Model for how the curved shape of Caulobacter crescentus enhances surface colonization under flow conditions. The curved shape of the bacterium allows
the dividing cell to reorient the new daughter cell pole closer to the surface, thus increasing the likelihood of attachment. The dividing cell also increases the
probability of daughter cell attachment by retracting the pilus right before complete division. Cells lacking curvature cannot orient the new daughter cell pole
closer to the surface, resulting in the release of the swarmer daughter cell instead of surface attachment and colonization. (Adapted from reference 42 by
permission from Macmillan Publishers Ltd.)
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wall and/or localized changes in PG cross-linking (19). Consistent
with this hypothesis, the majority of the genes involved in cell
shape determination in the proteobacteria H. pylori and C. jejuni
alter the cross-linking or peptide composition of the cell wall
when absent or overexpressed (19, 45–47, 50, 51). There is evi-
dence for genetic and functional conservation of helical shape-
generating pathways. For example, pgp1, a homolog of the H. py-
lori csd4 gene, was identified in C. jejuni and shown to be
important for proper cell shape (47, 50).

Spirochetes have evolved alternative mechanisms for generat-
ing helical shape as well as flat-wave morphology. Some spiro-
chetes have coupled their motility functions with cell shape in the
form of periplasmic flagella (PF). In Borrelia burgdorferi (which
causes Lyme disease and is transmitted to mammals via the tick
Ixodes scapularis), the inherent wave-form structure of the
periplasmic flagella imparts the flat-wave or planar-wave mor-
phology of the bacterium. Deletion of the periplasmic flagella re-
sults in the loss of both motility and helical shape in B. burgdorferi
(52). When the flagella rotate within the periplasmic space, they
deform the shape of the cell envelope and the PG layer, leading to
a propagating wave that travels down the cell axis, displacing fluid
to propel the bacterium forward. Biophysical modeling studies of
B. burgdorferi PF indicate two distinct wave forms of the PF, with
one of these wave forms imparting the flat or planar-wave shape of
the bacterium (53). The number and positioning of these PF are
quite diverse within the spirochetes and impart distinct modes of
motility. In these studies, it was suggested that different species of
Borrelia alter their morphology by adjusting the number and ratio
of different flagellar wave forms, which could lead to increased or
decreased stiffness of the periplasmic flagellar bundle relative to
the stiffness of the cell body.

Interestingly, the spirochetes Treponema primitia, Spirochaeta
aurantia, and Leptospira interrogans do not undergo cell wall de-
formation, and their morphology does not change when the fla-
gella rotate (54, 55). In L. interrogans, the PF do not extend the
entire length of the cell, and this organism retains a helical shape in
mutants lacking flagella (56). Furthermore, purified PG sacculi
from L. interrogans have a helical morphology, suggesting that the
shape-determining function of PF is less important for this bacte-
rium (57).

The functional significance of helical cell shape has been hy-
pothesized to promote enhanced motility through viscous solu-
tions or gels via a corkscrew or burrowing model of motility (56).
Until recently, there was little experimental evidence to support
this theory beyond the early and foundational experiments inves-
tigating the motility of spirochetes [Leptospira interrogans (bifl-
exa), Spirochaeta aurantia, and Spirochaeta halophila P1] in high-
viscosity solutions of polyvinylpyrrolidone or methylcellulose.
Greenberg and Canale-Parola measured the minimum inhibitory
viscosity (MIV) of these organisms and found that their transla-
tional motility was enhanced under conditions of high viscosity,
unlike their motile and flagellated E. coli counterparts, in which
motility was inhibited in high-viscosity solutions (56). Further-
more, cell shape mutants of S. aurantia with reduced coiling (i.e.,
reduced helicity) but otherwise normal motility had an MIV of
1/10 that of the normally coiled parental strain, suggesting a direct
role for helical shape in promoting motility through a viscous
environment (56).

Translational motility mediated by chemotaxis is a major con-
tributor to the pathogenesis of diverse pathogens, including H.

pylori, which regulates its chemotactic behavior to properly colo-
nize the gastric glands in a mouse stomach model (58–60). For the
spirochete B. burgdorferi, a major challenge is to separate the dis-
tinct contributions of cell shape and motility, as they are inti-
mately linked. To address this, Harman et al. (48) developed an in
vitro mouse dermis model to investigate the temporal dynamics of
B. burgdorferi motility and demonstrated that B. burgdorferi ex-
hibits multiple motility states (nonmotile, wriggling, lunging, and
translocation) due to transient adherence to host dermis tissues
(Table 1). They also showed that these bacteria are able to “wrig-
gle” through pores smaller than their own diameter, suggesting a
certain degree of elasticity or malleability to the cell wall, a prop-
erty not often considered in thinking of shapes. It has become
apparent that the helical and flat-wave shapes that are produced
by unique flagellar arrangements likely promote motility through
multiple mechanisms.

More recently, studies of the pathogens H. pylori and C. jejuni
provided further support for the functional importance of helical
cell shape in the natural environment of the host. For H. pylori,
nonhelical cell shape mutants exhibited stomach colonization de-
fects in a murine colonization model. In these experiments, mice
were challenged with equal amounts of wild-type (helical) and
mutant (curved-rod) H. pylori bacteria. After a 1-week infection,
the helical bacteria outnumbered the nonhelical mutants by a
magnitude of 1 log10, demonstrating that helical shape is an im-
portant pathogenesis factor (19, 44). Additionally pgp1, a ho-
molog of the H. pylori csd4 gene, was identified in C. jejuni and
shown to be important for proper cell shape (mutants show a
straight-rod morphology) and colonization of chicks (poultry are
a major reservoir of C. jejuni and a major source of human infec-
tion) (47).

Studies utilizing soft agar to investigate motility are commonly
utilized to mimic gel-like environments or environments with in-
creased viscosity in which the bacteria naturally reside. However,
there are important differences between gels and solutions of high
viscosity. For example, a study on the motility of B. burgdorferi
revealed multiple motility states for this pathogen in both a gelatin
matrix and a murine dermis model that had not previously been
observed using viscous methylcellulose solutions (48). Straight-
rod C. jejuni pgp1 and H. pylori csd4 mutants exhibit soft agar
motility defects, again suggesting an important synergy between
cell shape and motility toward the pathogenic program of these
organisms (47, 50).

H. pylori resides in and colonizes the epithelial cell surface of the
human stomach. To reach its niche, this bacterium must escape
the highly acidic gastric lumen and traverse the gastric mucus
layer. Gastric mucins display pH- and concentration-dependent
viscoelastic properties, behaving as a viscoelastic gel at low pH or
high mucin concentrations (�25 mg/ml) and as a viscoelastic so-
lution at neutral pH and lower mucin concentrations (61–64). It
has been proposed that H. pylori utilizes the corkscrew model to
penetrate and traverse the mucus gel to escape the acidic lumen,
which is consistent with the motility defects observed for straight
and curved mutants in soft agar. However, the localized produc-
tion of urease by H. pylori actually changes the viscoelastic prop-
erties of the surrounding mucus from a gel-like state to a viscous
solution, thus challenging the corkscrew model (61). While initial
studies suggested that like B. burgdorferi, H. pylori cell shape mu-
tants showed swimming behavior similar to that of the wild type in
methylcellulose viscous solutions (19), single-cell tracking of mul-
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tiple H. pylori strains revealed large temporal fluctuations in the
speed of individual bacteria that may have confounded prior stud-
ies (65). Analysis of 50 to 100 cells per genotype revealed contri-
butions of both helical shape and increased flagellar number to
swimming speed in viscous gastric mucin solutions, in addition to
an enhanced ability to escape from a mucin gel (65). Further work
on motility specifically at physiologic concentrations of gastric
and intestinal mucins, combined with exploration of the localiza-
tion of helical versus nonhelical mutants within the infected host,
will be needed to definitively establish the mechanism(s) by which
nonhelical mutants of H. pylori and C. jejuni fail to robustly colo-
nize their hosts.

Nonidentical Twins

Bacteria divide by binary fission, usually producing daughter cells
of equal size. However, these resulting cells are intrinsically asym-
metric, possessing an old pole (originating from the mother cell)
and a new pole (originating from the most recent cell division
event). Mounting evidence suggests that bacteria take advantage
of this inherent polarity for a number of important cellular pro-
cesses, including directional motility, producing daughter cells
with different cell fates, and generating population heterogeneity
in cell sizes and growth rates (66). C. crescentus displays one of the
more extreme examples of asymmetric cell division, producing
daughter cells that differ in size, morphology, replicative poten-
tials, and function (67, 68). The larger, sessile, “stalked” cell pos-
sesses a polar prostheca or stalk, which enables the cell to attach to
surfaces via an exopolysaccharide-based holdfast (69, 70). The
stalked cell is competent for DNA replication and initiates this
program directly after division. The smaller, “swarmer” cell is mo-
tile and capable of chemotaxis by way of a single polar flagellum,
but it cannot replicate its chromosome. However, under the right
conditions, the swarmer cell can differentiate into a stalked cell
and initiate DNA replication. Although more is known about C.
crescentus asymmetric cell division than perhaps that of any other
bacterium, many of the mechanistic details have yet to be eluci-
dated fully. What is apparent, however, is that many bacteria,
including several important human pathogens, exploit this asym-
metry in cell division (Table 1).

Rod-shaped actinomycetes, such as mycobacteria, and coryne-
bacteria grow in a distinct polar manner (33–35). In contrast to
the case in most rod-shaped bacteria, such as E. coli and B. subtilis,
where longitudinal growth results from insertion of new cell wall
material into the sidewall, polar growth results from new cell wall
material inserted only at the cell poles. Interestingly, in mycobac-
teria this polar growth results in unequally sized daughter cells
that elongate at different rates, resulting in population heteroge-
neity (71–74). Several studies have reported that daughter cells
who inherit the old pole are larger and grow faster than cells which
inherit the new pole (71, 74). For Mycobacterium tuberculosis, the
causative agent of tuberculosis, the variability in cell size resulting
from asymmetric growth and division has been suggested to in-
crease the fitness of this pathogen by producing cells with differing
antibiotic susceptibilities within microcolonies (71). Aldridge and
colleagues found that larger cells were more sensitive to cell wall
synthesis inhibitors than smaller sibling cells (71); however, this
observation may apply only to cells grown in microcolonies (74,
75). Nevertheless, the presence of asymmetrically sized progeny
suggests that the resulting daughter cells are not equal and may be
in different physiologic growth states. Additionally, since division

is not symmetric, inheritance of new cell wall material will also be
skewed to one daughter cell over the other. The consequences of
this size heterogeneity may provide a built-in mechanism for M.
tuberculosis to adapt to the host environment (76).

Morphological plasticity as a mechanism for pathogens to bet-
ter adapt to different environments may also explain the enor-
mous cell shape heterogeneity seen in clonal isolates of H. pylori
(Fig. 3) (19). Although H. pylori is described as a helical rod, cul-
tures grown from clonal isolates display a range of morphologies,
including both curved and straight rods of various lengths and
helicities (19). It has been postulated that this heterogeneity of
shape allows this pathogen to infect and adapt to different stom-
ach niches depending on the particular individual that is infected.
Given the diverse shapes observed for each clonal isolate, a single
H. pylori strain may be poised for more successful transmission
between hosts because, presumably, there will always be cells with
different morphologies that are better suited for different gastric
environments.

MORPHOLOGICAL TRANSITIONS

While bacterial species have been defined by specific morpholo-
gies, they can also adopt alternate shapes and sizes over the course
of their life cycles. Diverse bacteria respond to starvation condi-
tions by forming metabolically inert spores. While spore forma-
tion indeed represents a major morphological reprogramming,
we refer the reader to several excellent reviews on this subject (49,
77–79) and instead focus on morphological transitions induced
by environmental conditions that still support some level of met-
abolic activity. For pathogens, these include morphological tran-
sitions that accompany colonization of distinct tissues and cell

FIG 3 Helicobacter pylori intraspecies cell shape heterogeneity. (A) Phase-
contrast images of three clinical strains of Helicobacter pylori (188–190). (B)
Quantitative Celltool scatterplot analysis (19) showing cell side curvature ver-
sus axis length for clonal populations of the indicated strains of H. pylori (�100
cells/strain).
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types within a host, transmission between hosts, and transit
through environmental reservoirs.

Bigger Is Better

Microbes employ a variety of strategies to evade and combat host
defenses. One such strategy used by a number of different bacterial
and fungal pathogens is the increasing of cell size and overall sur-
face area to avoid phagocytosis and facilitate enhanced attach-
ment to host cell surfaces (80–85). Bacteria can effectively increase
their cell surface area by a number of different mechanisms, in-
cluding producing appendages (i.e., prosthecae [86–88]), increas-
ing the cellular diameter, or elongating into filaments. Monds et
al. (89) described the isolation of E. coli cells that have evolved to
be larger due to specific mutations in the cytoskeletal protein
MreB. The observed increase in cell size scales linearly with fitness
under conditions where cells are exiting stationary phase; larger
cells reach their maximal growth rate more quickly than their
smaller, ancestral counterparts (89). These findings provide a
mechanistic framework to better understand the interplay be-
tween cell shape (i.e., getting big) and fitness (89).

Another way that cells can become larger is by forming long
filaments. Filamentation is the result of continual longitudinal
growth without cell division. For this review, filaments encompass
both single-nucleus and multinucleated cells that can be separated
by septa and are connected by a contiguous outer membrane (with
or without evidence of outer membrane invagination in Gram-
negative bacteria). Interestingly, multiple bacterial pathogens
have been reported to undergo filamentation in vivo, suggesting
that filamentation may be important for pathogenesis (81, 90).

Several studies have started to illuminate the mechanistic details
of how the filamentous morphology is beneficial to different mi-
crobial pathogens. One common theme that has emerged is the
use of filamentation to evade phagocytosis-mediated killing by the
host. It was recently reported that filamentous Legionella pneumo-
phila cells are harder for professional phagocytes to engulf (91).
These filaments are slowly phagocytized along the long axis of the
cell, resulting in prolonged phagocytic cups that fail to develop
complete hydrolytic activity, thus allowing escape of the pathogen
from phagosomal killing in a filament length-dependent manner
(91). Similar findings have also been reported for uropathogenic
E. coli (UPEC), where bacillary cells are preferentially killed over
their filamentous counterparts (85).

A recent report found that filamentous L. pneumophila is able to
invade lung epithelial cells and produce infectious progeny, dem-
onstrating the invasive potential of this morphotype (92). Al-
though it had been appreciated that L. pneumophila could infect
lung epithelial cells, the invading bacteria were either coccoid or
rod-like in shape (92, 93). Interestingly, internalization of L. pneu-
mophila filaments occurs in a manner distinct from that for non-
filamentous cells, consisting of a more gradual mode of invasion
and specific ligand-mediated binding to host cell surface receptors
for phagocytosis (92).

In addition to preventing efficient phagocytosis by immune
cells, filamentation has also been proposed to aid in the attach-
ment of microbial pathogens to host cells, thereby reducing
pathogen shedding as well as facilitating persistence within the
host (80). S. pneumoniae, which colonizes the mucosal surface of
the upper respiratory tract, grows in chains of various lengths. In
culture, longer-chain S. pneumoniae variants adhere better to hu-
man respiratory epithelial cells than shorter chains (94). In accor-

dance with this model, competition experiments in a murine na-
sopharyngeal colonization model showed that three different
chain mutants outcompeted the parental wild-type strain (94).
Thus, in both cell culture and whole-animal infections, filamen-
tation promotes adherence.

Filamentation in response to different environmental stresses
has been observed for numerous bacterial species, pathogenic or
not (95–104). Insults that cause DNA damage generally induce the
SOS response, which can cause cells to undergo filamentation due
to induction and expression of the division inhibitor SulA (105,
106). In UPEC, filamentation appears to be a direct response to
DNA damage induced by the host innate immune system (98).
UPEC sulA mutants do not produce filaments and are severely
attenuated in the murine cystitis model, suggesting that filamen-
tation is required for optimal persistence during infection (98). In
addition to sulA, over 30 other genes involved in DNA repair and
mutagenesis are induced by the SOS response (96, 107, 108). Fila-
mentation has also been proposed to facilitate the development of
antibiotic resistance against genotoxic agents (109). By accumu-
lating SOS response-induced mutations, multinucleated fila-
ments may provide cells the opportunity to recombine and select
for advantageous alleles between chromosomes (109). This pro-
cess could not only facilitate the emergence of antibiotic resistance
but also promote the generation of beneficial mutations in re-
sponse to different environmental stresses that induce filamenta-
tion.

Mini Me

The ability of a cell to increase its size can be a double-edged
sword: in some cases, becoming bigger can be an advantageous
trait (as discussed above in “Bigger Is Better”), but in other situa-
tions, largeness can be a lethal liability. One intriguing observation
is that several common invasive pathogens are relatively small,
including S. pneumoniae, N. meningitidis, and Haemophilus influ-
enzae (80, 110). Indeed, microbial cell size is an important patho-
genesis factor, and work by Dalia and Weiser demonstrated that
minimization of bacterial size is a mechanism used by S. pneu-
moniae to circumvent complement-mediated killing by the host
(110). They found that during invasive systemic infection, S.
pneumoniae cells with decreased chain length were more virulent
than their corresponding long-chain variants (110). Longer bac-
terial chains collectively possess a larger surface area and thus
serve as larger targets for complement deposition and op-
sonophagocytic killing (110). Nevertheless, although minimiza-
tion of cell size may be an effective way to evade complement-
dependent killing, it appears that the host has a response to this
strategy. Antibodies can agglutinate smaller microbial targets to
effectively increase their size for better targeting and clearance by
the host (110). Previous studies have also reported a correlation
with the protective effect of antibody-mediated clumping or ag-
glutinating against systemic infections by S. pneumoniae and Sal-
monella enterica serovar Typhimurium (111–113). Taken to-
gether, these findings suggest a potentially important role that cell
size minimization plays in bacterial pathogenesis.

Running with the Herd

Bacteria exhibit diverse mechanisms of motility to gain access to
favorable microhabitats and for successful colonization of abiotic
and biotic surfaces. Swarming motility is operationally defined as
“a rapid multicellular movement of bacteria across a surface, pow-
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ered by a rotating flagellum” (114). Swarming motility is charac-
terized by dramatic changes in overall cell length and increases in
the number of flagella that vary significantly depending on the
species of bacterium (Table 1). Bacterial swarming is a hallmark
characteristic and virulence determinant for numerous pathogens
(e.g., Pseudomonas aeruginosa, Proteus mirabilis, and Vibrio para-
haemolyticus) and nonpathogens (B. subtilis) alike. For more ex-
haustive information on swarming motility in these organisms,
the reader is referred to two excellent reviews (114, 115). Swarm
cell differentiation is a complex physiological response to environ-
mental cues and signaling events. As bacteria transition from the
motile swimmer state to the swarmer state, there is an elongation
of the bacterial cell as well as widespread changes in gene expres-
sion, an increase in the number of flagella, and the production of
a surfactant to reduce surface tension. It is hypothesized that this
elongation serves to provide additional surface area on the bacte-
rium to accommodate the increased number of flagella. This idea
is supported by recent findings in Salmonella where cells that were
not actively upregulating flagellum production but elongated to
double the normal cell length possessed twice the number of fla-
gella. This 2-fold increase in flagellation was sufficient to over-
come surface friction and promote swarming motility (116). The
signals that drive the switch from the motile cell to the swarmer
state are varied and are the subject of active research; however, the
functional consequences of flagellar placement are discussed fur-
ther below (refer to Bacterial Cell Surface Appendages).

Swarming behavior is perhaps best understood for the Gram-
positive model organism B. subtilis (117) and the Gram-negative
bacterium P. mirabilis, which causes opportunistic urinary tract
infections in immunocompromised individuals (115, 118). In the
case of P. mirabilis, there is considerable debate in the field as to
the absolute requirement of swarming motility for virulence, since
it has been shown that a vast majority of the bacteria in ascending
urinary tract infections are undifferentiated swimmer cells (119).
Thus, going forward, a better understanding of the signaling
events that lead to swarm cell differentiation and the temporal
dynamics of swarm cell migration and group behavior is needed to
better understand how the swarming state and virulence are tem-
porally coordinated.

As Bacteria Grow Up

Morphological changes can be observed for bacteria that undergo
developmental programs, including several important pathogens.
Examples of such organisms include obligate intracellular patho-
gens in the Chlamydia and Rickettsia genera (120–125). These or-
ganisms display distinct morphological forms as they transition
from various host environments and growth states. However,
their complex life cycles and requirement for propagation within
mammalian cells have made it challenging to study how these
shape changes contribute to pathogenesis. Such challenges in-
clude the genetic intractability of these pathogens; however, re-
cent advances, including whole-genome sequencing technologies,
are enabling researchers to begin investigating these kinds of ques-
tions. Moreover, the identification of host-cell-free (axenic) me-
dia that permit growth outside the host is facilitating these studies.
Axenic propagation of the obligate intracellular pathogen Coxiella
burnetii, which is the causative agent of Q fever, has been reported
(126). These new developments will allow for more in-depth stud-
ies on pathogens that were previously inaccessible.

One pathogen whose morphological plasticity through its com-

plex developmental life cycle has been studied in greater depth is
UPEC, the predominant causative agent of urinary tract infections
(Table 1) (82, 127, 128). Upon initial invasion, UPEC begins to
form early intracellular bacterial communities (IBCs) within the
cytoplasm of bladder umbrella cells, and each IBC originates from
infection by a single bacterium (129). These early IBCs consist of
nonmotile, rod-shaped cells that are loosely associated into colo-
nies. However, the cells eventually transition into slower-growing
coccoids that form more organized biofilm-like communities
(mid-IBCs). At this point, a small subset of cells begins to further
differentiate into filaments within these mid-IBCs. As mentioned
previously, filamentation of UPEC within these IBCs is due to
induction of the SOS response as the cells cope with host immune
insults that damage their DNA (98). Eventually, the coccoid
UPEC cells become motile and bacillary (late IBCs), lysing the
host cell and releasing both filaments and motile rods for further
rounds of invasion into neighboring bladder cells (egress and sec-
ond-generation IBCs) (90). Since each IBC represents a single
invasion event, this suggests that the morphological changes ob-
served within these communities are part of a developmental pro-
gram (90). Each phase and its associated morphotype presumably
function to facilitate intracellular growth and subsequent rounds
of infection. As discussed earlier in this review, filamentation has
been shown to decrease efficient phagocytosis as well as to provide
a larger surface area for attachment to host cell surfaces, thus pro-
viding these cells with several key advantages for establishing sec-
ond-generation IBCs. Additionally, the transition from the coc-
coid cells seen in mid-IBCs to the motile rods in late IBCs, prior to
host cell lysis, results in released progeny that can rapidly spread
and establish infection at more distal sites. Although more work is
needed to elucidate the molecular mechanisms that underlie the
UPEC developmental program, it is clear that shape plays an im-
portant role in the survival and propagation of this pathogen.

To Be or Not To Be

Many Gram-negative pathogens, including V. cholerae, Vibrio vul-
nificus, V. parahaemolyticus, E. coli, S. enterica, Shigella dysenteriae,
L. pneumophila, C. jejuni, and H. pylori, transition from their char-
acteristic rod-shaped forms to smaller coccoid forms after incu-
bation for days to weeks in fresh or salt water, particularly under
low-temperature conditions (130–133). These coccoid forms of-
ten show resistance to culture but have continued metabolic ac-
tivity as measured by incorporation of radiolabeled thymidine or
glutamic acid and can be induced to elongate in the presence of
nutrients (134). While thousands to millions of organisms may be
detected by direct microscopy, no or very few such bacteria can be
cultured on standard laboratory media, leading to their designa-
tion as viable but nonculturable (VBNC). Some VBNC bacteria
retain infectivity. For example, VBNC V. cholerae showed growth
in ligated rabbit ileal loops (134), and VBNC L. pneumophila be-
came fully virulent in a guinea pig model after passage through the
freshwater amoeba Acanthamoeba castellanii (135). While these
studies indicate that VBNC organisms can cause disease, they do
not address whether their altered shape provides specific advan-
tages for host infection given their altered metabolic and growth
capabilities.

Not unexpectedly, both coccoid formation and resuscitation of
VBNC forms are linked to changes in the cell wall. While signals
that can promote resuscitation from the VBNC state remain elu-
sive for many bacteria, a variety of Vibrio species can be resusci-
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tated back to a cultivable state by a temperature upshift (136, 137),
allowing further dissection of this developmental program. Early
studies revealed progressive cell shortening during conversion of
V. cholerae to the VBNC state until the bacteria became small
cocci. During resuscitation, cells were observed to elongate and
initially divide reductively, yielding shorter cells than those seen
during exponential-phase growth (137). Subsequent ultrastruc-
tural studies revealed a mixed population of irregular and coccoid
forms during VBNC conversion at room temperature, while the
population became entirely coccoid when VBNC conversion oc-
curred at 4°C (138). During recovery, growth appeared to occur
via budding of extremely small coccoid cells that could themselves
divide by binary fission, and in some cases, the budded daughters
retained connections to the mother cell that resembled strands or
fimbriae. Recovery of E. coli L forms (bacteria lacking cell wall
material through growth in the presence of cell wall inhibitors)
similarly showed abundant morphological diversity and apparent
budding (139). Studies of V. parahaemolyticus revealed that the
proportion of irregular shapes observed during VBNC conversion
increases in low-salt media, which leads to increased cellular tur-
gor pressure (140). Computational modeling of the Gram-nega-
tive cell wall combined with limited antibiotic perturbation in E.
coli suggests that localized disruption of cell wall integrity pro-
duces similar cell bulges and bends (20). Quantitative PCR anal-
ysis of candidate cell wall synthesis and cell wall modification
genes during the time window where irregular forms peaked re-
vealed increased expression of DacB, a PG D-Ala-D-Ala carboxy-
peptidase. Disruption of dacB suppressed the accumulation of ab-
errant shapes during VBNC conversion, while complementation
reversed this suppression (140). Comparison of the global PG
compositions of H. pylori during exponential phase, during sta-
tionary phase, and in the coccoid VBNC form revealed a substan-
tial increase in the dipeptide content within the sacculus, with a
concomitant loss of tripeptides and tetrapeptides (141), in coc-
coid cells. Dipeptide-rich PG has been suggested to be a marker of
old or inert cell wall and cannot serve as a cross-linking acceptor
for linkage to new PG strands. These studies suggest that remod-
eling of the cell wall structure and composition accompanies
VBNC conversion and reversion. However, it remains unclear
whether these changes have been selected to promote the shape
change or are merely a by-product of the change in cell wall struc-
ture that promotes survival under stressful conditions.

While VBNC states have primarily been described for Gram-
negative proteobacteria, the Gram-positive enterococci have also
been shown to enter a VBNC state (142). Interestingly, Enterococ-
cus faecalis becomes slightly longer instead of shorter during
VBNC formation, and this morphological transition correlates
with a thickened cell wall. Analysis of the cell wall revealed in-
creased cross-linking of the PG and a higher level of expression of
PBP5, a D,D-transpeptidase (143). VBNC E. faecalis also showed
increased autolytic activity and lipoteichoic acid compared to
those of exponentially growing cells. Thus, while remodeling of
the cell wall appears to be a shared feature of VBNC induction in
diverse organisms, conversion to a coccoid shape is not conserved.
The inherent differences in cell wall organization between Gram-
positive and Gram-negative organisms could underlie the differ-
ences in morphology of VBNC forms among bacterial groups.
Gram-positive organisms can elaborate a thicker wall with altered
chemical properties as a barrier to noxious chemicals and condi-
tions, while the thin and relatively simpler cell wall of Gram-neg-

ative organisms may necessitate minimizing the surface area as a
primary strategy to avoid interactions with a hostile environment.
Early experiments suggested the Gram-positive cell wall as a bar-
rier to release of secreted �-amylase in Bacillus amyloliquefaciens
(144), and the production of branched PG stem peptides in pneu-
mococcus PG was recently found to limit pneumolysin release
(145).

The functional impacts of VBNC conversion are varied. VBNC
S. dysenteriae maintained Shiga toxin expression and a lower level
of adherence to cultured cells but was unable to invade these cells,
a phenotype essential for full virulence (146). H. pylori coccoid
cells showed 50-fold reductions in adherence and induction of the
proinflammatory cytokine interleukin-8 (IL-8) (147), both of
which are phenotypes associated with increased pathogenicity.
Studies with mutants of amiA, encoding the sole amidase in H.
pylori required for septum cleavage, suggest that in addition to
lower adherence, the lower IL-8 induction by coccoids may also
result from the diminished levels of tripeptide in the sacculi of
coccoids, since amiA mutants fail to show lower tripeptide levels
upon extended culture (148). While VBNC cells may have lower
virulence, they still can serve as reservoirs for infectious organisms
and can maintain plasmids, in the case of E. coli (149), and van-
comycin resistance, in the case of Enterococcus (142). Thus, a ma-
jor open question remains as to the conditions and mechanisms of
VBNC resuscitation. Recently, two studies suggested that in
vibrios, quorum-sensing autoinducer molecules promote the ef-
ficiency and kinetics of resuscitation (150, 151). A further under-
standing of resuscitation will allow assessment of the specific
properties of VBNC and resuscitated forms.

BACTERIAL CELL SURFACE APPENDAGES

Thus far, we have primarily concerned ourselves with the overall
form of a bacterial cell in the context of its main body. However,
the vast majority of bacteria produce extracellular flagella and/or
pili that are located on the outside of the cell and may be thought
of as surface-associated appendages. These mostly extracellular
structures are not morphological determinants, but their presence
and physical placement on the cell surface do indeed affect the
overall shape and physical reach of the organism in distinct ways
that promote survival, niche acquisition, and/or pathogenesis. In
particular, flagella, type I pili, and type IV pili have all been linked
to pathogenesis in a variety of organisms (Fig. 4). For the purposes
of this review, we are expanding the definition of bacterial mor-
phology to include the contributions of the aforementioned ex-
tracellular appendages in addition to the morphology of the cell
body.

Flagella function to allow both chemotaxis-directed motility
and swarming motility but can also have adhesive properties to-
ward host cells. Flagella also serve as a frequent target of the host
innate and adaptive immune systems, and thus Salmonella, for
example, downregulates flagellin expression during systemic host
colonization (152–154). For the human pathogens V. cholerae and
H. pylori, the flagellum is sheathed by an extension of the outer
membrane that was once thought to function in preventing im-
mune recognition of the flagellar filament by the host. However, a
recent study by Brennan and colleagues challenges this idea and
suggests an alternative role in promoting immune activation
through the shedding of lipopolysaccharide (LPS) during flagellar
rotation (155). Pili promote adhesion and a third type of motility,
known as twitching motility. Pili can also play a role in DNA
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uptake, the induction of cytokines and immunogenic responses,
hemagglutination, and biofilm formation (156–159). Other bac-
teria, such as C. crescentus, elaborate a polar stalk with an adhesive
tip, a structure distinct from pili that may be important for nutri-
ent uptake and attachment to surfaces (160). In this section, we
explore how the number, length, and location of these appendages
affect their functional properties.

Locomotion Defined by Location

The bacterial flagellum is one of the most well-studied and com-
plex bacterial organelles (161, 162). For an excellent review on the
incredible diversity and importance of this molecular motor, the
reader is referred to a previous review (163). At a rudimentary
level, the most basic function of the bacterial flagellum is to pro-
vide a means of locomotion via a process known as chemotaxis
that allows the bacterium to change its direction by modulating
motor function in response to environmental signals (i.e., nutri-
ent gradients). Flagellar arrangements and numbers on the cell
can have dramatic effects on the form and type of motility mani-
fested by the bacterium.

The Vibrio and Pseudomonas flagella are of the monotrichous
variety, consisting of a single polar flagellum used for swimming
motility in the planktonic growth state of these bacteria, which
functions basically like a propeller on a boat. Another form of
motility, termed darting motility, is promoted by bacteria with an
amphitrichous, or bipolar arrangement, with one flagellum on
each of the poles. This type of motility involves straight runs fol-
lowed by reorientation and then reversal of direction by engage-
ment of the opposite polar flagellum. Campylobacter jejuni
achieves this bipolar arrangement by using a protein called FlhF
that simultaneously directs polar placement of flagella and pre-
vents FtsZ assembly, and thus cell division, at the poles (164).
Pseudomonas aeruginosa also utilizes an FlhF protein to direct po-
lar localization and regulation of late-stage flagellar genes and fla-
gellar numbers. Furthermore, loss of FlhF results in the misplace-
ment of nonpolar flagella that results in impaired swimming and
swarming phenotypes (165). Overexpression of FlhF in Pseu-
domonas putida results in a lophotrichous (multiple polar flagel-
lar) phenotype. Interestingly, despite having more flagella, these
lophotrichous P. putida mutants are unable to spread on 0.4%
motility agar plates. In contrast, a mutation of a small RNA gene

that leads to a larger median number of polar flagella in H. pylori
leads to increased swimming speeds (65).

The peritrichous arrangement, in which many flagella are
found along the entire surface of the cell, promotes a type of mo-
tility termed “runs and tumbles” whereby the bacterium changes
swimming direction from the smooth “run” to a “tumble” when
the flagella unbundle during reversal of motor rotation. In addi-
tion to their function in cell propulsion, flagella can also function
as a surface sensing apparatus. The seafood-associated diarrheal
pathogen Vibrio parahaemolyticus lives in marine environments
and is motile in its planktonic state by means of a single polar
flagellum. Upon inhibition of rotation of its flagellum, either by
contact with a surface or from a highly viscous environment, a
genetic reprogramming event occurs that triggers swarmer cell
differentiation (166). The swarmer cells express an independent
lateral flagellar gene system that results in peritrichous swarmer
cells capable of swarming motility and is independent from the
polar signal-transducing flagellum. Shewanella putrefaciens
CN-32 also possesses a lateral flagellar gene system, and recent
work by Bubendorfer et al. (167) demonstrated that the placement
of the additional flagella alters directionality changes, resulting in
improved directional persistence of swimming and spreading of
this bacterium. Taken together, these results suggest that both the
placement and number of flagella are important motility and vir-
ulence determinants.

Standing Tall

Prosthecae are true cell envelope extensions found in many non-
pathogenic Gram-negative bacteria, possessing both PG and cell
membranes, in contrast to flagellar or pilus appendages (168,
169). In a recent paper by Jiang et al. (170), the authors investi-
gated the evolution of stalk positioning in several stalk-possessing
bacteria, including C. crescentus, Asticcacaulis biprosthecium, and
Asticcacaulis excentricus. They demonstrated that stalk positioning
in Asticcacaulis spp. was driven by coopting the developmental
regulator SpmX by evolution of protein function with modular
protein domains to specify the location (polar versus nonpolar) of
stalk synthesis. Nevertheless, the function of these stalks is not
entirely clear, but one long-standing hypothesis is that they func-
tion to enhance nutrient acquisition from the environment by
increasing the cell surface area with minimal change to the sur-
face-to-volume ratio of the cell (3, 86, 171). Evidence to support
this model came from numerous examples of stalk lengthening in
response to phosphate starvation in different bacteria, including
Caulobacter, Asticcacaulis, Hyphomicrobium, and Rhodomicro-
bium (171). The most well-studied prostheca-possessing bacte-
rium is C. crescentus, which has a single polar prostheca, more
often referred to as a stalk, with an adhesive holdfast at its end
(172). Under nutrient-rich conditions, the stalk of C. crescentus
measures approximately 1 �m in length; however, in phosphate-
limiting media, the stalk can lengthen to up to 30 �m (173, 174).
Wagner and colleagues reported that these stalks can take up
phosphate by using the high-affinity phosphate-binding protein
PstS, which was proposed to shuttle the bound phosphate to a
transporter complex for entry into the cell body cytoplasm (168).
However, the feasibility of this model has been challenged by more
recent work demonstrating the diffusion limitation of PstS within
stalks by protein barriers that prevent exchange between these two
compartments (175). One previously proposed idea that has taken
favor in recent years is that stalk lengthening may function to raise

FIG 4 Schematic of bacterial cellular appendages discussed in this review.
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cells above attached surfaces, via the holdfast, into the path of
increased nutrient flux (Fig. 5) (5, 160). This model, although not
mutually exclusive, may best explain why C. crescentus employs
stalk formation and lengthening to survive in oligotrophic (low
nutrient) environments; however, this may not hold true for other
organisms that possess prosthecae. Asticcacaulis biprosthecium,
which contains stalks that also elongate under nutrient-poor con-
ditions, lacks sticky holdfasts, suggesting that stalk lengthening
may function in a manner distinct from that in C. crescentus (160).
In this case, stalk elongation might serve to provide “nutrient
whiskers” to facilitate nutrient acquisition (3) or as a mechanism
to avoid protozoan predation by effectively increasing cell size
(176).

The Long and Short of It

There are many different flavors of pili (also referred to as fim-
briae), and they vary based on length, thickness, chemical decora-
tions, tip adhesions, and the ability to retract (Fig. 4) (156). Dif-
ferences in pilus length and number can directly affect binding to
host factors and thus may affect pathogenesis. A study by Imhaus
and Duménil (177) showed that in N. meningitidis, modulation of
the degree or amount of type IV piliation alters functional prop-
erties of those pili (Table 1). Diplococci expressing only a single
pilus could import DNA for natural transformation but could not
undergo intrabacterial aggregation. As the number of pili in-
creased to two, the bacteria were able to self-aggregate. A further
increase to approximately five pili was sufficient to promote bac-
terial cross talk with host cells (Table 1) (177). A recent modeling
and experimental study with N. meningitidis suggested that
twitching motility utilizes both temporal retraction and physical
placement of type IV pili for cell orientation and to optimize di-
rectionality during twitching motility (178).

UPEC utilizes both P and type I pili to promote successful
pathogenesis. Melican et al. (179) used a live animal (murine)
renal bacterial infection model to show that P-type fimbriae en-
hance initial colonization steps primarily by promoting bacteri-

um-host cell interactions in synergy with the type I fimbriae, pro-
moting interbacterial binding and biofilm formation. This is
mediated by the FimH tip adhesin of the type I pilus and provides
a fitness advantage for withstanding sheer forces induced by fil-
trate flow in vivo (179, 180). Furthermore, attachment and short-
ening of type I pili are required for bladder cell invasion by UPEC
and progression through the IBC transmission cycle in a murine
model of infection (181, 182). The fact that different pili are used
for different functions likely relates to their differences in recep-
tors and/or differences in their structural features, which have not
been examined extensively to date, especially in the context of
temporal effects during pathogenic processes.

Another interesting example of division of labor among distinct
pili occurs in the oral cavity, where numerous microbes engage in
niche acquisition and host interaction processes facilitated by
their pili. Disease in the oral cavity is thought to arise through
polymicrobial synergy and dysbiosis, whereby communities of
different bacteria influence one another, leading to the onset of a
polymicrobial disease state. In the mouth, the keystone pathogens
Porphyromonas gingivalis, Streptococcus gordonii, Treponema den-
ticola, and Tannerella forsythia are collectively known as the “red
complex” bacteria (183). The red complex has been strongly asso-
ciated with the periodontal disease state (184). Porphyromonas
gingivalis expresses two types of fimbriae. Long (major) fimbriae
of �3 �m in length that are comprised of the FimA protein bind
to glyceraldehyde-3-phosphate dehydrogenase expressed on the
surfaces of a variety of commensal Streptococcus and Actinomyces
bacteria in the oral cavity (185). The shorter (minor), type 2 fim-
briae, comprised of the Mfa1 protein, are only 100 to 500 nm long
and bind to the SspA and SspB antigen I/II family of Streptococcus
gordonii surface proteins (186). These are species-specific proteins
that promote specific polymicrobial community interactions in
the oral biofilm (187). This species specificity is an important
characteristic because it has been noted that P. gingivalis does not
interact with Streptococcus mutans (which promotes dental caries)
because it does not express the SspA/B surface proteins, explaining
why this organism is not found in polymicrobial biofilms with P.
gingivalis. Initial stages of P. gingivalis colonization are mediated
by the major type I pili to promote successful establishment of a
polymicrobial interaction between P. gingivalis and oral Strepto-
coccus bacteria, followed by community structure diversification
and biofilm formation mediated by the short type II pili. Thus,
these fimbrial appendages mediate specific protein-protein inter-
actions that are important virulence determinants whose function
is determined in part by the physical reach of pili and the specific
protein-protein interactions mediated through pili of differing
lengths.

CONCLUSIONS

Bacterial morphological diversity manifests at multiple levels, in-
cluding cell body geometry and size and the elaboration and di-
verse placement of appendages. Human bacterial pathogens en-
compass much of the morphological diversity found in the
bacterial kingdom (Table 1). Furthermore, extensive research on
the physiology, cell biology, and immunology of the mammalian
host provides an excellent opportunity to probe the functional
significance of cell shape, as each of these host features likely exerts
selective pressures on bacteria that transiently or chronically col-
onize humans to cause disease. The elucidation of genetic pro-
grams that drive distinct morphologies (e.g., csd genes that drive

FIG 5 Model for the physiological role of stalk elongation in Caulobacter
crescentus. Stalk elongation may serve to elevate cells away from attached sur-
faces to increase nutrient availability and to distance cells from other compet-
itors. (Adapted from reference 160 by permission of Taylor & Francis LLC.)
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helical shape in H. pylori and the induction of cell filamentation by
sulA expression during UPEC infection) has provided a means to
explore the functional significance of cell morphology for patho-
genesis through infection studies with mutants that have altered
morphologies or cannot transition between distinct morphologi-
cal states. As described in Table 1, we can say that bacterial mor-
phology affects the ability of organisms to colonize distinct host
niches, their susceptibility to host defenses, and disease progres-
sion for many, if not all, pathogens. While in many cases the cell
morphology has been associated only with the pathogenic state,
precise molecular mechanisms have begun to emerge. The en-
hanced susceptibility of cell chaining mutants of S. pneumoniae to
complement-mediated killing provides an elegant example. Fu-
ture work in this area will hopefully bring this level of molecular
detail to more of the cases highlighted in this review.

We expect much progress in further elucidating the functional
significance of shape for pathogenic and nonpathogenic bacteria
in the coming years. Studies both in model bacterial systems and
directly in pathogens should allow a deeper mechanistic under-
standing of the molecular processes that generate and regulate the
morphology of bacteria and thus illuminate strategies to experi-
mentally perturb these parameters. Furthermore, increasingly so-
phisticated methods to image bacteria in the host and to geneti-
cally manipulate the host will allow more detailed testing of
hypotheses relating to the functional significance of bacterial mor-
phology.
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