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Abstract

Bacterial colonies are foundational to a broad spectrum of biological processes, ex-
hibiting intricate growth dynamics profoundly influenced by mechanical interactions
between cells and their surroundings. A comprehensive understanding of these interac-
tions is crucial for advancing our knowledge of bacterial behavior, particularly within
confined or stressed environments. This dissertation analyzes how mechanical forces,
originating from cell-cell and cell-substrate interactions, govern the self-organization
and structural evolution of bacterial colonies subjected to specific geometric constraints.
I examine the collective influence of bacterial properties, surface characteristics, and
mechanosensitivity on colony alignment, growth, and structural adaptations under
confinement. Employing molecular dynamics simulations, I explore the temporal im-
pact of these factors, in conjunction with confinement geometry, on bacterial behavior.
Furthermore, this research investigates the role of external mechanical stress, includ-
ing isotropic pressure, in inducing morphological transitions and modulating bacterial
growth dynamics. This study yields novel insights into the interplay between bacte-
rial mechanics, confinement, and external stress, elucidating how these factors dictate
bacterial adaptation and behavior within restricted environments. By integrating the-
oretical modeling with computational simulations, this thesis contributes to a deeper
mechanistic understanding of microbial dynamics, providing new perspectives on how
mechanical interactions regulate bacterial organization and expansion across diverse

environmental contexts.
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Zusammenfassung

Bakterielle Kolonien sind grundlegend fiir ein breites Spektrum biologischer Prozesse
und weisen komplexe Wachstumsdynamiken auf, die stark von mechanischen Wechsel-
wirkungen zwischen Zellen und ihrer Umgebung beeinflusst werden. Ein umfassendes
Verstandnis dieser Wechselwirkungen ist entscheidend, um unser Wissen iiber das Ver-
halten von Bakterien, insbesondere in engen oder gestressten Umgebungen, zu er-
weitern. Diese Dissertation analysiert, wie mechanische Krafte, die aus Zell-Zell- und
Zell-Substrat-Wechselwirkungen entstehen, die Selbstorganisation und die strukturelle
Entwicklung von Bakterienkolonien unter spezifischen geometrischen Einschriankun-
gen steuern. Ich untersuche den kollektiven Einfluss von Bakterieneigenschaften, Ober-
flachenmerkmalen und Mechanosensitivitat auf die Ausrichtung, das Wachstum und die
strukturellen Anpassungen der Kolonie unter Einschrankung. Durch den Einsatz von
Molekulardynamik-Simulationen erforsche ich den zeitlichen Einfluss dieser Faktoren,
in Verbindung mit der Geometrie der Einschrénkung, auf das Verhalten der Bakterien.
Dartber hinaus untersucht diese Arbeit die Rolle von externem mechanischen Stress,
einschlieBlich isotropem Druck, bei der Auslésung morphologischer Uberginge und der
Modulation der bakteriellen Wachstumsdynamik. Diese Studie liefert neue Einblicke
in das Zusammenspiel zwischen bakterieller Mechanik, Einschrankung und externem
Stress und beleuchtet, wie diese Faktoren die bakterielle Anpassung und das Verhal-
ten in begrenzten Umgebungen bestimmen. Durch die Integration von theoretischer
Modellierung mit computergestiitzten Simulationen tragt diese Dissertation zu einem
tieferen mechanistischen Verstdndnis der mikrobiellen Dynamik bei und bietet neue
Perspektiven darauf, wie mechanische Wechselwirkungen die bakterielle Organisation

und Expansion in verschiedenen Umweltkontexten regulieren.
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1 Introduction

Understanding the growth dynamics and self-organization of non-motile bacterial colonies
is a fundamental challenge in microbial ecology and biophysics, with implications span-
ning, medicine, and environmental science. Bacteria are not merely passive entities;
their growth and organization are profoundly influenced by mechanical and environ-
mental constraints. These research explores the intricate interplay between mechanical
stresses, confinement, and bacterial growth, providing insights into the physical prin-

ciples governing microbial life.

The study of rod-shaped bacteria confined within square and circular geometries un-
derscores the critical role of mechanical interactions in shaping colony organization.
My simulations reveal that the degree of nematic ordering—a measure of orientational
alignment among bacteria—varies with bacterial aspect ratio and confinement geom-
etry. Larger aspect ratios promote greater ordering, while specific confinements alter
the colony’s structural dynamics. Moreover, compressive forces generated during cell
division significantly influence the mechanical environment, with implications for both
growth constraints and colony self-organization. These findings advance our under-
standing of bacterial behavior in confined spaces, providing a framework for exploring
how physical constraints impact microbial ecology and potential biotechnological ap-

plications.

Expanding on this theme, we examined the growth of stress-responsive bacterial colonies
under isotropic confining pressure in nutrient-rich environments. Using a novel simu-
lation method, we demonstrated that external pressure acts as a soft constraint, en-
abling colony expansion despite mechanical stress. Unlike rigid confinements, which
halt growth, isotropic pressure permits nearly linear long-term population and size
growth. Mechanosensitivity—a measure of how bacteria robustly or weakly respond to
mechanical stress—modestly impacts growth rates and colony size but becomes signifi-
cant under certain parameter regimes. By developing an analytical estimate of bacterial
doubling time and a population dynamics model consistent with simulations, my work
provides a quantitative understanding of bacterial adaptation to mechanical stresses.

These findings align with experimental observations of Escherichia coli colonies un-



1 Introduction

der pressure, offering a robust theoretical framework for interpreting stress-response
mechanisms.

Together, these studies illuminate the role of mechanical interactions and environmental
constraints in bacterial growth and self-organization. They bridge the gap between ex-
perimental observations and theoretical models, advancing our understanding of bacte-
rial adaptation to varying mechanical and environmental conditions. This thesis builds
upon these insights, seeking to unravel the physical principles governing microbial life

and their broader implications for ecology, biotechnology, and beyond.



2 Physical Background

The mechanical interactions at the microscopic scale play a pivotal role in shaping
the behavior and organization of bacterial colonies. This chapter explores the intricate
dynamics of contact mechanics and the stresses that arise within these densely packed
systems, focusing on the stress tensor and its relationship with internal pressure. These
mechanical forces, combined with surface adhesion, govern the collective movement and

structural stability of bacterial populations.

In this context, the interplay between mechanical and biological factors leads to a va-
riety of phenomena, including the isotropic-nematic transition, where colonies undergo
a shift from disordered to ordered states. This transition often gives rise to buckling
instabilities and variations in local packing density, which are critical in understanding
the morphology and spatial distribution within the colony. Furthermore, these me-
chanical processes are tightly coupled with population dynamics, influencing growth
patterns, nutrient distribution, and the colony’s overall development.

By examining these factors in detail, this chapter aims to shed light on the fundamental
principles that govern the growth and organization of bacterial colonies. The insights
gained here have implications for understanding not only bacterial communities but

also other systems where mechanics and collective dynamics intersect.

2.1 Contact Mechanics

Contact mechanics is the study of the interactions between solid bodies when they
come into contact, specifically the deformation of materials and the forces involved.
In many systems, the behavior of contacting bodies is governed by elastic deforma-
tion, particularly when the contact is non-damaging. Contact mechanics helps predict
the distribution of stress, strain, and the resulting forces between surfaces in contact.
This theory is critical in a variety of fields, including materials science, tribology, and
increasingly, biological systems. Its applications extend to bacterial adhesion, biofilm

deformations, and bacterial surface interactions.



2 Physical Background

The theoretical foundation of contact mechanics, especially in biological systems, often
draws from Hertzian contact theory, which models the deformation of elastic bodies un-
der contact. Although initially developed for engineering applications, its principles are
highly applicable to biological systems, particularly for small-scale deformations such
as bacterial cell adhesion. To derive the key relationships, the following assumptions of

the classical Hertzian contact model are considered:

o Both contacting bodies are isotropic and homogeneous.
o Deformations are small and within the elastic limit.
o The surfaces are smooth, leading to frictionless contact.

o The contact area is much smaller than the characteristic dimensions of the bodies.

These assumptions ensure that the contact problem can be treated using linear elas-
ticity theory.
To derive the Hertzian contact force, consider the contact between two spheres with
radii Ry and Ry under an applied normal load F'. When the spheres are pressed together,
a circular contact area forms, with radius a. The effective radius of curvature R of the
system is given by

1 1 1

—=—+ = 2.1.0.1
R R * Ry ( )

This relationship arises from the geometry of the two spheres and ensures that the
curvature at the contact point is appropriately represented.
Similarly, if the bodies are described by Young’s moduli £} and Es and Poisson’s ratios
vy and vy, the effective modulus of elasticity £* is defined as
1 1—v? 1-03
= + 2.1.0.2
E* Ey Ey ( )

The effective modulus describes the combined stiffness of the contacting bodies. Under

a normal load F', the spheres deform, creating a contact area with radius a. Using

elasticity theory, the contact radius is related to the applied load by

1
3FRYS
_ 2.1.0.
¢ <4E*) (2.1.0.3)

This equation is derived by balancing the strain energy stored within the material with

the work done by the external force, following the principles of linear elasticity.



2.1 Contact Mechanics

Figure 2.1: Contact of an elastic sphere with an elastic space which F' is the ap-
plied force, a the radius of contact, d the total deformation. Reprinted from https:
//upload.wikimedia.org/wikipedia/commons/8/82/Contact_sphere-plane. jpg.

The pressure distribution over the contact area is assumed to be parabolic, with a
maximum pressure py at the center of the contact region, diminishing towards the
edges. The pressure distribution p(r) as a function of the radial distance r from the

center is given by

r

p(r) = po (1 - ()2>é (2.1.0.4)

The parabolic distribution ensures that the contact stresses are consistent with the

applied load and the elastic properties of the materials.

As it has shown in Fig. the total deformation ¢ of the two bodies in contact can be

related to the contact radius a and the effective radius R by

= — 2.1.0.
6= (2.1.0.5)

The normal load F' is then related to the deformation by

F= iE*\/ﬁdi (2.1.0.6)


https://upload.wikimedia.org/wikipedia/commons/8/82/Contact_sphere-plane.jpg
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2 Physical Background

This non-linear relationship reflects the increasing stiffness of the contact as the defor-
mation grows, which is a hallmark of Hertzian contact theory.

The interplay of contact forces and contact vectors governs local mechanical interac-
tions within bacterial colonies, shaping their alignment, deformation, and stress dis-
tribution. While contact mechanics provides insight into pairwise interactions, the cu-
mulative effect of these forces across the colony requires a macroscopic framework for
analysis. This is achieved through the stress tensor, which encapsulates the overall
mechanical state and allows quantification of key properties such as internal pressure.
For instance, in bacterial colonies, contact mechanics governs phenomena like the adhe-
sion of cells to surfaces, the stress distribution in biofilms, and the collective alignment
of cells due to mechanical interactions. These forces, when analyzed at a macroscopic
scale, reveal patterns of growth and deformation influenced by environmental condi-
tions and mechanical constraints.

Understanding the transition from local interactions to global stress provides a foun-
dation for exploring the mechanical behavior of bacterial systems under varying envi-

ronmental conditions [I], 2, [3].

2.2 Stress Tensor and Internal Pressure in Bacterial

Colonies

The stress tensor is a critical concept for quantifying the mechanical state of a bacterial
colony. It encapsulates the internal forces that cells exert on each other through contact
interactions, providing a detailed picture of how mechanical stresses develop within the
colony. In densely packed bacterial systems, individual cells experience forces due to
physical interactions with their neighbors [4], [5].

The contact forces f;; can be derived from contact mechanics models, such as Hertzian
theory for elastic bodies, where the normal force is related to the overlap between
two bacteria. Tangential forces may be considered if friction is taken into account.
These forces are typically short-range interactions that depend on the distance between
neighboring cells.

The virial theorem is routinely used to compute stress tensor o, , over the entire volume
12,6,

i=1j=1

1 (1N
Ovu = v (2 ercijyvfcij,u> (2.2.0.1)



2.2 Stress Tensor and Internal Pressure in Bacterial Colonies

where V' is the volume (or area in 2D) over which the stress is average. The sum runs
over all interacting bacterial pairs 7, j within the region of interest. This expression
captures the contributions of individual bacterial interactions to the overall stress state
in the system [7].

The stress tensor o is calculated as the sum of the contact forces f;; multiplied by
the displacement vectors r;;, where 7;; represents the contact vector between bacteria ¢
and j. This tensor formulation captures both the magnitude and the direction of forces

transmitted through the bacterial network.

The scalar internal pressure P is a measure of the isotropic component of the stress
tensor, representing the tendency of the system to expand uniformly due to internal

forces [§]. It can be computed as the negative trace of the stress tensor [7]

1
P= 5TT(0‘), (2.2.0.2)

where Tr(c) = 3 ok is the trace of the stress tensor (sum of diagonal components),
d is the dimensionality of the system (D = 2 for two dimensions, D = 3 for three di-
mensions). This formulation ensures that P represents the average mechanical pressure
arising from contact interactions in the colony [9].

The internal pressure P corresponds to the isotropic component of the stress tensor. In
systems with isotropic stress, where the stress is equally distributed in all directions, the
trace of the stress tensor is a scalar quantity that represents this uniform pressure. The
negative sign in Eq. accounts for the compressive nature of internal pressure,
which resists expansion. The internal pressure is directly linked to the packing density of
bacteria and their interactions. High internal pressure suggests a dense, packed colony
with substantial mechanical interactions between bacteria, whereas low pressure reflects

less dense or more loosely packed configurations.

Internal pressure in bacterial colonies is not only crucial for understanding the me-
chanical state of the colony but also for explaining emergent behaviors such as shape
formation, alignment, and division. For example, in confined environments or under
external compression, bacteria may exhibit changes in morphology, transitioning from
spherical to elongated shapes as they adjust to the mechanical constraints. Addition-
ally, the pressure can influence the coordination of cell division, potentially leading
to collective growth patterns or the formation of dense biofilms. Experimental mea-
surements of colony growth under controlled mechanical conditions have shown that
pressure can play a key role in triggering phase transitions, such as the formation of
nematic-like ordering in dense bacterial colonies or the onset of jamming behavior at

high packing fractions.



2 Physical Background

2.3 Frictional Forces in Bacterial Motion

The frictional forces experienced by bacteria on a substrate arise from the complex
interplay of molecular interactions and mechanical properties at the interface. Adhesive
molecules such as proteins, polysaccharides, and lipoproteins mediate strong bonds with
the substrate, facilitating attachment. However, these same interactions contribute to
frictional forces that resist bacterial motion. Unlike adhesion, which describes the static
attachment of bacteria to a surface, friction arises when bacteria attempt to move
relative to the substrate [10].

The frictional force, Fy , depends on the contact area, the density of adhesive molecules,
and the molecular interactions at the interface. The effective frictional force can be

expressed as:

Ff = Cefchontactva (2301)

where ( is the frictional coefficient per unit of length that accounts for molecular adhe-
sion, surface roughness, and local deformation. The effective contact length, Le.ontact, iS
influenced by the roughness of the bacterial wall, which increases the area of interaction
between the bacterium and the substrate. where v is the velocity of the bacterium rela-
tive to the substrate. This enhanced contact amplifies adhesive interactions by engaging
a greater number of adhesive molecules [10] 11]. As a result, adhesion forces manifest
as an effective frictional force Fy , that resists bacterial motion or deformation.

Understanding these frictional forces is critical for predicting bacterial motion, biofilm
stability, and responses to mechanical stresses. By focusing on friction, we gain insight
into how bacteria overcome resistive forces to colonize surfaces, migrate, and adapt to

physical constraints [12].

2.4 Mechanical Interactions Driving Order and

Disorder in Bacterial Systems

In non-motile bacterial systems, understanding the transition between isotropic and ne-
matic phases, alongside the associated buckling instabilities and local packing effects,
provides insights into the collective behaviors and organization of microbial commu-
nities. These transitions significantly influence how bacterial cells interact, move, and
form complex structures in both natural and synthetic environments. Lacking of self-
propulsion machinery for non-motile bacteria, they are able to take advantage of the

short range forces resulting from their contact to reorient the neighbouring bacteria



2.4 Mechanical Interactions Driving Order and Disorder in Bacterial Systems
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Figure 2.2: Experimental results for bacterial growth and ordering from an evenly
distributed low-density seeding of cells. (A—C) Three snapshots of E. coli monolayer
growth and ordering in a quasi-2D open microfluidic cavity taken at 60,90, and 138
min from the beginning of the experiment. (D) represents the time evolution of the
order parameter, S. Figure and the caption reprinted from Volfson et. al. [I5].

and the force generated by growth to achieve expansion and lead to persistent disorder
inside the colony. In the following we mention that how the mechanical forces can lead

to order and disordered structure inside a colony of non-motile bacteria .

2.4.1 Onsager Theory and Isotropic-Nematic Transition

In densely packed bacterial systems, interactions between neighboring cells lead to
short-range ordering, where local alignments emerge due to physical contact and spatial
constraints. These interactions, primarily mediated through direct mechanical forces,
encourage cells to align their orientations, resulting in a gradual transition from a
disordered arrangement to more organized structures. This process forms the basis of
isotropic-nematic transitions, where bacterial colonies evolve from an isotropic state,
characterized by random orientations, to a nematic phase, defined by long-range ori-
entational order.

The isotropic-nematic transition in bacterial colonies can be quantitatively described
using Omnsager theory. Originally developed to model the phase behavior of rod-like
particles in a solution, Onsager theory provides a framework for understanding how

particle shape, density, and interactions dictate the onset of ordering[13] 14]. In bacte-
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Figure 2.3: (A and B) Snapshots of the simulation at step 2,000 for (A) ellipses or (B)
spherocylinders. Color code for the orientation of particles is displayed. (C) Nematic
order parameter () in a channel. Values of nematic order param- eter are shown as
circles for elliptic particles or as triangles for spherocylin- ders. In these simulations,
channels are set as 60 cells across the horizontal axis. Periodic boundary conditions are
applied along the vertical axis. Two hard walls are implemented on the left and right
boundaries. Figure and the caption is reprinted from Li et. al [20].

rial systems, elongated cell shapes and high packing densities enhance the likelihood of
alignment due to excluded volume effects—where steric hindrance between cells favors

orientations that minimize overlap [15, [11].

At lower densities, the random motion and orientation of bacteria dominate, maintain-
ing an isotropic state Fig. [2.2[(A). However, as density increases, the combined effects
of steric interactions and mechanical contact forces between neighboring cells promote
alignment Fig. (B—C) [16, 17]. This alignment grows stronger as the packing density
approaches a critical threshold, at which point the colony undergoes a transition to a
nematic phase. The nematic phase is characterized by local regions of aligned cells [18],
as these regions are shown in Fig. (A-B) with different color for both ellipses and
spherocylinder particles, with their long axes oriented parallel to a preferred direction,

while maintaining translational disorder [19].

This transition is further influenced by the growth and division of bacterial cells, which
introduce additional mechanical stresses and alignment forces. Spatial confinement,
such as that imposed by boundaries or neighboring colonies, amplifies these effects,
driving the colony toward a more ordered state. The interplay between particle shape,

short-range interactions, and spatial constraints highlights the complexity of isotropic-

10



2.4 Mechanical Interactions Driving Order and Disorder in Bacterial Systems

nematic transitions in bacterial systems and their dependence on both physical and
environmental factors [14].

Understanding these transitions provides insights into the collective behavior of bac-
terial colonies, including their growth dynamics, mechanical properties, and the emer-
gence of large-scale order under constrained conditions.

The degree of ordering in such systems can be quantitatively described using the scalar
order parameter, S, which measures the alignment of bacteria relative to each others,

S = (2cos;; 0 — 1) (2.4.1.1)

]
Where 6 is the relative angle between two contact bacteria, and the notation (),
indicates an average over all pairs of bacteria ¢ and j. This ensures that the order
parameter reflects the collective orientation of the entire system. when the contact
bacteria are perfectly aligned S = 1 and for the disordered state S ~ 0 [15], 21].

As it has shown in Fig. 2.2[D) and Fig. [2.3(C) both the length scale (aspect ratio) of
cells and their population number play crucial roles in this transition. Longer bacte-
ria exhibit stronger nematic ordering due to their increased tendency to align along
a common axis, while higher cell densities increase the likelihood of contact-mediated
interactions that promote nematic alignment. Additionally, the reorientation of neigh-
boring bacteria through short-range forces contributes to localized alignment, which

can propagate across the colony [22].

2.4.2 Buckling Instabilities in Bacterial Systems

Buckling instabilities in bacterial systems emerge when internal stresses, driven pri-
marily by cellular growth, surpass the mechanical stability of the system. Under these
conditions, aligned and straight bacterial chains become unstable, undergoing buckling
either within the x-y plane or along the z-axis [23, 24]. Such instabilities manifest as lo-
calized perturbations in cellular alignment and can significantly disrupt nematic order-
ing within the colony. These distortions are typically driven by active forces arising from
growth dynamics or by imbalances between contact forces and frictional forces, as well
as interactions among cells and with the surrounding environment [26, 27, 28|, 29, 130].

Figure [2.4]illustrates four possible modes of buckling in a bacterial chain. These include:

 In-plane symmetric mode (SM): A V-shaped deformation involving two cells ro-
tating symmetrically (Fig. 2.4h).

o In-plane antisymmetric mode (AM): A deformation in which only one cell rotates

(Fig. 2.4p).

11



2 Physical Background

Figure 2.4: Schematic of four possible buckling modes in a bacterial chain. (a) In-
plane V-shaped symmetric mode (SM) with two cells rotating symmetrically. (b) In-
plane antisymmetric mode (AM) with only one cell rotating. (¢) Out-of-plane AM mode
where only one cell is extruded from the substrate. (d) Out-of-plane SM mode where
two cells symmetrically ride up from the substrate. Figure and the caption reprinted
from Liu et. al. [25].

o Out-of-plane antisymmetric mode (AM): One cell extrudes from the substrate,

leading to vertical misalignment (Fig. [2.4kc).

o Out-of-plane symmetric mode (SM): Two cells symmetrically rise from the sub-

strate (Fig. 2.44d).

Such buckling modes are strongly influenced by local packing constraints, cellular in-
teractions, and external boundary conditions.

The role of confinement in amplifying buckling instabilities is particularly significant.
Boundaries, such as biofilm edges or rigid surfaces, constrain bacterial growth and pro-
mote stress accumulation, intensifying cell-cell interactions and distorting alignment.
These effects give rise to heterogeneous configurations and complex spatial patterns
that are often observed experimentally. Fig. shows an example of such instabilities
in a bacterial colony confined within a microfluidic trap. The local order parameter
(indicated in red) highlights regions of disrupted alignment, with increasing instability
over time (Fig. [2.5h, [2.5b).

Quantitatively, the critical chain length L., (length scale for chain of aligned bacteria),
at which buckling occurs, depends on parameters such as adhesive drag (, as fric-
tion increases buckling instabilities by resisting lateral displacements, causing stress
to accumulate within the bacterial chain. This resistance amplifies the internal forces
required for reorganization, lowering the critical length for buckling and making the

structure more prone to instability under growth-induced or external stresses.. Exper-

12



2.4 Mechanical Interactions Driving Order and Disorder in Bacterial Systems
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Figure 2.5: (a-b)Two snapshots with superimposed local order parameter from the
experimental run in a 100 x 90um? side trap in which buckling instability was observed:
(a) t = 0 min, (b) ¢t = 254 min. Solid blue lines show the solid walls of the trap and
the dashed blue lines show the open side. Red indicates low values of the local order
parameter. Reprinted from Boyer et. al. (2011) [31]. (c) The critical chain length Ler
as a function of (. Triangle: particle simulations; Line: theoretical prediction. Figure
and the caption reprinted from Li et. al (2020) [25].

imental and theoretical studies reveal that L., decreases with increasing (, as shown
in Fig. 2.5, which compares simulation results (triangles) with theoretical predictions
(line) [31, 125].

Buckling instabilities offer valuable insights into the mechanical behavior of bacterial
colonies, including their ability to reorganize, adapt, and persist under mechanical
constraints. Understanding these phenomena has implications for biofilm formation,

growth regulation, and the design of synthetic systems inspired by bacterial mechanics

[12].

2.4.3 Local Packing Effects in Bacterial Ordering

The forces generated within a bacterial colony by cellular growth increase orientational
entropy, disrupting the initial configuration. However, effective potential interactions
and steric repulsion arising from contact forces compel neighboring cells to reorient
and align laterally [32]. This lateral packing positions cells side by side in a more
compact arrangement, optimizing space utilization and reducing the energy associated
with continued compressive stress. In bacterial systems, variations in local packing
significantly impact how cells interact and align on both microscopic and macroscopic
scales. These variations play a critical role in the onset of nematic ordering, with

denser regions exhibiting stronger nematic tendencies compared to sparsely packed

areas [11, 14 [31].
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2 Physical Background

2.4.4 Interplay of Buckling Instabilities and Local Packing in

Bacterial Ordering

The interplay between buckling instabilities and local packing is a critical determi-
nant of bacterial ordering. Variations in packing density, combined with boundary
constraints, can induce transitions between ordered and disordered states. These tran-
sitions create regions of instability where nematic order fluctuates, leading to complex
spatial and temporal behaviors [11], 14, [31].

Studies on bacterial systems reveal that both the degree of local packing and the
onset of buckling instabilities influence intricate phenomena, such as the formation of
microdomains or defects in bacterial alignment [33, 34]. These effects are modulated
by the characteristic length scales of the system and the number of cells involved,
underscoring the importance of microscopic and macroscopic interactions in shaping
bacterial organization [I1], 15, 21].

A deeper understanding of the isotropic-nematic transition, buckling instabilities, and
local packing provides significant insights into the mechanisms governing microbial
community behavior. The collective dynamics of bacterial colonies are shaped by par-
ticle length, packing density, and environmental constraints, which in turn influence
processes like biofilm formation, motility, and responses to external forces. Such insights
are pivotal for unraveling the principles behind bacterial adaptation and structural or-

ganization in diverse environments.

2.5 Population Dynamics and Bacterial Growth

Modeling bacterial population dynamics is essential for understanding growth behav-
ior under diverse environmental and mechanical constraints. Bacteria display distinct
growth regimes influenced by factors such as nutrient availability, interspecies compe-
tition, spatial limitations, and mechanical stresses. Mathematical models are widely
employed to study these dynamics, offering quantitative insights into the relationship

between individual cell behavior and collective population trends.

2.5.1 Exponential Growth

In nutrient-rich environments with minimal limitations, bacterial populations generally
follow an exponential growth pattern. This growth can be expressed mathematically

as:

14
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dN(t
J = uN(1), (2.5.1.1)
dt
where N (t) represents the population size at time ¢, and p denotes the per-capita
growth rate. The solution to this differential equation predicts exponential population

growth:

Sl

N(t) = N(0) exp” = N(0)27, (2.5.1.2)

where T' = (In2) /4 is the doubling time, defined by N(t + 1) = 2N (t). For E. coli in

nutrient-rich media, the doubling time 7" is approximately 20 minutes [35].

2.5.2 Logistic Growth

While the exponential growth model (Eq. [2.5.1.1)) effectively describes early-phase bac-
terial growth, it becomes inaccurate when populations encounter resource limitations
or spatial constraints. In such cases, growth slows and saturates as the population ap-

proaches a carrying capacity K. This behavior is captured by the logistic growth model
I35, [36]:

N
XN (1- 2 2.5.2.1
dt ’“‘( K)’ (2.5.2.1)

where K is the maximum population size the environment can support. The term

(1 — %) reduces the effective growth rate as N approaches K, reflecting the impact of

nutrient depletion or accumulation of toxic byproducts. Solving Eq. [2.5.2.1] yields:

N(0) exp#*

1+ MO (exprt —1)

N(t) (2.5.2.2)

showing that population growth slows and eventually saturates at K.

2.5.3 Nutrient-Limited Growth

In environments where nutrient availability becomes the limiting factor, bacterial growth
depends on the substrate concentration, S(t). The relationship between bacterial growth

and substrate availability is commonly modeled as [37, [38]:
dN(t)
dt

where u(S) represents the growth rate as a function of the substrate concentration.

= u(S)N (), (2.5.3.1)

Using the Monod equation, the growth rate is given by:
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S(t)

u(S) = Hmas 37— ) (2.5.3.2)

where fiyax is the maximum growth rate, Ky is the half-saturation constant (substrate
concentration at which p = fimax/2), and S(t) is the substrate concentration at time ¢.
As bacteria grow, they consume available nutrients, reducing S(¢) over time. For low
S, n(S) is approximately linear, while for high S, it approaches pimax, reflecting the
finite capacity of individual cells. The relationship between substrate consumption and

population growth is expressed as:
as 1
it~y

where Y is the yield coefficient |I|, describing the biomass produced per unit of substrate

(S)N, (2.5.3.3)

consumed. By substituting the Monod equation into the growth equation, we obtain:
dN S(t)
at RS0

Numerical solutions of Eqs. [2.5.3.4] and [2.5.3.3] predict that population size saturates
as nutrients are depleted [35] [37].

N. (2.5.3.4)

The study of bacterial population dynamics highlights the intricate interplay between
environmental conditions, nutrient availability, and growth constraints. Mathematical
models, such as exponential, logistic, and nutrient-limited growth frameworks, provide
powerful tools for predicting population behavior under varying scenarios. By capturing
the transition from unconstrained exponential growth to saturation due to resource
depletion or spatial limitations, these models offer insights into both the ecological and
mechanical factors that shape microbial communities. Understanding these dynamics
is essential not only for fundamental biology but also for applications in biotechnology,
medicine, and environmental science, where managing bacterial populations plays a

critical role.

IThe yield coefficient represents the amount of biomass produced per unit of substrate consumed,
capturing the efficiency of nutrient conversion into growth.
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3 Biological Background

In this chapter, I introduce terminology and general background information from bi-
ology necessary to evaluate the content of this thesis. This includes an overview of
the bacteria studied, focusing on their transition from a planktonic state to structured
communities, such as biofilms and non-motile bacterial colonies. Particular attention
is given to distinguishing these states and understanding how environmental factors
influence their formation. I then begin with a short introduction to the rod-shaped
bacterial growth dynamics and division, outlining the fundamental processes governing
bacterial proliferation. Particular attention is then given to how these growth dynam-
ics are influenced by mechanical forces and stresses, highlighting their impact on the
spatial organization, division orientation, and overall behavior of bacterial colonies.
This framework sets the stage for understanding the interplay between biological and

mechanical factors in the systems studied in this work.

3.1 From Planktonic Bacteria to Non-Motile Colonies

Bacteria exhibit remarkable adaptability, thriving across diverse environments by dy-
namically altering their physiological and structural states. A central aspect of this
adaptability is their transition from a planktonic, free-swimming state to more struc-
tured communities, such as biofilms or bacterial colonies. Understanding the pathways
leading to these distinct states sheds light on the environmental and biological factors

that drive bacterial collective behaviors.

3.1.1 The Planktonic State: A dynamic existence

In the planktonic state, bacteria exist as individual cells, swimming actively or passively
drifting in liquid environments. This state is highly dynamic, characterized by bacterial
motility and chemotaxis, which allow cells to navigate toward nutrient-rich zones or
away from harmful stimuli [39].

As it has show in Fig. motile bacteria are often observed moving along nutri-

ent gradients, gravitating toward regions of higher nutrient availability. However, the
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NUTRIENT

AUTODIFFUSER

Figure 3.1: Bacteria can exist in two different states: a motile state in which they
can disperse freely around their environment (top), and an immobile state in which
they live together in static as a biofilm (bottom). The red gradient in the biofilm
box indicates to which extent bacterial density is increasing in the biofilm from left
to right alongside rising nutrient concentrations (grey gradient). The motile bacte-
ria move towards increasing nutrient concentration to the right. The concentration of
autodiffusers (molecules produced by bacteria which trigger biofilm formation; blue
gradient), is highest close to the biofilm and decreases further away. Figure and the
caption reprinted from Pradeep et al. [41].

planktonic lifestyle is often transient. Environmental stresses such as nutrient scarcity,
changes in shear flow, or surface encounters prompt bacteria to transition to more
stable and cooperative modes of existence. During this transition, bacteria begin to
secrete extracellular polymeric substances (EPS), forming the structural foundation
of a biofilm [40]. Overall, the switch to immobile biofilm formation is controlled by
bacterial dispersion, which is dependent on nutrient levels, and occurs when the con-
centration of bacterial molecules known as autoinducers exceeds a certain threshold.
These autoinducer signals serve as a proxy for the presence of other bacterial cells in
the environment, triggering intracellular pathways that regulate gene expression and
determine the lifestyle bacteria will adopt. Once the biofilm is established, its mainte-

nance depends on the continued production of autoinducer molecules by immobilized
bacteria [41].

The process of biofilm formation begins when planktonic bacteria come into contact
with a surface, triggering the initial attachment phase [40]. This attachment, influenced
by environmental factors such as nutrient availability and surface properties, sets the
stage for the formation of a biofilm [42], [43].

As it has shown in Fig. bacteria attach, they begin producing extracellular poly-
meric substances (EPS) [44], which support the development of a complex biofilm
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Figure 3.2: The original model of biofilm formation is based on key publications inves-
tigating Pseudomonas aeruginosa. The model proposed that the formation of biofilms is
a cyclic process that occurs in a five-stage specific and progressive manner. The process
is initiated following surface contact by single planktonic cells. Several developmental
steps are discernible, including reversible attachment, irreversible attachment, biofilm
maturation (maturation I and maturation II) and, finally, dispersion [47, [4§]. Dur-
ing reversible attachment, bacteria attach to the substra- tum via the cell pole or via
the flagellum, followed by longitudinal attachment. Transition to irreversible attach-
ment coincides with a reduction in flagella reversal rates, a reduction in flagella gene
expression and the production of biofilm matrix components. This stage is also charac-
terized by attached cells demonstrating drug tolerance [49]. Biofilm maturation stages
are characterized by the appearance of cell clusters that are several cells thick and are
embedded in the biofilm matrix (maturation I stage), which subsequently fully mature
into microcolonies (maturation IT stage)[47, 48]. Dispersion has been reported to coin-
cide with the decrease in and degradation of matrix components, with dispersed cells
being motile and demonstrating increased drug susceptibility relative to biofilm cells.
Figure and the caption reprinted from Sauer et. al. [46].

structure [45]. This biofilm is characterized by clusters of bacteria embedded in a ma-
trix, offering increased resistance to environmental stressors and antimicrobial agents.
The biofilm formation follows a specific, progressive cycle that includes reversible and
irreversible attachment, maturation in two stages, and ultimately dispersion[50], H1].
The reversible attachment stage involves bacteria adhering loosely to surfaces via their
flagella, whereas irreversible attachment is marked by a reduction in flagella function
and the production of matrix components, which enhances drug tolerance. The mat-
uration stages see the biofilm grow more complex, with cells forming thick clusters
embedded in the matrix, eventually maturing into microcolonies. Dispersion occurs
when the matrix breaks down, releasing motile cells that are more susceptible to drugs

compared to their biofilm counterparts, completing the cycle [46].
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Figure 3.3: Growth of a bacterial colony. (a)—(d) Phase-contrast micrographs at differ-
ent time points capture the growth of a single cell of a nonmotile strain of Escherichia
coli (strain NCM 3722 delta-motA) into a two-dimensional colony under free boundary
conditions. The scale bar corresponds to 10um. The cell doubling time was 43.5 £ 2.2
minutes. After 12 generations (d), the colony began to escape into the third dimension,
forming a second bacterial layer. Figure and caption reprinted from You et al. [I1].

3.1.2 Formation of Non-motile Bacterial Colonies

Bacterial communities can form either colonies or biofilms, depending on environmental
conditions. Some species primarily form colonies, and in certain cases, colonies emerge
even in early growth stages without transitioning into biofilms [15] 52].

In nutrient-rich environments, bacteria often prioritize rapid division over extracellu-
lar polymeric substance (EPS) production, leading to loosely packed colonies. Weak
surface adhesion and the absence of biofilm-inducing signals, such as quorum-sensing
molecules or surface shear, further promote colony formation. Mechanical constraints,
such as confinement in host tissues, can also favor colonies by enhancing direct cell-cell
interactions over stable surface attachment [53, 54, 55]. The growth dynamics of such
colonies can be observed in Fig. |3.3] which illustrates the expansion of a non-motile

Escherichia coli colony over time.

3.2 Mechanisms of Growth and Division in Bacteria

Bacterial growth dynamics are essential for understanding the behavior and develop-
ment of bacterial colonies. Rod-shaped bacteria, in particular, exhibit unique patterns
of growth and division, which are influenced by both environmental factors and internal

cellular processes, in which we focus on this thesis.

3.2.1 Bacterial Phase Diagram

Bacteria, as unicellular organisms, exhibit diverse growth patterns influenced by their

shape, nutrient availability, and environmental conditions. Regardless of morphology,
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Figure 3.4: When bacteria are introduced into the fresh medium in a closed system,
like a test tube, the population of cells always exhibits growth dynamics as follows.
Lag phase: bacteria initially adjust to the new environment, so they appear not able
to replicate but the cells might grow in volume; Log (exponential) phase: cells start
dividing regularly by the process of binary fission. The culture reaches the maximum
growth rate, which could be estimated by generation time or doubling time, i.e., the
time per generation; Stationary phase: the number of cells undergoing division seems
to be equal to that being dead due to the exhaustion of nutrients. Dead phase: bacteria
lose the ability to divide and the number of dead cells exceeds that of live cells. Fig.
and the caption reprinted from Wang et. al [56].

bacterial growth generally involves two key processes: elongation and division. These
processes are regulated by internal cellular machinery and external factors, such as
the availability of nutrients like glucose, amino acids, and minerals, which provide the
essential building blocks for energy production, macromolecule synthesis, and cell wall
formation.

Bacterial growth typically follows a characteristic pattern represented by a growth
phase diagram Fig [3.4l In the lag phase, bacteria adapt to their environment, me-
tabolizing nutrients without immediate division. The log phase marks the most active
period of growth and division. As resources deplete or environmental stresses intensify,
growth slows, leading to the stationary phase, where the rate of division balances with
the rate of cell death. Finally, the death phase ensues as nutrient scarcity or waste

accumulation causes the population to decline exponentially [35] [56].

3.2.2 Bacterial Division

Among the diverse bacterial shapes, rod-shaped bacteria, such as Escherichia coli,
Bacillus subtilis, exhibit unique patterns of growth and division tailored to their cylin-
drical structure. Unlike spherical bacteria, which grow isotropically; however, in rod-

shaped bacteria, division typically occurs at mid-cell through the formation of a septum
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[L a constricted region where new cell wall and membrane materials are synthesized to
separate daughter cells.

As it has shown in Fig. |4.5{(a) rod-shaped Escherichia coli cell is preparing for division,
the bacterial cell contains two nucleoids, symmetrically positioned within its cytoplasm.
These nucleoids, which house the bacterial DNA, have already undergone replication
and segregation, ensuring that each daughter cell will inherit a complete genetic copy.
The central region of the cell, free from nucleoid presence, is where the division ma-
chinery assembles. This positioning is no coincidence; the absence of nucleoids at the
mid-cell ensures that the division process will not damage the DNA.

One of the crucial mechanisms guiding this process is the MinCDE system. In the
figure we see the MinC E| gradient illustrated with arrows. This gradient, with high
concentrations of the division inhibitor MinC near the poles and low concentrations at
the mid-cell, prevents improper assembly of the division machinery at the cell poles.
Instead, the gradient directs the formation of the FtsZ proteinﬂring—the Z-ring (green
circle)—at the center of the cell [57].

The Z-ring is prominently depicted in the figure, encircling the cell at mid-cell. This
ring serves as a scaffold for additional proteins that will form the divisome, a complex
of enzymes and structural proteins responsible for synthesizing new cell wall and mem-
brane material. The nucleoid occlusion mechanism complements the MinC gradient,
further ensuring that the Z-ring forms only in regions devoid of DNA.

As the division process progresses, the Z-ring begins to constrict, guiding the synthe-
sis of a septum that will ultimately separate the parent cell into two daughter cells.
These daughter cells will inherit one nucleoid each and maintain the cylindrical shape
characteristic of rod-shaped bacteria [58].

In contrast, Bacillus subtilis, another rod-shaped bacterium, employs a slightly dif-
ferent strategy during division. The process involves the formation of a cross wall of
peptidoglycan, which initially divides the cytoplasm of the parent cell into two com-
partments. For vegetative growth, this cross wall is remodeled and cleaved to allow
complete separation of the daughter cells. However, under specific conditions, such as
nutrient limitation, Bacillus subtilis may form an asymmetrical septum, setting the

stage for spore formation. This adaptability underscores the versatility of Bacillus sub-

!Septum is a partition formed by the inward growth of the cell membrane and cell wall that divides
the mother cell into two daughter cells.

2MinC is a bacterial protein that, in cooperation with MinD and MinE, regulates the positioning of
the division septum during cell division in rod-shaped bacteria, preventing septum formation at
the poles.

3FtsZ is a bacterial protein that assembles into a ring at the site of cell division, known as the Z-ring,
and coordinates the formation of the septum, facilitating cell division in bacteria.
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Figure 3.5: Two different modes of division. After chromosome replication and seg-
regation into nucleoids the Z ring assembles at mid-cell. The ring then constricts to
bring about division. Cell wall Cooperative assembly Nature Reviews | Microbiology
synthesis follows the ring inwards. In Escherichia coli, synthesis of the division septum
is accompanied by constriction of the outer membrane. In Bacillus subtilis, a cross
wall of peptidoglycan initially divides the cell before it is degraded and remodelled to
form the new, hemi-spherical cell poles. b | The spatial regulation of Z ring assembly.
Nucleoid occlusion (NO), which is mediated by Noc (in B. subtilis) or SImA (in E.
coli), inhibits Z ring assembly close to the nucleoid. The Min system acts to prevent Z
ring assembly at the cell poles (for simplicity, the Min dynamics in E. coli have been
omitted). From left to right: in ‘newborn’ cells, both systems initially inhibit Z ring
assembly throughout the cell; following cell elongation and chromosome replication,
NO maintains inhibition in the cylindrical part of the cell; and finally, the progression
of chromosome segregation reveals an inhibitor-free region at mid-cell, allowing the Z
ring to assemble. Figure and the caption reprinted from Adam et. al. [58].
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tilis in responding to environmental cues. These distinctions between Escherichia coli
and Bacillus subtilis are rooted not only in their division strategies but also in their
broader classification as gram-negative E] and gram-positive E] bacteria, respectively.
The structural and functional differences associated with these classifications, such as
variations in cell wall composition, will be explored in detail in the following section.
Additionally, the orientation of division is influenced by factors such as cellular shape,
environmental cues, and mechanical constraints. In confined spaces or under specific
growth conditions, the orientation and timing of division can be affected, leading to
altered colony structures or patterns.

The biological context of bacterial growth extends beyond simple cell division. Factors
such as nutrient availability, metabolic state, and mechanical forces significantly impact
bacterial colony development. For rod-shaped bacteria, growth is not uniform across the
entire cell but rather localized to specific regions. Mechanical stress or environmental
interactions can disrupt the balance between elongation and division, resulting in mor-
phological changes or the formation of distinct colony patterns. Additionally, changes
in external conditions such as nutrient limitation or confined environments can influ-
ence bacterial organization, leading to non-motile colonies where cell-cell interactions
dominate over surface adherence.

This framework highlights how bacterial colonies grow and adapt, integrating both
biological regulation and environmental influences to shape their behavior and spatial

organization.

3.3 Bacterial Mechanosensitivity

Bacteria, whether in a planktonic state—free-swimming or floating in liquid—or in a
sessile biofilm state, are consistently subjected to mechanical forces from their envi-
ronment. These forces can originate externally, such as from fluid flow or mechanical
compression, or arise from cell-cell interactions within bacterial communities. The long
evolutionary history of bacteria suggests that they have developed sophisticated mech-
anisms to adapt and respond to varying mechanical stresses, indicating an ability to

actively sense and process mechanical cues [59] [60] 61, 62].

4Gram-negative bacteria are characterized by a thin peptidoglycan layer and an outer membrane
containing lipopolysaccharides (LPS), which contribute to their resistance to certain antibiotics
and environmental factors.

5Gram-positive bacteria are characterized by a thick peptidoglycan layer and the absence of an
outer membrane. Their cell wall contains teichoic acids, which contribute to structural stability,
adhesion, and interactions with the environment
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Figure 3.6: (a) Gram-negative bacteria have an inner membrane, peptidoglycan, and
an outer membrane. (b) Gram-positive bacteria have an inner membrane and peptido-
glycan. Figure and the caption are reprinted from Harper et. al. [70].

Mechanosensitivity in bacteria is facilitated through a variety of structures and compo-
nents capable of sensing mechanical forces over different length scales [63) [64]. As illus-
trated in Fig. a), in gram-negative bacteria, an additional layer of complexity exists
due to the presence of two distinct membranes—the outer and inner membranes—along
with the periplasmic space in between [65].

This contrasts with gram-positive bacteria, which lack an outer membrane and in-
stead possess a thicker peptidoglycan layer that provides both structural integrity and
resistance to mechanical deformation, as shown in Fig. [3.6(b). These fundamental dif-
ferences between gram-negative and gram-positive bacterial envelopes [’ suggest that
the mechanisms of mechanosensitivity may vary significantly between these groups,
warranting comparative investigation.

Membrane proteins, typically a few nanometers, which are placed in the membrane,
have been implicated in mechanosensing [66], (67]. These proteins could serve as localized
sensors, responding to mechanical forces that occur on nanometer scales. However, it is
unclear whether these membrane proteins function solely as localized sensors or require
deformation of the entire cell envelope to activate mechanosensing. The structural dif-
ferences between gram-negative and gram-positive bacteria, particularly in their cell
envelopes, raise intriguing questions about how each group perceives and processes
mechanical forces [68] [69]. For example, does the thicker peptidoglycan layer in gram-

positive bacteria confer unique mechanosensitive properties, or does the dual-membrane

6Together the cell membrane(s) and cell wall are referred to as the bacterial envelope
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Figure 3.7: (A) P. aeruginosa PAO1 and (B) B. subtilis BB11 cells exhibit growth
inhibition when embedded in agarose gels of increasing stiffness. Solid lines represent
average growth curves, while dashed lines depict early growth trends during the first
20 minutes. Shaded regions indicate one standard deviation above and below the mean
growth curves. Figure and caption modified from Tuson et al. [77].

architecture of gram-negative bacteria provide additional avenues for mechanotransduc-
tion? These questions remain largely unanswered due to the limited understanding of
bacterial envelope proteins and their mechanosensory roles [70), [71].

In addition to external forces, bacterial growth can be significantly influenced by me-
chanical stresses arising from cell-cell interactions [72] [73]. When bacteria interact via
their lateral sides or through single-point contacts, the impact on growth may be less
pronounced. However, when both tips of the bacterial cell are involved in interactions,
these forces appear to have a more substantial effect on their growth dynamics 74, [75].
This suggests that the spatial distribution and magnitude of mechanical forces within
bacterial communities play a crucial role in regulating cellular behavior [76].

A clear example of how mechanical constraints influence bacterial growth is seen when
bacteria are encapsulated in stiff environments, such as agarose gels. Both gram-
negative and gram-positive species experience growth inhibition under such condi-
tions. This effect is evident in the growth curves of Pseudomonas aeruginosa PAO1
(a gram-negative species) and Bacillus subtilis BB11 (a gram-positive species) when
embedded in agarose gels of varying stiffness. As shown in Fig. [3.7] increasing agarose
concentration leads to a significant reduction in bacterial elongation and division rates,
demonstrating how mechanical confinement can limit growth.

Interestingly, the growth curves of B. subtilis BB11 displayed an upward curvature at
longer time scales, suggesting a potential increase in growth rate due to mechanical

tearing of the gel at high strains (15%). To prevent this effect from influencing our
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conclusions, only data from the first five minutes of encapsulated growth were used to
determine cell stiffness [77].

For gram-negative bacteria, the inhibition of E. coli and P. aeruginosa growth was ob-
served at a similar stiffness threshold of the surrounding gel (Egel). This indicates that
the mechanical properties of gram-negative peptidoglycan are largely conserved across
species. Such consistency has important implications for molecular-level modeling of
peptidoglycan organization, as it suggests that the same mechanical parameters can
be applied across different gram-negative species. This simplifies theoretical models of
cell wall mechanics by reducing the need for species-specific adjustments to peptide
cross-link stiffness 78], [79), 80].

This phenomenon suggests that mechanical forces, whether from direct cell-cell contact
or confinement within rigid environments, can significantly alter bacterial physiology.
While previous studies have primarily focused on biochemical regulators of bacterial
growth, these findings emphasize the necessity of considering mechanical constraints
as a key factor in bacterial development.

Understanding bacterial mechanosensing will be critical for comprehending how bac-
teria adapt to physical stresses and interact with their environment, which has im-
plications for fields ranging from infection biology to biotechnology. Escherichia coli,
for example, frequently encounters mechanical stresses in its natural habitats, such as
turbulent flow in aquatic environments, shear forces in host tissues, or mechanical com-
pression within biofilms. Despite the ubiquity of these forces, the relationship between
mechanical stress and bacterial growth dynamics remains poorly understood.

To address this gap, an experiment was conducted to evaluate how mechanical stress
affects the growth of E. coli under controlled laboratory conditions. By systematically
varying mechanical constraints, this study aims to elucidate the mechanisms by which
bacterial growth adapts to physical stressors, ultimately contributing to a deeper un-

derstanding of bacterial behavior in real-world environments.

3.3.1 Experimental Investigation of Mechanical Stress on E. coli

Growth Using a Microfluidic Device

To explore how mechanical stress affects bacterial growth, a novel air-driven microflu-
idic device was developed to apply controlled compressive forces on FEscherichia coli
cells. As it has shown in Fig. the device features two chambers—a top air chamber
and a lower cell culture chamber—separated by a thin polydimethylsiloxane (PDMS)
layer, 200um thick. By introducing positive pressure into the air chamber, the PDMS
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layer deforms downward, exerting mechanical compression on the E. coli cells cultured
below.

Hexagonally arranged micropillars, deposited onto the coverglass within the cell culture
chamber, serve as structural supports during compression. These pillars, fabricated
from a photoresist material, have a diameter of 6um, a height of approximately [0.8 -
0.9] um, and are spaced 10um apart. This design ensures precise control of compression
while maintaining sufficient space for observing cellular responses.

Before compression, phase-contrast microscopy revealed that E. coli cells swam freely
and diffused throughout the chamber. Some cells adhered to the chamber floor, coated
with poly-ethylenimine to enhance surface interactions. Scanning electron microscopy
(SEM) provided a closer look at the micropillar arrangement, confirming the unifor-
mity and consistency of the fabricated structures. This sophisticated microfluidic setup
enabled the investigation of mechanical stress effects on bacterial growth and behavior
at a high level of precision.

Variation of the hight of the micropillar control the deformation of the bacteria and
their growth rate. It has been shown in Fig. as the hight of the micropillar is equal
to half of the bacterial diameter the volume change of the bacteria goes to zero. One
possible explanation is that due to the compression DNA segregation perturbed and

leads the bacteria to stop growing [81].
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Figure 3.8: (A) Left: Side view of the device. The device contains two chambers. The
upper air chamber and lower cell culture chambers are separated by a PDMS layer of
200pm in thickness. The PDMS layer is deformed downward to compress cells in the
culture chamber when there is positive pressure in the air chamber. Micropillars made
by a photoresist are deposited onto the coverglass, which support the PDMS layer when
pressure is applied. Right: 3D view of the device. Mircopillars are patterned hexagonally
with a distance of 10um between pillars. Pillar diameter is 6um and typical height
is 0.870.9um. (B) Low vacuum scanning electron microscopy image of micropillars
on the coverglass. (C) Phase contrast image of live E. coli cells distributed in the
culture chamber between micropillars. Before compression, cells swim and diffuse within
the chamber normally. Some cells adhere onto the bottom from the poly-ethylenimine
coating. (Scale bars, bum). Figure and the caption reprinted from Si et. al [81].
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Figure 3.9: Volume growth rate as a function of mircopillar height (equal to the
thickness of compressed cells). Cells no longer grows when the height is 0.5um. (n > 7
for each point. Error bars indicate standard deviation.) Figure and the caption reprinted
from Si et. al. [81].

3.3.2 Experimental Investigation of Pressure and Temperature

Dependence of Growth of Escherichia Coli

In natural environments, bacteria are frequently exposed to external mechanical pres-
sures that influence their survival and growth. For instance, in aquatic ecosystems,
bacterial colonies attached to surfaces such as rocks or plants experience shear forces
from flowing water. In soil, bacterial communities within micropores face compressive
forces from surrounding particles and shifting soil matrices due to moisture fluctuations
or mechanical disturbances. Within host organisms, pathogenic bacteria |Z| encounter
external pressures from immune responses, such as macrophages ﬂ exerting physical
forces during phagocytosis ﬂ , or compressive forces in confined tissues. These diverse
scenarios illustrate how bacteria must adapt to varying mechanical challenges to sustain
their growth and maintain their functions in dynamic environments.

To explore how bacterial cells adapt to extreme pressure and temperature, this study

investigated the growth and phenotypic H changes of Escherichia coli under varying

"Pathogenic bacteria are bacteria that cause disease by producing toxins, evading immune defenses,
or damaging host tissues, leading to infections and illnesses.

8Macrophages are immune cells that engulf and digest pathogens, dead cells, and other debris. They
play a key role in the body’s defense against infections and in initiating immune responses.

9Phagocytosis is the process by which immune cells, such as macrophages, engulf and digest
pathogens, dead cells, and other foreign particles to protect the body from infection.

10Phenotypic refers to the observable traits or characteristics of an organism, such as appearance,
behavior, and physiological functions, which result from the interaction of its genotype and envi-
ronment.
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Figure 3.10: (a) Growth curves at different pressure for T = 31°C. (b) Growth curves
at different pressures for T' = 34”C. (c) Doubling time ¢ (P) extracted from Fig. 3 a. (d)
Doubling time ((P) extracted from Fig. 3 b. Pressure dependence of ((P) is marked by
a sharp increase at high pressure where the cells still grow, but the growth is extremely
slow. Figure and the caption reprinted from Kumar et. al. [82].

thermodynamic conditions. The researchers aimed to identify growth bottlenecks and
understand physical changes induced by these conditions on a mesophilic bacterium.
Using a real-time optical measurement method, they analyzed the pressure-temperature
dependence of bacterial growth and morphological changes.

The experimental setup consisted of a high-pressure cell containing a bacterial sample
in Luria Broth (LB) medium, housed within a fused silica rectangular cuvette. Pressure
was applied using a piston, with water pressure monitored via a pressure gauge. Growth
was measured by shining a 586-nm light beam through the sample and detecting the
transmitted light intensity using a silicon photodiode-based photosensor. The system
was regulated by a LABVIEW interface, and the temperature was controlled using a
water-bath thermostat. Experiments, lasting 200 to 1000 minutes, were conducted in
oxygen-limited conditions due to the closed design of the setup, with an oxygen partial

pressure of 20 kPa in the LB medium.
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As it is shown in Fig. (a—b) the effects of pressure on bacterial growth dynamics
were investigated at two temperatures, 7 = 31°C and T = 34 C . Where saturation
was achieved within the experimental timeframe, the growth profiles exhibited typical
characteristics similar to those observed at latm and T = 31°C.

Analysis of the extracted time parameter ((P), shown in Fig. [3.10|c) and Fig. [3.10}(d),
reveals that ((P) increases with rising pressure. This indicates a slower growth rate
as pressure increases. Additionally, the optical density (OD) in the saturation phase
decreases with increasing pressure, suggesting a reduction in total biomass production
under higher pressure. These findings align with previous studies that observed similar
declines in biomass production in response to elevated pressure across various bacterial
species. It has also been shown that at both low and high temperature the doubling time
increase by increasing the pressure. The study also examined the relationship between
pressure and bacterial doubling time in the low-pressure regime. It was observed that
the doubling time increases exponentially with pressure in this regime. Moreover, the
rate of this exponential increase is temperature-dependent, with the exponent growing
larger as the temperature decreases.

This finding highlights the interplay between pressure and temperature in influencing
bacterial growth dynamics, suggesting that lower temperatures amplify the inhibitory

effects of pressure on growth [82].

3.3.3 Self-Induced Collective Mechanical Stresses in Bacterial

Colonies

Bacterial colonies are dynamic systems where mechanical interactions among cells play
a crucial role in shaping their structure and function. As colonies grow, these inter-
actions give rise to self-induced mechanical stresses that influence cellular behavior.
Far from being passive byproducts of growth, such stresses actively affect cell size
distribution, colony morphology, and overall growth dynamics. However, the precise
mechanisms by which bacterial cells sense and respond to these collective stresses re-
main poorly understood.

To address these gaps, this study investigates the phenomena arising from self-induced
collective mechanical stresses in expanding bacterial colonies. Growth experiments on a
nutrient-rich agarose substrate, combined with a microscopic model based on dynamical
density functional theory (DDFT), were used to explore how mechanical interactions
regulate cell size distribution and growth behavior.

The growth of bacterial colonies in a nutrient-rich environment at 30° is influenced

by bacterial population density. As the colony becomes denser, the elongation rate of
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Figure 3.11: Experiments on a monolayer of cells dividing every ~ 30 min on a
nutrient-rich agarose substrate, reaching a cell count of ~ 4500 bacteria after 450
minutes. a, b Division of cells (hued in blue) in the early stage of the colony. c,
d Growth of cells (hued in yellow) during the early phase over an interval of ten
minutes. The average cell elongation rate (determined from the average length (I)
grown in 10 min) is 0.067 £ 0.011xm/min. e Micrograph of a well-developed bacterial
monolayer comprising about 2600 cells. f, g Division and growth of cells over an interval
of 10 minutes within the dense colony. Dividing cells are hued in blue. Fast and slowly
growing cells are hued in green or red, respectively, as identified from a large or small
free area near the ends visible in (f). The average elongation rates resulting from this
selection are 0.055 £ 0.013um/min and 0.033 £ 0.01um/min. h Cell elongation rate of
all bacteria as a function of time (red dots) with standard deviation (red shaded area),
determined from three distinct biological replicates. Figure and the caption reprinted
from Wittmann et. al. [83]

cells decreases, especially when their ends come into close contact with neighboring
cells, even though nutrients remain abundant Fig. [3.11} This behavior is attributed
to the cells’ response to mechanical stresses during growth. The elongation rate of
well-nourished Escherichia coli cells was found to decrease over time, depending on
the availability of free space around each individual cell. Using a cell-resolved model
that incorporates the feedback of collective forces on individual cell growth, the study
quantifies how this mechano-response shapes the structure and composition of bacterial

colonies, including the local microenvironment of each cell [83].
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4 Bacterial Self-Organization in
Isotropic and Anisotropic

Confinement

Sections [2.4.1] and have highlighted the role of mechanical interactions on the
growth of bacterial colony and spatial organization. While previous studies have ex-
plored how geometric constraints influence bacterial alignment, the combined effects
of bacterial properties, surface characteristics, and mechanosensitivity in confined en-
vironments remain less understood. By addressing these factors together, my work
provides a unique perspective on the interplay between bacterial mechanics and con-

finement.

In this work, I investigate how mechanical forces arising from cell-cell and cell-substrate
interactions shape bacterial self-organization within colonies confined by different ge-
ometries. By varying bacterial characteristics, surface properties, and mechanosensi-
tivity, I analyze their collective influence on colony alignment and structural evolution.
Through molecular dynamics simulations, this study provides new insights into the
complex interplay between bacterial properties, confinement, and mechanosensitivity
in determining bacterial behavior. By examining these factors together, my work offers
a unique perspective on how mechanical interactions govern microbial organization in
diverse environments, advancing our understanding of microbial dynamics in confined

spaces.

This chapter is based on the preprint Effect of mechanical interactions on bac-
terial self-organization and growth rate inside an isotropic and anisotropic
confinement, available on arXiv, authored by Samaneh Rahbar, Ludger Santen,

and Reza Shaebani.
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Figure 4.1: (a) High-resolution image of E. coli. (b) Presentation of a rod-shaped
bacteria with a constant diameter dy, variable length [, and the unit vector 7.

4.1 Model

4.1.1 Bacterial Mechanical Interactions

The geometry of a rod-shaped bacterium, such as FEscherichia coli (E. coli), can be
characterized by two distinct length scales as it has shown in Fig[d.1|(a) . To model these
bacteria, I represent each elastic rod with a constant diameter dy and a time-dependent
length [ with major axis cross from the center of the bacteria to its both ends, shown
in Fig, 4.1(b). These geometric parameters are crucial for describing their mechanical
interactions, growth, and behavior within confined environments.The mechanical force
between two spherocylinders is approximated by the force between two spheres placed

along the major axis of the rods at such positions that their distance is minimal

Njw

- 1
fij(h) = Edg (hij)? éc,,, (41.1.1)

where E represents the Young’s modulus of the bacterium, and h;; is the overlap
distance between bacteria ¢ and j Fig. (a). This force acts along the major axis of
the bacterium and is normal to its surface in the direction of €., and 7, is the contact
vector from bacteria j to bacteria 7, as illustrated in Fig. [4.2(b) .

Calculations of the minimum distance created between two contacting bacteria pose
a significant challenge in this modeling approach. As I will delve into the details, this
calculation is essential for determining the exact points of contact and the direction of
the forces acting between bacteria. Therefore, I propose a calculations which is practical

in both two and three dimensions.
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Figure 4.2: Two circle (red) along the major axis of the rod-shaped bacteria. (a)
Presentation of the length scale as an overlap h;; between two contact bacteria. (b) 7,
is the contact vector between two bacteria, é.,; the direction of the contact vector, and
correspondingly the force interaction.

As I mentioned above, the mechanical interaction between two contacting bacteria is
approximated by the force between two spheres placed along the major axis of the rods
at such positions that their distance is minimal. To determine this minimum distance, I
focus on the major axis of each individual rod. For this purpose, for a given bacterium
t, I define the length vector l_;, which spans from one end to the other, two distinct
position vectors representing the endpoints 77,, 7., and a position vector for the center
of mass ¢y, Similarly, for a bacterium j in contact with bacterium ¢, I define the
same set of vectors for its major axis Fig. [1.3] These vectors use as the foundational
elements for calculating the minimum distance between the two bacteria.

If T consider bacteria ¢ and 7, by defining the equations of line for any given bacteria I
can find each point on the major axis which the distance between two contact bacteria

1S minimum.
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Figure 4.3: Illustration of vectors characterizing different points along the major axis

of a given bacterium.

7i(\) = fou, + Al (4.1.1.2)
(4.1.1.3)

7i(1) = Fom, + pd;

-1

5 %J . If T consider the distance

where A and p are scalar parameters, which belong to {

between these two bacteria, it corresponds to

a2 500 — B, (4114
P = (RO + (750 — 20500 - 75 (). (41.15)
By substituting Eq. (4.1.1.2)), (4.1.1.3) in Eq. (4.1.1.5),
(4.1.1.6)

@ = (Fos, + ML) + (Foa, + ;)" =2 (e, + AT - (Fen, + 103
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I can open this equation and introduce the terms which are independent of A and p as

Cte and I keep the rest of the terms which are dependent on A\ and p
d? = Cte + (AE - ufj)z +2 (FCMi ~ FCM].) : (AE - ufj) (4.1.1.7)

I want to see for which values of A and p d* becomes minimum

O(d?)
= 41.1.
o Y (4.1.1.8)
O(d?)
—0 41.1.9
on ( )
By taking the derivatives
) o~ = s
o = 2k (i = ply) +2R -1 =0 (4.1.1.10)
a(d?) Ly s
T (i = ply) = 2R - 1; =0 (4.1.1.11)

which R = (FCMZ. — FCMJ.).

To solve this problem, I have a system of two equations with two unknowns. By intro-
ducing some parameter like l_;l; = lyy, l_;l: =1[? and l;l; = l?- I solve these equation to
find corresponding A and g which the distance is minimum. By solving the equations

4.1.1.10)and 4.1.1.11] I can find the values for A and pu.

lijly - R— 2, R
2213
lofh 2T

PR

A= (4.1.1.12)

vl

o= (4.1.1.13)

11
272
bacteria ¢ and 7 which are along the major axis. But there are conditions that either

As long as the scalar parameters are in the range of { } I get the exact points on
one scalar parameter or both are out of the range or when the contact bacteri are
parallel. Once they are out of range or are parallel I use the following method to find
the contact points.

22
1 in which gives us the contact point on the bacterium j which has minimum distance

Condition one: If A > % and p = {_1 1}, I consider A = 0.5, and find the values for

from bacterium <.
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7(\) = Tou, + 0.50; (4.1.1.14)
7i(1) = Tow, + pl; (4.1.1.15)

. - 1\ 2
Ba finding the square distance d? = (R+ 0.51; — ulj) and making the derivative

%f = 0, the corresponding p will be

I Baosi-T
u:lj RjLFO o by (4.1.1.16)

J

Condition two:
IfA< % and p = [_71, %}, I consider A = —0.5, and find the values for p in which gives
us the contact point on the bacterium j which has minimum distance from bacterium

7.

7(\) = Fon, — 0.50; (4.1.1.17)
7 (1) = Tom, + ud; (4.1.1.18)

Ba finding the square distance d?> = (1% —0.5; — ,ul;)2 and making the derivative

%—f = 0, the corresponding p will be

(4.1.1.19)

Condition three:

Ifp>05and A= {_71, %}, I consider = 0.5 and find the corresponding A, based on

the pervious calculations,

7(\) = Fou, — M; (4.1.1.20)
7(1) = Fom, + 0.5 (4.1.1.21)

J

— = =\ 2
Ba finding the square distance d? = (R—{— Al — O.5l]~> and making the derivative

%\2 = 0, the corresponding A will be

—l;- R+ 050 - 1
/J/: l2

i

(4.1.1.22)
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Condition four:

If p <—05and A= [_1 1}, I consider p = —0.5 and find the corresponding A, based

22
on the pervious calculations,

7i(A) = Tom, — Al (4.1.1.23)
7 (1) = Tom, — 0.5 (4.1.1.24)

- - 1\ 2
Ba finding the square distance d? = (R + Al + O.5lj) and making the derivative %—‘f =

0, the corresponding A\ will be

- R—050-1;
= > J (4.1.1.25)

Substitution of the corresponding A and p in the equations [4.1.1.2] and 4.1.1.3| give us

the exact contact points on the major axis of bacteria ¢ and j.

When bacteria are aligned in parallel, the denominator in equations [4.1.1.12] and
becomes undefined. In such cases, I directly apply all four conditions by choos-
ing A £ 0.5, finding the corresponding p, and vice versa.

By the exact calculations of A and p I can substitute them in the equations [4.1.1.2
and correspondingly I can find the contact point on the bacteria ¢ and bacteria
j. Hence, I can calculate the minimum distance between bacteria i and j as d,;, =

|75(X) — 7;(p)| and I can find the overlap created between two contact bacteria as

hij = do = [Fi(A) = 75(p))| (4.1.1.26)

4.1.2 Over-Damped Dynamics of Bacterial Motion

The motion of rod-shaped bacteria is governed by the principles of Newtonian dynam-
ics, adapted for the overdamped regime. In this regime, inertial forces are negligible
compared to frictional forces. This simplification is particularly appropriate for the
microscale dynamics of bacteria moving on a surface with effective friction, where their
motion is dominated by contact and frictional forces .

The translational motion of each bacterium is modeled using the following equation:
dr;

AL
Ti_ ST 4121

e 7} is the position of the center of mass of bacterium i,
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o ( is the effective friction per unit length, which accounts for the resistance due

to the both bacterial membrane and surface properties,
e [; is the length of bacterium 1,
 fi; represents the interaction force between bacteria ¢ and 7,

This equation reflects the balance between contact forces exerted by neighboring bac-
teria and the frictional forces arising from their interaction with the environment. The
scaling factor iensures that the effect of forces diminishes with increased friction and
bacterial length.

The rotational dynamics of the bacteria are described by the following equation,

dg; 12 N B
— =g > ((Fey —79) X fij) - 2, (4.1.2.2)
dt — (B4 ( ;)

o 0; the orientation angle of bacterium ¢ with respect to the x axis,

. ﬁj is the force vector exerted by bacterium j on i,

o Z represents the unit vector perpendicular to the plane of motion (out-of-plane

direction),

This equation highlights the torque experienced by each bacterium due to the forces
exerted by its neighbors. The torque is proportional to the cross product of the lever
arm (7,; — 7;) and the interaction force ﬁ] The cubic dependence on length reflects
the reduces sensitivity of rotational dynamics to forces for longer bacteria. In this
model, the friction coefficient ( is assumed to be isotropic, meaning that the frictional
resistance experienced by a bacterium is the same regardless of its orientation. This
assumption simplifies the model and is valid for rod-shaped bacteria whose resistance is
dominated by the cross-sectional diameter rather than the specific direction of motion.
The overdamped nature of bacterial dynamics ensures that the system rapidly reaches
mechanical equilibrium, with motion directly responding to external forces and torques
without oscillations or inertial delays. This is a key feature when modeling dense bac-
terial colonies or biofilms, where mechanical interactions between cells and with the

substrate dominate their collective behavior.

4.1.3 Bacterial Interactions With the Confinement

The interaction between bacteria and confinement follows Hertzian contact mechanics,

where the rigid wall is treated as an impenetrable boundary. In the case of square
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Figure 4.4: Interaction between bacteria and the confinement. (A) Interaction with
the boundaries of a square wall. (B) Interaction with the boundaries of a circular wall.

confinement Fig. [£.4(A), the minimum distance between the bacterial major axis and
the wall can be determined by defining the wall boundaries. Interaction occurs when
the overlap is less than dy/2, which is expressed as h = % —dnin- In square confinement,
the calculation of d,,;, is straightforward since it is simply the shortest distance from

a line to the wall.

However, for circular confinement, determining the minimum distance between the
bacterial major axis and the curved boundary requires identifying the quadrant in which
the bacterium is located.l define the left and right coordinates of the bacterial major

axis as (z1, 1), (¢, yr), with the circular confinement having a radius of 7¢pqe = d./2.

First I compute the distance of both bacterial tips from the center of the circular

confinement O = (g, Yo):

re= /(21— 20)* + (1 — %0)?) (4.1.3.1)
ro =/ (2, — 20)2 + (3 — 40)?) (4.1.3.2)

By comparing[4.1.3.1)and |4.1.3.2| I identify the bacterial tip closest to the confinement

boundary, denoted as (zp,yp), with its distance from the center given by rp.
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T o find the points (x1,41), (2, y2), (23, y3) on the circular boundary I first determine
the bacterial orientation by 6 = tan((ys — yo)/(xs — o))~ !, In simulations, I use the

atan2 function to correctly compute # while avoiding miscalculations.

The coordinates of (x1, y;) which represents a point along the bacterial orientation, are

calculated as:

Ty = 2B + (Teircle — TB) COS 0 (4.1.3.3)
Y1 =Yp + (Teirae — Tp) Sin 0 (4.1.3.4)

For different quadrants, the coordinates (x2,y,) and (z3,ys3) are determined as follows:
First Quadrant:

T2 = 20 + /e — (B — U0)? (4.1.3.5)
Y2 = Yn (4.1.3.6)
and:
T3 = Tp (4.1.3.7)
Ys = Yo + /e — (@5 — 0)? (4.1.3.8)
Second Quadrant:
Ty = T + (_1) \/rzircle - (yB - ?/0)2 (4139)
Yo = Yn (4.1.3.10)
and:
T3 =1Ip (4.1.3.11)
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Ys = Yo + \/rfmle — (zB — @0)? (4.1.3.12)
Third Quadrant:
Ty = xo + (—1) \/rfmle — (yB — Y0)? (4.1.3.13)
Y2 =YB (4.1.3.14)
and (w3, ys3):
ys = yo + (—1) /rZue — (25 — 70)? (4.1.3.16)
Fourth Quadrant:
To = To + \/rgircle - (yB - yU)Q (41317)
Y2 =YB (4.1.3.18)
and (3, y3):
T3 =1Ip (4.1.3.19)
ys = yo + (—1) /rZue — (25 — 20)? (4.1.3.20)

Finally, I calculate the distance from the bacterial tip (zp,yg) to each of the three
points (x1,41), (2, y2), (z3,y3) and select the minimum distance. The corresponding
overlap is then given by h = dy/2 — d,i. Using Eq. [4.1.1.1] I determine the resulting

force interactions between the bacteria and the confinement.

4.1.4 Growth Dynamics

As discussed in the chapter one, mechanical interactions play a pivotal role in determin-
ing bacterial growth and division, especially under confined conditions where spatial

constraints impose mechanical stress. These interactions influence the elongation rate
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Figure 4.5: Representation of a bacterium reaching the division length [; and dividing
into two daughter bacteria. Red vectors indicate the projected forces along the major
axis of the bacterium. The daughter bacteria inherit slightly deviated orientations from
the mother bacterium.

of individual bacteria, which is modeled as a function of both time and the forces acting
along their major axis Fig. [4.5]

The growth of an individual bacterium is described by the following equation:

T (4.1.4.1)
dt 0, g < Bl

Y

dl; _{ Tg; _/6|f||i|7 Tgi >/8‘f||i|

where:
e 74 is the intrinsic growth rate of the bacterium ¢,

o [ is the mechanosensitivity parameter, quantifying how robustly or weakly bac-

teria respond to the mechanical forces,

e |f,| represents the total force projected along the major axis of the bacterium ¢,

capturing the experienced mechanical stress,
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This equation highlights that growth ceases entirely when the mechanical force sur-
passes a threshold proportional to 5. The inhibition reflects the energy redistribution
within the bacterium, where growth-related activities are compromised by physical
stress.

To quantify | fj,|, the mechanical forces acting on the bacterium are resolved along its

major axis, as follows:

N{
[ f1: (D] = Zl [ fig (1) - i, (4.1.4.2)
j=
where:
e 7N, is the unit vector aligned with the major axis bacterium i,
. ﬁj represents the force exerted by the bacterium j on bacterium i,
» the summation extends over all contacting bacteria (IV,),

This formulation ensures that only the forces aligned with the bacterial axis contribute
to growth inhibition, accurately capturing the mechanosensitivity nature of bacterial
elongation.

Based on the experimental observations discussed in Chapter One, I assume that when
the deformation of the bacterial envelope exceeds half its diameter, the growth rate
becomes zero.

ZZ =0 ifh> Céo (4.1.4.3)
where h represents the total overlap value applied on a given bacteria, and dj is the
bacterial diameter. This condition reflects the physical limitation of the bacterial cell
wall to sustain growth under extreme stress.

Estimation of

The parameter § governs the sensitivity of growth rate to mechanical forces and is
estimated based on experimental observations of growth inhibition. For example, with
a threshold force (corresponds to the deformation around the half of the bacterial
diameter) of approximately 35 kPa - um? and an average growth rate of 4 ym -h™', 3
is computed as:

B=0.11 po

This value captures the relationship between applied mechanical stress and bacterial

growth, facilitating quantitative predictions of growth dynamics under varying condi-

tions.
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As the applied pressure increases due to mechanical interactions, the doubling time of
bacteria is observed to lengthen significantly. This behavior highlights the sensitivity
of bacterial growth and division to mechanical stresses in their environment. Division
occurs when a bacterium reaches a threshold length [;, signaling the completion of
its growth cycle. At this stage, the bacterium divides into two daughter cells Fig. [4.5]
which inherit the orientation of the mother cell. To account for natural variability,
the orientations of the daughter cells deviate slightly from that of the mother cell,
with random angular deviations within the range (0,0.1745] radians (approximately
0° — 10°). To capture biological heterogeneity, the growth rates of the daughter cells
are drawn randomly from a uniform distribution {%9, 3%} [84, 85]. This randomization
reflects experimental observations of variability in bacterial growth rates due to genetic

and environmental factors.

4.1.5 Numerical Implementation

The equations of motion and growth, represented in Eqs. [{.1.2.1] £.1.2.2] and {.1.4.7]

are solved numerically using the forward Euler time-stepping algorithm. This method is

selected for its simplicity and computational efficiency, particularly when addressing the
over-damped dynamics of bacterial motion. The discretized forms of these equations are
used to compute the translational, rotational, and growth dynamics of the bacteria,
ensuring a consistent and accurate numerical solution. Specifically, the translational

and rotational equations take the forms:

Here, the superscripts n and n + 1 represent the current and next time steps, respec-

tively.
1Y
77;(”'*‘1) _ 7:;(”) At — Zfij’ (4.1.5.1)
Clz j=1
12 X
n+1 n - - i A
oY — g )+At-wzl (e, = 75) < fiy) - 2. (4.1.5.2)
(2 J]=

D =1+ A (g, — B,

) (4.1.5.3)

The time step, At, is calculated as:

At = (4.1.5.4)

oy |
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where ( is the friction coefficient per unit length, and E is the Young’s modulus. This
choice ensures numerical stability by maintaining the condition At small enough to
avoid undamped or oscillatory behavior in the over-damped regime.

Each simulation begins with bacteria randomly positioned and oriented within a con-

fined geometry. The confinement can take the form of:

e Square boundaries with dimensions L, X L,

e Circular boundaries with a diameter d.

The forward Euler method, while straightforward, requires careful monitoring of nu-

merical accuracy. To enhance stability:

e The time step At is adjusted based on the Young’s modulus and the friction

coefficient to prevent excessively large displacements in a single step.

o Force calculations are optimized using efficient neighbor search algorithms to

reduce computational complexity in systems with many bacteria.

By employing this numerical approach, the model captures the dynamic interplay be-
tween bacterial growth, mechanical interactions, and spatial confinement, enabling ro-
bust simulation of bacterial behaviors under a variety of conditions.

The model is grounded in experimental data to ensure realistic simulations of bacterial

dynamics. The key parameter used in the simulations are included in Table.

Parameter Symbol Value

Bacterial diameter dy 0.5 um

Average growth rate Ty 4pum/h
Threshold length for division la 2 — 4] um
Friction coefficient ¢ 200Pa-h

Young’s modulus of the bacteria E 400 kPa
Young’s modulus of the confinement Ea 1000 kPa

Confinement’s diameter (circular) d. 60 pum

Confinement’s length (square) L,, L, 60 um

Table 4.1: Default parameter values used in the simulations.

This parameterization enables the model to simulate bacterial division dynamics under
varying mechanical stresses and environmental conditions. By integrating experimen-
tally validated parameters, the model provides insights into how bacteria adapt their
growth and division in response to physical constraints, such as crowding and surface

interactions.
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Figure 4.6: Visualizing bacterial colony dynamics: simulated configurations at con-
current times steps. From left to right, the division length [; increases, resulting in
changes in the number of bacteria: I; = 2um, N = 2853, l; = 3um, N = 1265,
lg = 4um, N = 505. Color circle shows the orientational distribution.

4.2 Results

In this section, I present the outcomes of my molecular dynamics simulations inves-
tigating bacterial colony growth under varying confinement geometries and substrate
properties. Initially, simulations are conducted for bacterial colonies with different di-
vision lengths l; growing within distinct confinement shapes, including square domains
(60 x 60)um? and circular domains (d. = 60um). These simulations aim to understand
how confinement geometry influences the ordering and self-organization of the bacterial

colony.

Once the impact of confinement shape on the colony’s dynamics is established, I shift
focus to a single division length within circular confinement. Here, I systematically vary
substrate properties, such as the frictional coefficient and the degree of mechanosensi-
tivity, to analyze their effects on the self-organization, alignment, and growth dynamics
of the colony. This approach allows us to explore the interplay between mechanical
forces, spatial constraints, and environmental conditions in shaping bacterial collective

behavior.
This analysis provides key insights into the mechanical and spatial factors that regulate

bacterial colony growth in confined environments, offering a deeper understanding of

their self-organization mechanisms under varying conditions.
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Figure 4.7: Probability distribution of the orientational order parameter S for domains
within the colony at different division lengths ;. (b) Probability distribution of the
overlap between contacting bacteria for different division lengths [4.

4.2.1 Bacterial Free Growth

I begin the simulations for different division lengths [; , as shown in Fig. At the
early stages of the simulation, the bacteria within the colony are able to grow freely,
forming an initial configuration.

As the colony expands, the bacteria tend to locally align in a common direction due to
contact forces and mechanical interactions. These local alignments arise from mechan-
ical constraints imposed by neighboring cells, where contact forces influence bacterial
orientation, promoting alignment along a shared axis. I can analytically compare the
degree of ordering among the three bacterial colonies. As shown in Fig. 4.6 distinct
domains emerge, with different colors representing different bacterial orientations. By
analyzing each individual domain, I can calculate the corresponding order parameter
S and determine which colony, based on aspect ratio, exhibits the highest degree of
ordering.

From the colony configurations in Fig. I compute the order parameter S, to quantify
bacterial alignment. The probability distribution of the orientational order parameter,
S for the domains, is shown in Fig. [1.7(a), reveals that these domains are highly
ordered, with S being close to 1. Moreover, as the aspect ratio increases (corresponding
to smaller [;), the probability of achieving S & 1 becomes higher compared to colonies
with a smaller aspect ratio.

These preliminary results motivate us to examine the overlap between contacting bac-

teria Fig. b). Since my model considers only mechanical interactions, the observed
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4 Bacterial Self-Organization in Isotropic and Anisotropic Confinement

ordering may stem from the mechanical forces at play. Given that Hertz contact forces
depend on the extent of overlap, I analyze the distribution of overlaps within these
colonies to further understand their structural organization.

From the results Fig. (b), I observe that the range of overlap at contact points is
more concentrated for colonies with a larger aspect ratio. This means that for all aspect
ratios, a given bacterium typically has at least eight neighboring bacteria in contact.
However, in colonies with a larger aspect ratio, the overlap between almost all eight
neighboring bacteria falls within a narrower range of [0.02—0.05].

However, at the scale of the entire colony, particularly in conditions where bacteria
grow without confinement, the orientational distribution remains isotropic, exhibiting
no discernible preferential alignment. This distinction between local alignment and
global isotropy highlights the dynamic balance between mechanical interactions at the
microscopic scale and the overall structural randomness that arises in the absence of
spatial constraints. In the following sections, I delve into more details regarding the
higher-order organization of bacteria at larger aspect ratios, even when they are freely

growing.

4.2.2 Bacterial Growth Inside an Isotropic and Anisotropic

Confinement

I established two types of confinements: square and circular, both of which act as rigid
boundaries for bacterial growth. The interaction between the hard walls and bacteria
is governed by the Hertz contact force, as described in section [4.1.5

Simulations were conducted for varying division lengths (I), starting with a single
bacterium placed at the center of the square and circular confinement.

The simulations were allowed to evolve over time, with the bacterial colonies gradually
growing and reaching the boundary and afterward filling the confinement, as shown
in Fig. [4.8] This setup enabled us to monitor the dynamics of bacterial growth and
organization within the confinements. A primary focus was on quantifying the nematic
ordering, and the memory of the bacterial orientation to the initial orientation (OCF),
which emerges from the alignment of bacteria along a common direction. The nematic
order parameter was tracked for different division lengths [; as the colonies reached
high densities within the confined spaces.

The results, depicted in Fig. [£.9] reveal how division length influences the bacterial
ordering since they are freely growing to a time point they fill in the confinement.

By considering the scalar order parameter (2cos?6;; — 1);;, I can evaluate the degree

of bacterial alignmet across different aspect ratio.
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Figure 4.8: Visual representation of bacterial colonies at the time step when the
confinement becomes fully populated. The figure shows both square and circular con-
finements, with division lengths increasing from top to bottom l; = [2,3,4]um. The
color map shows the different orientation of the bacteria.
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Figure 4.9: Sample-averaged orientational order parameter and orientational correla-
tion function for both square and circular-like confinement. (a) The orientational order
parameter is shown for different division lengths l; = [2, 3, 4]um. (b) The orientational
correlation function is displayed for the same division lengths l; = [2, 3, 4]um.

In this way, I start the simulation with a single bacterium at an initial orientation
and allow it to evolve, observing how the order parameter, S, and the orientational
correlation function, OCF(t) = N% SN | cos(05(t)—8o)|, (where 6 is the reference angle
for the initial bacterium, and N, is the total number of bacteria at time t), change over
time. As shown in the figures, S decreases as the colony grows, reflecting a reduction
in overall alignment, while OC'F' also declines, indicating increased randomness in
bacterial orientations Fig. [£.9] As the colony reaches the confinement boundary, both

S and OCF stabilize at a constant value.

In order to delve into the details and thoroughly compare the results for the orien-

tational correlation function and the order parameter for different division lengths, I

focus on bacterial colony growth within circular confinement. I can define a character-
ld+

istic time as 7 = Tdo to determine the generation, given by f, of the colony for each
g

specific division length.

Fig. [4.10] presents the evolution of S and OCF during bacterial growth inside circular
confinement. As time and generation count increase, OCF continues to decline Fig.
4.10((a-b), a trend mirrored by S Fig. 4.10(c-d). Colonies with smaller aspect ratios
divide more rapidly, reaching higher generations sooner. Interestingly, for these smaller
aspect ratios, S and OC'F exhibit a slight increase, suggesting possible realignment,
though not necessarily to the initial reference.

This decline in S Fig.[£.10c-d) and OCF Fig.[£.10|a-b) is primarily driven by anisotropic

bacterial growth, which disrupts mechanical equilibrium, leading to buckling instabili-
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Figure 4.10: (a) time evolution of the orientational correlation function OCF' over
time for different division lengths. (b) The evolution of the orientational correlation
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eter S for different division lengths l;. (d) The evolution of the orientational correlation
function OC'F versus generation evolution for different division lengths ;.
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ties. Stochastic effects such as cell division and increasing bacterial count further am-
plify these instabilities. Additionally, analyzing OC'F’ relative to the initial bacterium
orientation allows us to quantify the degree of alignment and ordering within the colony.
The rate of decline in .S and OC'F is slower in colonies with larger aspect ratios, indi-
cating a more gradual evolution. This slower change can be attributed to their smaller
population size, which experiences fewer instabilities from cell division and mechanical
forces. Consequently, these colonies are structurally stiffer and more resistant to defor-
mation. Furthermore, cell division introduces anisotropic stress, reinforcing stability in
larger aspect ratio colonies.

At a specific time point, when the colony reaches the confinement boundary, S and
OC'F stabilize. This occurs around 5.5 hours for l; = 2um, 7.5 hours for l; = 3um,
and 10 hours for l; = 4pm. The distinct edges and corners of square confinement pro-
vide alignment cues, leading to higher nematic ordering, whereas circular confinement,
lacking these structural features, results in lower alignment.

Taken together, colonies with higher aspect ratios exhibit greater nematic ordering
and orientational correlation, primarily due to increased overlap between contacting
cells—a topic explored further in the following sections. Even within the same gener-
ation, a larger aspect ratio still results in higher ordering and a greater orientational

correlation function.

By understanding how individual contact forces distributed for the colonies with dif-
ferent aspect rations I gain a deeper insight what factor is controling the ordering
and self-organization of the colonies. By accessing to individual overlap between con-
tact bacteria and the individual contact forces in the simulations I can plot the the
probability distribution functions.

The colony takes approximately 15 hours to grow, reach confinement, and fill the
available space. I analyze the system at t = 3h and ¢t = 5h, when the colony is still free
and has not yet reached the confinement. By examining individual overlap and contact
forces between neighboring bacteria, their probability distribution provides insight into
how mechanical forces are distributed within the colony at different aspect ratios.

As shown in Fig. [L.11f(a-b), a decrease in aspect ratio increases the probability of
larger overlaps and higher contact forces. However, as discussed earlier, for colonies
with a larger aspect ratio, the probability of overlap within the interval [0 — 0.05]
is higher. This suggests that if a given bacterium has 10 neighboring cells, most of
its overlaps fall within this range, leading to a greater average force exerted on an
individual bacterium. This trend is also evident in Fig. [£.12] At ¢ = 3h, for smaller

aspect ratios, I observe that once the bacterial population within the colony exceeds
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Figure 4.11: Probability distribution function of the overlap between contacting bac-
teria for different division lengths l4.(a) ¢ = 3h and (b) ¢ = 5h.

200, the individual contact forces begin to rise. Similarly, in Fig. and Fig. [{.11] as
the number of bacteria increases across all three colonies, they transition into a regime
characterized by higher contact forces.

These observations indicate that during unrestricted growth, higher nematic ordering in
this active system depends on the aspect ratio. This dependency is linked to the moment
of inertia and the resistance of bacterial orientation against external perturbations.
Moreover, on average, the total contact force exerted on an individual bacterium is
greater for colonies with a higher aspect ratio.

Finally, findings suggest that as bacteria continue to grow freely, increasing population
size can drive the colony into a higher-force regime, reinforcing the role of mechanical
interactions in shaping the collective behavior of the system.

After examining the force and overlap distribution between contacting bacteria, I now
analyze how contact forces are affected once the colony reaches full confinement at
t = 15h. As shown in Fig. [£.13] when the confinement is fully occupied, bacteria with a
larger aspect ratio exhibit a higher probability of experiencing stronger contact forces
compared to those with a smaller aspect ratio. This is attributed to their reduced
flexibility and the pronounced volume exclusion effects, which result in a stronger
mechanical response within the confined environment.

Bacteria with smaller aspect ratios divide more rapidly, leading to larger colony sizes

and higher initial contact forces due to frequent cell-cell interactions. However, their
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Figure 4.12: Probability distribution function of the individual contact force for dif-
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ly=2um l;=3um l;=4um

Figure 4.14: Force network (red lines) for individual contact forces exceeding |F| =
13 (kPa - pm?), overlaid on the bacterial colony configuration for each division length
under square and circular confinement for different division length /.

compact shape allows for greater flexibility in rearranging under mechanical stress, en-
abling them to redistribute forces more effectively as they grow. In contrast, bacteria
with larger aspect ratios experience lower initial contact forces due to slower division
and a smaller colony size. However, as the colony reaches the confinement boundary,
these elongated bacteria face greater steric constraints, limiting their ability to reposi-
tion. This forced alignment amplifies contact forces, as the elongated cells press more
rigidly against each other and the boundary, leading to a buildup of mechanical stress.
As a result, while smaller aspect ratio colonies initially experience stronger contact
forces, larger aspect ratio bacteria ultimately exhibit greater force accumulation once

confined due to their restricted mobility and increased excluded volume.

In Fig. [ visualize the spatial distribution of contact forces exceeding |F| =
13(kPa - pm?), mapping the centers of mass of the contacting bacteria to highlight
the force network. The force chains predominantly form along the lateral sides of bac-
teria, connecting neighboring cells aligned side by side or at small relative angles. In
contrast, forces acting along the end-to-end direction are significantly weaker and less
frequent, as interactions at bacterial tips contribute minimally to the overall mechanical

response.
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This lateral force concentration is a direct consequence of bacterial growth and division
patterns. As bacteria elongate and pack together, steric interactions favor alignment
along their major axis, leading to anisotropic force transmission. Growth-induced com-
pressive stresses cause localized rearrangements, minimizing force buildup at the tips
while reinforcing lateral contact forces. This trend is evident across different division
lengths 14, suggesting that the dominant force pathways are dictated by bacterial ge-
ometry rather than just population size or confinement effects.

The observed lateral force distribution is also linked to mechanical stability. By aligning
side by side, bacteria reduce internal stress and enhance colony coherence, facilitating
collective motion and structural integrity. This arrangement minimizes orientational
frustration and maximizes space efficiency, further supporting the self-organized nature

of bacterial colonies under confinement.

4.2.3 Evolution of Colony Shape: From Early Growth to Circular

Boundary Contact

The formation and evolution of bacterial colony shape in circular confinement are
significantly influenced by the division length [; of individual bacteria. To investigate
this process, I simulate the time evolution of the colony for different division lengths
and analyze its morphology from the early stages of growth to the point where the

colony reaches the circular boundary.

A key metric used to quantify the shape of the expanding colony is the ratio of the
minor axis to the major axis. This metric increases as the colony becomes more circular,
offering a direct measure of how closely the colony approximates an isotropic shape.
Two figures summarize my findings: the first tracks how the minor-to-major axis ratio
changes as the number of bacteria /N increases, and the second illustrates the time
evolution of the colony’s shape for all division lengths.

For colonies with smaller division lengths, the minor-to-major axis ratio remains higher
throughout the simulation, indicating a more circular shape. This observation is con-
sistent both over time and as the number of bacteria increases. The more isotropic
interactions and uniform packing of bacteria in these colonies contribute to their near-
circular morphology. In contrast, colonies with larger division lengths exhibit a lower
minor-to-major axis ratio, reflecting greater elongation and anisotropy in their growth
patterns. Even for the same number of bacteria, colonies with larger division lengths
are noticeably more elongated, suggesting that the division length strongly influences

the collective organization of bacterial populations Fig. [4.15]
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Figure 4.15: (a) Variation of the minor-to-major axis ratio of the bacterial colony over
time as a function of the number of bacteria within the colony. The data is presented
for different aspect ratios, illustrating how colony shape evolves with bacterial growth.
(b) Time evolution of the minor-to-major axis ratio of the bacterial colony for different
division lengths ;. The arrows indicate the time steps at which the colony reaches
circular confinement.

As the colonies grow and approach the boundaries of the circular confinement, the
minor-to-major axis ratio converges to 1 for all division lengths. This convergence
arises from the uniform constraints imposed by the circular geometry, which effectively
counterbalances the inherent anisotropy of colonies with larger division lengths. Fig.
vividly captures this time evolution, showing how the colony shape evolves from its
initial stages to the point where the confinement boundary imposes a uniform circular

morphology.

Taken together, these findings emphasize the interplay between individual bacterial
properties, such as division length, and external geometric constraints. Smaller division
lengths promote isotropic growth, resulting in a more circular colony shape, while
larger division lengths favor anisotropic growth and elongation. However, the circular
confinement imposes a boundary-driven shape uniformity, demonstrating the significant

influence of environmental geometry on the emergent morphology of bacterial colonies.
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4.2.4 Influence of Substrate Properties on Self-Organization and

Ordering

The substrate on which a bacterial colony grows plays a critical role in shaping its self-
organization and overall ordering. Variations in substrate properties, such as stiffness,
friction, and surface topography, can significantly influence the spatial arrangement
and dynamics of bacterial cells within a colony. To explore this, I systematically var-
ied substrate properties in my simulations and analyzed their impact on the colony’s
structure and alignment.

Frictional forces between bacteria and the substrate have a profound impact on colony
organization. On low-friction substrates, bacteria can slide more freely, reducing stress
accumulation and facilitating smoother reorientation, which contributes to higher levels
of nematic ordering. In contrast, high-friction substrates inhibit bacterial movement,
leading to greater stress accumulation and buckling instabilities. These instabilities
disrupt the alignment of bacteria and increase orientational entropy, resulting in a
more disordered colony. The relationship between friction and colony order highlights

the delicate balance between stability and adaptability in bacterial populations.

Directional Distribution of Domains and the Effect of Friction

The frictional coefficient between the substrate and bacteria plays a pivotal role in
shaping the local alignment and organization of bacterial colonies. To investigate this
effect, I focus on the domain areas for specific division length l; = 3um, within a
circular confinement where bacteria exhibit similar orientations. Domains are defined
as regions in which neighboring bacteria align closely, forming clusters with minimal
orientational variation, as show in Fig. [4.16]

By analyzing individual domains within the bacterial colony, I define a directional
vector for each domain to study their orientation distribution under varying frictional
coefficients (. This approach enables us to quantify the degree of alignment and identify
patterns in the directional organization of domains.As shown in Fig. [£.17] the proba-
bility distribution of these directional vectors was calculated and compared for both
low and high frictional coefficients, revealing distinct trends.

For lower frictional coefficients (¢ = 200 Pa - h), the directional vectors exhibit a more
peaked distribution, indicating a higher degree of alignment among the domains. This
behavior reflects smoother alignment facilitated by the reduced substrate resistance,
allowing bacteria within the colony to align more effectively. At higher frictional coeffi-

cients (¢ = 1000 Pa - h), the distribution of directional vectors becomes more uniform.
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Figure 4.16: Visualization of a bacterial colony within a confinement, highlighting
local domains where bacterial orientations are uniform. A zoomed-in view illustrates
these domains, with each assigned an average orientation denoted as W.

0.6 —

05F

04F

02r L]

0.1r

¢ =200Pah

0 /2
y

0.6 —

05F

04+

02r

0.1F

0

¢=1000Pah

/2
v

Figure 4.17: Probability distribution of the domains orientation ¥ for different values

of frictional coefficient.

63



4 Bacterial Self-Organization in Isotropic and Anisotropic Confinement

The increased resistance inhibits smooth alignment and induces greater angular vari-

ability in the domain orientations, contributing to a broader, flatter distribution.

To quantitatively assess the variability in the directional distribution, I define a fluc-
tuation parameter (1) as the ratio of the standard deviation (o) to the mean value ()
of the bin heights in the probability distribution:

n= (4.2.4.1)

g
u .

For the case of low frictional coefficient ({ = 200 Pa - h):

1= 0.3157,
o = 0.0798,
0.0798
= 2000 0.2598.
1= 03157 V2928

For the case of high frictional coefficient (¢ = 1000 Pa - h):

1= 0.3157,
o = 0.0574,
0.0574
= 0.3157 53

The fluctuation parameter demonstrates that the distribution for lower friction (¢ =
200) exhibits greater variability, as indicated by n = 0.2528. In contrast, the higher
frictional coefficient (¢ = 1000) results in reduced fluctuations, with n = 0.1753. This
analysis underscores the relationship between substrate friction and the directional
organization of bacterial domains, where higher friction leads to a more uniform dis-

tribution of orientations.

These results highlight the influence of substrate friction on the directional organiza-
tion of bacterial colonies. Lower friction allows for more consistent alignment within
domains, while higher friction disrupts this organization, promoting greater random-
ness in domain orientations. The fluctuation parameter serves as a robust metric for
characterizing these differences, offering valuable insights into how environmental fac-

tors regulate self-organization in bacterial populations.

The probability distribution of the cross product magnitude between the unit length
vectors of contacting bacteria in Fig. reveals that alignment is slightly higher for

lower frictional coefficients. Reduced substrate resistance enables bacteria to reorient
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Figure 4.18: Probability distribution of the cross product magnitude between the unit
length vectors of contacting bacteria for different frictional coefficients. Lower friction
facilitates better alignment, while higher friction results in a more isotropic orientation
distribution.

more effectively, minimizing angular deviations. In contrast, higher friction hinders

alignment, leading to a more isotropic orientation distribution.

Impact of Frictional Coefficient on Domain Areas within Circular Confinement

For each simulation, I calculate the area of every individual domain and average these
values to obtain a measure of the average domain area for different frictional coefficients.
This approach allows us to quantify how the degree of alignment and clustering changes
as substrate friction varies.

As it is shown in Fig. [1.19(a) at lower frictional coefficients, bacteria can move and
reorient more freely. This mobility promotes smoother local alignment and larger, more
contiguous domains. The reduced stress and lower accumulation of anisotropic forces
facilitate the formation of well-aligned clusters, resulting in a higher average domain
area.

As the frictional coefficient increases, bacterial motion is restricted, leading to higher
stress accumulation at localized regions. This stress induces buckling instabilities, which
disrupt local alignment and fragment the domains Fig. (b) Consequently, the av-
erage domain area decreases with increasing friction, reflecting the heightened disorder
within the colony Fig.

Across the range of frictional coefficients studied, the average domain area exhibits a

decreasing trend with increasing friction. This behavior underscores the destabilizing
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Figure 4.19: Configuration of the bacterial colony within a circular confinement under
with error bars representing the standard error of the mean.
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Figure 4.21: Evolution of the minor-to-major axis ratio as a function of bacterial
population size for both frictional coefficients.

effect of high friction on bacterial self-organization, as increased substrate resistance

inhibits smooth alignment and promotes stress-induced domain fragmentation.

Impact of Frictional Coefficient on Colony Shape and Organization

As it has shown in the Fig. lower friction reduces resistance to bacterial move-
ment and reorientation. This allows the bacteria to redistribute more evenly within the
confinement, minimizing directional growth anisotropy. As a result, the colony tends
to grow in a more isotropic (circular) manner.

Instead, higher friction increases resistance to bacterial movement and alignment. This
can lead to directional biases where bacteria experience difficulty spreading laterally
and instead elongate preferentially along one axis. Consequently, the colony becomes

more elongated, reducing the minor-to-major axis ratio.

o Alignment in low friction: With reduced friction, bacterial cells can more
easily adjust their orientations to align with neighbors. This promotes uniform
packing and reduces anisotropic effects, resulting in a colony that expands more

symmetrically.

o Disruption in high friction: High friction disrupts this alignment, as bacteria
struggle to reorient against the increased substrate resistance. This misalignment

contributes to anisotropic growth and elongation.
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In circular confinements, the shape of the boundary naturally guides the colony to-
ward a circular configuration. However, when friction is high, the internal stresses
and misalignments override the boundary-induced symmetry, leading to a more elon-
gated shape. At lower friction, the colony can more effectively conform to the confine-
ment, maintaining a shape closer to the circular geometry of the boundary. The larger
minor-to-major axis ratio (more circular colony) for smaller frictional coefficients results
from reduced resistance to bacterial movement and alignment. This promotes isotropic
stress distribution, uniform growth, and better conformance to the circular confine-
ment. Higher friction disrupts these dynamics, causing stress buildup, misalignment,

and anisotropic growth that elongates the colony.

4.3 Conclusion

This study has provided an in-depth examination of the mechanical interactions that
govern the self-organization of rod-shaped bacterial colonies under isotropic and anisotropic
confinement. By employing molecular dynamics simulations, I have demonstrated that
both the confinement geometry and the aspect ratio of bacterial cells play crucial roles
in shaping the structural and dynamical properties of colonies. The results highlight
how spatial constraints and mechanical forces interact to determine bacterial alignment,
growth dynamics, and force distributions within confined environments.

One of the key findings is the significant effect of bacterial aspect ratio on nematic
ordering. Colonies composed of cells with higher aspect ratios exhibit stronger nematic
alignment, highlighting the critical influence of cell shape on self-organization. The
degree of ordering is particularly pronounced in environments where confinement en-
hances alignment through mechanical constraints. Additionally, the impact of confine-
ment geometry—whether square or circular—was shown to alter the degree of order,
illustrating the interplay between external spatial constraints and intrinsic bacterial
properties. Square confinements promote more structured ordering due to their rigid
boundaries, while circular confinements encourage more isotropic distributions, demon-
strating how geometry can dictate colony morphology.

Furthermore, this study revealed that mechanical compression within confined bac-
terial colonies influences force magnitudes and growth dynamics. Cells with longer
division lengths experience greater internal stress, which in turn affects their spatial
organization and growth efficiency. The force network analysis demonstrated that bac-
terial interactions lead to anisotropic force distributions, with lateral forces dominating

over end-to-end interactions, particularly in dense colonies. These findings suggest that
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4.3 Conclusion

growth-induced mechanical forces play a substantial role in shaping bacterial behavior,
affecting how colonies evolve over time and respond to spatial limitations.

The influence of substrate properties, particularly friction, was also evident in the
simulations. Lower friction coefficients facilitated smoother bacterial alignment and in-
creased domain sizes, whereas higher friction induced local stress accumulation, leading
to disrupted ordering and increased disorder within the colony. This highlights the im-
portance of environmental conditions in regulating bacterial self-organization and sug-
gests that surface properties play a crucial role in determining the collective dynamics
of bacterial populations.

Beyond fundamental bacterial self-organization, these findings have broader implica-
tions for fields such as microbial ecology, where understanding bacterial collective be-
havior is essential, and biotechnology, where optimizing bacterial growth in constrained
environments is a key objective. The results underscore the importance of mechanical
interactions and confinement effects in shaping bacterial colonies, providing insights
that could inform biofilm formation studies, microbial engineering applications, and
theoretical models of bacterial population dynamics. Ultimately, this work lays the
foundation for further exploration into the complex interplay of mechanics, geometry,
and biology in microbial systems, offering new perspectives on the physical principles

that drive bacterial organization in confined environments.
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5 Growth of Stress-Responsive
Bacteria in 3D Under Confining

Pressure

In Sections [3.3.1) and |3.3.2], research on bacterial growth in both two and three dimen-

sions has demonstrated that mechanical stress from an external source plays a crucial
role in the structural evolution of colonies, with even weak stresses driving morpholog-
ical transitions and self-organization. Prior studies have investigated bacterial growth
under various forms of confinement and mechanical forces, revealing how spatial con-
straints and stress influence colony expansion.

However, a comprehensive understanding of how confining isotropic pressure specifi-
cally affects stress-responsive bacteria, their growth dynamics, and population behavior
remains incomplete. My work addresses this gap by examining the interplay between
mechanosensitivity and external pressure, shedding light on how these factors dictate
bacterial colony expansion, intercellular force distribution, and overall structural evolu-
tion. By integrating theoretical modeling with computational simulations, my research
provides a deeper mechanistic understanding of bacterial adaptation to mechanical

stress in confined environments.

This chapter is based on the Growth of nonmotile stress responsive bacteria
in three dimensional colonies under confining pressure published in Biophys-
ical Journal (2025) by Samaneh Rahbar, Farshid Mohammad-Rafiee, Ludger
Santen, and Reza Shaebani [36].
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Figure 5.1

5.1 Model

5.1.1 Bacterial Motion and Growth

The dynamics of bacteria under confining isotropic pressure are governed by over-
damped Newtonian equations that model their positions, orientations, and interac-
tions. Each bacterium is represented as a spherocylinder with a constant diameter d
and a time-dependent length [(¢), show in Fig. [5.1fa), growing and dividing in three-

dimensional space.

The translational motion of each bacterium, influenced by contact and frictional forces,

is described by:

dr 1N
S TErTE i 111

where 7; is the position of the center of the bacterial center of the mass, f:»j represents
the force exerted on bacterium ¢ by the bacterium 7, ( is the effective drap per unit

of length. For computation of the contact vectors 7, 7, and the overlap h;;, and

i
correspondingly, mechanical forces ﬁj, I employ the modeling described in Chapter
four, section 4.1.1] These quantities are depicted in Fig. [5.1|(b).

As shown in Fig. [5.1] the orientation of each bacterium in three-dimensional space can
be fully represented using two angles, the azimuthal angle ¢ (azimuthal angle) and the

polar angle 6.

Since the bacterium is symmetric around its long axis and the mechanical interactions
do not couple with self-rotation, rotations about the bacterium’s own axis are negligible

and can be ignored.
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5.1 Model

The time evolution of the ¢ could be given by:

dﬁ = Z ) x i) -2 (5.1.1.2)

Z]l

where 77, is the position of the contact point for bacterium ¢, and 2 is the unit vector
along the z—axis.
The torque in the direction of the unit vector ngS lies in changing 6 in spherical coordi-

nates. In Cartesian coordinates, it can be expressed as:

= (— sin ¢& + cos ¢7) (5.1.1.3)

Therefore, the projection of the torque in the direction of ¢fl gives us the time evolution

of 0 as

do

= ) X fis) - s (5.1.1.4)

j= 1
This equation captures how the forces and torques acting on the bacterium influence
its motion associated with changes in the polar angle 6.

As it has shown in Fig. [5.Ifc), the growth and division dynamics of the bacteria are
modeled following the method detailed in Chapter four, section [£.1.4]

5.1.2 Implementation of Periodic Boundary Conditions

To eliminate boundary effects and enable realistic modeling, I can implement periodic
boundary conditions (PBC) in all directions. This approach poses challenges for impos-
ing isotropic pressure, as moving walls or physical pistons cannot be utilized. Instead,
an imaginary piston could be employed, where the system volume becomes a dynamic
variable.

As illustrated in Fig. [5.2] this work considers a large three-dimensional phase space
discretized into a grid. Gridding is particularly effective for molecular dynamics simu-
lations, enabling efficient computation and spatial organization of particles or system
states. As detailed in the previous chapter, this structured framework facilitates the
implementation of PBC, ensuring continuity and consistency across the edges of the
simulation domain. The size of each grid cell L is chosen to be slightly larger than both
the bacterial length scale [ and the interaction range, which is in order of dy, ensuring

accurate capture of interactions within each cell. Additionally, this setup prevents over-
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.
’

’

ek,

Representation of a cubic box with periodic boundary conditions applied,

within a defined grinding space, to simulate continuous cell interactions in the system.

L represents the dimension of the box.

Figure 5.2
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5.1 Model

Figure 5.3: Tlustration of a 2D square box (colored yellow) containing bacteria i and
J, along with all possible imaginary positions of these bacteria under periodic boundary
conditions, to model their interactions in the system.

lap or distortions in the representation of bacterial dynamics, as the minimum distance
between bacteria satisfies d,,;,, < do.

The logic behind PBC relies on the concept of imaginary interactions, which repli-
cate the system’s behavior as if it existed in an infinite space. Bacteria near the bound-
aries interact with their periodic images to maintain continuity across the simulation
domain. However, only particles within the interaction range near the boundaries con-
tribute to these imaginary interactions, as particles farther away have no influence.
In the simulation, a list of bacteria near the boundaries is maintained. Given the defined
length scale and interaction range, it is unnecessary to generate all 27 possible periodic
images of a given bacterium j relative to i to compute the pair interactions. Instead, the
calculations are limited to interactions within the relevant range, significantly reducing
computational complexity while maintaining accuracy using the minimum image
convention]

The minimum image convention ensures that only the closest periodic image of a
bacterium is considered during interaction calculations, eliminating the need to com-

pute all 27 periodic images in a three-dimensional cubic box.

'The minimum image convention, used in this work, ensures that only the nearest periodic images
are considered for interactions between bacteria.
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5 Growth of Stress-Responsive Bacteria in 3D Under Confining Pressure

As shown in Fig. [5.3] consider two bacteria within a periodic box. To find the nearest
image of bacterium j relative to bacterium i, at the first step the displacement vector

between them is calculated as:

7= — 7 (5.1.2.1)

Under the minimum image convention, the displacement vector is wrapped into the
rangee —L /2 to L/2 (where L is the box dimension in each direction). This is achevied

using the following:

Fijarapped = Tji — L - round (%) (5.1.2.2)

This ensures that the displacemesnt vector 77, rappea cOrresponds the displacement

vector for the nearest image of bacterium j relative to i.

Two conditions determine how the displacement vector is wrapped into the simulation

box:

1. If the displacement vector component satisfies r;; > L/2, the wrapped displacement

is:
L .
Tij > 5 if Tijwrapp = Tij — L (5123)
2. If the displacement vector component satisfies r;; < —L/2, the wrapped displacement
is:
L .
Ty < 5 if Tijowrapp = Tij + L (5124)

These conditions ensure that the displacement vector always corresponds to the shortest

distance between bacteria ¢ and j, accounting for periodic boundaries.

Using the wrapped displacement vector 75; wrapped, the coordinates of the nearest im-
age of bacterium j, denoted as 77}, can be computed relative to the position of bacterium

1

7l = T + 7 mrapped (5.1.2.5)

This equation provides the exact position of the nearest image of bacterium j within the
simulation box. By employing this method, the computational burden is reduced while

preserving the accuracy of interaction calculations under periodic boundary conditions.
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5.2 Numerical Implementation

5.1.3 Time Evolution of Volume and Scalar Pressure

To model bacterial colonies within periodic boundary conditions, it is essential to de-
termine the time evolution of the periodic boundaries’ volume and their positions.
Mechanical forces generated by bacterial interactions are used to calculate the scalar
pressure within the colony, capturing the effects of these interactions. The scalar pres-
sure is calculated using the contact forces and vectors between bacteria, as introduced
in chapter two section 2.2}

Pin(t (1%2 fm) (5.1.3.1)

i=17=1

Here p;n(t) represents the scalar internal pressure, V' is the volume of the system, 7%,
is the contact vector, and ﬁj is the contact force between bacteria ¢ and j. The volume
of the system V', is treated as a dynamic variable whose evolution is governed by the
interplay between the constant external pressure p,,; and the evolving internal pressure
Pin, Of the system. The change in volume, mediated by the inertia of the piston M, is
expressed as [87, [88]:

d*V (1)
dt?
In this study, I assume that the mass of the piston M, is significantly large. Conse-

= pin(t) = Pour = Ap(?) (5.1.3.2)

quently, the piston moves very slowly, allowing us to approximate its velocity as zero

% = 0. By properly rescaling bacterial positions to account for changes in the system

volume, the dynamics of bacterial motion can be expressed as:

dﬁ» d In V()

— = ij —_— 5.1.3.3
where the last term on the right rescales the position according to the relative volume
change. This method has been demonstrated to produce isotropic and homogeneous

jammed packings of grains, as shown in prior studies [88] [89].

5.2 Numerical Implementation

In this study, the time evolution of the bacteria’s translational motion, orientation, and
system dynamics is numerically solved using the forward Euler method. This method,
chosen for its simplicity and computational efficiency, is applied to discretize the gov-

erning equations.
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Translational Motion
The equation governing the translational motion of bacterium ¢ Eq. [5.1.3.3] is de-

scretized as:

mdIn V(1)

70D — g ) Ay Z fis + 7! dt

’le

(5.2.0.1)
where:

. Fi(n) is the position of bacterium i at the n—th time step,

e At is the time step size.

Azimuthal angles (¢) dynamics
The time evolution of ¢, Eq. [5.1.1.2|is descritized as:

gbn—H gbn + At

CF’ Z[ ) x fii] - ] (5.2.0.2)

’le

Polar angle (¢) dynamics
Similarly, the time evolution of 6, Eq. [5.1.1.4]is descritized as:

O™t = 0" + At

= Z[ ) % fij] - ] (5.2.0.3)

Z J 1

To ensure the stability of the forward Euler method, the time step At is chosen to
be sufficiently small, based on the characteristic time scales of bacterial motion and
interactions. The numerical integration is performed iteratively, with each time step
updating the positions, orientations, and angles of all bacteria in the system.

By employing the forward Euler method, the computational framework is kept straight-
forward and efficient, allowing for the simulation of large systems of interacting bacteria
under isotropic pressure.

To model the dynamic volume changes while maintaining computational stability, the
governing equations are discretized. The volume evolution from Eq. is updated

as follows by considering dV =0

V(t+At)=V(t)+ §ﬁAt2 (5.2.0.4)

Here At represents the time step, and is the pressure difference driving the volume

change.
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Figure 5.4: Illustration of the cubic box with a periodic boundaries. (a) N = 1 at
the middle of the box at the early stage of the simulation. (b) N ~ 70 in the cubic
box with periodic boundaries, and implementing isotropic external pressure (denoted
by black arrows).

At each time step, the volume of the cubic box with periodic boundaries is known, and
from this, the lengths in all three directions, as well as the coordinates of the bound-
aries, are determined. The coordinates are expressed as ry;, and ry.x, representing the
minimum and maximum points along each axis. When the system evolves to the next
time step t + At, the volume of the cubic box changes. This results in a new length
for the box, which can be computed as V/3, where V is the updated volume. To ac-
count for this change in the box size, the length difference AL = L(t + At) — L(t) is
isotropically distributed around the initial boundary coordinates. The updated bound-

ary coordinates at time t + At are given by:

AL AL
rmin<t -+ At) = ’rmin(t) — 7, Tmax<t -+ At) = Tmax(t) -+ 7 (5205)

This ensures that the boundaries shift symmetrically, maintaining the periodicity of

the box while adjusting to the new dimensions.

To investigate the behavior of stress-responsive bacterial colonies under confining pres-
sure, I perform simulations based on the bacterial growth, division, and dynamics
models described in the earlier sections. The default parameter values used in the

simulations are show in the Table. 5.1l

The simulations begin with the growth of a single elongated bacterium, as illustrated in
Fig. [5.4{a). The initial simulation volume is V' = 27um? . Applying isotropic confining
pressure at this early stage leads to anisotropic behavior in the system’s linear size

across different directions.
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To address this issue, the volume is kept constant during the early stages of the simula-
tion, allowing bacteria to grow freely. Once the colony reaches N = 70 bacteria (where
the individual volume of a single bacterium at the onset of division is oc 0.46um?,
isotropic external pressure is applied. Alternatively, simulations can be initialized with

a compact, randomly arranged multicellular colony that is equilibrated before the in-

troduction of confining pressure.

For ease of comparison, all measured quantities are nondimensionalized using the units

provided in Table. [5.2]
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Table 5.1: Default parameter values used in the simulations.

Parameter Symbol | Value

bacterial diameter dy 0.5 pm

Growth rate g (2,4) ym - h~"
Division length lg 2 pm

Viscous drag coefficient ¢ 200 Pa - h

Young’s modulus of the bacteria | E 400 kPa

Young’s modulus of the wall E 1000 kPa

Piston inertia M 10~*kg - m™—*
Mechanosensitivity 6} 0.4 (um - kPa - h)~!
Time step At 5x 107*h

Table 5.2: Non-dimensionalized parameters used in the simulations.

Parameter Symbol | Non-dimensionalized Value
Time unit to 1h

Growth rate Tgo 2pm-hT

Volume scale Vo 125 pm?

Mechanosensitivity | (o 0.02 (um - kPa - h)~!




5.3 Results

Figure 5.5: (a) Bacteria freely growing in a nutrient-rich environment, expanding
without physical constraints. (b) Bacteria growing within a rigid cubic confinement,
experiencing spatial restrictions and mechanical constraints. (¢) Bacterial growth inside
a cubic periodic boundary conditions (red dashed lines), in presence of external isotropic
pressure (yellow arrows).

5.3 Results

5.3.1 Modeling Bacterial Proliferation: Growth in Unconfined vs.

Confined Environments

As the first step in modeling bacterial growth under confining pressure, I performed
simulations where bacteria grow freely in a large, unconfined space Fig. (a), mim-
icking a nutrient-rich environment. In the absence of external pressure, bacterial pro-
liferation leads to the formation of a freely exponential growth Fig. (a), p.6a)),
which gradually adopts a spherical shape.

Before implementing periodic boundary conditions, I first consider bacterial growth
within a rigid cubic confinement Fig. [5.5(b). As the bacteria proliferate and reach the
boundaries, they begin to align along the walls of the enclosure. Due to the increas-
ing population density, significant overlaps between bacteria are created, resulting in
mechanical stress and localized crowding effects, shown in Fig. [p.6|(b).

I expect that growth under confinement will lead to denser bacterial colonies and sig-
nificantly influence the population dynamics of stress-responsive bacteria due to the
development of internal stresses. In particular, confinement affects space-filling prop-
erties and proliferation statistics of the colonies, as shown in Fig. (b)7 the colony
saturates (b) and bacteria are not able to grow. In the following sections, I ex-
plore the effects of key parameters such as imposed pressure, mechanosensitivity, and

bacterial growth rate in the following sections.
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Figure 5.6: (a) Time evolution of the freely growing bacteria, which is given from Fig.
b.5(a). (b) Time evolution of the bacteria inside a hard cubic wall, which is given in

Fig. (b)

5.3.2 Impact of Confining Pressure on Bacterial Growth and

Population Dynamics

To more accurately represent bacterial growth in natural confined environments—such
as human tissues or soil [90, 91]—I implement periodic boundary conditions to simu-
late isotropic confining pressure. This approach brings the model closer to real-world
conditions, where bacterial colonies must adapt to spatial constraints and mechanical

stresses within their surroundings [92], 93], 04].

I first investigate the pressure dependence of the population dynamics. Fig. shows
the time evolution of the total number of bacteria for two different growth rates r,
and various values of the imposed confining pressure, p..,. As explained earlier, the
simulation initially starts with p,, = 0 until the number of the bacteria N ~ 70 is
reached, which occurs at approximately ¢t ~ 12ty or t ~ 6ty for a bacterial colony
with the growth rate of ry, or 2ry, respectively. During this initial growth phase, the
colonies exhibit nearly exponential growth.

Due to the mechanosensitivity of bacteria (5 # 0), the instantaneous growth rate of
each bacterium fluctuates over time based on the local forces exerted by neighboring
bacteria during growth and division. Once the external pressure is applied, the popula-
tion dynamics slow considerably. Extremely high pressures can even completely inhibit
population growth Fig. [5.7, similar to the effects observed in simulations with rigid
boundaries.

Interestingly, at long times, the population growth under pressure appears nearly lin-
ear rather than exponential, with the slope decreasing as p,. increases. While the

growth rate r, affects the quantitative results, the qualitative behavior remains consis-
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Figure 5.7: Time evolution of the total number of bacteria N for different values of
Pout and (a) ry = r, and (b) r, = 2r,,. The upper and lower panels represent the same

plots in linear and log-lin scales, respectively. Figure and the caption reprinted from
Rahbar et al. [86].
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Figure 5.8: Volume of the bacterial colony as a function of time for different values of
Pout and (a) ry =1y, and (b) r, = 2r,,. Figure and the caption reprinted from Rahbar
et al. [86].

0 8

tent Fig.[5.7] This pressure dependence aligns with experimental observations of E. coli
colonies [82]. Notably, similar power-law dynamics have been reported for biofilms grow-
ing near surfaces [95], although in those cases, the slowed dynamics were attributed to
mechanisms such as cell death and localized growth inhibition rather than mechanosen-
sitivity.

The reduction in the population growth rate with increasing p,,; directly affects the
expansion of the bacterial colony’s volume. As illustrated in Fig.[5.8] the rate of volume
expansion decreases inversely with po.. The bacterial growth rate r, also plays a sig-
nificant role. For instance, while an external pressure smaller than 0.07F is sufficient to
halt the expansion of a colony with r, = r,, Fig.|5.8(a), a higher pressure poy, > 0.1E
is necessary to stop the expansion of a colony with r, = 2r, Fig. [5.§(b).

5.3.3 The Role of Mechanosensitivity in Bacterial Growth Under

Confinement

The degree of bacterial mechanosensitivity, captured by the parameter 3, significantly
impacts the growth dynamics of individual bacteria and the overall development of the
bacterial colony under confinement. By systematically varying § over a broad range, I
analyze the total number of bacteria Ny and the final colony volume V; at a long time
ty ~ 300ty. A larger § slows the growth dynamics of individual bacteria, leading to a
slight reduction in both Ny and Vy, as shown in Fig. [5.9]
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Figure 5.9: (a) Total number of bacteria and (b) volume of the colony at ¢; ~ 300¢, as
a function of the mechanosensitivity 5 . Figure and the caption reprinted from Rahbar

et al. [86].
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Figure 5.10: (a) Probability distribution of the scaled overlap h/d0 and (b) probability
distribution of the instantaneous growth rate % at t =~ 300t, for different values of pyy:.
Figure and the caption reprinted from Rahbar et al. [86].

For the biologically relevant parameter set chosen as a reference, the sensitivity of bac-
terial growth to [ is relatively modest. Specifically, a tenfold increase in 5 (from § = 2,
to 8 = 200) results in approximately 1% and 3% reductions in Ny and V%, respectively.
These findings highlight the limited yet measurable influence of mechanosensitivity on

colony growth under the given conditions.

5.3.4 Pressure-Induced Changes in Bacterial Deformation and

Growth Dynamics

To gain deeper insights into population dynamics under confining pressure, I ana-

lyze the probability distribution of bacterial overlaps h and instantaneous growth

dl

rates g across the colony at a long time ¢y =~ 300¢y. Increasing external pressure

results in denser colonies, where bacteria experience greater deformations. As shown in
Figf5.10(a), the peak position and mean value of the overlap distribution shift toward

higher h values with increasing pous.

Consequently, as the forces exerted on bacteria intensify, the instantaneous growth
rates % are expected to decrease. This trend is confirmed in Fig. [5.10(b), where higher

Pout correlates with smaller growth rates for individual bacteria. The probability dis-
dl

dt
to a narrower profile centered at lower growth rates. These slower growth rates under

tribution P transitions from a broad shape, with a mean at intermediate & values,

higher external pressure result in extended division times for the bacteria.
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Figure 5.11: Log-in plots of doubling time of bacteria t4 versus (a) po; and (b) 3, for
two different growth rates, r,. Other parameters: (a) 8/8y = 20, (b) pour/E = 0.007.
The lines represent exponential fits according to Eq. [5.3.6.4]
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5.3.5 Division Dynamics Under Pressure: How Confinement

Affects Bacterial Doubling Time

To analyze the effects of confinement on bacterial division dynamics, I extract the

t
division time ¢4 using the relation N = Ny2%. Fig. [5.11[a) illustrates how ¢, varies

with the external pressure po.. Initially, ¢; increases with p.,; and eventually plateaus.
At small poy:, the increase in ty is nearly exponential, with a slope inversely related
to the growth rate r,. Previous experiments on E. coli colonies [82] similarly observed
an exponential rise in ¢4 with p.,. Notably, in those experiments, the slope decreased
with higher temperatures, corresponding to increased growth rates. As po, increased
further, t; diverged, indicating the cessation of growth and division dynamics under
extremely high stress, leading to an infinite division time for a growing fraction of
bacteria.

In my numerical study, the simulation time window ¢, is finite. Consequently, for
non-growing bacteria, I record ty < t,.x instead of oo, resulting in the saturation of t4
at large pout rather than its divergence. Fig. (b) shows the variation of t; with the
mechanosensitivity parameter 5. Although the range of variation is limited, ¢4 follows a
similar trend as observed for p,u: t4 grows exponentially at small 5 values and saturates

at larger 3.

5.3.6 Effective- Medium Estimate of the Doubling Time

The doubling time t; can be analytically estimated by approximating the fluctuating
stress field across the colony at long times (when the internal pressure equals poyt)
as an isotropic, homogeneous stress field characterized by poy. In this approximation,
the discrete contact force network between bacteria is replaced with an effective uni-
form stress medium. Consequently, Eq. for bacterial growth dynamics can be

simplified as

dl(t
7( ) =7, — 250‘pout (5361)
dt
where 0 = ”ng represents the cross-sectional area perpendicular to the major axis of

each bacterium. Then, the average length of bacteria at time ¢t becomes

1(t) = l; + (rg — 280pout)t (5.3.6.2)

from which the doubling time t; can be extracted as
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L
2(rg - 2Bo-pout)

According to this approximation, the doubling time diverges at the threshold confining

tg= (5.3.6.3)

max __ Tg
pressure Pout — m,

reach the required value to fulfill % =0.

where the mean stresses exerted along the major axis of bacteria

max

oeX threshold, individual cells in a bacterial colony may ran-

However, even below the p
domly experience large forces, which prevent their length growth and division (leading
to an infinite doubling time). The increase of py,; enhances the frequency of such
stochastic singular events in the system. Therefore, the approximation in EqJ5.3.6.3
underestimates ¢; at larger values of p,, and predicts a pressure threshold p53* higher

than observed in simulations.

Nevertheless, in the limit of small pyy, the analytical prediction in EqJ5.3.6.3] success-
fully captures the behavior.

By expanding Eq. |5.3.6.3|around po,; = 0, I can extract an exponential approximation

for t4 at small confining pressures as

20
td ~ exXp [rﬁpont‘| (5364)
g

Fig. [5.11)(a) shows that the behavior of ¢; at small p,y; is well-captured by the expo-
nential relation in Eq.[5.3.6.4l Expansion of Eq[5.3.6.3]around = 0 similarly leads to
Eq[.3.6.4] i.e., ty also grows exponentially with £ in the limit of small 5. The fit to
Eq/5.3.6.4] shown in Fig. [5.11](b), verifies that the agreement is satisfactory.

5.3.7 Population Growth Model

To quantitatively describe bacterial population growth under confining pressure, I pro-
pose a minimal theoretical model that captures the time evolution of the bacterial
population N during the development of internal pressure. Initially, in the absence of
external pressure (po,: = 0), the bacterial colony is free to expand, allowing it to relax
internal stresses caused by growth and division. This freedom prevents the internal
. . . free . .
pressure, p;,, from increasing beyond a small baseline level, p;,“°, despite continuous

population growth.

free

When external pressure poy: is applied (pou: > pi, "), the colony’s expansion becomes
constrained, leading to an increase in intercellular interactions and a gradual buildup of

internal pressure. Assuming that these interactions are primarily dominated by binary
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Figure 5.12: (a) Internal pressure p;, , scaled by the Young’s modulus E, versus the
square of the increasing number of bacteria at the given external pressure pyu. (b)
Population of bacteria Ny at the onset of p;, = pous in terms of the external pressure
Pout - The line is a fit to Nyg o< 1/pout - (¢),(d) Time evolution of the number of bacteria
via Eq. for Ny = 10 and (¢) pou/E = 0.002 and different values of r, and (d)
re/Tq0 = 0.1 and different values of py,/E. The inset of the panel (c) represents the
long time behavior of N. Figure and the caption reprinted from Rahbar et al. [86].
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contacts between neighboring bacteria, I hypothesize that the internal pressure p;,
grows proportionally to the square of the bacterial population, p;, o< N2, for pin < Pout-
Simulation results, as shown in Fig. [5.12((a), validate this assumption. During the ini-
tial phase of exponential growth at p,,;, = 0, the internal pressure remains negligible

(pin ~ pI7®) despite an increase in bacterial population. However, upon applying an

Jre¢ the internal pressure begins to grow linearly with N2 un-

external pressure pou,: > pj,
til it approaches equilibrium with p,,;. Once this balance is achieved, further bacterial
division and growth dynamics no longer contribute to a rise in p;,, as the system effec-
tively relaxes excess internal stresses to maintain p;, = pow. Under these conditions,
the population continues to grow despite the confining pressure.

To clarify how the magnitude of p,,; influences population dynamics, I extract the

population size at the onset of p;, = pousr, denoted as N, , from the simulations. As

o>
shown in Fig. [5.12(b), N,, decreases with increasing py.:, and their relationship is
approximately captured by N, X Wlthm the studied range of p,,;. This observation
leads to the simplifying assumptlon that the strength of the imposed constraint is
linearly proportional to the external pressure.

Building on this, I propose the following master equation to describe the time evolution

of the bacterial population:

aN
dt

The first term on the right-hand side represents exponential population growth, where

—r,N — %NQ (5.3.7.1)

the growth rate is proportional to the current population. The second term introduces
a constraint that slows the growth rate by accounting for the increasing number of
binary interactions (o< N?) under external pressure. This equation suggests that the
population dynamics are fully governed by the external pressure, Young’s modulus F,

and the mean growth rate. The solution of this logistic growth model is given by:

Noo

N(t) = (5.3.7.2)
Here, Noo = -= represents the carrying capacity of the system, while Ny is the initial
population size When DPout 1S applied.

Figures |5.12) E and |5 - ) illustrate the time evolution of N as predicted by Eq.
@, for various values of the mean growth rate 7,4, and external pressure p,,:. No-
tably, this simple model qualitatively reproduces the behavior observed in simulations,
particularly the time evolution of N following the initial exponential growth phase (see

the lower panels of Fig. for comparison). It is worth noting that when p,,; = 0, Eq.
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5.3.7.1| reduces to a pure exponential growth model, while a negative external pressure
(Pour < 0) would accelerate population growth, as shown in Fig. |5.12(d).

The asymptotic behavior of N(t) is depicted in the inset of Fig. [5.12(c), showing that
N(t) approaches a plateau at long times. This behavior contrasts with the simulation
results in Fig.|5.7, where N(¢) continues to grow indefinitely at long times, with a slope
inversely related to the external pressure. In the logistic growth model (Eq. , the
maximum possible number of bacteria, N, is determined by the ratio 1%’ making the
carrying capacity a fixed value. However, as previously demonstrated in Fig. [5.12{a),
the carrying capacity of the system grows indefinitely beyond the onset of p;, = pou:-
This is because the system can expand and relax the excess internal pressure generated
by bacterial division and growth dynamics.

To incorporate this effect into my model, I modify Eq. by introducing a linearly

growing term, pit, to the maximum possible number of bacteria. Here, A is a constant

out
that accounts for the gradual increase in the system’s capacity over time. The revised
master equation for the time evolution of the bacterial population under confining

pressure becomes:

dN N

o rgN (1 — WW) (5.3.7.3)
This equation can be numerically solved for a given set of parameters rg, pout, 2/, A
to predict N(t). The results, shown in Fig. demonstrate that the asymptotic
continuous growth of N(#) is successfully captured by the modified master equation
Eq. [5.3.7.3] Moreover, the model accurately reproduces the inverse dependence of the

growth slope on p,,; at long times, consistent with the simulation observations.

5.4 Discussion

I have numerically studied the evolution of colonies of stress-responsive bacteria under
confining isotropic pressure. To generate homogeneous colonies, boundary effects were
eliminated by employing periodic boundary conditions, which posed challenges in im-
posing a confining pressure. To address this, I developed a method based on rescaling
the momenta and positions of cells, adapting it to the overdamped dynamics of bacte-
ria. The imposed pressure influences colony growth dynamics by affecting intercellular
interactions and the growth of individual stress-responsive bacteria. By introducing
mechanosensitivity into my model, I enabled tuning of bacterial growth responses to
applied stresses. The validity of this approach is supported by the remarkable agree-

ment between my numerical predictions and experimental observations of evolving FE.
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Figure 5.13: Time evolution of N according to Eq.|5.3.7.3|in (a) linear and (b) log-lin
scales for Ng = 2, r,/r,y = 1, A/JE = 107*h™!, and different values of the external
pressure. Figure and the caption reprinted from Rahbar et al. [86].
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coli colonies under confining pressure [82]. Furthermore, the simulation method pre-
sented here can be efficiently parallelized for large-scale simulations, as the varying
volume method is compatible with adaptive hierarchical domain decomposition and
dynamic load balancing [96]. This method can also be straightforwardly generalized to
model assemblies of motile cells.

For simplicity, I chose constant values for the model parameters, including bacterial
structural and mechanical properties (such as cell diameter dy and Young’s modulus
E), growth parameters (growth rate r, and division length [;), and environmental
properties (e.g., drag per unit length ¢ and temperature). However, these choices do
not fully reflect the diverse phenotypic characteristics of bacteria, such as morphological
variability or differentiation. Experimentally derived distributions of these quantities
could be incorporated into simulations to produce quantitatively comparable statistics.
Adapting the mechanical interactions and equations of motion in my model would
require minor modifications to accommodate these real-world distributions.

The exponential growth of bacterial and other populations under ideal conditions can
be significantly impacted by environmental and biological constraints. Factors such as
limited resources, competition, toxic metabolite accumulation, or mechanical interac-
tions (as in my system) disrupt exponential growth, resulting in alternative patterns
like power-law, logistic, or plateaued dynamics [82], [95], [97]. Conversely, suboptimal
nutrient distribution or intrinsic genetic and metabolic limitations may reduce growth
rates while preserving the exponential nature of the dynamics. Thus, the choice of
modeling approach depends on the specific constraints within a given system.
Introducing mechanosensitivity into the model has complex implications for the struc-
ture and dynamics of bacterial colonies. For the parameter set chosen in this study, the
results were only modestly sensitive to the choice of 3. However, in general, reduced
growth rates due to mechanosensitivity can influence bacterial length diversity and spa-
tial organization, altering the stress state of the system. This feedback loop could enable
stress-responsive bacteria to adapt to environmental changes. Exploring the effects of
mechanosensitivity on colony structure, dynamics, and adaptation across biologically
relevant parameter ranges would be an intriguing avenue for future research.

In the absence of quantitative experimental data, I assumed a simple linear force-
dependence for mechanosensitivity. This functional form could be refined to reflect the
specific stress responses of different bacterial types. Stress-responsive bacteria in the
model experience time-dependent instantaneous growth rates due to mechanical stress
variations. Extensions of the model could account for spatial and temporal variations
in growth rates caused by local nutrient availability [98, Q9] or viscoelasticity changes

[T00]. Experimental studies [77), 82, [I01] also show that imposed stresses may affect bac-
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terial division length thresholds, cell shapes, and even induce aging of cell mechanical
properties. Quantitative data would be necessary to algorithmically implement these
effects.

The generalized overdamped Newtonian dynamics approach, commonly used to model
bacterial dynamics in viscous environments, was employed to study non-motile bacte-
rial colonies under confining pressure. However, this method assumes the environment
exerts a purely viscous drag, ignoring memory or elasticity effects. Consequently, it
cannot capture the time-dependent mechanical responses characteristic of viscoelastic
media, such as biofilms embedded in extracellular polymeric substances (EPS). Ac-
curately modeling bacterial dynamics within viscoelastic EPS matrices would require
viscoelastic frameworks, such as Maxwell models. These models combine reversible
elastic responses with irreversible dissipative deformations, capturing memory effects
that govern how stress evolves with strain over time. Incorporating these effects would
enable a more realistic representation of bacterial behavior in environments where de-
formations do not relax instantaneously. While my current approach effectively models
the influence of confining pressure on bacterial population growth, further developments
are needed to consider the effects of confining pressure on EPS matrix structure.
Experimental evidence [102, [103] indicates that high confining pressures alter bacterial
activity, affecting biofilm structural characteristics. Addressing this aspect would pro-
vide a more comprehensive understanding of the interplay between confining pressure
and biofilm mechanics.

In summary, I have developed methods and conducted numerical simulations to study
evolving 3D colonies of stress-responsive bacteria under confining pressure. The findings
demonstrate how physical interactions regulate biological processes at the microscale
and highlight the intricate feedback between mechanical stimuli and bacterial growth
dynamics. Understanding the interplay of mechanosensitivity, bacterial structural char-
acteristics, and mechanical interactions offers valuable insights into adaptive responses
under varying environmental conditions. These insights may inspire novel strategies for

controlling bacterial infections.

95






6 Summary and Conclusion

I constructed a molecular dynamics simulation framework in C++ from the ground up,
designed to accommodate various bacterial shapes and species. This tool allows for the
detailed investigation of how mechanical interactions, confinement, and environmental
factors influence bacterial population dynamics in both two- and three-dimensional
contexts. My work specifically examines how the intrinsic properties of bacteria, in-
cluding geometry, mechanosensitivity, and growth rate, shape bacterial responses to
environmental confinement.

[ numerically studied the evolution of bacterial colonies under different mechanical and
environmental constraints, focusing on the role of confinement, bacterial properties,
and mechanosensitivity. My investigations covered two primary research directions:
bacterial self-organization in confinement and the effects of isotropic pressure on the
growth dynamics of the stress-responsive bacteria.

In my study of bacterial self-organization, I demonstrated that confinement geometry
and bacterial aspect ratio significantly influence colonies’ nematic ordering and struc-
tural organization. Colonies composed of bacteria with higher aspect ratios exhibited
stronger nematic alignment, while the degree of ordering was further modulated by
the shape of the confinement. Square confinements promoted more structured ordering
due to their rigid boundaries, whereas circular confinements encouraged more isotropic
distributions. Furthermore, mechanical compression within confined bacterial colonies
influenced force distributions and growth dynamics. Cells with longer division lengths
in a confined environment experienced greater internal stress, revealing the profound
impact of growth-induced mechanical forces on colony organization. The role of sub-
strate properties was also examined, with lower friction facilitating smoother alignment
and higher friction inducing stress accumulation, disrupting bacterial organization.

In investigating stress-responsive bacteria, I developed a method to impose a con-
fining isotropic pressure while eliminating boundary effects using periodic boundary
conditions. This required adapting a rescaling technique to the overdamped dynamics
of bacteria, enabling the study of how pressure influences colony growth dynamics.
The imposed pressure affected intercellular interactions and the growth of individual

bacteria, with mechanosensitivity allowing bacterial responses to be tuned based on
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applied stresses. The validity of my approach was confirmed by its strong agreement
with experimental observations of E. coli colonies under confining pressure. Addition-
ally, I demonstrated that this simulation framework could be efficiently parallelized
for large-scale simulations, making it compatible with adaptive hierarchical domain
decomposition and dynamic load balancing.

Mechanosensitivity played a crucial role in shaping bacterial growth and colony struc-
ture. While my results indicated only modest sensitivity to the mechanosensitivity pa-
rameter [ within the chosen parameter set, more generally, reduced growth rates due
to mechanosensitivity influenced bacterial length diversity and spatial organization.
This feedback loop between stress-induced growth inhibition and bacterial structural
adaptation suggests potential mechanisms for environmental adaptation. Furthermore,
my model provided insights into alternative growth patterns, showing how mechani-
cal constraints can shift bacterial population dynamics away from purely exponential
growth toward power-law, logistic, or plateaued behavior.

The findings of my work have significant implications for understanding bacterial self-
organization, stress response, and biofilm dynamics. By incorporating mechanical inter-
actions and mechanosensitivity into bacterial models, I have provided a framework for
exploring bacterial adaptation under various environmental constraints. These insights
are relevant to microbial ecology, where understanding collective bacterial behavior is
essential, and biotechnology, where optimizing bacterial growth in constrained environ-
ments is a key objective. The results also have potential applications in medical and
industrial microbiology, particularly in understanding biofilm formation and developing
strategies to control bacterial populations.

Future research could refine the mechanosensitivity model by incorporating experimen-
tally derived distributions for bacterial properties such as division length thresholds,
cell shape variability, and metabolic responses to stress. My current model assumes
a linear force-dependence for mechanosensitivity, but future work could explore al-
ternative functional forms that better reflect bacterial stress responses. Additionally,
while my study focused on overdamped Newtonian dynamics in viscous environments,
extending the model to include viscoelastic effects would allow for a more accurate rep-
resentation of bacterial behavior in biofilms embedded within extracellular polymeric
substances (EPS). Such extensions would enable the study of stress evolution within
biofilms, where time-dependent mechanical responses and memory effects play a crucial
role in bacterial adaptation.

Experimental evidence suggests that high confining pressures alter bacterial activity
and biofilm structure, an aspect that warrants further computational exploration. Ad-

dressing this in future models could provide deeper insights into how confinement and
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mechanical stress shape microbial communities in natural and artificial environments.
Furthermore, incorporating more biologically realistic constraints, such as nutrient lim-
itations and metabolic feedback mechanisms, would enhance the predictive power of
the simulations.

In summary, I developed a molecular dynamics simulation framework from scratch
to study bacterial colony dynamics under various mechanical and environmental con-
straints. My numerical studies highlight the intricate feedback between mechanical
stimuli and bacterial growth dynamics. I explored bacterial self-organization in con-
fined environments, revealing the role of geometry and substrate interactions in shaping
colony structure. I also examined the effects of isotropic pressure on stress-responsive
bacteria, showing how mechanosensitivity can influence growth dynamics and adapta-
tion. These findings contribute to a deeper understanding of bacterial collective behav-
ior and provide a foundation for future research into adaptive responses under varying
environmental conditions. Ultimately, my work offers valuable insights into microbial
dynamics that may inspire novel strategies for controlling bacterial populations and

optimizing bacterial cultures in both natural and engineered settings.
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