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Emergence of three-dimensional order and
structure in growing biofilms

RaimoHartmann®'2, PraveenK. Singh

Surface-attached bacterial biofilms are self-replicating active
liquid crystals and the dominant form of bacterial life on Earth'“.
In conventional liquid crystals and solid-state materials, the
interaction potentials between the molecules that comprise
the system determine the material properties. However, for
growth-active biofilms it is unclear whether potential-based
descriptions can account for the experimentally observed
morphologies, and which potentials would be relevant. Here,
we have overcome previous limitations of single-cell imag-
ing techniques®*® to reconstruct and track all individual cells
inside growing three-dimensional biofilms with up to 10,000
individuals. Based on these data, we identify, constrain and
provide a microscopic basis for an effective cell-cell interac-
tion potential, which captures and predicts the growth dynam-
ics, emergent architecture and local liquid-crystalline order of
Vibrio cholerae biofilms. Furthermore, we show how external
fluid flows control the microscopic structure and three-dimen-
sional morphology of biofilms. Our analysis implies that local
cellular order and global biofilm architecture in these active
bacterial communities can arise from mechanical cell-cell
interactions, which cells can modulate by regulating the pro-
duction of particular matrix components. These results estab-
lish an experimentally validated foundation for improved
continuum theories of active matter and thereby contribute to
solving the important problem of controlling biofilm growth.
Vibrio cholerae cells can swim through liquids as isolated indi-
viduals, but are more commonly attached to surfaces, where they
grow into clonal colonies termed biofilms, with reproducible spa-
tial organization, global morphology and cellular arrangements”*.
Biofilm architectures often display striking local nematic order
analogous to molecular ordering in abiotic liquid crystals, yet bio-
films differ fundamentally in that they are active systems, driven
by cell growth and metabolism'~. As these active nematic systems
operate far from thermodynamic equilibrium’, there are no rel-
evant fundamental conservation laws known that could be used
to characterize the biofilm developmental dynamics. To achieve
a detailed qualitative and quantitative understanding of such
biologically ubiquitous yet physically exotic bacterial communi-
ties, we developed new experimental imaging and image analysis
techniques for obtaining high spatiotemporal-resolution data of
the biofilm developmental process up to 10* cells, representing
mid-sized biofilm microcolonies that have already established the
architectural state of macroscopic V. cholerae biofilms’. By using
automated confocal microscopy, with an adaptive live feedback
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between image acquisition, feature recognition and microscope
control, followed by a ground-truth-calibrated, novel three-
dimensional (3D) image-segmentation technique (see Methods
and Supplementary Information) we were able to observe com-
plete 3D biofilm development at cellular resolution with mini-
mal phototoxicity (Fig. la,b) and minimal segmentation error
(see Supplementary Information). The high temporal resolution
(At=5-10min) allows for cell lineage reconstruction, measure-
ments of local growth rates, and the identification of all cells in a
field of view that are not related to the original biofilm founder cell
(Fig. 1b-d and Supplementary Movie 1).

When investigating whether the non-equilibrium dynam-
ics of biofilm development and the emergence of local order can
be captured quantitatively through effective cell-cell interaction
potentials, it is important to account for the essential biophysical
processes—cell growth, cell division, cell-surface interactions and
cell-cell interactions*'*-"”. Whereas growth and division are driven
by nutrient availability and metabolism, cell-surface and cell-cell
attractions are typically mediated by secreted or membrane-asso-
ciated polysaccharides and proteins'®'. For V. cholerae biofilms,
the molecular basis for cell-cell interactions has been intensively
investigated: cells are embedded in a self-secreted extracellular
matrix composed of the Vibrio polysaccharide (VPS), extracellular
DNA and proteins'*-*. The osmotic pressure resulting from a high
concentration of matrix components in the intercellular space, as
well as steric cell-cell interactions, are both expected to contribute
to cell-cell repulsion. Cell-cell attraction is primarily mediated
by the protein RbmA, which localizes throughout the biofilm
(Fig. 1c)***! and links cells to each other*-%; its expression levels
are inversely related to cell-cell spacing (Fig. 2a). VPS also weakly
binds cells together, yet elevated levels of VPS production do not
cause stronger cell-cell attraction or decreased cell-cell spacing
(Supplementary Fig. 11). Based on these cell-cell interaction pro-
cesses, we hypothesized that biofilm architectures are primarily
determined by the relative strength of the effective mechanical
cell-cell attraction and repulsion forces.

To determine the impact of cell-cell attraction, we quantita-
tively compared the 3D biofilm architecture dynamics of a rugose
wild-type strain with straight cell shape (WT*) with that of a
mutant strain (ArbmA) with significantly weakened intercellular
adhesion (see Methods). Biofilms grown in a low-shear environ-
ment approximately display hemispherical symmetry (Fig. 1d),
which allows us to characterize the biofilm architectures
(Fig. 1e) as a function of the distance to the biofilm centre in the
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Fig. 1| Dynamics of V. cholerae biofilm formation. a, Cells constitutively expressing a green fluorescent protein (sfGFP) were imaged with spinning

disc confocal microscopy. Images at three different z planes are highlighted. b, 3D reconstruction of the biofilm shown in a, where each cell is coloured
according to the nematic order parameter S = <32(f;- ﬁi) 212> in its vicinity. High-time-resolution (At=5-10 min) imaging allowed us to track cell
lineages and discriminate cells (white) that are not direct descendants of the biofilm founder cell. ¢, The extracellular matrix protein RbomA mediates
cell-cell adhesion and is distributed throughout the biofilm, as visualized by immunofluorescence. d, Time-resolved WT* biofilm growth series. Each
cell is coloured according to the cellular alignment with the z axis (for the ArbmA mutant see Supplementary Fig. 6). e f, Heatmaps showing spatially
resolved single-cell measurements of different biofilm structural properties inside WT* (a rugose wild-type strain with straight cell shape) (e) and
ArbmA (f) biofilms, which are used to characterize biofilm formation (n> 3 biofilms, standard deviations are shown in Supplementary Figs. 5 and 7 and
the differences among both strains are highlighted in Supplementary Fig. 8) as a function of the distance to the biofilm centre (d...) and the number of

cells inside the biofilm (N;).

basal plane, d_.,., using the cell number in the biofilm, N, as a
quantification of the developmental state. Our measurements
reveal strong structural differences between the outer biofilm
layer and its central part, as well as several distinct architectural
phases of the biofilm during growth (Fig. le,(f). Interestingly,
the cellular growth rate remains homogeneous in space during
WT* biofilm development in our conditions and for our biofilm
sizes (Fig. le and Supplementary Fig. 5), in contrast to theories
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assuming steep nutrient gradients inside biofilms®'°. The nematic
order, cell-cell spacing and cellular orientations with respect to the
vertical (z) and radial (r) directions differ significantly between
WT* and ArbmA mutants (Fig. 1e,f and Supplementary Figs. 5-8),
revealing the strong effect of cell-cell adhesion on biofilm archi-
tecture dynamics.

Based on the high-resolution spatiotemporal data of biofilm
development of different bacterial strains, we investigated the
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Fig. 2 | Biofilm architecture development is captured by an effective mechanical cell-cell interaction potential. a, Increased RbmA production (achieved
by increasing the arabinose concentration, see Methods) decreases the average cell-cell distance in biofilms. Without arabinose, no RbmA is produced
and the biofilm architecture is identical to the ArbmA mutant (n> 3 biofilms). b, Cell-cell interaction inside ArbmA mutant biofilms lacking cell-cell
adhesion, modelled by the repulsive interaction potential (left) and the resulting cell-cell interaction forces (right) for the best-fit potential and the most
prominent cellular orientation (red, attractive; blue, repulsive). Inset, Rotational interaction dynamics (red, clockwise rotation; blue, anticlockwise rotation).
For more details and additional orientations see Supplementary Figs. 18 and 19. The dashed cell is plotted at the average cell-cell distance obtained from
the corresponding experiment in a. ¢, The cell-cell interaction potential (left) and force (right) resulting from the best-fit potential for biofilms with a
particular level of cell-cell adhesion (0.5% arabinose). RomA-mediated cell-cell adhesion gives rise to an attractive part (red), acting within the range of
the experimentally determined average cell-cell distance (dashed cell). d, Best-fit simulation parameters for varying RbomA and arabinose concentrations
(black dots) follow a line in (v,/\a,pa) parameter space and cross isosurfaces of average cell-cell distance (see colour bar, and compare with a; for more
details about the fitting see Supplementary Fig. 23). The RbmA level of the WT* biofilms is inferred in terms of an effective arabinose concentration by
locating the WT* along the line of different arabinose concentrations (blue point), which is very close to the best fit of the WT* (red point). e, Simulated
(best fit) versus experimental WT* biofilm. f, Comparison of biofilm architectural properties for the WT* experiment (blue) and the WT* simulation
prediction (yellow). The architectural properties are spatially resolved for the core (left) and shell (right) of the biofilm (experiment, n=7; simulation,
n=10). g,h, Simulation predictions of large (N, =1,000) WT* biofilms (based on the WT* interaction potential calibrated with N_,,. <300) show
quantitative (g) and qualitative (h) agreement with experiments (experiment, n=4; simulation, n=10). All error bars correspond to standard errors.

hypothesis that the biofilm internal structure and external shape
originate from mechanical interactions between cells. Focusing
on a minimal model, we describe the effective mechanical interac-
tions in terms of an effective potential that depends on the distance
r.; between neighbouring cells @ and f, and their orientations n,
and n, We made the simplifying assumption that the potential is
independent of the biofilm developmental state or nutrient levels.
As shown below, this simplification suffices to capture the main
features of the small to medium-sized biofilms studied here but is
expected to become inaccurate at the later stages of biofilm develop-
ment, when spatiotemporal heterogeneities become relevant. Given
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the molecular components of the cell-cell interaction and their
qualitative effects on attraction and repulsion outlined above, we
assume the pair potential

(1)

where p=r,,/c is the shape-normalized cell-cell distance. The
range parameter ¢ (F 5,1, 7i5) depends on the instantaneous cell
lengths, the orientation of the cells relative to each other and the
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individual cell orientations, and it maps the potential onto non-iden-
tical ellipsoidal cells (Supplementary equation (20)). The amplitude
is set by the repulsion strength ¢, and instantaneous cell lengths
and cell orientations through the strength parameter e, (0, fiy)
(Supplementary equation (19)). The first term of the interaction
potential describes the combined effects of hard steric and osmotic
repulsion with range 1, (Fig. 2b). The second term corresponds to
cell-cell attraction and adds an attractive part of relative depth v,
width 1, and position p, (Fig. 2c). Each contribution and parameter
in the potential U thus has a well-defined physical meaning (sche-
matic diagram in Supplementary Fig. 15 and Supplementary Table 3).
We assume here that the interaction parameters are taken to be
constant for a given bacterial strain, a simplification that could be
relaxed in future models. With these simplifying assumptions, ini-
tial estimates of the potential parameters prior to systematic scans
can be obtained from basic physical considerations (see Methods).
This potential was then implemented in a particle-based model
of biofilm development, in which individual cells were modelled
as growing and dividing ellipsoids without self-propulsion (see
Supplementary Information), whose interactions are described
by U. Bypassing previous limitations of individual-based bio-
film models**, all the parameters of our model (cell aspect ratio,
division time distribution; Supplementary Table 3) were deter-
mined from single-cell properties of experimental biofilms, and
the dynamics were solved with a massively parallel computation
approach using graphics processing units to evaluate all pairwise
interactions (see Supplementary Information). To obtain the key
potential parameters €, 4,,v,4, and p, for V. cholerae biofilms, we
assumed that the attractive term in U can be attributed primarily
to RbmA levels, with the VPS acting as a Woods-Saxon back-
ground potential (see Methods) akin to the mean-field potential in
nucleon models. This assumption is motivated by the experimen-
tal findings that increased VPS levels do not increase the cell-cell
attraction (Supplementary Fig. 11), yet biofilms that lack RbmA
display a small residual mechanical cohesion (Fig. 3e), indicating
that VPS does contribute weakly to cell-cell binding. To first obtain
the parameters ¢, and 1,, we fitted the repulsive part of the poten-
tial U by comparing experimental ArbmA biofilms, which lack the
attractive potential term (v =0), with simulated biofilms, using the
mean squared difference (MSD) of a feature vector as a metric.
The feature vector contains 14 different architectural properties and
their temporal variation up to 300 cells (Supplementary Fig. 14),
allowing a comprehensive comparison of biofilm architecture and
development between simulations and experiment at the same
time. Note that even at small sizes, the V. cholerae biofilms used in
this study produce RbmA and VPS (Supplementary Fig. 10). For
ArbmA biofilms we found a broad minimum in the (e, 4,) space
as shown in the MSD heatmap (Supplementary Fig. 16), resulting
in best-fit simulations that show high similarity to experiments
(Supplementary Fig. 17). The effective translational and rotational
interaction forces acting on two neighbouring ArbmA cells for
the best-fit potential are illustrated in Fig. 2b and Supplementary
Fig. 18 for different cellular orientations. The interaction range
for two aligned cells is very close to the experimentally observed
average cell-cell spacing of the ArbmA mutant (dashed cell).
Because the attraction parameters (v,4,,p,) in potential U
depend on the concentration of RbmA, we genetically modified
V. cholerae so that we could tune the production of RbmA (and there-
fore tune the strength of the attraction), by adding different concen-
trations of a compound that induces the rbmA-expression construct
homogeneously inside the biofilm: arabinose (see Methods and
Supplementary Fig. 13). Experimentally, we observed that increas-
ing arabinose concentrations resulted in decreased cell-cell spacing
(Fig. 2a), consistent with the assumption that RbmA mediates cell-
cell attraction. By fixing the repulsive component (¢, 4,) based on the
ArbmA biofilms, we then fitted the attractive potential component
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(v, 4,,p,) forarange of different arabinose concentrations (Fig. 2¢,d).
The MSD isosurfaces in (v,4,,p,) space and corresponding 3D
renderings for simulated and experimental biofilms grown at 0.5%
(wt/vol) of arabinose reveal tight fits (Supplementary Figs. 21-23),
and the resulting best-fit interaction force displays an attractive
region (red) at the average experimental cell-cell distance (Fig. 2c).

With the calibrated simulation, we then inferred an effective
arabinose concentration for the WT* of ¢=0.68 +0.19% (wt/vol), by
locating the WT* biofilm architecture in the (v,4,,p,) space along
the curve of different arabinose concentrations (Fig. 2d). Extracting
an effective arabinose concentration and RbmaA level for the WT* is
based on the simplifying assumption thatall cells in the biofilm express
the same levels of the key matrix components, which represents a
minimal model that is in quantitative agreement with the experimen-
tal data, as the best-fit (v, 4,,p,) values for the WT* are close to the
effective (v, 4,, p,) values for WT* on the curve of different arabinose
concentrations (Fig. 2d). The simulations based on the WT* param-
eters for biofilms up to 300 cells show good quantitative agreement
with experiments (Fig. 2f). Remarkably, these simulations also show
architectural properties that were not included in the feature vector
used for MSD minimization, such as local density variations and the
occurrence of patches of highly aligned cells inside the biofilm (red
cells in Fig. 2e, characterized by high local ordering), which are char-
acteristic for biofilms with high concentrations of RbmA. Predictions
of the architectural development for larger biofilms (N, > 300) show
high quantitative and qualitative agreement with experimental data,
for both the WT* (Fig. 2g,h and Supplementary Movie 5) and ArbmA
(Supplementary Fig. 24b and Supplementary Movie 5) biofilms up to
10° cells. To achieve accurate simulation results for very large biofilms
(>10° cells), spatiotemporal heterogeneity in gene expression, matrix
composition and growth rates probably have to be included in future
simulations. Our combined experimental and theoretical analysis
therefore suggests that mechanical interactions between cells suffice
to account for the internal cellular order and architecture up to mid-
sized V. cholerae biofilms.

To determine how external fields can affect the orientational
order and morphology of 3D biofilms, we perturbed biofilm growth
by applying external flow fields of varying strength, correspond-
ing to shear rates of y =2-2,000s7", typically encountered by bac-
teria in natural and man-made environments®. At high shear rates
(>6005s7, corresponding to average flow speeds >10 mm s~ through
the growth chamber), the WT* cells formed smaller, more compact
biofilm colonies with droplet-like shapes, compared with low shear
environments (Fig. 3a,b, Supplementary Movies 1 and 3). To under-
stand the mechanisms underlying these architectural changes, we
investigated both local and global effects of increased shear on bio-
films, and changes in matrix production. Exposure to higher shear
resulted in a significantly decreased cell-cell spacing and lower
growth rate in WT* biofilms (Fig. 3¢), but the height-to-width aspect
ratio was unaffected when comparing biofilms with similar N,y
(Fig. 3e) despite the increased levels of shear stress applied to the
top (Fig. 3d). We therefore hypothesized that cells in WT* biofilms
at higher shear secrete increased levels of RbmA, allowing increased
cell-cell attraction forces to balance shear forces, but leading to a
strong reduction in overall growth rate owing to the metabolic cost
of increased RbmA production. Using a fluorescent transcriptional
reporter for rtbmA expression, we confirmed that high shear increases
RbmA levels (Supplementary Fig. 12), indicating that cells actively
modulate the mechanical cell-cell interactions via gene expression.

To explain the observed droplet-like shapes of biofilms grown
at high shear rate, we investigated cellular alignment with flow
and analysed biovolume flux inside the biofilm using the opti-
cal flow method (Fig. 3a-f; see Supplementary Information). We
determined that cell alignment with flow increases with increasing
shear rate (Fig. 3c-g), and an anisotropic biomass shift downstream
occurs at y>60s™" (Fig. 3f), indicating that the observed biofilm
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Fig. 3| Biofilm architecture is shaped by external shear flow. a, WT* biofilms grown under strong shear (y =2,000s") display droplet-like shapes. Inset,
Biovolume flux field inside the biofilm (see Supplementary Information). b, WT* biofilms under high shear (y =2,000s™") display strong alignment with
flow throughout growth, yet biofilms grown in flow with low shear (y =2-200s™") do not show strong architectural modifications. ¢, Quantification of

the effect of shear on biofilm architecture: measurements of cellular alignment with flow, cell-cell distance and cell growth rate at the bottom and top of
biofilms with N, ~800 cells show that WT* biofilms in high shear are smaller, more compact and display stronger flow alignment. Statistical significance:
*P<0.05; **P < 0.01 (t-test); error bars indicate standard error (n = 4 biofilms). d, Simulated shear stress distribution for a WT* biofilm, demonstrating
that the region of highest shear is at the top of the biofilm. The streamlines indicate the profile of the external flow. e, Biofilm aspect ratio (height/width)
increases in time for WT* (red) biofilms, but decreases for ArbmA mutant biofilms (blue) in high flow owing to shear-induced erosion (n=4, error bars
indicate standard deviations). f, Biomass shift is defined as the fraction of the average total biomass flux through planes parallel (I) or perpendicular (L)
to flow (see Supplementary Fig. 2 for details). Positive biomass shift along the flow direction at higher shear rates indicates anisotropic biofilm expansion
towards the downstream direction of the external flow. Zero biomass shift perpendicular to the flow indicates no directional bias (n> 3, error bars indicate
standard errors). g, The tensorial nematic order parameter (Q tensor, see Supplementary Information) and cellular alignment with the flow direction were
measured at equally spaced points inside biofilms at low and high shear rates, indicating the regions in which cells are predominantly aligned with the flow
and each other. h, Biofilm volumetric growth for ArbmA mutant biofilms is captured by a continuum model (see Supplementary Information) with varying
ratios of shear-induced erosion and cell-cell adhesion (experiment: n=4, error bars indicate standard deviations).

NATURE PHYSICS | VOL 15 | MARCH 2019 | 251-256 | www.nature.com/naturephysics 255


http://www.nature.com/naturephysics

LETTERS

shapes are caused by anisotropic expansion of cells aligned with
the flow as a result of growth and viscoelastic deformation. Our
above measurements regarding increased RbmA levels in WT* bio-
films at high shear predict that if RbmA levels are in fact primar-
ily responsible for cell-cell attraction, then most effects of shear
on ArbmA-mutant biofilms should be explained by shear-induced
cell erosion. Indeed, these biofilms showed a reduction in upward
growth with higher flow (Fig. 3e), indicating that shear forces are
larger than cell-cell attraction forces. This was confirmed by simu-
lations of shear-dependent erosion using a continuum model (see
Supplementary Information), which captured the decreased volu-
metric growth of ArbmA-mutant biofilms owing to cell erosion
(Fig. 3h and Supplementary Movie 4). Fluid flow therefore strongly
affects biofilm architectural development through the effect of shear
on growth rate, matrix composition, alignment with flow, biomass
shift and shear-induced erosion”. These results demonstrate that
mechanical interactions at the cellular scale remain important in
sculpting biofilm architecture when an external field is applied.

In conclusion, our combined experimental and theoretical anal-
ysis shows that the emergence of local nematic order in growing
V. cholerae biofilms can be captured by an experimentally constrained
minimal effective cell-cell interaction potential that translates
molecular mechanisms into force parameters. Given the immense
complexity of the molecular interactions, metabolism and signalling
that occur between cells, the availability of an experimentally vali-
dated potential-based description of biofilm development presents a
significant conceptual advance that can provide a microscopic basis
for constructing predictive macroscopic continuum theories, by
building on coarse-graining techniques recently developed for other
classes of active matter*. At the same time, a refined model will be
needed to account for the spatial heterogeneities and time dependen-
cies that become relevant at the later stages of biofilm development.
Such progress is essential for identifying new strategies towards
understanding, controlling and inhibiting biofilm growth under
realistic physiological conditions, which remains one of the foremost
challenges in biomedical'®*** and biophysical research>'*'.
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Methods

Media and cloning approaches. All strains were grown in lysogeny broth (LB)
medium supplemented with appropriate antibiotics at 37 °C for normal growth
and during cloning. Biofilm experiments with V. cholerae were performed in M9
minimal medium, supplemented with 2mM MgSO,, 100 mM CaCl,, minimum
essential medium (MEM) vitamins, 0.5% glucose and 15 mM triethanolamine
(pH?7.1). Standard molecular biology techniques were applied to construct
plasmids and strains™. Restriction enzymes and DNA polymerase enzymes were
purchased from New England Biolabs. Oligonucleotides were commercially
synthesized by Eurofins. All V. cholerae strains used in this study are derivatives
of the rugose variant of the wild-type V. cholerae O1 biovar El Tor strain N16961
(termed strain KDV148). V. cholerae deletion mutations were engineered using
the pKAS32 suicide vector harboured in Escherichia coli S17-1 Apir (ref. **).
Complementation constructs were inserted at the lacZ site with the help of the
suicide plasmid pKAS32. The plasmid pNUT542, containing gene coding for

the super-folder green fluorescent protein (sfgfp) expressed under the control

of the P,,. promoter, was conjugated into all V. cholerae strains except for the
complementation strain KDV1082%. Plasmid clones were first constructed in the
E. coli strain Top10 and then mated into V. cholerae with the help of an additional
E. coli strain harbouring the conjugation plasmid pRK600. Arabinose was used
as an inducer to control the expression of rbmA from the arabinose-regulated
promoter Py, p,. Details of the strains, plasmids and oligonucleotides are listed in the
Supplementary Information.

Strain construction. The rugose variant of the V. cholerae N16961 (strain
KDV148) displays strong surface attachment and biofilm formation as a
consequence of high c-di-GMP production®. V. cholerae cells are usually
characterized by a slightly curved cell shape. To allow V. cholerae cells to be
modelled by ellipsoids in theory and simulations, we generated a mutant with a
straight cell shape (that is, the common bacterial rod shape) by deleting the gene
AcrvA according to the method of ref. *°. In detail, the 1kb flanking regions

of gene crvA (VCA1075) were amplified with the oligonucleotides kdo1182/
kdo1183 and kdo1183/kdo1184, and the fused PCR product was amplified using
kdo1182/kdo1185. The final PCR product was ligated into plasmid pNUT144

(a derivative of pKAS32). The resulting plasmid pNUT961 was conjugated into
strain KDV 148, to generate the AcrvA deletion mutant, following the selection
protocol described in ref. **. Finally, cells containing the correct mutation were
screened by PCR. Plasmid pNUT542 was conjugated into KDV611 strain to
construct strain KDV613 containing the AcrvA deletion (referred to as WT*).
The ArbmA deletion strain (KDV698) was constructed by conjugating plasmid
pNUT336 into strain KDV611. The mutant screening was performed by PCR™.

Tuning cell-cell interaction by inducing rbmA expression. To control the timing
and rate of RbmA production, an inducible strain (KDV1082) was generated

by conjugating plasmid pNUT1519 into the ArbmA strain KDV698. Plasmid
pNUT1519 was created by cloning a P, -sfgfp construct into plasmid pNUT1268.
Plasmid pNUT1268 is a derivative of plasmid pNUT542 in which P, -sfgfp was
replaced with a construct of Py,,-rbmA. Py,p, an arabinose inducible promoter,
and the rbmA gene was joined by PCR amplification with oligonucleotides
kdo1435/kdo1436.

Visualization of secreted RbmA. To visualize RbmA during biofilm growth,

the wild-type copy of rbmA was exchanged by a FLAG-tagged rbmA'® (with the
octapeptide DYKDDDDK) by mating the plasmid pNUT462 into strain KDV 148,
resulting in V. cholerae strain KDV829. Successful FLAG-tagging of RbmA was
confirmed by PCR and sequencing. The final strain KDV835 was generated by
conjugating the fluorescence protein expression plasmid pNUT542 into strain
KDV829. For RbmA visualization in flow chambers, biofilms were grown in M9
medium containing 1 pgml~' of FLAG tag monoclonal antibody (L5) conjugated
to AlexaFluor 555 (Thermo Scientific) and 1 mgml~" of filter-sterilized bovine
serum albumin.

Measuring rbmA expression. To measure RbmA production during biofilm
growth, the gene mRuby3 was transcriptionally fused to rbmA on the chromosome
by introducing plasmid pNUT1401 into strain KDV611. The transcriptional fusion
of rbmA-mRuby3 in the resulting strain (KDV1026) was confirmed by PCR and
sequencing. The final strain KDV1027 was generated by mating plasmid pNUT542
into strain KDV1026.

Flow chamber biofilm experiments. V. cholerae biofilms were grown in
microfluidic flow chambers as described in ref. ° (chamber dimensions: [width;
height; length] =[500; 100; 7,000] um). Flow chambers were constructed from
poly(dimethylsiloxane) bonded to glass coverslips using oxygen plasma. The
microfluidic design included four independent channels on each coverslip.

The manufacturing process for these microfluidic channels guarantees highly
reproducible channel dimensions and surface properties. Each channel was
inoculated with a culture of a particular V. cholerae strain. Cultures were grown
overnight at 28 °C in liquid LB medium under shaking conditions, back-diluted
1:200 in LB medium in the morning, and grown to an optical density at 600 nm
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of 0.5 before channel inoculation. After inoculation of the channels, the cells
were given 1h to attach to the glass surface of the channel, before a flow of

100 plmin~' M9 medium was initiated for 45s to wash away non-adherent cells
and to remove LB growth medium from the channels. The flow rate was then set
to a value between 0.1 and 100 pl min~!, corresponding to an average flow speed
<v> between 0.03 and 33 mm ™! and a shear rate y between 2 and 2,000s~!

(as indicated) until the end of the experiments. Flow rates were controlled using
a high-precision syringe pump (Pico Plus, Harvard Apparatus).

Image acquisition. Single cells were reconstructed from confocal fluorescence
image stacks acquired with a Yokogawa CSU confocal spinning disk unit

mounted on a Nikon Ti-E inverted microscope, using an Olympus x100 silicone
oil (refractive index=1.406) objective with NA 1.35, 488 nm and 552 nm lasers
(Coherent Sapphire) and an Andor iXon electron-multiplying charge-coupled
device (EMCCD) camera. By using this specific objective, heavy distortions at axial
positions> 10 um into the biofilm (owing to refractive index mismatch of biofilms
and standard immersion oil) are reduced. The physical resolution was 63.2nm per
pixel in the x—y plane and was set to 400 nm along the axial direction. Images were
acquired every 10 min at very low excitation light intensities with 90 ms exposure
time, using the EM gain of the Andor iXon EMCCD camera. A Nikon hardware
autofocus was used to correct for focus drift. The hardware was controlled using
uManager”’. During acquisition, live feedback between image acquisition, image
analysis and microscope control was used to automatically detect the biofilm
height to avoid imaging of empty space below and on top of the biofilm, to
eliminate tracking of the XY coordinates of non-biofilm-forming cells and to
control the temporal resolution (to reduce photobleaching and phototoxicity).

Image processing. Detailed descriptions of image processing, segmentation,
segmentation validation, cell tracking, biomass shift, optical flow, 3D visualization,
quantitative biofilm features that were measured and the calculation of space-time
heatmaps are provided in the Supplementary Information.

Individual cell particle-based model. Model description and implementation. The
cells were modelled as interacting ellipsoids of half-length # and half-width r,
described by their centre position x and orientation 0. As cells operate at low
Reynolds number (Re~ 10™*), we approximated the dynamics as over-damped,
ignoring inertial effects. Cells can interact with the wall boundary and other cells
through interaction potential functions, Ubdy and U (equation (1)). Denoting the
identity matrix by I, the over-damped translational and orientational dynamics of
a single cell are described by

aU,
dl —_r! _ﬂ_al )
dt ox ox
i ay,
I e )
dt on  on

where I' and £ are friction tensors and V is the total interaction potential with all
other cells as described in the Supplementary Information. The steric interaction
between a cell and the wall boundary is modelled with a repulsive interaction
potential that is proportional to the overlap between a cell and the wall boundary.
The instantaneous cell-length growth rate for a single cell is defined as

dz ¢

Y In(2) (4)

g

where 7 is the half-length of the cell at time t and z, is the growth time constant.
The cell width is constant throughout the simulation. For further details of the
particle-based model, see the Supplementary Information.

Simulation implementation. A custom highly parallelized individual cell-based code
using graphics processing units was developed to perform the simulations. At each
time step, we calculated cell-cell interactions using the all-pairs approach™ such
that all pairwise interactions were evaluated. We used a standard explicit Euler
scheme to numerically integrate the translational and orientational dynamics and
instantaneous cell-length growth (equations (2), (3) and (4)), as described in the
Supplementary Information.

Parameter estimation. Initial order-of-magnitude estimates for systematic scans
of the parameters in the pair potential U were obtained from basic physical
considerations (see Supplementary Information), before systematic scans of the
parameters were computed. The energy scale ¢~ 0.05-5pN pm of the cell-cell
interactions was assumed to be within a few orders of magnitude of the energy
scale of cell-flow interactions, which were calculated via Stokes drag on a typical
cell near the edge of the biofilm at a low flow rate (0.1 pl min="). The repulsive
length scale A~ 1 (corresponding to ~1 um for typically aligned cells) was
estimated via the average cell-cell distance in the core of the biofilms, where
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cell-cell repulsion dominates. The attraction shift p ~ 1 was estimated via the
average cell-cell distance at the edge of the biofilms, where attraction dominates.
The attraction width 4,~0.1 was determined by considering the standard deviation
of experimental cell-cell distances at the edge of the biofilms.

Background potential. Cell-cell adhesion mediated by the VPS matrix component
was modelled by a mean-field background Woods-Saxon potential®, and was
assumed to provide the weak cell-cell binding that prevents the disintegration of
biofilms owing to fluid shear acting on ArbmA mutant biofilms (which lack the
major cell-cell attraction, mediated by RbmA). The mean-field VPS-mediated
binding strength was estimated to be approximately equal to the Stokes drag felt by
a cell at the edge of the biofilm at low flow rate (0.1 pl min~'), because significant
numbers of cells in the ArbmA background were sheared off at higher flow rate
(100 plmin~'). However, WT* biofilms were found to be robust to this increased
fluid shear, suggesting that the increased expression of rbmA at higher flow rate
(Supplementary Information) increases the RbmA-mediated cell-cell attraction
strength by approximately two orders of magnitude above the value predicted at
low flow rate. In simulations performed at zero shear, the VPS contribution to
cell-cell attraction can be neglected as the Woods-Saxon potential is approximately
constant in the bulk.

Comparing simulations with experimental data. The dynamic biofilm
architecture was summarized in a feature vector representing key phenotypic and
structural properties temporally. The similarity between a vector characterizing a
simulation and a real biofilm was assessed in terms of the MSD between them. For
details, see Supplementary Information.

NATURE PHYSICS

Continuum model. The mathematical continuum model of growing biofilms in
shear flow is described in the Supplementary Information.

Reporting Summary. Further information on research design is available in the
Nature Research Reporting Summary linked to this article.
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1. Data Analysis

1.1. Image processing

Image processing was carried out using MatLab (MathWorks). In the following sections, raw data 3D
image stacks are referred to as Io(t) and are matrices of dimension x, y, and z, which were acquired at a
time point t (see Supplementary Fig. 1). Any intermediate processing result is labelled with consecutive
indices Ii(t). Prior to segmentation, subsequent image stacks were aligned along x, y, and z by image
registration (= I1). Floating cells which were not associated with a biofilm were removed by median
filtering along z (= I2). Image stacks that have been registered and for which floating cells have been
removed, were then up-sampled along the z-dimension to obtain equal voxel side lengths (= I3). Subse-
quently, noise was removed by filtering as follows. The eigenvalues of each xz- and each yz-plane were
obtained by singular value decompositions and the lowest thirds of the calculated values were set to zero
to reduce high frequency noise (= l4). In addition, a 3D-convolution with an averaging kernel was per-
formed (= [s). Afterwards, the out-of-focus fluorescence was suppressed by slice-wise Top-hat filtering
of the image stacks (= I, see Supplementary Fig. 1).
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Supplementary Figure 1 — Image processing pipeline. Biofilms on spinning disc confocal fluorescence image
stacks are processed as illustrated, to obtain 3D models of biofilms based on individual cells.

1.2. Cell detection

Image stacks, I¢(t), were further processed to identify individual cells. First, the gamma value was ad-
justed to y = 3 to enhance the range between signal and background (= I7). Second, a 3D-edge detection
was performed by convolving the data with a 3D Laplacian-of-Gaussian (LoG) kernel of 0.82 pm cube
length (corresponding to 13 px) (= Is). In the obtained matrices Ig(t), zero values represent those loca-
tions where the cell’s fluorescence intensity values drop approximately by 50% in comparison to its
local intensity maxima. These zero crossings were determined to obtain closed surfaces representing the
cellular outlines (= lg). To distinguish between the “inside” (= cell) and “outside” (= background) of
such a closed surface, a 3D-Gaussian filter kernel was applied to Is with the same spatial dimension as
the LoG kernel used for the edge detection. The local maxima of the resulting image stack were identi-
fied (= I10) and used as seeds to “flood-fill” the cell interior in Iy, yielding the binary image [11 containing
all cell clusters. Cell de-clumping was performed by 3D-watershedding. The intensity landscape used

2



for watershedding was obtained by enhancing the local maxima (I10) inside Is by a factor of 10, followed
by 3D-Gaussian smoothing and masking with I11 (= [12). After watershedding, 112 was 3D-median fil-
tered and binary cell objects (= Co) were obtained and processed further, as described in the next sections.

1.3. Cell object processing

For the cell objects Co the average underlying intensities in stack I were determined and assigned to
each cell. As the edge-detection-based segmentation will also yield objects, which are background, a
filtering step is required. Because the average intensities of such background objects (calculated based
on [7) are typically orders of magnitude lower than those of actual cells, the cell objects Co were filtered
based on these intensity measurements in stack I7 (= C1). After neglecting background objects, segmen-
tation results were corrected based on C1. Over-segmentation was corrected by merging very small cells
below a certain volume threshold with neighbouring cells of largest contact area. Clumped cells in mul-
ticellular structures (characterized by large volume and low convexity) were dissected by fitting a Gauss-
ian mixture distribution model (GMM) with N components (or number of underlying cells) to the cor-
responding voxel coordinate cloud. N was determined by counting the number of skeleton branches
above a typical length threshold. The additional cells obtained after GMM clustering were checked for
size. Very small objects were merged again with the neighbouring cell of largest contact area; the re-
maining de-clumped cells were used to replace the original multicellular structure. In addition, cells
touching the image edges were removed. The cellular orientations and cell dimensions (length, height
and width) were obtained by analysing the principal components (found by principal component analy-
sis, PCA) of each cell volume (in other words: by fitting an ellipsoid into each cell). For additionally
calculated cell features see the section on “Biofilm features”. Final cell objects are referred to as C (see
Supplementary Fig. 1).

1.4. Cell tracking

To determine the single-cell growth rate, the resulting cells were tracked over successive time points.
For time point t; the parent of each cell was determined by comparison with time point t;.;, and finding
the corresponding cell for which volume overlap was maximized and deviations in cell orientation were
minimized. All cells that were not related to the biofilm founder cells were excluded from further anal-
ysis (at low flow rates a layer of non-related cells is usually formed after longer imaging, cf. white cells
in Fig. 1b,d and Supplementary Fig. 6), resulting in the analysis of purely clonal biofilms. The accuracy
of the segmentation was investigated by segmenting synthetic microscopy image stacks as described in
the section on “Validation of biofilm segmentation”.



1.5. Biofilm features

Name Parameter Unit  Description

Axial cell position height um Z-coordinate of each cell centroid.

Cell alignment with  angle (Ncen, flow) rad  Angle between each cell’s major axis (see cell

direction of flow size and orientation) and the direction of the
flow.

Radial alignment angle (Ncey, 1) rad Angle between each cell’s major axis (see cell
orientation) and the radial vector r pointing
from the centre of mass pinned down to the
bottom of the biofilm (z = 0 um) to the corre-
sponding cell.

Vertical alignment angle (Nee, 2) rad  Angle between each cell’s major axis (see cell
orientation) and z.

Cell volume 14 um®  Cell volume as obtained by the segmentation.

Cell size Lhw um Cell dimensions (length, height and width), as
determined by principal component analysis
(PCA) of the segmented cell (equivalent to fit-
ting an ellipsoid into the cell and deriving the
three eigenvalues which correspond to the
lengths of the main axes).

Cell orientation Neen = (€3, €2, €3) Vector of the cell’s major axis determined by
PCA (eigenvector with largest eigenvalue).

Distance to centre dcentre pm Assuming radially symmetric biofilm growth

of mass in spherical coordinates (which is a good esti-
mate for the low flow regime) each cell can be
described spatially by its distance to the centre
of mass projected onto the z = 0 um plane.

Distance to nearest dnearest neighbour pm Euclidian centroid-to-centroid distance to the

neighbour nearest cell.

Distance to surface dsurface pm Shortest distance of a particular cell to the
outer surface of the biofilm.

Local cell density Plocal um>  Number of cells in a vicinity defined as a
sphere of radius 3 pm around a cell, normal-
ized by the volume of the vicinity.

Local order (ne- S Nematic order parameter S = <3/2(n; n;j)2-

matic order) 1/2> in a vicinity defined as a sphere of radius
3 um around a cell. n;and njrefer to the orien-
tation vectors of cells i and j, respectively'.

Single cell growth growth rate um’s!  Single cell growth rate dv;/dt of cell i (fixed

rate by cell tracking) with volume v; as determined

by comparing the cell volume in frame N and
N+1 at times ty and ty.1: Avi/Aty = (Vineg -
vin)/ (tv+1-tn). Potential bias caused by over-
/under-segmentation and/or cell dispersion/off-
shearing was corrected by setting vy.; to zero
for cells with no children and setting vy to zero
for cells with no parents. Using this approach,
the global biofilm volume V(t), as determined
by segmentation, matches V (t) = [ ¥ Av;dt.

Supplementary Table 1 — List of calculated single-cell features.



Name Parameter Unit  Description

Aspect ratio ZIXy Biofilm height divided by average biofilm
base radius.

Biofilm base circularity Beir Deviation of biofilm base cross section from a
circle Beirc = |1-Z/XY].

Global cell density Pbiofilm um?  Number of cells divided by the volume of the
biofilm’s convex hull.
Biofilm volume V um®  Sum of the volume of all individual cells

Supplementary Table 2 — List of calculated global biofilm features.

1.6. Optical flow

Pre-processed image stacks (Is, for details see section on “Image processing”) were down-sampled to
1/4 of the initial resolution. The optical flow (= biovolume velocity) vector field (u, u,, u,) of isolated
growing biofilms was determined for each containing voxel using the Horn-Schunck method? imple-
mented in MatLab by Mustafa et al.®. Afterwards, the optical flow was set to zero in the space that did
not contain cells. To investigate the effect of the external flow rate on net biomass movement, in terms
of moving biovolume, the total biovolume flow through defined planes was calculated (see Supplemen-
tary Fig. 2). For external flow of growth medium viiquis pointing in the positive y-direction, the total
biovolume flow [ gv through the xz-plane for different y-coordinates, and the total biovolume flow Iz
through the yz-plane for different x-coordinates, respectively, was calculated by summation over the
biovolume fluxes through the corresponding planes (Eq. (1) and Eq. (2), Supplementary Fig. 2).

The biovolume flow /v through xz-planes (with plane normal vectors 7,,) parallel to Viiquia for different

values of y; is:

BouD = ) Ay (), 1y (0, (0) n

X,2,Y=Yi

The biovolume flow Izy through yz-planes (with plane normal vectors 1,) perpendicular to Viiguia for
different values of x; is:

BrGot = ) iy (), 1,(0,1,(0) @

X=Xi,Z,y

To calculate the biomass shift (displayed in Fig. 3f of the main paper), the biovolume flow Izy was
summed up either along y or x-direction, was normalized by the sum of the absolute values, and the
result was averaged over all time points:

.I"
biomass_shift! =< Zy‘—IITV > 3)
ZYi |IBV'
15
biomass_shiftt =< Zx‘—iv > 4
in |IBV|

In Fig. 3f of the main paper, values are given as mean + standard deviation for » = 3 individual biofilms.
For better visualization in Supplementary Fig. 2b, the averaged biovolume velocity through the xz- and
yz-planes is shown, whereas for Fig. 3f the summed velocities were used.
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Supplementary Figure 2 — Optical flow measurements of biomass movement inside a biofilm. a, The “optical
flow” (= biovolume flow) of a growing biofilm (blue) through the green plane (perpendicular to the direction of
flow Viiquia, indicated with black arrows) and through the red plane (parallel to the direction of Viiquid) was deter-
mined. b, In panel a, the positions of the red and green plane with respect to the centre of mass (CM) projected
down to the bottom of the biofilm were varied (red plane: dcentre, along x; green plane: dcentre, along y). For each
time point and value of dcentre the average biovolume flow through the corresponding plane is shown as coloured
pixel in the heatmap. In the heatmap, red values indicate an average net flux in the positive x or y direction, whereas
blue values indicate an average net flux in negative directions. The two heatmaps in the upper row show the
biovolume flow with respect to the green plane perpendicular to the direction of the external flow Viiquia with
distance dcentre, along y to the centre. At high flow speed more biomass is moving in the direction of viiquid than at
low flow speed, as indicated by the black arrow, and the asymmetry along the dcentre = 0 axis. The two heatmaps
in the bottom row show the flux through the red plane parallel to Viiquia (With distance dcentre, along x to the centre).
The two heatmaps in the bottom row show that irrespective of the flow speed, biofilms grow symmetrically in the
direction perpendicular to the flow, as indicated by the symmetric heatmaps around the dcentre = 0 axis.



1.10. 3D visualization

Segmented biofilms were exported using the mVTK library* and rendered in ParaView 5.1.2 (Kitware)
using OSPRay rendering with shadows.

Visualization of RbmA

FLAG-labelled RbmA was detected in an additional fluorescence channel. The fluorescence distribution
was rendered as a semi-transparent cloud and overlaid with the reconstructed biofilm in ParaView (see
Fig. 1c).

1.11. Space-time heatmaps of biofilm development

In Fig. 1, single cell parameters for the WT* and ArbmA mutant biofilms are visualized spatially and
temporally resolved in heatmaps (standard deviations of the presented mean values are shown in Sup-
plementary Fig. 5 and Supplementary Fig. 7, respectively). For these space-time heatmaps, the cells
were binned with respect to a spatial descriptor (vertical height z, distance to surface dsurface, Or distance
to centre of mass dcenere) and the corresponding cell property values were averaged for this particular

spatial descriptor across the biofilm at a particular time ¢, as shown schematically in Supplementary Fig.
3.

2.0
1.8 20
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Supplementary Figure 3 — Illustration showing how a single tile in the heatmap (left panel) was generated.
In this heatmap, cell-cell distance (color-coded) is measured as a function of the distance to the centre of mass
(CM) of the biofilm pinned down to the bottom (dcentre), shown on the y-axis of the heatmap. For each time point,
all cells inside the biofilm are grouped according to their distance to the CM, as indicated by the white dashed
lines in the 3D rendering, approximately corresponding to the black dashed lines in the heatmap. For all cells
having a similar value of dcentre the cell-cell distances are averaged (right panel) and visualized as a coloured tile
in the left panel.

1.12. Liquid crystal (Q-tensor) representation of biofilms

To visualize the average cellular local order and alignment, an evenly spaced 3D-grid with 5 um spacing
was overlaid on the biofilm. For each grid node the uniaxial tensorial order parameter Q; = 1/2(3n; ®
n; — [) was calculated® for each cell i in a 2.5 um vicinity, where n; denotes the cell orientation vector.
Based on the individual cell tensors the average Q-tensor and its eigenvalues and eigenvectors were
determined for each node. In Fig. 3g the resulting values are represented as ellipsoids, where the largest
eigenvalue and corresponding eigenvector are represented as the length and major axis orientation of
each ellipsoid, respectively. The colour of each ellipsoid corresponds to the angle between the major
axis vector n of each ellipsoid and the direction of the flow.



1.13. Validation of biofilm segmentation

To benchmark the single-cell segmentation and tracking algorithms, the individual cell-based simula-
tions (See section 3 of this document) were used to synthesize biofilm image stacks, which were con-
volved with the point spread function of the microscope we used and distorted by the addition of noise,
to obtain data as similar as possible to the experimental data. In detail, a simulation up to N = 2,000 cells
was performed using parameters which correspond to the ArbmA mutant (for biofilm renderings see
Supplementary Fig. 4a, for a description of the simulation framework see the section on “Individual
Cell-Based Simulations*).

The simulated biofilm data were converted into image stacks with a spatial resolution of 62.3 nm/pixel
and a temporal resolution of approximately 10 min. The image stacks were blurred using a theoretical
point spread function (PSF) corresponding to our microscopy setup (Supplementary Fig. 4b) (Huygens
software, Scientific Volume Imaging) and down-sampled along z to match the axial resolution of the
biofilm data (0.4 pm/pixel). Finally, the intensity levels were adjusted to the experimental data. To adjust
the intensity levels, the average background intensity and the average cell intensity, depending on the
axial imaging position z, were extracted from the experimental data. The average background intensity
was independent of Z (Ipackground = 500). To record the average cell intensity per plane, the corresponding
intensity values were sorted and the highest 2000 values were averaged. The resulting curve I..i(z) was
fitted with a bi-exponential function (Supplementary Fig. 4c), which was used to normalize the synthetic
image stacks. Poisson-distributed noise was added to mimic noise due to photon detection inside the
camera. The noise levels were estimated and generated using the algorithm proposed by Liu et al.®. The
generated images (Supplementary Fig. 4d) were processed as described in the section on “Image pro-
cessing”.

In Supplementary Fig. 4e-h the simulated dataset is compared with the reconstructed one in terms of
cell number (Supplementary Fig. 4e), cell displacements (Supplementary Fig. 4f), differences in cellular
orientation (Supplementary Fig. 4g), and internal order (Supplementary Fig. 4h). Based on this valida-
tion procedure, we determined that our image segmentation algorithms yielded accurate cell segmenta-
tion for > 95% of all cells.
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Supplementary Figure 4 — Validation of the single-cell segmentation algorithms using synthetic images. a,
Time series of a rendered simulated biofilm, which was used to synthesize microscopic image stacks. b, Theoret-
ical point spread function (PSF) of our experimental setup, used for convolution with the simulation data to obtain
a more realistic dataset (see d). ¢, Experimentally determined typical average cell intensity curve Ici(z) versus the
axial position z of the imaged plane. This intensity profile was used to introduce an intensity gradient along z in
the synthetic image stacks (see d). d, Artificial image stacks obtained after convolution with the characteristic PSF
(from b), intensity fading along z (from c), and distortion by typical Poisson-distributed detector noise. e, Simu-
lated (grey) vs. reconstructed (red) cell numbers Ne.. f, Cell displacements Ax after reconstruction. The simulated
and reconstructed data was overlaid. For each cell in the simulated dataset, the distance Ax to the closest cell in
the corresponding reconstructed data was calculated. 95.8% of all reconstructed cells (for all time points) were
closer than one cell width (dashed line) to the theoretical coordinates. Per time point, 95% of all cells deviated less
than indicated by the solid red curve. g, Differences in cellular orientation (expressed as angle between the major
axis of a cell in the simulated dataset and the major axis of the nearest cell in the reconstructed data Act). Per time
point, 95% of all cells showed a difference in orientation smaller than indicated by the solid red curve. h, Spatially
resolved distribution of the internal biofilm order of the simulated (top) and reconstructed (bottom) data.



2. Detailed Characterization of Biofilm Architecture

2.1. WT* biofilm structure

Following the growth dynamics of the WT* in an unperturbed low-flow environment, we found strong
structural differences between the outer biofilm layer and the central part, and several distinct structural
phases of the biofilm during growth (Fig. 1e). For each time point we characterized the biofilm spatially
with respect to order, density, alignment, and growth to obtain a quantitative description of the WT*
phenotype and standard deviations of the properties (Supplementary Fig. 5). Small biofilms of less than
50 cells were generally characterized by a relatively high order, and a low vertical alignment, indicating
2D growth. Then, a transition to three-dimensional growth occurred as indicated by an increasing verti-
cal alignment. Generally, order and cell-cell spacing increased with distance from the biofilm centre for
all biofilm sizes. The order at the centre of the biofilm decreased as the cell number increased up to
biofilms with more than 1,000 cells, when the order in the centre increased again in agreement with
previous structural analyses'. This increase in order coincided with a local decrease in cell-cell spacing
and a strong local increase in vertical cellular alignment. The radial alignment was higher at the outer
parts of small- to medium-sized biofilms and decreased as the biofilms expanded. Surprisingly, the local
growth rate, as measured by cell tracking, was constant in space and time, indicating that growth inside
the observed biofilms was not limited by diffusion constraints of nutrients in our conditions.

o nematic order o cell-cell distance o vertical alignment o radial alignment o growth rate

OMEETTI 0.6 0.2 T 0.4 um 0w 0.4 rad 0l 0.4 rad -0.02 BT 0.02 pm?/min

surface of biofilm~,

N N N N
cells cells cells cells cells

Supplementary Figure 5 — Standard deviations of WT*-data shown in Fig. 1e for n = 4 biofilms (characteri-
zation of WT* biofilm architecture in an unperturbed low-flow environment).

2.2. ArbmA biofilm structure

We internally perturbed our model system by varying the strength of the attractive interaction. This was
achieved by modifying the extracellular RbmA levels with an arabinose-inducible promotor (strain
KDV1082, with genotype ArbmA, Ppap-rbmA). Biofilms lacking RbmA were more fragile and displayed
an increased cell-cell spacing and increased order, in agreement with previous studies (Supplementary
Fig. 6, Fig. 1f, Supplementary Movie 2)"". In comparison to the WT*, the order and vertical alignment
inside the biofilm centre was higher, except in the bottom-most layer, where cells were on average ori-
ented parallel to the surface (Fig. 1f). In summary, ArbmA mutant biofilms can be partitioned into three
parts: the highly ordered core (i) is surrounded by a ~5Sum thick, disordered shell (ii), followed by the
top outer layer (iii), which again has a slightly higher order. Cells inside the highly ordered core showed
strong vertical alignment, whereas in the disordered shell and in the outer layer the vertical alignment
was lost. The average cell-cell spacing was more than 30% higher than the WT*. Standard deviations
of the properties in Fig. 1f are shown in Supplementary Fig. 7.
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Supplementary Figure 6 — Time-resolved biofilm growth series of the ArbmA-mutant in a low-flow environ-
ment. Each cell is coloured according to the cellular alignment with the z-axis pointing away from the substrate
plane.
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Supplementary Figure 7 — Standard deviations of ArbmA-data shown in Fig. 1f for n = 4 biofilms (character-
ization of ArbmA-mutant biofilm architecture in a low-flow environment).
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Supplementary Figure 8 — Spatiotemporal differences between WT* and ArbmA biofilm architecture in a
low-flow environment in relation to Fig. 1e,f. The data was compared using a two-tailed t-test, yielding p-values.
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2.3. Cell motility inside biofilms

V. cholerae cells in rugose biofilms do not display flagellar or type IV pili mediated motility due to high
levels of c-di-GMP?'°, which represses expression of flagella and type IV pili. Twitching motility based
on type IV pili has also never been observed for V. cholerae''. As shown in Supplementary Fig. 9, the
individual cell speed inside WT* and ArbmA biofilms is on the order of nm/s, i.e. much lower than
flagella driven motility (~50 pum/s)!! or pilus-based motility (~1 um/s)!?, and increases slightly with
increasing biofilm sizes. These data indicate that cell movement in V. cholerae biofilms is dominated
by passive cell displacement due to biofilm expansion rather than active cell motility.
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Supplementary Figure 9 — Cell motility inside WT* and ArbmA biofilms in a low-flow environment. a, Av-
erage centroid velocity after linking cells in successive image stacks by cell tracking, and corresponding standard
deviation for the WT* (n = 4 biofilms). b, Corresponding data for the of ArbmA mutant (n = 4 biofilms).

2.4. Spatiotemporal expression of rbmA and VPS in WT* biofilms

The V. cholerae rugose strain N16961, which was used during this study, is known to continuously
produce extracellular matrix, including RbmA, even if the biofilms are small, due to this strain’s intrin-
sically high c-di-GMP levels!'®. The expression of rbmA and VPS in an unperturbed low-flow environ-
ment were determined in the WT* (strain KDV1027 and KDV1218) using transcriptional fusions of
mRuby3 to the rbmA promoter or to the vpsI promoter, respectively. To measure rbmA and VPS expres-
sion in biofilms, the ratio of the background-subtracted rbmA-mRuby3 fluorescence and VPS-mRuby3
fluorescence, respectively, were divided by the background-subtracted signal of the constitutively ex-
pressed sfGFP, per cell (see Supplementary Fig. 10).
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Supplementary Figure 10 — Spatio-temporal expression of rbmA and VPS in the WT* strain in a low-flow
environment. a, Expression of rbmA (left: mean values, right: standard deviation, n = 3 biofilms). In each cell the
fluorescence of rbmA-mRuby3 was normalized by the signal of the constitutive Pc-promoter-driven sftGFP-fluo-
rescence signal. b, Expression of VPS (left: mean values, right: standard deviation, n = 6 biofilms). In each cell
the fluorescence of VPS-mRuby3 was normalized by the signal of the constitutive Pic-promoter-driven sfGFP
fluorescence signal.

2.5. Effect of Vibrio polysaccharide (VPS) on cell-cell interaction

To test whether VPS can contribute to cell-cell attraction, we compared the average cell-cell spacing in
biofilms of cells with normal VPS production (smooth colony phenotype, ArbmA, KDV383) with a VPS
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overproduction strain (rugose colony phenotype, ArbmA, KDV692). Transcriptome comparisons of
smooth and rugose strains indicate strong induction of VPS production in the rugose strain'®, Comparing
the smooth WT and the smooth ArbmA mutant (or the rugose WT and the rugose ArbmA mutant), we
observe an increase in cell-cell spacing due to lack of RbmA. Comparing the cell-cell spacing for the
smooth ArbmA and rugose ArbmA (VPS overproduction) strains, we find a similar cell-cell spacing
(Supplementary Fig. 11, red bars), indicating that increased VPS production does not mediate an in-
creased cell-cell attraction. In addition, data for the smooth and Rugose WT (KDV103, and, KDV615,
respectively) show that enhanced VPS production even slightly increases the cell-cell spacing (Supple-
mentary Fig. 11, blue bars). Increased VPS production therefore does not increase cell-cell attraction.
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Supplementary Figure 11 — Effect of VPS overproduction on cell spacing in a low-flow environment. The
“cell-cell distance” measurement refers to the average cell centroid-centroid distance. Rugose variants produce
more VPS compared with smooth strains'®. Enhanced VPS production does not lead to a decreased cell-cell spac-
ing, indicating that enhanced VPS production is not causing an increased cell-cell attraction. Error bars correspond
to the standard error (n = 3 biofilms).

2.6. Expression of rbmA at low vs. high shear rates

The expression of rbmA at low shear rate (y = 2 s™!) and high shear rate (y = 2000 s™!) was measured in
the WT* strain (KDV1027) by calculating the ratio of the background-subtracted fluorescence of the
rbmA-mRuby3 transcriptional reporter, divided by the background-subtracted signal of the constitutively
expressed sfGFP, per cell (see Supplementary Fig. 12). Individual cell measurements were averaged per
time point and biofilm. Cells in biofilms growing at high shear rates were found to express rbmA at
higher levels than those in low shear rates, for small biofilms of 10-50 cells, when all cells experience
an increased level of shear and there is little deflection of the flow by cells and matrix on the biofilm
surface.
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Supplementary Figure 12 — Shear rate-dependent expression of rbmA, for different biofilm sizes. In each cell
the fluorescence intensity signal of the rbmA-mRuby3 transcriptional reporter was normalized by the signal of the
constitutive Pyc-promoter-driven sfGFP fluorescence signal. Error bars correspond to the standard error (n =6
biofilms). Statistical significance: ** is p < 0.01 (Mann—Whitney—Wilcoxon test).

2.7. Calibration of arabinose-induced expression of rbmA

The expression of rbmA (and therefore cell-cell attraction strength) was controlled by the arabinose-
inducible promotor Pzap which was reported to be bi-stable for cells in liquid culture!*!>. However, for
using this expression system for our purposes inside biofilms, a homogenous expression pattern is re-
quired. Therefore, we analyzed the expression pattern of Pgap-mRuby3 among individual cells
(KDV1228) after 4 h of arabinose-induction (see Methods section in the main manuscript) in (a) shaken
liquid cultures of individual cells, and (b) biofilm-associated cells (KDV1231) inside biofilms (300-500
cells) for different levels or arabinose (Supplementary Fig. 13). Bi-stable expression of Pgap appears to
be a characteristic behavior of individual cells in liquid culture, but not of biofilm-associated cells, as
only few cells were found to be non-responsive to arabinose in biofilms (Supplementary Fig. 13).
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Supplementary Figure 13 — Stability of the expression of the arabinose-inducible promotor Pgap. a, Bi-stable
expression of Ppap inside individual cells in shaken liquid culture, 4 h after inoculation. b, In contrast, a homoge-
nous expression of Ppap is observed for biofilm-associated cells. Data is shown as “violin plot” distributions.
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3. Individual Cell-Based Simulations

3.1. Model description and implementation

The cells are modelled as interacting ellipsoids of half-length £ and half-width r, described by their
position x and orientation fi. Because cells live at low Reynolds number (Re ~ 10~%), we approximate
the dynamics as over-damped, ignoring any inertial effects. Cells can interact with the wall boundary
and other cells through interaction potential functions, Upg, and V. Denoting the identity matrix by I,
the over-damped translational and orientation dynamics for a single cell are

dx and aV
=22 (5)
dt r [ ox ax]
an 0Upq4 av
1 _aaT -1 _ y___ (6)
g = -2 < on aa)]
where I' and £2 are
I = yplyy@na") +y, (I — an")] ™
02 = wywrl ®)

Here, y,, and w,, are the typical translational and rotational drag coefficients for Stokes’ drag in the
extracellular matrix for a spheroid (Y, = 6TlyT, Wy = 8Ty, lr?). Surface adhesion of the cells is
captured by increasing the magnitude of the friction tensor I' by a factor of 30 if the cells are within
1.5 - r of the surface. | , ¥, and wp are dimensionless geometric parameters characterizing the longi-
tudinal and transverse friction parameters that depend only on the aspect ratio a = £/r of the cell, as
given by Han er al.'®:

~ 8/3
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An important property of our proposed orientation dynamics is that i - dii/dt = 0, such that the unit
length of 7 is conserved.

The interaction between a cell and the wall boundary is modelled with a repulsive interaction potential,
Upay- that is proportional to the overlap between a cell and the wall boundary. The wall boundary is
represented as a plane. To determine this overlap, an overlap coordinate, z,,, is introduced such that z, <
0 implies no contact with the boundary and z, > 0 implies contact with the boundary. The overlap
coordinate is defined as
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zo=€|ﬁ-ﬁ|+r—ﬁ-(x—5) (12)

where N is the unit normal of the plane and S is a point on the plane. In the simulations, we set N =
[0,0,1] and S = [0, 0, 0] such that the wall is an xy plane located at the origin. Thus, repulsion from
the wall can be represented by

0 ifz, <0

Upay = Z .
bdy €pay EXP <O_—O> if z, >0
bdy

13)

€pay captures the magnitude of the cell-boundary interaction, and a4y is a scale factor of order of the
half-width of the cell.

V is the total potential of a single cell a for all the N pairwise cell-cell interactions between cell a and
cell § (V = Z%ﬂ_ pza U ) The interaction between cell a and cell § is governed by the cell-cell inter-

action potential introduced in the section “Cell-cell interaction potential”.

The instantaneous cell length growth rate for a single cell is
— =—1In(2) (14

where £ is the half-length of the cell at time ¢ and 7 is the growth time constant (obtained by experi-
mental measurements). The cell width is constant throughout the simulation. Following the Adder model
described by Taheri-Araghi er al."’, the length added between birth and division (£,44) is constant for
each cell. Thus, the cells divide when they grow an additional € ,;4 from their birth length. At division,
a random number M is drawn from a normal distribution with mean 0.5 and standard deviation
Opirth size- SUppose ¢y, is the length of the cell before division, then the birth lengths of the daughter
cells are M¢,, and (1 — M)¥,, such that the length of the parent cell is conserved. The new orientations
of the daughter cells are drawn from a von Mises-Fisher distribution, with mean direction corresponding
to the direction of the parent cell and concentration parameter k.

2
T . . .
If weuser, 7, = —y’: , and €, as characteristic length, time, and energy scales, we can recast Eq. (5),
0

(6) and (14) in dimensionless form

dx* |1 1 Uy, OV
— | = T . _ =T _ y _
at* |y (@R") + YL (I -nn )] ox* ax*] 5)
dn 3 Uy, OV*
— _ =T _ y _
g = d - 4awR< on  on )] (16)
at* 1 7 In(2
a gt @ (17)

where superscript * indicates a dimensionless quantity and use has been made of the following defini-
tions and ratios x* = x/r, £* = £/r, t* = t/7;, V' =V /€y and Upq,, = Upgy/€o. Note that 7, can be
interpreted as the translational relaxation time, i.e. a time scale of how long it takes for a bacterium to
reach an equilibrium configuration from the cell-cell interaction potential. If z,* > 0, the dimensionless
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boundary potential is Upgy = Upay /€9 = €, exp(zo*/agdy) where €, = €,y /€0, Z," = Z,/7, and

* —
Opay = Ubdy/r-

A custom, highly parallelized individual cell-based code employing graphics processing units (GPUs)
was developed to perform the simulations. At each time step, we calculate cell-cell interactions using
the all-pairs approach'® such that all pair-wise interactions are evaluated. We use a standard explicit
Euler scheme to numerically integrate the dimensionless translational and orientational dynamics,
Eq. (15) and (16) and growth law Eq. (17).

The key simulation parameters used for the simulations are shown in Supplementary Table 3.

Parameter Value Unit Description

r 0.2775 pm Average half-width of the bacteria from experimental meas-
urements.

Tg 6130 s Growth time constant (average cell division time of bio-
film-associated cells obtained from experiments).

Hm 1 Pa-s Estimate of the dynamic viscosity of EPS matrix at room
temperature'®.

VYm 5.23 pN-s-um’* Typical drag coefficient for Stokes’ drag in EPS matrix
(Vin = 6TTpmT).

€r 10 Ratio comparing the strength of the bacteria-boundary inter-
action to the strength of the bacteria-bacteria interaction
€r = Ebdy/ €o-

Obay 1 Non-dimensional boundary potential length scale parameter.

Tt 8.05 § Translational time scale due to repulsion in matrix (typical
time needed for daughter cells in matrix to reach their equi-
librium configurations due to repulsion after cell division).

add 3.65 Non-dimensional length added to bacteria after division.

Opirth size 0.07 Non-dimensional standard deviation of the normal distribu-
tion for the daughter bacteria birth size.

K 100 Concentration parameter for the von Mises-Fisher distribu-
tion for the daughter bacteria division orientation.

€o 5-10-20 J Strength of the repulsive part of the cell-cell potential.

Ay 1.65 Width of the repulsive part of the cell-cell potential (corre-
sponds to 1.16 um at a typical overlap factor of 6= 0.7 um,
which is the value it would take for a sphere with the typi-
cal mean cell volume of 0.4 um?).

4 0.13 Strength of the attractive part of the cell-cell potential (cor-

(WT*) responds to 0.65-10-20]).
Aa 0.16 Well-width of the attractive part of the cell-cell potential
(WT¥) (corresponds to 0.11 um at a typical overlap factor of
0 =0.7 um).
Pa 2.93 Position of the attractive part of the cell-cell potential (cor-
(WT*) responds to 2.0 um at a typical overlap factor of

0=0.7 um).

Supplementary Table 3 — Simulation parameters. All parameters are measured directly from experimental
biofilms, except for the potential parameters v, 44, pg, €9, 1, Which were determined by fitting as de-
scribed in the main text.
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3.2. Comparing simulations with experimental data

For the purpose of comparing simulated and experimental biofilms, a set of parameters was chosen to
represent the phenotype and architecture as fully and accurately as possible. These parameters include
averaged single cell parameters, i.e. local order, vertical alignment, radial alignment, cell-cell distance,
local density, cell length, and the following global biofilm parameters: global density, biofilm aspect
ratio, and biofilm base circularity (see section on “Biofilm features”). The single cell parameters were
determined for the biofilm core (dcentre < maX(dcenere) /2) and the biofilm shell (max(dcentre) /2 < deentre <
max(dcentre)). The time-evolution of these parameters was compared for biofilms of cell numbers rang-
ing from 10 to 300. To account for logarithmic growth, biofilms were sampled at 40 intermediate loga-
rithmically spaced cell numbers yielding a characteristic biofilm feature vector shown in Supplementary
Fig. 14. In addition, each parameter was normalized to a typical range as indicated in Supplementary
Table 4. These feature vectors therefore capture biofilm architectural properties (via the different archi-
tectural parameters), as well as the temporal biofilm development (via the measurement of these param-
eters at different cell numbers). The similarity between a vector characterizing a simulation and an ex-
perimental biofilm was assessed in terms of the mean square distance (MSD) between the two feature
vectors. The different parameters were weighted differently to account for their relative importance in
representing biofilm phenotypes, as summarized in Supplementary Table 4.

Parameter Normalization range Weight
[min max]

Local order 0-0.8 10
Vertical alignment 0.2-1.37 10
Radial alignment 0.2-1.37 3
Cell-cell distance 0.8-2 20
Local density 0-0.2 10
Cell length 1-3 1
Global density 0-0.15 5
Biofilm aspect ratio (Z/XY) 0-0.8 1
Biofilm base circularity 0-0.8 1

Supplementary Table 4 — Biofilm parameters and corresponding normalization ranges and weights.
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Supplementary Figure 14 — Characteristic biofilm feature vector for several biofilms of the WT* (red) and

the ArbmA-mutant (blue). The parameters correspond to the ones listed in Supplementary Table 4, whereby

relevant ones are spatially resolved (core and shell of the biofilm).
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3.3. Cell-cell interaction potential

In our model, cells are subject to forces by neighbouring cells due to purely mechanical effects, including
steric repulsion and the repulsion mediated by the effective osmotic pressure in the intercellular space,
as well as the interaction with secreted matrix components (such as RbmA). While steric interactions

and the osmotic pressure in the intercellular space are expected to result in net repulsive forces, RbmA

20,21

is thought to directly link the cells together, thereby causing net cell-cell attraction™~', which we quan-

titatively confirmed (Fig. 2a). To account for these effects we suggest the cell-cell interaction potential
between two particular cells, cell o and cell 5, described by equation (18).

p?

£ v
= Y — 18
U=¢€pe;| e 7 + (Pa_P) (18)

1+e\ 4a

The first term in the interaction potential corresponds to cell-cell repulsion, and the second term corre-
sponds to cell-cell attraction. The vector o = 1457 4 joins the cell centres and is directed from cell &

to cell 8, €y describes the energy of the cell-cell interaction, €, is a strength parameter accounting for
the cell orientation configuration, p = ryg/0 is the cell-cell distance normalized by the overlap shape-
factor g, A, is the repulsion width, v is the attraction strength, p, is the attraction shift and A, is the
attraction width, as summarized in Supplementary Table 3 and Supplementary Fig. 15.

Supplementary Figure 15 — Effects of the cell-cell interaction potential parameters. eo: Strength of repulsion
due to combined effects of steric and matrix repulsion. Ar: Range of repulsion in cell diameters. v: Relative strength
of RbmA-mediated attraction. Aq: Effective attractive range of RbmA in cell diameters. pa: Effective distance of
the attractive potential well.

The above strength and range parameters lead to different length scales of the cell-cell interaction forces
depending on the orientation of the cells (see Fig. 2b,c, Supplementary Fig. 18, and Supplementary Fig.
19, respectively). The generalized forms of the strength and range parameters for non-identical ellipsoids
are given by Cleaver ef al.” and are reproduced below for convenience

-1/2
er = [1-22(e - 7p)] (19)
o =ay|1-x (E("a Fap) +E7 (g Fap) — 2X(Aa - Pap) (g - Fap) (R '"ﬁ))] 20)
1-x2(Rg - g)°
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where

(2 —r2)(£2 —r2)]"?

(¢% + rﬁz)({’é +12)

(22)

and

1/2
(23)

B (£% — r,f)({’é +12)
B ({?é - Tﬁz)(fé + rﬁz)

For two ellipsoids a and g, 7i,, ﬁﬁ are their axial unit vectors, €, {?/; are their half lengths, and 7, 3
are their half widths.

Influence of cell-cell repulsion on biofilm architecture

Biofilms grown from ArbmA cells, which lack RbmA proteins, were simulated by setting the strength
of the attractive part of the cell-cell potential to zero (v = 0), as cell-cell attraction is primarily due to
the levels of RbmA. Before computing systematic parameter scans for obtaining the repulsion-parame-
ters €gpand A, of the interaction potential U, we estimated the parameters using the physical considera-
tions: The energy scale of the cell-cell interactions was estimated to be within several orders of magni-
tude of the energy scale of interactions between the cells and the flow. Therefore, we simulated biofilms
for values of €y ranging from 1-€mow to 10%€mw, where the cell-flow interaction energy
€fiow = 0.005 pN-pum was calculated by considering Stokes flow (with flow rate 0.1 pL/min in a channel
with the dimensions used in the experiment) past a sphere with the typical cell volume of 0.4 um?, being
locating 2.4 um above a no-slip boundary (as is typical for cells in the outer shells of biofilms). A typical
cell-cell distance in the core of biofilms, where cell-cell repulsion dominates, is around 1 um, which
corresponds to A= 1.4 (for a typical overlap shape-factor of o = 0.7 um, which is the value it would
take for a sphere with the typical mean cell volume of 0.4 um?). Therefore, we used values of A, from
0.8 to 2. The resulting MSD values upon a systematic variation of the cell-cell interaction energy €, and
repulsion width A, are visualized in Supplementary Fig. 16. Corresponding biofilm architecture pheno-
types are shown in Supplementary Fig. 17. The identified parameters for the best fit between simulations
and the experimentally observed ArbmA-phenotype are €y = 10-€qow (5:10-20]) and A- = 1.65. The result-
ing translational and rotational forces are visualized in Fig. 2b, Supplementary Fig. 18a, and Supple-
mentary Fig. 19a, respectively.
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Supplementary Figure 16 — Parameter screen to test the influence of cell-cell repulsion on biofilm architec-
ture phenotype. a, Mean MSD values between feature vectors of ArbmA mutant biofilm simulations and experi-
ments (see section on “Comparing simulations with experimental data”) upon variation of cell-cell interaction

strength €0 and repulsion range Ar. Inset: effect of parameter variation on the cell-cell interaction potential.
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Supplementary Figure 17 — Resulting simulated biofilms for different levels of cell-cell repulsion. The figure
shows a subset of biofilm renderings corresponding to a range of different values for €0 and Ar (¢f. Fig. 2b and
Supplementary Fig. 16). The colour of each cell corresponds to the nematic order.
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Supplementary Figure 18 — Translational cell-cell interaction forces. a, Translational forces for €p = 10-€fow
(5-1020]), Ar=1.65, and v = 0 (corresponding to the ArbmA-mutant, cf. Fig. 2b) for different orientations. b,

Translational forces for €0 = 10-€ow (5:10-20]), Ar=1.65, v=0.13, Aa = 0.164, and pa = 2.93 (corresponding to an
arabinose concentration of 0.5%, cf. Fig. 2c) for different orientations.
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Supplementary Figure 19 — Rotational cell-cell interaction dynamics. |dn/dt| = |(I — ﬁﬁﬁﬁ)(—!)‘laU /
0mp)| acting on two neighbouring cells. a, Rotational dynamics for €0 = 10-€sow (5:10-20]), A-= 1.65, and v =0
(corresponding to the ArbmA-mutant, cf. Fig. 2b) for different orientations. b, Rotational dynamics for €p = 10-€fow

(5:10-20]), Ar=1.65, v=10.13, e = 0.164, and pq = 2.93 (corresponding to an arabinose concentration of 0.5%, cf.
Fig. 2c) for different orientations. A positive speed (indicated in red) results in a clockwise rotation.

Influence of steric and osmotic pressure-mediated cell-cell repulsion on biofilm phenotype

The joint effects of steric cell-cell repulsion and osmotic pressure-mediated cell-cell repulsion were
modelled with a relatively soft Gaussian function, cf. Eq. (18). To test if this model is appropriate, we
performed the following analysis: To check the effect of both contributions to cell-cell repulsion sepa-
rately, we embedded a second, short-ranged and very strongly repulsive part, representing steric repul-
sion, into the existing potential by adding another Gaussian function peaked at p = 0 characterized by
Vsteric and Arseeric < Ar , see Eq. (24). Here, €y and A, are fixed to the optimal values obtained by comparison
with the experimental values for the ArbmA-mutant.

p? P’
U — _1_2 + _/13‘ steric 4 —V (24)
= €p€1| € 7" T Vsteric € (Pa_P)
1+e\ 4

The exploration of the parameter space is shown in Supplementary Fig. 20. The additional term for hard-
steric repulsion in Eq. (24) does not have any influence on the biofilm phenotype as the MSD values
show no variance irrespective of interaction strength Vszeric and range Arseeric. This justifies modelling the
effects of hard steric and soft osmotic pressure-mediated repulsion in a combined manner, as cells are
unlikely to interact exclusively via hard and very short-ranged steric repulsion (the matrix prevents them
from getting close enough together).
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Supplementary Figure 20 — Parameter screen to test the influence of hard steric cell-cell repulsion on biofilm
phenotype. The figure shows MSD values upon variation of Vsteric and Arsteric. Owing to its longer length scale,
soft, osmotic pressure-mediated repulsion prevents cells from getting close enough to interact directly through
hard steric repulsion.

Influence of RbmA-mediated cell-cell attraction on biofilm phenotype

The attractive part in the cell-cell potential is thought to be governed by RbmA. Having fixed the cell-
cell repulsion parameters €pand A, for the ArbmA phenotype, the remaining parameters influencing cell-
cell attraction (namely v, pq, and A;) were determined by finding the best fits when comparing the sim-
ulations with biofilms of different RbmA concentrations (by varying the expression of the rbmA gene
using the arabinose-inducible Pg4p promoter). Prior to systematic parameter scans with simulations, we
estimated the parameters using the following considerations: The attraction shift p, was estimated for
each arabinose concentration by considering the typical cell-cell distance at the edge of biofilms, where
attraction dominates. These estimates suggested using values of p, between 2 and 4 (again using o =
0.7 um). The attraction width A, was estimated by considering the standard deviation of cell-cell dis-
tances near the edge of biofilms, which was found to be approximately 0.3 um for all biofilms; therefore,
we expected A, to be around 0.4 (again using ¢ = 0.7 pm).

The resulting MSD values resulting from simulations conducted with a systematic variation of v, Aq and
pa are shown in Supplementary Fig. 21. The resulting translational and rotational forces for selected
conditions are visualized in Fig. 2¢, Supplementary Fig. 18b, and Supplementary Fig. 19b, respectively.
Corresponding biofilm phenotypes are shown in Supplementary Fig. 22. The 5% best matching simula-
tions (5% lowest MSD values) for a given condition were chosen and the mean of the corresponding
values for v, A, and p, was defined as the best fit. In Supplementary Fig. 23 the obtained mean values +
standard deviation are displayed. The best-fit parameters for the experimentally observed WT*-pheno-
type were v=0.13, A, = 0.16 and p, = 2.93.
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Supplementary Figure 21 — Parameter screen to test the influence of RbmA-mediated cell-cell attraction on
biofilm phenotype. MSD values for feature vectors of biofilms with arabinose-inducible rbmA expression grown
at 0.5% arabinose (w/v) and simulations (see section “Comparing simulations with experimental data) upon vari-
ation of cell-cell interaction strength v, and well width A4 and well position pa. Inset: effect of parameter variation
on the cell-cell interaction potential.
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Supplementary Figure 22 — Resulting simulated biofilms for different levels of RbmA-mediated cell-cell
attraction. The figure shows biofilm renderings corresponding to selected values of v and pq while keeping Aq
constant at As = 0.16 (c¢f. Fig. 2e). Each cell is coloured according to the nematic order.
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Supplementary Figure 23 — Fitting of the attractive potential parameters. The graphs show the approximate
position of the MSD minimum in (v, Aq and pa) -space of the 5% best-matching simulations at increasing arabinose
concentrations, corresponding to increasing amounts of secreted RbmA. Each data point refers to the median po-
sition of the minimum and the error bars indicate the lower and upper quartile. The position of the WT* is shown
in red (solid lines: median values, dashed lines: lower/upper quartiles).

3.4. Predicting the structure of larger biofilms

The cell-cell interaction potential was calibrated based on biofilms with up to 300 cells (section “Com-
paring simulations with experimental data”). To test the ability of the calibrated simulations to predict
the structure of biofilms with more than 300 cells, a feature vector containing the same parameters as
the ones used in section 3.2 was used. The MSD between the experimental and simulation feature vectors
was calculated for biofilms sampled at 40 intermediate logarithmically spaced cell numbers from 10 to
300 and from 300 to 1000, separately for each chosen number of cells (in contrast to section 3.2 where
a single MSD between temporal feature vectors was calculated), and was normalized by the average
value of the MSD between 10 and 300 cells. For cell numbers between 300 and 1000, the MSD at each
cell number was found to be close to the average value of the MSD between 10 and 300 cells for WT*
and ArbmA biofilms, and strong qualitative agreement was observed between simulated and experi-
mental biofilms with up to 1000 cells (Supplementary Fig. 24, Supplementary Movie 5). These results
indicate the remarkable ability of the potential-based simulations calibrated on biofilm development up
to 300 cells to predict the development of larger biofilms.

a WT* b ArbmA

Experiment ————— Simulation ——— ] Experiment ——— ] Simulation

o

Nematic order

°
(%]

Calibrated
2r r — Predicted |7

Normalized MSD
1
j
I
}
i
|
i
I
I
I
I
|
i

X
|
I
|
I
I
I
f
|
|
|
t
[
i
|
[
|
|
|
I
|
[
|
|
|
|
X
Y

N cells N cells

Supplementary Figure 24 — Predicting phenotypes of larger biofilms. a, Rendered WT* experimental (left)
and simulated biofilm (right) for approximately 1000 cells. Bottom: normalized MSD of feature vectors for exper-
imental (n = 7) and simulated biofilms (n = 3). These data are also shown in Fig. 2g,h. b, Rendered ArbmA exper-
imental (left) and simulated biofilm (right) for approximately 1000 cells. Bottom: normalized MSD of feature
vectors for experimental (n = 4) and simulated biofilms (n = 3). Error bars were calculated by Gaussian error
propagation of the standard deviations of the individual measurements.
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4. Continuum Model

4.1. Mathematical model of a growing biofilm in shear flow

For this model, we assume that the biofilm colony is located in the centre of a rectangular channel. Fluid
flows through the channel in the x-direction with a prescribed flow rate. Flow is modelled by the Stokes
equations

V-u=0  ul?u="0p (25)

with a no-slip condition (u = 0) applied on the channel walls and on the surface of the biofilm. The
biofilm surface z = S(x, y, t) grows or shrinks in the direction of its outer unit normal n, with velocity

U =alxt)n—LF|(I—nn)o-n|n 26)

=a(x,t)n— fn
where the first term on the right hand side represents movement owing to cell growth and division, and
the second term represents erosion proportional to the shear stress T imposed on the surface by the fluid;
here o is the stress tensor of the fluid. For a hemispherical biofilm growing uniformly in the radial
direction at a rate ry, with a base centred at the origin, a(x,t) = ryr, where r = |x/|. This leads to expo-
nential volumetric growth in time, V (t) = V, exp(3ryt), where Vj, is the volume of the biofilm at t = 0.
The growth rate ry is found by fitting an exponential curve to experimental data of volume versus time
for a ArbmA-mutant in a channel with an average flow velocity of <v> = 0.03 mm/min (Supplementary
Fig. 25).

Supplementary Figure 25 — Volume of ArbmA-mutant (black) growing at a very low flow speed (<v> =
0.03 mm/min). Exponential fit (red), error bars correspond to the standard deviation (n = 6 biofilms).

4.2. Numerical method

The surface of the biofilm is represented by the zero level set of a level set function ¢, which satisfies
the Hamilton-Jacobi equation?

$¢ +alx, 0)|Ve| = 0. (27)
Here a = |U] is the normal speed of the surface.

Equation (27) is solved using the Level Set Toolbox?* in Matlab, which approximates the time derivative
with an explicit total variation diminishing Runge-Kutta integration scheme. The spatial grid is uniform
in each direction, with a smaller step size in the z-direction. A symmetry condition (V¢ - n = 0) is
applied along the xz-plane through the centre of the biofilm. At all other boundaries, ghost nodes are
added and filled with data linearly extrapolated from the computational boundary®*.
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At each timestep, the steady Stokes equations (25) are solved using the finite-element package deal.ll?,
with the surface height z = S(x, y, t) used as input to denote the grid points at which the no-slip condi-
tion should be applied. The finite-element mesh is locally refined in all directions around the biofilm
surface. A uniform velocity value is imposed at the inflow boundary, and the flow is allowed to develop
in an entrance region. A symmetry condition (u - n = 0) is applied on the xz-plane through the centre
of the biofilm. The stress tensor ¢ at the biofilm surface is output for use in equation (26) at the next
timestep. The value of ¢ is interpolated to the level set spatial grid. The total drag force in the direction
of the flow on a hemisphere is checked to agree with the value calculated by Pozrikidis et al.*®.

The shear stress applied to real biofilms is calculated by incorporating experimental data from wild-type
biofilms into the continuum model. The convex hull of the set of cell centroids at a specific time point
is extracted, after some outlying cells and cells not descended from the biofilm population have been
removed. The surface is smoothed by binarizing the volumes inside and outside the convex hull, then
applying a Gaussian filter. The flow and the biofilm surface are assumed to be symmetric about the mid-
plane of the biofilm, as before (i.e. flow is only simulated on one half of the experimental domain,
chosen arbitrarily).
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5. Supplementary Data

Strain Genotype/Relevant features Reference
E. coli
S17-1 AlacU169 (®lacZAM15), recAl, endAl, hsdR17, thi-1, gyrA96, De Lorenzo et
Apir relA1, \pir al”
TOP10 mcrAA(mrr-hsdRMS-mcrBC) ®80lacZAM15AlacX74deoRrecAl Tnvitrogen
araD139A(ara-leu)7697 galU galK rpsL endA1 nupG
V. cholerae
KDV101 wild type strain N16961 (O1 El Tor, Sm®) Meibom et al.?®
KDV103 N16961 lacZ:P....mKOKappa Drescher!
KDV115 N16961 vpvCV*R [qcZ:P,..-mKOKappa Drescher!
KDV148 N16961 vpyCV*R (matrix hyperproducer phenotype) Drescher!
KDV383 N16961 ArbmA, lacZ:P..-mKOKappa Drescher lab
KDV611 N16961 vpvCWV*R - AcrvA This work
KDV613 N16961 vpvCV*R AcrvA contains plasmid pNUT542 This work
KDV692 N16961 vpvCV*R  ArbmA contains plasmid pNUT542 This work
KDV698 N16961 vpvCV?*R AcrvA, ArbmA This work
KDV815  N16961 vpvCV**R ArbmA, AcrvA contains plasmid pNUT542 This work
KDV829 N16961 vpvCV**R rbmA::3xFLAG This work
KDV835  N16961 vpvCV**®R | rbmA::3xFLAG contains plasmid pNUT542 This work
KDV1026 N16961 vpvCV*R_ AcrvA, rbmA:mRuby3 This work
KDV1027 N16961 vpvCV**R AcrvA, rbmA:mRuby3 and plasmid pNUT542 This work
KDV1082  N16961 vpvCV**R ArbmA, AcrvA contains plasmid pNUT1519 This work
KDV1218 N16961 vpyCV*R AcrvA contains plasmid pNUT844 This work
KDV1228 N16961 vpvCV*R AcrvA contains plasmid pNUT1734 This Work
KDV1231 N16961 vpvCV**®R [qcZ:P,..-mKOKappa and plasmid pNUT1734 This Work
Supplementary Table 5 — Bacterial strains used in this study.
Plasmids Origin, Marker Comments References
pNUTO15 pR6K, AmpR pKAS32 Skorupski et al.”’
pNUT144  pR6K, AmpR, Kan® pKAS32 with Kan® Drescher et al.*°
pNUT336 pR6K, Amp® pKAS32 ArbmA (vc0928) Nadell et al.’!

pNUT144 rbmA::3xFLAG

pNUT462 pR6K, AmpR : i Drescher lab stock
(translational fusion)
pNUT542 pSC101*, Gent® Puc-sfgfp Singh et al.*?
pNUT844 pl5a, Gent® Piac-sfgfp, Pups-mRuby2 Drescher lab stock
pNUT961 pR6K, AmpR, Kan® pNUT144 AcrvA (veal075) This work
pNUTI268  pSCI01% Gent® ~ PNUTI42 with Poap-rbmA io replace This work
Puac-sfefp
PNUT1401  pR6K, AmpR, Kant ~ PNUT144 rbmA:mRuby3 (transcrip- This work
tional fusion)

pNUT1519 pSC101*, Gent® pNUT1268 with Pyuc-sfgfp This work
pNUT1734 pSC101*, Gent®  pNUT1268 with sfgfp to replace rbmA This work

Supplementary Table 6 — Plasmids used in this study.
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Name

Sequence

Function

KDO1182

KDO1183

KDO1184

KDO1185

KDO1433

KDO1434

KDO1435

KDO1436

KDO1667

KDO1716

KDO1717

KDO1718

KDO1719

KDO1720

KDO389

KDO578

KDO2162

KDO2163

KDO2164

KDO2165

GGGTCTAGAGCTCGATATAGCGATCCACCACTTC
GAGTTTTACCCACACCGTCCCTG-
CAACATATTTATGTTTAGCC
GGGACGGTGTGGGTAAAACTCAGACCAAACAAAG
TTTGCGGCCGCCCGCATGCCGTCATAGAAACCAG
TTTAAAGTTAGACAACGCAATATATCCTAG-

TTATAAAAAATTTAACGCCA
CTAGGATATATTGCGTT-

GTCTAACTTTAAAGGATCTATCATGAACAAA
TTATTTTTTTACCACTGTCATTGACTGTTC
ATGCATAAATAACAAAAACTGCTAAACGTT
TTGCGGCCGCGTTACAAGAACCCGGAAGAATGTG
CCTAGTGGCTTATTTTTTTACCACTGTCATTGACTGTTCC
CAGTGGTAAAAAAATAAGCCACTAGGAGGTGGTTGATGGTG
GAACTGTATAAATAAATTTACCTAGTCACTTAGTCG-

TATGTATAAAAAACCGC
CTAAGTGACTAGGTAAATTTATTTATACAG-

TTCATCCATACCACCACCCAG
GGTTGCTAGCGTCTACCTTGGCAGCACTAAAGGTACC
GCTTGCTCAATCAATCACCGGATCC
TTCACACCTCCTGTACGCGCGGC

ATAACTAGGATATATTGCGATGAGCAAAGGTGAA-
GAACTGTTTAC

GCTCATCGCAATATATCCTAGTTATAAAAAATTTAAC-

GCCAG

GAGCTCTACAAGTAAATGCATAAA-
TAACAAAAACTGCTAAACGTTATTC

GTTATTTATGCATTTACTT-
GTAGAGCTCGTCCATGCCGTGAG

Plasmid pNUT961
construction

Plasmid pNUT961
construction
Plasmid pNUT961
construction

Plasmid pNUT961
construction

Plasmid pNUT1268
construction
Plasmid pNUT1268
construction
Plasmid pNUT1268
construction
Plasmid pNUT1268
construction
Plasmid pNUT1401
construction
Plasmid pNUT1401
construction
Plasmid pNUT1401
construction
Plasmid pNUT1401
construction

Plasmid pNUT1401
construction

Plasmid pNUT1401
construction
Plasmid pNUT1519
construction

Plasmid pNUT1519
construction

Plasmid pNUT1734
construction

Plasmid pNUT1734
construction

Plasmid pNUT1734
construction

Plasmid pNUT1734
construction

Supplementary Table 7 — DNA oligonucleotides used in this study. Sequences are given in the 5’3’ direction.
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