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Abstract

Swarms and biofilms are the two major modes of bacterial collectives and confer cells with

emergent properties that lack as individuals, such as an increase in antibiotic tolerance.

Swarming is a rapid type of surface colonization, and therefore its ability to withstand

high antibiotic concentrations could lead to the subsequent establishment of highly re-

silient biofilms or genetically resistant bacteria in regions that could not otherwise have

been colonized. However, whether the development of biofilms or resistant microcolonies

by swarms is possible is unknown. Using swarming Bacillus subtilis, we reveal that a

biophysical mechanism, reminiscent of motility-induced phase separation (MIPS), under-

pins a swarming-to-biofilm transition through a localized dynamic phase transition. This

transition, triggered by an external stressor, is underpinned by a localized multilayer for-

mation. Inspired by the thermodynamic properties of active matter, we demonstrated

that such multilayer formation forms through a nucleation and growth process near an

antibiotic gradient, and through spinodal decomposition in absence of stress. The nucle-

ation and growth of multiple layers near the antibiotic, triggers waves of bacteria that

move towards the antibiotic source, suggesting a novel mechanism of bacterial transport.

When swarming to biofilm transition was prohibited by the environmental conditions, the

swarm uses an alternative strategy to cope with the antibiotic gradient by developing re-

sistant microcolonies. Quantification of this resistance displayed that the higher resistance

to kanamycin is acquired together with resistance to other antibiotics targeting the same

process. Inspired by the medical motivation of this project, we suggested solutions to both

the emergence of the biofilm and the development of resistant bacteria by using the insight

that we gained throughout the study. In particular, we proved that the biofilm formation

can be reduced when splitting the total dose of antibiotics in two different time steps: the

first triggers the multilayer formation and the second targets this key region in the swarm.

Alternatively, when the swarm develops resistant colonies, we observed that these become

more vulnerable to other drugs, so a tratement using certain sequence of antibiotics could

be highly effective to kill multidrug resistant bacteria. These could lead to new strategies

to tackle antimicrobial resistance.
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Chapter 1

Introduction

1.1 Antibiotic resistance

The use of antibiotics is essential in most of the complex medical interventions such as

organ transplantation, management of patients with cancer and surgery [2]. In the scenario

of an infection, the antibiotic is transported along the different organs and diffuses through

the tissues eventually killing the infecting bacteria [3]. However, these microorganisms

adapt to a wide range of threats in their environment and can develop strategies to improve

their survivability in presence of external changes. Unfortunately, scientific development

of new drugs occurs slower (only 5 antibiotics introduced clinically in the last 20 years

[4]) than this adaptation which seriously compromises many clinical procedures and highly

decreases the successful outcomes of critically ill patients [5]. Therefore, new ways to tackle

antibiotic resistance and more insight into the already known resistance mechanisms are

needed.

One common case is that bacteria develop resistance due to stress under exposure

to sub-lethal concentration of antibiotics [6]. This naturally occurs in the human body

when treating an infection with antibiotics since the antimicrobials create gradients of

concentration in the tissues that not always kill the bacteria [7, 8, 3, 9]. In this scenario,

random mutations appear in subgroups of the population during the replication process.

Potentially, some of these mutations can alter the way bacteria machinery interacts with

the drug, protecting the cell against the antibiotic. As a result, populations which are re-

sistant to the drug will survive and overcome the susceptible ones. In many cases, changes

in this internal machinery leading to resistance come with a metabolic cost [5]. As a conse-

quence, the susceptible subgroup will grow faster in antibiotic free conditions. Therefore,

the presence of antibiotic works as a selective pressure to choose certain mutations, since

under treatment, just the resistant mutants survive. Those mutations may result in many
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and diverse mechanisms to deal with the antimicrobials.

One of the main strategies by which bacteria become resistant is the production of

enzymes which block the interaction of the antibiotic with its target [5]. Curiously, most

of the antimicrobials affected by these enzymes target bacterial ribosome [10]. Ribosomes

are the cell machinery which guarantees accurate conversion of the genetic information

into proteins [11].

1.1.1 Protein synthesis

These machines have two subunits (the big 50S subunit and the small 30S) which are made

by ribosomal RNA (rRNA) and proteins. The process by which ribosomes synthesize pro-

teins is called translation. In translation, ribosomes work as platforms which facilitate the

binding of complementary tRNA anticodon sequences to messenger RNA (mRNA) codons.

Here, mRNA functions as a template which binds to the 30S subunit and determines the

specific aminoacid sequence. The tRNAs carry the specific aminoacids which bind the

mRNA as it passes through. Translation takes place in three different stages: initiation,

elongation and termination [12].

During initiation, the two main subunits of the ribosome assemble around the target

mRNA. This new platform has three different sites where tRNA substrates can move

through: exit (E), peptidyl (P) and aminoacyl (A). The A site is the point of entry for the

aminoacyl-tRNA (aa-tRNA) or charged tRNA, except for the very first aa-tRNA, which

enters at the P site [13]. This first aa-tRNA gives place to the next step of protein syntheis:

elongation.

The elongation of the polypeptide starts when the elongation factor Tu (EF-Tu) adds

a new aa-tRNA to the A-site of the ribosome. This tRNA anticodon pairs the mRNA

codon by peptide-bound formation in the P- and A-sites. When P- and A-sites are occupied

by aa-tRNA, an aminoacid is transferred from P to A thanks to the enzymatic activity

of aminoacyltransferases. Now, the aa-tRNA loses its aminoacyl group giving place to

deacylated or uncharged tRNA and the aa-tRNA in the A site adds one aminoacid to the

chain [14].

Following peptide bond formation, the acceptor ends of deacylated (in P site) and

peptidyl tRNAs (in A site) translocate spontaneously into the 50S subunit’s E and P

sites, respectively. The anticodon ends of deacylated and peptidyl tRNAs maintain their

interactions with the 30S subunit’s P and A sites, respectively, resulting in hybrid P/E

and A/P binding states [15].

The process continues with translocation by which aa-tRNA is moved from the A- to
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P-site and uncharged tRNA from the P- to E-site at the 30S subunit. This translocation is

catalysed by the elongation factor G which facilitates tRNA transfer through the different

binding sites of the ribosome [10]. After translocation, the E-site is occupied by the

peptidyl tRNA coming from the A-site [13]. The cycle continues until a stop codon binds

the ribosome, releasing the peptide chain that is being formed (Figure 1.1a).

1.1.2 Ribosome-targeting antibiotics

The fact that protein synthesis is a fundamental process for any living organism, makes the

ribosome a very convenient target for antimicrobials since they would affect a fundamental

process in the cell, probably leading to cell death [16, 17]. Thus, most antimicrobials target

the 30S subunit of the ribosome. This subunit is formed by the 16S ribosomal rRNA and

19 different proteins. The 16S rRNA guides the start codon of the mRNA into the right

position. Conventionally, 16S rRNA is labelled with ”H#” to indicate the helix number.

Proteins are labelled ”S#” to indicate the different peptides involved in rRNA stabilization

[18].

The binding sites for the drugs are usually found along the path of the mRNA and

tRNAs. Depending on their chemical structure, antibiotics might bind to different parts

and hence, they will affect different processes within protein synthesis. Some antibiotics

as kasugamycin and streptomycin (str) affect the initiation by preventing a stable bound

state between the tRNA and the start codon of the mRNA. The other ribosome-binding

antibiotics alter the elongation process in two different ways: by blocking the delivery of

tRNA to the A-site or the subsequent translocation of the mRNA-tRNA complex. The

main group of antibiotics responsible for this disruption is called aminoglycosides [10].

Aminoglycosides are a group of antibiotics which contain, as a portion of the molecule,

an amino-modified glycoside (sugar) joined to a dibasic cyclitol. In most of them, this

cyclitol is 2-deoxystreptamine (2-DOS), such as in neomycin (neo), kanamycin (kan), gen-

tamycin (gent), etc; and a different chemical group for the aminoglycosides streptomycin

(str) and apramicin (apr) [19]. Neo, kan and gent increase the probability of accepting

a non-cognate tRNA during the translation process [20]. This causes misreading dur-

ing translation and premature termination of protein synthesis giving rise to misfolded

proteins which end up in the cell membrane [21]. The last process produces high polar

molecules which increase the permeability of the cell membrane and promotes the uptake

of more aminoglycosides by the cell.

One of the most used aminoglycosides to study bacterial adaptation in research is

kanamycin. Kanamycin prevents the formation of the initiation complex with messenger
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(a)

(b)

Figure 1.1: Ribosome structure and its aminoglycosides target sites during bacterial
protein synthesis. (a) During the initiation the 30S and 50S subunits of the ribosome bind,
together with the initiator tRNA and the mRNA in the P-site. The elongation of the polypeptide
involves the assembly of tRNA to the A-site by EF-Tu, which is inhibited by streptomycin (Stp) and
tetracyclines (Tet). Subsequent translocation of the tRNAs is catalysed by EF-G and inhibited by
the aminoglycosides gentamicin (gent), neomycin (Neo) and kanamycin (Kan) and spectinomycin
(Spt). (b) Ribosome-targeting antibiotics which target the 30S subunit of the ribosome bind into
different places. Binding into different sites disrupts the mechanism of protein synthesis in different
ways. Reproduced from [10].

RNA by binding irreversibly to the bacterial 30S ribosomal protein S12 and to the h44 of

16S rRNA (Figure 1.1b) [22, 23, 24]. The ribosomal protein S12 is located at the interface
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of the 30S and 50S subunits. This protein interacts with the 16S rRNA which selects

the tRNA which binds the A site [25]. Cryo-EM studies suggest that S12 contacts the

EF-Tu bound tRNA in the A site during codon recognition [26]. Since kan binds to the

S12 protein which presumably contacts the EF-Tu bound tRNA in the A-site, it will alter

the bound between mRNA to tRNA.

Gentamicin and Neomycin act in a very similar way. Nevertheless, neomycin contain

sugars at the C4 and C5 positions whereas kanamycin and gentamicin have a substituent

at the C6 and a hydroxil group at the C5. All these three antibiotics target both, the 30S

ribosomal protein S12 and the 16S rRNA. Apramycin and tetracycline have in common

that they bind the 16S rRNA and, unlike kanamycin, they do not target the ribosomal pro-

tein S12. Str reduces the rate at which cognate tRNA is selected. It binds a subunit which

connects h1, h18, h27 and h44 and it interacts with the protein S12 (Figure 1.1b). Finally,

spectinomycin targets the ribosomal protein S12 too but not the 16 rRNA. Spectinomycin

blocks the translocation of tRNAs from the A-site to the P-site by inhibiting the binding

of elongation factor G to the ribosome [27]. Even though it inhibits protein synthesis, it

does not cause misreading. In contrast to the aminoglycosides, it acts bacteriostatically

meaning that it does not kill the cell but it stops cell growth [28].

1.1.3 Mechanisms of resistance at molecular level

The majority of the ribosome-targeting drugs, such as aminoglycosides, chloramphenicols

and tetracyclines, target the elongation cycle [5]. To inhibit protein synthesis they need

to reach their targets inside the cell. Therefore, the antibiotic must penetrate at least the

cytoplasmic membrane to reach the ribosome. One of the strategies used by bacteria to

defend themselves is to decrease the concentration of antibiotic which is inside the cell.

This can be done in two different ways: by reducing the uptake of the antimicrobial or

actively pumping out antibiotic through efflux pumps.

There are many classes of efflux pumps and they differ in terms of energy source,

structural conformation and the specificity of substrates they can extrude. Depending on

the sort of pump, they will extrude a wide range of drugs or they will select specific ones

[29]. The main families of efflux pumps are: the major facilitator superfamily (MFS), the

small multidrug resistance family (SMR), the resistance-modulation-cell- division family

(RND), the ATP-binding cassette family (ABC), and the multidrug and toxic compound

extrusion family (MATE) [30].

Other mechanism of resistance is decreasing the affinity between drug-target. This

can be done in two different ways. First, with chemical changes in the binding site which
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reduces the affinity for the drug. This specific mechanism of resistance is very common

in ribosome-targeting antibiotics and it usually comes with a fitness cost, meaning that

bacterial growth rate will decrease with respect to the wild type [10, 31]. Second, by creat-

ing chemical changes in the drug producing aminoglycosides modifying enzymes (AMEs)

[20, 32]. Depending on how they modify the aminoglycoside, they can be classified in three

groups [33]: aminoglycoside phosphotransferases (APHs), nucleotidyltransferases (ANTs),

and acetyltransferases (AACs).

1.1.4 Cell growth

Many of these mutations might affect bacterial growth [10]. In bacterial growth, 4 different

distinct phases can be identified: lag phase, exponential phase, stationary phase and dead

phase [34].

During the lag phase, bacteria start to adapt to the new media. In this period, they

synthesise enzymes and other molecules but they are not able to divide. Between the no-

growth condition and the exponential phase there is a continuous transition and therefore

the lag time has no unique duration.

After adaptation, bacteria start replicating exponentially by binary fission. Here, bac-

terial culture mimics a first-order chemical reaction, and hence, the increase in number

of cells is proportional to the number of bacteria already present [35]. According to this

model of growth, the natural logarithm of the number of cells will lead to a straight line:

ln(N(t)) = ln(N0) +m(t− t0) (1.1)

where N(t) is the number of cells in the culture for a given time, N0 is the initial number

of cells before the lag phase finishes and m is the net growth rate of the organism. This

slope measures the number of divisions per cell per unit of time.

Theoretically, this relationship would be linear until bacteria finish the available nutri-

ents or oxygen sources. These sources are consumed progressively in a sequential pattern,

specifically the sugars [36]. This is called diauxie and it divides the exponential phase in

two different subphases. During the first one, bacteria metabolise the sugar on which they

grow faster. Once the sugar concentration is very low, cells undergo a small lag period

called diauxic shift when they produce the enzymes to metabolize the second sugar.

When the environment becomes very crowded, bacteria find difficult to uptake nutri-

ents or they are affected by inhibitory compounds segregated by their neighbours. This is

called stationary phase and, here, the growth rate and the death rate become very similar.
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Finally, the last phase named the death phase, the death rate overcomes the replication

death and the total turbidity of the sample decreases.

1.2 Swarming bacteria

So far, we have overviewed some of the mechanisms of bacterial resistance at a single

cell level, specifically to aminoglycosides antibiotics. Nevertheless, in nature, bacteria

live mostly in communities of millions of microorganisms that coordinate their behaviour.

These communities display a higher resistance to the antibiotics but the employed mech-

anisms are attributed to the emergent properties of the collective rather than to the

molecular mechanisms at single cell level. Thus, these collectives do not need to develop

genetically resistant bacteria to stand high concentrations of antibiotics or other stresses.

In the next sections, we will describe the two major forms of bacterial collectives, swarms

and biofilms, and we will focus on the former to explain the biophysical mechanisms under-

lying the emergent properties of bacterial swarms and their implications in antimicrobial

resistance.

1.2.1 Bacterial collectives

Swarms and biofilms cause 80% of infections, present a higher resistance to antibiotics,

compromise food safety and quality and have advantageous properties for industrial pro-

cesses [37, 38, 39, 40]. Swarming can be induced by soft (elastic modulus 20-100 kPa [41])

moist surfaces and recently, it was observed in mice intestinal tissues [42]. In laboratory

experiments, swarming can be promoted by inoculating cells on a semi-solid agar plate,

with agar concentration between 0.3% and 1.0% (w/v) [43]. When agar concentration is

lower (<0.3%), cells swim, instead of swarm, through the porous agar [43]. When first

inoculated, the swarm undergoes a lag period whose duration is quite stochastic and cor-

related to the incubation temperature, the species and the concentration of the inoculum

[44, 43]. During the lag phase, the inoculated cells undergo phenotypic changes such as

hyperflagellation, elongation and segregation of sufactants such as surfactin in B. subtilis

[45] and serrawettin in Serratia marcescens [46]. These surfactants reduce the surface

tension allowing the swarm to expand, once a critical cell density is reached. Within the

swarm the cells do not move as individuals. Instead, small groups of cells gather to move

collectively forming rafts [43], groups of about 20 cells which recruit bacteria from the

environment. These rafts are highly dynamic and they continuously exchange cells with

the surrounding environment [43]. Although these rafts are highly motile, they do not
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participate in the overall expansion of the swarm [47]. Instead, bacteria within the swarm

are continuously releasing surfactant to spread and reach further locations [48].

Biofilms are, like swarms, a collective state where planktonic cells attach to a surface

to then replicate and produce extracellular polymeric substances (EPS) that are essential

to form their characteristic matrix. This extracellular matrix contains a mix of water,

ions, DNA and proteins released by biofilm bacteria [49]. The matrix can act as diffusion

barrier that reduce the antibiotic levels inside biofilms [50], making them up to 1000 times

more resistant to antibiotics than planktonic cells [51, 52]. Unlike swarms, biofilms are

initiated in either hard-solid (colony biofilm) or liquid media (pellicles) and their formation

is favoured by stress-inducing chemicals [53, 54, 55].

1.2.2 The dynamic properties of swarming bacteria

Swarming bacteria are characterised by a coordinated way of surface locomotion. Thus,

despite many similarities, swarming is not just a collective movement of swimming cells

at high densities. Swarming is a natural state, i.e. cells “decide” to become swarmers

by undergoing phenotypical changes which give them an advantage with respect to the

planktonic state [56]. The trigger for such decision remains elusive although it is likely to

be related to the cell membrane or the flagella [57]. The proteins that modulate swarming

motility act upstream of the master regulator transcription factors. Environmental signals,

presumably the surface stiffness, act on the master regulators, activating flagellar gene

expression, and regulating the production of flagellar basal bodies [57]. In fact, although

the collective dynamics of swarms and swimmers at the same cell density are very similar,

it has been demonstrated that they show distinct patterns in confinement [42].

The hydrodynamic properties of swarmers make them the fastest mode of bacterial

locomotion, reaching speeds up to 70 µm/s [44]. The distribution of velocities in a swarm

is gaussian, meaning that the cells do not have a preferred direction of expansion. Even

in presence of chemoattractans or chemical cues, swarmers do not bias their trajectories,

unlike swimmers [58, 59]. The hydrodynamic properties of the swarms are also affected

by the cell shape. Swarmers have a larger aspect ratio with respect to swimmers and,

their swirling motion characteristic of elongated particles confers supperdiffusivity, used

by bacterial collectives to actively mix up nutrients and oxygen [60, 61]. Super-diffusivity

on a surface happens when the mean square displacement (MSD) follows a power law

with exponent greater than 1. In B. subtilis and S. marcescens swarms, this exponent

is 1.6 [62], which decreases for high cell densities. In B. subtilis swarms, aspect ratios

from 1 to 9 permit normal swarming dynamics, characterized by a unimodal distribution
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of surface densities and a Gaussian distribution of the velocities (kurtosis close to 3).

When the aspect ratio is >10, the swarm segregates in two subpopulations with high

and low surface densities. The velocity distribution gives very large kurtosis, indicating

heavy tailed distributions, unlike for smaller aspect ratios. Cell shape not only affects the

distribution but also the magnitude of the velocities which reaches a maximum value of 50

µm/s for aspect ratios around 5 [63], which matches nearly the WT’s shape. For lower or

higher values of aspect ratios the speed decreases by nearly 5-fold, indicating that there

is a preferred aspect ratio to reach the maximum speed (for aspect ratios of 3.8 or 8).

Seeing how these changes in the physical parameters affect the swarm suggests that

there is a set of values that can enhance or detriment swarming motility. Indeed, certain

combinations of cell shapes and cell densities can enhance or even prohibit swarming

[63]. At surface coverages lower than 0.15, cells are practically immotile. This bottom

threshold is slightly reduced for large aspect ratios, suggesting that high aspect ratio

favours swarming at low surface densities. Increasing surface densities up to a threshold

of 0.8 enhances swarming motility but, for higher values, cells stop moving efficiently and

form a jam phase [56, 63]. This threshold again depends on the aspect ratio since larger

aspect ratios permits swarming at surface coverage slightly greater than 0.8.

Aspect ratio, cell speed and density are not uniform throughout the swarm. The

centre of the colony is typically formed by immotile or poorly motile cells [45, 44], which

is sometimes referred to as the biofilm state [56, 44]. However, whether these immotile

cells express biofilm-related genes is something that has not been studied so far. The

region of highest motility is just behind the advancing front (cell speed ∼ 70 µm/s), which

also corresponds to a region of high cell density (0.07 cells/µm2) [44], in agreement with

the theory of collective motion which predicts that high cell density in active particle

systems leads also to higher velocities [56]. In addition, the denser the swarm, the larger

is the variation in local instantaneous density since dynamic clusters split and merge which

eventually leads to giant number fluctuations [64].

Swarming bacteria can take advantage of this variability in cell speed to promote

bacterial segregation within the swarm [65]. Thus, single-cell tracking revealed that in

E. coli swarms exposed to a kanamycin gradient, cells with larger cell speeds within the

swarm were more biased to go towards the outer region of the swarming colony. In this

case, the difference in speed arises from a transient increase in resistance in subpopulations

of bacteria within the swarm (heteroresistance) [66]. These bacteria will not be affected by

the kan and hence their speed will be higher than the surrounding bacteria. This implies

that the more tolerant cells are segregated to the leading edge. Due to this mechanism,
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the swarm could invade regions of antibiotic concentration 3.5 times higher than the MIC.

The relationship between how bias the tolerant cells were to go outwards and their cell

speed, increased linearly, indicating that higher speeds enhance this phenomenon.

Another example of emergent properties in swarms is that they can work as a carriers

of particles or even other bacteria [67]. This property can suppose and advantage for the

swarm itself since it has been reported that swarming Paenibacillus vortex carries cells

that confer advantage against antibiotics. Indeed, swarming P. vortex can invade regions

of high ampicillin concentration by carrying antibiotic resistant non motile E. coli which

synthesizes enzymes that degrade ampicillin. In absence of ampicillin E. coli was not

needed, i. e. the relative amount of E. coli dropped to 0.06 as supposed to 1.3 when the

antibiotic was present [67].

The elongated shape of swarming bacteria plays also a protecting role for the swarm

against macrophages by preventing engulfment. Overnight cultures of swarming Serratia

liquefaciens with the phages led to an only 4-fold increase in phage number whereas it

resulted in a 20-fold increase when the phages were co-cultured with swimmers. This

difference was due to the different cell length between swimmers and swarmers. After 5 h

of co-culture with the swarmers, the number of cells shorter than 10 µm were completely

cleared but the number of cells longer than 20 µm increased dramatically.

To sum up, we have seen that the physical interactions within the swarm have im-

portant implications in the ability of the colonies to tolerate stress. This pinpoints the

importance of understanding the physics of these systems to tackle and predict how they

can adapt to antibiotic treatments. This also indicates that there could be yet new phys-

ical mechanisms that could confer swarms with higher tolerance to stress. One emerging

field with the ability to predict new phenomena in swarming bacteria is active matter and

it will be the subject of study in the coming section.

1.2.3 Swarming bacteria as an active matter system

The field of active matter studies systems out of thermodynamic equilibrium in which

the individual units consume energy from the environment to convert it into motion or,

equivalently, kinetic energy. Its aim is to shed light onto the fundamental principles leading

to the emergence of large-scale patterns and behaviours not present in the thermodynamic

equilibrium [68]. As overviewed in the previous section, the characteristic phenomena

emerging from active matter can have physical and biomedical implications and those

implications are not exclusive of bacteria, but also in tissue cells and artificial systems

[69, 70].
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Research on the biophysics of collective motion started with the seminal work of Vicsek

on active particles [71]. In this initial model, the active particles are represented as an

ordered phase where each particle is associated to a velocity vector of fixed magnitude,

which is aligned to the mean of its neighbors’ velocities, within an angular tolerance.

Each moving particle generates fluid flow, which moves and reorients other swimmers far

away. These flows create constant stresses that stir the fluid and affect the other particles,

resulting in large wavelength fluctuations, a hallmark of active systems [72].

The main difference in the density fluctuations of passive and active matter systems can

be understood by a quantitative description. For systems at equilibrium, the fluctuations

in cell density should decrease proportionally to the square root of the number of particles

[56]. By definition, the density ρ is the mean number of particles N in a given area

A (ρ=N/A). According to the central limit theorem, which only works at equilibrium,

∆N∼
√
N , being ∆N the standard deviation of the number of cells. From here, we can

establish the following relationship for the fluctuations in cell density at equilibrium:

∆ρ

ρ
=

∆N

N
∼ 1√

N
(1.2)

which goes to zero with increasing number of cells. In contrast, the theory for active

systems says that the central limit theorem is not valid, since these systems are inherently

out of equilibrium. For this case the standard deviation of cells ∆N ∼ N [56], so making

a similar calculation we can conclude that ∆ρ/ρ ∼ 1, i. e. the density fluctuations do

not decrease with increasing density. This phenomenon is known as giant fluctuations,

and makes clear that the density within an active matter system is highly irregular. This

has been reported experimentally in both non-living systems of active matter [73, 74], and

swarming B. subtilis [64] although with a lower exponent, ∆N ∼ N0.75. This confirms

that swarming bacteria behaves according to the theory of collective motion.

The theory of collective motion makes a second important prediction that, in principle,

can be applied to bacterial swarms. This theory suggests a well-defined phase transition

from a disordered phase to a coherent flock where active particles aggregate into clusters

even in the absence of cohesive forces [72]. This aggregation is based on feedback between

the decrease in particles’ speed at high concentration, caused by physical interactions,

and the spontaneous accumulation of active particles in the places where their speed is

lower [75]. When the particles’ speed is sufficiently high and their concentration is in

the appropriate range (surface coverages of 0.3-0.8 or 0.6-0.7 for round or rod-shaped

particles, respectively [76, 1]), inherent density fluctuations are amplified by the particles’
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slowing down, and the system effectively phase separates into high-density/low-motility

clusters surrounded by a low-density high-motility phase [77]. This implies that high

cell density and motility in bacterial swarms could result in an emergent phenomenon of

phase separation from a dilute phase of fast movers into a dense phase of slow movers,

resembling liquid-gas phase separation. This phase separation is known as motility-induced

phase separation (MIPS) and it is impossible for passive colloidal particles in absence of

attractive forces (Figure 1.2a). While the experimental validation of this theory is yet to

be seen in bacterial swarms, a numerical model of active rods suggests that this is due to

the high aspect ratio of swarming cells since increasing aspect ratios restrict the region

where phase separation is possible [1]. To map the phase diagram of MIPS, normally the

surface coverage or cell density of the system is plotted against the speed or the Peclet

number (Pe), which is a ratio between how much the particles move due to active motion

and how much due to diffusion (Figure 1.2a). This shows a region of the space diagram

where MIPS is possible and whose shape depends on the specific system.

The shape of the MIPS region can be predicted and characterized by means of numer-

ical simulations. However, the theory has a number of assumptions and limitations that

differ from experimental systems such as swarming B. subtilis . The closest numerical

simulations to a system of swarming bacteria have been carried out by [1] for a system

of 2D disks. We justify that the 2D system of rods represents better swarming bacteria

than 3D spherocylinders because swarming bacteria are confined in a thin layer of liquid

on a surface, so it is considered as a quasi-2D system. In these numerical simulations, the

model calculates the rotational Peclet number (Per) for individual particles whereas this

is not possible for swarming bacteria since in swarms the cells travel in rafts of cells. This

might affect the values of Per for which MIPS is possible in the experimental system vs in

the model. Another crucial difference between the model and the theory is the aspect ratio

of the particles. In the model, MIPS disappears for particles with aspect ratios larger than

2 but swarming B. subtilis has a typical aspect ratio of 7 [44]. These and other differences

have been summed up in Table 7.1.

This phase separation has been characterized in experimental studies mainly through

the next magnitudes:

Temporal correlation: Represents how similar two vectors are when separated in time

in both magnitude and direction. Applied to velocities, it is defined as:

Iv(∆t) =
< v(x, y, t) · v(x, y, t+ ∆t) >

< v(x, y, t) · v(x, y, t) >
(1.3)
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where v is the velocity field, x and y the positions of the active particles in the 2D plane and

t the time. Triangle-like brackets denote averaging over all positions. The autocorrelation

function represented against the lag time ∆t provides useful information about the time

scale of the system. Thus, within the characteristic autocorrelation time τ the dynamics

of the system are supposed to remain invariant. Taking logarithms in the autocorrelation

function, we obtain a straight line whose slope gives the autocorrelation time.

Spatial correlation: represents how similar certain velocity vector at certain position

is with respect to those that surround it. For each spatial direction, the expression is:

Cvx(∆x, y) =
< vx(x, y, t)vx(x+ ∆x, y, t) >

< vx(x, y, t)vx(x, y, t) >
,

Cvy(x,∆y) =
< vy(x, y, t)vy(x, y + ∆y, t) >

< vy(x, y, t)vy(x, y, t) >

(1.4)

For systems that have radial symmetry, it is convenient to calculate instead the radial

correlation defined as:

Cr =

√
C2
vx + C2

vy

max(
√
C2
vx + C2

vy)
(1.5)

In the case of bacterial swarms it has been suggested that the temporal autocorrelation

does not represent the physical system accurately when big differences in velocities exist.

This is because the autocorrelation function is biased towards elements with high speed

[47]. Thus, contribution by particles with low velocity is small and the function cannot

detect the different behaviours between the fast particles and the slow ones. This difference

becomes more important when bacteria are affected by antibiotics since their velocity

decrease and can segregate into subpopulations of motile and non motile cells. To overcome

this, the velocity vectors presented in Equation 1.4 will be normalized such that they

become unitary vectors. Hence, these magnitudes will represent the normalized vector

field or directions of the velocities. This directional or angular correlation function is

defined as:

Îv(∆t) =< v̂(x, y, t) · v̂(x, y, t+ ∆t) > (1.6)

where v̂(x, y, t) = v(x,y,t)
|v(x,y,t)| .

The theory of active-matter predicts heavy-tailed auto-correlation velocity functions at

the single-particle level [78], which has only been confirmed recently [62]. This implies that

the autcorrelation functions decay as a power law Iv(∆t) ∼ t−α instead of an exponential.

For 2D active particles on a substrate is estimated that α = 1, although this is difficult to

check experimentally given the challenge of tracking single cells in a swarm.

Another important magnitude that we briefly talked about in the previous section is the
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kurtosis or more generally the fourth moment of the velocity probability distribution.The

moments are quantitative magnitudes used to characterize a probability density function.

The nth-order moment of a continuous function f(x) about a value c is:

µn =

∫
(x− c)nf(x)dx (1.7)

The first moment represents the mean, the second central moment is the variance, the third

and the fourth normalized central moments are the skewness and the kurtosis, respectively.

The skewness is the measure of asymmetry of the probability distribution. A totally

symmetric distribution would have a skewness of 0. The kurtosis represents the measure

of tailedness or similarly the presence of outliers of the distribution. For a Gaussian

distribution, this magnitude acquires a value of 3. Larger kurtosis display a larger peak

around the mean whose tails drop faster than a distribution with lower kurtosis [79].

The magnitude of the speed and kurtosis have demonstrated to be affected by by

sub-lethal concentrations of antibiotics, specifically by the aminoglycoside kanamycin.

Kanamycin reduces the motility of the cells in B. subtilis swarms and results in changed

collective dynamics. In particular, the velocity distributions become heavy-tailed (kurto-

sis up to 14) and the characteristic decay of the correlation function of the normalized

velocity field turns into a double exponential decay [47]. It was found that this anoma-

lous dynamics is caused by immotile rafts that appear when the swarm is treated with a

homogeneous concentration of kanamycin.

1.2.4 Phase separation: nucleation and growth and spinodal decompo-

sition

As we mentioned in the previous section, bacterial swarms are predicted to undergo MIPS

and phase separate. In classical thermodynamics, phase separation is a transient process

by which an initially well-mixed equilibrium state suffers a change in its thermodynamic

conditions (temperature, pressure, chemical potential, etc.) and results into a demixed

equilibrium state. The thermodynamic variables tilt the global balance between contri-

butions that promote molecular mixing, such as entropy (entropy always increases upon

mixing since the system becomes more disordered), and those that promote demixing,

such as attractive interactions. The most stable phase is the one with the lowest Gibbs

free energy (G), so any variable affecting G can also affect the phase.

The phase transitions between two states of the matter can be characterized by the

phase diagrams that plot the evolution of the system in function of two thermodynamic
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Figure 1.2: Phase separation in active matter systems. a) Phase diagram of a system of
spherical active brownian spherical particles where the shaded region indicates where the system
undergoes MIPS. Inspired from [75]. b) Phase diagram of phase separation indicating the possible
phase transitions through either binodal or spinodal decomposition in a binary mixture in function
of temperature and the relative concentration with respect to the critical point (φc). Adapted
from [80]. c) Difference between a binodal phase transition, where new domains nucleated and
then grow in size, and spinodal decomposition where large instabilities give place to a mixture of
two phases in absence of an energy barrier. Adapted from [81]

variables such as pressure and temperature. In phase diagrams, the different phases are

separated by the coexistance lines which determine the phase transition from a mixed

state to a demixed state. For example, in the case of water, the phase diagram has three

states: solid, liquid and gas; and the coexistance lines separate each of these. In the case

of the solid-liquid transition, the coexistance line exists for any given value of pressure and

temperature. This is because the solids have a certain symmetry that the liquids lack so

no matter how much the temperature or the pressure increase, the solid will always have to

lose this symmetry to become a liquid, i. e. there is always a phase transition. This does

not happen for the coexistance line between liquid and gas. An increase in pressure has

little effect in the liquid state since liquids are difficult to compress. On the contrary, the

gas phase is very compressible and a pressure rise leads to fewer possible positions for its
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molecules, i. e. its entropy decreases too. As the molecules are closer together,it is easier

to make bonds which decrease the overall energy. Therefore, for high enough pressures the

energy difference between the liquid and gas phase disappears up to a point where both

phases are indistinguishable. This point is called the critical point (Figure 1.2b).

Commonly, a phase transition happens through the formation of nuclei that grow in

size until they merge and form the new phase. Again, we can use water near the freezing

temperature as an example of this nucleation. The liquid water, upon slow decreases in

temperature, will form small blocks of ice (the nuclei). This is usually what happens with

phase transitions once crossed the coexistance line, also known as the binodal line. This

phase transition is not only applicable to different states of matter but also to mixtures

of solvents or alloys. In this case the binodal curve defines the region of composition and

temperature across which the miscibility of the components changes: in one side of the line

the components would be miscible and in the other each component would be separated,

such as the blocks of ice on the water (Figure 1.2b). The reason for the mixed state to

become demixed is that it minimizes G, the magnitude that determines the stability of

the solution. This will happen only on one side of the binodal line where single-phase

mixtures are unstable or metastable so the system tends to separate its components.

There is a way to bypass this nucleation processes and still undergo a phase transition,

which can only happen when the system phase transits through the critical point. Here,

the mixed phases become globally unstable as the critical point is approached and large-

scale fluctuations emerge. Unlike nucleation, this process does not have an energy barrier

to overcome so such fluctuations lead to highly dynamic and unstable phase separated do-

mains that eventually become stable below the critical point, establishing a characteristic

morphology that may coarsen with time. This phenomenon is coined spinodal decomposi-

tion (Figure 1.2c). Spinodal decomposition happens for example upon an abrupt decrease

in temperature (quench) of a liquid phase. As we said before, for this liquid phase to be-

come solid, the molecules need to occupy specific locations that confer certain symmetry.

Nevertheless, if the temperature drops fast enough, the molecules will not have time to

reorganize themselves to form the symmetries, resulting in a mixed state between liquid

and solid.

Inside the binodal curve, the system is metastable and, inside the spinodal curve, the

system is unstable. Therefore, the spinodal separates an unstable region from a metastable

region. Both curves meet at the critical point and this is the only point where the system

can undergo a purely spinodal phase transition (Figure 1.2b). A phase transition following

any other trajectory in the phase diagram would be either purely binodal or a combination
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of both. The spinodal curve is not a sharp boundary in real systems as a result of fluc-

tuations. In alloys, this decomposition happens uniformly throughout the material unlike

the binodal decomposition that occurs just at specific nucleation sites.

So far, we have talked about systems that are at equilibrium, where the internal energy

of the system remains constant. Bacteria are quite the opposite, they are injecting energy

to the system by transforming nutrients into motion (kinetic energy). This new source of

energy shifts the binodal and spinodal lines in the phase diagram. Referring back to the

example of water, if water was like bacteria and the molecules were active particles, we

could observe water becoming ice spontaneously in a hot summer day. Thus, this shift

in the phase diagram can introduce long-lived nonequilibrium steady-states that display

phase-separated morphologies.

A clear example of phase separation in living systems is fruiting body formation in

Myxococcus xanthus [82]. Here, the phase separation is characterized in terms of cell

density and a dimensionless Peclet number calculated as the ratio between the cell speed

and the reversal rate of the bacteria. Fruiting body happens through a physical mechanism,

meaning that cells do not have a sensory mechanism to change their motility in response to

specific chemical or mechanical stimuli. Rather, the collective mechanics naturally induces

phase separation of the entire population. This phenomenon can be described within the

framework of the MIPS theory. During fruiting body formation, the authors demonstrate

that M. xanthus can phase separate through both nucleation and growth and spinodal

decomposition, for low or high inoculation cell densities respectively.

The phase separation kinetics depends mainly on two factors: the nucleation, growth

and coarsening rates and the rate-controlling physical transport mechanism that can vary

across different systems. One of the main analytical tools to categorize and comprehend

phase separation kinetics is dynamic scaling. Dynamic scaling assumes that the time

evolution of the phase separation is always given by the same principle and therefore

controlled by a single emergent length scale L within a given interval. This implies that the

emergent domains display self-similarity in time, i. e. features of the domain morphology

increase in size with time, but without altering their properties. In other words, considering

the morphology in a region of size L at time t1, would be equivalent to the morphology

within a region of size L(t2/t1)n for a later time t2, where n is the dynamic scaling

exponent [80]. This method allows the characterization of a wide variety of systems just

by scaling L with time. For example, it is normally found that the average domain size
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< s > increases as a power law of the time:

< s >= (Kt)n (1.8)

Where K is a prefactor that, together with n, depends on the mechanism underlying the

phase transition. A list of prefactors and exponents associated to different mechanisms

can be found in the table 1 of [80]. This scaling approach has been used to characterize

experimental systems such as Janus particles and bacteria [83, 84], where n is estimated as

in Equation 1.8. Another example is fruiting body formation of M. xanthus where for high

densities, the transition is abrupt with a well-defined length scale of the phase-separated

domains that increases with time as a power law as the domains grow self-similarly [82].

In practice, this scaling law is calculated across distinct processes during phase sepa-

ration. The first characteristic stage is the growth of the nuclei, which dominates during

early stages following nucleation. Notice that for early times, the exponent n will be un-

derstimated since the nucleation and growth processes overlap. Here, the scaling law in

Equation 1.8 applies to individual nucleated domains until the nucleation rates become

negligible. Then, Equation 1.8 will describe mainly the population average < s >, since

it will consider old big nuclei that have grown already and the recently small nucleated

ones. Finally, the growth of the nuclei leads to coarsening, the final stage of the phase

separation.

An interesting a approach to characterize the process of phase separation and more

specifically the characteristic shape features of the nucleated domains is by parametrizing

the boundaries with Fourier series [85, 86, 87]. Fourier series provide a way of represent-

ing functions as a sum the periodic functions sin and cos. The series can be used to

parametrize a closed contour by describing the x and y coordinates of such contour as:

x(t) = a0 +

∞∑
n=1

ancos
2nπt

T
+ bnsin

2nπt

T
,

y(t) = c0 +
∞∑
n=1

cncos
2nπt

T
+ dnsin

2nπt

T

(1.9)

where

a0 =
1

T

∫ T

0
x(t)dt

an =
2

T

∫ T

0
x(t)cos

2nπt

T
dt

bn =
2

T

∫ T

0
x(t)sin

2nπt

T
dt

(1.10)
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and equivalently for c0, cn and dn just swapping in the previous equation x by y. In this

description, the boundary is divided in small segments. Each of these segments take a

time T to traverse. The individual segments in the contour are defined as described in

Fig. 1a in [85], and t is the time required to traverse those segments.

The important characteristic of this definition is that it decomposes complex shapes in

very fundamental modes that then can be quantitatively compared. This description have

been successful at describing differences in cranial shapes [88], shape changes of human

fetus over time [89] and extracting geometric signatures of different phases in alloys [90].

Thus, Fourier series can offer a useful description when identifying common features in

the nuclei shapes during phase separation.

1.2.5 Models of MIPS

While the physics of phase transitions at equilibrium is very well studied, active dynamics

need further description beyond traditional themodynamics and this gave rise to new

models that study the physics out of thermal equilibrium [78, 91, 92]. Two of the most

widely used are the run-and-tumble particles (RTP) and the active Brownian particles

(ABP). RTP is more used for swimming bacteria performing run and tumble motion. The

model represents bacteria as single particles travelling in a straight line at constant speed

v0 for intervals interrupted by a random tumble event, which reorients the bacteria to

swim in a different direction [93]. These reorientations happen at a rate α. For example,

for E. coli v0 can go from 1 to 50 µm/s and the tumbling rate is around 0.1 s−1 [94].

This model is not only applicable in bacteria but also for other active particles such as

mammalian cells. The main difference in the model would be in these two parameters

since in mammalian cells v0=15 µm/h and α=0.2 min−1, so they also reorient slower [95].

The case of ABPs is slightly different but it usually leads to similar results as RTP unless

the particles are under confinement [96]. In ABP, the cells have a persistent motion of

fixed speed whose trajectory is randomized by noise. Spherical ABPs with repulsive-only

potentials is one of the simplest models to study the many-body physics of active matter

[92]. With this model, the system can undergo MIPS through spinodal decomposition by

tuning the persistence length and the density of the particles. Thus, MIPS occurs when

the time for a particle to re-orient after a collision becomes long relative to the typical

mean free time between those collisions [77].

Such agent-based standard models are complemented by continuum field theory. Con-

tinuum models describe the evolution of continuous variables such as velocity and the

density [92]. The simplest model of spinodal decomposition is given by the Cahn-Hilliard
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continuum model of a binary alloy [96]. According to this model, the binary alloy spon-

taneously separate and form domains of each component which grow in time according to

a power law [97]: L(t)∼ t1/3, where L(t) is the typical domain size and t is the time. The

concentration of each domain is described by the nonlinear diffusion equation:

∂c

∂t
= D∇2µ (1.11)

where D is a diffusion coefficient and µ the chemical potential. The chemical potential

mainly depends on the length of transition between the domains, which is the main pa-

rameter to change in numerical simulations.

To fully characterize the dynamics of bacterial suspensions continuum models incor-

porate a variety of effects such as steric interactions, alignment and meso-scale turbulence

[98]. In continuum theory, steric interactions (through volume exclusion) and alignment

(through elongated shapes) are the key components for MIPS to emerge. Aditionally,

experiments using suspensions of Bacillus subtilis [99, 100], Escherichia coli [101, 102]

and Serratia marcescens [103] demonstrate that these systems also present meso-scale tur-

bulence. In the models, meso-scale turbulence emerges when combining alignment and

hydrodynamic interactions (through self-propulsion in the surrounding medium).

1.3 Objectives

The implications of the novel dynamic properties coming from the active matter theory

in bacteria are still not well understood. This is partially because of the lack of controlled

experiments that can characterize the predicted phenomena in living systems such as

phase transitions. It was only recently that MIPS was linked to fruiting body formation

in Myxococcus xanthus or glassy dynamics of multilayer formation in growing colonies of

Pseudomonas aeruginosa [104, 105].

In this work, we aim to unravel novel biophysical mechanisms that bacterial swarms

use to overcome antibiotic gradients. We will use swarming B. subtilis to understand how

swarms can react to sub-lethal concentrations of antibiotics and to other stresses such as

physical confinement. As aminoglycosides can induce biofilm formation in planktonic cells,

we will study whether this is also possible in swarms, a question that remains unexplored

since swarms and biofilms are believed to be antagonistic [106, 107].

Secondly, we will map and sketch a phase diagram where swarming bacteria can po-

tentially undergo MIPS by measuring the Pe and the surface coverage of the system at

different stages. As kanamycin changes the dynamic properties of the swarm, we will use

32



the antibiotic to see how different dynamics can give place to different phase transitions.

Such transitions will be quantified following the dynamic scaling method overviewed above

during the three main regimes in a phase separation: nucleation, growth and coarsening.

Finally, we will study whether swarms can develop resistance at single cell level in

antibiotic gradients, as it happens for the swimming counterparts. We will quantify the

resistance for several antibiotics and suggest sequential administration strategies using

different antibiotics to try to mitigate the emergence of such resistance. We believe these

questions will unravel novel pathways that swarms can use to tolerate antibiotics and it

will shed light onto new properties predicted by the active matter theory that bacterial

collectives could use to become more resilient.
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Chapter 2

Swarming B. subtilis undergo a

localized phase separation to form

stress-induced biofilms

2.1 Introduction

The ability to respond and adapt to environmental cues and stresses is crucial for the

survival of species [108, 109]. In addition to general stress-response pathways at individual

cell level, which activate target genes in response to a variety of stresses, multi-cellular

systems can tolerate stresses through self-organization, i. e. the emergence of order in

space and time resulting from local interactions between individual cells [110, 111, 112]. An

example of this organization are biofilms, which have been considered as a type of stress

response due to their elevated tolerance against various stresses, including antibiotics,

extreme pH and temperature [113, 114, 115]. The biofilms’ resilience is associated with

physicochemical properties of their EPS [37], metabolic coordination [116], slow cell growth

[50], and in the case of air-exposed biofilms, diffusion barrier by archetypical wrinkled

morphology [117]. Biofilm formation can be induced, from planktonic cells, by a wide

range of biochemical and mechanical stressors, such as aminoglycoside antibiotics [53],

redox-active compounds [54], nutrient depletion [55] and mechanical stress [118].

Swarms, another example of collective coordination, can also tolerate antibiotic treat-

ments that are lethal to individual cells -although in a less extent than biofilms- through

motility-induced mixing and reduced small-molecule uptake [119, 120, 121]. Therefore,

the swarm’s ability to withstand high antibiotic concentrations could therefore lead to

the subsequent development of highly resilient biofilms in regions that could not have
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been reached otherwise. Nonetheless, this possibility has been widely neglected since it

is believed that these two forms of collective behaviour are antagonistic. The reason for

this comes from the studies in the first step of biofilm formation, the irreversible attach-

ment to the surface. The internal machinery of the cell plays an essential role in the

attachment and plays an antagonistic role in swarming motility and biofilm formation.

For example, in P. aeruginosa, the proteins SadC, SadB, and BifA are required for the

switch from reversible to irreversible attachment by regulating several surface-associated

behaviors, including swarming, EPS production, and modulation of flagellar reversal rates

[106]. Merritt et al. [107] demonstrated that deletion of sadC results in a hyperswarming

strain deficient in polysaccharide production necessary for the EPS. Similarly, SadB was

found to inversely regulate biofilm formation and swarming motility via its ability to both

modulate flagellar reversals in a viscosity-dependent fashion and influence the production

of exopolysaccharides. In contrast, inactivation of BifA was shown to promote hyper-

biofilm formation and severe swarming defects [122]. Therefore, whether the transition

from swarming collectives into more resilient biofilms when exposed to stressors is possible

and how the transition can be initiated, is unknown.

Understanding biophysical mechanisms regulating the emergence of tolerance through

bacterial collective behavior is important to understand whether these emergent properties

can trigger unexpected behaviors in bacteria. For example, collectively moving clusters of

planktonic E. coli cells can colonize regions of high antibiotic concentration only when the

cluster is above a threshold size [123], highlighting the potential biological advantages of

structures that can emerge spontaneously in a group, as a consequence of the physics of cell

motility. Theoretical models of collective motion have repeatedly predicted that, at a suf-

ficient concentration, a collection of motile particles can spontaneously form high-density

clusters of particles [75, 124]. This transition, known as Motility Induced Phase Separa-

tion (MIPS), suggests that persistent heterogeneity in cell density -the MIPS clusters- can

develop spontaneously when both cell speed and density are appropriate (Figure 2.1, gray

U-shape region) [125]. Therefore, such phase separation should be observed in swarming

bacteria and the absence of this observation has been a subject of discussion in recent

studies [56]. Given that cell-density heterogeneity can induce biofilm formation mediated

by localized cell death [126, 127], we wondered whether the heterogeneity caused by puta-

tive MIPS-like clusters could in turn underpin the transition from bacterial swarms into

biofilms (Figure 2.1). As MIPS-like clustering is an emergent phenomenon arising from

physical interactions between individual agents, it may endow swarms with a collective

response to a wide spectrum of stressors that cause changes in cell motility and/or density.
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Figure 2.1: 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 cell density 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 cell
density gives rise to macroscopic spatial heterogeneity in cell density (stage 4), which can lead to
the formation of biofilms (stage 5).

Here we show that B. subtilis swarms can indeed transit into biofilms through a MIPS-

like process, induced by physical or chemical stresses applied at the swarming front. The

stresses promote a localized phase separation where the expanding swarm monolayer gen-

erates multilayer clusters of cells. Based on the insights gained from our investigation, we

then showed that targeting the multi-layered region by administering a given amount of

antibiotic in two separate doses is effective in suppressing the formation of biofilms from

swarming cells.

2.2 Results

2.2.1 Swarming expansion in a kanamycin gradient

To examine if a stressor triggers biofilm formation from a swarming colony, we performed

swarming assays using B. subtilis with a spatial gradient of the aminoglycoside kanamycin.

Concretely, a diffusive disk containing 30 µg of kanamycin was placed on the side of a

swarming plate (0.5% agar) and allowed to rest for 24 hours to establish an antibiotic

gradient (Figure 2.2a and b). An inoculum of B. subtilis culture was then placed at the

centre of the dish, 4 cm away from the kanamycin source, and the plate was imaged while

being kept at 30◦C (Figure 2.2a). The amount of kanamycin in the agar was estimated

up to 2 cm away from the kan disk for 3 timepoints: when the bacteria were inoculated
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Figure 2.2: Characterization of the kanamycin gradient and its effect in the expanding
swarm a) Schematics of swarming bacteria expanding concentrically from the centre of a 9 cm
Petri dish. Kanamycin disk was placed for 24 hours to form a spatial gradient. b) 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 h on the swarming agar plate. At this point bacteria
were inoculated in the centre of the plate (t = 0 h). The kanamycin concentration was measured
again 20 and 44 h later to check the evolution of the gradient with time. The MIC for B. subtilis
(5 µg ml−1 ) has been indicated with a dotted line. Data indicate the mean and s.e.m. of three
independent replicates. c) Speed of the swarming front when approaching the diffusive disk. In
presence of antibiotic the front speed rapidly decays to then halt completely before it reaches the
disk. When a blank disk is placed instead, the swarm invades the whole plate and the decay in
speed is not observed (green curve). The position in the plate corresponding to the MIC (dotted
line) was calculated by looking at the position of the MIC in b).

(0 h), 20 and 44 h later (Figure 2.2b). To see how this concentration profile would affect

the swarm, we estimated the MIC of planktonic B. subtilis by making 5 cultures with

kan concentrations from 1 to 5 µg ml−1 . After an overnight culture, there was no visible

growth for the culture at 5 µg ml−1 so we define this concentration as the minimum

inhibitory concentration (MIC). According to the estimation of the kan profile, the MIC

happens at a distance of 0.9 cm from the kan disk. As this MIC is for planktonic cells, we

expect the swarming front to reach farther than this point due to its increased tolerance

to antibiotics.

After inoculation, the swarm underwent a 2 hours lag period that then led to a rapidly

expanding swarming front, whose speed increased the bigger the colony became (Fig-

ure 2.2c). When the expansion began, the front speed was 1.8 mm/h to then peak 1 cm

away from the disk at a speed of 5 mm/h, where became progressively slower towards the

source of kanamycin until it completely stopped 0.3 cm away from the disk (Figure 2.2c

and Video 1). According to our measurements, at this distance the concentration of kan

was expected to be around 30 µg ml−1 , confirming that swarming bacteria are more re-

sistant to the antibiotic than in the planktonic state. In absence of kanamycin, the front

just kept expanding until it invaded the whole agar plate (green curve in Figure 2.2c).
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2.2.2 Swarming B. subtilis transitions into a biofilm in presence of a

spatial kanamycin gradient

After incubating the plate at 30◦C for 36 h more, the colony developed prominent wrinkles,

the morphological feature of B. subtilis pellicles and colony biofilms [128, 129], across a

3 mm band 1.3 cm away from the kanamycin disk (Figure 2.3a), where the antibiotic

concentration is approximately the calculated MIC (Figure 2.2b).

To further verify the association of these wrinkles to biofilms, we repeated the as-

say using ∆eps, a mutant known to be uncapable of forming biofilms [130], but capable of

swarming (Video 2), and confirmed no wrinkles with this mutant (Figure 2.2b). The emer-

gence of wrinkles across a 3 mm-band away from kanamycin suggests that the swarm-to-

biofilm transition corresponds to exposure to a certain concentration range of kanamycin.

We checked this by increasing the concentration of antibiotics in the disk and we observed

that, indeed, the wrinkles appeared further away from the disk (Figure 7.1), while a disk

without antibiotic did not usually promote wrinkle formation (Figure 2.3c). There were

times, when wrinkles could form in absence of kanamycin, but only at the borders of the

petri dish both in the experiments with a kanamycin disk and in experiments without

kanamycin (Figure 7.2). We suspect that this may be due to the agar meniscus at the

petri boundary. This meniscus is both a complicating factor for swarm visualisation and

causes potentially different local conditions in nutrient availability, as the local thickness

of the agar is different from the rest of the petri dish. Thus, the presence of wrinkles at

this meniscus was not consistent and it was often that the wrinkles did not appear here

(Figure 7.2). We will discuss further this point in following sections of this chapter.

To quantify the degree of biofilm formation, we measured the characteristic wavelength

and roughness of the wrinkles. In this thesis, the term biofilm is interpreted as wrinkly

biofilm, and the wrinkles’ wavelength is used to quantify biofilm formation since it has

been reported to correlate with biofilm stiffness and extracellular matrix [126]. More

specifically, the wavelength is smaller in colonies of matrix mutants and greater in hyper

biofilm-forming mutants. The roughness of the biofilm, defining roughness as the variation

in the intensity profile of the biofilms, was also correlated to the biofilm’s stiffness [131],

so we used this magnitude as a further quantification of wrinkle formation. The wrinkles

appearing near the kanamycin disk had a wavelength of λ = 560 µm and roughness r = 10,

indicating a much stiffer biofilm than the case without kanamycin, which was characterized

by a shorter wavelength and surface roughness (λ = 91 µm , r = 5.5; Figure 2.4a and b). At

the same time, wrinkle formation was also quantified at the back of the kanamycin plates

(defined as the region of the plate opposite to the kanamycin disk). We hypothesized
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Figure 2.3: Swarming cells transit into a biofilm in presence of a kanamycin gradient.
Swarming B. subtilis plates after 40 h incubation at 30◦C . Wrinkles are formed at the region 2
cm away from disk with a) wildtype (WT), but not with b) ∆eps deletion strain. d) WT swarming
plate with a diffusive disk without antibiotics. Zoomed images show the colony surface.

that farther away from the disk, bacteria would not sense the stress coming from the

kan so the system would behave as in stress-free conditions. Effectively, the wavelengths

and roughness measured at the back of the plate were comparable to the blank case.

We observed some outliers in both blank and back cases where wrinkles could appear

at the boundaries of the petri dish as commented before (Figure 7.2), resulting in larger

wavelength and roughness values.

Furthermore, we measured the expression of tasA, which encodes an essential ma-
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Figure 2.4: Quantification of wrinkle formation in the kan and blank cases. 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 than for the wavelength. The large horizontal line shows the mean of the distributions and
the small bars the s.e.m. c) Mean fluorescence intensity of PtapA-yfp for the front of the plate in
presence (green) and absence of kanamycin (yellow). The mean was taken from three independent
experiments. The shady areas represent the s.e.m. d) Same as c) for a plate in absence of kan
where wrinkles appear. Data comes from a single replicate.

trix component for B. subtilis biofilm formation [132], using a strain carrying PtapA-yfp,

a fluorescence reporter for the expression of the tapA-sipW-tasA operon [133]. The re-

sult showed a greater fluorescence signal when swarming cells are exposed to kanamycin

(Figure 2.4c), suggesting that the exposure to kanamycin results in higher abundance in

extracellular matrix and induces biofilm formation in a swarming colony on a soft-agar

plate. Again, there were cases when wrinkles were promoted at the boundary of the petri

dish even without kan. For these cases, the fluorescent signal was comparable to the kan

case (Figure 2.4d).

2.2.3 Wrinkles are promoted by kanamycin just in swarming motility

To address whether swarming motility is necessary for this transition in presence of

kanamycin, we have repeated the kan gradient assay in a swimming 0.25% agar plate.

Bacteria inoculated at the centre expanded as in the swarming case and 3 days later

40



formed a pellicle biofilm over the plate. As expected, the pellicle biofilm formed wrinkles

everywhere but, unlike the swarming case, the wrinkles were more inhibited near the kan

disk (Figure 2.5a).

To further look at the effect of motility in this transition, we spotted colonies on hard

agar at different distances from the kanamycin disk. We note that when a colony is spotted

on hard agar, it does not expand more than 1 cm (Figure 2.5b). We spotted 4 µl of culture

at 4 different positions (4 µl at each): the closest, 2 cm away from the kanamycin disk,

shows a strong inhibition of wrinkle formation. The two on the sides, 2 cm away from the

previous one, showed partial inhibition of wrinkles in the sides closest to the kanamycin

disk. These should be compared to the normal growth that can be observed in the farthest

colony. Therefore, spotting individual colonies on hard agar plates (1.5%) typically used

for biofilm colony assays, showed that kanamycin inhibited biofilm formation (Figure 2.5b).

When cells were instead uniformly spread across the hard agar plate, the system developed

only faint wrinkles around the antibiotic exclusion zone (Figure 2.5c). We note that these

wrinkles might well be appearing due to the presence of motile bacteria within the culture

that we spread on the plate, although at present we have not tested this. We repeated this

assay with a diffusive disk without kan and we observed that the surface just developed

certain roughness but no wrinkles were observed (Figure 2.5). The fact that a kanamycin

gradient promotes wrinkle formation significantly more in swarms than in a non-motile

culture or in other types of motility, pointed to a fundamental role played by swarming

motility and suggested the need to investigate the swarming dynamics in detail.

2.2.4 The emergence of the biofilm is templated by a transition from

mono- to multi-layers localized at the swarming front

To study the potential link between swarming dynamics and biofilm formation, we char-

acterized the swarming dynamics at the single-cell level, with and without a kanamycin

gradient. We combined time-lapse imaging at both microscopic (10×; 30 fps) and macro-

scopic (2×; 0.006 fps) scales to capture both swarming, which is microscopic and fast (70

µm2 cell rafts; speed 60 µm/s), and biofilm formation, which occurs at a macroscopic

scale over days. For the microscopic imaging, we focused on the cells at ∼1 cm from the

kanamycin disk, where wrinkles eventually appear and kanamycin level is around MIC

(Figure 2.2b). The cells displayed typical swarming dynamics during the expansion of

the colony front (Figure 2.6a). As time progressed, we observed the local surface cover-

age of the monolayer swarm to progressively increase from 20% to >60%, at which point

the swarming rafts started displaying jamming events lasting 1-2 s, leading to a drop in
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Figure 2.5: Comparison of wrinkle formation between swimming agar and hard agar in
presence of a gradient of kanamycin. a) Swimming 0.25% agar plate 3 days after inoculation
showing a pellicle biofilm in the whole plate with weaker wrinkle formation near the kan. b) 4 µl
of B. subtilis were spotted in 4 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 would be affected by the kanamycin. The colony
at the back in absence of antibiotic is a commonly wrinkly biofilm in LBGM. c) Wrinkle formation
in hard agar when the 800 µl of bacteria are spread over the plate. 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. d) Same as c) but with a blank disk where there is no wrinkle formation.

cell speed to rafts protruding temporarily from the swarming monolayer (typical size of

jammed group 500 µm2, see Video 3). Interestingly, in this area we did not observe a

significant fraction of immotile cells, as previously reported for swarming in presence of a
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uniform concentration of kanamycin [47].

The jamming of aligned rafts has been predicted numerically for elongated self-propelled

particles on a plane [134, 135] although in that case the planar confinement prohibited

bacteria buckling up out of the plane. With the further increase in local cell density, the

temporary jams led to permanent isolated multi-layered regions, which we call ‘islands’,

typically 27,000 µm2 in size and with constantly fluctuating boundaries (Figure 2.6b inset,

Video 4). Within the islands, cells were still dynamic and meandered across the layers

although at a reduced speed (Figure 7.3, Video 5). Cell movement within the islands

highlights the fact that these are formed by motile cells, rather than groups of immotile

bacteria which spontaneously separate from the monolayer. These motile cells were con-

stantly exchanged between the multilayer and the surrounding monolayer. Following a

continuous increase in cell density with time, islands grew in size and merged with each

other, eventually forming a much larger multi-layered region (Figure 2.6c, Video 6).

The formation of islands was also observed by macroscopic time-lapse imaging. In

absence of kanamycin, islands emerged with a typical size of 2000 µm 2 from the centre of

the colony and from the boundary of the petri dish but nearly simultaneously throughout

the plate (Figure 2.6c). In contrast, the process of islands formation and growth was

markedly different in presence of kanamycin (Figure 2.6d). After the swarming front

expansion was stopped due to inhibition by the antibiotic, well-defined islands emerged

within a 5 mm-wide band just inside of the arrested swarming front, and then grew with

a strongly anisotropic pattern oriented transversally to the front of the swarm (Video 6).

This phenomenology will be subject of study in the Chapter 3 of this thesis. The resulting

macroscopic cell-density heterogeneity was followed by the subsequent formation of biofilm

wrinkles, 1 cm away from the disk (Figure 2.3a).

As buckling inducing wrinkles in biofilms has been correlated in previous studies with

cell-death [126], we decided to use the Sytox Green, a cell-impermeant dye that bind to

nucleic acids within cells. Thus, sytox can only bind to the cells genetic material upon

membrane lysis, indicating cell death. To test whether cell death plays a role, we recorded

a timelapse from island formation to wrinkle formation (Video sytox. What we observed

is that the sytox signal is not coming particularly from the places where the wrinkles are

formed. Moreover, in [126], cell death occurs prior to wrinkle formation since this is what

promotes the cell buckling, necessary to shape the wrinkles. However, in our timelapse,

the sytox signal happens in the same timescale as wrinkle formation, making difficult to

discern whether the signal is increasing due to an increase in cell death or due to the

resulting change in spatial conformation of the cells when they form wrinkles. Therefore,
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Figure 2.6: Swarming bacteria form patterned multi-layer regions in presence of
kanamycin. a, b, c) Microscopy images of swarming bacteria and side-view illustrations at dif-
ferent levels of cell density (ρ). a) When cell density is below a threshold ρc, cells swarm in a
monolayer. The image was taken 57 minutes prior to islands formation. The inset shows a zoomed
image of the 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 one second (insert). See also Video 4. c)
Over time, the islands increase their size and merge together to double-layered regions, coexisting
with mono-layered regions. Double layered regions are seen darker than mono layered regions. d,
e) Images of swarming colony without and with kanamycin. Diagram illustrates the regions of
interest (ROI) used for panels. The dynamics of island formation are color coded using the lookup
table. The origin of times is the appearance of the islands. 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, multi-layered regions have a defined pattern, starting from the
regions closer to kanamycin to form an elongated shape. These regions appear approximately 0.7
mm away from kanamycin.

it is not clear the role played by cell death during wrinkle formation in swarming B. subtilis

.

Bacterial communities can regulate fluctuations in cell density through the secretion of

diffusive molecules [136]. We wondered whether this system, named quorum sensing, could
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Figure 2.7: Islands and posterior wrinkle formation in presence of a kanamycin gradient
by the quorum sensing knock out strains ∆phrc and ∆opp. For both mutants the islands
and the wrinkles were formed as in the WT. The smaller clearance zone around kanamycin in the
∆phrc case is because this strain is genetically resistant to neomycin.

influence the formation of the islands since islands themselves are local inhomogeneities

in cell density. We therefore repeated the experiments with ∆phrC and ∆opp mutant

strains. phrC encodes the competence and sporulation factor (CSF), a quorum-sensing

pentapeptide part of the signalling system in B. subtilis . The ∆opp strain lacks the

transporter ATP-binding cassette (ABC) which allows CSF inside the cell. Despite being

deficient in the Phr quorum-sensing system, both strains are still capable of swarming.

In both cases, we observed the wild-type phenomenology of wrinkled biofilms and the

emergence of islands (Figure 2.7). The results indicated that this quorum-sensing system

is not responsible for the multi-layer transition, suggesting that exposure to kanamycin can

promote cell-density heterogeneity by multi-layer islands formation in a quorum-sensing

independent manner.

2.2.5 Transition from monolayer to multilayer resembles motility in-

duced phase separation

To address the mechanism of multi-layer formation, we wondered if the active matter

model of MIPS for rod-like particles [77] could act as a useful paradigm for understanding

the emergence of multi-layer regions. We therefore plotted our experimental results onto

the typical phase space considered when studying MIPS transitions, where an active 2-
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dimensional system is characterized by its surface coverage, φ, and its rotational Péclet

number, Per = u/LDr. The latter is defined in terms of the average speed u, characteristic

size L, and rotational diffusivity Dr of the active particles. MIPS clusters are expected

within a U-shaped region characterized by a sufficiently large Per and a range of surface

coverages that, for rod-shape particles like B. subtilis , is higher than 0.5, typical of circular

particles, due to antagonistic effects of cell-to-cell alignment (Figure 2.8a, grey U-shape

region shows the prediction for aspect ratio 2 from [1]). We then quantified the cell

density (surface coverage, φ) and the rotational Péclet number from the different stages

of the swarming process. Figure 2.8a shows these two quantities for cells in the monolayer

(blue dots) and for bacterial jams (red dots). While bacteria in the monolayer were

scattered outside the MIPS region (Figure 2.8a blue dots), bacterial jams -the first stage

in the development of stable multilayer islands- clustered around the region expected for

MIPS in two-dimensional self-propelled disks (Figure 2.8a, red dots; MIPS region from [1].

Jamming events were also characterized by a sudden drop in cells’ speed (Figure 2.8b and

Video 3, consistent with the basic premise of MIPS. This is only a temporary slow down

due to cell-cell interactions and after the bacteria dispersed the rafts recovered normal

motility. Altogether, these results show that the mechanism leading to the development

of multilayered islands is compatible with the MIPS process in active matter.

2.2.6 Local accumulation of swarming cells induces multilayer transition

and biofilm formation

The MIPS paradigm makes the experimentally testable prediction that multilayer for-

mation could be induced by altering the local density of motile cells, thereby forcing

the system to enter the MIPS region in phase space (Figure 2.8a, shaded region). We

tested this by creating an experimental set up that allow us to control cell speed and

density. Near-UV light can decrease cell speed in gram-negative bacteria like E. coli and

S. marcescens [137, 138], as well as, as we report here, in B. subtilis (Figure 2.8c). The

white region in the graph corresponds to an initial period when bacteria were not being

irradiated. The cell speed and surface coverage were measured in a ROI 4 times smaller

than the area being irradiated with UV. This prevented cells outside of the irradiated

area from entering the field of view during the experiment. Once we activated the UV

light in an area >200-fold greater than the field of view, there was an initial drop in cell

speed that then continued for 3 min until the cells in the ROI became immotile. During

this time, the surface coverage increased only marginally (φ=0.45 to φ=0.47 in 3 min;

Figure 2.8c). The UV illumination caused an initial sudden drop in average speed from 65
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to 50 µm/s (Figure 2.8c), followed by a nonlinear progressive slow down over the course

of 3 min. The slope of this decrease in cell speed highly depends on the initial cell speed

of the timelapse (Figure 7.4a). For regions with low initial speed, cells go from 10 to 0

µm/s in 3 min, in contrast to what happens when the initial cell speed is high, where cells

go from 60 to 0 µm/s in the same time interval. Regardless of the initial speed, the cell

density increase is always the same. Within the phase space picture (Figure 2.8d), this

corresponds to a trajectory that essentially just moves towards progressively lower values

of Per. This should not lead to either jams or island formation, which in fact were never

observed (Figure 2.8d). Therefore, we can confirm that UV illumination by itself does not

induce multilayer formation.

We next illuminated a region of size similar to the field of view. Locally slowing down

motility by light can lead to a local increase in cell concentration through the accumulation

of cells from non-irradiated regions (Figure 2.8e). Thus, this UV light set up acts as a

spider web, bacteria outside from the irradiated region enter in the ROI to then get

trapped. As a consequence, the cell density increased significantly (φ ≈ 0.42 to φ ≈ 0.7

in 2 min; Figure 2.8e). For the first 2 min, the average drop in cell speed was likely

compensated by the density increase. It is well known, that cell density can enhance

swarming motility through cooperative raft formation [56, 44]. Eventually, however, the

increase in cell density resulted first in the formation of jams and finally of multi-layered

islands (Figure 2.8e, Video 7). For situations when φ >0.45, the cell speed would drop

during the irradiation period (Figure 7.4b, last panel) since high φ reduces the freedom of

the cells to abandon the irradiated region which results in a continuous exposure of the

same cells, leading to a complete slow down. However, even in these cases jams could be

observed due to the increase in cell density produced by this set up. Figure 2.8f shows

the trajectories followed by the irradiated swarms in phase space. Jamming of swarming

cells, the first step in island formation, occurs only for cell densities within a range that

compares with predictions by MIPS for self-propelled rod-like particles (Figure 2.8f shaded

region and [1]). These results provide a direct support to the hypothesis that a biophysical

MIPS-like process underpins the transition from swarming monolayers to multilayers in

B. subtilis .

We further examined if local cell-density increase by itself is sufficient to induce a local-

ized phase transition from monolayer to multilayer. To this end, we used a physical barrier

to impede the advance of the swarm and locally increase cell density (see subsection 6.2.7

for details). Again, consistently with the MIPS picture, the arrest of the swarm front led

to an increase in cell density and the subsequent formation of multi-layer islands near the
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Figure 2.8: Certain combinations of cell density and cell speed lead to jamming and
multi-layer formation. a) Phase diagram of surface coverage and the rotational Péclet number
(Per). Per is proportional to the cell speed (see subsection 6.3.3). The greyed region indicates
motility-induced phase separation (MIPS). Each data point represents an average 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 cluster around the MIPS area. 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 2.6 and Video 4). c) When a region approximately four times
larger than the field of view is irradiated with UV, the surface coverage stays constant and the cell
speed drops over time. Graph shows the dynamics of surface coverage (black) and cell speed (blue).
Magenta is the period with UV light illumination (1.2 mW/mm2). d) Trajectories in the phase
diagram for bacteria continuously irradiated with this set up. The trajectories just decrease their
cell velocity and hence they never approach the MIPS region. e, left) Illustrative diagram showing
the accumulation of cells by UV irradiation when a region as large as the ROI is irradiated. e,
right) UV irradiation elevates surface coverage. Vertical dashed line shows a jamming event. f)
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 near the MIPS region (gray).

barrier (Video 8, Figure 3.1b). After 36 hours of further incubation, wrinkles developed

near the physical barrier in the region where the islands had started to appear initially

(Figure 2.9a). Different geometries and types of barriers were tried in this experiment:

agarose wall, plastic wall, barriers forming a triangular shape, etc. and all of them led to
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Figure 2.9: Locally increasing cell density is sufficient in inducing wrinkle formation.
a) A physical barrier placed on agar triggers wrinkle formation. Wrinkles are formed at the region
close to the barrier. The plate was incubated for 40 hours as in Figure 2.3. b) Mean fluorescence
intensity of PtapA-yfp measured just by the barrier for 4 different experiments and for 2 different
experiments in the blank case. The shade indicates the s.e.m. c) PtapA-yfp expression for 4
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). The graphs
corresponds to the dashed ROIs in a) in the same order from left to right.

wrinkle formation near the barrier. As it happened in the kanamycin case, the develop-

ment of wrinkles at the barrier is accompanied by an increase in the fluorescent intensity

of the PtapA-yfp reporter (Figure 2.9b). This intensity was measured in a rectangular ROI

just by the barrier so lacked knowledge about the spatial distribution of the fluorescent

signal throughout the plate. To further clarify this point, we took time lapses measuring

the fluorescence in four different regions across the plate for the barrier case (Figure 2.9c).

It is interesting to note that the fluorescent profile was similar for the four regions mea-

sured. We believe that this might be connected to communication across the petri dish,

possibly through volatile compounds, i. e. small molecules which can spread through the

air and communicate the bacteria from different regions [139].

Altogether, these results show that B. subtilis swarms can undergo a single-to-multi-

layer transition driven principally by a physical mechanism compatible with MIPS. When

this transition is localized, regardless of it being caused by antibiotics or physical confine-

ments, the resultant macroscopic cell-density heterogeneity could determine the emergence

of wrinkled biofilms.
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2.2.7 There is an additional hidden variable behind the swarming to

biofilm transition

Since the wrinkle formation is simply triggered by a local accumulation of cells happening

next to a barrier, we can understand better why the wrinkles were promoted near the

boundary of the petri dish (Figure 7.2). However, this transition was not always observed

near the petri boundary and even in presence of kanamycin there were periods lasting

months when wrinkle formation was either very weak or did not happen (commonly during

Winter). This source of irreproducibility was a long subject of study during this project.

We checked changes in the geometry of the plates, trying to promote the wrinkle formation

in square plates rather than circular, or even bigger petri dishes of 15 cm diameter. We also

tested different incubation temperatures and humidities by adding silica beads inside the

plates or wet paper. Additionally, we made changes in the media composition. We made

plates with different agar concentrations from 0.5% to 0.8% and plates with homogeneous

concentrations of kanamycin but none of these helped. The only component that seemed

to affect significantly the transition was the glycerol content. There were periods when

increasing the glycerol from 1% to 2% or even 3% helped the transition to happen but it

also increased the background noise, meaning that the roughness in the bulk of the plate

also increased so it was difficult to characterize the wrinkles particularly promoted by the

barrier or the kanamycin gradient.

Inspired by the inconsistency of the wrinkles in the boundaries of the petri dish, we

thought that the symmetry of the physical barrier that stops the front may influence the

transition. To test this, we repeated the swarming assay in absence of any stress but

enclosing the swarm with a 3 cm petri dish Figure 2.10. After a 3 days incubation at 30◦C

, we observed that the wrinkles were formed in the outer boundary of the inner petri dish.

We point out that these wrinkles are highly reproducible and that they develop even in

those periods when wrinkles could not form in presence of a kanamycin gradient. As the

enclosed part grows in a significantly different environment than the common swarming

assay, we decided to repeat this experiment with a hollow concentric petri that allows

better air circulation in the interior of the swarm. In this case, wrinkles formed but in

the inner -rather than in the outer- boundaries of the concentric petri dish (Figure 7.5).

Under this condition we also observed an anomalous high condensation in that region

which could have increased the surface wetness and promote pellicle formation.

Another difference in Figure 2.10a is that the swarm that grew inside the petri was

practically transparent in comparison to the swarm in the rest of the dish. The border

between the transparent and the opaque region matches where the wrinkles are formed.
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We realized that this also can arbitrarily happen in plates with a gradient of kan and,

when it happens, we observed a strong wrinkle formation at the front (Figure 2.10b).

These two regions can happen also in absence of any stress (Figure 7.6) but in this case

wrinkles are not necessarily promoted at the edge between these two regions albeit there

is also an increase in surface roughness.

In conclusion, there might be a hidden factor that affects the transition from swarming

to biofilm. This led to a lack of reproducibility in the transition that could be solved

by enclosing the swarm with a smaller concentric petri dish. This assay promoted the

transition even when the wrinkle formation in the kan gradient was very weak.

2.2.8 Sequential administration of antibiotics reduces the emergence of

biofilms from swarms

While more complex signalling pathways regulating biofilm matrix production are likely

involved in the passage from localized multi-layers to wrinkles, our results suggest that

simply altering the expansion dynamics of a swarm can promote biofilm formation. This

implies that exposing bacterial swarms to stressors, such as kanamycin, a physical barrier

or UV light, may increase their resilience by promoting the formation of biofilms that

are much more challenging to eradicate. This is difficult to prevent by simply increasing

the amount of antibiotics. In fact, when we used a 7-fold greater dose of kanamycin in

the diffusion disk (200 µg ), wrinkles still appeared on the plate (Figure 2.10b), although

at a greater distance from the disk (Figure 7.1). However, our findings suggest that the

localized multi-layer band is key during biofilm development since the wrinkly biofilm

is not observed in absence of it. This indicates that this loclalized multi-layer could be

a good target for antibiotic treatment aimed at suppressing the emergence of biofilms.

Such multilayer band happens at a concentration of antibiotic that bacteria can tolerate

since the cells are still motile (Figure 7.3, Video 5). We thereby wondered if a two-step

sequential antibiotic administration could prevent biofilm development, where the first

administration induces multilayer formation and the second targets the multilayer area

before completing biofilm formation. To test this hypothesis, we decided to administer a

total amount of 200 µg of kanamycin in two steps, an initial one when placing the disk on

the plate, and the second inoculating again in the disk as the swarming front halted. The

administration of these two doses follows four different protocols: 200+0 µg , 150+50 µg ,

100+100 µg and 50+150 µg . In this way, we had 4 different scenarios: all in one dose, an

initial dose higher than the second one, two equal doses and an initial dose smaller than

the second one. This protocol aims to induce the multilayer formation necessary to trigger
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Figure 2.10: The contrast between a clear region and a transparent region promotes
wrinkle formation. a) Swarm enclosed by a smaller petri dish promotes wrinkle formation at the
outer boundary of the inner petri dish. b) Contrast between a transparent region in a kanamycin
plate with a 200 µg and a opaque region. Wrinkles form as usual near the kan.

the biofilm but then increasing locally -but not globally- the concentration of antibiotic in

the multilayer region which we believe is essential for wrinkle formation.

For each of these cases, we tried to measure the local antibiotic concentration at the

distance from the kanamycin disk where the wrinkles were formed. To this end, we used

a variation of the Kirby-Bauer assay as we did in Figure 2.2b to measure the antibiotic

concentration profile at 5 different positions along the line connecting the centre of the
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petri dish and the disk (Figure 7.7). We performed the measurements at 0 h -corresponding

to the inoculation time-, 20 h and 44 h. Each time point measurement was repeated 3

times for each of the administration protocols. Different plates were used at different time

points for a total of 36 plates. We stress that the experiments were performed on inoculated

swarming plates, not on blank plates with just the kanamycin disk. This is because the

spread of the antibiotic could in principle be influenced by surface effects (e.g. flows driven

by biosurfactants) that would be different between a plate with a swarming colony and one

without. The curves were then used to estimate the antibiotic concentration in the area

where the wrinkles formed (Figure 2.11a), which is dependent on the antibiotic dosage

protocol. As we expected, the highest increase in kan concentration corresponds to when

we initially put the lowest dose of antibiotic (50 µg ) and then we added the maximum,

up to 200 µg . The local concentration for the other treatments at the time when the

wrinkles are formed is always lower than in this case.

The emergence of wrinkles was greatly suppressed when kanamycin was administered

sequentially, despite keeping constant the total amount of antibiotic added to the disk

(Figure 2.11b and c, Figure 7.8). The effect was most evident when the second dose

was greater than the first since it registered the highest local increase of antibiotic at the

wrinkles site (Figure 2.11a). For this case, both the wavelength and the roughness of the

wrinkles were 2 and 1.6 times lower than for when the treatment is not split in two doses.

The question that we wanted to pose is whether, without increasing the use of antibi-

otics, there are antibiotic-administration strategies that are better at preventing -or at

least reducing- the emergence of the wrinkly biofilm we observe. According to our exper-

iments, splitting the same total amount of antibiotic added to the disk into a low initial

dose followed by a higher one, brings a noticeable reduction in the wrinkle wavelengths

compared to using all of the antibiotic in a single initial dose. These results thus propose a

promising strategy for treating bacterial collectives with aminoglycosides while minimizing

the emergence of biofilms.

2.3 Discussion

This work reveals a biophysical mechanism underpinning the emergence of biofilms from

swarms through a localized phase transition governed by the motility and the cell density.

We demonstrated that the transition from monolayer to multilayer can be induced by

different stresses, from antibiotics to UV and physical confinement. Based on our findings,

we showed that a sequential monotherapy can be effective in treating swarming bacteria
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Figure 2.11: 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 to be 200 µg . The first administration was added as in
other experiments, while the second was added to the disk as a 4 µl 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 subsection 6.1.2) at the distance from the kanamycin disk where the wrinkles
are formed for the 4 different initial concentrations: 1.32 cm for 50 µg , 1.59 cm for 100 µg , 1.74
cm for 150 µg and 1.85 cm for 200 µg . The time when the second dose of antibiotic is added is
indicated with a dotted gray line around 7 h after inoculation. b) The wavelengths of wrinkles with
respect to the doses of first (blue font) and second (gray font) administrations (µg ). c) Microscopy
images of wrinkles induced by kanamycin. The first dose is in the blue shade and the second dose
in the gray shade.

in order to prevent biofilm formation. Further optimization of this approach in terms of

timing and concentrations would be an important point in biomedical research.

As the underpinning mechanism of the transition is an emergent phenomenon driven

by physical interactions between swarming cells, we believe similar transitions should also

happen in other rod-shape bacterial swarms of clinically relevant species, such as Pseu-

domonas aeruginosa and Salmonella enterica. Such investigations would be an important

step forward to see if sequential antibiotic administrations could be effective in suppress-

ing, and eventually altogether preventing, stress-induced biofilm formation in pathogenic

bacteria.

This study makes also more evident the distinction between swarms and biofilms. In

the literature it is sometimes considered that swarms and biofilms are two different states

of the same bacterial collective. Thus, the centre of the swarming colony would be called

a biofilm. However, we highlight that experimental studies have not been carried out to

prove that the centre of the swarm is actually expressing biofilm-related genes. Using the
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PtapA-yfp we observed no differences between different regions in the swarm, including

the centre, suggesting that extracellular matrix is not particularly produced there. In the

same way, using our ∆eps knock out, we did not observe apparent differences between

the centres of the swarm for the WT and ∆eps. Future detailed studies are encouraged

to elucidate the exact differences and similarities in a centre of a swarm with respect to

biofilms.

We also addressed a fundamental question about the mechanism by which cell collec-

tives adapt their behavior in response to various physical and chemical stresses. In the

present case, a local cell-density increase caused by the halting of the swarming front,

may be part of a general collective stress response mechanism, which triggers a switch

in the collective behavior from swarming to biofilm. The stress response mechanism that

we observe at the collective level could allow the swarming colony to develop biofilms in

response to various stressors, regardless of the stressors’ exact molecular mode of action.

In this regard, we investigated the role of cell death during island formation in presence

of kanamycin but we did not observe a higher signal coming from the islands induced

by kanamycin and the other areas in the swarm, suggesting cell death does not partic-

ipate in island formation. We expect that further research will determine whether this

form of environmental sensing and adaptation of cell collectives via cell-density increase

is common to other biological systems. The connection we discovered could represent a

primitive example of a collective mechanochemical feedback loop, underpinned by emer-

gent phenomena (MIPS) in collections of motile agents either alive or synthetic. To this

end, the gained biophysical insights may not only offer new biomedical treatment strate-

gies against the rise of biofilm-associated antimicrobial resistance but may also contribute

to our understanding of development and cell-fate determination.

Another important question lies in the interplay between biophysical and molecular

mechanisms regulating stress-induced biofilm development. Characterizing the gene ex-

pression profiles in the high-cell-density clusters resulting from multilayered islands, while

simultaneously monitoring the mechanical interactions, would be an important step for-

ward towards understanding collective stress responses. This has been done in epithelial

cells demonstrating that they can regulate replication upon extrusion [69].

55



Chapter 3

B. subtilis undergoes two modes

of phase transition to form

multiple layers

3.1 Introduction

Collective motion is intrinsic to living systems, from bird flocks to swarming bacteria and

despite the differences in length scales and the properties of the individuals they share

similar patterns of spatiotemporal coherence [140, 141]. Investigating these patterns ex-

perimentally or theoretically (e.g. through numerical simulations) reveals characteristic

features like large fluctuations in population density and cluster dynamics [140, 56, 134].

For example, studies in collective behaviour of swarming B. subtilis monolayers have found

that bacteria move collectively in aligning clusters undergoing large fluctuations in cell den-

sity over a period of a few seconds [64]. The particular properties of this collective motion

depend strongly on the physical properties of the swarm such as cell density, cell velocity

and the aspect ratio of the cells [63, 142]. According to the theory of collective motion,

at high concentration, a collection of motile particles can spontaneously form clusters of

high-density and low-motility, surrounded by a low-density high-motility phase [75, 124].

This process, known as Motility Induced Phase Separation (MIPS), is based on a feedback

between the decrease in particles’ speed at high concentration, caused by physical inter-

actions, and the spontaneous accumulation of active particles in the places where their

speed is lower [77]. The theory of MIPS, then, suggests that persistent heterogeneity in

cell density -the MIPS clusters- can develop spontaneously when both cell speed and cell

concentration are sufficiently high. In swarming bacteria, densities can easily approach
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the maximum allowed by steric repulsion (0.75 volume fraction [63]) and it is therefore

natural to wonder whether the system undergoes a transition similar to MIPS. Such tran-

sition would generally depend on cell shape, speed or density. Recently, Jeckel et al [44]

categorized the different parts of an expanding swarming colony of B. subtilis in function

of some of the above mentioned parameters relevant for MIPS, identifying regions with

different dynamical properties. However, such phase transitions have not been experimen-

tally observed in bacterial swarms, likely due to the difficulty of controlling cell speed,

density and shape in these living systems. Only recently such phase transition has been

reported for first time in bacterial systems that move 100-1000 times slower than swarms

such as gliding Myxococcus xanthus and in expanding colonies of Pseudomonas aeruginosa

[143, 105]. Here, we report that swarming B. subtilis can develop very localized multilayers

called islands to then merge and form a new layer of bacteria. This multilayer formation

in B. subtilis resembles the different phases predicted by the theory of MIPS in active

particles systems: a fluid-like swarming monolayer that coexists with a denser bilayer of

cells.

Previous studies speculated -but did not show- that multilayer formation may play a

key role in the higher resistance that bacterial swarms have over the swimming counter-

parts [121, 144]. Here, we report that, when forming multiple layers, swarming B. subtilis

can move towards regions of high antibiotic concentration where -instead- cells in a simple

monolayer are immotile.

3.2 Results

3.2.1 B. subtilis develops a multilayer through a mechanism that re-

sembles a phase transition in binary fluids

To characterize whether and how swarming B. subtilis can develop multiple layers within

the swarming state, we inoculated 4µl of B. subtilis culture at the centre of a 9 cm diameter

petri dish (Figure 2.2, subsection 6.1.2). After 2 hours of lag period, the cells formed a

rapidly expanding swarming front (4 mm/h) that after nearly 5 hours at 37◦C covered

the whole plate (Video 1). This was followed by the development of dark spots (typically

of size 0.001 mm2) that in brightfield images typically indicate regions of localized high

cell density. As we said in the previous chapter, at a closer inspection, we recognized

these as multi-layer regions of the swarm, which we will henceforth refer to as ’islands’

(Figure 3.1a). Islands are initially unstable and intermittently appear and disappear well

separated from each other. However, after 10min persistent larger islands appear and
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quickly form a percolating network (Figure 3.1a) reminiscent of the phenomenology of

spinodal decomposition in binary fluids [145]. The network progressively grows giving rise

to a complete second layer. The formation of islands is first observed at the centre of the

swarm and, unexpectedly, at the very boundary of the petri dish. It then spreads from

these locations until both sides converge in an intermediate point within the dish, finally

forming a complete second layer (Video 9).

As we observed that the boundaries of the petri dish could trigger the local accumula-

tion of the cells and promote the second layer, we decided to repeat the experiment with

a physical barrier inserted in the agar to arrest the swarming front (Figure 3.1b). Indeed,

once the barrier stops the progression of the swarm, we observe that islands start forming

close to it. This happens much earlier than the spontaneous emergence of islands observed

within the swarm without a physical barrier. Altogether, these observations suggest that

the simple act of blocking the advance of the swarming monolayer is enough to induce

a localized thickening of the swarming front. The formation of multiple layers has been

proposed to increase a swarm’s tolerance to antibiotics [121]. Given the fact that antibi-

otics can severely reduce motility, we wondered whether -similarly to the barrier case-

they could also influence the local thickening of the swarm and therefore its antibiotic

tolerance. We decided to test this by conducting a swarming assay with a spatial gradient

of the aminoglycoside kanamycin (Figure 2.2a). Specifically, a disk containing 30 µg of

kanamycin was placed on the side of a swarming plate (0.5% agar) and allowed to rest for

24 hours to establish a space-dependent antibiotic concentration profile. An inoculum of

B. subtilis culture was then placed at the centre of the dish as in the previous cases, 4 cm

away from the kanamycin source. As before, the swarm expanded towards the boundary

of the petri dish. However, the side of the swarm moving towards the kanamycin was

clearly affected by the antibiotic, as it started slowing down after 0.7 cm and then com-

pletely stopped approximately 0.3 cm away from the kanamycin disk (Figure 2.2c). As the

swarming front expansion stopped, well-defined, distinct islands first emerged within a 5

mm-wide band just inside of the arrested swarming front, grew with a strongly anisotropic

pattern oriented transversely to the front of the swarm until finally merged to form a lo-

calized second layer right behind the front (Video 10). This phenomenology is clearly

different from what is observed in the unperturbed case. It is reminiscent of a binodal

liquid-liquid phase separation in a temperature gradient [146] which here might reflect a

kanamycin-induced speed gradient (Video 10), and in copolymers where the liquid-liquid

phase separation is driven by surfactants [147]

The clear differences that we observe in the transition from mono to multilayers in
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Figure 3.1: Island formation in swarming B. subtilis in a confluent plate in absence
of stress, in presence of a physical barrier and in a gradient of kanamycin. a,b and
c represent a timelapse of islands formation 5 min, 12 min and 24 min after the first island was
observed in each condition. a) Formation of islands in absence of stress. The islands appear as
small dark spots in the brightfield image that eventually merge and form large dark areas. b)
Island formation in presence of a physical barrier where the wall was placed just at the right of
the shown field of view. c) Island formation in presence of a gradient of kanamycin. The islands
appear as well defined regions that grow in size transversely to the kanamycin disk, placed on the
right of the shown field of view. The arrows point at examples of the islands in each of the cases.

absence and presence of an externally imposed stress could point to a generic mechanism

that bacterial swarms harness to react to environmental stresses like antibiotics. It is

therefore worth to better characterize quantitatively the differences and similarities be-

tween these two transitions. To this end, we will follow in the steps of earlier studies of

phase separation in active particles [84, 83, 104].

3.2.2 Nucleation of islands in absence of stress resembles a spinodal

decomposition whereas it resembles nucleation and growth for the

kanamycin case

The defining characteristic of spinodal decomposition is that the phase separation happens

at once across the whole system, since there is no energy barrier that prevents the growth

of fluctuations (the system is intrinsically unstable) [148]. In contrast, during nucleation

and growth, the nucleated clusters have to overcome an energy barrier [148]. This is

usually associated with the existence of a characteristic nucleation size as well as a slower
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phase separation dynamics [80]. To see if something similar is taking place in our system,

we started by characterizing the nucleation of islands over time (Figure 3.2) in the three

cases of no antibiotic disk (blank); physical barrier (barrier); antibiotic disk (kan), taking

the origin of times as the first observed island in the field of view. It is also important to

keep in mind that the time window for the formation of a confluent second layer, 50 min,

is comparable to the doubling time of swarming B. subtilis (43 min) [44]. Cell replication

is therefore expected to play a major role in the phenomenon.

To characterize the emergence of islands in the blank case, we focused on a 5.3x5.3

mm2 region of interest coming from plates with a blank disk, a barrier, and a kanamycin

disk. In the last two cases, the regions were selected such that they were at least 4

cm from the stressor (either the barrier or the kanamycin disk). This allowed us to

confirm that islands are produced in the same way as in the blank case. Furthermore,

in all cases, the region of interest was chosen approximately 2 cm away from the edge

of the Petri dish to minimize the influence of the boundary, which acts as a barrier.

The emergence of islands is first observed when the swarm has nearly covered the whole

dish, at which point the monolayer is already quite crowded (surface coverage of monolayer

>0.6). Nucleation follows a clear two-stage dynamics. In the first stage the nucleation rate

increases exponentially, with a rate of 0.195(0.013) min−1. In this regime, small islands of

typical size 0.002 mm2 continuously appear and disappear (Figure 3.2a and inset). As the

nucleation rate increases, islands of progressively larger size start to appear, and quickly

merge into a multilayer network intercalating the monolayer swarm. At this point, which

corresponds to the maximum in islands nucleation rate, approximately 50% of the field

of view is occupied by the multilayer (orange dashed line in Figure 3.2a). The system

enters the second stage, characterized by an exponential decrease in the nucleation rate,

with a rate of -0.1408(0.0095) min−1. The proportion of surface covered by the multilayer

continues to grow but at a progressively slower rate (Figure 3.2a). This rate can be

modelled as a logistic growth of the form:

N(t) =
C

1 + e−k(t−t0)
(3.1)

Where N is the number of islands in the second layer at certain time t, k is the rate of

appearance of those islands, C and t0 are constants that do not necessarily have a physical

meaning in this case. From here, we can obtain the growth rate of the second layer

k=0.2591(0.0054) min−1. Comparing this growth rate with replication rate of swarming

B. subtilis cells (0.06 min−1), we can see how the second layer grows faster than it would
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do as if it was covered just due to cell replication. This indicates that there is a mechanism

beyond cell replication that promotes the second layer formation.

In the case of the barrier, to avoid the contribution of islands from other regions of

the swarm, we selected a rectangular region of size 7x14.5 mm2 just by the barrier. Due

to the local confinement, the increase in cell number is expected to be higher than in the

blank case, since now the source of the new islands will not come only from cell replication

but also from the local accumulation of cells due to the physical barrier. As we can see

in Figure 3.2b, the nucleation rate follows a temporal evolution that is very similar to

the blank case, albeit with a slightly worse agreement of the initial rate increase to an

exponential dynamics (R2 =0.96 for barrier vs. 0.99 for blank) and a faster decrease

past the peak (-0.178(0.011)min−1). A clearer difference can be found instead in the size

distribution of nucleated islands (histograms in Figure 3.2a, b) which show a smaller spread

of sizes, in particular at the lower end. These and other differences will be discussed further

in Sections 3.2.3 and 3.2.4. The growth rate of the second layer is k=0.310(0.025) min−1,

higher than for the blank case, confirming that cell accumulation from other regions of

the swarm contributes to the formation of the second layer.

In the kanamycin case, we considered a region 8.8x15 mm2 oriented such that islands

grow nearly parallel to the long side of the region of interest. The region considered was 0.7

cm from the antibiotic disk, in a position which is unaffected by islands coming from the

centre of the swarm. Figure 3.2c reveals three main differences, at this level, between the

kanamycin case and the previous two. Firstly, the increase and decrease of the nucleation

rate are largely linear, rather than exponential. This means that island nucleation is

faster than in the barrier and blank cases at the beginning, but significantly slower later

on. This brings us to the second main difference, which is that the peak nucleation rate

is significantly smaller than in the previous cases (0.08 mm−2 vs 0.2 mm−2 respectively

for blank and barrier). A lower nucleation rate suggests the need for a larger stochastic

fluctuation to generate a new island. Indeed, this is reflected in the third main difference:

the size distribution of nucleated islands has a well defined peak at an area of 0.025 mm2,

more than an order of magnitude larger than the average size of the islands nucleated in

the blank and barrier cases (histogram in Figure 3.2c). The lower nucleation rate and

the larger size of newly nucleated islands determine the fact that, differently from the

previous cases, the multi-layered region increases at an approximately steady rate. This

expansion is mainly the consequence of the growth of well-defined islands, rather than

the coarsening of a percolating cluster as in the previous cases. Interestingly, islands in

the kanamycin case grow with a marked anisotropy (see Figure 3.1a) along the spatial
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gradient of antibiotic. Although we do not currently know the origin of this phenomenon,

we speculate that it could be related to a gradient in cell motility caused by exposure to

kanamycin. The coverage of the second layer 0.1056(0.0037) min−1 is also slower than for

the previous two cases, agreeing with what we observed for the nucleation rate.

Altogether, the emergence and expansion of multilayer regions of the swarm follow a

distinct dynamics in the kanamycin case compared to the other two. In the blank and

barrier cases, an extremely rapid increase in nucleation of small islands leads to the forma-

tion of intercalating networks of mono- and multi-layers. Instead, in the kanamycin case,

the multilayer coverage is the result of slow nucleation and growth of large, well-defined,

coherent islands. The slower growth rate is characteristic of nucleation and growth, where

just a few instabilities overcame the energy barrier and can grow. Overall, we argue that

these two contrasting phenomenologies are strongly reminiscent of the difference between

spinodal and binodal decomposition in liquid-liquid phase separation. Indeed, the possi-

bility of both binodal-like and spinodal-like phase-separation has been recently predicted

for an active matter model related to the biological system that we are studying here [98].

3.2.3 Fourier analysis identifies a characteristic wavelength which does

not evolve as an increasing power law

The differences in the nucleation and expansion of a multilayer swarm between the blank

and barrier case on one side and the kanamycin case on the other, and their similarities

with spinodal and binodal decompositions respectively, made us wonder whether these two

distinct cases would be compatible with properties intrinsic to the structure of phase tran-

sitions. For example, a hallmark of spinodal decomposition is a well-defined length scale of

the phase-separated domains that increases with time as a power law as the domains grow

self-similarly [149, 150]. This characterization has proven useful for Myxococcus xanthus

fruiting body formation [104]. This species can form fruiting bodies through a spinodal

decomposition for high inoculation densities and through nucleation and growth for lower

inoculation densities, following in both cases a power law increase in their characteristic

wavelengths. Thus, we wondered whether, in a similar way, we could identify a well-defined

initial wavelength in our phase transition and study the dynamic of its coarsening in time,

possibly revealing further differences between the spinodal-like and binodal-like cases.

With this in mind, we decided to start by measuring the y component (kx=0) of the

structure factor of the swarm images, during the island formation process. The structure

factor, or power spectrum, is the modulus squared of the Fourier transform of the image

intensity. In our case, we chose the kx=0 component because in presence of kanamycin
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Figure 3.2: Nucleation and nucleation size distributions for the islands in absence of
stress, with a physical barrier and with a kanamycin gradient. a,b and c describe the
nucleation over time for the three conditions studied. The fits drawn as gray lines in a) and b) are
fits to exponential functions and the numbers in gray are the exponent b of the exponential fit. For
c) the nucleation was fitted to three straight lines (two increasing and one decreasing) and their
slopes are: 0.0605(0.0064), 0.00841(0.0057) and -0.1127(0.0099) mm−2. The histograms show the
distribution of sizes of the nucleated islands. The bin width for the blank and barrier cases are
0.0005 mm2 and for the kanamycin is 0.01 mm2. The inset in a) represents the distribution of the
sizes, the mean and the standard deviation for the 3 cases studied.

the islands form patterns that are oriented towards the antibiotic, for us the x-direction

of the images, and hence we expect to see a different characteristic wavelength along this

direction than the other. For consistency, we will give the same component for the barrier

and blank cases. To calculate the peak of the structure factor, we fitted it to a sum of two

Gaussians, extracting the characteristic wavelength as the inverse of the wavenumber at

the peak of the gaussian fit (Figure 3.3a, b and c).

In the blank case, the structure factor gives a very weak peak for times earlier than
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15 min (Figure 3.3a), probably due to the absence of any stable nucleated islands, which

we saw in Figure 3.2a, that appear for times around 14 min. From 15 to 30 min there is a

periodic pattern given by the formation of well separated islands (Figure 3.1c) that then

decays for later times probably due to the merging of the islands. The classical theory

of coarsening predicts that the microstructure of a two-phase system will evolve to be

self-similar, or time independent when scaled by a time-dependent length [151]. To check

whether this is the case here, we rescaled the structure factor and the wavenumber by

their value at the peak. We found that the decomposition in the blank case evolves in

a self-similar manner only for a restricted period of time from 20 min to 40 min. This

is similar to what happens in M. xanthus fruiting body formation [104]. In the barrier

case, the structure factor appears to be strongly self-similar already for times around 10

min, similar to what we observed for the nucleation process (Figure 3.2b). This feature

is kept throughout the coarsening until the confluent second layer is formed (Figure 3.2b

inset). For kanamycin, the islands form a very well defined pattern indicated by the fact

that the structure factor is tight around a clear peak (Figure 3.3c). The rescaling shows

a good degree of self-similarity in the process (Figure 3.3c inset), which can be concluded

from the narrower gaussians in the fit and for the shorter average gaussian width (σy)

with respect to the barrier and blank cases (Figure 3.3c and d). The average width of the

structure factor tends to go down with time indicating that the islands form a consistent

pattern for later nucleation times. As mentioned before, this order fades away when the

islands merge, making the peaks to flatten and σy to slowly rise for the last 10 min of the

timelapse in the blank and barrier cases.

From the gaussian fits we extract the characteristic wavelengths (λy) for the three

processes, corresponding to the wavenumber at the peak of the structure factors. For

a true spinodal decomposition, these are predicted to increase with time as a power law

[149, 150]. This, however, is not borne out of our measurements. In both the blank and the

barrier cases, the characteristic wavelength appears to decrease, at least initially, with a

weak power law (-0.551(0.045) for the blank; -0.53(0.13) for the barrier case; -0.652(0.048)

for kan. See Figure 3.3e and f). This initial reduction of the characteristic length scale has

been predicted by the ‘domain insertion model’ as a consequence of the non-conservation

in the number of units within the system [152]. During a phase transition with increasing

number of particles, if the nucleation of newer domains is faster than the phase separation

process, the new domains created in the inter-cluster regions lead to smaller inter-domain

distances [152]. Indeed, as discussed in Sec. 3.2.2, the rate of nucleation of new islands

increases initially in all three cases (Figure 3.2), and we see now that the increase in newly
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nucleated islands shortens the characteristic wavelength of the system. However, a change

in trend can be observed in the latter part of the timelapse especially for the kan case,

which is characterized by a lower nucleation rate for new islands. The wavelengths start

to fluctuate or even increase, indicating that nucleation stops and islands start merging

with each other until they cover the field of view. As expected, this change in trend is

clearest in the kanamycin case (Figure 3.3g). Again, the characteristic wavelength decays

in the first part of the nucleation (exponent -0.652(0.048); Figure 3.3g), but the trend then

inverts and the wavelength starts growing (exponent 0.320(0.034)). This change suggests

that at the beginning, when the surface coverage is sufficiently low, it is the nucleation of

new islands that determines the characteristic wavelength. At later times, however, the

growth of previously nucleated islands becomes the dominant feature in the evolution of

the characteristic wavelength. We note that, despite the differences in the characteristic

wavelength dynamics for the blank, barrier and kanamycin cases, the average wavelength

of the system is nearly the same (Figure 3.3h). However, the distribution of average

wavelengths is significantly narrower in the kanamycin case compared to the blank one,

with the barrier distribution intermediate between the two (Figure 3.3h).

The results coming from the Fourier analysis suggest that the phase transition dy-

namics follows the ‘domain insertion model’ for the blank and the barrier cases. In the

kanamycin case, there is a turning point that indicates the end of the period dominated

by nucleation and the start of the period dominated by a prolonged growth of the islands.

To better determine the differences in the properties of the islands during the phase sepa-

ration, we will now characterize the evolution of the swarm during the nucleation process

and how the islands change in size and shape over time.

3.2.4 The phase transition resembles cluster formation characteristic of

motility-induced phase separation

As we observed in Figure 3.1, the islands sizes and shapes are very different in the barrier

and blank cases compared to the kanamycin. Despite these differences, since swarming

bacteria is a system of active particles, we wondered whether the growth of the islands

in time could still follow a power law, which is prescribed for domain growth in a phase-

separating gas-liquid system and suggested by the Cahn-Hilliard models [75, 148].

We therefore measured the evolution of the islands’ size distribution over time for the

three cases (Figure 3.4a). The initial average size for kanamycin (0.0247(0.0034) mm2) is

clearly different to either the blank (0.0031(0.0060) mm2) or barrier case (0.0020 mm2).

To quantitatively describe the changes in size, we fitted the size evolution to a sum of a
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Figure 3.3: Structure factors and evolution of the characteristic wavelengths during
island formation for the blank, barrier and kanamycin. a),b) and c) show the y component
of the structure factors during island formation. The lines are fits to a sum of two gaussians from
one of which the characteristic wavenumber of the peak is obtained. The colorcode represents the
time in minutes, indicated in the legend of panel c). The insets represent the structure factors
rescaled by their peak plotted against the wavenumber rescaled by the wavenumber at the peak.
For clarity, we just plotted a single experiment. d) Mean width of the gaussian (σ) and standard
deviation (shaded region) for the structure factors in the blank, barrier and kanamycin cases.
e), f) and g) display the characteristic wavelengths λy calculated as the inverse of the peak’s
wavenumbers over time. The points represent the mean of 20 and 5 samples for blank, barrier
and kan respectively, and the bars the standard deviation of the mean. The continuous lines are
fits to power laws whose exponents are written on the figure. h) Distribution of all the calculated
wavelengths obtained from the gaussian fits. The long horizontal lines indicate the mean of the
distribution and the short lines their standard deviation
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power law and an exponential of the form:

< s >= Atd + Cert (3.2)

In the kanamycin case, the initial increase of the average island size is indeed well described

by a simple power law < s >∝ td, with a power d=0.664(0.024) which is surprisingly close

to the value of 0.67 reported for the equivalent phase for the Janus particles in [83]. This

stage represents the growth of individual islands, and it appears to follow a dynamic

similar to what has been reported for clustering of active colloidal particles. In case

of Janus particles, the next phase is characterized by a slowing down of the coarsening

when most particles have aggregated (regime II in fig. 2a in [83]). In our case, this

slow down does not happen. On the contrary, we observe a rapid acceleration, with

< s > increasing exponentially in time (rate r=0.249(0.018) min−1). We attribute this

to the continuous increase in the number of bacteria which is ultimately leading to the

complete coverage of the field of view by the multilayer. New bacteria must come from a

combination of replication and flow from other regions of the swarm. In the blank case,

we do not observe a significant increase in the average island size until 5 min after the first

island appears. As we have seen, during this period new islands continuously appear and

disappear, with no significant coarsening. Indeed, the blank case could not be fitted to

Equation 3.2 but just to an exponential. As time progresses, islands’ nucleation increases

exponentially, the average separation between islands decreases rapidly until they start

to merge, resulting in a sudden increase in the average islands size (rate r=0.348(0.015)

min−1). Finally, in the barrier case, the average island size also displays a two-stages

evolution. The latter is an exponential increase with r=0.390(0.014)min−1 similar to the

blank case and 1.5 times higher than for the kanamycin case. The initial stage, instead,

appears to be intermediate between the clear coarsening dynamics of the kanamycin case

and the nucleation-dominated constant < s > of the blank case. The power law fit

returns an exponent d=0.205(0.094) which is only about a third than in the kanamycin

case. Including a constant term in the fit returns a significantly higher exponent, 0.5, but

with a large potential error (0.5). Unfortunately, lack of a specific model of the single-to-

multilayer transition means that it is currently unclear what one should be expecting at

all for the evolution of the average island size in any of these three cases.

The average evolution in cluster sizes suggests that the formation of the islands could

follow a phase separation dictated by MIPS but with some quantifiable differences due

to the increase in cell number over time, either caused by cell replication (in the three
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studied cases) or by the arrest of the swarming front (in the barrier and kanamycin cases).

The drawback of studying the instantaneous average island magnitude is that we are

considering old long islands that have already grown, together with the small ones that

just nucleated. This potentially confounds islands’ nucleation with growth. To overcome

the limits of studying the spatial average of the islands sizes, we have calculated the size

distribution of the individual islands, ρ(s,t), and from that, the complementary cumulative

distribution function (ccdf) as:

Cρ(s, t) =

∫ ∞
s

ρ(u, t) du (3.3)

This is plotted in Figure 3.4b for successive times, indicated by the color scheme, from

dark blue, when the islands first appear, up to red 50 min later. We can immediately

see that the kanamycin case lacks islands of sizes smaller than 0.01 mm2, dominant even

for late times in the other two cases. The small-size end of the distribution (indicated

with a gray line in Figure 3.4b) is expected to follow a power law phase, as predicted

by the Callan-Hilliard model [75, 148], and has been reported for Monte Carlo models of

self-propelled hard disks [153], experimental studies of active Janus colloids [83], gliding

M. xanthus [84] and swarming B. subtilis monolayer clusters [64]. If this is the case for

small sizes we will have:

ρ(s, t) = s−a => Cρ ∝ s−a+1 ≡ sα (3.4)

Fitting the first ∼5 points in Figure 3.4b, we can obtain α and therefore a whose typical

values in cluster formation through MIPS are a ∈ [1.7,2] [84, 153, 154, 155]. We note that

this value of a is obtained for cluster formation of systems where the amount of particles is

assumed to be constant and in a 2D layer. As the distribution of the calculated exponent

α is quite broad (Figure 7.9), we calculated the average minimum value and the average

maximum values across all the samples and their standard deviation (see subsection 6.4.3

and Table 7.2). For simplicity, here we report only the mean value of the time averages

calculated for each experiment. For the blank case, the mean α across all the experiments

is -0.264(0.083) which would give a=1.264, matching the one reported for MIPS in Janus

particles (1.25) [83]. The barrier and kanamycin give a=1.076 and 1.0389 respectively,

with values even lower than in the blank case and more similar to the 0.95(0.05), reported

for cluster formation in gliding bacteria [156, 134]. In the ccdfs, we can see that for times

larger than 10 min, or equally, for high cell densities, there is a tail on the far end of the size

range, due to large islands that appear as a consequence of the increase in cell number.
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A similar tail in the distribution ρ (Figure 7.10a) has been reported also in gliding M.

xanthus and interpreted there as the emergence of collective motion, since the tail was

absent for immotile bacteria [84].

Below a critical density, according to the theory developed for systems of self-propelled

particles with nematic alignment, the probability distribution function of island sizes is

actually predicted to follow [156, 134]:

ρ(s, t) = Csaes/s0 (3.5)

We fitted these distributions to Equation 3.5 from the maximum value of the distributions

to their end (Table 7.3). However, we found the distributions lack the power law phase,

since normally the exponents obtained from the fits are extremely low (Figure 7.10b),

suggesting that only an exponential decay would be enough to fit the distributions. A

possible reason to see a power law for small s in the ccdf but not in ρ(s, t) might be

that the specific shape of ρ depends on the binning (see subsection 6.4.3) and that the

distribution is more noisy than the ccdf. In Equation 3.5, the parameter s0 represents

an intrinsic size scale for the islands, which marks the transition from the power law to

the exponential behaviour. This parameter was reported to increase with cell density or,

equivalently here, with time, for monolayered clusters [64]. To determine whether this is

the case during island formation, we calculated the evolution of s0 over time (Figure 7.10c).

For the blank case, this seems to be the case although it is not possible to determine the

general trend for the other two cases due to the high dispersion in the mean value along

time. We highlight that the time average of s0=0.145(0.069) mm2 for kanamycin is higher

than for the blank and barrier: s0=0.037(0.020) and s0=0.0215(0.0021) mm2, respectively

(Figure 7.10c), as we would expect given the higher average sizes for island formation in

the kanamycin case.

Beyond the nucleation and coarsening, merging of different islands is the final main

aspect of their dynamics. In order to characterize islands’ merging, we looked at the

cluster size distributions, defined as:

cs(t) = ns(t)/N(t); (3.6)

where ns(t) is the number of islands with size s and N is the total number of islands in the

field of view at a given time. This definition differs from the traditional definition of cluster

size distribution, where ns is commonly normalized by the total number of particles, which

is a fixed parameter in the system and therefore follows cs ∝ t−2 (equation 5.13 in [157]).
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Figure 3.4: Characterization of the size and shape of island formation at the swarming
front in absence of stress, in presence of physical barrier and in presence of kanamycin.
a) Average size of the islands tracked along time within an area of: 5.31x5.31 mm2 for blank (in
blue), 7x14.47 mm2 for barrier (in red) and 8.8x14.97 mm2 for kanamycin (in green). The curves
are the average of 20 samples for blank and 5 for barrier and kanamycin. The gray lines are
the result of fitting to Equation 3.2. b) Complementary cumulative distribution of the islands
size, Cρ(s,t), for increasing times t ∈ [0, 50] min every 3 min (from blue to red) c) Cluster size
histogram cs(t) as a function of time, for increasing size s ∈ [10−4, 103] mm2 grouped in 13 bins
logarithmically distributed (from blue to red). d) Average aspect ratio (ar) of the islands at the
swarming front for the three cases studied. e) Cumulative distribution of the islands aspect ratio
Cρ(ar), for increasing times t ∈ [0, 50] min every 3 min (from blue to red). f) Cluster size histogram
car(t) as a function of time, for increasing ar ∈ [0 10] grouped in 24 bins linearly distributed(from
blue to red).

This is not our case since the number of particles increases over time and they cannot be

counted within an island. In blank and barrier, we observe that just very small islands

are present for times shorter than ∼8 min, and then bigger islands start to emerge due to

the coarsening of the small ones giving place to a scenario where new small islands keep

nucleating and the old ones grow and merge. This is more pronounced for kanamycin

since the nucleated islands are bigger in size and they quickly grow: after 3 min in the

kanamycin case we have sizes that will not appear in the other two cases until times larger

than 10 min. There is as well a difference in the predominant sizes during the timelapse. In
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the kanamycin case, the smallest islands, corresponding to the nucleating islands, are not

the most abundant size throughout the timelapse since the islands that nucleate quickly

start growing. This contrasts the other two cases where the nucleated islands sizes are

quite abundant even for late stages in the timelapse.

So far, we have just described the evolution in size of the islands with time but one of

the major differences between the kanamycin and the other two cases is how they evolve in

shape (Figure 3.4d). To characterize this, we have calculated the aspect ratio of the islands

(subsection 6.4.1) and we observed that this magnitude remains constant around a value

of 1.5 for the blank and the barrier, whereas the aspect ratio for kanamycin starts around

1.3 to then reach 2.5 in the first 20 min. The islands that emerge in presence of kanamycin

become elongated along the direction going from the inoculation point to the kanamycin

disk. This elongation towards the kanamycin is a contribution of two factors: the growth

of the islands along the x direction and the fact that they start merging exclusively in this

direction Video 10. Once the number of islands is sufficiently high, they start merging

across the perpendicular direction, resulting in a decrease in aspect ratio down to 1.8 for

times around 40 min. Finally, the vertical merging creates a new large rectangular second

layer of bacteria separated from the rest of the swarm that results in the final increase in

aspect ratio. In summary, after their emergence, islands in the kan case become elongated

in the horizontal direction and once there are enough nucleated islands they start merging

in the vertical direction, resulting in an oscillation in the aspect ratio. The ccdfs show

that distribution of aspect ratios is roughly independent of time for both the blank and

barrier cases but very large aspect ratios ∼8 are already present in the first 15 mins of

the timelapse for kanamycin (Figure 3.4e). This can also be observed in the cluster aspect

ratio distributions, where kanamycin has a high density of the highest aspect ratios for

times even lower than 10 mins. In the blank case, islands do not have a well defined shape

so some spurious high aspect ratios appear at early times to then disappear, as the islands

are not stable.

Although useful to compare to the existing models and experiments of cluster for-

mation, the previous characterization has some limitations. The main one is that the

evolution in size and aspect ratio is an average of the islands that nucleated in a wide

range of times so it does not represent the evolution of the clusters themselves but of the

system as a whole. To overcome this limitation, we tracked the individual islands over

time for the blank and kanamycin cases (Figure 3.5). Unfortunately, this was not possible

for the barrier case due to the poor image quality. In the blank case, we tracked the islands

in 5 different samples and then aligned the trajectories in time so they match at the point

71

https://youtu.be/MdoFGGXFV9Y


of variance 0 (see subsection 6.4.2). Once aligned, the average of all trajectories for the

5 samples was calculated and their weighted average was plotted against time as shown

in Figure 3.5a. The average size evolution is characterized by a continuous fluctuation

in size, even more pronounced in the individual tracks since the average smooths these

fluctuations. Such fluctuations are due to the lack of growth in the individual islands

when nucleating since they undergo random changes in size until they merge with others

(Video 11). The islands size evolution follows a power law with exponent 0.518(0.039)

that then gives place to a sudden rise in islands size. As we described in Figure 3.4a, this

sudden increase comes from the merging of all the islands forming a new layer. In the

kanamycin case, the three samples are plotted separately so each line corresponds to the

shifted average of all the trajectories in a single experiment. The size evolution starts with

a short lag phase where islands grow slowly to then enter the power law phase that in

average has an exponent of 1.7 for two of the curves. The outlier has two power law phases

of growth with slopes 0.9 and 2.7 that in average is 1.8, similar to the slope reported for

the other two experiments (for a detailed list of the fits, consult Table 7.4). In the tracks

for the aspect ratios, we see that when the islands nucleate, they spend approximately

10 min with the original shape and then they become increasingly elongated towards the

kanamycin disk (Figure 3.5). The main difference with the aspect ratio in Figure 3.4d is

that the drop is not observed here since now we are not accounting for the merging of the

islands in the vertical direction. In the blank case (not included) the shape evolution of

individual islands is similar to the ensemble average in Figure 3.4d.

We have shown that swarming B. subtilis transits into a second layer following a dy-

namics that bears resemblance to MIPS. The transition is different in absence and presence

of antibiotics, following a dynamics that resembles spinodal-decomposition or nucleation-

and-growth respectively. The main differences between these two modes come from the

distinct nuclei that form in each case. To try to elucidate more precisely the differences

between these two types of islands, we will study their fast- short-term dynamics.

3.2.5 Fast time dynamics during island stabilization

We started by studying the islands for time scales of seconds just when they appeared

in the field of view. To do so, we recorded timelapses of the islands in the blank case

and kanamycin every 0.5 s. For the former, islands appeared and dissapeared as described

above but in this fast time lapse we could observe that islands have preferred sites to appear

in the field of view (Video 11). To show this, we calculated the image average of a 2 min

timelapse and the standard deviation of the pixel intensity (Figure 3.6a). If the islands
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Figure 3.5: Size and aspect ratio obtained by tracking the individual islands along
time. a) Average size evolution of the individual tracks along time for the blank (in blue) and
the kanamycin (in green). The blue curve is the average of 5 different samples and the shaded
region is the standard error of the mean. The green curves are the average of the individual tracks.
The values in gray represent the exponent of power laws fitted to the range of data given by the
gray lines. b) Average aspect ratio evolution from the individual tracks for the three samples with
kanamycin.

appeared uniformily in the field of view throughout the timelapse, we would expect the

average pixel intensity of the projection to be nearly homogeneous in the ROI. However,

we obtained small regions where pixel intensity is low compared to the surroundings,

indicating that the islands are mainly present in specific sites. This was further confirmed

by the standard deviation of the pixel intensity (red shades in Figure 3.6a). The regions

near the islands showed a higher standard deviation confirming that the islands appear

and disappearing near those regions but less often in other parts of the ROI.

To confirm that the average projection shows the preferred sites where islands appeared

and not islands that lasted for the 2 min of the timelapse, we calculated the lifetime of the

islands and we observed that the maximum lifetime was 40 s and their average lifetime

3.82(0.14) s (Figure 3.6b), much shorter than the 2 min that the entire timelapse lasted.

Altogether, this indicates that the dark regions in the average projection resembled islands

that repeatedly appeared in the same regions instead of static islands that just remained

there. Once again, this also points out the instability of the island formation in the blank

case.

This is remarkably different to what happens in presence of kan. In this case, once

the island nucleates, it remains there for the whole timelapse and disappearance events

are very rarely observed (Video 12). The nucleated islands show instead big fluctuations

in the boundaries. To try to capture the dynamics of these fluctuations and find common

features to all the islands, we used Fourier series expansion as a convenient method to
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Figure 3.6: Short time-scale characterization of islands appearance in absence of
kanamycin. a) Image average and standard deviation (in red) of a 2 min timelapse showing
that islands have preferred sites to appear. The white arrows show some examples of the islands
in the field of view. b) Histogram of the islands lifetime. The lifetime was measured as the time
interval from island appearance until disappearance during a 2 min timelapse of images taken every
0.5 s. The bin width of the histogram in 1 s.

parametrize the boundaries (see Equation 1.9 and Figure 3.7a). The Fourier expansion

works as an approximation to the real shape of the boundary of the island that can be

described more accurately with an increasing number of terms (harmonics) in the Fourier

series [85, 90]. To calculate how many harmonics would be convenient to describe the

variation in shape of the islands boundaries over time, we calculated the root mean square

error (RMSE) for an increasing number of harmonics subsection 6.4.7. The result showed

that the error committed by the Fourier expansion with increasing number of harmonics

decays nearly exponentially (Figure 3.7b). The standard deviation in time of the RMSE for

the different harmonics showed large variation for small harmonic number n, indicating

the stochasticity of how well the shape is described by this method. We also observed

that after the 5th harmonic, neither the RMSE nor its standard deviation are reduced

significantly. These low frequencies represent the coarse structure of an object, while

higher frequencies add the details [86], so with these description we are hoping to describe

quantitatively the common features of the islands. With this aim, we will use just the first

5 harmonics of the Fourier series.

How important a specific Fourier term is at describing the shape of the boundary is

given by the amplitudes accompanying the sin and cos in the Fourier series, noted here as:

an, bn, cn and dn, being n the harmonic number (or number of terms in the Fourier series

expansion), and a0 and c0 the fundamental frequencies for the x and y components of the

boundary, respectively. By definition, b0 and d0 are always 0. The temporal mean of these

Fourier coefficients was calculated for each of the harmonics and plotted for 8 different
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islands. As explained by the theory, the zero Fourier coefficient (n=0) contains the origin of

a shape [86]. Variations in that coefficient just indicates spatial translations of the islands.

The n=0,1 components are the ones that contribute the most to the Fourier description of

the shape boundary. This is because the n=1 corresponds to a constant elliptical shape,

and fluctuations in the boundary would not affect this very coarse description. Thus, this

mode acts as a base for the higher modes to build on and create the boundary specifics

needed to create the characteristic shape of the islands. A zoomed in of the higher modes

can be seen in the insets of Figure 3.7c, d, e and f. Although we cannot extrapolate any

direct conclusions from the Fourier coefficients, the Fourier harmonics give a quantitative

description that can be used by numerical models to predict and find out the intrinsic

mechanism behind the shape fluctuations.

Studying the time average of the Fourier coefficients provides a description of the pre-

dominant amplitudes needed to describe the islands boundary. However, we lose some

information since there could be some periodicity in time when some of the Fourier har-

monics become more or less relevant. To see whether this is the case, we calculated the

power spectrum of every Fourier coefficient for every harmonic for 8 different islands and

checked whether there are any frequencies that are dominant (Figure 3.8a). The mean

and the standard deviation (sd) in time of the power spectrum were calculated and the

frequencies at the values larger than mean+sd were selected. This process was repeated

for every Fourier coefficient (a, b, c and d), for every harmonic number n and for ev-

ery studied island. The selected frequencies were then plotted in histograms where the

probability of each frequency for each coefficient and harmonic number were plotted (Fig-

ure 3.8b). Finally, we created a heatmap with the dominant frequencies for each Fourier

coefficient and we colorcoded the probability of the dominant frequencies for each of them

(Figure 3.8c). The heatmap shows that a0, b1, c0 and c1 are dominant for the shortest

frequencies (0-0.1 Hz). Larger frequencies do not seem dominant for any coefficient. This

indicates that changes in the islands boundaries do not have a certain periodicity at least

for long or medium timescales.

The fast-timescale study of the islands highlighted some of the differences between the

blank and kan cases that we already knew from the previous quantification and gave some

additional information about their nature. In the blank case, the islands intermittently

appear and disappear with a characteristic lifetime in preferred sites within the studied

ROI. This could point to a hidden factor that promotes their appearance as for example

defects on the agar or immotile cell clusters. In turn, the islands formed in presence of

kan are completely stable, once they nucleate their boundaries fluctuate but they do not
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Figure 3.7: Fourier description of islands boundaries in presence of kanamycin. a)
Detected boundary of the island (red) and Fourier contour approximation taking 5 harmonics of
Fourier series. b) Root mean square error (RMSE) when comparing the actual island boundary
and the approximated boundary calculated with and increasing number of Fourier series. The
error bars indicate the standard deviation of the mean in the timelapse. c, d, e, f) Temporal mean
of the an, bn, cn and dn coefficients of the Fourier series for an increasing harmonic number. The
insets correspond to a zoomed in region of the main graphs for harmonics ranging from 2 to 5, as
indicated by the dotted rectangle. The different colours represent 8 different islands.

disappear. A characterization of this fluctuations was given by parametrizing the bound-

aries using Fourier series. This characterization has demonstrated to give a quantitative

metric that could be used by numerical models to predict islands shape. From this metric

we could not obtain a clear mechanism of what makes the specific shape of the islands

or any periodicity on time. It stands to reason that the origin of the difference in island

formation should be found in differences in the microscopic behaviour of the cells in the

cases studied. We therefore now turn to the characterisation of critical microscopic aspects
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Figure 3.8: Dominant frequencies for the Fourier coefficients at the different harmonic
numbers. a) Power spectrum of a Fourier coefficient at a specific harmonic number n. The
continuous line shows the temporal mean and the dotted line the standard deviation. From this
spectrum, those frequencies corresponding to values of the spectrum that are greater than the
mean+sd were selected. b) A histogram of the frequencies selected from a) was calculated to
identify whether there were predominant frequencies. The y axis is the probability of each bin and
the bin width is 0.1 Hz. c) Heatmap of all the Fourier coefficients for all the harmonics for each
of the frequencies studied. The probability of each frequency is colorcoded as indicated by the
colorbar on the right.

of the cell monolayer during the different types of island formation.

3.2.6 Monolayer characterization during island formation

In the search for the origin of the differences observed between the kanamycin, blank and

barrier cases, here we characterize the case-specific behaviour of the swarming monolayer,

as the differences might reflect a fundamentally distinct behaviour at the microscale. To

this end, we followed cell speed and surface coverage of the monolayer in a region between

0.7 cm and 2.7 cm from the kanamycin disk, for a time interval of 1 h until the emergence

of the first islands, chosen as the origin of time (0 min) (Figure 3.9a). This region was

selected in such a way that the points nearest to the disk correspond to the monolayer that

gives place to the nucleation and growth of the front in presence of kanamycin and the
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farthest point belongs to the monolayer which gives rise to the spinodal-like decomposition.

At the earliest timepoint, the swarm was still expanding and was still at a distance of

1.7 cm from the disk. 30 min later, the velocity decreased in the interior of the swarm

in agreement with [44], that characterized the swarming velocity in different regions of

swarming B. subtilis and reported that the highest velocities are in a region near the

advancing front. 15 min before the first island formation was observed, the front reached

a position 0.7 cm away from the kanamycin disk. At this point, the speed of the front

had decreased to approximately a third of the one measured between 60 min and 30 min

before island formation. This reduction in speed is accompanied by an increase of the

surface coverage of the monolayer from 0.583(0.001) to 0.666(0.001). It is well known that

an increase in cell density usually leads to an increase in cell speed due to the formation of

cell rafts well characterized in collective motion [64, 56]. The fact that here we observe a

decrease in average speed despite the increase in concentration, suggests that kanamycin

slows down the cells at the swarming front, in line with previous reports [47]. By the

time the islands appear (0 min), the front is completely immotile and densely packed

(surface coverage 0.791(0.004)). A similar effect of kanamycin exposure can be observed

even at 1.7 cm from the disk, where we estimate the kanamycin concentration to be

below the MIC (Figure 2.2b). Here, in the last 15 min, bacteria reduce their speed from

15.91(0.11) to 5.57(0.08) µm/s while increasing the local surface coverage from 0.697(0.001)

to 0.789(0.004). In contrast, at a distance of 2.7 cm from the disk, an increase in surface

coverage from 0.567(0.001) to 0.640(0.001) in the last 15 min is accompanied by a slight

increase in speed from 13.92(0.10) to 18.92(0.14) µm/s. We see therefore that the regions

closer and farther from the kanamycin disk enter the island-formation phase through two

distinct routes: a higher-density/low motility route for the former; a lower-density/high-

motility route the latter. Two different routes to buckling of a cell monolayer have been

recently reported in Pseudomonas aeruginosa. In this system, buckling can happen either

through an elastic instability (Euler-buckling) purely by an increase in cell density in

absence of motility, or through rate-dependent out of plane transitions when active motion

exists [105]. In the present case, however, motility in the high-density kanamycin case is

still playing a fundamental role in the transition from mono- to multi-layer, as can be seen

by the fact that this transition happens in a region close to but not corresponding with

the immotile band closer to the kanamycin disk (Video 5).

To see if this is compatible with the MIPS picture, we characterized the swarming states

through their rotational Peclet number (see Equation 6.3) and followed their dependence

in time until the islands were first seen in the field of view. This was repeated for the
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three cases of blank, barrier and kanamycin (Figure 3.9b). These two parameters are

strongly dependent on where the data is acquired within the swarm which complicates

the interpretation of the results. For example, to avoid the effect of a physical barrier

that could be induced by the boundaries of the petri dish itself, we acquired the data

in the blank case very close to the centre. This region is known to include clusters of

immotile cells and low motility rafts [44], making the average speed in the field of view

very low. This complicates the characterization of the state of the swarm when islands

first appear. Despite these issues, the trajectories show that in both the blank and barrier

cases what changes in the process of island creation is mostly the concentration of the

monolayer, with only a minimal variation in motility with respect to the initial values.

Figure 3.9c shows the phase-space parameters of the monolayer coexisting with the stable

second layer. It is interesting to notice that, in the barrier case, the monolayer coexisting

with the islands has a distinctly higher speed with respect to the other two cases (see also

Figure 7.11a). This might be either because the barrier forces the cells to accumulate at a

premature state, which potentially might be different to when they naturally accumulate,

or because the meniscus formed by the barrier creates a channel that allows the cells to

move faster [158]. As we mentioned in Figure 3.9a, the blank case seems to enter in the

second layer with a lower surface coverage than in the kanamycin case. This indicates

that the reduced speed due to kanamycin exposure, which would hinder the emergence of

multilayer islands, is compensated by the increase in cell concentration due to the arrest

of front propagation.

We therefore can conclude that bacteria can use two different methods to form a new

layer: forming a state more dominated by interparticle extrusion due to high cell densities

(kan case) resembling what happened in [105] versus a more diluted and motility-induced

mechanism (blank).

The differences in the monolayer dynamics while coexisting with the second layer

may not come only from the magnitude of velocities but also from higher moments of

the velocity such as the skewness and the kurtosis. For example, continuum models of

MIPS predict that the kurtosis of the distribution of velocities increases in a dense phase

as opposed to a lower kurtosis in the diluted phase during spinodal decomposition [98].

This difference between diluted and dense phases is attributed to bacteria clustering in

their numerical model. Therefore, we wondered whether we could see a similar effect

in our system and we characterized the skewness and kurtosis of the x component and

the modulus of the velocities for the monolayer when coexisting with the second layer

(Figure 3.10 and Figure 7.11). The skewness, which is commonly used to quantify the
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Figure 3.9: Speed and surface coverage characterization during multilayer formation.
a) Cell speed at 0.7, 1.7 and 2.7 cm away from the kanamycin disk for a time interval of 1 h before
the initial formation of the islands (0 min corresponds to island formation). 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. The colorscale shows the surface coverage. b)
Phase diagram showing the Peclet number vs the surface coverage of the system. The lines show
the trajectories that the swarm follows in the phase space to form the islands. c) Monolayer Peclet
number and surface coverage while coexisting with the multilayer. The gray area shows the region
where MIPS occur according to the numerical simulations for disks in [1]

.

asymmetry of a distribution, is <0 for the x component of the velocity vx in the blank

case Figure 3.10a. A possible reason is that the data for the blank case was taken in a petri

with kanamycin but where the disk was at a distance of 5 cm away from it, so the cells

in this position still tended to travel outwards (the direction of the swarming front). The

kurtosis of the velocity component (Figure 3.10b) is much higher than 3, the value expected

for a monolayer swarm in absence of stress [47]. Remarkably, the value of kurtosis spikes

for the blank case, in agreement with the description of anomalous statistics in continuum

models of MIPS for spinodal decomposition [98]. The kurtosis in the kanamycin case is

also double the one expected for a monolayered swarm in absence of stress but still in

agreement with the anomalous kurtosis reported for monolayered swarms of B. subtilis in

presence of sub-lethal concentrations of kanamycin [47]. In the barrier case, the kurtosis

seems quite similar to the monolayered swarm, demonstrating that the monolayer does

not change significantly while coexisting with the islands. The moments for the modulus

of the velocity follow a similar pattern (Figure 7.11b and c).

To further analyze the differences in the monolayer when coexisting with the sec-

ond layer, we calculated the time autocorrelation function (Equation 1.3), the directional

correlation (Equation 1.6) and the radial correlation (Equation 1.5). To calculate the

characteristic magnitudes from the correlation functions, we fitted the functions to an

exponential decay and then we calculated the autocorrelation time τ , the directional time

Θ and the radial correlation length ρ as the inverse of the exponent in the exponential fit.

The blank case shows the highest autocorrelation times (0.4 s), followed by 0.2 s for

the barrier and 0.05 s for kanamycin. In the barrier case, the monolayer seems to preserve
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Figure 3.10: Skewness and kurtosis of the x component of velocity for the blank, barrier
and kanamycin. a) Skewness of the x component vx of velocities calculated for the blank, barrier
and kanamycin. b) Kurtosis of the x component vx and modulus v of velocities. The long horizontal
bars represent the mean of the distribution and the upper and lower short bars represent the
standard deviation.

the characteristic high speed of monolayered swarms according to the measurements of

cell speed and the trajectories in the phase diagram (Figure 3.9c and Figure 7.11a). In

this case, we expect the correlation to decay faster since the system is more dynamic.

Surprisingly, this is not what our results suggest (Figure 3.11a), since the correlation

times are lower than for the blank case. The lowest autocorrelation time is for kanamycin

where cells move slower and the monoloyer is more packed. This might indicate that

the rafts are less cohesive in the kanamycin case and the average time of the rafts being

together is lower in the presence of kanamycin. The directional correlation indicates for

how long the rafts go in certain direction, i. e. how fast they change direction. We can

see that these characteristic times are ∼0.2 s for all cases, about one order of magnitude

less than the autocorrelation times (except for kanamycin) (Figure 3.11b). The differences

between the three cases are small, with the barrier rafts apparently having a slightly longer

persistence time than in the blank and kanamycin cases (0.057(0.014)s vs 0.031(0.031)s

and 0.026(0.012)s). The differences in the correlation lengths between the cases seem to

mirror those of the autocorrelation time.

In conclusion, the characterization of the monolayer demonstrates that to undergo

spinodal decomposition in absence of stress, the swarm dynamics do not change signifi-

cantly and the monolayer seems to behave like a diluted fluid. In contrast, in presence

of kanamycin, the monolayer forms a packed state where cell-to-cell forces might have a

greater contribution. Since it has been previously hypothesized that multilayer formation

in swarms could increase the resistance to antibiotic [121, 144], in the next section we will

suggest a possible biological function for the swarm multilayer.
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Figure 3.11: Characteristic magnitudes obtained from exponential fits to autocorrela-
tion and directional correlation in time and cross correlation in space. a) Autocorrelation
time, defined as the inverse of the exponent in an exponential fit to the autocorrelation function
Equation 1.3. b) Directional correlation time, defined as the inverse of the exponent in an exponen-
tial fit to the directional correlation function Equation 1.6. c) The cross-correlation length, defined
as the inverse of the exponent in an exponential fit to the radial correlation function Equation 1.5.
The long horizontal bars represent the weighted mean of the distribution and the upper and lower
short bars represent the weighted standard deviation.

.

3.2.7 Waves of bacteria resulting from island formation expand further

into the kanamycin gradient

The fact that the nucleation and growth happens near the kanamycin gradient made us

think that it could involve a strategy that bacteria use to fight against antibiotics. To

check this possibility, we recorded what happens after the nucleation of the islands formed

a confluent layer. First, we noticed that in the kan case, the formed multilayer is local,

meaning that it occupies a band of approximately ∼0.5 cm width, followed by a single

layer of 1 cm width towards the interior of the swarm Figure 3.12. This creates a natural

gap in cell density across the swarm since the multilayer formed by nucleation and growth

happens in a restricted region, isolated from the multilayer that naturally emerges in the

interior of the swarm by spinodal decomposition (Video 10). This gap was maintained for

at least 80 min after the islands emerged. During these 80 min, we observed the nucleation

and merging of islands for up to 4 layers before we lost the ability to recognize further

transitions due to a flattening of the image contrast.

After the localized multilayer formation, bacteria used this confined region of high cell

density to move towards the kanamycin disk (Figure 3.13). The mechanism used by the

multilayer to move forwards is not completely clear. Our hypothesis is that the second layer

spreads following the same mechanism as the first, i. e. the cells keep producing surfactin

which makes the colony to spread. To track this 1st wave of bacteria, we measured the

intensity profile of a brightfield timelapse over time during multilayer formation at 30◦C

(Figure 3.13a). The 1st wave appears as a very dark thick line in the field of view due

to its high cell density. The wave first appeared at 10.8 mm from the kanamycin disk
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Figure 3.12: 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.

and then it travelled forward a total amount of 1 mm in 1.5 h to finally stop probably

due to the presence of kanamycin. After that, the spinodal decompositon happening at

the interior of the swarm created a 2nd wave of bacteria, remarkably different to the first

one, created by nucleation and growth. The 2nd wave started at 18.9 mm from the disk

and travelled 3.7 mm in 5.3 h towards the kanamycin disk. Remarkably, the expansion

speeds of both waves is quite similar since the 1st wave expands at ∼0.67 mm/h and the

2nd wave at 0.70 mm/h. This indicates a similar mechanism of spreading for both waves.

The main difference is the distance travelled, larger for the 2nd wave , probably due to

the lower concentration of antibiotic that the 2nd wave has to face (Figure 2.2b). For the

blank case, the waves are not observed.

Thus, it seems that the two mechanisms that bacterial swarms use to transit to a

multilayer swarm, namely spinodal decomposition and nucleation and growth, trigger

waves of bacteria that travel towards higher concentration of antibiotic. To check whether

there is any net transport of cells towards the antibiotic, we inoculated fluorescent beads

at three different points in the trajectory of these waves (Figure 3.13b and c, Video 13).

The three points were separated by 1 cm from each other and they were placed in such a

way that the left inoculum was just behind where the 2nd wave appears and the middle

inoculum was just by the 1st wave . The third inoculum on the right acts as a control

to demonstrate the net transport of beads in absence of these waves. Qualitatively, we

can tell that after all the waves (Figure 3.13c), the beads have been displaced towards the
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Figure 3.13: Fluorescent beads show that the waves create a net flow of bacteria moving
towards the kanamycin disk. a) Brightfield intensity profile of the swarm for 2.8, 4.3, 5.9 and
11.2 h after island formation. The drops in the pixel intensity correspond to high density regions.
From the kanamycin disk, the profile shows a small drop corresponding to the halted front, then
two drops for two different timepoints corresponding to the 1 mm distance that the 1st wave
travels and finally the two last drops corresponding to the 3.7 mm travelled by the 2nd wave . b)
Fluorescent beads inoculated at three different points from the inoculation point (at the left of the
image) to the kanamycin disk (at the right of the image). The fluorescent beads on the left were
inoculated 15 mm away from the inoculum and the three points are equally spaced by 10 mm.
The inoculum on the right is approximately 5 mm from the disk. The image corresponds to the
start of island formation. c) Distribution of fluorescent beads after ∼13.5 h, when the waves had
already passed through all the points. d) Normalized fluorescent intensity measured for the three
rectangular regions drawn in b) and c). The vertical lines represent from left to right: when the
front halts, the beginning and end of the 1st wave and the beginning and end of the 2nd wave .
The fluorescent signal was normalized by the first frame of the timelapse.
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kanamycin disk. To quantify in which extent, we have measured the fluorescent intensity

in three ROIs just on the right of each inocula (white rectangles in Figure 3.13b and c).

The measurements of the fluorescent intensity start when the islands appear in the field of

view. From that moment until the front halts, 1 h after islands appear, there is an increase

in the fluorescent signal for the three measured areas, confirming that the monolayer

can drag beads towards the front. This increase can be quantified as the difference in

fluorescent signal between the signal at the beginning of the timelapse and when the front

halts. The measured differences in intensity for the ROIs going from left to right are:

-0.008, 0.035 and 0.041, which suggests that there is no transport of beads at the left ROI.

After the front stops, there is a marginal increase in the fluorescent intensity of the three

ROIs: 0.026, 0.030 and 0.019, since the bacteria in the inner regions are still expanding

towards the front. The fact that during this period the front does not move and the beads

are still moving forwards, indicates that there is still a net flow of particles towards the

disk, matching the fact that the islands become elongated towards the kanamycin disk.

Furthermore, this effect is probably the origin itself of the islands created by nucleation

and growth. Bacteria from the inner part of the swarm are expanding and the front is not

moving which creates a net increase in cell density that gives rise to the islands. After

2.8 h from island formation, the 1st wave appears but the fluorescent signal does not

increase significantly when compared to the other two points. However, the 1st wave does

change the spatial conformation of the beads (Figure 3.13c). 1.6 h after the 1st wave wave

halts, the 2nd wave wave appears and makes the fluorescent intensity to increase 0.13,

in comparison to 0.006 and 0.009 for the right and middle ROIs respectively. This high

increase demonstrates that the 2nd wave has a higher ability to transport bacteria towards

the front more than the 1st wave or even the monolayered swarm.

Altogether the results suggest that the localized multilayer formed by spinodal decom-

position and by nucleation and growth are quite different and the former drags bacteria

to regions of higher concentrations of antibiotic.

The radial spread of the multilayer in form of waves, carries swarming bacteria to

regions of high antibiotic, where the monolayer is immotile. However, whether the bacteria

carried by the waves are alive or not is unknown. To find out, we have calculated the CFU

per unit of area across the swarm as an estimation of the living cells in the system for three

different times: when the islands form (0 h), 17 h after island formation, when the waves

have already stopped moving and, finally, 65 h after island formation. For the first time

point, the CFU/mm2 is approximately 106 and quite homogeneous across the swarm, with

the exception of the centre at 45 mm from the disk where the CFU/mm2 drops to 105 and
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at the closest position to the kanamycin disk where it drops to 104 (Figure 3.14), probably

because of the high cell death caused by kanamycin. Approximately 4 h after the 2nd wave

stopped moving (t=17 h), no alive bacteria were found at 5 mm from the disk. At 15 mm

from the disk, there were still some alive bacteria but 130 times less than for the previous

timepoint, making evident the killing effect of kanamycin. The number of viable bacteria

increase to almost 107 at 25 and 35 mm from the disk to finally increase up to 109 for the

farthest point from the disk. Finally, for t=65 h, there are no viable bacteria up to 35

mm in the swarm. When viable bacteria was counted, the CFU/mm2 was 5 to 40 times

lower than in the previous timepoint across the swarm, indicating that cells die probably

due to nutrient scarcity. With this we cannot conclude whether the waves contribute or

not to the amount of viable bacteria near the kanamycin. In our system the amount of

kanamycin increases over time, particularly where the 1st wave stops (Figure 2.2b). Then,

the 1st wave could be transporting bacteria that are temporally alive and then die due

to the increasing concentration of kanamycin. Apart from bacterial transport, we cannot

discard that the waves could be acting as a diffusion barrier or have a protective function

such as sending a warning signal to the rest of the swarm since, as we will see in the next

chapter, resistant colonies to the kanamycin appear just behind the waves, at 35 mm from

the disk.

Figure 3.14: Concentration of bacteria in the swarm for three different timepoints.
The concentration per unit of area was calculated for three different times. The origin of times
corresponds to the island formation. The first time profile was measured before the waves occurred,
when the islands appeared. The second timepoint is after the waves and finally a third timepoint
was acquired after 65 h. The vertical dashed lines indicate where the waves appear. The errorbars
are the standard error of the mean. The CFU takes a value of 0 when the lines disappear.
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3.3 Discussion

In this study we have described how bacterial swarms can develop multiple layers employ-

ing principles of active matter. In absence of stress, the swarm generates small islands that

emerge suddenly to form a new layer, resembling what happens in phase transitions during

spinodal decomposition. In presence of stress, such as a gradient of antibiotic, the swarm

creates nuclei that grow in size and become elongated towards higher concentrations of

antibiotic, resembling nucleation and growth in temperature gradients. The macroscopic

description of how these islands evolve with time match some of the quantitative aspects

reported for motility-induced cluster formation in active colloids, gliding bacteria and even

swarming monolayers. However, we observed that the traditional models of MIPS failed

to describe quantitatively some aspects of our system. For example, the characteristic

wavelength of a phase transition with a constant number of particles is expected to in-

crease as a power law over time. We observed here that, despite observing a characteristic

wavelength for a certain time window, the wavelengths do not increase but rather shorten

probably due to the constant creation of nuclei because of the increase in cell density.

Thus, our quantification could inspire novel models of phase transitions where the number

of particles is not constant, a common phenomenon in nature.

In absence of stress, the study of the fast time scale during island formation revealed

that the emergence is not stochastic throughout the field of view. Instead, islands appear

in specific regions. This could be linked to the presence of obstacles that promote cluster

formation according to recent studies of numerical simulations of self-propelled particles

[159]. However, we have not studied this possibility.

In case of stress, we link this localized phase transition with the development of waves

of bacteria that carry cells in the swarm towards the regions of higher concentration of

antibiotic, to a greater extent than the monolayer. This could give swarmers an advan-

tage at conquering new territories and it could inspire new technologies using bacteria

to transport particles or drugs for novel therapies. Altogether this study puts together

a quantification of the phase separation in bacterial swarms in presence and absence of

stress and links such phase separation to novel biological functions.
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Chapter 4

Swarming B. subtilis develops

resistant colonies in antibiotic

gradients

4.1 Introduction

In previous chapters we have seen that swarming bacteria can undergo a phase transition

that ultimately leads to the development of biofilms in an antibiotic gradient. However,

biofilm development is highly conditioned to the specific enviromental conditions that the

swarm grows in. In this chapter, we will address the question of how bacterial swarms

adapt to the antibiotic gradient when the transition to biofilm is prohibited by using LB

media, where biofilms cannot grow. We will demonstrate that swarming bacteria can find

a new strategy, alternatively to biofilm formation, and develop colonies that either become

resistant to the antibiotics or that present a fitness advantage when grown in sub-lethal

concentrations of antibiotic.

Previous studies demonstrated that exposure to sub-lethal concentrations of antibiotic

leads to mutagenesis [160, 7]. This promotes emerging antibiotic resistant mutants through

different mechanisms [6, 161, 162]. Antimicrobial resistance may not always be uniform

throughout a population. Cells may display a variety of resistance levels and some of

them may remain susceptible [163], a phenomenon coined heteroresistance [6]. Here, we

characterize the variability of this mutagenesis in a spatial landscape. Our experimental

set up allows to study each individual emerging mutant and to identify the differences

among them. Moreover, our data suggest that exposure to sub lethal concentration of

kanamycin make bacteria resistant not only to this antibiotic but to antibiotics which
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have the same target within the cell.

Commonly, the mutations associated to antimicrobial exposure carry a metabolic dis-

advantage. In most cases, there are compensatory mutations which restore metabolic

fitness but not to the wild type level [10]. In this study, we measured cell growth over

time of some kanamycin resistant mutants that emerged in the kanamycin gradient. Al-

though the mutant strain is 105 times more resistant than the WT, measurements in

cell growth do not display a substantial difference in fitness when compared to the WT.

Furthermore, whole genome sequencing results do not show compensatory mutations.

Finally, we found that the increase in resistance to these drugs comes with a great

increase in vulnerability to antimicrobials that target similar cellular processes. This

increase in vulnerability is common to all the colonies that appeared in the antibiotic

gradient, independently on their level of resistance and on their genetic mutations. This

opens a new way to treat infections of antibiotic resistant bacteria and could shed light

onto new mechanisms that bacteria use to become resistant to antibiotics.

4.2 Results

4.2.1 Exposure to an antibiotic gradient leads to the development of

resistant colonies

In the previous chapter we observed that the local accumulation of cells at the front in

presence of antibiotic leads to the formation of waves that move towards the antibiotic.

These waves are the border between an inhibition area (radius 1.5 cm) created by the

kanamycin gradient and the bulk of the swarm. Just behind these waves, new colonies

emerged 1 day later (Figure 4.1a, Video 14). According to our estimation of the kanamycin

profile (Figure 2.2b) and the CFU results (Figure 3.14), these colonies appeared in a sub-

lethal concentration of antibiotic, since they are just behind the inhibition zone created by

kanamycin. Therefore, we believe that this sub-lethal concentration of antibiotics stresses

the bacteria leading to the formation of the colonies.

The fact that the colonies could grow in presence of kanamycin made us think that they

could have developed tolerance to the antibiotic. To check this, we made a serial dilution

assay (subsection 6.6.5) where we estimated the CFUs of the WT and the resistant colonies

for three concentrations of kanamycin: 3µg ml−1 , 5µg ml−1 , and 8µg ml−1 . At 3 µg

ml−1 of kan, the emerging colonies showed to be 104 times more resistant than the WT

(Figure 4.1 b). When exposed to 5 µg ml−1 of kan, the increase in resistance was 103,

similar to the previous one. Neither the WT nor the colonies survived at 8 µg ml−1 of
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kan. So we can conclude that these colonies are more tolerant to kanamycin than the WT

for concentrations around the MIC.

Although we know that the colonies are more resistant to kanamycin, we do not know

how that resistance is distributed across the plate and if all the colonies that appeared

are resistant to the antibiotic. To check the spatial distribution of the resistant colonies

we performed replica plating at 3 µg ml−1 of kanamycin (see subsection 6.6.5), and check

which colonies could survive at this concentration (Figure 4.1c). What we saw is that the

majority of the colonies are not resistant to 3 µg ml−1 of kanamycin and that the resistant

ones were mainly located at the front of the plate. This suggests that the antibiotic exerts

a selective pressure on the new colonies that arise. This coincides with previous studies

of resistance development under sub-lethal concentrations of antibiotics. Specifically, in

[6] demonstrated that 5 days treatment with 1 µg ml−1 ampicillin in E. coli led to an

increased resistance to the antibiotic at population-level MIC but exhibited heterogeneity

in MIC at the single level (isolation of individual colonies displayed higher resistance to

ampicillin (>2.5–12.5 µg ml−1 ), whereas some isolates were completely susceptible (≤ 2.5

µg ml−1 )).

Since this selective pressure promotes kanamycin resistance, we wondered whether it

could promote resistance to other antibiotics. To test this, we repeated the serial dilution

assay to quantify the resistance to streptomycin which targets the 30S subunit of the

ribosome, like kanamycin [164]. In this case, the colonies showed an increase in tolerance

with respect to the WT (Figure 4.1 d). For all the streptomycin concentrations tested,

the WT did not survive whereas the survival rate for the colonies was 3% at 3 µg ml−1

and 100 times lower for 5 and 8 µg ml−1 . This indicates that the kanamycin gradient

promotes the formation of resistant colonies to antibiotics that work in similar way, i. e.

targeting protein synthesis in bacteria. We will address further this point in the following

sections of the chapter.

In conclusion, exposure to a kan gradient leads to the emergence of resistant colonies.

Some of these were 104 times more resistant than the WT whereas others did not show

any resistance under 3 µg ml−1 of kan. The exposure to the sub-lethal concentration of

kan makes them to develop resistance also to antibiotics which target the same process as

for example streptomycin.

4.2.2 The resistant colonies are not exclusive to swarming motility

As it happens for the transition from swarming to biofilm that we observed in chapter

2, we wanted to check whether the development of the resistant colonies is exclusive to
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Figure 4.1: Emerging resistant colonies at the swarming front. a) Swarming plate 75h after
inoculation. Swarming bacteria were inoculated at the centre of the Petri dish. The kanamycin
disk was placed at the top of the dish and the resistant colonies emerged 3 cm away from the
antibiotic. b) Quantification of resistance of WT and resistant colonies at 3, 5 and 8 µg ml−1 of
kan. The emerging colonies seem to be 104 times more resistant than the WT. c) Overlapping
between the original plate showed in (a) and the emerging colonies which resisted the 3µg ml−1 of
kanamyicin after replica plating. d) Quantification of survivability of WT and resistant colonies at
3, 5 and 8 µg ml−1 of streptomycin. Colonies could not be counted for the WT since they could
not survive any concentration of streptomycin.

swarms or happens as well with swimming and immotile bacteria.

To test whether swimming bacteria can develop resistant colonies, we used B. subtilis

PY79 which cannot swarm but can swim. As agar concentrations lower than 0.4% promote

swimming motility instead of swarming [43], we repeated the kanamycin diffusion assay

for 0.3% agar plates and we inoculated 4 µl of the strain PY79 at the centre of the plate.

After 3 days of inoculation, the colonies appeared just behind a depletion region of 3 cm

radius (Figure 4.2a), double the radius of the swarming depletion region, confirming that

swarming motility can reach farther in the gradient of antibiotic. These colonies were

formed inside the agar as opposed to the swarming case, where they appeared on the

surface. The colonies were qualitatively similar, just slightly bigger than in the swarming

case. We tested the resistance of these colonies to 3 µg ml−1 of kanamycin and they gave

a similar result than for the swarming case (Figure 4.2a).
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We repeated the experiment with the WT strain 3610 for hard 1.5% agar by placing

the kanamycin disk in the centre of the plate 24 h prior to inoculation. As bacteria do not

expand in hard agar, we manually spread 700 µl of bacteria culture over the plate. After

3 days, bacteria formed a depletion region of 1.4 cm around the kanamycin disk and the

colonies appeared 3.3 cm away from the centre of the disk (Figure 4.2b). These colonies

were smaller than for the swimming plate and they appeared on the surface of the hard

agar. We repeated the serial dilution assay to determine whether they were resistant to 3

µg ml−1 and the survival rate was similar to the swarming case.

This indicates that the resistant colonies may appear regardless of the characteris-

tic motility of the bacteria, just purely due to the gradient of kanamycin. We tested

also whether the gradient is important or they can appear in a homogeneous concentra-

tion of kanamycin. For this, we inoculated 4 µl of swarming bacteria at the centre of a

swarming plate with 3 µg ml−1 of kanamycin. After 3 days, bacteria developed colonies

(Figure 7.12a). To further test whether the colonies were due to contamination, we simul-

taneously put a plate without any bacteria in the incubator and we did not observe any

colonies (Figure 7.12b), concluding that the gradient is not necessary for the formation of

the colonies either.

4.2.3 The resistance is hereditary but not linked to a specific genetic

mutation

Independently of the motility, the swarming gradient assay allows the characterization

of different phenotypes that can overcome an antibiotic gradient. We saw that these

phenotypes are diverse since not all of them showed the same resistance at a certain

concentration of kanamycin. The reason why just some colonies developed resistance while

others managed to emerge apparently without an increased resistance to the antibiotic is

surprising and it will be the subject of study in the rest of the chapter.

First, we will check whether this resistance can be passed to future generations when

cultured in absence of antibiotic, i. e. we will test if once the stress is removed, the colonies

are still capable of inheriting kanamycin resistance. To check whether this resistance can

be transferred to future generations of bacteria, we picked one resistant colony from the

swarming front and we streaked it onto a new LB agar plate without any antibiotic. This

plate was incubated overnight and, after this, a new single colony was chosen from this

new plate and streaked again onto a new LB agar plate. This process was repeated 11

times until we obtained 12 passages of the initial colony. We will refer to the original

colony of these passages as α and we will name its 10th passage as IL2. The amount

92



Figure 4.2: Emerging resistant colonies in swimming and solid agar. a) Swimming plate 75h
after inoculation. Swimming PY79 was inoculated at the centre of the Petri dish. The kanamycin
disk was placed at the right of the dish 24h before inoculation and the resistant colonies emerged
3 cm away from the antibiotic. The inset shows a zoomed in region where the colonies can be
distinguished in white. The graph shows that these colonies can survive to 3µg ml−1 of kanamycin
as much as the ones taken from the swarming plate. c) Hard agar plate 75 h after inoculation.
The kanamycin disk was placed at the centre of the plate and 24 h later 700 µl of WT B. subtilis
were spread over the plate. The colonies emerged 3.3 cm away from the disk. The inset shows a
zoomed in version of the colonies. The graph shows that the colonies showed approximately the
same resistance as for the swarming case.

of living bacteria on each passage was calculated by serial dilution assay at 3 µg ml−1

of kanamycin. The resistance was higher than the WT along the 12 passages tested for

colony α (Figure 4.3). Whereas the WT displayed a survivability of 10−5%, at least 5% of

the bacteria were resistant for all the passages of α. The resistance remained quite steady

for all the passages, with slight increasing trend. This demonstrates that the resistance

can be maintained along the next generations of bacteria even when they are not exposed

to the kanamycin selective pressure.

We repeated the kan gradient assay, creating another map of colonies and we picked
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Figure 4.3: Transmission of resistance along passages. a) Quantification of antibiotic resis-
tance for the four different colonies which were sent to whole genome sequencing. IL2 comes from a
different swarming plate than the other colonies and its resistance was measured along 12 different
passages under exposure to 3 µg ml−1 of kanamycin. The resistance of other three colonies (IL3,
IL4 and IL5) was checked along 5 passages. The error bands show the weighted standard error of
three replicates.

10 of the ones which appeared in the swarming front. We passaged these colonies 5 times

and we tested the resistance in each passage. For this plate, 3 out of the 10 picked colonies

showed a higher resistance when compared to the WT. We will refer to the last passage

of these resistant colonies as IL3, IL4 and IL5. Not all the colonies showed the same level

of resistance and it fluctuated during the different passages (Figure 4.3). Overall, IL3 and

IL5 displayed a lower resistance than IL4 across all passages. Within these colonies, IL5

showed that the resistance can be lost during the passages since its first passage displayed

a survival rate of 35% but it decreased down to WT level in the fifth one. Finally, IL4

seemed not to be susceptible to the antibiotic since nearly 100% of bacteria survived. The

high variability in resistance of these colonies suggests that they might use a different

mechanism to resist the antibiotic.

These variations in antimicrobial resistance are likely to be due to the different geno-

types in our strains since it has been reported that bacteria can adapt to antibiotic gra-

dients by genetic mutations [123]. To check whether the resistance is caused by genetic

mutations, we performed whole genome sequencing in WT and the 5th passage of four

different colonies: IL3, IL4 and IL5 which were tested in Figure 4.3 and IL6, a colony from

the same plate which never showed any resistance to kanamycin. We hoped that sending

resistant and non resistant colonies could identify the mutations that were important to

survive in presence of the antibiotic and whether these mutations could be responsible for

the increase in resistance to antibiotics similar to kan.
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All the strains which were sent had a mutation in the NorM gene (Table 4.1), re-

sponsible for the synthesis of a multidrug resistance efflux pump of the MATE family

[165]. To confirm this result from whole genome sequencing, we designed primers tar-

geting the mutation in the Norm gene to sequence it by Sanger sequencing (Table 7.6).

We confirmed the mutations in the Norm gene for IL3, IL4, IL5 and IL6. Neverthe-

less, according to our data, this mutation is not enough to confer antibiotic resistance

since both resistant and non resistant strains showed the Norm mutation (Table 4.1).

Apart from Norm, the non resistant strains IL5 and IL6 displayed a mutation which af-

fects the phosphoenolpyruvate-dependent sugar phosphotransferase system (sugar PTS)

(Table 7.5). This system is involved in maltose transport since it catalyzes the phosphory-

lation of incoming sugar substrates and actively participates in their translocation across

the cell membrane [166]. We checked this mutation with Sanger sequencing for IL6 (IL5

could not be checked due to problems with primer design) and we could not detect it so we

will assume from now on that IL6 just has the Norm genetic mutation. Finally, IL5 also

has a deletion in the GTPase ObgE which plays a role in the control of stress response and

ribosome biogenesis. Both processes are directly related to the target of aminoglycosides

since they have been reported to induce stress by creating Reactive Oxygen Species (ROS)

and they target the ribosome. However, this deletion does not increase substantially IL5

resistance to kan since the survival rate is the same as for WT.

IL3 and IL4 had several mutations affecting the plipastatin synthase subunit D and

they are the only two strains from this plate which showed antibiotic resistance (Table 7.5).

Plipastatin synthase is a multifunctional enzyme, which can have a ligase activity. This

could lead to a mechanism to alter the chemical structure of kanamycin so that it decreases

its affinity for the binding site. However, after checking these mutations with Sanger se-

quencing, we could not observe any of them in these two strains. Sanger sequencing

targeting these mutations was repeated 4 times and no mutations were detected in any of

them. Then, the only explanation for the increased resistance to kan in IL3 must come

from its other mutation in the elongation factor G which participates in translocation.

Mutations in the fusA gene, which encodes the elongation factor G, are the most found

mutations in lineage studies of P. aeruginosa and E. coli exposed to sub-lethal concentra-

tions of aminoglycosides so their implications in antibiotic resistance seem evident [167].

The most resistant strain is IL4, which shows an insertion in a gene related to the 50S

ribosomal protein L7/L12 (Table 4.2). The ribosome is the target of aminoglycosides such

as kan or strep so it seems feasible that such mutation could lead to resistance. Nonethe-

less, kan and strep specifically target the 30S subunit and not the 50S so the link between
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the resistance and the mutation is not completely clear.

As we discussed, all the colonies have a mutation in Norm so we wondered whether

this is a common phenomenon when exposing swarming bacteria to kan gradients. To

check that, we made a replicate of the experiment and we selected three colonies: a colony

from the swarm that was very far away from kan and that did not show any resistance

(β), a colony from the swarming front (α) and its tenth passage IL2 also resistant to kan

as we showed in Figure 4.3. We sent these three colonies to whole genome sequencing. β

-susceptible to kan- had a mutation in the elongation factor G as IL3, just in a different

position in the gene. This makes us doubt of the link between mutations in the elongation

factor G and an increase in resistance. In α, an insertion in the tRNA-leu was detected.

tRNA-leu is an enzyme that binds an activated aminoacid with the correspondent tRNA

during translation. This seems a crucial process that is targeted by kanamycin. However,

exactly the same insertion was also detected in β, which is not resistant to kanamycin, so

again the link between this mutation and the increase in resistance is not clear. Strikingly,

IL2, the 10th passage of α, has InDels in the glutamine-fructose-6-phosphate aminotrans-

ferase (gfat), which were not found in α. This is quite surprising because one would

expect IL2 to have a genotype identical to α since during passaging it was never exposed

to antibiotics. Ggfat is the rate-limiting enzyme which catalyzes the conversion of fructose-

6-phosphate to glucosamine-6-phosphate [168] but its link to aminoglycoside resistance has

not been reported, to the best of our knowledge. The fact that these InDels were detected

in IL2 but not in α means that maybe they were missed by the whole genome sequencing

in the latter and that α’s increased resistance comes from these mutations.

As Norm mutation was common to all the colonies in the first plate that we sent, we

targeted the Norm mutation in IL2 -coming from a second assay- with Sanger sequencing

to see whether it was missed by the whole genome sequencing. After repeating the Sanger

sequencing 4 times, we confirmed that this mutation was not present in IL2.

In summary, the higher resistance in IL3 could only come from the mutation in the

elongation factor G. The higher resistance in IL4 can only be due to the deletion in the 50S

ribosomal subunit, although kan targets the 30S one. IL5 and IL6 do not show a higher

resistance to kanamycin and the latter does not show any mutations apart from the one in

Norm. The elevated resistance of α is unlikely to be due to the insertion in tRNA-leu since

this is shared with β which is not resistant. The results of the sequencing seem puzzling

since there are a lot of mutations found by the whole genome sequencing that are involved

in the translation process targeted by kanamycin and still they do not seem related to

an increase in resistance. A possible explanation could be that the resistance was always
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Table 4.1: SNPs of colonies from two different plates analysed by BGI sequencing. The rows in
bold correspond to the mutations that we confirmed with Sanger sequencing.

Table 4.2: InDels for the same colonies as before. Something remarkable here is that more insertions
were detected in IL2 than in α even though the former comes from the latter and it was never
exposed to antibiotics after the passage experiment.

tested at 3 µg ml−1 of kan but these mutations, including Norm, could increase the survival

rate with respect to the WT at lower concentrations of kan. In the next sections, we will

explore the differences between these resistant and non resistant phenotypes in sub-lethal

concentration of kan.

4.2.4 The fitness of the resistant colonies is similar to the WT

The sequencing analysis demonstrates that the ability of the colonies to emerge in presence

of antibiotic is not necessarily linked to a specific mutation. This made us think that there

might be a more general mechanism that confers an advantage to the colonies over the

other bacteria in the plate. We also know that this mechanism can trigger either kanamycin

tolerant or susceptible colonies capable of growing in the antibiotic gradient. Then, it is

natural to think, that the susceptible colonies must have an alternative mechanism that

confers and advantage to grow in the kanamycin gradient. To try to elucidate the key

factor that makes them different, first we will study the growth and sensitivity to other

antibiotics of the resistant mutant IL2.
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The higher resistance of IL2 might come from gfat. If that was the case, we hypothe-

size that its fitness would decrease in absence of kan with respect to the WT since it has

been reported that resistant mutants decrease their fitness unless they have compensatory

mutations [10, 169, 170]. As gfat is the only mutation in IL2, compensatory mutations

cannot exist so the resistance should carry a fitness cost. To check this, first we char-

acterized the dispersion in cell growth due to variability in samples. With this aim, we

prepared 3 WT cultures whose turbidity was monitored along 20 h (Figure 4.4a) using

the microbemetre [171]. After an initial lag phase of 3 to 4 h, cells started to replicate

exponentially. Around 2 h later, bacteria entered into the diauxic shift leading to a pause

in this exponential phase. Afterwards, they continued growing until they finally entered in

the stationary phase, 15 h after the measurements started. The highest variability among

the samples was in the lag phase since differences among the cultures were up to 1h. The

growth profile after the lag phase was similar for all the curves.

In a separated experiment, we compared the growth of the WT with respect to IL2 to

see if there were any differences (Figure 4.4a). Qualitatively, it seems that IL2 grows in a

similar way than the WT in absence of antibiotics since the curves are within the range of

variability of WT. Then, we performed another experiment to compare the growth curves

in presence of 3 µg ml−1 of kan (Figure 4.4 b). Here, the striking difference is that the

WT undergoes a 13 h lag phase in presence of 3 µg ml−1 of kan whereas IL2 delays its

lag phase a maximum of 2 h when in presence of antibiotic. After this long lag phase, IL2

seemed to grow resembling the normal WT behaviour.

To give a more quantitative comparison, we measured the lag phase, defined as the

period of time when turbidity remains flat; the growth rate, defined as the slope of the

curve before the diauxic shift; and the normalized integral, defined as the area under the

curves normalized by the time acquisition of each turbidity curve. The growth rate is

given by the slope in Equation 1.1 which was obtained fitting the logarithm of turbidity to

a straight line. The results showed that the WT had a similar growth rate to the mutants

under 3 µg ml−1 of kan (Figure 4.4d). This indicates that there is no difference between

the WT population after the lag period and the mutants. However, kanamycin did have

an effect in the overall growth rate of both strains: both growth rates dropped 1.3 times in

presence of antibiotic. Another interesting feature of IL2 is that, in absence of antibiotic,

it grows roughly at the same rate as wild type which is uncommon in genetically resistant

strains [10, 169, 170]. The normalized integral showed no difference between WT and IL2

without antibiotic but we could see that the antibiotic made the integral decrease for both

strains. This is probably due to the slightly slower growth rate induced by kanamycin. We
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Figure 4.4: Growth profiles for WT and IL2 in presence and absence of kan. a) Growth
curves for two independent experiments where we measured the turbidity over time. In the first
experiment, the turbidity for 3 different samples of WT ( ) was checked. For the second exper-
iment, turbidity for WT (+) and IL2 (+) was measured. b) Growth curves for two independent
experiments by measuring the turbidity over time in presence of kan. In the first experiment, the
turbidity of the WT was measured in absence ( ) and presence of 3 µg ml−1 of kan ( ). For the
second experiment, the turbidity was measured for IL2 in absence (+) and presence of 3 µg ml−1

of kan (+). c) Differences in lag phase between WT and IL2 when they are exposed to kan. d)
Growth rates calculated from the linear region after the lag phase and before the diauxic shift of
the growth curves. e) The integral or area under the curve for the WT and IL2 without kanamycin
and in presence of 3 µg ml−1 of kan normalized by the total time interval of each curve. The error
bars show the weighted standard error of the mean.

could also observe that the integral of IL2+kan is 3 times larger than for WT+kan. This

could be explained by the difference in lag phase, since the lag phase is 3 times shorter for

IL2 than for WT.

Then, the main difference between the resistant strain IL2 and the WT is that the

WT undergoes a longer lag phase in presence of antibiotic. The antibiotic stress decreases

the growth rate of both WT and IL2 so it seems that IL2 is affected by the antibiotic but

still can survive better. The fact that its growth rate with respect to WT in absence of

kanamycin was the same, questions the importance of the mutation in gfat, since antibiotic

resistance associated mutations usually come with a metabolic cost [172], and IL2 did not

seem to have compensatory mutations which restores the metabolic state at WT level.
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4.2.5 IL2 is more resistant to aminoglycosides than the WT but more

vulnerable to spectinomycin

Different antibiotics target different processes within the cells. Even within aminoglyco-

sides, the different antibiotics bind to different parts of the ribosome and disrupt slightly

different processes. We expected that testing the resistance of IL2 to different antibiotics

helped to better understand the mechanism behind the resistance and whether the genetic

mutations are related to it.

First, we compared the MIC of WT and IL2 for the antibiotics: kanamycin, neomycin

(neo), gentamicin (gent), chloramphenicol (cm) and spectinomycin (spt). The MIC assay

consisted of a linear gradient of antibiotic on an agar plate (see subsection 6.6.5). The

antibiotics apramycin (apra) and tetramycin (tetra) were also tested but the MIC could

not be checked with this method since bacteria formed an incompatible pattern with the

symmetry expected for the linear gradient. Instead of creating a bacteria lawn that follows

the linear gradient, the border where the bacteria stopped growing due to the antibiotic

was not well defined, since regions of growth and inhibition appeared for regions of agar

with the same concentration of antibiotic. For the former antibiotics, the distance from

the extreme of the petri dish to the region where cells started to grow was measured and

then translated into the corresponding antibiotic concentration.

The MIC assay suggested that the MIC for the WT is slightly lower than for IL2 when

testing the aminoglycosides kan, neo and gent (Figure 4.5 a). In case of chloramphenicol

which targets the 50S subunit of the ribosome, there is no difference for both strains. In

case of spt the relationship reverts, since the MIC for IL2 is 16 µg ml−1 and for WT is

23 µg ml−1 . We point out that the calculated MIC in liquid culture for kan 5 µg ml−1

and this assay gave 1.6 µg ml−1 so it seems to underestimate the MICs for the different

antibiotics. However, we were using this assay just to estimate roughly the concentrations

needed to test both strain in the serial dilution assay so this level of discrepancy is not a

problem.

The linear gradient of antibiotics permitted to test a wide range of concentrations in

a very simple way. Nonetheless, the results were just an estimation of the real MIC since

the zone of inhibition highly depended of the cell density. To overcome this, we used the

Kirby-Bauer (KB) assay and measure the radius of the inhibition zone around a diffusive

disk for both strains (Figure 4.5 b). The radius of the inhibition zone will be larger the

more susceptible the tested strain is. The difference of the radius of the inhibition zone

between WT and the mutants determined which one was more susceptible to the drug.

A positive difference would indicate that the WT was more susceptible and a negative
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difference would indicate that IL2 was more susceptible. In general, the susceptibility

test confirmed an increase in resistance to aminoglycosides which bind to the A site of

the ribosome: kan, gent and apra (Figure 4.5b). Again, spectinomycin is slightly more

effective against the mutants than against the WT. In this assay we tested also ampicillin

which targets the cell wall instead of ribosome. The KB showed no difference between

both strains. Likewise, chloramphenicol showed the same depletion region for both strains.

Finally, we made a serial dilution assay for the concentrations around the MICs cal-

culated in Figure 4.5a. The results showed that IL2 was more resistant than the WT to

the antibiotics targeting the 30S subunit of the ribosome. Specifically, IL2 was 106 times

more resistant than the WT to kan and gent and 104 more resistant to apra. In the case

of neomycin the difference shortens showing roughly the same survival rate, contradicting

Figure 4.5a. We suspect this was a problem of the assay with this antibiotic since neo

has an identical way of action than kan and gent. The only difference is that neo has two

binding sites in the bacterial ribosome instead of one [173, 174], but IL2 does not have any

specific mutations in the encoding ribosome genes so we do not think that the difference

in resistance is caused by this. Tetra is only 100 times more effective against WT than to

IL2, a shorter difference than in kan, gent and apra cases. This could be because tetracy-

clines have a slightly different mode of action since they bind to the A site of the ribosome,

blocking the attachment of aminoacyl t-RNA whereas the aminoglycosides prevent tRNA

translocation [11]. Whether this could be the source of the difference or not is not clear.

This is consistent with previous studies which showed a lack of cross-resistance to tetracy-

cline or chloramphenicol after aminoglycosides exposure [6, 175]. Again, spectinomycin,

which has a similar mechanism of action than aminoglycosides but differs slightly in their

chemical structure, gives 104 times more survival for WT than IL2. Almost 100% of the

WT survives under 30µg ml−1 of spt whereas just 10−4% of the resistant mutants can

survive.

These last three data sets displayed that kan, neo, gent and apra are less effective

against IL2 in comparison to the WT. The difference in effect of tetra is not fully deter-

mined since the KB assay shows that IL2 is slightly more sensitive but the dilution assay

suggests the opposite. This could be explained by the fact that KB assay might depend

on the initial cell density which was not completely the same for both strains tested. For

cm, no differences have been shown for any of the three assays. This suggests that they

key mechanism of resistance might be related to the 30S subunit of the ribosome since cm

targets the 50S. A surprising result is that, IL2 is more susceptible to spt than the WT

even though spt targets the 30S subunit too.
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Figure 4.5: Susceptibility tests for the different resistant strains tested under ribosome-
targeting antibiotics. a) Semilog plot of the MIC for different concentrations of antibiotics by
creating a linear sloped petri dish (see subsection 6.6.5). IL2 was used together with the WT.
b) Differences in radius of the clearance regions created in the KB method. Positive difference
means that the size of the clearance region was bigger in the WT and negative values mean that
the clearance was bigger for IL2. c) Semilog plot of the differences in susceptibility for 7 different
antibiotics for WT and IL2 calculated by CFU. The concentrations used for each antibiotic are:
3µg ml−1 of kan, neo, tetra and cm, 1µg ml−1 of gent and apra and 30µg ml−1 spt d) Semilog
plot of susceptibility for IL3, IL4, IL5 and IL6 under exposure to 30µg ml−1 of spec calculated by
the CFU assay. The error bars represent the weighted standard error of the mean of at least three
replicates.

The fact that IL2 is more susceptible to spt could come from its mutation in gfat.

To check if the increased susceptibility was either due to this mutation or to a common

mechanism affecting all the colonies that appeared in the swarm, we run a serial dilution

assay with IL3, IL4, IL5 and IL6 at 30µg ml−1 of spt (Figure 4.5 d). The susceptibility to

all of them, independently on their resistance to kanamycin and their genetic mutations,

was larger than for the WT. Among the resistant mutants, IL4 was the most resistant

to spt but still at least 10 times less resistant than the WT. IL3 and IL6 displayed a

similar behaviour and, IL5 showed the highest susceptibility since no colonies survived

at this concentration of spt. The most striking result was that, IL6 despite not having

any mutations apart from Norm and IL2 despite not having other mutations than gfat,

were both more vulnerable to spt. Therefore, the increased susceptibility to spt was

not associated to any genetic mutation but to the fact that the colonies were previously
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exposed to kan.

4.2.6 Kanamycin resistance cannot be reverted after exposure to specti-

nomycin

The fact that the colonies were more sensitive to spt just by growing in presence of kan,

made us think that this resistance could be reverted when exposing the colonies to spt. To

test this, we repeated the swarming assay with IL2 using a spectinomycin diffusive disk

instead of a kanamycin disk. For that, we prepared 3 plates with spectinomycin diffusive

disks containing: 150 µg , 300 µg and 600 µg of spt. After 3 days, the colonies emerged

on the spt plates. The resistance of these colonies to 3 µg ml−1 of kan was tested by using

the serial dilution assay (Figure 4.6a). As in previous experiments, just 10−5% resisted for

the WT and 100% resisted for IL2. The colonies that grew in the 3 spt plates developed

resistance to kan to a similar level than IL2 for the gradients with 150 µg and 300 µg and

to a lower extent with the 600 µg spt disk (0.6% survived in this case).

These results show that the resistance to kan cannot be reverted by exposing the

colonies to spt. Now we wondered whether these colonies that emerged in the spt gradient

are still more vulnerable to spt than the WT. To test so, we repeated the serial dilution

assay and calculated the % survival at 50 µg ml−1 of spt (Figure 4.6b). The result showed

that IL2 was still more sensitive than the WT, as expected, but the colonies taken from

the spt gradient became also resistant to spt.

In summary, repeating the swarming assay with IL2 in a spt gradient did not revert

the resistance to kan and allowed the emergence of colonies that were resistant to both

spt and kan.

4.2.7 The non resistant mutant IL6 shows a different phenotype in pres-

ence of kanamycin

So far, we have characterized the fitness and resistance of the resistant mutant IL2 to kan.

It is natural that a resistant colony can emerge in a gradient of the antibiotic since it has

a clear advantage with respect to the surrounding non resistant bacteria. Nevertheless,

the replica plating in Figure 4.1b shows that not all the colonies that emerge are resistant

to kan, at least for the tested concentration. To understand better the advantage of these

colonies with respect to the WT, we characterized the fitness of the mutant IL6 for different

concentrations of kan.

The OD over time for WT and IL6 were measured with a plate reader for 6 different

concentrations of kan (Figure 4.7 a). In absence of kan, the WT and IL6 were quite similar
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Figure 4.6: Survival rate for colonies emerging in a spectinomycin gradient. a) Semilog
plot of the rate of survival at 3 µg ml−1 of kan for the WT, IL2 and three colonies that emerged
in 3 different spt gradients. b) Semilog plot of the rate of survival at 50 µg ml−1 of kan for the
WT, IL2 and two colonies that emerged in 2 different spt gradients. The error bars represent the
weighted standard error of the mean of at least three replicates.

but when we cultured them in presence of low concentrations of kan, both behaviors

diverged. For 1 and 2 µg ml−1 of kan, the WT increased its OD up to a maximum point.

This maximum OD went down with increasing kan concentration. After this maximum

OD, the OD decreased over time and after 40 h started increasing again. Roughly at the

same time than maximum OD in the WT, IL6 underwent a plateau where the cell growth

nearly paused for 2h to then continue growing. For higher concentrations of kan, there

was a large variability in both strains (Figure 7.14), but attending to the overall growth

we saw that the main difference was that IL6 could have a sustained growth over time at

a higher OD than the WT.

To quantitatively describe the differences in cell growth, we quantified the lag phase,

the growth rate and the integral for each of the growth curves (Figure 4.7 b,c and d).

Overall, the three magnitudes were affected by the increasing concentration of kan. The

lag phase in absence of kan was approximately 2h and it increased with the concentration

of kan until it reached a plateau for concentrations higher than 2 µg ml−1 (Figure 4.7b).

For 3, 4 and 5 µg ml−1 , the differences between lag phases were small: the average lag

phase for the WT was 11 h and for IL6 was 13 h.

The growth rate decayed nearly exponentially with increasing concentrations of kan

(Figure 4.7c). In absence of antibiotic, IL6 grew 1.3 times slower than the WT, which

could be caused by the Norm mutation. This suggests that in absence of antibiotic, IL6

has a fitness disadvantage when compared to the WT. For 1 µg ml−1 of kan the growth

rate dropped 1.4 times for the WT and only 1.1 times for IL2, which indicates that IL2 is

adapted to grow in sub-inhibitory concentrations of antibiotic whereas the WT can notice

the effect of kan already at this concentration. For 2 µg ml−1 , the WT decreased its
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growth rate 2.3 times and IL2 did it 1.8 times. Here we see that increasing concentrations

of kan affected more the WT than the mutant IL2. For higher concentrations of kan, the

variability among the experiments was quite large (Figure 7.14). Taking this into account,

we could argue that the rate remains nearly constant at 0.045 h−1 for these concentrations.

The only magnitude that gave a substantial difference between both strains was the

area under the curves or integral (Figure 4.4 d) which can be understood as the total

growth of the sample during the experiment. In absence of kan, both strains reached

approximately the same value but in presence of kan there was a large difference between

strains. For 1 µg ml−1 of kan, the integral value for IL6 doubled the WT and this difference

became even larger for 2 µg ml−1 . For larger concentrations of kan, the growth inhibition

was quite high so both integral values got very low (but still higher for IL6).

4.2.8 Growing WT at sub-lethal concentrations of antibiotics results in

a phenotype more similar to IL6

From the fitness parameters characterized so far, the main difference between the WT and

IL6 was that IL6 could sustain a higher growth over time. These parameters changed in a

step-wise fashion: after a threshold concentration of kan, the values remained nearly con-

stant. This could indicate that bacteria have a first mechanism of adaptation which allow

them to tolerate low concentrations of kan and, if they needed to resist higher concen-

trations they would adapt through a different mechanism. According to this hypothesis,

when the WT is exposed to a low concentration of kan, it would adapt to it, behaving

as IL6 did. Therefore, if we took the WT which grew in liquid culture at 1 µg ml−1 of

kan after 44 h, it should behave as IL6 when it was exposed to that same concentration

of kan. To check this, we run a 96 well plate assay and then we took the WT exposed to

1 µg ml−1 of kan after 44 h. This sample was streaked on a plate and a single colony was

selected to run a new 96 well plate assay at 0, 1, 2 and 3 µg ml−1 of kan to check whether

this new strain, which we will call m, grew as IL6 in presence of antibiotic. The growth of

m was similar in absence of antibiotic and in 1 µg ml−1 of kan, the concentration of kan

that it grew in (Figure 4.8a). At 2 µg ml−1 the curve became very similar to IL6 growing

at 2 µg ml−1 of kan (see Figure 4.7a). For 3 µg ml−1 the variability in growth is very large

and it became difficult to compare the growth profiles.

To quantitatively compare whether m behaved similarly to IL6 or the WT, we have

calculated the differences in lag phase, growth rate and the integral between m and the

WT and between m and IL6 (Figure 4.8b, c and d). The differences in lag phase were

negligible in absence of kan and at 1 µg ml−1 (Figure 4.8b). At 2µg ml−1 , the difference
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Figure 4.7: Growth curves and quantification of lag phase, growth rate and integral for
WT and IL6. a) The OD of WT and IL6 was measured for 44 h in a 96 well plate for different
concentrations of kan, from 0 to 5 µg ml−1 . The curves show the average and standard errors
of the correspondent number of samples indicated as N in the figures. We see a clear difference
between the general behaviour of IL6 with respect to the WT, specially at 1 and 2 µg ml−1 .
b) The lag phase of each of the curves was calculated by eye. There is no significant difference
between the samples but we see how the lag phase increases with higher concentrations of kan and
saturates for 3 µg ml−1 . c) Growth rate of the curves calculated as the slope of the straight line
fitted to the logarithm of the OD. The growth rate was calculated for the mean of the curves and
the error given is the error coming fromt the fit. d) The area under the curve (integral) shows a
clear difference between WT and IL6 in presence of kan, especially at 1 and 2 µg ml−1 of kan. The
integrals were calculated for 5 representative curves and the errorbars showed the standard error
of the mean.

became larger between m and WT but there was no difference between m and IL6. At 3

µg ml−1 , the lag phase for m became larger than for WT and IL6 but the difference was

not quantifiable due to the great variability among the samples.

For the growth rate, the differences between m and the other two strains were larger.

In absence of kan, m behaved similar to the WT and it grew faster than IL6 (Figure 4.8c).

In 1 µg ml−1 of kan, the difference in growth rate was equal for IL6 and WT, and m

grew faster than both of them, probably because it was originated at that concentration.

Increasing kan concentration at 2 µg ml−1 made the growth rate more similar to IL6 than

to WT but still the last two strains grew slower. Again, at 3 µg ml−1 the differences were

not quantifiable due to the large variability in the growth curves.
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Figure 4.8: Growth features of the WT exposed for 42h to 1µg ml−1 of kanamycin. a)
Growth curves of the WT exposed for 42h to 1µg ml−1 of kanamycin (m). The curves represent
the mean and the standard error for 10 samples in absence of kan and 15 samples at 1, 2 and 3 µg
ml−1 . b) Difference in the lag phases between the new strain m and WT and m and IL6 at 0, 1,
2 and 3µg ml−1 of kan. The errorbars represent the result of the propagation of uncertainties of
the standard error of the mean. c) Growth rate differences between m-WT and {emphm-IL6 at 0,
1, 2 and 3µg ml−1 of kan. The error bars are calculated by propagating the uncertainties of the
errors associated to the fit to calculate the slope. d) Growth rate differences between m-WT and
{emphm-IL6 at 0, 1, 2 and 3µg ml−1 of kan. The errorbars represent the result of the propagation
of uncertainties of the standard error of the mean.

Finally, the differences in the integral, which was the magnitude that showed the largest

difference between the WT and IL6, were the same for both strains in absence of kan. At

1 µg ml−1 of kan, the difference was 2 times shorter between m and IL6 than for m and

the WT. Here we can already see that also in this strain m, the main adaptation is a

higher sustained growth in comparison to the WT. At 2 µg ml−1 , there is no difference

between m and IL6 whereas the difference with respect to the WT was the largest of all

the concentrations tested. For higher concentrations of kan, the high variability made

difficult to judge the similarities between the strains.

In conclusion, the colonies which appeared in the kan gradient had a different pheno-

type than the WT. This was mostly reflected in how much they could sustain their growth

along time in presence of low concentration of kan. When a new strain was created just

by exposing it to sub-lethal concentrations of antibiotics for 44 h, its integral in presence

of kan was closer to the colony picked from the kan gradient than to the WT. Therefore,
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the advantage of these strains with respect to the WT seemed related to the total growth

over time and not to how quickly they grew in presence of kan.

4.3 Discussion

Our method to study mutagenesis in antibiotic gradients has proven to be useful at iden-

tifying the different mechanisms of antibiotic resistance. Once the colonies emerged in the

swarming front, we could map their resistance and study the genotypes and phenotypes

associated to it. Previous research which focuses on mutagenesis has the main limitation

of working with liquid culture, where the concentrations of antibiotic tested are limited.

In liquid culture, some relevant antibiotic concentrations that promote different mutations

could be missed, This would not happen in a solid gradient. Potentially, our experimental

set up makes possible to study individual mutations in a continuous band of antibiotic con-

centrations. Taking into account that each emergent colony comes from a single bacterium

with a specific adaptation to the antibiotic, this method allows the characterization of the

geno and phenotypes of tolerant bacteria at single cell level. Potentially, this could com-

plement more complex techniques of single cell characterization tools such as microfluidics

[176, 177].

Thanks to this set up we also identified colonies that can emerge and survive gradients

of antibiotics without developing resistance, understanding resistance as growing with the

same curve profile in presence of antibiotics, but just sustaining their growth over time.

This points out to a different mechanism, widely neglected, that the cells can use to grow

in antibiotic gradients. We discovered that this mechanism is not necessarily correlated to

genetic mutations that the bacteria developed, although further research needs to be done

to prove this point. Thus, a possible explanation could be persistence, a mechanism where

a subpopulation of bacteria with low metabolic rate can survive to antibiotic exposure

[178]. This could explain why the resistant microcolonies were only partially resistant

to the antibiotic since the microcolony itself could be formed by two subpopulations of

bacteria, the sensitive population and the persisters [178]. However, it is well known that

persistence is not heritant but the microcolonies seemed to pass the resistance to further

generations [179]. Moreover, persistence is not antibiotic specific since it is just based on

the metabolic rate of the bacteria but the selected microcolonies were only resistant to

antibiotics related to previous exposures [178]. Finally, persisters normally start regrowth

after antibiotic removal [180]. Nonetheless, our characterization of cell growth indicates

that the microcolonies were able to grow in presence of antibiotic, just after a longer lag
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phase. This indicates that further studies need to be done to discover the mechanism

behind the resistance we observed.

It is also interesting that all the colonies that appeared in presence of kan presented

a higher susceptibility to spectinomycin, independently on whether they were resistant to

the kanamycin or not. A possible explanation for this is that sub-lethal concentrations

of kanamycin leads to the 70S unit of the ribosome to split in the 50S and 30S subunits

even without killing the bacteria [181]. This could increase the effect that spt has when

it binds to the 16 rRNA in the 30S subunit and stops the translocation. Another possible

hypothesis is that spt uptake is increased after kan exposure. Aminoglycosides are known

for changing the cell’s membrane potential so the changes produced by kan could increase

the uptake of spt [181, 182]. However, how bacteria would pass this mechanism throughout

generations remains unknown.

This discovery is crucial as a first step to identify weak points in multridrug resistant

bacteria. One of the common results in antibiotic exposure history is that bacteria become

weaker when exposed to sequences of antibiotics that target a completely different process

within the cells [167]. Nevertheless, this chapter presents a new way of fighting multidrug

resistant strains with antibiotics that target the same process as the ones that become

resistant to. Potentially, this combination of antibiotics would be less harmful for the

patients in a real treatment since the concentration of spt which is necessary to inhibit

the resistant bacteria is 106 times lower than to kill the WT.
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Chapter 5

Conclusions and future work

Our full understanding of bacterial collectives and the mechanisms that they use to increase

their tolerance to antibiotics is essential to battle the fight against antimicrobial resistance.

The potential rise in tolerance of bacterial collectives has been shown to come from a

variety of emergent properties: diffusive barriers [50], reduced uptake of antibiotics through

necrosignalling [119], cooperative behaviour [65, 67], etc. and many emergent properties

remain still unexplored. In this thesis, we yet have unravelled new emergent properties

which bacterial swarms can use to increase their resilience against antibiotics.

We have shown that swarming bacteria can become more resistant to antibiotics by

an unexpected transition to biofilms. Here, we demonstrated that such transition can be

induced either by antibiotic gradients or by physical barriers that promote local accumu-

lation of cells. This local accumulation starts with a localized phase separation compatible

with MIPS, a novel phenomenon predicted by the theory of active matter.

A further characterization of the phase transition demonstrated that swarming bacte-

ria can phase separate through two different mechanisms, depending whether they were

in presence or absence of antibiotics. These two possible phase separations resembled nu-

cleation and growth in presence of antibiotics and spinodal decomposition in absence of

stress. The quantification demonstrated that the evolution in time of the emergent nuclei

matched the dynamic scaling exponents of previous studies using bacteria and active par-

ticles to characterize cluster aggregation [84, 83, 64]. Now that the experimental evidence

has been given, it would be interesting to see if numerical models could explain exactly

how these two different phase separations happen in the swarm. For that, approaches go-

ing beyond the current mean-field models describing phase transitions in active particles

for a fixed cell density are needed. We demonstrated that our system is influenced by the

increasing number of particles coming either from cell replication or from other regions

of the swarm. Numerical models implementing birth and death are emerging to study
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self-organization among motile bacteria [183, 184]. Further development of these models

can provide a better characterization of the described phase separation and presumably

reveal novel phenomena that could potentially have biomedical or industrial implications

for other active matter systems with increasing number of particles. One of the possi-

ble applications, that we also characterized in this study, could be linked to the active

transport by bacterial multilayers.

Alternatively to the transition from swarm to biofilm, we saw that swarming bacteria

could also develop resistant colonies when biofilm formation was not possible. We suggest

that the origin of the resistant colonies might not be linked to genetic mutations even

though it can be heritable. After detailed analysis of the resistant colonies, we observed

that the increase in resistance comes with a price, and that the emergent colonies become

more susceptible to other antibiotics. Inspired by the gained knowledge, we proposed a

way to tackle the rise in resistance consisting on a dual-antibiotic treatment, where the

first antibiotic, in this case kanamycin, triggers the resistant colonies, and the second

antibiotic, spectinomycin, can kill them by using concentrations much lower than for the

WT, minimizing the dose of antibiotic required. When the transition from swarms to

biofilms is possible, we have also proposed a new treatment to reduce this transition.

Instead of increasing the total amount of antibiotics, ineffective at preventing wrinkly

biofilms, we demonstrated that splitting the dose in two steps, giving a first low dose

and then a higher second dose during multilayer formation, substantially reduced the

emergence of the biofilm. These two methods suggest novel strategies of combining and

administering antibiotics to tackle the antimicrobial resistance problem which could be

clinically relevant.

Every discovery opens new questions. Although we showed a possible transition from

swarming to biofilm and we gave a possible mechanism behind this transition, our study

is only correlational and further work needs to be done to understand exactly how the

multilayer formation results in a wrinkly biofilm. We suspect that after the islands and the

first layer formation, swarming bacteria keep generating new islands in further layers and

the interspaces between these islands result in wrinkle development. The more multilayers,

the higher the biomass of the islands and therefore the greater the stress between adjacent

islands. Previous studies have shown that this stress is essential to produce buckling and

lead to wrinkle formation [185].

Intriguingly, the mechanism behind the islands elongation is not well understood. We

suspect that the islands become elongated because bacteria keep producing surfactin which

decreases the surface tension and helps the spread of the swarm. A way to test this could
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be using a surfactin knock out strain and add the surfactin externally. In this way, the

expansion of the colony can be controlled since the final size of the swarm, i.e. how far it

can spread, will depend on the concentration of surfactin added. Once the swarm reaches

the maximum size, islands would appear since cells would continue to replicate. In this way,

the formation of islands could be observed decoupling the effect of the colony expansion.

If the elongation of the islands did not happen in this scenario, it would indicate that the

elongation in our assays happen because of the swarm expansion.

An important direction not only to understand island elongation but also how they

form could come from the modelling side. In the kan case, our experiments suggest that

island formation happens where bacteria are still motile (and therefore not completely

killed by the kan) and where cell accumulation due to healthy cells coming from unexposed

regions of the swarm meet the immotile lawn killed by kan. In this regard, models of MIPS

with an increasing number of particles would be crucial to understand exactly how island

formation happens. To study the island elongation, those models could include a global

translation of the monolayer, simulating the effect of the colony expansion due to surfactin.

Alternative theoretical frameworks exist that could be relevant to characterize island

formation. A remarkable example is buckling instabilities due to nematic alignment, such

as the ones characterized in expanding colonies of P. aeruginosa in [105]. Nevertheless,

according to [105], these buckling instabilities are only relevant for particles moving at

low speed. Indeed, P. aeruginosa in [105] is moving at 10 µm/min whereas our swarming

B. subtilis Moves at ∼ 50 µm/s. This is also the case for the buckling instabilities driv-

ing fruiting body formation in M. xanthus since the velocity in this system is 1 µm/min.

Therefore, we expect that nematic alignment is less relevant in our system. This is sup-

ported by the fact that our data matches the MIPS region for a system of active rods,

pointing towards a motility-induced mechanism to induce the multilayers. To finally con-

firm whether nematic alignment could play a role in island formation, more studies at

single cell level of swarming B. subtilis and a numerical model would be necessary.

Although our study used swarming B. subtilis as a model organism, the phenomenol-

ogy discovered here can span through different length scales and organisms. Particularly

interesting is the case of sperm. In sperm, the physical magnitudes such as swimming

speed are linked to the fertility and sperm group dynamics can facilitate egg fecundation

[186]. During fecundation, sperm also faces different stresses and move on top of a surface

which resembles the situation studied here. Another example where emergent phenom-

ena in collective migration might become relevant is during cancer invasion or embryo

development where cohesive cell groups form complex tissues and organs. Here, different
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multicellular dynamics result in different tissues with different resulting shapes and func-

tions [187]. One common model organism to study mammalian cell locomotion is amoeba

that sometimes forms group of organisms called a ”slug”. In this group motility, amoeba

shows a polar ordered phase which can undergo phase separation [188]. Therefore, the

study of emergent behaviours observed in this thesis and applied to other groups of living

organisms moving on surfaces could be an interesting research direction.

Moreover, in our studies we observed that there could be a hidden variable that helps

the transition. In this thesis we have already explored some environmental cues such

as temperature and humidity which did not seem to affect the outcome. Changing the

agar concentration of the media and, hence, its stiffness, did not seem to affect the result

either. Swarming B. subtilis is quite sensitive to the stiffness of the surface and, lowering

the agar concentration below 0.4% or increasing it beyond 0.8% inhibits swarming. We

tried a range of concentrations within this window but we did not observe a clear effect on

the wrinkle development. Other parameters that could play a role are the concentration

of Manganese and Glycerol in the media since these have been reported to affect biofilm

formation [189]. We tuned mainly the concentration of glycerol in the plate which affected

the formation of the biofilm as a whole, i. e. it induced more biofilm formation even in

absence of any stressor. This resulted in a poor distinction between the biofilm formed

due to a stressor (kanamycin or barrier) and the biofilm formed in the background (regions

of the plate away from the stressors), just due to the high concentration of glycerol. An

unchecked environmental variable is the pH of the media which might change depending

on the metabolic processes that the bacteria undergo and that could be key in biofilm

formation. In our assays, we often observed a change of color in the agar, indicating that

bacteria do not always follow the same metabolic route [190]. It is unclear whether this

change in color is related to the actual pH but we believe that it could be related to the

ion abundance. Specifically, iron content is highly linked to the color of the agar and,

when it drops below a certain threshold, it can hinder biofilm formation [190]. Varying

the concentration of iron in the media could shed light onto the transition from swarm to

biofilm. Another promising direction would be to monitor oxygen levels, since enclosing

the swarm with a hollow or a standard lid highly affected wrinkle formation as shown

in Figure 7.5 and Figure 2.10a. The main difference between the two enclosures is the

air flow that bacteria might feel so this could be correlated with oxygen levels within

the swarm. To test this, the same assay could be repeated in an environmental chamber

where the exact air composition is known and the oxygen levels could be tuned to see how

that would affect biofilm formation. Finally, we explored whether this hidden variable
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could be linked to cell death which was demonstrated to facilitate buckling and hence

wrinkle formation [126]. Here, our studies could not find an increase in sytox signal prior

to wrinkle development (Video sytox). However, this could mean that cell death is not

as essential in wrinkle formation for swarming B. subtilis as for planktonic B. subtilis .

The mechanical properties of the swarm and of a confluent layer of planktonic bacteria

are very different due to the fluid-like behaviour of swarming and due to the properties

of the substrate, softer for the swarming case. All this suggests that the conditions to

trigger wrinkle formation in swarming bacteria and planktonic cells might be different.

This could be an interesting area of future research and we encourage studies of how

wrinkle formation can happen beyond the traditional solid-air biofilm.

Curiously, another open question of our study is why we have never observed the tran-

sition to a biofilm and the development of resistant microcolonies simultaneously. Even in

the experiments with biofilm promoting media where biofilm formation was not observed,

emerging colonies appeared near the antibiotic when biofilm failed to emerge, discarding

the fact that the media affects the decision between these two phenomena. Thus, it seems

that the swarm ’chooses’ one of the paths to become tolerant to the antibiotic, either

through the development of resistant colonies or through biofilm formation. Studying the

key factor that triggers this decision could shed light onto unknown environmental cues

that swarms can use to increase their resilience against stress.

In addition, the mechanism behind the increased tolerance of the microcolonies is un-

clear. We have shown that the bacteria mutate upon exposure to sub-lethal concentrations

of antibiotics but these mutations are not directly linked to antimicrobial resistance. This

opens the question of the preferred mechanism that swarmers use to tolerate antibiotic

gradients. One of these mechanisms could be persistence, where a bacterial population is

split in two subpopulations of actively growing cells and dormant cells [178]. As antibiotics

target important processes in the life cycle of bacteria, dormant cells are not generally af-

fected by those since they are metabolically inactive [191]. These bacteria can become

active once the antibiotic is removed and generate a new population of sensitive cells.

This also means that persistence cannot be heritant which is in contradiction with the as-

says carried out in this study [179]. A more likely explanation would be heteroresistance,

which happens when some cells within a population remain sensitive to the antibiotic

while others present different levels of resistance [6]. The origin of these subpopulations

of resistant cells are stress-induced mutations upon exposure to sub-lethal concentrations

of antibiotics. This could explain why the microcolonies were able to pass the resistance

to future generations and why the resistant is antibiotic specific, i. e. to drugs that target
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similar processes within the cells.

It would also be interesting to understand if the transition from swarm to biofilm could

occur in physiological conditions. We now know that swarming bacteria can be found in

mice instestinal tissues [42]. The intestine is host of the most abundant bacteria reservoir

in our body: the gut microbiome. During infection, antibiotic treatment affects the gut

microbiome and several studies suggest that these treatments make a long-term or even

irreversible disruption in the gut [192, 193]. Since swarming bacteria can exist there, it

is possible that some of the irreversible effects in the gut could be due to a permanent

change in the bacteria lifestyle upon antibiotic exposure such as the transition from swarm

to biofilm. Testing whether this transition is possible in the gut under exposure to sub-

lethal concentrations of antibiotics and how could potentially affect the host, is an exciting

and unexplored research line.

More widely, the gut is host of a diverse microbial community where multiple microor-

ganisms such as bacteria, virus and fungi coexist together [194]. Thus, the phenomenon

of MIPS could be relevant in microbial ecology since it could be triggered by the stress

caused by other microorganisms. For example, fungi hyphae could act as physical barriers

which promote local accumulation of bacteria that ultimately give place to biofilm forma-

tion. Thus, it would be interesting to test this scenario just using a simple agar plate and

observing whether the hyphae can trigger MIPS in swarmers. Apart from this physical

accumulation, fungi and bacteria are in constant competition for space and nutrients [195].

Thus, inter kingdom interactions give place to the release of toxins that could resemble

the kanamycin gradient in our assays.
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Chapter 6

Methods

6.1 Creating and characterizing the kanamycin gradient

6.1.1 Kanamycin gradient assay

-80◦C glycerol stock of B. subtilis NCIB3610 wild-type strain (WT) was streaked on

a lysogeny-broth (LB) 1.5% agar plate and grown overnight at 37◦C . When speci-

fied in figure caption, a genetically modified strain (listed in Table 7.9) was used in-

stead of WT. A single colony was picked from this plate and incubated in 1 ml of liq-

uid LB for 3 h at 37◦C . A 4 µl inoculum from this culture was placed in the cen-

ter of a 0.5% LB agar plate supplemented with glycerol ranging from 1-3% and 0.1

mM MnSO4 (LBGM [189]) to promote biofilm formation. Notice that the change in

glycerol concentration could have changed the properties of the media. An increase

in glycerol from 1 to 3% could lead to a change in viscosity of a 5.8% (calculated in

http://www.met.reading.ac.uk/ sws04cdw/viscositycalc.html). A kanamycin diffusive disk

(OxoidTM 30 µg ) was placed on a side of the plate 24 h before inoculation to allow the

antibiotic to diffuse at room temperature. The distance between the inoculum and the

kanamycin disk was approximately 3.2 cm, and plates were incubated for additional 40 h

after inoculation at 30◦C .

6.1.2 Estimation of the kanamycin profile on the swarming plate

The concentration profile of the kanamycin in the plate (Figure 2.2b) was characterized

by using a variation of the Kirby-Bauer assay [196]. 800 µl of a 18 h bacteria culture at

30◦C was inoculated in 3 plates containing LB with 1.5% agar. Immediately after, disks

containing 0.1, 0.2, 0.4, 0.78, 1.56, 3.13, 6.3, 12.5, 25, 50, 100, 150 and 200 µg of kanamycin

were placed on the surface of separate confluent LB agar plates. After an incubation of
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24 h at 37◦C , we measured the diameter of the clearance region around the disks. Each

measurement was done in triplicates. The logarithm of the mass of kanamycin added

was plotted against the difference between the diameter of the clearance region and the

diameter of the disk. This calibration curve was then used to characterize the kanamycin

profile in both the swarming and the biofilm-inhibition assays. For each replica agar plate,

a 3 mm diameter biopsy puncher was used to extract 5 small samples in a range of 0 to

2 cm every 0.5 cm distance from the kanamycin diffusive disk. The agar punches were

then placed on top of a confluent plate of WT B. subtilis and incubated overnight at 37◦C

. We then measured the clearance around the pads and used the local linear fits to the

calibration curve to estimate the (logarithm of) total amount of kanamycin within the

punch. This was then divided by the volume of the punch to estimate the concentration.

6.1.3 Quantification of the speed at the swarming front

To calculate the speed at the swarming edge (Figure 2.2c), the position of the front closest

to the diffusive disk was recorded over time with a DSLR camera (Nikon D5300; lens AF-S

Micro NIKKON 40 MM 1.28) at 37◦C . Consecutive frames were subtracted to highlight

the position of the front. This was then used to estimate the front’s speed on both the

kanamycin side and the opposite side of the agar pad using the inter-frame time of 5 min.

From these time lapses we also extracted the distance at which the swarming front halts

from the kanamycin disk.

6.1.4 Calculation of the Minimum Inhibitory Concentration (MIC)

A single colony of B. subtilis was incubated in 1 ml of LB overnight in a shaking incubator

at 37◦C . The OD was measured 18 h later and the culture was diluted down to an OD of

0.0085 and incubated for 18 h in 5 concentrations of kanamycin from 1 to 5 µg/ml. The

MIC was determined as the minimum concentration at which growth was not observed in

the liquid culture. Each well plate had 5 replicates and the experiment was repeated at

least 3 times for each concentration.

6.2 Biofilm formation and wrinkle quantification

6.2.1 Images of swarming plates

Low magnification images of the plates were acquired with a DSLR D5000 Nikon camera

(lens AF-S Micro NIKKON 40 MM 1.28) in a 30◦C incubator. The incubator was covered

by black tape to avoid reflections and the illumination was provided by a white LED
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placed on a side of the plate or just a simple lamp. Higher magnification images (e.g. of

wrinkly biofilms) were taken by an Olympus SZ61 microscope by placing the plates in a

dark background with illumination coming from a LED ring attached to the microscope.

6.2.2 Distance from wrinkles to kanamycin disks of different concentra-

tion

To characterize how the distance between the kanamycin disk and the wrinkles depends

on the initial antibiotic concentration within the disk Figure 7.1, diffusive disks containing

30, 100 and 200 µg of kanamycin were placed on 2-3% glycerol LBGM agar plates. To

create the disks, Whatman filter paper was punched with a hole puncher (diameter 7 mm)

and imbibed with 0.6, 2 or 4 µl of a 50 µg/µl kanamycin solution in water. The minimum

distance between the kanamycin disk and the nearest wrinkles was measured in 6 different

experiments for 30 µg and 200 µg of antibiotic and one experiment with three replicates

for 100 µg .

6.2.3 Biofilm formation in solid agar near the kanamycin

To check whether wrinkle formation was promoted also in absence of motility near the

kanamycin diffusive disk, the kanamycin diffusive assay was repeated in 1.5% agar. To do

so, a kanamycin diffusive disk was placed on a side of the solid agar LBGM (2% glycerol)

plate, like in the swarming assay. After 24 h a single colony of B. subtilis was incubated

in 5 ml of LB for 3 h. 700 µl of this culture was spread on each solid agar plate and

then incubated for 40 h at 30◦C . We also checked the wrinkle formation in 1.5% agar

by spotting 4 µl of the bacteria culture without spreading them to see if wrinkles were

promoted in the wrinkly biofilms that appear when bacteria are spotted in hard agar. In

total, 4 different colonies were spotted on the plate: the closest one was spotted 2 cm

away from the kanamycin disk, other two spots were placed 2 cm to the right and the left

of this central spot and finally, a last colony was spotted 6 cm away from the kanamycin

disk (Figure 2.5b).

6.2.4 Measuring the width of the band where wrinkles appear

The width of the band where wrinkles appeared around the kanamycin disk was measured

for three independent experiments using 30 and 200 µg of kanamycin. The width was

determined by drawing a line across the band where the wrinkles appeared.
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6.2.5 Quantification of the PtapA-yfp reporter

Biofilm extracellular matrix production was characterized by using a modified strain car-

rying PtapA-yfp, a fluorescence reporter for the expression of tapA-sipW-tasA operon.

The kanamycin gradient assay and the barrier experiments were repeated by inoculating

this strain in LBGM (1% to 2% glycerol) swarming agar plates. Images of the plates

were acquired every 30 min over a total approximate period of 40 h. The images were

taken in brightfield channel first and then in the fluorescent channel, using an approximate

excitation wavelength of 480 nm and an emission filter of 535 nm. The BF images were

used as a template to stitch them together using the “Grid/Collection stitching” plugin

[197] in Fiji [198]. The experiment was replicated three times for the kanamycin case

with three different lenses and microscopes: 2x (Nikon Apo Lambda 2x UW, NA 0.1), 2x

(Nikon Plan 2x UW, NA 0.06), 2.5x (Leica 2.5x N PLAN, NA 0.07); microscopes: two

Nikon Eclipse Ti2 and a Leica DMi8. For the barrier case the experiment was repeated 4

times and it was performed in the Nikon Eclipse Ti2 using 2x (Nikon Plan 2x UW, NA

0.06). Images were taken in a region of 3x9 cm2 going from the disk to the inoculum. The

experiment was repeated three times in absence of kanamycin with the first two micro-

scopes and lenses. To calculate the fluorescent signal, a region of interest was drawn in

Fiji around the area where the wrinkles appeared, normally found just at the edge of the

depletion region created by the kanamycin disk or just right next to the physical barrier.

For the kanamycin assay, the signal was normalized by subtracting the minimum value of

pixel intensity recorded in the time-lapse and dividing by the maximum of the signal for

each of the microscopes to account for the difference in signal of each microscope. In the

barrier case, all the experiments were performed with the same microscope and lens, so

the normalization is not needed and the raw signal is shown.

6.2.6 Quorum sensing experiments

The same protocol explained in the section ‘kanamycin gradient assay’ was also used to

investigate the swarming behavior, the formation of islands and the biofilm development

of the two quorum-sensing knockout strains: ∆opp and ∆hprc. Formation of islands and

biofilm images were acquired as explained in previous sections.

6.2.7 Physical barrier

A 3% agarose solution in water was autoclaved and then poured in a Petri dish. Once it

solidified, a rectangular region (6 cm x 1 cm) was cut out and placed vertically on a molten

swarming liquid LBGM (0.5% agar). After the system solidified, swarming bacteria were
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inoculated in the centre of the plate. Different barriers and barrier geometries were tried.

For example, another common barrier was the stick of an inoculation loop placed as the

agarose barrier. We also tried putting two of these sticks forming a triangular shape.

Finally, a small petri dish with a whole in it was used for a circular confinement. All the

confinements gave similar results. Videos of the formation of islands were recorded under

2x (Nikon Plan 2x UW, NA 0.06) in a Nikon Eclipse Ti2 microscope.

6.2.8 Biofilm inhibition assay

4 µl of the antibiotic kanamycin coming from four different stocks at concentrations of 50,

37.5, 25 and 12.5 µg/µl were added to four different diffusive disks. The diffusive disks were

then placed on a side of four different LBGM 0.5% agar plates for 24 h. After inoculation,

the plates were incubated at 30◦C for roughly 6 h until the swarming front halted due

to the kanamycin gradient. Then, additional 4 µl of the second stock concentrations of

kanamycin were added to the initial ones. For the four concentrations above, these were

respectively 0, 12.5, 25 and 37.5 µg/µl. As a result, the total amount of kanamycin

administered was kept constant and equal to 200 µg .

6.2.9 Wrinkle wavelength quantification

To measure the wavelength of the wrinkles we calculated the interdistance of nearest paral-

lel wrinkles. When this was not possible, the wavelength was estimated by calculating the

autocorrelation function of image intensity in space using a Fiji macro made by Michael

Schmid (https://imagej.nih.gov/ij/macros/RadiallyAveragedAutocorrelation.txt) (2008)

and then fitting the decay of that function to a double exponential of the form:

f(x) = aebx + cedx. (6.1)

Here, the two characteristic wavelengths (1/b and 1/d) correspond to the image noise and

the actual wrinkle wavelength respectively.

6.2.10 Roughness measurements for wrinkles

A 50 pixels wide strip was drawn over the wrinkles and then the intensity profile was

extracted using ‘Plot profile’ in FIJI. The roughness of the profile was defined as:

roughness =

∑N
i (Ii − Ī)

N
(6.2)
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where Ii is the intensity of i-th pixel in the profile, Ī is the mean of the profile obtained

using the ‘smooth’ function in Matlab and N, the total number of points in the profile.

6.3 Motility of the swarming monolayer and the phase dia-

gram

6.3.1 Raft size

The size of the rafts within the swarm were obtained from three different experiments.

A freehand line was drawn with Fiji/imageJ [198] enclosing the raft to measure the area.

Previous studies have reported that the raft sizes change depending on the region of the

swarming colony and also on the time since inoculation [44]. Therefore, measurements

across different positions and time points were used to account for the variability in the

size.

6.3.2 Motility and cell density of the monolayer

Timelapses of the monolayer were recorded with a 40x objective (Nikon 40x LWD, NA

0.55) at 37◦C . Cell motility was measured by adapting a Particle Image Velocimetry

(PIV) code written in Matlab [199]. The surface coverage was measured by thresholding

the images and dividing the area covered by bacteria by the total area of our field of view.

The threshold was set by using the command ‘imbinarize’ in Matlab and adapting the

sensitivity of its threshold to account for the best estimate of cells in the field of view.

6.3.3 Phase diagram

To calculate the phase diagram plotting the rotational Péclet number (Per) with respect

to surface coverage, time-lapses of swarming bacteria coming from 6 different experiments

were analyzed. The ‘jammed bacteria’ data plotted in the diagram (Figure 2.8a) were

calculated by analyzing the 4 s of the time lapse prior to jam formation. Videos were

acquired at 29-33 fps. The average speed within the swarm was calculated as described

earlier and used to then calculate the Per, defined as:

Per =
u

LDr
(6.3)

Where u is the average cell speed within the swarm for a given time point, L=0.823±0.016

µm the average width of the swarming cells, as used in [1], and Dr is the rotational dif-

fusivity of the bacteria. For swarming cells, the rotational diffusivity cannot be measured
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directly. Therefore we decided to use, as estimate for Dr, a value such that the Péclet

number of our system and that in [1] coincide at surface coverage 0.65. This is the surface

coverage at which the MIPS start in the numerical simulations of 2D disks. This returns

Dr = 0.81(0.19)s−1, from an average of 13 different values from 3 independent experi-

ments. To check whether this result was sensible, we then resuspended in water a sample

of swarmer cells from a plate and extracted the rotational diffusivity of motile cells from

a 10 s movie, with a Python-based tracking code which measures position and orientation

of elongated objects [200]. The gradient of the angular mean-square displacement of the

tracks returned a value of Dr = 0.35s−1. Although this is slightly lower than the previous

result, it should be kept in mind that the former estimate is for cells that are moving on

an agar surface.

Notice that, Per in [1] is obtained from instantaneous velocities of individual particles,

which were challenging to follow within a swarm. Therefore, we used an effective Per

derived from the local average velocity within the swarm. This is likely to overestimate

the value of Per of the experimental points.

For the phase diagram of the monoloyer during islands formation, 4-5 s videos of

bacteria monolayer were analyzed at different points of the swarm depending on the three

conditions studied: blank, barrier and kanamycin. To make the trajectories, the speed

and surface coverage were measured at the same ROI over time.

6.3.4 Near UV experiments

Bacteria were irradiated by near UV-Violet light for 30 s using the inverted microscope

DMi8 (Leica Microsystems) and the LED light source, SOLA SM II Light Engine (Lumen-

cor), with an excitation filter 400/16 using a 40x objective (Leica 40x PH2 HC PL FLUO,

NA 0.6) for approximately 3.5 minutes at an intensity of 1.2 to 5.3 mW/mm2. The light

intensities were measured by placing a photodiode power sensor (Thorlabs S120C) on the

microscope stage. To irradiate a larger area than the one with the epi-fluorescence set up,

a Thorlabs 405 nm light LED was coupled to a cage cube (see Table 7.10 for details about

the components of the set up). The light coming from the LED was concentrated by an

aspheric condenser lens and reflected by a 45o dichroic mirror towards the sample. The

area illuminated is roughly a circle of 2.5 mm radius at an intensity of 1.5 mW/mm2. The

surface coverage was calculated by binarizing the time lapses applying a locally adaptive

threshold in Matlab. The sensitivity of such threshold was changed during the time lapse

since the same value of the threshold could not account for the total number of particles

due to the rapid increase in cell density.
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The trajectories of the swarming bacteria plotted in the phase diagram were extracted

by calculating the Per and the surface coverage as detailed in the previous section. In the

case of UV exposure, trajectories are the result of continuous irradiation with either of

the setups previously described. When illuminated by the epifluorescence the trajectories

were plotted until a jamming event was observed in the field of view. When irradiating UV

from the condenser, the trajectories were plotted until bacteria were completely immotile,

as jamming events never happened. Data for speed and surface coverage of bacteria has

been smoothed over 8 and 100 points respectively by the ‘smooth’ function in Matlab.

6.4 Multilayer characterization in the swarm

6.4.1 Islands geometry

To characterise the islands size and shape, time-lapses of islands formation in presence and

absence of kanamycin and with a physical barrier were recorded. The period of acquisition

was nearly 2 h with an interframe time of 1 min. The first frame (just before the islands

appeared) was subtracted to the time-lapse and then a gaussian filter was applied to remove

noise. To create a wide region to track the evolution of the islands, we stitched several

field of views with the “Grid/Collection stitching” plugin [197] in Fiji [198]. Depending

on the microscope and image quality, the resulting stitched image showed differences

in background pixel intensity across the different stitched images. To homogenize the

background in the field of view, a bandpass filter was used. Even after this pre-processing

the islands were difficult to threshold specially in the barrier and blank cases. To overcome

this problem, we used ilastik [201], a machine-learning based software. Here, the features

relevant to distinguish the islands from the background are chosen and then lines are drawn

manually to help the software distinguish between the islands and the background. The

output is a layer of probabilities that can be thresholded to create a binary image. This

binary timelapse is read by Matlab and here the islands below a threshold size are discarded

away, to remove spurious noise from the videos. Finally, the islands sizes were measured

by using the command ’regionprops’ in Matlab. To determine the aspect ratio, we used

the same command to obtain the ’MajorAxisLength’ and ’MinorAxisLength’ properties

which are the two axis of an elipse fitted to the islands. The ratio between the major and

minor axis lengths was defined as the aspect ratio of the islands.

The size of the stitched field of view for the blank, barrier and kanamycin were re-

spectively: 5.31x5.31, 7x14.47 and 8.8x14.97 mm2. The experiments in the blank and

barrier cases were acquired using using 2x (Nikon Plan 2x UW, NA 0.06), 2x (Nikon Apo
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Lambda 2x UW, NA 0.1) and 2.5x (Leica 2.5x N PLAN, NA 0.07) lenses in two different

microscopes: Nikon Eclipse Ti2 and Leica DMi8. The experiments were repeated a total

of 7 times for the blank case, 5 times for the barrier case and 3 times in presence of the

kanamycin gradient. More replicates were made in all cases where the common features

could be observed but there were not used for the analysis due to the lack of time resolu-

tion. As the size of the acquisition region for the blank case was around 5 times larger than

the ROI used for the analysis, from each of the experiments we used more than a single

region for the analysis giving a total of 20 samples. These 20 samples were averaged and

their standard error was calculated, as for the barrier and kanamycin cases. To average

the samples, we align them by calculating the second derivative of the size evolution and

matching the maxima of this magnitude for the different experiments. The first 13 points

and 11 points of the barrier and kanamycin respectively, were fitted to an exponential as

< s >= Aet/t0 , where < s > is the average value of the sizes, A is a constant, t is the

time and t0 is the characteristic time of the system. The blank case could not be fitted

to these function. The linear regime in the log-log plot was fitted to a power law of the

form < s >= atb, where a and b are the parameters of the fit. Here, a total of 10 points

starting from the 3rd were fitted for the barrier and 19 points starting from the 10th were

fitted for kanamycin. Again, the blank case did not have a power law regime to be fitted.

6.4.2 Calculation of size and aspect ratios from the individual tracks

The tracking workflow in Ilastik was used to track the individual islands in the thresh-

olded timelapses (see previous section). As input, Ilastik uses the raw timelapse and

the probability maps generated in the pixel classification workflow. From here, a rough

threshold is selected and then the next settings (with minor changes depending on the

timelapse) were used: Maximum Object per Merger=1, Division Weight=100, Transition

Weight=15, Appearance Cost=1, Disappearance Cost=500, Border Width=10, Transition

Neighbourhood=2, Frames per Split=0 and solver=ILP. For details about the meaning of

these parameters we invite the reader to check the ilastik tutorials online. This workflow

tracks the trajectories of the islands in the timelapses and from there the properties of the

objects such as the size and radii of fitted elipses to the islands can be extracted. These

tracks were then aligned in Matlab. To align them, we select the longest track in the

system and we look for the earliest common size to that trajectory in the other tracks.

The position of the trajectory is then shifted as many time points needed to be aligned

to the longest trajectory. Finally, the trajectories are averaged and the standard error is

calculated. For the aspect ratio, the same alignment as calculated for the sizes is used.
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6.4.3 Calculation of the complementary cumulative distribution func-

tions (ccdf), the size histograms and the cluster size distributions

From the thresholded timelapses, the ccdfs were calculated using the ’cdfcalc’ in Matlab.

This function gives the cumulative distribution function so to obtain the complementary it

is subtracted from 1. To obtain the histrogram of the sizes and the cluster size distribution,

the sizes were grouped in 24 and 12 bins respectively, distributed logarithmically using

the function ’logspace’ going from 10−4 to 103, roughly the minimum and maximum sizes

achievable by the islands in mm2. The number of counts in each bin were normalized by

the total amount of counts. For the aspect ratios, a similar protocol was followed with the

only difference that the bins were distributed linearly, from 0 to 10.

The first 5 points of the ccdf (considered in general the linear region in a log-log scale)

were fitted to a power law of the form csα. To calculate the distributions of the exponent

α, the values outside an interval of 4 standard deviations from the mean were discarded.

We also discarded the fits with R2 < 0.9. For the histograms of sizes, the fit used is

Csaes/s0 . Only the data belonging to the decay range in the size distribution functions

were fitted, i. e. from the maximum of the histogram to the end. An alternative range of

data going from the maximum to the minimum of the function was tried but it did not

improve the quality of the fit so the original one was kept. To calculate the distribution

of the exponent a, the values lower than 0.01 and higher than the mean plus 4 standard

deviations were discarded. For the parameter s0, the upper boundary was the same and

the lower boundary was 0.0001 mm2. For these both parameters, we also discarded values

where R2 < 0.8. Finally, we aimed to fit the cluster size distributions to:

cs = A
(x/t)v(s−1)

(1 + x/t)w(s+1)
(6.4)

as derived in [157] and used in [83], which in our case did not fit our distributions.

6.4.4 Estimation of the nucleation rate

The number of islands that nucleate was calculated as the total number of islands whose

size was below the median of the size distribution in a given timepoint. The number of

islands resulting from this output was divided by the available area that they have to

appear in the field of view, i. e. the entire area minus the area occupied by the islands in

the previous frame. Alternative approaches to this method were tried. One of them was

the strict definition of nucleation, meaning the new islands that appear in the field of view

obtained by subtracting the number of islands between consecutive frames. The problem
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that we encountered with this is that the islands start merging quite soon and hence

the total amount of islands decreased not because the islands disappeared but instead

because they merged. This resulted in a clear underestimation of the nucleation so we

discarded it. Another approach was to use the individual tracks obtained from ilastik (see

subsection 6.4.2). Thus, the nucleation would be given by the number of new tracks for

a given time point divided by the available area. This gave a similar functional shape

than the approach used here but it was not possible to use it for some of the timelapses

in the blank case and for none of the timelapses in the barrier due to the impossibility

of tracking the islands there. A further inconvenience was that once the islands merge,

sometimes the software would count that as a new track. Moreover, the blank case has

many untrackable islands -we refer here to islands that just nucleate and then disappear-

which would not be counted by this method. The resulting curves for nucleation are the

result of the average of 20 curves for the blank, 5 for the barrier and kan. The curves were

aligned so the peaks of the nucleation matched across experiments.

To fit the functions we used an exponential fit for the blank and barrier cases. For

kanamycin, the increase in nucleation was fitted to two linear increases with different slope

and the decrease to another linear fit.

6.4.5 Structure factors

To characterize the wavelengths in the system, we calculated the Fourier transforms in the

x and y directions. To do so, first the axis in the frequency domain were calculated and

centered in 0. Then, the 2D Fourier transform of the image is calculated using ’fft2’ in

Matlab and then centered using ’fftshift’. From here, the sum of the real and imaginary

components to the square is calculated resulting in a 2D matrix. This is necessary to

compute the structure factors which are a mathematical description of a pattern. The

structure factor contains information about the symmetries and periodic structures within

the system [202]. To calculate the static structure factor for each component, we add all

the values of this 2D matrix in the y direction to calculate the component x of the structure

factor and we add the values in the x direction to obtain the y component. This process

was repeated for each image in the timelapse so then the evolution of the structure factor

over time can be calculated. The structure factor was then fitted to a sum of two gaussian

functions, from one of which the characteristic wavelength was obtained as the inverse of

the wave vector at the peak of the gaussian. A more simple fit to a single gaussian was also

tried but since the structure factor’s maximum is at wavenumber 0, the gaussian would fit

around this peak instead of the characteristic wavelength. To calculate the distribution of
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the wavelengths, the values greater than 3 mm were discarded, since they corresponded to

wrong fits that did not fit any data set. The width σ of the structure factor was obtained

from the gaussian fit.

To rescale the structure factors, the calculated frequency axis was divided by the

wavenumber at the peak of the gaussian fit. Equally, each component of the structure

factor was divided by the value at the peak of the gaussian fit.

6.4.6 Fast time-scale dynamics of islands in the blank case

A 2 min timelapse of the islands was recorded with an interframe time of 0.5 s. A time

average of this video was calculated using FIJI by using ’z project→average’. In the same

way, the standard deviation of the timelapse was also calculated and both projections were

combined by using ’Color → Merge Channels’, setting the standard deviation as the red

channel.

After that, the video was filtered and thresholded using ilastik. Then, the islands were

tracked over time as explained in subsection 6.4.2 with slight changes in the parameters

to obtain the best possible tracks. Since these islands are quickly changing, the tracking

software detected a high amount of islands lasting just a single or two frames. This was not

observed when looking at Video 11 by eye so we decided to consider lifetimes longer than

two frames (1 s). After the tracks were filtered, a histogram was calculated by normalizing

by the probability of each lifetime setting the binwidth as 1 s.

6.4.7 Fourier series to describe the islands boundaries

From a 2 min timelapse, 8 different isolated islands were cropped and filtered using the

bandpass filter in FIJI with a lower bound of 10 and an upper bound of 300. Then, the

timelapse was thresholded using ilastik. In the binary image, the boundaries of the islands

over time were calculated by using the function ’bwboundaries’ in Matlab. From this

boundary we obtained the Fourier coefficients defined in Equation 1.9 by using a Matlab

function (David Thomas (2021). Elliptical Fourier shape descriptors Retrieved March

28, 2021.) based on the theory explained in [85]. This function was used to calculate

the approximate boundary according to the Fourier description up to 9 harmonics n. To

estimate the error made by such approximation, we calculated the RMSE between the

actual boundary and the estimation given by the function. From here, we estimated that

n=5 would be enough to represent substantially the main features of the boundaries and

compare the different islands. With this description, we calculated the average in time of

each Fourier coefficient to see how dominant they were when describing the shape.
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To characterize the dynamics in time, the power spectrum of the Fourier coefficients

for the different harmonics n were obtained by calculating the Fourier transform using

the function ’fft’ in Matlab. This would determine if there is any periodicity in the

amplitudes of the Fourier series. As we were interested only in the frequency at which the

amplitudes of the coefficients is dominant, we calculated the time average and standard

deviation and we selected only those frequencies whose amplitude was larger than the

average+sd, as explained in Figure 3.7a. We repeated this process for the 4 Fourier

coefficients, for the 5 harmonics and the 8 islands. Then, we calculated the histograms of

the frequencies for all the islands to obtain the likelihood of each frequency for all an, bn, cn

and dn. The frequencies in the histogram were grouped in 10 bins ranging from 0 to the

maximum frequency (∼1). Finally, we used the function ’heatmap’ in Matlab to represent

the likelihood of each frequency for each of the coefficients.

6.5 Characterization of bacterial waves in a kanamycin gra-

dient

6.5.1 Tracking of bacterial waves with timelapse microscopy and fluo-

rescent beads

To track the movement of the waves across the swarm, we drew a line of thickness 15 with

FIJI and measure the intensity profile in the brightfield channel for a region going from

the kanamycin disk to 17 mm into the swarm. A measurement of this profile was taken

for the following events: when the 1st wave appears at t=2.8 h, when the 1st wave halts

at t=4.3 h, when the 2nd wave starts at t=5.9 h and finally when the 2nd wave halts at

t=11.2 h.

To quantify the transport of the waves, FluoSpheresTM (Carboxylate-Modified Micro-

spheres, F8823) were inoculated in three different points 1, 2 and 3 cm away from the

inoculum. In this case, the images were acquired along time for different positions within

the colony with the 2x (Nikon Plan 2x UW, NA 0.06) magnification objective. The motion

of beads was tracked in these three positions over time for a total period of approximately

13.5 h, acquiring frames every 3.6 min. To quantify the displacement of the beads, the

fluorescent intensity was measured in a ROI adjacent to the the inoculation points.

6.5.2 Estimation of viable bacteria carried by the waves

The amount of cells carried by the waves of bacteria in the kanamycin assay were esti-

mated by performing a serial dilution assay over time. To do so, a biopsy puncher of 0.5
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mm diameter was used to take samples in 6 different points inter-spaced 1 cm along the

swarming plate, starting by a point at 5 mm from the disk. Each of those samples were

diluted in 200 µl of LB and then 10x serial dilutions were performed 7 times by taking 20

µl of sample and mixing it with 180 µl of LB. This was done for 3 different time points:

the first point was taken when the front halted, the second 17 h after this and finally a

third point 65 h later. From the serial dilutions, 5 µl of solution was plated in a LBA

plate and incubated overnight at 37◦C . After incubation, the colony forming units (CFU)

was calculated as 10d−1, with d the maximum dilution at which bacteria grew in the LBA

plate. For this dilution, the number of colonies were counted, if the number was greater

than 10 then we would count the CFU as 10d. To work out the CFU per unit of surface

in the swarm, we divided this number by 5, the µls inoculated in the LBA plate, and

we multiply by 200 µl , the volume where the agar pad taken with the biopsy puncher

was diluted. Finally, this value was divided by the surface taken with the biopsy puncher

neglecting the thickness of the agar since there bacteria are all at the surface

6.5.3 Counting the number of layers in the swarm

From the thresholded timelapses, calculated as in subsection 6.4.1, the different layers

appearing in the swarm were counted for four different positions and they were identified

by a local increase in grey value in a wide area of the swarm (Figure 3.12). After the

4th layer, the increase in grey value could not be further distinguished. Time is measured

from the onset of the first islands within the field of view.

6.6 Characterization of the emergent colonies in a kanamycin

gradient

6.6.1 Replica plating

To test the resistance of the colonies in the swarming assay, we used replica plating [203].

The method consists in pressing the plate containing the colonies to be tested against a

sterile velvet lying on a block. Once the colonies were imprinted on the velvet, two new

plates were pressed against the same velvet: one containing just LB agar and the other

one in media containing 3 µg ml−1 of kan. Both plates were incubated overnight at 37◦C

and the colonies that appeared in the kan plate were mapped to the ones in the original

plate.
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6.6.2 CFU to test antimicrobial resistance

To calculate the % of survival when the colonies were exposed to kan, 200 µl of a dense

culture (optical density around 1.3) of wild type (WT) and another with the resistant

colonies, were diluted 8 times in 10 fold dilutions. To do so, 20 µl of the initial culture

is inoculated in 180 µl of LB as explained in subsection 6.5.2. 5 µl are taken from the

dilutions and plated in a LBA without antibiotics and in 3 µg ml−1 kan LBA plate. The

plates were incubated overnight and then compared. To calculate the colony forming units

(CFUs) the last number of dilutions where bacteria have grown was taken, and its power

of 10 was estimated to be the concentration of living cells. Finally, the ratio of CFUs

between the kan plate and the LB agar plate was calculated to work out the percentage

of resistant bacteria.

6.6.3 Cell growth

Curves of cell growth for the WT and IL2 were calculated with the microbemeter [171].

Here, cell growth is calculated by measuring the turbidity of the sample over time. The

greater the number of bacteria, the larger the degree of light scattered by them. Cell

growth was tested in antibiotic free media and in 3 µg ml−1 of kan.

To calculate the growth rates, the natural logarithm of the data between the end of the

lag phase and the diauxic shift was taken. This was fitted to a straight line according to

Equation 1.1, where the slopes give the growth rate. The weighted mean of the slopes with

their respective standard errors were calculated for the different samples and conditions.

The differences in lag phase were calculated by subtracting the time when the exponen-

tial phase started for the bacteria without and with antibiotic. The error bars of the final

value are the result of applying the uncertainty propagation formula for the subtraction.

The area under the curve or integral of the cell growth was calculated with the function

’trapz’ in Matlab.

6.6.4 Characterization of emergent colonies in 96 well plate in presence

of antibiotics

To calculate the cell growth over time, an overnight culture of each strain was diluted to an

OD of 0.0085 and then kanamycin was added to this culture according to the desired final

concentration at which the cell growth wanted to be tested. The concentrations tested

were: 0, 1, 2, 3, 4 and 5 µg ml−1 of kan. From this, 200 µl were inoculated in a 96 well

plate and incubated for approximately two days at 37◦C . Two of the wells were left as

a blank to subtract their OD to the sample wells. The outer wells of the plate were filled
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with LB to assure optimal humidity conditions and to minimise evaporation in the sample

wells. Before the plate was used for first time, we checked the cell growth of WT in all

the wells to see whether there were any differences in the OD reads among wells but all

of them were similar (Figure 7.13).

6.6.5 Antibiotic resistance assays

The emerging colonies were tested under different methods: Kirby-Bauer (KB) diffusive

method [196], serial dilutions assay and creating gradients of antibiotic by slanted plate

assay.

In KB method, the antibiotics tested were nalidixic acid, tetracylcine, neomycin, strep-

tomycin, gentamicin, apramycin, spectinomycin, chloramphenicol and ampicillin. The

disks were made by punching Whatman filter paper with a hole puncher to assure same

sizes. The antimicrobials where inoculated in the disks in such a way that there were two

disks of 30 µg and 15 µg per antibiotic. After inoculation of the drug, the disks were let to

dry for 4 h. Before the disks were placed on the plates, 150 µl of a 5 h culture of bacteria

were spread over the plates. Finally, the disks were placed on top and the plates and then

incubated overnight at 37◦C . The resistance was determined by the size of the clearance

left by bacteria around the diffusive disk. This clearance was measured for both the WT

and IL2, and the larger depletion zone determined the strain that was more susceptible

to each antibiotic.

The ratio of resistant bacteria within the colonies was quantified by using serial dilution

assays as explained in subsection 6.6.2. The drawback of the serial dilutions method is

that the suitable concentration of antibiotic to determine survivability is unknown. Too

high concentration could result in not seeing any bacteria and too low in underestimating

the resistance of the colonies. To avoid this, we made liquid medium which contained

the following concentrations of antibiotic: 8 µg ml−1 of kan, neo, and cm; 3 µg ml−1 of

gent and 50 µg ml−1 of spt. 15 ml of this medium was poured and left to solidify in a

tilted petri dish creating a sloped LB agar plate. Once it became solid, 10 ml of liquid

LB agar was poured on top and again it was left to solidify. In this way, a linear gradient

of antibiotic was created along the plate. Finally, 150 µl of a 3 h culture of bacteria were

spread over the plate. The resistance was determined by comparing the plates with WT

and resistant colonies and measuring the size of the depletion region. Due to the linear

gradient, we can calibrate the distances in the plates with the different concentration of

antibiotics and estimate the MIC for each antibiotic and each strain.
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6.6.6 Passage assay

To determine whether the increase in kan resistance was hereditary, we passaged a single

colony from the swarming plate to a LB agar plate without any antibiotic. The latter was

incubated overnight to let new colonies grow. This passage experiment was repeated up

to 12 times and the resistance of our bacteria was checked in each of the passages through

the serial dilutions method subsection 6.6.2.

6.6.7 Whole genome sequencing

The genome of B. subtilis and the colonies IL3, IL4, IL5 and IL6 was sequenced using an

Illumina HiSeq 4000 system (Illumina, San Diego, CA, USA) at the Beijing Genomics In-

stitute (Shenzhen, China) with a minimum coverage of 100x. Genomic DNA was sheared

randomly to construct three read libraries with lengths by a Bioruptor ultrasonicator (Di-

agenode, Denville, NJ, USA) and physico-chemical methods. The paired-end fragment

libraries were sequenced according to the Illumina HiSeq 4000 system’s protocol. Raw

reads with consecutive bases covered by fewer than five reads were discarded. The se-

quenced reads were assembled using SOAPdenovo v1.05 software.

With alignment software MUMmer ( http://mummer.sourceforge.net/ ), each query

sequence is aligned with reference sequence. The variation sites between the query se-

quence and reference sequence are found out and filtered preliminarily to detect potential

SNP sites. The sequences with the length of 100 bp at both sides of SNP in the reference

sequence are extracted and aligned with assembly results to verify SNP sites by using

BLAST. If the length of aligned sequence is shorter than 101 bp, this SNP would be con-

sidered as incredible and it would be removed; if the extracted sequence could be aligned

with the assembly results several times, this SNP was considered located in repeat region

and it would also be removed.

Alternatively, colonies from a different experiment (α, β and IL2) were sent to Mi-

crobesNG also for whole genome sequencing. Again, illumina next-generation sequencing

was used at a minimum coverage of 30x. The results were analyzed by the bioinformatics

team at BGI as explained before.
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Chapter 7

Appendix

7.1 Tables

Table 7.1: Main differences between the numerical simulations for MIPS model in [1] and swarming
B. subtilis .

Table 7.2: Parameters for the function fitted to the complementary cluster size in Figure 3.4. The
first 5 points of the distributions were fitted to a power law with exponent α in the table. The mean
values for these exponents are highlighted in bold in the table. The standard deviation are named
u. The minimum and maximum values of the same magnitudes and their standard deviation are
calculated as the mean of minimum values registered in each timelapse.
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Table 7.3: Parameters for the function fitted to the cluster size distributions in Figure 7.10. The
distributions were fitted to a product of an exponential by a power law. The average values for
the power law exponent and the inverse of the exponential’s exponent are highlighted in bold
in the table. The standard deviation are named u. The minimum and maximum values of the
same magnitudes and their standard deviation area are calculated as the mean of minimum values
registered in each timelapse.

Table 7.4: Parameters for the size evolution from the islands tracks plotted in Figure 3.5.
Kanamycin top 1 corresponds to the top curve, which has two slopes. The first slope in time
is named ’kanamycin top 1’ and the second slope in time is ’kanamycin top 2’. The curve mainly
in the middle is ’kanamycin middle’ and the curve closer to the blank case is ’kanamycin bottom’.
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Table 7.5: SNPs of colonies from two different plates analysed by BGI sequencing. The rows in
bold correspond to the mutations that we checked with sanger sequencing. The letters in red were
the mutations discarded after checking with Sanger sequencing.

Table 7.6: Primers designed to target some of the SNPs detected by whole genome sequencing
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Table 7.7: Differences in the SNPs between the WT and the reference genome used to compare
the sequences of our strains.

Table 7.8: Differences in the InDels between the WT and the reference genome. The InDels in
bold were further checked with PCR and Sanger sequencing. In both, SNPs and InDels, all the
strains coincide with WT.

Table 7.9: List of strains used in this study
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Table 7.10: Items used to build the set-up which was used to irradiate a wide area of bacteria with
UV. All the components were bought from Thorlabs.
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7.2 Figures

Figure 7.1: 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 µg comes from 3 replicates in a single experiment.
Data for 30 and 200 µg come at least from three different replicates.
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Figure 7.2: Radial transects of a 9 cm-diameter petri dish with a swarming B. subtilis
culture in conditions corresponding to “no kanamycin” and “kanamycin”.. There were
times that wrinkles appeared near the boundary but it was not only the case.

Figure 7.3: Average speed in the monolayer vs speed within the island.. The average
cell speed of the swarm was measured with PIV for 3 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 7.4: Effect of UV light in cell speed and surface coverage for thor labs set up
and epi set up. a) Diffferent examples of speed and surface coverage manipulation using the
thorlabs set up. b) Same as a) with epi-fluorescence set up.
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Figure 7.5: Swarming assay with a concentric hollow petri dish enclosing the swarm.
The wrinkles were formed in the inner side of the small concentric petri dish.

Figure 7.6: Swarming assay with a blank disk displaying a transparent and opaque
regions.

141



Figure 7.7: Kanamycin concentration profiles for the four administration protocols.
Kanamycin concentration profiles for the four administration protocols (200 µg -0 µg ; 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 h, 20 h, 44 h, starting when
the front propagation towards the kanamycin disk stopped.

Figure 7.8: 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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Figure 7.9: Power law exponent alpha distributions and evolution with time for the
complementary cumulative distributions in Figure 3.4. The first points of the ccdfs were
fitted to a power law of the form csα. The main lines indicate the mean of the distribution and
the small ones -or the shades- indicate the standard deviation of the mean.

Figure 7.10: Islands size distributions and fit exponents for the blank, barrier and
kanamycin cases. a) Islands size distribution for the three studied cases. The distributions were
fitted to a power law by an exponential indicated in gray in the figure. The sizes were grouped
in 13 bins logarithmically distributed for s ∈ [10−6 103]. b) Distribution of the exponents of the
power law exponent and their evolution along time. c) Distributions of the exponent in the fitted
exponential and their evolution along time. The long horizontal lines indicate the mean of the
distributions and the short horizontal lines their standard deviation.
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Figure 7.11: Modulus of velocities in the monolayer while coexisting with the second
layer. For the blank case, the speed was calculated in a plate with kanamycin but at least 5
cm away from the disk and 4 cm away from any boundary. For the barrier case the speed was
measured just after the meniscus formed by the barrier to avoid image artifacts. Finally, in the
kanamycin case the timelapses were acquired for points comprehend within 1.5 cm from the disk.
Skewness of the x component vx and modulus v of velocities. c), d) Kurtosis of the x component
vx and modulus v of velocities. The long horizontal bars represent the mean of the distribution
and the upper and lower short bars represent the standard deviation.

Figure 7.12: Colonies in homogeneous concentration of kanamycin. a) Colonies appeared
after 3 days of inoculating swarming bacteria in a homogeneous concentration of 3 µg ml−1 of
kanamycin. b) A plate from the same batch without any bacteria or antibiotic to test whether the
colonies are due to contamination.
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Figure 7.13: WT run in all the wells of a 96 well plate. The graph does not show a deviation
within the wells.

Figure 7.14: All the growth curves for WT and IL6 for the concentrations of antibiotic tested in
Figure 4.7.
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7.3 Videos

Video 1

https://youtu.be/UDH8InpXEgI

Expansion of swarming bacteria in presence of a gradient of kanamycin. Wild type B.

subtilis was inoculated at the center of the plate. Eventually, bacteria at the swarming

front halt due to the presence of the kanamycin diffusive disk placed on a side of a 9 cm

Petri Dish 24 h prior inoculation. After the front stops, the swarm is still dynamic since

multiple waves of swarming bacteria come from the centre of the plate.

Video 2

https://youtu.be/Dd-2sxQ71G4

Swarming B. subtilis ∆eps deletion strain was inoculated at the center of the plate.

Eventually, bacteria at the swarming front halt due to the presence of the kanamycin

diffusive disk placed on a side of a 9 cm Petri dish 24 h before inoculation.

Video 3

https://youtu.be/rgNlZOcENow

Swarming bacteria during the jamming process visualized as darker cells in the field of

view observed at 60x magnification. The speed plot shows the average speed in the field

of view and the blue shade represents s.e.m. The vertical line in the graph indicates the

frame of the time-lapse in which the average speed was calculated. It can be observed

that the jam makes the overall speed to drop by half of the initial magnitude.

Video 4

https://youtu.be/k1wh699vssY

Process of jams and islands formation under 10x magnification. The left panel shows

swarming bacteria continuously jamming. The jams look like dark localized small regions

in the field of view which continuously appear and disappear. The right panel shows

the same scenario 10 min later, when the islands become more stable. Islands look like

extended dark regions in the field of view which are highly dynamic and with highly

fluctuating boundaries.

Video 5

https://youtu.be/YYusbarTtWw

Coexistence between a second layer of swarming bacteria (darker region in the field

of view) and a surrounding monolayer of swarming cells under 40x magnification. The

boundaries of the island continuously exchange cells with the monolayer surrounding it.

Within the island, cell seem to meander across the layers.

Video 6
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https://youtu.be/y9wdRmXKaqU

Formation of multilayers in a swarming plate with a kanamycin diffusive disk. The

multilayer starts forming in the region near the disk where multiple islands appear. The

islands become very elongated at the front and they grow in size until they merge. The

nucleation and merging of islands were observed up to 4 layers before we lost the ability

to recognize further transitions due to a flattening of the image contrast. In the opposite

side of the plate, away from kanamycin, the islands appear and merge homogeneously in

the whole region.

Video 7

https://youtu.be/UN4MprDdzhI

Time-lapse of accumulation of bacteria over time when they are being continuously

irradiated by UV light in a region that is as large as the field of view. Eventually, bacteria

accumulation gives rise to the formation of localized islands, which appear as dark regions

in the field of view, finally leading to a confluent second layer.

Video 8

https://youtu.be/Oxp0e6qw0xQ

Process of island formation when the swarming front hits a physical barrier which is

placed just on the right of the field of view. Islands start forming in the region closer

to the barrier and then propagate towards the opposite direction. After the initial island

formation, we can see that the swarm is still dynamic and keep forming multiple layers

through island formation and merging.

Video 9

https://youtu.be/EfBD-JusMU

Formation of islands in absence of a kanamycin gradient. The islands come mainly

from the centre of the swarm (on the right) but they also originate near the boundary of

the petri dish (on the left). Both islands merge and form a second layer. In the video it

can be seen that the process continues for future layers.

Video 10

https://youtu.be/MdoFGGXFV9Y

Islands formation in presence of a gradient of kanamycin crated by a diffusive disk

placed on the right and with bacteria inoculated on the left (dark circle). The islands

near the disk resemble a nucleation and growth process and the islands near the inoculum

a spinodal decomposition. The local accummulation at the front leads to a 1st wave of

bacteria at t=80 min that halts at t=130 min. Further into the swarm, we can see the

emergence of a 2nd wave of bacteria at t=120 min coming from the inoculum.
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Video 11

https://youtu.be/HkZsWD8owCM

Timelapse of island formation in the blank case recorded every 0.5 s. The islands

appear as dark regions in the field of view that intermittently appear and disappear. An

increasing number of islands appear with time resulting in an increasing surface coverage

of the second layer. The video has been sped up 20x.

Video 12

https://youtu.be/grM2z-nBIkQ

Timelapse of island formation in presence of a gradient of kanamycin recorded every

0.5 s. The islands nucleate and they fluctuate in shape and grow but they rarely disappear

as opposed to the blank case. The video has been sped up 20x.

Video 13

https://youtu.be/j12Kuymn-gM

Transport of beads by the swarming monolayer (bead cluster on the right), by the first

wave (bead cluster on the centre) and by the second wave (bead cluster on the left). The

video was recorded at 30 ◦C .

Video 14

https://youtu.be/81btMcjU7E

Video showing the emergence of microcolonies 24 h after the expansion of the swarm

begins. The microcolonies appear as bright spots at the swarming front that then spread

towards the back of the plate. The video was recorded at 37 ◦C .

Video sytox

https://youtu.be/g6-6bQJ06w8

The timelapse shows the sytox signal of the swarm when facing a kanamycin gradient.

The kanamycin disk was placed at the top of the video. The video shows a clearance region

around the kanamycin disk. Brighter regions show higher sytox signal either coming from

an increased cell death or due to a higher cell density.
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Localized cell death focuses mechanical forces during 3D patterning in a biofilm.

Proceedings of the National Academy of Sciences of the United States of America,

109(46):18891–18896, 2012.

[127] Pushpita Ghosh, Eshel Ben-Jacob, and Herbert Levine. Modeling cell-death pat-

terning during biofilm formation. Physical Biology, 10(6):066006, 11 2013.

[128] Lynne S. Cairns, Laura Hobley, and Nicola R. Stanley-Wall. Biofilm formation by

Bacillus subtilis: New insights into regulatory strategies and assembly mechanisms.

Molecular Microbiology, 93(4):587–598, 2014.

160



[129] D. Lopez, Hera Vlamakis, and Roberto Kolter. Biofilms. Cold Spring Harbor Per-

spectives in Biology, 2(7):a000398–a000398, 7 2010.

[130] Steven S. Branda, J. E. Gonzalez-Pastor, Sigal Ben-Yehuda, Richard Losick, and

Roberto Kolter. Fruiting body formation by Bacillus subtilis. Proceedings of the

National Academy of Sciences, 98(20):11621–11626, 9 2001.
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