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Straightening up for life in a biofilm
Heidi A. Arjesa and Kerwyn Casey Huanga,b,c,1



Since our eyes were opened to the microscopic world
centuries ago, microbiologists have been dazzled by
the incredible diversity of shapes and sizes adopted
by bacteria (1). Given this dizzying morphological po-
tential, it is remarkable that most species gravitate to
a particular shape. It is tempting to speculate that the
“one species, one form” paradigm reflects the selec-
tive benefits of the chosen shape in the natural en-
vironment of each species. But how is cell shape
determined? And does a given shape truly confer a
fitness advantage? Although these questions are often
asked, definitive answers have remained elusive. Vibrio
cholerae, the pathogen responsible for the diarrheal dis-
ease cholera, typically adopts a characteristic comma
(curved) shape. In PNAS, Fernandez et al. (2) report that
cellular curvature in V. cholerae is regulated by the sec-
ond messenger cyclic dimeric guanosine monophos-
phate (c-di-GMP), whose levels are known to regulate
cell motility (3) and biofilm formation (4). Fernandez
et al. further suggest that c-di-GMP regulation of cell
shape may provide an advantage during environmental
transitions in which motility and formation of a sessile
biofilm are alternately beneficial (4).

Unlike most model bacteria that are not typically
considered shape shifters, the typical shape of V. chol-
erae cells changes over the course of a batch culture.
In 1928, Arthur Henrici (5) published a tour-de-force
quantification of the shapes of thousands of V. chol-
erae cells sampled from a culture as it grew from lag
phase to exponential phase and then to stationary
phase; the population transited from approximately
straight cells at low density to highly curved cells at
high density. A recent study uncovered the molecular
driver of V. cholerae cell curvature: the intermediate
filament-like protein CrvA introduces curvature by de-
creasing the rate of peptidoglycan insertion on one
side of the cell (6). Mutants lacking crvA grow as
straight rods, migrate less far in soft agar, and are less
virulent in animal models (6). CrvA likely underlies the
mechanism by which V. cholerae curves at high cell

density, but any regulatory pathways that actuate this
shift, as well as the fitness advantage of altering cur-
vature, have remained unknown. Fernandez et al. (2)
close this gap by determining that c-di-GMP, whose
levels are controlled by the density-dependent quorum-
sensing circuitry (7), promotes cell straightening by ac-
tivating the transcription factors VpsR and VpsT and
posttranscriptionally regulating CrvA messenger RNA
(mRNA) and protein levels (2). Intriguingly, c-di-GMP
is known to repress motility, and VpsR and VpsT induce
synthesis of the major component of the V. cholerae
biofilm matrix (3, 4). Consistent with these opposing
roles, Fernandez et al. (2) find that curved cells are
faster swimmers, while straighter cells form more
robust biofilms.

Given the widespread presence of c-di-GMP sig-
naling across the bacterial kingdom, these findings
potentially have implications beyond V. cholerae. High
levels of c-di-GMP have recently been shown to reg-
ulate biofilm formation in several other bacteria, in-
cluding the major human pathogen Pseudomonas
aeruginosa (3, 8). While the connection between c-di-
GMP signaling and cell shape remains to be estab-
lished beyond V. cholerae, many species are known
to change size as a function of cell density and growth
rate (9). The work of Fernandez et al. (2) arose from a
fortuitous observation that V. cholerae mutant cells
with high levels of c-di-GMP more frequently adopt
straight, rod-shaped morphology; treatment of other
species with exogenous c-di-GMP may reveal a me-
nagerie of shape consequences large and small.
Moreover, morphological screens of mutant libraries
(10, 11), particularly in curved bacteria, may firmly es-
tablish the role of c-di-GMP in shape adaptation, just
as deletion of vpsR or vpsT abolished the c-di-GMP−
mediated decrease in curvature in V. cholerae (2).

To establish the functional connections between
motility and biofilm formation, Fernandez et al. (2)
locked V. cholerae cells into straight or curved mor-
phologies by manipulating CrvA levels. When cells
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were constitutively curved, biofilm mass was reduced, but straight
cells swam more slowly, indicating a direct competition between
the two phenotypes that suggests a fitness trade-off between
straightness and curvature, depending on the environmental con-
text (Fig. 1). The extent to which this fitness trade-off occurs in the
wild and in animal hosts remains to be established, but it seems
likely that shape modification has been under evolutionary pres-
sure, given the importance of motility and biofilm formation in V.
cholerae’s natural habitats.

Like most studies exploring the links between environment
and fitness, the “why” questions remain difficult to answer. Lab-
oratory experiments involving cocultures of wild-type cells and
constitutively straight or curved mutants could establish the
magnitude of fitness differences due to cell curvature across

environments, and long-term laboratory evolution experiments
may reveal whether the ability to shape-shift is selected against
when the environment is kept constant. Perhaps the most impor-
tant outstanding question is whether shape-shifting gives V. cholerae
an advantage in any of its native environments, which range from
chitin-containing shells in brackish water or saltwater, to fresh
water sources, to infected human hosts. Given the straightforward
nature of quantifying cell shape via imaging, it will be intriguing to
probe the cell-density dependence of cell shape in other Vibrio
species, for instance, during the quorum sensing-dependent be-
haviors of Vibrio fischeri when colonizing the Hawaiian bobtail
squid. The future discovery of how c-di-GMP posttranscriptionally
regulates CrvA mRNA and protein levels could also facilitate com-
parisons of genomes across currently uncultured bacteria to rapidly
determine the prevalence and evolutionary history of shape shifting.

Importantly, Fernandez et al.’s (2) findings for V. cholerae build
on several recent studies linking shape to fitness. One investiga-
tion demonstrated that rod-shaped Escherichia coli cells colonize
basal surface layers better than spherical cells within a colony (12).
Another study reported that curved Caulobacter crescentus cells
are more able to adhere to surfaces under conditions of high flow
(13). A comparative study across motile curved bacteria with a
wide range of cell shapes suggested shape-based fitness trade-
offs among swimming, chemosensing, and cell growth (14). As we
understand more about the advantages of certain morphologies
across organisms, the age-old idea that cell shape has been a
driver of selection on evolutionary time scales—particularly via
motility (15)—gains more credibility. Similar to a quote usually
attributed to Oscar Wilde (“I spent all morning putting in a
comma, and all afternoon taking it out again”), V. cholerae puts
in the work to change its shape in the hope that it will help to
survive as motile cells or in biofilms, depending on the changing
environment. The work of Fernandez et al. punctuates the flexi-
bility of this remarkable organism.
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Fig. 1. Regulation of cell curvature by c-di-GMP allows V. cholerae to
optimize both biofilm formation and motility. Fernandez et al. (2) find
that elevated levels of c-di-GMP at high cell density promote straightening
of V. cholerae cells through regulation of the transcription factors
VpsR and VpsT. Constitutively curved or straight mutants were
hampered in biofilm formation or motility, respectively. The ability
of wild-type cells to shift their shape from straight to curved
depending on environmental conditions may provide an evolutionary
advantage for surviving environmental transitions.
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