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Abstract

Bacteria come in a wide variety of shapes and sizes. The true picture of bacterial morphological
diversity is likely skewed due to an experimental focus on pathogens and industrially relevant
organisms. Indeed, most of the work elucidating the genes and molecular processes involved in
maintaining bacterial morphology has been limited to rod- or coccal-shaped model systems. The
mechanisms of shape evolution, the molecular processes underlying diverse shapes and growth
modes, and how individual cells can dynamically modulate their shape are just beginning to be
revealed. Here we discuss recent work aimed at advancing our knowledge of shape diversity and
uncovering the molecular basis for shape generation in non-canonical and morphologically
complex bacteria.
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The Nature of Bacterial Shape

Casting one’s gaze upon the array of observed bacterial shapes and sizes, one wonders about
the why and the how of morphogenesis. It is one thing to simply catalog the range of
morphologies, from the familiar rods and cocci to the flamboyant star-shaped or appendaged
bacteria and including size ranges spanning almost six orders of magnitude, from the
nanometer to the millimeter scale [1]. Determining why diverse bacterial shapes exist is far
from trivial: a shape might be a compromise between different selective pressures and
determining the adaptive value of a particular shape can be difficult [2]. Yet shapes are
maintained over evolutionary time scales and, under genetic control, are faithfully
reproduced each generation. We can thus infer that at least some shapes are the result of
adaptation and selective pressures. For example, pathogenic bacteria with mutations that
alter shape often have altered colonization or virulence properties in infection models,
suggesting that shape itself is an adaptation for virulence or that the host environment
provides a selective pressure driving the adopted morphology [3].
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How bacterial shapes are determined is somewhat easier to study than why, and great
progress is being made in understanding the molecular mechanisms that can generate
different shapes. Understanding how bacteria maintain cell shape through growth and
division, how they actively restructure their morphologies in response to environmental
conditions, and how morphologies evolve is a worthy endeavor. Such knowledge will
benefit, among other things, efforts to impede pathogen persistence, proliferation, and
virulence [4], as well as efforts to engineer shape for industrial and agricultural applications.

The major shape determinant of bacteria is the peptidoglycan (PG) cell wall. Some bacteria
are able to adopt a spherical or pleomorphic cell wall-deficient state known as the L-form
[5]. Much of what we know about the mechanisms of PG synthesis comes from the study of
a few model organisms, such as the spherical Staphylococcus aureus, the ovoid
Streptococcus pneumoniae, and the rod-shaped Escherichia coli, Bacillus subtilis,
Agrobacterium tumefaciens, and Caulobacter crescentus. The PG cell wall is a
macromolecular polymer composed of alternating p-1,4-linked N-acetylglucosamine
(GlcNACc) and N-acetylmuramic acid (MurNAc) sugars, forming strands that are cross-
linked by short peptide side chains attached to the MurNAc subunit (Figure 1). While the
basic PG precursor subunit (Figure 1, bottom right) is broadly conserved in bacteria, the
chemical composition (peptide side chain modification and crosslink type) and structure
(degree of crosslinking and chain length) can vary widely [6]. The eventual morphology of a
cell arises from a complex interplay between the proteins and regulatory elements that
compose the PG biosynthetic machinery (Figure 1). In model rod-shaped bacteria, such as £.
coliand B. subtilis, there are at least two PG remodeling complexes that give rise to their
shape: the elongasome (Figure 1, bottom left) inserts new PG along the lateral side-wall of
the cell as it grows, while the divisome (Figure 1, bottom center) is responsible for the
formation of the division septum and cytokinesis [7].

The elongasome and divisome are large complexes, organized by cytoplasmic, cytoskeleton-
like scaffolding proteins (see Glossary). These complexes contain inner membrane (IM)
spanning elements and a multitude of periplasmic proteins and enzymes (both membrane
bound and soluble), such as PG synthases and PG hydrolases (Figure 1). Due to the scope of
this review we will briefly describe common themes involved in cell elongation and division
using E. coli as an example (for detailed reviews, start with [7-12]). The actin homolog
MreB serves as the scaffolding protein to organize the elongasome. In the model for rod cell
elongation, MreB forms filaments that bind to the inner membrane and interact with PG
remodeling enzymes, including PG synthases known as penicillin binding proteins (PBPs;
see Glossary), PG precursor synthesis enzymes, and PG hydrolases. Cell wall synthesis
directionally drives MreB motion, elongating the cell by insertion of new PG in a spiral-like
pattern. The tubulin homolog FtsZ is a scaffolding protein that forms a ring-like structure
called the "Z-ring", which marks and assembles the site of division or the "divisome". Two
negative regulators help position Z-ring assembly at the midcell: First, the Min system
inhibits Z-ring formation, and as Min system proteins oscillate from pole to pole, mid-cell
Z-ring formation is favored. In the second phenomenon, known as nucleoid occlusion (see
Glossary), the £. coliprotein SImA binds to several specific sites on the chromosome and
thus blocks cell division over the unreplicated nucleoid by both sequestering free FtsZ and
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disrupting FtsZ polymers. Once formed at the mid-cell, and throughout the process of
septation, the Z-ring recruits and localizes the various divisome proteins. Bifunctional PBPs
(Figure 1A) have long been considered the primary enzymes for PG synthesis, yet recent
work characterizing SEDS (shape, elongation, division, and sporulation) family proteins
(Figure 1E) has challenged this notion. SEDS are a new class of PG glycosyltransferases,
distinct from PBPs but functionally, and often genetically, linked to monofunctional PBP
transpeptidases, (Figure 1B) [13-16]. The best studied SEDS are RodA and FtsW, which are
critical to cell elongation and division, respectively. This exciting discovery of a new class of
PG synthases raises question about the primary role of bifunctional PBPs and if SEDS can
be targeted for antibiotic development.

While a conserved set of proteins participates in PG synthesis and remodeling (Figure 1)
[11, 17], simple shapes such as the rod can arise through a number of distinct mechanisms,
including dispersed growth along the length of the cell, elongation from one or both poles,
or widening followed by longitudinal division along the long axis of the cell (see
Outstanding Questions) [18-20]. How are non-canonical bacterial shapes generated at the
molecular level? And how do we identify the proteins and regulatory elements involved in
these non-canonical systems? Below we discuss various inroads into the molecular basis of
diverse bacterial morphologies. Novel shapes, it is becoming clear, are underpinned by novel
strategies for regulating and localizing PG modifying enzymes.

| Spy With My Little Eye...Observing Shape Variation

Many of the biological sciences, such as botany or zoology, are rooted in a tradition of
natural history, with an emphasis on observation rather than experimentation [21]. Much of
the natural history of bacterial diversity, including descriptions of bacteria that are star-
shaped, grow prosthecae (see Glossary), or exhibit any number of deviations from the
canonical rod or sphere, tends to date from before 1980 [22]. While some current journals do
dedicate space to describing new species, the modern approach to non-canonical shapes is
often "look, but don’t touch". This is in many ways understandable; model bacteria such as
E. coli and B. subtilis are genetically tractable and easy to culture, and these model systems
have certainly provided a wealth of knowledge regarding bacterial shape determination at
the molecular level.

Stepping outside the realm of model organisms can be challenging, not the least because
new genetic systems and culturing methods must often be developed. Take the example of a
new Methylococcaceae morphotype hiding in plain sight. Aerobic methanotrophs display a
variety of cell shapes, including straight and curved rods, cocci and ovoids, vibrioids and
pear-like cells [23]. In an enrichment for methanotrophic cultures sampled from a peat bog,
three major cell morphotypes in a mixed population were observed: rods, large cocci, and a
shape that had never been observed in methanotrophs: spiral (or helical) shaped cells (Figure
2A) [24]. While the rod and coccal species were readily isolated through standard methods,
it took years of continuous purification work to generate a culture enriched for the spirillum,
presumably because of its preference for micro-oxic conditions. The discovery of such a
morphotype had been elusive in large part due to commonly used culture methods. Widely
used culture media, such as LB or NA, are unlikely to be optimal for most bacteria and may
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mask other morphologies hiding in plain sight, as even among well-studied, "domesticated"
bacteria, canonical shapes often vary dramatically depending on the growth conditions. With
the advent of high-throughput culturing methods [25] and utilizing high-throughput
sequencing data to model metabolic networks for optimal culture conditions [26-29], the
future is bright for bypassing this cultivation bottleneck [30]. While developing a true
picture of bacterial morphological diversity is important, simply assembling a menagerie at
which to marvel should not be the end goal; we should seek to understand how these shapes
are generated, both at the molecular level and in the context of microbial diversity and
evolution. Let us look at recent advances in our knowledge of shape diversity and the
molecular basis for shape generation and modification in non-canonical, morphologically
complex bacteria.

Basis for Morphological Plasticity and Pleomorphism

Morphological plasticity refers to the ability of a bacterial cell to dynamically change its
shape in response to the environment [31]. Pleomorphism, while sometime used
interchangeably with morphological plasticity, refers to the population level, where a species
can assume multiple forms through processes such as a programmed life cycle or dynamic
morphological changes. For the purposes of this review, we will use pleomorphism as a
general term for these processes. When describing the shape of a certain bacterial species,
we often speak as if shape is immutable (i.e. £. coli are rods, S. aureus are spheres,
Helicobacter pyloriare helical), yet it is becoming clear that morphological plasticity and
pleomorphism are common strategies employed by bacteria. In fact, it may be far more
common than we could have imagined (see Outstanding Questions).

One early observation of pleomorphism was bacterial cells during swarming, where several
species elongate when transitioning from the motile swimmer state to the swarmer state [3].
Another example is the regulation of prosthecae [32-34]. In the prosthecate
Alphaproteobacteria, such as C. crescentus (Figure 2B) or Asticcacaulis spp. (Figure 2C-D),
phosphate starvation stimulates prosthecae synthesis, either elongating extant prosthecae or
producing prosthecae where previously there were none [32, 35-38]. In addition, the impact
of cell morphology on biofilm formation is becoming increasingly clear. Computer modeling
and empirical data from £. coli suggests that cell shape affects spatial patterns and
composition within microbial communities such as biofilms [39]. Although molecular
studies of the shape of bacterial symbionts are rare, in at least two cases host factors
controlling symbiont shape have been identified: nodule-specific cysteine rich (NCR)
peptides and Coleoptericin A inhibit cell division in symbionts of legumes and weevils,
respectively, leading to cell gigantism and polyploidy [40]. Finally, the range of
morphologies observed in H. pylori cultures grown from clinical isolates include curved and
straight rods of various lengths and helicities [41], suggesting that, despite adopting a
predominantly helical form, it may be advantageous for H. pylorito maintain a pleomorphic
population and assume alternative morphologies. Below we will discuss several recent
observations that not only illustrate the ubiquity of pleomorphism but also identify
molecular mechanisms that drive these transitions.
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Shedding Light on Cyanobacterial Morphology

Photosynthetic cyanobacteria are found in almost every habitat on earth and display an array
of morphologies, including unicellular and filamentous forms [42, 43]. In addition, it has
been well documented that cyanobacteria undergo shape changes directly linked to growth
and/or development [44]. Vegetative cells change shape in response to light [45] or
differentiate into specialized forms: heterocysts capable of fixing nitrogen [46]; sporelike
akinetes [47]; or hormogonia, short filaments made of small cells that exhibit gliding
motility [48]. Despite an observed range of species-specific morphologies and a propensity
for pleomorphism, very little is known about the underlying molecular mechanisms
governing shape determination or morphological plasticity in cyanobacteria. The few genes
that have been described are referred to as "morphogenes".

The amidase (Figure 1J) AmiC2 directly affects peptidoglycan structure and is pivotal for
multicellular development in the cyanobacterium Nostoc punctiforme (Table 1) [49]. .
punctiforme daughter cells do not septate, as in unicellular bacteria such as £. coli, but retain
a shared cross wall in the septum. It is thought that the multiprotein complexes which
facilitate intercellular communication, and are necessary for cellular differentiation and
filamentation, cannot form because the PG of the shared cross wall in amiC2 mutants is so
thick [49]. Possibly due to a cell cycle delay, am/C2 mutant cells are also larger than wild-
type cells (Table 1) [49].

Many cyanobacteria utilize complementary chromatic acclimation (CCA), a process
whereby light-harvesting structures and cellular processes such as morphogenesis are
dynamically regulated in response to light conditions such as color and intensity [50]. For
example, Arthrospira platensis (Figure 2L) are filamentous, helical cyanobacteria whose
cells transition from an elongated, loose helix under low solar ultraviolet (UV) light
exposure to a tightly compressed helix when exposed to high solar UV levels [51]. The
freshwater, filamentous cyanobacterium Fremyella diplosiphon (Figure 2E), a model
organism for CCA and photomorphogenesis, forms short filaments of small, rounded cells
under red light and long filaments of rectangular cells under green light (Figure 2E) [45, 52—
54]. The F. diplosiphon Rcak photoregulatory CCA sensor Kinase increases the levels of a
transcriptional regulator, BolA, under red light conditions. BolA binds to the promoter of
mreB, repressing transcription of this key element of the elongasome and resulting in small
rounded cells (Figure 2E bottom) [53, 54]. Under green light conditions, this repression is
released and MreB can accumulate, resulting in cell elongation and rod-shaped cells (Figure
2E top) [53, 54].

Filamentation in Pathogens (Legionella & UPEC)

Pleomorphism is an important strategy employed by pathogens, where morphological
transitions are utilized to successfully colonize host tissues or cells, mediate transmission
between hosts, or maintain persistence in environmental reservoirs. Several bacterial species
transition from rod to filamentous morphologies in response to environmental stress [31].
For example, the filamentous morphology can aid Legionella pneumophilain evading
macrophage killing and promoting intracellular replication [55].
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During infection, uropathogenic Escherichia coli (UPEC) transitions from nonmotile rods to
cocci, then to motile rods, and ultimately to a filamentous form whose size is thought to
prevent phagocytosis [56]. While UPEC filamentation had previously been linked to the
protein SulA and the SOS response [56-58], a recent study has identified the protein DamX
as a key factor by which UPEC mediates the reversible transition between normal rod shape
and filamentation through the inhibition of cell division (Table 1) [59]. Both mechanisms are
proposed to contribute to UPEC filamentation, but in response to different stimuli: SulA
filamentation occurs in response to immune cell attack, while DamX filamentation is
triggered by exposure to urine/liquid shear forces upon the shift from intracellular growth to
surface growth (Table 1) [56, 59].

Morphological Stratification in Lactococcus Biofilms

Cell morphology is also important to biofilm formation [39]. Lactococcus lactis is a Gram-
positive bacterium used extensively in the production of fermented dairy products such as
cheese, yogurt, and buttermilk. Until recently, L. /actis have been reported as exclusively
ovococcoid shape under common laboratory conditions. During biofilm formation under
certain growth conditions, L. /actis produces two stratified and morphologically distinct
subpopulations: the base of the biofilm contains ovoid cells, and the upper layers contain
rods of various lengths (Figure 3H) [60]. The proposed mechanism for generating elongated
cells is that, while FtsZ-rings assemble and recruit components of the divisome, PBP2x-
associated septation is arrested. This arrest allows sustained PBP2b-associated peripheral
growth to elongate the cell [60]. Cell elongation via inhibition of cell division is an emerging
theme in our understanding of morphological transitions.

Prosthecomicrobium hirschii — A Polymorphic Life Cycle

Many Alphaproteobacteria species engage in asymmetric cell division, a characteristic that
is shared despite the diverse habitats and lifestyles of these bacteria [61-65]. The dimorphic
life cycle, which gives rise to morphologically distinct motile swarmer cells and adherent
prosthecate cells (Figure 3A), is the best studied asymmetric cell cycle in
Alphaproteobacteria and is exemplified by C. crescentus (Figure 2B) [66]. While the core
genes involved in cell cycle regulation are broadly conserved among Alphaproteobacteria
[67, 68], their essentiality and how they are regulated varies. Such differences suggest an
evolutionary plasticity within this regulatory system which may have aided in adaptation to a
species’ respective environment [69-71]. Prosthecomicrobium hirschii (Figure 2F), a
member of the Rhizobiales clade, exhibits a complex polymorphic life cycle (Figure 3C) in
which two morphologically distinct cell types persist in the same culture: short-prosthecate
cells produce numerous short conical prosthecae, whereas long-prosthecate cells typically
have fewer than eight long cylindrical prosthecae [72—-74]. Short-prosthecate cells undergo
Caulobacter-like asymmetric division, almost always producing a motile, short-prosthecate
daughter which produces a polar adhesin (Figure 3C) [73]. Long-prosthecate cells, on the
other hand, are non-motile, produce no adhesin, and can produce short-prosthecate or long-
prosthecate daughter cells (Figure 3C) [73]. In both cases, a mother cell typically produces a
daughter of the same morphology for several generations [72, 73]. Does this generational
shape patterning represent an "epigenetics of form", whereby the gene expression patterns
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that regulate the morphological cycle are passed from mother to daughter? Or could it be
regulated at the population level via quorum sensing?

Breaking the Mold — Pleomorphism in Roseobacter

Polymorphic life cycles in which one morphology utilizes a Caulobacter-like cell cycle have
been observed in a number of Alphaproteobacteria [61, 75]. This suggests that variations on
Caulobacter-style cell cycle regulation may be widespread and raises questions about the
conditions where one form if favored over another. For example, the Roseobacter clade is an
abundant, diverse, and ecologically significant group of heterotrophic Alphaproteobacteria
commonly found in marine environments [76]. A common morphological trait among many
Roseobacters is that cells in a population exhibit pleomorphism [77, 78]. Phaeobacter
inhibens, either as single cells or in multicellular rosettes, can range from 1-10 um long,
with cells > 3 um comprising up to 15% of the population [78]. In Dinoroseobacter shibae,
differentiation into a morphologically heterogeneous population (Figure 2G) is regulated via
quorum sensing and mediated through the CckA-ChpT-CtrA phosphorelay system [77, 79].
This is the same system that mediates cell cycle control in C. crescentus [80], thus this
pathway is utilized to modulate the cell cycle in both species but to antithetical ends; a
tightly regulated, dimorphic life cycle in C. crescentus (Figure 3A) becomes chaotic
pleomorphism in D. shibae (Figure 2G).

How Do Shapes Evolve?

The earliest attempts to classify bacteria and describe their taxonomic relationships relied on
observable characteristics such as morphology, metabolism, locomotion, or mode of cell
division [81]. The advent and development of molecular phylogenies invalidated many of
these historical relationships [82], but now allows us to map these phenotypes onto robust
phylogenies and make inferences regarding the evolution of bacterial shape (see Outstanding
Questions) [2, 83]. This approach has been used extensively in eukaryotes for inferring the
evolutionary history of traits [84], and it was similarly applied to explore evolutionary
transitions from rods to cocci in bacteria [85]. Below we will discuss two recent examples of
experimental investigation into morphological evolution.

Evolutionary Transition from Rods to Cocci in Neisseriaceae

Nasopharyngeal (NP) pathogens of the Nersseriaceae family vary in cell shape; some are
rods while others are cocci [86]. Recent work suggests that these two shapes are the result of
an evolutionary transition [87]. This morphological transition from rod to coccus is
correlated with the stepwise loss of first yacF, followed by the elongation machinery
(mreBCD, pbpC, rodA, rod2) [87]. In E. coli, YacF (aka ZapD) promotes FtsZ ring
assembly and may help regulate the transition between elongation and division in rod-
shaped Neisseria [88-90]. Muropeptide analysis (see Glossary) of PG composition for
different species or mutants provides a rough "fingerprint" that can differentiate, for
example, Gram positive from Gram negative bacteria or rods from cocci [6]. Concomitant
with the evolutionary transition from rods to cocci in Nefsseriaceae is an enrichment in the
relative abundance of septal and polar PG (pentapeptides) and a decrease in the proportion
of lateral PG from the sidewalls (tetrapeptides) in the various lineages [87]. The PG
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phenotype could be duplicated /n vitroin the rod-shaped Neisseria elongata through the
stepwise deletion of yacFand the elongation machinery. Moraxella catarrhalis and Neisseria
meningitidis are coccal species that occupy the same niche. Analysis of the Moraxellaceae
family suggests it has undergone a convergent evolutionary transition, with a common loss
of ancestral yacFand elongasome genes leading to a similar transition of coccobacillus-to-
coccus shape and accompanying change in PG composition [87]. One can speculate about
the forces driving such morphological transitions. For example, rod-shaped NP pathogens
are often found in the saliva of the oral cavity, while cocci are usually found attached to the
drier NP mucosa. While evidence of the adaptive value of shape requires direct observation
of selection acting on phenotype, comparative genomic studies such as this allow for the
identification of selective targets associated with specific morphologies [2].

The Evolution of Prosthecate Morphology in Caulobacteraceae

Prosthecae are a common feature in aquatic bacteria living in oligotrophic environments
[32-34]. In the Caulobacteraceae, phylogenetic analysis indicates that the single ancestral
polar prostheca (exemplified by C. crescentus, Figure 2B) has been repositioned first to a
subpolar position (Asticcacaulis excentricus, Figure 2C) and then to a bilateral position
(Asticcacaulis biprosthecum;, Figure 2D), with two prosthecae located opposite of each other
at the midcell [2, 32]. In C. crescentus (polar; Figure 2B), the developmental regulator
SpmX is responsible for localizing the histidine kinase DivJ to the prosthecate pole, where it
plays a key role in cell cycle regulation [91]. In Asticcacaulis spp., SpmX (Table 1) has been
co-opted as a morphogen to position and coordinate the synthesis of prosthecae through
zonal PG remodeling [32]. An expanded region within SpmX is responsible for the different
localization patterns between A. excentricus (subpolar; Figure 2C) and A. biprosthecum
(bilateral; Figure 2D) [32]. The study of these bacteria and how they localize, synthesize,
and maintain prosthecae is providing significant understanding about how bacteria can
generate novel morphologies through the repositioning of PG synthesis machinery.

Twist and Sprout and Bud: Molecular Factors Underlying Distinct Shapes

Helical Bacteria — Reshaping the Rod

The bacterial helix is a shape that has arisen many times throughout bacterial evolution [2].
Helical bacteria are responsible for many human and animal diseases, although not all
helical bacteria cause disease. The best known disease-causing helical bacteria include
spirochetes, such as Leptospira spp. (leptospirosis), 7Treponema spp. (syphilis), and Borrelia
spp. (Lyme disease), as well as proteobacteria like Campylobacter jejuni (gastroenteritis)
and H. pylori (peptic ulcers and gastric cancer; Figure 21). Identification of mutations that
directly affect peptidoglycan remodeling has proven vital for describing how bacteria
establish and maintain their shape. Screens for shape mutants in rod-shaped bacteria such as
E. coliand Bacillus spp. have been undertaken since the 1960’s and provided the foundation
for our current knowledge of the molecular underpinnings of PG-based shape determination
[92]. This approach of screening unbiased transposon libraries or deletion collections (e.g.
the E. coli Keio collection) continues to prove useful in revealing the underlying molecular
mechanisms involved in complex shape determination [41, 93-95]. Transposon library
screens for morphological mutants in H. pylori, paired with fluorescence-activated cell
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sorting (FACS) to enrich mutant libraries for bacterial cells with altered light scattering
profiles that correlate with perturbed cell morphology, have identified several PG modifying
enzymes responsible for maintenance of the helical morphology [41, 96, 97]. These screens
identified the genes csdZ-6 (cell shape determinant) that encode for an array of PG
modifying enzymes (Table 1), as well as ccmA (curved cell morphology) (Table 1), a
bactofilin (Figure 1F) homolog. Bactofilins are a recently discovered class of cytoskeletal-
like scaffolding proteins that are conserved throughout the bacterial kingdom [98] and have
been implicated in cell shape determination in a number of species. In the normally rod-
shaped P mirabilis, disruption of the bactofilin homolog results in elongated and curved
cells, while overexpression leads to enlarged, rounded cells [99]. In Myxococcus xanthus,
deletion of one of its four bactofilins (BacM) leads to a crooked or kinked morphology
[100]. In C. crescentus, bactofilins serve as a localization factor for the bifunctional PBP
(Figure 1A), PbpC, to the prosthecate pole, and deletion mutants exhibit a reduced rate of
prostheca synthesis [98]. Characterization of the H. py/lori Csd proteins led to a model in
which helical shape is generated through the interaction of two PG modification pathways:
1) DD-endopeptidases generate helical twist by removing tetra—pentapeptide crosslinks, and
2) carboxypeptidases generate curvature through the sequential trimming of monomers from
the unlinked peptide side chain. CcmA and Csd5 likely serve localization or regulatory
functions in the respective pathways. Csd3, which can perform both crosslink cleavage and
trimming of the stem peptide, may act in both pathways. It should be noted that H. py/ori
Csd4/Csd6 are homologs of C. jejuni Pgpl/Pgp2. C. jejuni Pgpl/Pgp2 have the same
catalytic activities as H. pylori Csd4/Csd6, respectively, and are both important for C. jejuni
cell shape with similar mutant phenotypes (Tablel, H. py/ori Csd4/Csd6) [95-97, 101, 102].
These genes and their homologs appear to be exclusive to curved bacteria, thus suggesting a
unique and conserved shape generation program for this architecture.

Apical Growth and Hyphal Branching in Streptomyces

Vegetative growth of the filamentous Streptomycetes (Figure 2J) originates from the
germination of a single spore and subsequent extension of one or more hyphal branches (see
Glossary). Unlike conventional rod-shaped bacteria that elongate via PG synthesis evenly
dispersed along the length of the cell, Streptomycetes exhibit apical growth through polar tip
extension (Figure 2J). Branches emerge distal to the growing tip, resulting in new hyphae
and new branches to form a network of filaments called a mycelium. The morphology of the
resulting mycelium is determined in large part by when and where new branches appear
[103]. How do Streptomycetes establish cell polarity and the timing and placement of new
PG synthesis zones in this striking manifestation of polar growth?

Three scaffolding proteins, DivIVA, Scy, and FilP (Table 1), play different but
complementary roles in organizing apical growth. The essential protein DivIVA binds to
negative curvature and organizes the PG synthesis machinery and other proteins, such as Scy
and FilP, to form the "polarisome" that mediates apical growth [104-109]. It should be noted
that the function of DivIVA is different in Firmicutes, where it is required to prevent Z-ring
formation at the new cell poles after division in B. subtilis and to coordinate midcell
elongation in S. pneumoniae [83]. DivIVA and the cell wall biosynthetic machinery
communicate through the serine/threonine kinase AfsK. Phosphorylation of DivIVA by
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AfsK, at a basal level under normal growth or at higher levels in response to perturbations in
cell wall synthesis, causes the disassembly of part of the apical polarisome [110]. This tip-
splitting mechanism results in DivIVA foci left behind the growing tip which initiates the
formation of new polarisomes to drive growth of new hyphal branches [106, 110, 111]. Scy
is thought to regulate the number of DivIVA foci, and therefore the number of polarisomes,
by sequestering free DivIVA [108, 112]. As a hypha extends, the tip and newly synthesized
cell wall are more flexible and inherently weaker than more highly cross-linked pole distal
parts [113, 114]. DivIVA recruits a gradient of FilP as the tip extends to provide a stress-
bearing cytoskeletal structure (Table 1).

Hyphomonas neptunium — Forever Blowing Bubbles

Prosthecate Alphaproteobacteria of the Hyphomonas spp. (Figure 2K) undergo a dimorphic
life cycle but, unlike C. crescentus where division occurs at the non-prosthecate pole (Figure
3A), new offspring of Hyphomonas neptunium bud from the tip of the prostheca (Figure 3B)
[115, 116]. Cell division then occurs at the junction between the prostheca tip and the bud
neck, resulting in a prosthecate mother cell and a non- prosthecate daughter cell (Figure 3B).
A recent comprehensive study of predicted PG biosynthetic and remodeling enzymes, as
well as their regulators, showed that H. neptunium cells utilize a complex cell-cycle
regulated pattern of PG remodeling to establish shape and reproduce [117]. PG muropeptide
analysis suggests an important role for PG hydrolases (Figure 1G-1J) in growth and budding
(Table 1). Indeed, the hydrolase LmdC, appears to be essential, and LmdE and AmiC,
appear to be necessary for release of the budding daughter from the mother cell (Table 1). Of
the biosynthetic PG enzymes, one bifunctional (PBP1X; Figure 1A & Table 1) and two
monofunctional DD-transpeptidases (PBP2 and PBP3; Figure 1B & Table 1) may be key
factors in H. neptunium growth. Based on their complex spatiotemporal localization
patterns, elongasome components MreB, whose inhibition results in morphological defects,
and RodZ appear critical for normal development in H. neptunium (Table 1). Collectively,
this work provides a tantalizing first look at the molecular underpinnings of a fascinating
mode of growth and shape determination that involves the temporal establishment of
multiple zones of dispersed and zonal PG modification.

Practical Advantages to Studying Shape and the Molecular Basis for

Morphology

Bacteria have long played a critical role in many industrial processes important to humans,
and there is a growing appreciation for the impact of cell size and shape during these
processes. For example, lactic acid bacteria (LAB) are important industrial microorganisms
for the probiotic and dairy industries. Short rod LABs provide higher cell counts and are
more stable than elongated rods during processes such as freeze drying or the
microencapsulation of bacteria in dough [118]. Another bacterial morphology dependent
process is wastewater treatment that uses the activated sludge process, which requires sludge
flocs to form and settle. Filamentous bacteria are essential for this by providing a matrix for
floc formation, but an excess of filamentous bacteria can result in sludge bulking, where the
flocs are so large that they can’t settle. Recent work suggests that high levels of the
filamentous Chlorobacterium Kouleothrix aurantiaca is associated with bulking and its
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presence may provide an indicator for such incidents [119]. This is a systemic problem in
wastewater treatment, and an understanding of how bacterial morphology affects the process
is allowing the industry to address it.

As we begin to tease out the molecular underpinnings of how bacterial shape is generated, it
has become possible to engineer morphologies for practical applications (see Outstanding
Questions). For example, microcoils are tiny electrical conductors with a wide variety of
applications, including nuclear magnetic resonance (NMR) imaging [120], and are typically
produced, one by one, through traditional machining or lithography processes. The
cyanobacterium A. platensis, whose helical structure can be experimentally modified, is
being developed as a biological template to mass produce microcoils (Figure 2L) [121].
Photosynthetic cyanobacteria also have great potential to produce fuels, chemicals, and
biomass, but their successful use depends on developing cost-effective methods to cultivate
and harvest cells at large scales. The goal of engineering these cell morphologies is to
improve biomass recovery and decrease energetic costs associated with lysing
cyanobacterial cells. The obvious approach is to manipulate genes known to be involved in
cell shape determination. This is being developed in Synechococcus elongatus [122], where
putting MinC (which acts with MinD to inhibit FtsZ assembly) and the DivIVA homolog
Cdv3 (which is important for divisome localization and function) under the control of
tunable riboswitches causes hyperelongation up to 500% [122]. Hyperelongated cells settle
more easily through centrifugation and are more susceptible to lysis, both beneficial traits
for reducing harvesting costs. Furthermore, their large size may also prevent predation from
grazing protozoan species that might contaminate the culture.

Many bacteria can accumulate inclusion bodies (IB), cytoplasmic granules used to store
materials such as sulfur, polyphosphate, carbon sources, or protein aggregates. Many IBs
have industrial uses. For example, polyhydroxyalkanoates (PHA), a family of biodegradable
plastics, have applications ranging from packaging materials and disposable items (e.g.
plastic utensils) [123] to nanoparticles in drug delivery systems [124, 125]. Bacterial
production of PHA can be can be costly because "normal™ bacterial cells are small, limiting
the amount of PHA granules a cell can maintain and making it difficult to efficiently
separate the biomass from the growth media at an industrial scale [126]. Manipulation of
genes involved in cell morphology can be used to address these production hurdles.
Manipulation of SulA and MinCD in Halomonas spp. [127, 128] and EnvC and NIpD, direct
regulators of cell septation through the activation of amidases (Figure 1J), and RodZ in £.
coli[129] improved cell shape for the production of PHAs. Finally, the CRISPR (clustered
regularly interspaced short palindromic repeats) interference system can effectively engineer
diverse cell morphologies in £. colithrough the tunable repression of ftsZand/or mreB
[130].

Concluding Remarks

Bacteria seem to care very much about cell shape, but why should we? The practical answer
is that the ways bacteria most impact our lives, namely though disease and industrial
processes, are often impacted by cell morphology. In addition, we probably don’t have a true
picture of bacterial morphological diversity because the sampling of phylogenetic diversity
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historically skews toward these pathogens and industrially relevant organisms [131]. Many
bacterial lineages remain undersampled, with few, if any, isolated representatives (see
Outstanding Questions) [132]. Probing this "microbial dark matter” [133], may reveal
previously undiscovered morphologies.

How do we go about assessing bacterial shape diversity, studying the underlying molecular
mechanisms, and understanding morphological evolution? High-content microscopy [134]
and image analysis [135-137] of environmental samples can provide a visual accounting of
shape diversity. High-throughput culturing methods have been used to isolate previously
uncultured bacteria [25] and when that fails, high-throughput sequencing may allow
modeling of metabolic networks for culture conditions amenable to these species [26-29,
138]. Once isolated, sequencing the genomes of morphologically interesting species through
single-cell genomics [139] allows for comparative genomics approaches to identify genes
involved in shape generation and morphological variation. Many genetic tools may not be
immediately available to study morphogenesis in newly isolated species, but some do exist.
Mutant libraries can be generated via transposon, chemicals, or radiation. Proteins that
localize to morphological features can be screened through fluorescent transposon fusions
[140]. Combining sequenced genomes and mutant libraries with high-content imaging and
analysis allows for efficient forward genetic screens for morphological variants. Fluorescent
D-amino acids (FDAAS) allow labeling of PG cell wall biosynthesis in real time (Figure 2J),
in live cells, and across a range of bacterial species [141, 142]. Combining advances in
microscopy and microfluidics with pulse labeling of wild-type and mutant cells with FDAAS
can reveal underlying growth patterns that may not be evident from whole cell imaging.

Because shape mutants often arise through a mutation in PG modifying enzymes or other
associated proteins, it stands to reason that the final chemical composition and structure of
PG in a mutant may differ from wild type. Another approach to screening for shape mutants
is to directly assay PG composition of the mutants through high performance liquid
chromatography (HPLC) [143, 144]. Traditional HPLC muropeptide analysis is relatively
inefficient, requiring large sample volumes, laborious preparation, and long run times [145].
The recent development of ultra performance liquid chromatography (UPLC) addresses
many of these challenges [145, 146] and, along with the advent of robotics/automation,
advances in microscope technology, and development of image analysis software [135-137,
147], the potential now exists for quick, high-throughput, and high resolution screens of
fully saturated transposon libraries for bacterial shape mutants

Extraordinary and beautiful biological processes underlie even the simplest of shapes. The
observable bacterial form is the result of exquisitely controlled expression and repression of
genes, metabolic processes that maintain PG precursors and subunits, and the spatio-
temporal localization of PG modifying enzymes. The study of shape in model organism has
certainly uncovered common themes, such as scaffolding proteins (ex. MreB, FtsZ, DivIVA)
that recruit and maintain PG synthesis complexes to specific subcellular locations. What new
and wonderful strategies for shape generation will we uncover when we start looking in
depth beyond the model organisms currently used? The tools are there to reestablish a
natural history tradition in microbiology and apply it to modern molecular biology and
genetics. All we need to do is look.
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Hypha
A single filament in a bacterial or fungal mycelium. Extends by growth at the hyphal tip also
known as apical growth.

Muropeptide Analysis

Analytic technique used to identify the chemical composition and relative fractions of
muropeptides in the peptidoglycan cell wall. The technique typically involves isolation and
enzymatic digestion of the peptidoglycan sacculi from a bacterial culture followed by
analysis via liquid chromatography and mass spectrometry. Examples of information that
can be gleaned from muropeptide analysis include the average length of glycan strands,
degree of crosslinking, crosslink types, and stem peptide composition.

Nucleoid Occlusion

Protective mechanism of the bacterial cell cycle that prevents the chromosome from being
severed by the division septum. Negatively regulates Z-ring formation near the nucleoid,
which promotes division septum localization to the mid-cell.

Penicillin Binding Proteins (PBP)

Proteins involved in peptidoglycan synthesis. In general these proteins catalyze the
polymerization of (transglycosylation) and the cross-linking between (transpeptidation)
glycan chains. The name refers to the fact that PBPs bind to penicillin and most other -
lactam antibiotics.

Prostheca

A cellular appendage. Prosthecae (also referred to as "stalks™) are contiguous with all three
layers of the Gram-negative cell envelope (inner membrane peptidoglycan, and outer
membrane), contain cytoplasm, and protrude from the cell body.

Scaffolding Protein
Proteins that physically organize the molecular components of a biological process or
pathway.
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Trends Box

Bacterial morphology is diverse, yet we are just beginning to understand the
molecular basis for shape generation outside of canonical model organisms.

The major determinant of bacterial cell shape is the spatiotemporal regulation
of enzymes that modify the peptidoglycan (PG) cell well. Many proteins
involved in PG remodeling are conserved, but how these proteins are
regulated, modified, and localized can vary, even for shapes that outwardly
look the same.

Individual cells can dynamically modulate their shape in response to the
environment or through a programmed life cycle.

Combining observable phenotypes with whole genome and single cell
sequencing and phylogenomics allow us to make inferences about shape
evolution.

Advances in tools such as microscopy and image analysis, PG labeling and
chemical analysis, and shape engineering are enhancing the study of bacterial
morphology.
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Outstanding Questions Box

. What is the true accounting of bacterial morphological diversity? Are rods
and cocci the dominant morphology? Or are other morphologies simply
undersampled?

. What are the mechanisms underlying shape evolution?

1) Certain morphologies, such as hyphal branching or prosthecae,
often cluster together phylogenetically, suggesting that the
morphology (and underlying molecular mechanisms) arose from a
common ancestor. Are shapes maintained via selective pressure? Is
the ancestral shape iterated upon? If so, how and why does variation
among closely related species arise?

2) In other cases, the same morphology, such as curved or helical
bacteria, has arisen independently in unrelated species. Do different
lineages with similar shapes converge to the same molecular
strategies or are unique evolutionary paths forged? Are the selective
pressures that result in similar morphologies the same?

. Work in model organisms has shown that there are many ways to generate
even "simple" shapes like the rod, but there seems to be a basic theme of
spatiotemporal regulation PG remodeling to generate shape. Is a conserved
suite of enzymatic genes utilized, just regulated and deployed in different
ways? Are specialized classes of genes associated with specific
morphologies? How is the localization of PG remadeling complexes
regulated?

. How prevalent is pleomorphism? It seems that most bacteria can, at
minimum, alter cell shape as part of a stress response. Perhaps the better
question is how prevalent is the regu/ation of pleomorphism? What are the
underlying molecular mechanisms of shape change regulation? What are the
environmental triggers and how are they sensed? In cases where
pleomorphism is precisely timed and/or regulated, how did these systems
evolve?

. How will new knowledge about bacterial morphologies be harnessed to
develop new strategies for shape engineering? How will this affect industry,
medicine, and basic research?
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Figure 1. A simplified accounting of peptidoglycan remodeling components in Gram-negative
bacteria

Due to the scope of this review we will only briefly describe common themes in the proteins
involved in PG remodeling, using Gram-negatives as an example (for detailed reviews
regarding PG remodeling enzymes, start with [7, 11, 148]). Cartoons are not meant to imply
an experimentally determined structure for the proteins. Adapted in part from [11]. Inset,
right: structure of uncrosslinked PG monomer depicting the disaccharide N-Acetylmuramic
acid ("M") and N-Acetylglucosamine ("G") and the pentapeptide stem, from proximal to
distal, L-alanine ("L-Ala"), D-glutamic acid ("D-Glu"), meso-diaminopimelic acid ("m-
Dap"; a derivative of lysine), and two D-alanines ("D-Ala"). From proximal to distal, the
stem peptide isoform pattern is "L-D-L-D-D". Enzymes that break bonds between the stem
peptides are prefixed by the isoforms for the peptides they separate. The ""makers", or (A-
C) PG synthases, assemble the nascent PG meshwork. (A&C) Glycosyltransferases
polymerize PG monomers into glycan strands, while (A&B) transpeptidases form crosslinks
between the stem peptides to form the sacculus. (D—F) Accessory and SEDS proteins
include: (D) Outer membrane anchored PG synthase activators and (E) inner membrane
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(IM) associated proteins. (E) IM associated proteins include enzymes that synthesize PG
monomers in the cytoplasm and flippases that flip the monomers across the IM to the
periplasm, SEDS family proteins [13-16], and proteins that help anchor components on the
PG synthesis machinery to (F) cytoplasmic scaffolding proteins. (F) Scaffolding proteins
recruit various cytoplasmic and IM proteins associated with PG synthesis and localize
synthesis activity. The "breakers™, or (G-J) PG hydrolases, modify PG after synthesis.
(G) Endopeptidases can break crosslinks ("DD-endopeptidases™) or peptide linkages ("LD-
endopeptidases" or "DL-endopeptidases") of non-terminal amino acids. (H)
Carboxypeptidases trim the terminal stem peptide. Shown is removal of the terminal, fifth
position D-Ala. (I) Glucosidases, of which there are different classes depending on which
bond is broken and the type of catalytic reaction used, cleave the glycan strands. (J)
Amidases remove the peptide stem from N-Acetylmuramic acid ("M", inset) in the glycan
chain. Bottom, cell growth and division typical of E. coli: Dispersed growth along the long
axis elongates the cell (left, dashed red lines), and a division septum (right, solid red ring) is
formed at the midcell allowing the daughter cells to recapitulate the initial shape and size of
the mother cell.
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Figure 2. Diverse bacterial morphologies
A) Uncharacterized spiral-shaped methanotroph. Phase contrast with inset electron

micrograph. Adapted from [24]. B)Caulobacter crescentus. Single polar prostheca [32].
C)Asticcacaulis excentricus. Single sub-polar prostheca [32]. D)Asticcacaulis
biprosthecum. Two bilateral prosthecae [32]. E)Fremyella diplosiphon. Complimentary
chromatic adaptation (CCA) mediated pleomorphism. Cells grown in green light (GL, top)
are elongated and rectangular. Cells grown in red light (RL, bottom) are short and rounded.
Adapted from [149]. F)Prosthecomicrobium hirschii. Electron micrograph showing short-
and long-prosthecate morphotypes. Adapted from [73]. G)Dinoroseobacter shibae.
Scanning electron micrograph showing the inherent morphological heterogeneity of wild-
type D. shibae. Scale bar = 5 um. [77]. H)Lactococcus lactis. Scanning electron micrograph
showing different regions of the same L. /actfs biofilm. The upper region of the biofilm
contains elongated rods (top), while the lower region contains ovoid cells (bottom). Adapted
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from [60]. I)Helicobacter pylori. Scanning electron microscope images of wild-type H.
pylori. Adapted from [96]. J)Streptomyces venezuelae. Virtual time-lapse of polarly
growing S. venezuelae labeled with a long pulse (cell body) of green fluorescent D-amino
acid (FDAA), followed by sequential short pulses of orange, blue, and red FDAAs (apical
tips). Top = phase, bottom = fluorescence, scale bar = 5 um. (Image courtesy of Yen-Pang
Hsu, Indiana University). K)Hyphomonas adhaerens (related to H. neptunium). The
mother cell (bottom), the prostheca (middle), and the developing daughter bud (top) are
visible. Adapted from [150]. L)Spirulina (Arthrospira platensis). Spirulina biotemplated
microcoils. The helical pitch of the cyanobacteria can be modified by tuning the culture
conditions (left panels). Copper microcoils are produced through a electroless plating
technique using Spirulina as the template (right panels). Adapted from [121].
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Figure 3. Multimorphic life cycles of prosthecate Alphaproteobacteria
A) Dimorphic life cycle of Caulobacter crescentus. The prosthecate mother cell produces

an adhesive holdfast (shown in red) at the tip of the prostheca. Cell division results in a
motile, non-replicating swarmer cell that differentiates into a prosthecate cell. B) Dimorphic
life cycle of Hyphomonas neptunium. The prosthecate mother cell produces a bud at the
distal end of the prostheca. Upon septation, a motile, non-replicating swarmer cell is
released that differentiates into a prosthecate cell. C) Multimorphic life cycle of
Prosthecomicrobium hirschii. Most of the time, short-prosthecate 2 Airschii cells follow a
C. crescentus-like life cycle (solid arrows): a unipolar polysaccharide (UPP, an adhesin
similar to C. crescentus holdfast; shown in red) producing mother cell gives rise to a motile,
non-replicating swarmer cell that differentiates into a short-prosthecate cell. A rare event,
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short-prosthecate mother cells can give rise to non-matile, long-prosthecate cells that do not
produce UPP (dashed arrow). Long-prosthecate mother cells can produce either long-
prosthecate cells or short-prosthecate cells at roughly equal frequency (dashed arrows),
though it should be noted that the observed frequency of morphotype conversion was
observed on MMB (minimal medium broth) agarose pads and might differ in other
conditions.
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Nostoc punctiforme

amiC2 | Cell wall amidase

Uropathogenic E. coli
(UPEC)

Binds FtsZ in presence of GFP;

SulA prevents Z-ring formation

SPOR domain containing protein;
adamX | localizes to the septal ring and
binds PG

SOS Response

FtsZ ( T
s | —»(
S Polymerization

Septal

D a A I' H H
A4 PG Turnover (i CACRAER

Liquid Shear Force

Asticcacaulis
excentricusand
Asticcacaulis
biprosthecum

Phage muramidase domain
spmX | containing protein; required for
stalk synthesis

AspmX
4}

Helicobacter pylori

LytM (peptidase family M23) DD-

esl endopeptidase
csd2 ngélgﬂp‘(a;;?%;ggse family M23) DD-
csa3 DD-endopeptidase and DD-

carboxypeptidase activity

DL-carboxypeptidase (note that
because Csd4 removes a terminal,
csa4 uncrosslinked amino acid, it is
referred to as a carboxypeptidase
and not an endopeptidase)

No known enzymatic domain but
may modulate Csd4 activity

csds (directly interacts with Csd4 and
the dipeptide product of the Csd4-
catalyzed PG reaction)

csdé LD-carboxypeptidase

Acsd1 or
AcemA or
Acsd2

7

#f?;ﬁ
Acsd3

hcsd4 or
Acsd5 or
hcsdb
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Hyphomonas neptunium

aivivA polarisome A
Coiled coil-rich protein; .
sy component of polarisome . DivIVA
@ s
Streptomyces
iled coilri - [ FiP
filP Coiled coil-rich protein;
component of polarisome
WT Stalked WT Budding
WT nla %

dacB DD-carboxypeptidase

aacL DD-carboxypeptidase

DacL localizes to the new pole at the start of prostheca synthesis

LytM (peptidase family M23) DD-

pbplX | Bifunctional DD-transpeptidase

ImdC endopeptidase Could not be deleted. Essential?
AlmdE
LytM (peptidase family M23) DD-
Imde endopeptidase
AamiC
amiC Cell wall amidase
Apbp1X

o-

pbp2 Monofunctional DD-transpeptidase

Diffuse or patchy localization pattern until the onset of prostheca formation, when it
condenses at the prosthecate pole; once a visible bud has formed, the polar complex
disappears followed by patchy foci appearing in the mother cell, the prostheca, and the bud.
This suggests that PBP2 may contribute to all aspects of H. neptunium growth. Could not be
deleted. Essential?

pbp3 Monofunctional DD-transpeptidase

PBP3 predominantly localizes to the division site of late budding cells where it remains
briefly associated with the new pole but then disperses evenly within the cell once a visible
prostheca has formed. Consistent with its role in other bacteria, PBP3 thus appears to be an
integral part of the divisome involved in septal cell wall remodeling. Could not be deleted.
Essential?

Actin homolog; serves as the
mreB scaffolding protein to organize the
elongasome

MreB Inhibited

MreB coalesces at the future prosthecate pole during early stages of the cell
cycle, where it remains until the prostheca has formed and budding initiates.
In early budding cells, patchy fluorescence is apparent in the bud and the
prostheca, but MreB becomes largely confined to the mother and bud cell
compartments as division progresses.

Cytoskeletal protein that mediates
MreB circumferential movement
and couples MreB to cell wall
synthesis enzymes

rodz

Exhibits similar localization patterns to MreB.
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