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ABSTRACT This work describes a new, to our knowledge, strategy of efficient colonization and community development
where bacteria substantially alter their physical environment. Many bacteria move in groups, in a mode described as swarming,
to colonize surfaces and form biofilms to survive external stresses, including exposure to antibiotics. One such bacterium is
Pseudomonas aeruginosa, which is an opportunistic pathogen responsible for both acute and persistent infections in suscep-
tible individuals, as exampled by those for burn victims and people with cystic fibrosis. Pseudomonas aeruginosa often, but not
always, forms branched tendril patterns during swarming; this phenomena occurs only when bacteria produce rhamnolipid,
which is regulated by population-dependent signaling called quorum sensing. The experimental results of this work show
that P. aeruginosa cells propagate as high density waves that move symmetrically as rings within swarms toward the extending
tendrils. Biologically justified cell-based multiscale model simulations suggest a mechanism of wave propagation as well as
a branched tendril formation at the edge of the population that depends upon competition between the changing viscosity
of the bacterial liquid suspension and the liquid film boundary expansion caused by Marangoni forces. Therefore,
P. aeruginosa efficiently colonizes surfaces by controlling the physical forces responsible for expansion of thin liquid film and
by propagating toward the tendril tips. The model predictions of wave speed and swarm expansion rate as well as cell alignment
in tendrils were confirmed experimentally. The study results suggest that P. aeruginosa responds to environmental cues on
a very short timescale by actively exploiting local physical phenomena to develop communities and efficiently colonize new
surfaces.
INTRODUCTION
Bacterial biofilms are structured cellular communities that
represent the dominant bacterial growth state for both envi-
ronmental and clinical scenarios. There is great interest to
understand biofilm assembly, as infections resulting from
biofilms are notoriously resistant to antibiotic treatments.
Treatment of a broad spectrum of human health issues,
ranging from lethal infections from opportunistic pathogens
such as those in cystic fibrosis patients, to catastrophic
failure of prosthetic implants, could improve with a greater
understanding of biofilm formation. Among the biofilm
development steps for which we lack understanding is the
ability of bacteria to first colonize host surfaces.

Bacterial swarming motility has been shown to be impor-
tant to biofilm formation (1–3), where cells act not as
individuals, but as coordinated groups to move across sur-
faces, often within a thin-liquid film (4–6). It has been sug-
gested that bacterial swarms are sufficiently cooperative that
noncontributing cheaters cannot survive in swarms (7,8).
Many swarming bacteria are aided by the production of
a surfactant that lowers surface tension of the liquid film
to improve bacterial motility (6). The components of cell
motion during swarming are currently best described for
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Escherichia coli and Paenibacillus spp., which spread as
monolayers of motile cells (9–14).

For Pseudomonas aeruginosa, which does not swarm as
a monolayer, the cell and fluid patterns are difficult to
discern using current experimental methods. It is not yet
known if swarming P. aeruginosa cells behave solely as
swimming cells (15), or if twitching, sliding, or walking
motility (16–19) are also important to swarming. These
swarming communities of P. aeruginosa represent a com-
plex intersection of physical, biological, and chemical
phenomena. The branched tendril patterns that are often,
but not always, observed in P. aeruginosa swarms (8,20)
require production of rhamnolipid (RL) (21,22). RL is
an extracellular lipid that acts as a surfactant to reduce sur-
face tension in bacterial suspensions. RL production by
P. aeruginosa is not constant and is regulated by intercel-
lular quorum sensing (QS) signaling. RL synthesis is only
initiated when a sufficient, actively growing QS signal-
producing population is present (23,24). In addition to RL,
a functional bacterial flagellum is also required for swarms
to form tendrils (20,21).

Some barriers to better understanding collective behaviors
within swarming groups have been overcome by using com-
puter simulations. For example, one-dimensional models
have been used to describe biological and hydrodynamic
aspects of Serratia liquefaciens swarm expansion (25,26)
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FIGURE 1 (A) Schematic diagram of a cell representation with three no-

des connected together characterized by basic parameters. (B) Cell search

box of a cell to make cell-cell alignment.
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and surfactant-mediated spreading (against gravity, up a glass
surface) of Bacillus subtilis (27). A cell-based stochastic
modeling approach was used to study the role of reversals,
cell bending, and cell-slime interactions during swarming
of Myxococcus xanthus (28–30). A recent multiscale three-
dimensional computational model of P. aeruginosa swarm-
ing (31) couples continuous submodels for describing fluid
dynamics (similar to the one in (25–27)) and chemical signal
propagation with a stochastic discrete submodel for simu-
lating individual cells and their surfactant production within
the swarm.

In this work, we investigate a novel, to our knowledge,
biological phenomenon in which we observed the develop-
ment and propagation of cell waves and formation of
branched tendril patterns controlled by bacterial population
and self-production of RL. This population-dependent pro-
duction of RL results in an osmotically driven extraction
of water and a Marangoni-driven expansion of the liquid
film at the edge of the bacterial colony. Here we show, for
the first time, to our knowledge, the spatiotemporal locali-
zation of bacteria and RL during P. aeruginosa swarming.
We first describe in this work our experimental results that
demonstrate formation and propagation of bacterial and
RL waves during P. aeruginosa swarming. We also show
that cell density increases exponentially in front of the
internal wave close to the swarm edge.

We then employ simulations using a biologically justi-
fied cell-based multiscale model to hypothesize mecha-
nisms leading to wave propagation and branched tendril
formation. We propose that cell wave propagation is due
to a combination of increased cell division, RL produc-
tion, and cell-cell alignment when cells leave the initial
inoculation region. Subsequent tendril formation would
depend upon competition between the changing viscosity
of the bacterial liquid suspension and the liquid film
boundary expansion caused by Marangoni forces. We
show that P. aeruginosa branched tendril formation is dif-
ferent from the purely liquid film phenomenon observed
earlier in many physical systems (32–37). Simulations
suggest that P. aeruginosa cells align to facilitate their
swarm expansion. This is confirmed by analyzing images
of the swarm obtained experimentally. Analysis of the
combined experimental and simulation results suggest
that the directed motion of cell waves into tendrils pro-
vides a highly efficient strategy to colonize surfaces.
Furthermore, the multibranched (fractal) structure of the
swarm edge increases its length providing efficient pack-
aging, and optimizes bacterial access to oxygen and other
nutrients.

The layout of the work is as follows. It starts with
the Materials and Methods section, followed by detailed
descriptions of the multiscale model in the Multiscale
Model section. Discussion of the combined experimental
and simulation results is presented in the Results, and the
article ends with the Conclusions.
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MATERIALS AND METHODS

Experimental techniques

P. aeruginosa swarming of GFP-tagged cells was examined using plate

assays solidified with soft (0.45%) noble agar amended with the lipid stain

Nile Red as a visual indicator of spatial RL distribution and were imaged

over time (38). Swarm assay plates were inoculated with log-phase cells

(OD600 z 0.7).
Imaging techniques

Whole-plate fluorescence images of swarm plates were acquired using

a Carestream Multispectral FX imaging station (Carestream Health, Wood-

bridge, CT) (38). Excitation and emission wavelengths for GFP and Nile

Red were 480/535 and 540/600 nm, respectively. Additional images were

acquired at high resolution: horizontal scans were taken every millimeter

between the center of the swarm and the end of multiple tendrils using

the z-stack function of a Nikon A1 confocal microscope. Individual images

were taken every half micrometer between the top and bottom of the swarm,

and then assembled into a single three-dimensional image of the swarm.

Images were further processed using Nikon Elements software.
Multiscale model

In this section, we describe the multiscale model of P. aeruginosa swarm-

ing. (Complete description of the model can be found in (31).) To summa-

rize, the off-lattice stochastic cell model introduced in (28,29), is used to

simulate individual P. aeruginosa cell growth, deformation, cell-cell align-

ment, as well as motion in fluid described by the thin film continuous

submodel. Cell growth depends on the local nutrient concentration. A

simplified QS cell submodel involves one QS signal molecule (correspond-

ing to n-acylhomoserine lactone), which activates the synthesis of RL. If the

concentration of RL is greater than a given threshold, liquid is extracted

from the substrate. Cells can be in the solitary or activated state depending

on the QS concentration. Propagations of the QS signal and RL at the

macroscale are modeled using convection-diffusion-reaction equations.
Off-lattice stochastic cell submodel

Individual P. aeruginosa cells are represented by a set of elastically con-

nected nodes (similar to (28,29), see Fig. 1 A). The nodes are classified

as head node, body node, and tail node. Nodes are connected by the line

segment. The width d of each segment is d ¼ 2 R and its length is li.

Here, Lc is half of the average cell length measured in experiment and R

is the average radius of the cell. The neighboring segments form angles

qi. For each cell we define a cell-body-configuration energy (Hamiltonian)

H, which consists of stretching and bending terms:

H ¼
XN�1

i¼ 1

Kbðli � LcÞ2þ
XN�2

i¼ 1

Kqq
2
i : (1)
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Here, Kb and Kq are stretching and bending coefficients, analogous to the

spring constants in Hooke’s Law. N is the number of nodes used to represent

a cell. To move a cell, first, the position of the cell head node is updated

based on its current velocity calculated using biological rules determined

by the local environment. If the liquid depth is >10 mm (~10 times of the

cell width), cells swarm within liquid using flagella and align with each

other; otherwise, cells just move randomly. We model cells aligning with

each other based on previously justified local rules for bacteria (28,29)

(see Fig. 1 B). Namely, we average the orientation of neighboring cells

for a given cell within a rectangular domain of size 2 Lc � Lc, where Lc
is half of the average cell length. Assuming the height of the liquid film

at the location of the cell being >10 mm, the direction of the head node

movement is chosen as a linear combination (with 0.1, 0.45, and 0.45 as

coefficients) of a random walk direction, direction of the liquid film move-

ment at the cell location, and the averaged direction of its neighboring cells.

After updating the position of the head node of a cell, positions of

the body and tail nodes are adjusted using the Monte Carlo algorithm

(28,29,31). Body and tail nodes of the cell are capable of making a number

of tentative movements. The tail node tends to move along the direction

pointing from itself to the middle node, whereas the middle node moves

in the direction from tail to the head node. Each tentative movement is

accepted with probability P determined by DH ¼ H1 � H0, the change of

the cell-body-configuration energy (Eq. 1), using the Metropolis Monte

Carlo algorithm (39):

P ¼ 1 if DH%0; P ¼ exp

�
�DH

kT

�
if DH>0; (2)
where k is the Boltzmann constant and T is a parameter that characterizes

the cell’s body tendency to fluctuate from the equilibrium. H1 is the cell-
body-configuration energy calculated for a specific tentative movement,

whereas H0 is the energy of the previous movement. If DH is<0, this tenta-

tive movement is accepted and the cell moves to a new position; if DH

is >0, this new movement is accepted with a probability expð�DH=kTÞ.
Namely, if a randomly generated number is less than expð�DH=kTÞ, the
tentative movement is accepted, otherwise the cell does not move. (Each

cell in the model is capable of making 15 tentative movements per time

step balancing cell flexibility and computational cost.) Stochastic features

of the cell body movement enable a cell to keep its length and level of

bending within certain ranges. Table 1 lists parameter values used in the

stochastic cell submodel.

The model also incorporates cell growth and division. Growing and

moving cells consume nutrient. As the nutrient level in a cell reaches

a threshold, the cell divides into two daughter cells. This threshold value

is determined from the experimentally observed P. aeruginosa population

doubling time (over a period of 1 h). For simplicity, individual cells are

assumed to always maintain a level of QS signal, which enables them to

secrete the signal to the environment (40), increasing the QS concentration

at the cell location. Once it is greater than the given threshold, cells within

this region are activated from the solitary state to begin production and

release of RL. If the concentration of RL is greater than a given threshold,

water is extracted from the substrate. (See the Supporting Material for more
TABLE 1 Parameters for off-lattice stochastic cell submodel

Parameters Values Reference

Number of nodes

per cell (N)

N ¼ 3 (28,29)

Cell width; cell length 0.3 � 0.8 mm; 1.0 � 1.2 mm

Stretching coefficient (Kb);

bending coefficient(Kq)

5 Emicron�2; 2 E (28,29)

Boltzmann constant times

temperature (kT)

2 E (28,29)

Individual cell velocity 4.64 cell length min�1 (3)
details.) Although more simplified than the dual QS signal approach em-

ployed by others (41,42), this simplified model does enable us to capture

the key phenomena of P. aeruginosa swarming. A more detailed QS submo-

del will be included in future simulations.

The following initial conditions are implemented in the simulations.

Nutrient is assumed to be abundant; therefore, stationary or starvation states

are not considered in this work. The QS chemical concentration is set to be

low, and all cells are assumed to be in the solitary or planktonic state in the

start of each simulation.
Continuous submodels

The depth of a typical colony is much smaller than its extent. Therefore, we

employ the following thin viscous liquid film equation (26,43) to describe

the liquid layer:

ht ¼ �V$

�
h

�
gm

3m
h2VV2hþ h

2m
Vg

��
þ Eh: (3)

Here, h is the thickness of the liquid film. Surface tension g depends on

the RL concentration G. E represents the rate of extracting water from

the substrate by osmotic effects of RL and is proportional to the local

RL concentration. We use the following constitutive law (34,37,43) to

describe the dependence of the surface tension on the surfactant RL

concentration:

g

S
¼ ðaþ 1Þ

�
1� G

Gm

��
aþ 1

a

�1=3

�1

���3

; (4)

where a ¼ gm/S. Viscosity m is dependent on the density of the suspension

of cells. We also adopt the following effective Newtonian viscosity model

(25,26,44):

m

m0

¼ cðfÞ
"
1þ 1:44f2cðfÞ2

1� 0:1241fþ 10:46f2

#
; (5)

where

cðfÞ ¼ 1� 0:5f

ð1� fÞ3 : (6)

Here, f is the volume density of cells and m0 is the pure solvent viscosity.

P. aeruginosa cells secrete soluble RL, which changes the surface tension of

the liquid film. Marangoni stresses arise due to nonuniformities in the

surface tension at the interface between the gaseous and aqueous phases

that are induced by the local differences in interfacial surfactant concentra-

tion. These stresses drive flow from areas of high surfactant concentration to

lower surfactant regions. The term V $ (h2/2m Vg) accounts for the Maran-

goni-driven instability. Macroscale evolutions of nutrient, QS signal, and

RL are modeled using convection-diffusion reaction equations (31).
Integration of the submodels into a multiscale
model

First, the off-lattice cell submodel is solved to update positions of bacterial

cells, and liquid depth at the location of each cell is calculated by interpo-

lating h, the thickness of the liquid film from the partial differential equation

(PDE) grid. Cell-environment interactions are then simulated. Each cell

consumes a certain amount of nutrient represented by a source term in

the convection-diffusion equation (see (31) for details). Production of the

QS signal and RL, and their release to the environment by cells, are then
Biophysical Journal 103(3) 601–609
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implemented. Bacterial cell density is computed on each PDE grid block.

An interpolation operator is used to distribute cell produced RL to PDE

grid blocks. Next, effective viscosity of the fluid at each grid cell is updated

according to Eqs.5 and 6 based on the distribution of bacterial cells. Finally,

convection-diffusion-reaction equations and the thin viscous liquid film

Eq. 3 are solved to update chemical concentration and to evolve liquid

film. The model parameter values are listed in Table 1 and Table S1.
RESULTS

By imaging the population density of the entire swarms (as
in (38)) over time, we observed that cells in tendril-forming
swarms of P. aeruginosa move in a high density wave (ring-
like pattern) propagating radially toward branched tendril
structures forming at the edge of the swarm on soft agar
(0.45%) surfaces (Fig. 2). This results in accumulation of
high density groups of cells close to the ends of these
tendrils. We also observed that a RL-dense wave accom-
panies the cell-dense wave propagation. The RL distribution
in these tendril swarms is also nonuniform but is less pro-
nounced than the cell density distribution (bottom row of
Fig. 2) because RL is soluble and more readily diffuses
(compared to cells) within the liquid film.

We monitored the behavior of both tendril-forming
swarms growing on soft agar and nontendril swarms grow-
ing on hard agar (0.6%) for comparison (20). As shown in
Fig. 3 A, the temporal swarming profiles of both swarms
can be separated into two phases. Phase I lasts for ~25 h
and represents the lag (6) and acceleration of swarm colony
growth. The expansion rate was 0.15 cm2/h during this
phase.

Phase II represents swarming after 25 h where the swarm
colony size increases exponentially. Fig. 3 B shows the pop-
ulation dynamics of the swarm along the radial direction.
Biophysical Journal 103(3) 601–609
The internal high density cell wave shown in Fig. 2 develops
from the inoculation point and propagates outward along the
radial direction as a ring (see Movie S1). The cell wave
spreads faster than the advancing swarm edge. Assuming
a power law of expansion, we calculated the swarming
exponent, a, based upon the expression r f ta, where t is
the time and r is the radial position of the wave or the swarm
edge (45,46). For the swarm shown in Fig. 2, a values were
0.82 and 0.36 for the internal wave and the swarm edge,
respectively (see Fig. 4 A).

Another substantial difference between liquid film phys-
ical phenomenon (32–37) and P. aeruginosa swarming is
that suspended bacteria increase the effective viscosity of
the liquid film and liquid movement slows due to increased
viscosity (44). Moreover, RL, produced by P. aeruginosa
swarming cells, can act osmotically as a solute (47) to
extract water from the semisolid agar (48) and can decrease
the surface tension of the liquid layer, which allows easier
flagellar rotation within the liquid film (6,49–52). The over-
all effect of RL upon swarming is dramatic as the motion
of wild-type bacterial swarm is strongly affected by fluid
effects during tendril formation (see Movie S2) when com-
pared with motility of a RL-deficient P. aeruginosa strain
(see Movie S3). Therefore, we hypothesized that the mech-
anism of branched tendril formation was based upon the
competition between constantly changing viscosity of the
bacterial liquid film and liquid film boundary expansion
caused by the Marangoni forces (32,36) due to changes in
surface tension of the liquid film.

To test this hypothesis, we ran simulations using the
multiscale model of P. aeruginosa swarming (31) which is
described in the Multiscale model section. The initial and
boundary conditions of simulations are given in the
FIGURE 2 Pseudomonas aeruginosa swarming

and RL concentration over time. Swarms on soft

agar form tendrils when high concentrations of

RL are present (snapshots taken from Movie S1).

Both P. aeruginosa cell density (blue-green) and

RL (red-fire) concentrations distribute as a wave

(white) through the developing swarm. Images at

6-h intervals (from 12 to 30 h) are presented (Scale

bar ¼ 15 mm).



FIGURE 3 (A) Area of bacterial swarms as a function of time. Green and dark red triangles represent swarming on hard agar plates, and the red line repre-

sents swarming on soft agar plates (Movie S1). (B) Image intensity profiles of the swarming P. aeruginosa colony on soft agar as functions of the radial

distance at time intervals of 111.25 min. Image intensity values were normalized with respect to the value at the center of the bacterial colony. Assuming

that intensity is proportional to the bacterial density, the shown profiles demonstrate the dynamics of the cell density along the radial direction of the colony.
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Supporting Material. Fig. 3 B shows that, in experiments,
the cell density within the wave increases as the wave prop-
agates radially. On the basis of these experimental observa-
tions, we assumed for our simulations, that after leaving the
initial inoculation region, cells would increase their division
and RL production rates by a factor of four. We also
assumed that cells exhibit an alignment resulting in cell
clusters. (Cell alignment was confirmed by examining
bacteria present in the swarm tendrils under 100� magnifi-
cation. See Fig. 5 and Experimental Results about Cell
Alignment.) Our silico simulations indicate that cells
quickly disperse outward as a wave in a ring pattern; this
initial wave of cells forms as the cell-containing liquid
film expands by Marangoni forces. Subsequently, the cell
wave is maintained over time due to the increased rates of
cell division and RL production (see discussion below,
FIGURE 4 (A) Positions of the internal wave (IW) and of the swarm edge (S

0.18 cm/h in experiments (black line) and simulation (light blue dashed line), res

(purple line) and simulation (dark blue line), respectively. (B) Nondimensional b

and SE corresponds to the density near the swarm edge.
without increased rates of cell division and RL production,
simulations did not produce the cell wave). The simulations
suggest that the tendril patterns observed on soft agar could
be induced by a liquid film instability initiated at the edge of
the swarm. Fig. 6 shows both simulated and experimental
swarm edge regions to detail the good agreement between
these patterns. The simulations result in an average swarm
area expansion rate of 0.4 cm2/h, which is in good agree-
ment with the experimentally measured area expansion
rate of 0.6 cm2/h (Phase II) (see Fig. 7).

The simulated internal cell wave propagates in the
radial direction with a speed of 0.24 cm/h, compared with
the experimentally measured wave propagation speed of
0.08 cm/h (see Fig. 4 A). Thus, our model overestimates
the actual cell wave propagation speed observed in our
experiments. This may be due to several reasons, which
E) on soft agar as a function of time. Speeds of SE expansion are 0.05 and

pectively. Speeds of IW propagation are 0.08 and 0.24 cm/h in experiments

acterial density as a function of time. IW corresponds to the internal wave,

Biophysical Journal 103(3) 601–609



FIGURE 5 Calculation of orientation correlation of P. aeruginosa cells at the swarm edge and in the internal wave. Experimental images show one repre-

sentative horizontal plane acquired using confocal microscopy to obtain multiple planes (in the z-direction) of green fluorescent protein-labeled cells. (A)

Cells are closely packed and form rafts in a tendril at the swarm edge. The tendril is divided into four regions (as marked in the figure). Orientation correlation

for each region was computed. (B) Patterning of cells within one plane within the cell wave. Cells also form rafts. Although cells in the wave of high cell

density show certain alignment with neighboring cells, cells at some distance from each other display random orientation. (C) Orientation correlations for

each region indicated by green-dotted, cyan-dotted, purple-dotted, and blue-dotted lines, respectively, and red-dotted line for the region of the wave of high

cell density. Calculation of orientation correlations reveals that cells in the tendril show strong alignment with each other, whereas cells in the wave of high

cell density display random orientation with respect to each other.
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cannot currently be discerned. It is not possible to experi-
mentally measure the actual cell division rate and RL
production rate within the wave region. Moreover, it is not
currently possible to experimentally discern the actual
mechanism by which individual cells use specific motility
modes at different locations within swarms. Finally, the
effective viscosity model adopted in the work does not
take into account any potential effects of cell motion on
varying viscosity (27).

We also performed simulations without increasing rates
of cell division and RL production and without cell align-
ment to study their impacts on swarming. Our simulation
still showed tendril formation and produced an average
swarm area expansion rate of 1.13 cm2/h (see Figs. S1 and
S2). However, these simulations did not produce propaga-
tion of high cell density and RL-dense waves. We hypothe-
size that the formation of these waves is likely due to
increased cell division and RL production and cell
alignment; this will require verification with laboratory
experiments.
FIGURE 6 Simulation of primary and secondary tendril development. (A) Wa

simulation at t¼ 7 h. (C) Experimental image of a swarm on soft agar for compa

Biophysical Journal 103(3) 601–609
Finally, we compared simulations of the tendril-forming
and nontendril swarms and showed that without sufficient
liquid extraction and, therefore, without sufficient thickness
of liquid film, swarming was extremely slow.
Scaling analysis

Both scaling analysis (37) and simulations have been used
to demonstrate effects of viscosity and Marangoni forces
on expanding swarms. Because it is difficult to measure
viscosity of P. aeruginosa swarms, we adopted the viscosity
value used in (27) for Bacillus subtilis spreading m z 200
cP. The spreading of a liquid film is assumed starting with
an initial thickness H and width L (H � L). RL is assumed
to be uniformly distributed within the liquid with surface
and bulk concentrations Gm and cm, respectively. The solid
substrate is assumed to be initially coated with a liquid of
uniform thickness Hb (Hb � H).

Marangoni forces are generated by the initial difference
between the surface tension gm of the liquid with certain
ter height profile in a simulation at t ¼ 7 h. (B) Cell density distribution in a

rison. Primary and secondary tendrils are seen to develop at the swarm edge.



FIGURE 7 Comparison of swarm area dynamics in experiments and

simulations. Black and blue lines indicate model predictions for soft and

hard agar cases, respectively. Triangles represent data for swarming on

hard agar plates. Experimental data for swarming on soft agar plates, rep-

resented by diamonds, agree well with the simulated data represented by

a black line. Experimental data (triangles) and simulated data (blue line)

also agree well with each other.
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surfactant concentration, and the higher surface tension gc

of the underlying uncontaminated film (36). We denote
the maximal difference of surface tension as S ¼ gc � gm.
Typical experimental parameter values are H z 10�2 cm,
L z 1 cm, Hb z 10�4 cm, gm z 50 dyn cm�1, S z
20 dyn cm�1, resulting in the characteristic Marangoni
velocity V ¼ SH/(mL) z 10�2 cm/s and liquid film expand-
ing time T ¼ L/V z 102 s. The characteristic Marangoni
velocity reflects a physical balance between Marangoni
stresses and viscous drag. It is dependent upon the surface
tension and the biofilm viscosity in a nonlinear fashion.

The finger instability observed in a surfactant deposition
spreading on a thin liquid film driven by Marangoni stresses
has been studied for purified surfactant (36,37). In these
experiments (without bacteria), the liquid viscosity was
almost the same as water, resulting in a characteristic Mar-
angoni velocity V z 40 cm/s with fingers appearing within
seconds after deposition of a surfactant droplet on an
initially undisturbed thin film (see simulation results in
Fig. S4 B). In our simulations, the viscosity of the liquid
film is two orders of magnitude higher than that of water
due to the suspended bacteria. This slows the finger insta-
bility response from minutes to hours, which is consistent
with our experiments.
Experimental confirmation of the model
prediction of cell alignment

To confirm our simulation prediction of cells being closely
packed and forming aligned cells, we determined cell
alignment in horizontal sections of laboratory experiment
swarms.

We determined the level of cell alignment in these images
using the orientation correlation function C(r) introduced
in (29),
CðrÞ ¼ 1

NðrÞ
XNðrÞ
i;j;isj

�
2 cos2

�
qij
�� 1

�
;

where qij is the angle between the ith and jth cells, and N (r)
is the number of pairs of cells separated by a distance r
(using cell length as a unit length).

Alignment of cells was determined within a tendril at the
swarm edge (see Fig. 5). The green-dotted, cyan-dotted,
purple-dotted, and blue-dotted lines in Fig. 5 C show orien-
tation correlations for the four regions (Fig. 5 A), respec-
tively. We found that for each region, absolute values of
correlation C(r) > 0.3 for small r, i.e., nearby cells have
a high probability of being aligned with each other; C(r)
then decreases rapidly at larger values of r. The rises of
C(r) at rz 22 in region 1 and rz 8 in region 4 correspond
to the case that cells at the very boundary of the tendril are in
parallel with the boundary of the tendril.

Within the propagating wave of the swarm, these neigh-
boring cells are closely packed and have formed rafts (see
Fig. 5 B). The calculated orientation correlation of the cells
within the wave is shown by the red-dotted curve in Fig. 5 C.
Oscillations of the curve indicate that cell rafts in the cell
wave region mostly orientate randomly. Furthermore, orien-
tation correlation in the high cell density wave region is
much lower than that at the edge of the swarm where cell
rafts mostly move in the direction of tendrils (see Fig. 5,
A and B).
CONCLUSIONS

In this work, it is first shown that for the bacterium
P. aeruginosa, cell-dense and RL-dense waves form and
propagate through developing swarms from the center
toward the edge of the swarm (Fig. 2). These waves result
in the formation of high cell density groups within the
tips of the growing tendrils at the swarm edge, creating
secondary swarms. Temporal RL distribution has not been
documented previously and, to our knowledge, such wave
propagation has not been reported previously for swarming
bacteria. This study details that the timescale at which
P. aeruginosa is interpreting and influencing its local envi-
ronment is on the order of minutes to hours; understanding
of swarm dynamics is very important to fully understand
bacterial swarming. We propose that this wave movement
of bacteria into newly formed tendrils results in rapid and
efficient colonization of new territory.

Analysis of the experiments, combined with the model
simulations, suggest a mechanism of internal cell wave
propagation based on increased cell division and RL pro-
duction rates when cells leave the initial inoculation region,
as well as increased cell-cell alignment. Our model simula-
tions, based on these assumptions, correctly predicted the
rate of P. aeruginosa swarm expansion and cell wave prop-
agation speed. Simulations also showed that an increase in
Biophysical Journal 103(3) 601–609
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cell division rate alone does not lead to wave formation in
the simulations.

Shapes of the simulated tendrils are in qualitative agreement
with the experimental observations (see Fig. 6, B and C).
Simulations demonstrated that branched tendril formation
could be governed by the changing viscosity of the bacterial
liquid suspension and the liquid film boundary expansion
caused by Marangoni forces. Namely, significant viscous
drag resulting from the increased viscosity of the liquid
film due to the presence of densely packed P. aeruginosa
cells, resulted in reducing the liquid film’s spreading speed.
At the same time, P. aeruginosa cells produce RL, which
reduces surface tension resulting in the creation of the
Marangoni force due to the surface tension gradient that over-
comes the viscous drag and pushes the liquid film outward.

Small perturbations at the swarm boundary get amplified
due to Marangoni stresses and result in tendril formation.
The P. aeruginosa high density cell wave efficiently and
quickly propagates into these tendrils and secondary tendrils
develop. Scaling analysis shows at least three orders of
magnitude difference in rates of pure liquid film expansion
induced by Marangoni force and P. aeruginosa swarm
expansion. This difference is due to increased viscosity of
the liquid film with cell suspension. Thus, it is critical for
P. aeruginosa cells to produce RL and create a surface
tension gradient of the liquid film in order to colonize new
territory efficiently.

Tracking analysis of cells imaged using time-lapse con-
focal microscopy showed cells being closely packed and
forming rafts of aligned cells in the propagating wave, which
do not have a preferred direction of motion. Cells inside
tendrils tend to swarm in the longitudinal direction. There-
fore, our future research will focus on the question of
how the observed cell density wave propagation is related
to individual cell swarming. Our current understanding of
swarming dynamics is still limited. Nevertheless, our exper-
imental and simulation findings suggest new specific exper-
iments to study swarming dynamics. In particular, to better
understand the swarm wave dynamics, wewill need to deter-
mine whether there is a difference in flagellar and pili func-
tion for cells within the waves compared to other regions.

To summarize, findings in thiswork detail a new strategy of
efficient colonization and community development by bac-
teria that has not been previously documented, to our knowl-
edge.P. aeruginosa uses the surfactant RL to control physical
forces needed by swarms to efficiently expand over surfaces
as a thin liquid film. Although it is well known that biologi-
cal organisms respond to environmental cues, these swarm-
ing bacteria respond actively to alter their environment on a
short timescale to greatly improve their colonization rate.
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