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Swarming bacteria undergo localized dynamic phase transition to form stress-
induced biofilms
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Figure 1. Schematic of the transition from swarming to biofilm formation through MIPS. B. subtilis cells swarm in a monolayer (stage 1). As cell density
increases, cells form fast-moving rafts which can collide and form transient jams. Cells at the boundary between the colliding rafts are pushed upwards
and protrude from the surrounding monolayer (stage 2). Further increase in surface coverage can promote the formation of dynamic MIPS-like islands
where cells accumulate within the swarm while still being dynamic (stage 3). Eventually, this uneven distribution of cells gives rise to macroscopic spatial
heterogeneity in cell density (stage 4), which can lead to the formation of biofilms (stage 5).
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Figure 2. Swarming cells transit into biofilm in the presence of kanamycin gradient. (a) Schematics of swarming bacteria expanding from the center of
a 9-cm Petri dish toward a kanamycin-diffusive disk. Kanamycin disk was placed for 24 hr to form a spatial gradient (Figure 2—figure supplement 1).

Figure 2 continued on next page
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(b, ¢, d) Swarming B. subtilis plates after 40 hr incubation. Wrinkles are formed at the region ~2 cm away from disk with (b) wildtype (WT), but not with
(c) Aeps deletion strain. (d) WT swarming plate with a diffusive disk without antibiotics. Zoomed images show the colony surface. () Mean fluorescence
intensity of Py,,a-yfo was measured in the region just after the depletion zone created by the kanamycin-diffusive disk (green). A region in a similar

location was measured in absence of kanamycin (yellow). The mean was taken from three independent experiments. The shady areas represent the s.e.
m.
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Figure 2—figure supplement 1. Evolution of the kanamycin profile along the plate measured from the kanamycin
disk. The initial profile was made by placing a kanamycin-diffusive disk for 24 hr on the swarming agar plate. At
this point, bacteria were inoculated in the center of the plate (t = 0 hr). The kanamycin concentration was
measured again 20 and 44 hr later to check the evolution of the gradient with time. The MIC for B. subtilis (5 ng/
ml) has been indicated with a dotted line. Data indicate the mean and s.e.m. of three independent replicates.
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Figure 2—figure supplement 2. Speed of the swarming front when approaching the diffusive disk. In presence of
antibiotic the front speed rapidly decays and then halts completely before it reaches the disk. When a blank disk is
placed the swarm invades the whole plate and no decay in speed is observed (green curve). The position which
corresponds to the MIC (dotted line) was calculated by looking at the position of the MIC line in Figure 2—figure
supplement 1 fort =0 hr.
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Figure 2—figure supplement 3. Quantification of wrinkle formation for different regions in the kanamycin plate and in the blank case. (a) Scatter plot
of the wavelength of the wrinkles near the kanamycin disk (front), in the bulk of the plate (back) and in absence of kanamycin (blank). (b) Scatter plot of
the roughness of the wrinkles in the same regions. The large horizontal line shows the mean of the distributions and the small bars the s.e.m.
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Figure 2—figure supplement 4. Distance where the wrinkles appear depending on the amount of kanamycin in the diffusive disk. The wrinkles appear
further from the kanamycin disk with increasing concentration of the antibiotic. The data for 100 ug comes from three replicates in a single experiment.
Data for 30 and 200 pug come at least from three different replicates.
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Figure 2—figure supplement 5. The plate inoculated with swarming B. subtilis showed no wrinkles even after a week incubation at 30°C.
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Figure 2—figure supplement 6. Four ul of B. subtilis were spotted in four different points on a hard agar plate. The colony spotted 2 cm away from
kanamycin was inhibited and a wrinkly biofilm did not grow. Other two colonies on both sides were spotted so just part of the colony were affected by
the kanamycin. Both of them showed partial inhibition of wrinkles in the sides closest to the kanamycin disk. The colony at the back in absence of
antibiotic is a commonly wrinkly biofilm in LBGM.
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Hard agar
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Figure 2—figure supplement 7. Comparison of wrinkle formation between hard agar and swarming agar in presence of a gradient of kanamycin. (a)
Weak wrinkles appeared at the edges of the clearance zone made by kanamycin for the hard agar case in comparison to the swarming agar case. (b) In
the blank disk case, there was a slight surface roughness and wrinkles were not formed in hard agar or weakly formed in swarming agar.
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Figure 3. Swarming bacteria form patterned multilayer regions in presence of kanamycin. (a, b, ¢) Microscopy images of swarming bacteria and side-
view illustrations at different levels of cell density (p). Timestamp is relative to the formation of dynamic multilayer islands. (a) When cell density is below
a threshold p., cells swarm in a monolayer. Image is 57 min prior to islands formation. Inset is a zoomed image showing swarming rafts. (b) Increase in
cell density leads to formation of second layers, that appear as darker regions in the swarm. These islands are highly dynamic, and cells are motile. The
shape of the islands changes dynamically within 1 s (insert). See also Video 4. (c) Over time, the islands increase their size and merge together to

form double-layered regions, coexisting with mono-layered regions. Double-layered regions are seen darker than mono layered regions. (d, e) Images
of swarming colony with and without kanamycin. The diagram illustrates the regions of interest (ROI) used for the panels. The dynamics of island
formation are color coded using the lookup table. The origin of times is the appearance of island. The earliest islands correspond to the darkest colors
whereas the new features correspond to the lightest ones. See also Video 6. (d) In the absence of kanamycin, multilayer regions are much grainer with
no clear patterns of propagation. (e) In the presence of kanamycin, multilayered regions have a defined pattern, starting from the regions closer to
kanamycin to form an elongated shape. These regions appear predominantly at ~7 mm away from kanamycin.
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Figure 3—figure supplement 1. Cell speed at 0.7, 1.7, and 2.7 cm away from the kanamycin disk for a time interval of 1 hr before the initial formation
of the islands (0 min corresponds to island formation at 1.7 cm). For reference, in our kanamycin experiments the islands form within a band that goes
from ~1.7 cm from the disk to just before the region where cells are immotile.
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Figure 3—figure supplement 2. Average speed in the monolayer vs speed within the island. The average cell speed of the swarm was measured by
PIV for three different multi-layered regions and for the monolayer surrounding them. The speed in the monolayer is almost double the multilayer case.
Data comes from a single replicate.
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Figure 3—figure supplement 3. Asymmetric multilayer formation along time in presence of kanamycin. The multilayer starts 0.7 cm away from the
kanamycin disk. The formation of these islands marks where the multilayer first develops. Here, the number of layers continuously increases but it does
not spread towards the center of the swarm giving rise to a gap in cell density between the swarming front and the center. The number of layers were
measured by the number of times that a darker layer could be observed in the field of view. The origin of times is when the first island is seen in the
field of view. Data taken from a single replicate.
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Biofilm

Figure 3—figure supplement 4. Islands and posterior wrinkle formation in presence of a kanamycin gradient by the quorum sensing knockout strains
Aphrc and Aopp. For both mutants the islands and the wrinkles were formed as in WT. The smaller clearance zone around kanamycin in the Aphrc case
is due to its genetic resistance to neomycin.
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Figure 4. The interplay between cell density and cell speed primes jamming and multi-layer formation. (a) Phase diagram of surface coverage and the
rotational Péclet number (P,). P,, is proportional to cells’ speed (see Materials and methods). Grayed region depicts motility-induced phase separation
(MIPS) heterogeneity. Each data point represents a result of a 4-s single-cell time-lapse microscopy data. The time-lapse data in which jamming events

are observed are shown in red (see Video 3). Jams appear exclusively under the conditions near the border of the MIPS region. (b) The speed of motile
cells drops by half during jamming (highlighted by dashed rectangle). Increase in jamming events lead to formation of islands (see Figure 2 and

Video 4). (c, left) lllustrative diagram showing the accumulation of cells by UV irradiation. Cell speeds drop within the irradiated region (show by purple

square), which elevates the surface coverage. (c, right) UV irradiation elevates surface coverage. The graph shows the dynamics of surface coverage
(black) and cell speed (cyan). Magenta is the period with UV light illumination (1.2 mW/mm?). Vertical dashed line shows the onset of jamming events.

(d) Time evolution trajectories of surface coverage and rotational Péclet number with UV illumination experiment. Blue dots are before UV illumination
and red dots are when jams appear. Increasing surface coverage by UV induces formation of jams at the border to MIPS region (gray).
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Figure 4—figure supplement 1. Exposure with UV light of an area much larger than the field of view. (a) When a region approximately four times
larger than our field of view is irradiated, the surface coverage within the field of view stays nearly constant and we can see a drop in cell speed over
time. (b) Trajectories in the phase diagram for bacteria in the field of view, continuously irradiated with the conditions in (a). The systems mainly just
decrease their Péclet number and hence never approach the MIPS region.
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Figure 5. Locally increasing cell density is sufficient to induce wrinkle formation. (a) A physical barrier placed on agar triggers wrinkle formation.
Wrinkles are formed at the region close to the barrier. A plate was incubated for 40 hr as in Figure 1. (b) Mean fluorescence intensity of Py,pa-yfo
measured just by the barrier for four different experiments and for two different experiments in the blank case. The shade indicates the s.e.m.
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Figure 5—figure supplement 1. P, a-yfo expression for four different regions across a swarming plate with a physical barrier in it. The fluorescent
profiles are very similar across the plate, indicating that the tapA-sipW-tasA operon is upregulated equally in the whole plate and not just next to the
stressor (the physical barrier in this case).
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Figure 6. Administering the same amount of kanamycin in two sequential doses reduces wrinkle formation. (a), (b), (c) Kanamycin was sequentially
administered in two different doses to a disk while keeping the total amount at 200 pg. The first administration was added as in other experiments,
while the second was added to the disk as a 4 ul drop when the islands were about to appear. (a) Concentration profile of kanamycin over time for the
four concentrations of the sequential administration of antibiotic assay. The measurements were made using the modified Kirby-Bauer assay (see
Materials and methods) at the distance from the kanamycin disk where the wrinkles are formed for the four different initial concentrations: 1.32 cm for
50 pg, 1.59 cm for 100 ug, 1.74 cm for 150 pg, and 1.85 cm for 200 pug. The time when the second dose of antibiotic is added is indicated with a dotted
gray line (~7 hr after inoculation). (b) The wavelengths of wrinkles with respect to the doses of first (blue font) and second (gray font) administrations
(1g). (c) Microscopy images of wrinkles induced by kanamycin. The first dose is in the blue shade and the second dose in the gray shade.
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Figure 6—figure supplement 1. Kanamycin concentration profiles for the four administration protocols (200 ug-Oug; 150-50; 100-100; 50-150) at
increasing distances from the kanamycin disk along the radius connecting the inoculation point to the antibiotic disk. The profiles are measured at 0 hr,
20 hr, 44 hr, starting when the front propagation towards the kanamycin disk stopped.
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Figure 6—figure supplement 2. Effect of sequential administration of kanamycin in wrinkles' roughness. Scatter plot for the roughness of the wrinkles
when the kanamycin dose is split in two times. The first dose of kanamycin is in blue and the second dose in gray. The large bars are the mean of the

roughness and the small bars are the s.e.m.
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