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Reproducing bacteria self-organize to develop patterned biofilms in various conditions. Various factors
contribute to the shaping of a multicellular bacterial organization. Here we investigate how motility
force and self-secreted extracellular polymeric substances (EPS) influence bacterial cell aggregation,
leading to phase-separated colonies using a particle-based/individual-based model. Our findings
highlight the critical role of the interplay between motility force and depletion effects in regula-
ting phase separation within a growing colony under far-from-equilibrium conditions. We observe that
increased motility force hinders depletion-induced cell aggregation and phase segregation,
necessitating a higher depletion effect for highly motile bacteria to undergo phase separation within
a growing biofilm. We present a phase diagram illustrating the systematic variation of motility force
and repulsive mechanical force, shedding light on the combined contributions of these two factors:
self-propulsive motion and aggregation due to the depletion effect, resulting in the presence of small
to large bacterial aggregates. Furthermore, our study reveals the dynamic nature of clustering,
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marked by changes in cluster size over time. Additionally, our findings suggest that differential
dispersion among the components can lead to the localization of EPS at the periphery of a growing
colony. Our study enhances the understanding of the collective dynamics of motile bacterial cells
within a growing colony, particularly in the presence of a self-secreted polymer-driven depletion
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1 Introduction

Bacteria are a well-known example of living active matter that
exhibit a variety of complex morphodynamics in their lifestyles.
They can show a broad spectrum of nonequilibrium collective
phenomena, such as patterned colonies,"” biofilm forma-
tion,*'® swarming, and turbulent motions,'”>' depending on
the species and environmental conditions. The interplay of
growth, division, motions, and local interactions of individual
components plays a crucial role in controlling such pheno-
mena.”>*' Furthermore, in the presence of polymeric sub-
stances, bacteria can form a range of phase-separated
colonies.®®™” In general, certain bacterial species can self-
secrete polymeric substances, known as extracellular polymeric

“Tata Institute of Fundamental Research Hyderabad, Telangana 500046, India

b School of Chemistry, Indian Institute of Science Education and Research
Thiruvananthapuram, Kerala, 695551, India. E-mail: pushpita@iisertvm.ac.in

i Electronic supplementary information (ESI) available: It contains Fig. S1(a-1),

S2(a-c) and Table S1 as mentioned in the main text. Additionally, detailed

explanations of Movies S1 and S2. See DOI: https://doi.org/10.1039/d3sm01144e

8136 | Soft Matter, 2023, 19, 8136-8149

substances (EPS), which are mainly composed of polysaccharides,
proteins, or nucleic acids. The mechanical interactions between
the EPS and bacterial cells play an essential role in determining
the architecture of the bacterial colony.

Over the years, numerous experimental and theoretical
studies have shed light on the aggregation and phase separa-
tion of colloid-polymer mixtures.’>***! Such aggregation is
mainly attributed to two separate mechanisms: bridging and
depletion attraction.>**>**™** In the case of bridging, the poly-
meric particles absorb more than one colloidal particle simulta-
neously. This simultaneous binding process brings the
colloidal particles closer, resulting in aggregation. On the other
hand, the depletion attraction with a purely entropic origin*®
facilitates bacterial aggregation. In this mechanism, the colloi-
dal particles are closely aligned, and the area between them is
unavailable for polymeric particles (i.e., they are depleted). As a
result of the depletion effect and close alignment, the free
available area for the polymeric particles increases, maximizing
the system’s entropy and minimizing free energy. This process
leads to the aggregation of colloids and phase separation
between the polymer and colloid particles. Additionally, the

This journal is © The Royal Society of Chemistry 2023
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unbalanced osmotic pressure provides stability to the aggre-
gation.35 However, in the context of bacteria, similar effects can
also be observed, depending on the species.>**43¢4¢ The self-
secreted EPS of some bacterial species acts as sticky particles
that bind bacterial cells together and promote aggregation,***¢
similar to the bridging mechanism in colloidal systems. Con-
versely, certain bacterial species secrete non-absorbing EPS that
behave like depletant particles,**?* leading to accumulation
and promoting the formation of phase-separated patterned
colonies, akin to depletion attraction in colloidal systems.
The aggregated multi-cellular community is commonly referred
to as a biofilm, which serves as a survival strategy for providing
protection and stress resistance from adverse environmental
conditions.*” "

In recent years, the understanding of phase separation in
the mixture of active and passive particles has been a vibrant
topic of research in active matter systems due to its potential
applications in various fields.”® Numerous studies have
investigated the role of the activity, density, and geometry of
active particles in the phase separation process.>*™° Most of
these studies focused on a fixed number of active and passive
particles in a system. The nonequilibrium self-assembly and
phase behavior of a growing colony of motile bacteria in the
presence of self-secreted EPS, which correspond to an active
matter system, needs to be better understood. Therefore, it is
relevant to investigate the spatiotemporal dynamics of growing
bacterial colonies in the presence of self-produced EPS. How
the competition between motility forces and depletion effects
underlies the mechanisms of phase separation and spatiotem-
poral organization is a matter of question.

Here, we used computer simulation studies to investigate
spatiotemporal dynamics and phase separation of motile bac-
teria in the presence of self-secreted EPS, which are non-
adsorbing to the bacterial surfaces. The simulation utilizes an
agent-based/particle-based model, which allows tracking of
each agent’s behavior and the time evolution of the entire
population. Unlike the early stage of bacterial assembly, our
study in a growing biofilm deciphers that high motility force
reduces the self-secreted polymer-driven depletion attraction.
The colony appears more compact for low motility and low
depletion effects, whereas the high depletion effect leads to a
phase-separated patterned colony. On the other hand, high
motility force always leads to a sparse colony with no significant
bacterial aggregation inside. However, the peripheral cells
remain active, showing motility-driven aggregation. We provide
a phase diagram of the systematic variation of motility force
and repulsive mechanical force in a growing colony. It gives the
combined contribution of the two effects: dispersal due to self-
propulsion and aggregation due to depletion attraction, leading
to small to large bacterial clustering within a nonequilibrium
growing colony. Moreover, we observe that the differential
mobility of bacterial cells and EPS particles facilitates the
accumulation of EPS in the peripheral region of a growing
colony for low motility of cells. Our study shows that various
phase-segregated patterned colonies can emerge due to two
competing effects leading to differential mobility.

This journal is © The Royal Society of Chemistry 2023
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2 Model and methods

We adopt our previous particle-based mode to study the
depletion-driven phase separation of a growing colony of motile
bacteria. However, the present model has several distinct
features which are highlighted as follows:

(i) Our current model focuses on the inclusion of motile
bacterial cells within a developing micro-biofilm, concurrently
with the presence of self-secreted EPS which are non-adsorbing
to the surface of bacterial cells. This concurrent presence
of motile bacterial cells and self-secreted EPS introduces a
dynamic element that profoundly influences the structural
evolution of the colony. This pivotal inclusion of self-
propulsion exhibited by bacterial cells indeed distinguishes
our work from ref. 60.

(ii) Moreover, in ref. 60, the primary focus was directed
towards elucidating the instrumental role of repulsive mechan-
ical interactions between components in driving depletion-
induced phase separation within growing colonies. In contrast,
our current study adopts a broader perspective by delving into
the context of differential dispersion between the two compo-
nents. We indeed consider the combined influences of
mechanical interactions and cell motility as drivers of phase
separation and pattern formation. Our present study examines
the various possibilities of modulating mechanical interactions
through alterations in the friction coefficient of the two com-
ponents. This variation in the friction coefficient, in turn, leads
to differential dispersion.

(iii) Notably, the distinguishing characteristic of the model
presented in ref. 15 and the current model lies in the nature of
the EPS considered. While our current study involves non-
adsorbing EPS that function as depletants within the medium,
ref. 15 dealt with EPS possessing a sticky nature. Another
noteworthy distinction pertains to the heterogeneous produc-
tion of EPS, which is contingent on the local nutrient concen-
tration, in the model of ref. 15. Specifically, nutrient depletion
was assumed to trigger EPS production, leading to a non-
uniform distribution of EPS within the colony. Instead, our
model allows cells to generate EPS at a specified rate, with EPS
production being constrained by the local concentrations of
both cells and EPS. These disparities in the nature of EPS and
the mechanisms governing EPS production underscore the
distinct directions taken by the two studies.

In brief, we model each bacterial cell as a spherocylindrical
particle with a fixed diameter, d,, and variable length, L = [ + d,,,
where [ corresponds to the cylindrical length of the particle.
They will grow along their major axis by consuming the
nutrients from the medium. Once it reaches a certain critical
length, /;,ax, it wWill most likely divide into two daughter cells at a
rate of kg, with daughter cells having a slightly random
orientation compared to the mother cell. The nutrient concen-
tration follows a diffusion equation with a sink term given by
the equation:

115:60

aC PC  9*C -
5= D(W + W) — kZAif[C(thi)] 1)
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where D is the nutrient diffusion constant, and x; and y;
represent the spatial coordinates. The area A; of each cell is
A; =7y + 2rol;, where 1, = do/2 is the radius of the end caps and
l;is the length of the ith cell. The bacteria consume the nutrient
at a rate of kf(C) per unit biomass density, where f(C) is a
monotonically increasing dimensionless function. We consider
f(C) = C/(1 + C), a Monod function with a half-saturation
constant of 1 (in arbitrary units). As mentioned, the bacterial
cells grow along their long axis, and the equation describes the
linear growth of each cell: dl;/dt = ¢x (A/A) Xf(C(x;yi)), where
¢ is the linear growth rate of the cell and 4 = niry>+ (3/2)rl, is the
average cell area."***>°® Each bacterial cell can produce EPS
in nearby regions with a rate of k. if the local cell area density
reaches a certain threshold, Cell[x,y] = 5.0 um?> However, to
prevent excessive EPS production, this process halts once the
local EPS area density reaches a maximum limit, EPS[x,y] =
0.3 um®. We modeled the EPS as a spherical particle with
diameter deps = do/2.

If spatial overlaps occur, the mechanical interactions
between cell-cell, EPS-EPS, and cell-EPS are repulsive (F).
Each cell is self-propelling, exerting a force (Fp,¢) along its long
axis. For simplicity, we have put a constant term for motility
force, i.e., Fmf = fmor. The following expression gives the
repulsive force between two agents in our model: Fy¢ =
Ed,"?h*"?, where E is the elastic modulus of the cells and &
do, — r represents the overlap between two interacting agents.
Here, r corresponds to the closest distance of approach between
two particles.">'>?**>% Besides these, each particle experi-
ences a random force, {, from the surrounding medium, which
stems from a uniform distribution with the range from —10~*
to +102.1>%°

The persistence of bacteria is profoundly influenced by a
complex interplay of numerous contributing factors, such as
cell division, repulsive force (Ff) and torque acting on the
bacteria. Calculating the persistence length of individual bac-
teria within the crowded environment of cells and EPS presents
inherent challenges. Nonetheless, an approximate estimation
of the persistence length for an isolated bacterium can be
derived using simulation parameters, encompassing the linear
growth rate (¢), critical length (I,,ax), motility force (F,), and
cell friction coefficient (1), as detailed in the ESI.f For our
analysis, we consider the initial cell length /;,; to be [, —
half of the critical length /;,.x. Upon reaching this critical
length, cell division occurs, leading to a change in cell orienta-
tion. While neglecting the concentration-dependent growth,
we assume uniform growth at a rate of ¢. Employing these

parameters, we approximate the persistence length as
/ F . .

L,= halt._ 7mf_ with motility force Fof = fior = 500 Pa um?,
¢ N X lini

this estimation yields a calculated persistence length of L, =
0.71d,. Notably, we have also independently estimated this
value through simulations. The simulation-based estimation
yielded a value of (Ly)sim = 0.77d,, in close agreement with the
approximate value.

In our model, each bacterial cell follows over-damped
dynamics, i.e., the medium viscosity dominates over the inertia.
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This suggests that the linear and angular velocities are propor-
tional to the force and the torque experienced by the particle,
respectively. Therefore, the equation of motion of each cell is

1 - ~ - >
P

F=—F=—(Fg+ Fn 2
7 oL ’1L( ¢+ Finr + () (2)
12

where ?, 1, w, and t are the linear velocity, friction coefficient
per unit length, angular velocity, and torque, respectively. On
the other hand, each EPS particle being spherical follows a

similar equation of motion but with L = d.ps and Fo=0.

We compute the new positions and velocities of the particles
by solving the equations of motion, using the Euler method,
together with solving the diffusion equation for the nutrients.
To make length and time dimensionless, we rescale them by
the diameter of the cell (d,) and 1/cell division rate (1/kq;),
respectively, throughout the rest of this study. Table S1 in
ESIt provides all parameters and constant values used in our
simulations.

3 Results and discussion

3.1 Phase separation in a growing colony of motile bacteria in
the presence of non-adsorbing EPS

Our study investigates the impact of motility force on depletion-
driven phase separation in a growing colony of motile bacteria.
Each bacterial cell is self-propelled and consumes nutrients
from the medium to grow along its major axis. It will likely
divide into two daughter cells upon reaching a critical length.
Additionally, each bacterial cell can secrete EPS into its nearby
regions, and interactions between the bacteria and the EPS are
purely repulsive.

Since entropically driven depletion attraction can substan-
tially affect the morphological dynamics of a nonequilibrium
growing motile bacterial colony in the presence of non-
adsorbing EPS particles, we vary the repulsive mechanical
interactions among the biofilm components. We categorize
the depletion effect by considering the elastic modulus values
of cell-cell, cell-eps, and EPS-EPS as follows. (i) Low depletion
effect when Eceypcen = Eeps-eps = Ecell-eps (ii) Ecell-cen = Eeps—eps =
Eceli-eps = 4 X 10° Pa OF Eceli_eps = 5 X 10° Pa, and high depletion
effect for (iii) Eceni—cenl = Eeps—eps = 4 X 10° Pa, Eceli_eps = 6 x 10° Pa
Or Ecelleps = 7 X 10° Pa. We also introduced an alternative
naming scheme for the repulsive mechanical forces as 2-2, 4-4,
4-5, 4-6, and 4-7, where the first index represents the elastic
coefficient of the cell-cell or eps-eps interaction. The second
index represents the elastic coefficient of the cell-eps inter-
action, with all values multiplied by 10°. Next, to get a systema-
tic understanding of the role of motility force, we carried out
simulations of the growing colonies of non-motile ( fi,o: = 0) and
motile (finoe = 100, 300, 500, 700, 900, and 1100 Pa um?) cells in
the presence of different mechanical interactions.

The snapshots of simulated colonies with varying depletion
effects and motility forces are shown in Fig. 1(a—p) for an initial

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 Snapshots of a simulated bacterial colony for different values of depletion effects (along the horizontal direction) and motility forces (along the
vertical direction). Figures (i) (a)—(d) for fmot = O, (i) (€)=(h) for frer = 500, (iii) (i)=(l) for fmer = 900 and (iV) (M)—(p) for fmer = 1100. The rod-like bacterial
particles and spherical EPS are represented in cyan and red, respectively. As the depletion effect increases, there is clear phase separation between the
cells and EPS for lower to intermediate motility forces. However, stronger depletion attractions are required to achieve phase separation for higher values

of motility forces.

nutrient concentration of C, = 3.0 fg um® and an EPS injection
rate of keps = 1.0 h™'. We have included snapshots for four
different values of motility force (along the vertical axis) and
four values of depletion interactions (along the horizontal axis).
Unless otherwise mentioned, all other parameters are listed in
Table S1 (ESIT) and held constant throughout the study. The
snapshots reveal that, as the depletion effect increases, there
is pronounced phase separation between cells and EPS parti-
cles for lower to intermediate motility forces (Fig. 1(a-h)).

This journal is © The Royal Society of Chemistry 2023

However, at higher motility forces, the bacteria are more
dispersed and thus the phase separation is hindered (Fig. 1(i-p)).

To gain a deeper understanding of depletion-driven phase
separation, we analyzed the clustering behavior of different
agents in our simulations. Specifically, we first focused on
clustering EPS particles and defined the cluster size as the
number of particles within each cluster. Clusters are identified
using a distance cutoff-based clustering algorithm, where two
EPS particles belong to the same cluster when separated by a

Soft Matter, 2023, 19, 8136-8149 | 8139
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cutoff distance of r. < 0.65d,. To ensure the accuracy of our
clustering analysis, we conducted a verification of the chosen
distance cutoff. Using a larger distance cutoff led to the con-
nected EPS particles appearing as a single cluster for lower
depletion effects. Thus, we consider a distance cutoff of r, <
0.65d, for all mechanical forces and motility values, as it
provides better clustering results.

Fig. 2(a-p) depicts the clusters of EPS particles under
different motility forces and varying depletion effects. Each
differently colored patch represents clusters of varying sizes, as
indicated in the color bar. In our analysis of cell and EPS
clustering, we have decided to focus on the top 50 clusters,
organized in descending order according to their cluster size. It
is important to note that this numerical selection is not based
on any a priori reasoning; rather, our aim is to highlight
clusters characterized by more significant particle counts, while
omitting those with fewer particles. We present the first 50
clusters in descending order of size in Fig. 3(a-d). Our observa-
tions reveal intriguing trends:

2-2
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(i) For scenarios characterized by moderate to high deple-
tion effects, an increase in motility force corresponds to a
reduction in cluster size. This suggests that higher motility
forces hinder phase separation among cells.

(ii) Remarkably, under low depletion effects within the
colony and intermediate motility force values, larger cluster
sizes are observed compared to non-motile cells. This observa-
tion implies a competition between mechanical forces and
motility forces, as illustrated in Fig. 2(e and i) and 3(a).

(iii) Additionally, it is worth noting that low depletion effects
result in smaller cluster dimensions.

Based on these analyses, we constructed a phase diagram
(Fig. 4) with motility force and repulsive mechanical force
(representing different depletion effects) as control para-
meters, identifying three types of clusters: small, moderate,
and large. We observe that cluster sizes increase as the
depletion effect increases for a fixed motility force, indica-
ting enhanced aggregation and phase separation among the
components.
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Fig. 2 The figures (a—p) demonstrated the cluster of EPS particles for different values of motility forces and the depletion effects. The various colored
patches represent clusters of different sizes. The color bar corresponds to the size of the cluster.
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of their cluster sizes for different values of motility force and depletion
effects. The abbreviated mechanical forces are mentioned in the legend of
each figure. For (b)-(d), the color coding for motility forces is the same as
that for (a). For moderate to high depletion attraction, the active force
suppresses the clustering tendency of the particles.
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Fig. 4 Phase diagram of the EPS particles with control parameters as
depletion effects and motility forces. The clusters are classified into small,
moderate, and large based on their sizes. As shown in the phase diagram,
for a given motility force, as the depletion effect increases, the size of the
clusters tends to become more prominent and larger, indicating a greater
tendency for phase separation.

Next, to explore the aggregation behavior of the bacterial
cells, we have also analyzed their clustering properties in the
same manner as done for the EPS particles. There are almost no
isolated clusters of bacterial cells for the low values of depletion
effects, and most bacteria are connected. Thus, we have only
been interested in the cluster of the bacteria in the presence of
moderate to high depletion effects. As cells are elongated
particles, for the clustering, we have taken their center of mass
distance and put a cutoff, r. = 2.4d,, for the cutoff-based
clustering. Fig. 5(a-1) presents the snapshots of the cluster of
cells in the presence of different depletion effects and motility

This journal is © The Royal Society of Chemistry 2023
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forces, with the color bar representing the size of the cluster.
Similarly, we have depicted the first 50 clusters in descending
order of their sizes for different values of depletion effects and
motility forces in Fig. 6(a—c). Our results show similar trends to
those observed for EPS particles, although the cluster sizes of
bacterial cells are smaller than those of EPS.

In light of the elongated nature of the cells, it appears that
relying solely on a clustering algorithm based on center-of-mass
distances may not provide a comprehensive understanding of
cellular alignment. An insightful examination of the snapshots
presented in Fig. 1(a-p) reveals a notable difference in align-
ment between cells at the periphery and those in the interior.
Particularly under higher motility forces, peripheral cells tend
to exhibit greater alignment in comparison to their interior
counterparts. To address this alignment aspect more effec-
tively, we have introduced an angle cut-off in conjunction with
the distance cut-off for our cell clustering algorithm, inspired
by the approach outlined in ref. 61. This modification adds
an additional dimension to our clustering analysis, capturing
both spatial proximity and the orientation alignment of cells.
Specifically, two cells are now grouped within the same cluster
if their center-of-mass distance and angle between them fall
within predefined limits: r. = 2.4d, and 0. = 50°, respectively.
Our analysis of snapshots in Fig. S1(a-1) (ESIt) and the corres-
ponding cluster size plots in Fig. S2(a-c) (ESIf) highlight a
distinct trend. For higher values of the motility force (fimo: = 900
and 1100 Pa um®), the resulting cluster sizes are notably larger
compared to scenarios with lower motility forces, regardless
of the depletion effects. This observation indicates that our
refined clustering algorithm is effective in capturing cellular
alignment, particularly at the periphery of the colony. This
alignment behavior is facilitated by the self-propulsion force,
which acts as an efficient mechanism for promoting coopera-
tive behavior even in the absence of explicit alignment inter-
actions, as established in previous studies.®®®® While the
refined clustering algorithm successfully reveals insights into
cellular alignment at the exterior of the colony, it acknowledges
its limitations in precisely characterizing clustering patterns
within the interior of the colony, as illustrated in Fig. S1(a-l)
(ESIT). In these central regions, cells predominantly exhibit
random orientations within clusters, challenging the efficacy of
the angle-based cut-off in capturing their distinct clustering
behavior.

So far, we have discussed clustering of the cells and EPS
within a colony in terms of the cluster size with varying motility
forces and depletion effects. However, it is important to note
that the colony operates in an out-of-equilibrium state. The
expansion of the colony is fueled by a consistent supply of
nutrients at its leading edge, promoting cell growth and loca-
lized EPS production. Notably, under significant depletion
effects, phase separation emerges between cells and EPS, with
the latter being predominantly concentrated within the interior
regions of the colony. This phase separation is particularly
pronounced under lower motility force conditions and higher
levels of the depletion effect. Interestingly, within the interior
of the colony, distinct clusters composed of bacterial cells and
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Fig. 5 The figures (a—l) show the cluster of bacterial cells for different values of motility forces and depletion effects. The various colored patches
represent clusters of different sizes. The color bar corresponds to the size of the cluster.

EPS emerge. However, an essential observation from the simu-
lated Movies S1 and S2 (ESIt) is that these clusters are not
stable entities; instead, they undergo constant rearrangements
over time. The proximity of particles within these clusters leads
to interactions through collisions, resulting in the gradual
merging of clusters into larger ones. Periodically, clusters
may also undergo dissociation events. Therefore, the phase

8142 | Soft Matter, 2023, 19, 8136-8149

separation dynamics, driven by the intricate interplay of moti-
lity forces and the depletion effect, give rise to the formation of
clusters characterized by continuous evolution and reconfigura-
tion. This dynamic and evolving nature of the clusters adds a
layer of complexity to the behavior of the colony, highlighting
the non-equilibrium and highly dynamic characteristics of
the system.
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To gain insight into the temporal dynamics of association
and dissociation events within the clusters, we conducted the
following analysis. In our simulations, we observed that EPS
clusters tend to be more pronounced than cell clusters, espe-
cially under conditions characterized by a higher depletion
effect and a lower motility force. In particular, we focused on
the last 10 time frames of simulations featuring a higher
depletion effect and various motility force values. We then
applied a distance-based clustering algorithm, as discussed
earlier, to identify EPS clusters. Time was scaled within each
case, ranging from 0 to 9. At the initial time point (¢ = ¢;,; = 0),
we identified the largest EPS cluster and assigned a unique
index to its constituent particles. Subsequently, at later time
points (¢t > t;,;), we identified EPS clusters containing at least
30% of particles with the same unique index assigned at ¢ = ¢;.
A reduction in cluster size over subsequent time points sig-
nifies cluster dissociation, while an increase indicates associa-
tion. The results presented in Fig. 7 demonstrate that the
temporal patterns of association and dissociation events persist
across all motility force values.

1500 —— fmot=0
—— fmot =500
—— fmot =900

—<+— fmot =1100

1000

Cluster size

500

TN

01 2 3 456 7 8 9
Scaled time
Fig. 7 The time evolution of the EPS cluster size for different values of
motility forces with a high value of the depletion effect (depletion 4-7).

Notably, the figure effectively shows the dynamic processes of cluster
formation and dispersion.

This journal is © The Royal Society of Chemistry 2023

3.2 Competition between motility and the depletion effect in
shaping peripheral morphology

The interplay between the motility and mechanical forces
drives the phase separation between the components and
significantly influences the peripheral architecture of the
expanding colony. The snapshots in Fig. 1(a-p) clearly show
the distinctions in the peripheral morphology of the colony for
different values of motility and depletion effect. To quantify
this distinction, we estimate the roughness parameter denoted
by o, which is the ensemble average of the standard deviation
of the distance of peripheral cells from the center of the colony.
To calculate ¢, we divide the colony into specific angular bins
(0-2m) at each time interval, identify cells belonging to those
bins, and then estimate the maximum distance from the center
of the colony. Subsequently, we determine the standard devia-
tion of these maximum distances, referred to as the roughness
(o¢) of the colony periphery. Fig. 8(a-d) presents the variation of
roughness as a function of time for different values of motility
forces alongside the depletion effects. The time for each colony
to reach a particular number of agents is different for each case.
Therefore, we have rescaled the time (min-max scaling) to
compare the colony roughness on a similar footing. In the
absence of motility force, the colonies exhibit nearly circular
morphology (Fig. 1(a-d)) across all mechanical force values,
resulting in comparable roughness values among the cases
(Fig. 8(a)). However, with an increase in motility forces,
the periphery of the colony front starts to become rough and
there is a transition from the rough to smoother front for
an increased value of mechanical forces. For intermediate
values of motility forces (fior = 500 and 900), the peripheral
cells are more sparse for low depletion effects. As depletion
effects increase, the competition between the motility forces
and depletion effects triggers the colony to be circular, as
demonstrated in Fig. 8(b) and (c), where the roughness of the
colony diminishes with an increase in depletion effects.
Notably, for a higher motility force value of f,o = 1100, the
periphery of the colony consistently retains a rough texture
across all mechanical force values (Fig. 8(d)), suggesting that
the depletion effect is still not enough to induce circulariza-
tion of the periphery.
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3.3 Differential mobility facilitates localization of EPS in the
peripheral region

In the preceding sections, we have mainly discussed various
spatiotemporal architectures, aggregation, and phase separa-
tion of a growing colony of motile bacteria. Our findings
demonstrate a pronounced interplay between depletion effects
and motility forces that governs phase separation.

To further investigate the competition between differential
motility and depletion effects, we now consider differential
frictions among the colony components. Since differential fric-
tions of the components can cause a disparity in the mobilities
of the particles on the hard agar surface, we have carried out
simulations of growing colonies in the presence of self-secreted
nonadsorbing EPS having a low friction coefficient in compar-
ison to the cells (1eps = 100 Pa h and #¢e; = 200 Pa h) for C, =
3.0 fg um®. So EPS now behave like a more diffusive substance.
Fig. 9 illustrates the different spatial organizations of the grow-
ing colonies for varied depletion effects in the presence of non-
adsorbing EPS and varying motility. The snapshots of the
simulated colonies for low, moderate, and high depletion effects,
respectively, are shown in Fig. 9(a), (b), (c), and (d) in the case
of non-motile cells (fi,or = 0). A similar spatial organization is
also observed in the case of growing colonies with motile cells
having low motility force such as f;,oc = 500 Pa pm? as shown in
Fig. 9(e)-(h). These results reveal that motile cells with low self-
propulsion forces exhibit a similar spatial morphology in differ-
ential frictions as a non-motile variant. Specifically, in the case
of a low depletion effect, the colony shows the presence of a
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mixture of cell and EPS particles. However, for moderate deple-
tion effects, EPS particles start to move towards the peripheral
region of the expanding colony with weak phase segregation in
the colony interior, rendering a phase-segregated patterned
colony as depicted in Fig. 9(b) and (f). On the other hand, for
high depletion effects, a high concentration of EPS particles
accumulate at the colony periphery developing an annular
region of EPS as depicted in Fig. 9(c), (d), (g) and (h). Inside
the colony, there exists a few phase-segregated regions of EPS
particles surrounded by the cells, and these EPS and cells are
well phase-separated due to depletion interaction,*3%3>60:64

This unique morphological diversity in the presence of
differential frictions, accompanied by mechanically-driven
phase segregation, is one of the significant results of the
present study. To get a deeper insight into the effect of the
differential mobility of cells and EPS particles in the presence
of mechanical interactions, we further performed simulations
with increasing values of motility forces such as fior =
900 Pa pm?* and f,,; = 1100 Pa um? The snapshots of the
simulated colonies for low, moderate, and high depletion
effects are depicted in Fig. 9(i)-(p). From these spatial images
of growing colonies, it is evident that an increase of fioc =
900 Pa um” changes the spatial morphology in the presence of
differential friction between the cells and EPS. As the motility
force increases, it reduces the effect caused by differential
friction, and for low mechanical interactions, a sparse colony,
as shown in Fig. 9(i), develops. While, in the presence of a
moderate depletion effect, the colony starts to phase-segregate
(Fig. 9(j)), for a high depletion effect, we observe spontaneous
phase-segregated spatial organization in a non-equilibrium
growing colony as shown in Fig. 9(k and 1). Interestingly,
we found a spontaneous phase separation between cells and
EPS, giving rise to a patterned colony even in the presence of a
moderate motility force. These results imply a competition
between the ’spatial dispersion of particles aided by the self-
propulsion of cells and the motion due to their mechanical
interactions. To verify this argument, we simulated the mor-
phology of the growing colonies with a high motility force, fo¢
=1100 Pa um” (Fig. 9(m)~(p)). We find that a large motility force
of the cells escalates the cellular motion and forces them to
move outside of the colony for a low depletion value. However,
we still observe phase separation for higher depletion effects,
indicating that the competition between motility and the
depletion effect plays a crucial role in the phase separation
dynamics.

We quantify the spatial morphologies of the colonies
belonging to Fig. 9 by calculating the radial intensity profiles
of the cell and EPS particles of the growing microcolonies as
demonstrated in Fig. 9 for the last few time frames. For each
frame, we computed the distance of the particles from the
center of the simulation box and made a distribution of these
distances. The corresponding count is defined as the radial
intensity. Fig. 10(a) and (b) presents the radial intensity profiles
of EPS particles and cells, respectively, for low depletion inter-
actions. In contrast, Fig. 10(c) and (d) illustrate the radial
intensity of the EPS and cells for high depletion effects,

This journal is © The Royal Society of Chemistry 2023
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Fig. 9 Snapshots of the growing colonies of non-motile and motile bacteria in the presence of self-produced non-adsorbing EPS for different depletion
effects. Figures (i) (a)—(d) for fmet = 0, (i) (€)—(h) for fmot = 500, (iii) (()=(1) for frmot = 900 and (iV) (m)—(p) for fet = 1100.

respectively, for low motility forces (finoc = 500 Pa um?). In the
case of the low depletion effect, we find that the radial intensity
profiles are similar for cells and EPS particles, suggesting a
homogeneous mixing of the particles in the colony interior.
However, in the case of the high depletion effect, we see a
prominent intense peak of EPS emerge at a considerable
distance for each time frame which indicates that EPS particles
move towards the periphery of the colony in agreement with
Fig. 9(h). When the motility force is reasonably high (fio: =
1100 Pa pm?), the observation is similar to the low depletion
case; the radial intensity plots show a mixture of both particles
at the colony interior as depicted in Fig. 10(e) and (f). However,

This journal is © The Royal Society of Chemistry 2023

we observe a different micro-colony morphology in the case of
high depletion effects (Fig. 10(g) and (h)). We see several small
intensity peaks arising as depicted in Fig. 10(g), indicating
that some EPS particles clumped inside the interior of the
micro-colony, forming clusters. The effect of differential fric-
tion between the two types of particles is introduced by the E/n
ratio term, which behaves like the inverse of diffusion time. For
moderate and high depletion effects, this ratio is large com-
pared to the low depletion case, which implies that the diffu-
sion time of EPS is less, which escalates the EPS to move
towards peripheral regions. Besides, the self-propulsion force
regulates the dispersion of the cells. Finally, the interplay of
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Fig. 10 The radial intensity profiles of EPS and bacterial cells for different depletion effects as (a) low (EPS), (b) low (cells), (c) high (EPS), and (d) high
(cells), respectively, with motility force fmor = 500 Pa pm?. The radial intensity of EPS and cells for different depletion effects as (e) low (EPS), () low (cells),
(g) high (EPS), and (h) high (cells), respectively, with motility force fme: = 1100 Pa pm?. Here we have plotted the radial intensity of the last few frames, and
the color bar denotes the time. For high depletion effects and low motility forces, EPS move to the periphery and form an annular region.

motility and differential frictions of the particles controls the
morphology.

3.4 Effect of local nutrient accessibility: transition from a
dendritic to smoother colony periphery

Since cell growth is linked with local nutrient availability, we
now discuss the effect of the initial nutrient concentration, C,
on the morphological dynamics of non-motile bacteria. We
have chosen a slowly diffusive nutrient for the colony growth
(D = 30 pm® h™"). A previous study*® has reported that the
colony transitions from a finger-like to a smoother front with
increasing initial nutrient concentration. The follow-up ques-
tions we ask are as follows: how does C, regulate the colony
morphology in the presence of self-produced EPS? To answer
this question, we perform a new set of simulations of non-
motile cells for low depletion effects by varying C,, keeping all
other parameters the same as those in Fig. 1. Fig. 11 demon-
strates the snapshots of the growing colony with a variation of
Co (3.0, 7.0, 10.0, 20.0) fg um>. The colony evolves, forming
a dendrite-like structure for a small value of C, = 3.0 fg um?;
with an increase of C,, the colony morphology changes
from branched-like to smoother. Cell growth, division, and
EPS production are low due to the weak nutrient access in a
low-nutrient medium. For high values of C,, cell growth,
division, and EPS production increase due to increased local
nutrient access. However, this suggests that local nutrient
access determines the morphological transition at the colony
front, implying that EPS interaction does not have a significant
impact.

We calculate the roughness parameter elaborated in the
preceding section to measure the dendritic to smoother transi-
tion at the colony periphery. Fig. 11(e) shows the time profiles
of the roughness parameter for different values of C,. For low
values of Cy, o¢ increases almost linearly. However, for large
values of Cy, oy is relatively smaller, which is in agreement with

8146 | Soft Matter, 2023, 19, 8136-8149

@, 4 (b

°
©

e
3

N
°

14
L)

-
«

Roughness(oy)
4
n

=
°

14

>

Sparseness(S;)

w
°
w

00 02 04 06 08 1.0 00 02 04 06 08 10
Scaled time Scaled time

Fig. 11 Snapshots of the non-motile growing colonies in the presence of
non-adsorbing EPS for different initial nutrient concentrations: (a) Co =
3.0 fg um®, (b) Co = 7.0 fg pm?, (c) Co = 10.0 fg pm?, and (d) Co = 20.0 fg um?®,
respectively, and the nutrient diffusion coefficient D = 30 um? h™% The
colony appears to be dendritic following a transition to smoother with
increasing values of Cy. Variation of the (e) roughness and (f) sparseness as
a function of scaled time for different values of Cy. Roughness and sparseness
are both higher for smaller values of Co. For (f), the color coding is the same
as that for (e). Error bars represent the standard error.

the colony morphology observed in Fig. 11(c) and (d) and
saturates at later time points.

Finally, to quantify the compactness of a growing colony, we
have estimated the sparseness (S},) of the expanding colonies
for the different values of C,. The sparseness S, is defined

Aparticles

as S, =1- , where Aparticies and Acolony Tepresent the

Acolony
area occupied by the bacterial and EPS particles and the entire
colony, respectively. To compute S,, we first determine the
position of each particle at a given time (tkq;, = 7.0) relative to
the center of the colony and calculate the maximum distance of

This journal is © The Royal Society of Chemistry 2023
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the particle from the center. Subsequently, we define a circle
with a radius equal to the above-mentioned maximum spread
of a particle at that time and compute the area of this circle
(Acolony), as well as the total area of all particles (Apareicies) Within
this circle. Fig. 11(f) illustrates the sparseness as a function of
time for increasing values of C,. We observe that sparseness is
inversely proportional to C,. For colonies growing in lower
values of C,, sparseness is higher. These observations suggest
that the morphology at the expanding colony front is majorly
regulated by C, in addition to the mechanical interactions
among the biofilm components.

4 Concluding remarks

Bacteria very often self-organize to patterned aggregates during
their colonization. In the present work, we have focused on the
interplay of cellular motility forces and the mechanical inter-
action among the constituents in shaping the spatial organiza-
tion of an expanding colony of reproducing bacteria on a two-
dimensional semi-solid surface. Using a particle-based model
and computer simulations, we have deciphered the role of
depletion attraction that occurred due to the presence of the
self-secreted extracellular polymeric substances in a growing
colony of motile, rod-shaped bacteria. Although a few previous
studies have reported the presence of depletants in the context
of bacteria-polymer mixtures,*>**3%® how and to what extent
it might contribute to the spatial organization of an expanding
colony of motile cells is the crucial question that we have
addressed in the current study.

We have investigated how cellular motility influences the
self-secreted polymer-induced depletion aggregation of bacteria
in an expanding colony. It appears that, although motility
forces might enhance bacterial accumulation at a small time
scale during the initial stage,® at the level of multicellular
colony, the competition between the motility force and the
polymer-induced depletion attraction decides the phase separa-
tion. We observe a low value of cell motility and low depletion
effect; the colony behaves like an isotropic entity with a
compact core with motile cells residing at the periphery,
whereas a phase-segregated colony emerges for lower values
of motility forces and moderate to higher depletion interac-
tions. High motility forces hinder phase segregation giving rise
to sparse colonies with localization of motile cells at the
periphery. Interestingly, differential frictions of cells to EPS
particles (EPS being more labile with low friction) lead to an
accumulation of EPS particles at the colony edges for lower
values of motility forces. Higher motility forces lead to
mechanically driven phase segregation with small to large
cluster formation throughout the growing colony. Our results
imply that nonmotile to low motility cells are likely to form
aggregates and make sizable clusters in the presence of a polymer-
driven high depletion effect. On the other hand, at the colony
level, motility-induced phase separation is hindered in the
presence of self-secreted EPS. The high motility of the bacterial
cells impedes depletion-attraction in a growing colony.

This journal is © The Royal Society of Chemistry 2023
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To this end, we consolidate various innovative facets of the
current study that contribute to our comprehension of the
complex dynamics within developing cell colonies and their
extracellular surroundings. The primary novel aspects are
encapsulated as follows:

1. Integration of motile bacterial cells and non-adsorbing
EPS: a distinctive feature of our current study is the simulta-
neous consideration of motile bacterial cells and non-
adsorbing EPS within a growing colony. Unlike previous
studies'>® that often focused on the adhesive nature of EPS
and nonmotile cells, we explore the interplay between these two
components in a context where EPS acts as depletants in the
medium. This unique combination provides a fresh perspective
on the complex dynamics of microbial communities and their
interactions.

2. Dual influence of motility force and the depletion effect:
by incorporating the self-propulsion capabilities of motile
bacterial cells and the depletant nature of EPS, we unravel
the intricate interplay between these factors. This dual influ-
ence significantly shapes the morphodynamics of the colony,
leading to a diverse range of spatial organizations within the
nonequilibrium growing colony. This exploration of how these
forces compete and cooperate offers new insights into the
mechanisms underlying microbial colony development.

3. Exploration of differential dispersion: our study empha-
sizes the differential dispersion of components within the
colony, showcasing how mechanical interactions and cell moti-
lity can drive differential spatial distribution. By varying friction
coefficients, our findings reveal the accumulation of EPS specifi-
cally at the periphery of the colony. This observation sheds light
on the intricate interplay between various forces and mechanisms
that shape the spatial arrangement of components.

4. Multifaceted dynamics and morphologies: through com-
prehensive simulations and analyses, our study unveils a wide
spectrum of colony morphologies and dynamics resulting from
the interaction of non-adsorbing EPS and cell motility. From
dense to sparse formations, the interplay between these factors
leads to an array of spatial organizations, enriching our under-
standing of the complexities within growing cell colonies.

Our work is most relevant in the context of growing multi-
cellular systems such as bacterial and yeast colonies, or animal
tissue where cells on a two-dimensional surface undergo self-
organization in the presence of a self-produced extracellular
matrix or some secreted chemicals in their growth medium.
This underpins how a joint conjecture of cell motility and
mechanical forces via individual-based interactions is crucial
in driving phase segregation and shaping self-organized pat-
terns. Future work will include a possible extension of the
proposed model in three dimensions to investigate how the
surface interactions are relevant in regulating the collective
spatiotemporal dynamics.
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