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Abstract 
Collective behavior in spatially structured groups, or biofilms, is the norm among microbes in their natural 
environments. Though microbial physiology and biofilm formation have been studied for decades, tracing the 25 
mechanistic and ecological links between individual cell properties and the emergent features of cell groups is still 
in its infancy. Here we use single-cell resolution confocal microscopy to explore biofilm properties of the human 
pathogen Vibrio cholerae in conditions closely mimicking its marine habitat. We find that some – but not all – 
pandemic isolates produce filamentous cells than can be over 50 µm long. This filamentous morphotype gains a 
profound competitive advantage in colonizing and spreading on particles of chitin, the material many marine Vibrio 30 
species depend on for growth outside of hosts. Furthermore, filamentous cells can produce biofilms that are 
independent of all currently known secreted components of the V. cholerae biofilm matrix; instead, filamentous 
biofilm architectural strength appears to derive from the entangled mesh of cells themselves. The advantage gained 
by filamentous cells in early chitin colonization and growth is counter-balanced in longer term competition 
experiments with matrix-secreting V. cholerae variants, whose densely packed biofilm structures displace 35 
competitors from surfaces. Overall our results reveal a novel mode of biofilm architecture that is dependent on 
filamentous cell morphology and advantageous in environments with rapid chitin particle turnover. This insight 
provides concrete links between V. cholerae cell morphology, biofilm formation, marine ecology, and – potentially 
– the strain composition of cholera epidemics. 

  40 
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Introduction 
 
Bacterial existence in the wild is predominated by life in spatially structured groups, termed biofilms (1, 2), which 
inhabit environments ranging from the rhizosphere (3), to chronic infections (4, 5), to the pipes of industrial and 
wastewater flow systems (6, 7), to the surfaces of marine snow (8–13). Although living in groups correlates with 45 
increased tolerance to many exogenous threats, including antibiotic exposure (14–16), biofilm-dwelling cells also 
experience intense competition for space and resources (2, 17, 18). Furthermore, cells in mature biofilms are 
generally non-motile and incur a trade-off between optimizing local competition versus dispersal to new 
environments (19–22). Balancing colonization, local growth, and dispersal is therefore a critical element of 
microbial fitness during biofilm formation, and understanding how bacteria have evolved to modulate this balance 50 
is a central challenge in microbial ecology. Here we study how variation in individual cell morphology impacts 
biofilm architecture and the competition/colonization tradeoff among different pandemic isolates of Vibrio 
cholerae. 
 
V. cholerae is a notorious human pathogen responsible for the diarrheal disease cholera, but between epidemics, it 55 
persists as a common component of aquatic ecosystems, where it consumes chitin harvested from the exoskeletons 
of arthropods (23–25).  To utilize this resource, V. cholerae must colonize and produce biofilms on chitin particles, 
creating a dense, resource-limited, and architecturally complex space for both inter-species and inter-strain 
competition (26–28). V. cholerae strains that are better adapted to colonize chitin surfaces, exploit the resources 
embedded in them, and spread to other particles are thus likely to be better represented in estuarine conditions. 60 
Although it remains poorly understood how V. cholerae makes the environmental-to-epidemic transition, emerging 
models implicate chitin-associated aggregates as disease vectors due to the high density of cells within them (24, 
26, 29–33). Consequently, competition for access to space on chitin particles, and other substrates that form the 
basis for marine snow, may also impact which strains ultimately cause cholera pandemics (23, 34). 
 65 
Many strains of V. cholerae can be found in the marine environment, and their relative abundances are continually 
in flux. This pathogen is characterized by its O-antigen, a glycan polymer on its outer membrane. While there are 
over two hundred O-antigen serotypes, only two have been known to cause major pandemics – serotype O1, 
comprised of both the Classical and El Tor biotypes, and serotype O139, which has arisen more recently alongside 
El Tor as the current leading cause of cholera in Southern Asia (35, 36). To better understand how competition to 70 
colonize biotic surfaces impacts the interactions between potentially co-occurring V. cholerae strains, we developed 
a microfluidic assay in which chitin particles are embedded in flow devices perfused with artificial sea water, and 
onto which cells could be readily inoculated to monitor colonization and biofilm growth.  
 
We discovered that some pandemic isolates of V. cholerae, and in particular strain CVD112 of the O139 serogroup, 75 
filaments aggressively under nutrient-limited conditions, including on particles of chitin in sea water. Filamentation 
confers markedly altered chitin colonization and biofilm architecture relative to shorter cells. Differences in chitin 
colonization and biofilm architecture, in turn, strongly influence competition for space and resources, suggesting 
that normal-length and filamentous morphotypes are fundamentally adapted to different regimes of chitin particle 
turnover in the water column. Overall, our results highlight a novel mode of biofilm assembly and yield new insights 80 
into the fundamental roles of cell shape in the marine ecology of V. cholerae. 
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Results 
 
Filamentation in conditions mimicking a marine habitat 85 
We explored the biofilm architectures of different isolates of V. cholerae, focusing on N16961 (serogroup O1, El 
Tor biotype) and CVD112 (serogroup O139), representing the two major extant causative agents of the current 
cholera pandemic (36). The El Tor biotype has been used extensively in the study of biofilm formation and 
architecture (37–46); less is known about biofilms of the O139 serogroup (but see (47)). For visualization by 
microscopy, the far-red fluorescent protein-encoding locus mKate2 (48) was inserted in single copy under the 90 
control of a strong constitutive promoter on the chromosome of CVD112 and its derivatives, while an analogous 
construct encoding the orange fluorescent protein mKO-k (49) was inserted onto the chromosome of N16961 and 
its derivatives. We have shown previously that insertion of these fluorescent protein constructs to the chromosome 
does not substantially influence growth rate or other biofilm-associated phenotypes (27, 43). 
 95 
In preliminary experiments, CVD112 and N16961 were inoculated into separate microfluidic devices and perfused 
with M9 minimal media containing 0.5% glucose. After 24 hours, confocal imaging revealed dramatic differences 
in the biofilm architecture of the two strains (Figure 1). Consistent with prior reports, N16961 grew in well-
separated microcolonies of cells about 2 µm long, with each biofilm colony appearing to descend from one 
progenitor on the glass surface (Figure 1A) (42, 43). In contrast, CVD112 formed large groups of filamented cells 100 
entangled with one another and loosely associated with the glass surface (Figure 1B).  
 
We found that CVD112 filamentation occurs most strongly under nutrient-limited media environments, as CVD112 
and N16961 cells were both observed exclusively as cells approximately 2 µm long when cultured in nutrient-rich 
lysogeny broth (LB) (Figure S1). In other circumstances, filamentation has been associated with an acute stress 105 
response prior to cell death, and since CVD112 filaments were seen in M9 media, but not LB, we first suspected 
that they might be in a disturbed physiological state. However, CVD112 showed no growth defect in either LB or 
M9 media relative to N16961 (Figure 1C).  
 
In natural seawater environments, V. cholerae colonizes the exoskeletons of arthropods, where it consumes N-acetyl 110 
glucosamine (GlcNAc) released from chitin that Vibrio species digest by secretion of extracellular chitinases (26). 
We found that CVD112, but not N16961, filaments extensively in artificial seawater with 0.5% GlcNAc as the sole 
source of carbon and nitrogen (Figure S1). As was the case in LB and M9 media, CVD112 and N16961 growth 
curves are indistinguishable by CFU count in artificial seawater with GlcNAc, indicating similar rates of cell 
division (Figure 1C). Following this observation, we suspected that CVD112 produces more total biomass than 115 
N16961 per unit time in low-nutrient media (where CVD112 produces filaments, while N16961 produces cells of 
normal length), but not in high-nutrient media (where both strains produce cells of normal length). We tested this 
possibility by measuring the rate of total biomass production in liquid culture by optical density. As predicted, 
CVD112 produces biomass more quickly and to higher final density than N16961 in M9 media with glucose, and 
in artificial sea water with GlcNAc, but not in LB (Figure 1D). We visualized cells at regular time intervals over 120 
the course of their growth and confirmed that CVD112 begins filamenting in mid-exponential phase in sea water 
with GlcNAc, but not LB (Figure S1). 
 
Filamentation of CVD112 in nutrient-limited conditions must derive in part from an increased cell elongation rate 
relative to cell division rate. This ratio is altered under nutrient-rich conditions such that CVD112 returns to a 125 
normal cell length, which we could observe by generating time-lapse image sets of CVD112 cells pre-filamented 
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in low-nutrient media and placed under an agar pad made from LB. The filaments were found to septate rapidly, 
yielding progeny of the more conventionally observed 2 µm cell length for V. cholerae (Supplemental Movie 1). 
CVD112 thus appears to be healthy with respect to growth physiology, and it reversibly modulates its rates of 
elongation relative to division in low nutrient media so as to produce filaments. After inspecting other available 130 
isolates of V. cholerae in seawater with GlcNAc as the sole carbon and nitrogen source, we found that some strains 
of El Tor and O139 serogroups produce filaments in stationary phase, while others of each serogroup do not (Figure 
S2). Meanwhile, filamentation has previously been intimated by scanning electron microscopy in variants of MO10, 
another common model strain of V. cholerae O139 (50). Filamentation in seawater is thus found across a diversity 
of pandemic classes, and we hypothesized that filamentation is an adaptation – not specific to the O1 or O139 135 
serogroups – that confers a fitness advantage in some natural conditions. As N16961 and CDV112 represent the 
strongest cases, respectively, of non-filamenting versus filamenting strains that we observed, we use these two for 
the remainder of the study as representative of their cell shape strategies in sea water conditions. 
 
Filamentation promotes colonization of chitin particles and enables matrix-independent biofilm formation 140 
We next explored the biofilm morphologies of filamenting CVD112 and non-filamenting N16961 V. cholerae, 
simulating the natural conditions they experience in marine environments. We inoculated these strains in 
microfluidic channels decorated with traps to immobilize chitin particles (shrimp shell), a natural substrate of V. 
cholerae for biofilm growth and nutrient consumption (23, 28, 51). The chambers were perfused with artificial sea 
water lacking any additional source of carbon or nitrogen (27).  145 
 
In the process of inoculating chitin with V. cholerae under flow, we noticed that CVD112 filaments were 
particularly adept at colonizing shrimp shell surface, with single cells often wound around the contours of individual 
chitin particles (Figure S3). This suggests that single filaments can undergo large deformation in shear flow, despite 
the stiffness of the cell wall, and that these flexible filaments can wrap around objects of similar or smaller length 150 
scale than the cell body. To determine if these properties give CVD112 a colonization advantage on chitin, we 
measured the attachment rates of filamentous CVD112 and non-filamenting N16961 by flowing a 1:1 mixture of 
the two strains (normalized by biomass per volume) onto chitin particles in artificial sea water. Filamentous V. 
cholerae does indeed colonize chitin more rapidly than short cells (Figure 2A). This qualitative result holds when 
the two strains’ colonization rates are tested in monoculture (Figure S4A), and when cells dispersing directly from 155 
previously occupied chitin particles are flowed into new chambers containing fresh chitin (Figure S4B).  
 
We next sought to determine whether the increased colonization ability of CVD112 was due to cell shape, as 
opposed to differences in other factors contributing to adhesion. To directly test the hypothesis that cell shape was 
responsible for increased chitin attachment, we treated N16961 cells with sub-inhibitory concentrations of cefalexin, 160 
which blocks cell division with minimal impact on cell viability or other aspects of V. cholerae morphology (52). 
N16961 pre-treated with cephalexin exhibited similar cell elongation and a chitin colonization rate statistically 
equivalent to that observed for CVD112 filaments (Figure 2B). These results indicate that filamentous morphology 
alone is sufficient to increase chitin surface colonization rate by an order of magnitude. 
 165 
Following colonization, CVD112 produces biofilms that differ dramatically from those of N16961; they are 
composed of enmeshed cell filaments and lack the typical cell-cell packing and radial orientation associated with 
El Tor biofilm microcolonies (Figure 2C) (42, 44). The relative absence of tight cell-cell association prompted us 
to ask whether CVD112 was producing biofilm matrix, including Vibrio polysaccharide (VPS) and the adhesin 
RbmA, which interacts with the cell exterior and with VPS to hold neighboring cells in close proximity (40, 42–44, 170 
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53). To assess the contribution of matrix production to filamentous biofilms on chitin, we inoculated CVD112 and 
its isogenic ΔvpsL null mutant, which is unable to synthesize VPS or to accumulate any of the major matrix proteins 
(40). Biofilm production of wild type N16961, whose structure depends on matrix secretion (15, 40, 45), and its 
isogenic ΔvpsL null mutant were also measured for comparison. All strains contained a FLAG epitope inserted at 
the C-terminus of the native rbmA locus (40, 43). Fusion of a FLAG epitope to RbmA has been shown not to 175 
interfere with its function (40, 44), and allowed us to localize and quantify RbmA by immunostaining as a proxy 
for general matrix accumulation. 
 
As expected, N16961 produced biofilms with abundant RbmA, while its isogenic ΔvpsL mutant was impaired for 
biofilm growth relative to the wild type parent and showed no matrix accumulation by RbmA staining (Figure 2D-180 
F). The biomass and visible biofilm architecture of CVD112 and its ΔvpsL null mutant, on the other hand, were 
indistinguishable. CVD112 biofilms showed no detectable matrix accumulation, even in areas of dense growth 
(Figure 2D, G-H). Previous reports have suggested involvement of O-antigen and capsule polysaccharide in 
calcium-dependent biofilms of (non-filamentous) O139, but here we observed that filamentous biofilms did not rely 
on these factors: their biomass on chitin was unchanged in artificial sea water without calcium and in a DwbfR null 185 
background, which cannot synthesize O-antigen or capsule polysaccharide (Figure S5). The filamentous biofilm 
structures of CVD112 are thus independent of the currently known components of V. cholerae extracellular matrix. 
We infer that filamentous biofilm architecture can derive instead from entanglement of the cells themselves, which 
serve as both the actively growing biomass and the structural foundation of the community.  
  190 
V. cholerae filamentation is advantageous in frequently disturbed environments 
Once we had discovered that filamentation provides V. cholerae with an advantage during chitin attachment, we 
sought to understand the relative fitness effects this cell morphology on chitin in co-culture with cells or normal 
length. To explore this question we inoculated CVD112 and N16961 together on chitin in artificial seawater, and 
their subsequent biofilm compositions were measured by confocal microscopy daily for 12 days.   195 
 
When biofilms were left unperturbed for the full duration of the experiment, filamenting CVD112 cells had an 
initial advantage consistent with our colonization and growth rate experiments, but non-filamenting N16961 
eventually increased in frequency to become the overwhelming majority of the population (Figure 3A,C). As noted 
above, filamentous CVD112 biofilms are independent of known matrix components, while N16961 secretes copious 200 
extracellular matrix within chitin-bound biofilms. Though CVD112 is superior in its initial surface occupation, its 
eventual displacement by N16961 is consistent with our prior work demonstrating that matrix secretion and cell-
cell packing confer a pronounced local competitive advantage within biofilms of V. cholerae, as well as resistance 
to spatial invasion by other bacteria (19, 20, 43, 54, 55). As opposed to matrix-replete biofilms of V. cholerae, 
biofilms of filamentous CVD112 permit competing strains to invade their interior volume: they do not maintain a 205 
grip over the space they initially claim during the colonization and early growth phases of the experiment (Figure 
S6).  
 
Although matrix-producing N16961 outcompetes CVD112 within a patch of chitin-attached biofilm over time, the 
latter’s colonization advantage led us to speculate that it could be successful when residence times on a given chitin 210 
particle are shorter. This could be the case, for example, under frequently-agitated water column conditions or when 
chitin particle sizes are smaller, such that they are depleted quickly. To assess this idea, we repeated our competition 
experiments, but instead of tracking biofilm growth within a single microfluidic chamber over 12 days, we 
periodically used the liquid effluent exiting the chitin chamber to inoculate a new chamber containing fresh chitin, 
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where a new competition would resume (Figure S7). This process simulates a disturbance event in which dispersal 215 
is advantageous and increases representation on new chitin particles elsewhere in the water column. We 
implemented two disturbance regimes, re-colonizing fresh chitin chambers once every 72 hours, or once every 24 
hours.  
 
When dispersed cells were taken from the effluent and allowed to recolonize fresh chitin every 72 hours, filamenting 220 
CVD112 cells showed a protracted early increase in frequency, but once again were eventually outcompeted by 
matrix-secreting, non-filamented N16961 cells (Figure 3A-B, D). However, when effluent collection and re-
colonization of fresh chitin occurred every 24 hours, the CVD112 strain dominated co-cultures for the full duration 
of the 12-day experiment (Figure 3A-B, E). The trajectories of these population dynamics were remarkably 
consistent from one run of the experiment to the next in all dispersal/recolonization regimes. This demonstrates the 225 
strength of the effects of competition during colonization, biofilm growth, and dispersal, relative to the influence of 
stochastic factors such as orientation of chitin particles in the chambers, or local variation in flow regime.   
 
Discussion 
Individual cell morphology varies widely within and across bacterial species (56, 57), but in most cases it is not 230 
clear how cell shape relates to emergent structure and ecology of cell collectives such as biofilms. Here we have 
found that some isolates of V. cholerae produces long cell filaments under conditions closely matched to the natural 
marine environment. This cell morphology generates a pronounced advantage in chitin surface colonization and a 
matrix-independent biofilm architecture that permits rapid surface occupation, but also high dispersal rates. 
Filamentous cells’ superiority in early surface occupation, however, comes at a cost to long-term competition 235 
against other strains that invest in secretion of adhesive extracellular matrix. Filamentation is thus advantageous 
when patches of chitin turn over quickly, such that faster colonization and more easily reversible attachment are 
important components of fitness.  Our results demonstrate that the shape of V. cholerae variants is a crucial factor 
controlling the relative investment into surface colonization, long-term biofilm robustness, and ease of dispersal 
back into the planktonic phase. These are fundamental elements of fitness for any biofilm-producing microbe, and 240 
they are especially important for the marine ecology of V. cholerae as it colonizes, consumes, and re-colonizes 
chitin in its environment outside of hosts.  
 
Bacterial cell shape can serve a broad range of ecological functions (55–57). The curved shape of Caulobacter 
crescentus, for example, promotes the formation of biofilms as hydrodynamic forces reorient single cells to optimize 245 
daughter cell attachment (58); this process also nucleates clonal clusters under strong flow (59, 60). Simulations 
and experiments with engineered variants of E. coli suggest that rod-shaped bacteria can obtain a competitive 
advantage over spherical cells in colonies on agar plates, because rod-shaped cells burrow underneath spherical 
cells and spread more effectively to access fresh nutrients on the colony periphery (61).  Filamentation has been 
observed in a wide variety of bacteria and eukaryotic microbes; this morphology is implicated in assisting spatial 250 
spread through soil or host tissue, and defense against phagocytosing ameboid predators (56, 62, 63). Here we have 
shown that filamentation can simultaneously alter surface colonization, biofilm architecture, and, as a result, the 
relative investment into rapid surface occupation versus long-term competitive success in a realistic environment.  
 
The biophysical bases of our results are a topic of future work, but here we note that single filaments of V. cholerae 255 
can rapidly bend in shear flow, despite the stiffness of the bacterial cell wall (64). Our results demonstrate that 
sufficiently long bacteria can behave as elastic filaments (65); in analogy with the stretching behavior of polymers 
in flows that approach and split at the interface with an obstacle (i.e. extensional flows), we expect that filamentous 
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bacteria experience shear that stretches them into alignment with stationary surfaces in the flow path (66–68). This 
process can increase the dwell time of filaments in proximity to obstacles in flow (Figure S8). We speculate that 260 
this process promotes attachment and wrapping of filaments around chitin particles (Figure S3), yielding a 
substantially augmented chitin colonization rate for filaments relative to shorter cells of V. cholerae.  
 
Following surface attachment, filamentation allows the construction of biofilms in which cell-cell contacts generate 
a mesh network that is not dependent on currently known secreted components of the V. cholerae biofilm matrix. 265 
In this respect, filamentous biofilms may be analogous to a polymeric gel in which cell bodies are associated through 
physical entanglement rather than mutual attachment via secreted adhesives (69). Here, this cell network is more 
natively inclined to fast surface spreading and subsequent dispersal, but also porous and prone to physical invasion 
by competing strains or species. This strategy of rapid colonization and biomass accumulation but high reversibility 
of surface association is particularly well suited to fluctuating environments in which chitin particles are short-lived. 270 
This could be the case when particles are small and quickly consumed, or when disturbance events are common and 
destroy or disrupt chitin particles with high frequency.  
   
The frequency of disturbance events and chitin particle size distribution are both likely to depend on the community 
ecology of planktonic organisms producing the chitin on which V. cholerae feeds in its aquatic environments. The 275 
preponderance and size of biofilm clusters has been strongly implicated in the ability of this pathogen to initiate 
infections that lead to epidemics: removing biofilm-like clusters from drinking water by filtration, for example, 
reduces the incidence of cholera infections by as much as 50% (70). Consequently, the differential competitive 
success of V. cholerae variants on chitin particles could be a significant determinant of which strains initiate disease 
outbreaks, which in turn often correlate with seasonal blooms of planktonic arthropod population growth (71). The 280 
size and shape of V. cholerae in its aquatic reservoir may therefore have consequences that emerge on large 
geographic scales in the extent and strain composition of cholera epidemics. More broadly, as we found that some 
but not all strains from both major pandemic serogroups produce filaments in seawater conditions, we expect that 
filamentation is a generic adaptation to rapid habitat turnover that may be found distributed quite widely in Vibrio 
spp. and other marine microbes for which particle surface attachment and biofilm growth are important fitness 285 
components.  
 
Materials and Methods 
Methods for microfluidic device assembly, growth conditions, strain construction, growth curve measurements, 
septation imaging, biofilm cultivation, matrix staining, chitin colonization, competition assays, confocal 290 
microscopy, image analysis, and statistical analysis can be found further described in the SI appendix, Supplemental 
Materials and Methods.  
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Figures 
 465 

 

Figure 1. Cell morphology and biofilm structures of Vibrio cholerae N16961 (O1 serogroup) and CVD112 
(O139 serogroup). (A) Cell cluster biofilms of El Tor str. N16961 (3-D render is 80x80x15µm [LxWxD], 
planktonic cells inset). (B) Filamented biofilms of O139 str. CVD112 (3-D render is 80x80x50µm [LxWxD], 
planktonic cells inset). Biofilm images in (A) and (B) were captured in glass-bottom chambers containing M9 470 
minimal media with 0.5% glucose. Growth kinetics of CVD112 and N16961 in LB, artificial sea water with 0.5% 
GlcNAc, and M9 minimal media with 0.5% glucose, as measured by (C) colony-forming unit (CFU) count, and 
(D) optical density at 600 nm (for each growth curve and condition, n = 3 biological replicates, each with 3 technical 
replicates).  

 475 
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Figure 2. Filamentous V. cholerae CVD112 has an increased chitin colonization rate and produces matrix-
independent biofilms on chitin in sea water. (A) The rates of CVD112 (red data) and N16961 (yellow data) 
accumulation onto fresh chitin particles in artificial sea water (n = 6 biological replicates). (B) As in (A), but here 
N16961 was pre-treated for 60 minutes with cefalexin, which causes it to filament in a manner similar to CVD112 480 
without reducing cell viability (n = 4 biological replicates). (C) CVD112 cells (red) and N16961 (yellow) bound to 
pieces of chitin (blue), in artificial sea water (3-D render is 85x85x60µm [LxWxD]). (D) Mean biomass production 
(black bars, left vertical axis) and matrix normalized to biomass (purple bars, right vertical axis) for wild type and 
matrix-deficient DvpsL derivatives of CVD112 and N16961 (n = 3-6 biological replicates). (E) Wild Type N16961 
(yellow), (F) N16961 DvpsL (yellow), (G) CVD112 (red) and (H) CVD112 DvpsL (red) on chitin (blue) in sea 485 
water. Matrix stain (Cy3-conjugated antibody to RbmA-FLAG) is shown in purple. 3-D renders in (E)-(H) are 
175x175x40µm [LxWxD].  

not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which wasthis version posted November 16, 2018. ; https://doi.org/10.1101/470815doi: bioRxiv preprint 

https://doi.org/10.1101/470815


 

Figure 3. Competition between short cell N16961 (yellow) and filamenting CVD112 (red) on chitin (blue) in 
sea water. The two strains were grown together with different disturbance/recolonization regimes for 12 days. 490 
Chambers were either undisturbed (red traces in A-B, images in C), disrupted and reinoculated into new chitin 
chambers once per 72 hours (black traces in A-B, images in D), or disrupted and reinoculated into chambers every 
24 hours (blue traces in A-B, images in E). Above each image series the treatment regime is shown with imaging 
times marked in green (representative images noted with black dots), and disturbance/recolonization events shown 
in magenta. All 3-D renders in panels C-E are 385x385x32µm [LxWxD]. 495 
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Supplementary Materials and Methods 
 
Strains and media: 520 
Supplementary Table S1 includes a full strain and plasmid list for this study. Strains are either derivatives of N16961 
(El Tor serogroup) or CVD112 (O139 serogroup), excluding additional strains used for Figure S2. CVD112 and 
NT330 were generously given by the Skorupski lab in the Geisel School of Medicine at Dartmouth College. All 
modifications to N16961 and CVD112 were made using Escherichia coli S17-λpir carrying the suicide vector 
pKAS32 for allelic exchange (72). All strains were grown in in LB, M9 minimal media with 0.5% glucose, or 525 
artificial sea water with either 0.5% GlcNAc or chitin as in (27). Antibiotics were used in the following 
concentrations: 100 µg/ml ampicillin, 50 µg/ml kanamycin, 50 µg/ml polymyxin B, 1000 µg/ml streptomycin and 
5 µg/ml cefalexin. All chemicals and reagents were purchased from Millipore Sigma unless otherwise stated.  
 
Plasmid Construction: 530 
All restriction enzymes and ligase were purchased from New England biolabs, and PCR reagents were purchased 
from BioRad. Codon optimized versions of mKO-κ and mKate2 were purchased from Invitrogen.  pCN764 (for 
insertion of mKO-κ to the lacZ locus) and pCN765 (for insertion of mKate2 to the lacZ locus) were constructed by 
amplification of the flanking regions upstream and downstream of the lacZ open reading frame and fusing the 
respective genes for these fluorescent proteins to a synthetic Ptac for high expression from a single chromosomal 535 
locus. The lacZ-flanking fragments and fluorescent protein expression constructs were then combined using overlap 
extension PCR. These conjoined fragments were cloned into the pKAS32 vector backbone of pCN251 using the 
enzymes BsrG1 and BspE1 and ligated with T4 DNA ligase. These constructs were then introduced into Escherichia 
coli S17-λpir by electroporation and conjugated into V. cholerae.  Deletions of vpsL, rbmA and wbfR were made by 
cloning 1kb sequences up- and down-stream of the respective reading frames, joining these by PCR overlap 540 
extension, and cloning these fused products into the pKAS32 backbone. Insertion of the 3xFLAG epitope to the C-
terminus of rbmA was performed using pKAS32-based allelic exchange as described previously (43). 
 
Liquid growth curve experiments 
V. cholerae strains were grown at 37o C shaking in LB overnight prior to the experiment. Overnight cultures were 545 
then back diluted to an OD600 of 0.01 in LB, M9 minimal medium with 0.5% glucose, or artificial sea water with 
0.5% GlcNAc. OD600 were monitored every hour and once overnight. To measure viable cell count, serial dilutions 
were also performed at each timepoint and plated on LB agar for colony forming units. Each growth curve was 
performed with three biological replicates from independent overnight cultures and three technical replicates per 
biological replicate. Measurements for optical density were taken with a CO8000 cell density meter (Biochrom, 550 
Cambridge UK). 
 
CVD 112 septation imaging 
CVD 112 was grown overnight in sea water with 0.5% GlcNAc. Thirty minutes prior to imaging, 1 ml of overnight 
culture was spun down, resuspended in fresh LB, and incubated at 37o C to encourage septation. 10 µl of this culture 555 
was then spotted onto a #1.5 cover glass and covered with an LB agar pad. Phase contrast images were taken every 
5 minutes at 100x magnification and a video was rendered using Nikon NIS elements (Tokyo, Japan). 
 
Microfluidic device assembly  
The microfluidic devices used consist of poly-dimethylsiloxane (PDMS) bonded to size # 1.5 36mm X 60mm cover 560 
glass (ThermoFisher, Waltham MA) using standard soft lithography techniques (73, 74). Two designs of chamber 
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were used, planar and columnar. To establish flow in these chambers, media was loaded into 1ml BD plastic 
syringes with 25-gauge needles. These syringes were joined to #30 Cole palmer PTFE tubing (inner diameter 
0.3mm), which was connected to pre-bored holes in the microfluidic device. Tubing was also placed on the opposite 
end of the chamber to direct the effluent to a waste container. Syringes were mounted to syringe pumps (Pico Plus 565 
Elite, Harvard Apparatus), and flow was maintained at 0.2ul min-1 for all experiments. 
 
Biofilm growth and matrix staining on chitin 
Prior to bacterial inoculation, chitin flakes were be sterilized with 70% ethanol and washed in sea water (as in 
Drescher et al. (27)). These flakes were suspended in sea water and flowed into a columnar chamber at high speed 570 
using a 1 ml syringe attached to a small length of PTFE tubing. After 30 minutes, sea water was introduced into the 
device at a rate of 0.2ul/min. Overnight cultures of each strain were normalized to an OD600 of 1.0, inoculated into 
a microfluidic chamber previously filled with chitin, and allowed to rest for 30 minutes. The devices were then run 
at room temperature for different periods of time depending on the experimental design. For experiments in which 
RbmA matrix protein was stained for localization and quantification: twelve hours prior to imaging, the influent 575 
media was replaced with sea water supplemented with 1ug/ml anti-FLAG antibody conjugated to the fluorescent 
dye Cy3 (Millipore-Sigma) to stain FLAG-tagged RbmA protein in situ. 
 
Chitin colonization experiments 
Strains were grown overnight at 37oC in sea water so that CVD112 would be filamented prior to the experiment. In 580 
Figure 2B, strain N16961 was sub-cultured, grown to mid log phase and exposed to a sub inhibitory concentration 
of cefalexin (5ug/ml) to induce filamentation as in Bartlett et al. (52). Cultures were then diluted to an OD600 of 0.1. 
equal amounts of each strain were mixed 1:1 in a BD 1ml plastic syringe (for experiments in Figure S4, strains were 
loaded at an OD600 of 0.1 to syringes in monoculture).  The syringes were connected to a new chamber filled with 
chitin flakes. These chambers were then perfused with the corresponding culture preparations at a flow rate of 585 
0.2µl/min and imaged every 30 minutes for 3 hours. 
 
Chitin competition assays 
Microfluidic devices were prepared with chitin as described above. Fluorescent protein expressing strains of 
CVD112 and N16961 (producing mKate2 and mKO-k, respectively) were grown in LB overnight at 37o C. These 590 
cultures were then equalized to an OD600 of 1, mixed 1:1 and inoculated into the microfluidic device. After 30 
minutes, flow of fresh sea water lacking any carbon or nitrogen source were introduced at 0.2 µl/min.  Under the 
no disruption condition, the devices were run at room temperature for 12 days and imaged daily. In conditions with 
disruption events, new microfluidic devices containing chitin were prepared, and the effluent from the currently 
incubating device was flowed into the new devices for 30 min. After colonization of the new device, the previous 595 
device was discarded. Between these disruption events, chambers were incubated at room temperature and imaged 
daily (see Figure S6). 
 
Microscopy and image analysis 
Biofilms inside microfluidic chambers were imaged using a Zeiss LSM 880 confocal microscope with a 40x / 1.2 600 
N.A. water objective. A 543-nm laser line was used to excite mKO-k, and a 594-nm laser line was used to excite 
mKate2. A 458-nm laser line was used to excite chitin autofluorescence. For biomass accumulation and competition 
experiments, images were acquired as a wide view tile scan, so that all chitin in each chamber would be present for 
analysis. In experiments involving RbmA-FLAG staining, representative images were taken at several locations 
within the chamber and averaged per biological replicate. Figure panels were rendered using Zeiss ZEN blue 605 
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software. To quantify bacterial or matrix biomass per area, we used customized scripts in MATLAB (MathWorks, 
Natick, MA) as in Drescher et al. 2014 (27) and Nadell et al. (43).  
 
Statistics 
All statistical analyses were performed in GraphPad prism. All reported comparisons are Wilcoxon signed ranks 610 
tests with Bonferroni correction.  For biomass accumulation experiments reported in Figure 2A-B, individual slopes 
were determined via a linear regression for each biological replicate. These slopes were used as data points for the 
corresponding comparison tests. 
 
 615 
Supplementary Figures 

 
Figure S1. Snapshots of aliquots of CVD112 cells (red, left) and N16961 cells (yellow, right), over the course 
of planktonic growth curve experiments in LB or artificial sea water with 0.5% GlcNAc. CVD112 filaments in sea 
water, but not LB, while N16961 does not filament in either condition. Scale bars denote 10 µm. 620 
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Figure S2. Fluorescence images of V. cholerae strains (A) O1 - El Tor, N16961, (B) O1 - El Tor, C6706, (C) O1 
– Classical, RT4633 (D) O139 - CVD112, and (E) O139 - NT330, taken in stationary phase after growth in artificial 625 
sea water with 0.5% GlcNAc as the sole source of carbon and nitrogen. Cells were stained with Syto 9. Scale bars 
denote 10 µm. 
 
 
 630 
 
 
 

 
 635 
Figure S3. Filamentous cells of V. cholerae CVD112 (red) wrapped around the contours of a chitin particle 
(blue) in artificial sea water. This 3-D rendering is 35x35x60µm [LxWxD]. 
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 640 
Figure S4. Chitin colonization rates of filamentous V. cholerae CVD112 and non-filamentous N16961. (A) 
CVD112 and N16961 were flowed in monoculture into chambers containing fresh chitin particles, and their biomass 
accumulation rates (biomass area per hr) were measured (n = 4 biological replicates). (B) Chambers containing 
monoculture biofilms of CVD112 or N16961 growing on chitin particles were allowed to grow for 48 hr, after 
which the effluent from these chambers was connected to the fluid inlet of chambers containing fresh chitin for 1 645 
hr (n = 3 biological replicates). The total biomass area of cells colonized on the fresh chitin particles was measured 
and normalized to the biomass of cells present in the previous chamber from which effluent was collected for the 
colonization experiment.   

 

 650 

 

 

 

 

 655 

 

 

 

 

Figure S5. Filamentous biofilms of CVD112 were grown on chitin, with the parental wild type shown at left 660 
for comparison. No difference in biomass accumulation was observed for biofilms lacking the cell-cell adhesin 
RbmA (n = 4 biological replicates). Biofilms of O139 have been reported to rely on calcium and a combination of 
O-antigen and capsular polysaccharide, but here we found that wbfR null mutants (which cannot synthesize O-
antigen or capsule) are not impaired for filamentous biofilm growth, nor are wild type CVD112 biofilms grown in 
sea water without Ca2+ (n = 4 biological replicates).   665 
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Figure S6.  Filamentous biofilms of CVD112 (red) can be invaded and physically displaced by cells of N16961 
(yellow). Here biofilms of CVD112 were grown in isolation, and subsequently exposed to cells of N1691. The 
progression of the invasion is shown at (A) 24, (B) 48, and (C) 72 hours after invading N16961 cells were introduced 
to the system. The 3-D renders in A-C are 675x350x45µm [LxWxD]. (D) A magnified portion of the biofilms from 670 
panel B, showing that the invading N16961 cells displace CVD112 from the substratum on which they are growing. 
Scale bars denote 20 µm. 
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Figure S7. An illustration of the regime for competition experiments with disturbance/recolonization. V. 675 
cholerae CVD112 and N16961 were introduced in co-culture to microfluidic devices containing chitin and imaged 
daily (imaging points are indicated by green square events in the timeline above). Every 72 hours (magenta square 
events), the effluent from the current chamber was used to inoculate a new chamber containing fresh chitin, which 
was then monitored daily until the next disturbance event. In another treatment (see Figure 3, main text), 
disturbance/recolonization events were performed every 24 hours. 680 

 

Figure S8. A fluid dynamics model for cell filament stretching in flow near chitin particles. The flow profile 
near the surface of a cylinder can be described as an extensional flow. This description is most accurate close the 
particle surface at the stagnation point (where streamlines split, point A above). Elastic filaments such as 
polymers experiencing this extensional flow align in the direction of extension. We therefore anticipate that single 685 
filamentous V. cholerae cells align with approaching chitin particles in flow. In addition, extended cells span 
either side of the stagnation point, effectively increasing their residence time near the particle, while short cells 
ballistically follow streamlines. Altogether, stretching and increased residence time may participate to the 
improved ability of filamentous cells to encounter and attach to chitin particles.  
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Supplementary Table 1: V. cholerae strains and plasmids 690 
 

Strain Relevant markers/ genotypes Source 
E. coli     
S17-1λpir wild type (75) 
V. cholerae     
CNV49 wild type strain N16961 (O1 El tor Sm resistant) (26) 
CNV116 N16961 rbmA-3xFLAG, lacZ:Ptac-mKate2 This study 

CNV121 N16961 rbmA-3xFLAG, lacZ:Ptac-mKO-k This study 

CNV203 N16961 ΔvpsL, rbmA-3xFLAG, lacZ:Ptac-mKate2  This study 
CNV180 CVD112 (RT4102 O139 Sm resistant at 1mg/ml) (76) 
CNV184 CVD112  lacZ:Ptac-mKate2 This study 
CNV 202 CVD112 rbmA-3xFLAG, lacZ:Ptac-mKate2 This study 
CNV205 CVD112 ΔvpsL, rbmA-3xFLAG, lacZ:Ptac-mKate2  This study 
CNV206 CVD112 ΔwbfR, rbmA-3xFLAG, lacZ:Ptac-mKate2  This study 
CNV 207 CVD112 ΔrbmA lacZ:Ptac-mKate2 This study 

 

Plasmid 
origin, 
marker comments templates, primers source 

pCN251 
pR6K, 
Amp, Kan pKAS32   (72) 

pCN764 
pR6K, 
Amp, Kan 

PKAS32 for insertion of 
lacZ:Ptac-mKO-k  

 
Cno233-236 

 
This study 

pCN765 
pR6K, 
Amp, Kan 

pKAS32 for insertion of 
lacZ:Ptac-mKate2 cno233-236 This study 

pCN767 
pR6K, 
Amp, Kan pKAS32 ΔwbfR cno302-305 This study 

pCN006 
pR6K, 
Amp, Kan pKAS32 ΔvpsL   

C. M. Waters, Michigan 
State University, East 
Lansing, MI 

pCN098 
pR6K, 
Amp pKAS32 ΔrbmA  (43) 

pCN189 
pR6K, 
Amp 

pKAS32 rbmA-3xFLAG 
insertion  (43) 
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Supplementary Table 2: Primers used in plasmid construction 695 
 

Name Sequence Description 

cno211 CCGTTGATTTAAATAATGGCCGC 

Forward sequencing primer for 
checking 3xFLAG insertion to 
rbmA  

cno212 CAGTGAGTGAATGGAAGAAGAATAGA 

Reverse sequencing primer for 
checking 3xFLAG insertion to 
rbmA  

cno233 GCTCCGGACACCAATGGATCCTTTGACAA 
Forward primer for insertion of 
mKO-k or mKate2 into KAS32  

cno234 CGTGTACATTGAATTCTTTTCTAGAAAGGAGCTC 
Reverse primer for insertion of 
mKO-k or mKate2 into pKAS32  

cno235 GCTGTACAAGAGGCCTGCTAGAGCTA 
Forward primer for backbone 
amplification of pCN251  

cno236 CGTCCGGAGACTCTGGATCCCCGG 
Reverse primer for backbone 
amplification of pCN251 

cno237 GGTGGTTAATAAGTGAGTCTCAAGG 
Forward primer for checking 
deletion of vpsL in V. cholerae 

cno238 GCGAAAACGGTATCCCAATTG 
Reverse primer for checking 
deletion of vpsL in V. cholerae 

cno239 CGTATTGCGGGCTATCAAC 
Forward primer for lacZ 
insertion check 

cno240 GGGAAGGGTAAAACCGAGA 
Reverse primer for lacZ 
insertion check 

cno241 TGGCTCTTGCTTTGGCAAC 
Upstream sequencing primer for 
mKO-k and mKate2 

cno244 GGTCATCAAGAAATGACCCTG 
Sequencing primer 1 for mKO-k  
insert 

cno245 ACCTATAAAGCGGCGAAAGA 
Sequencing primer 2 for mKO-k  
insert 

cno246 CACTGCCATTTGCGTTTGA 
Sequencing primer 1 for  
mKate2 insert 

cno247 CTATGTGGAACAACATGAAGTGG 
Sequencing primer 2 for mKate2 
insert 

cno300 CCGTCAGTCAGGTGCAAAACTTCTG 
Forward primer for rbmA 
deletion check 

cno301 CTATAATGGAGATGTTTCCCCACTGAAC 
Reverse primer for rbmA 
deletion check 

cno302 TCTAGACTGTTTGTTTTTGTTTTTATAATAAGCTATCC 
Forward primer for upstream 
wbfR deletion 

cno303 CCGGCGATAAACGCTTACTAATAAAACCCGCTACACCG 
Reverse primer for upstream 
wbfR deletion 
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cno304 GCGTTTATCGCCGGAAACAAATGAATAAAATAGTTTTTGTGGTT 
Forward primer for downstream 
wbfR deletion 

cno305 GCGGCCGCCCGGTTCTGGTAAGTAAGGATAAAC 
Reverse primer for downstream 
wbfR deletion 
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