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Shapes of bacteria
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The cell wall determines the shape T

* Composed of Peptodoglycan

O-antigen

* Protects against osmotic pressure saconarice
Quter
L Imembrane

 Two classes of bacteria
* Gram-positive: Thick cell wall

Periplasm

* Gram-negative: Thin cell wall

Cel AL AL L
membrane e s

Gram-positive Cytoplasm Gram-negative

Silhavy, T. ). (2010) in Cold Spring Harbor perspectives in biology
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Shape preservation in bacteria

* Shape is consistent through generations

e Shape is recovered after
disturbance

* Shape changes in response to
the environment
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Reproduced from: Felix Wong et al. (2017) Nature microbiology



Peptidoglycan remodelling

e PG synthases assemble the PG network
* PG hydrolases modify existing PG
* Guided by mechanical / geometrical cues?



Growth model for the bacterial shell TUTI

* Mechanical properties of the cell wall

* Turgor pressure 7

e Growth rates are based on local cues
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Spring-based model of the shell T

* Linear elastic continuum —

- Young's modulus E Cell shape
- Thickness t

* Spring network
- Spring stiffness ks

Linear elastic continuum

- Bending stiffness ks
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Energy function

Spring Energy Bending Energy Pressure Energy

edges k triangles
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[terative growth

* Increasing rest lengths /e

* Mesh topology is consistent
between growth steps




Simulation flowchart
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Observables

d

Roughness |

Asphericity




Random vs. strain-based growth T

Strain-based growth rates:

Ee — (Ze — Ze,O)/Ze,O
Ae = —Ag + A&e
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Random vs. strain-based growth T

a

Strain-based growth rates:

Ee — (Ze — Ze,O)/Ze,O
Ae = —Ag + A&e
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Random vs. strain-based growth T
Strain-based growth rates: - w

No
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Random vs. strain-based growth T

Strain-based growth rates:

No
interaction
Ae — _AO _l_ Alge
Strain
based
growth
Random growth , ’_
— Cylindrical shape "o 7 Cons
— Surface roughness - + 0104
Strain-based growth = / — Noimeracion 55
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— Radius is not conserved




Directed growth: Mesh alignment T

 —

| —



Directed growth: Mesh alignment

— Longitudinal
——  Circumferential
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Spring-based model: Limitations T

a

* Dependence on
mesh alignment

* Acute angles in triangles
— Not linear elastic

* Hyperelasticity

- Alternative model

| | | | | | \ \ \ \ | |
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Finite element method TUTI

* Method to solve partial differential equations (PDES)

* Solve for deformations of complex geometries under
outside forces

e Surface is divided into elements /\/\/\/\/\

* Solution is evaluated at nodes /\/\/\/\/\
 Interpolated for a full solution \/\/\/\/\/




Finite element method

Strain for triangular element: € = [Bltclement = {
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Finite element method

Strain for triangular element:

Stress-strain relation:

g = [B]gelement —

D]
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Finite element method

€11
Strain for triangular element: €= [Bltgement = | €22 | =
2€12
011 €11 E
Stress-strain relation: 99| = [D] |eaa| =
| 012 | €12

Strain energy: U =

o ] =
< = 7




Finite element method



Finite element method

£ = [B]ﬁelement U p— 15_‘51‘5 = léir[D]g

. 1 -
Strain energy for element: Welement — §U£ement ( Aelement [B]T[D] [B])Uelement



Finite element method TUTI

. . 1 1
€ = [B]uelement e —5_‘[[‘5" — —gr[D]g
Strain energy for element: W — Lot A B1Y DB
gy . element — 2 element( element[ ] [ H ])uelement
Total strain energy: W = E Welement = E element K clement Uelement
elements elements

Minimize W with respect to u = Deformations



Finite-element-based Model TUTI
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Finite-element-based Model

a b

Grown Grown triangle
triangle compressed
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Finite-element-based Model

a b c

Grown Grown triangle COMSOL:
triangle compressed Compute

R — deformations
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configuration relaxation



Finite-element-based Model

a b c d
Grown Grown triangle COMSOL:
triangle compressed Compute
(= === + — deformations
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Does not fit Fit with Triangle Directional
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configuration relaxation



Simulation flowchart
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Observable: Surface stresses TUTI

Size mismatch of elements
- High compressive and tensile stresses
— Affects mechanical stability



Random vs. strain-based growth T

Strain-based growth rates:
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Random vs. strain-based growth

Strain-based growth rates:
A& = —xg + Apel®

Random
— Spherical shape
— High surface stresses

Strain-based
- Spherical shape
- Moderate surface stresses
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Random vs. strain-based growth T
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Random vs. strain-based growth

Strain-based growth rates:
A = — )Xo+ el

Random
- Spherical shape
— High stresses

Strain-based
- Spherical shape
- Moderate stresses

= Radius is not conserved
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Directional Growth: Strain / CurvatureTI-".I
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Correction mechanism

Combination nyd | I— ~
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— Radius is conserved
- Problem: Large stresses
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Summary T

* Implemented two physical models of the bacterial shell
* Limitations of the spring-based model

* Solved with finite-element-based model

* Strain-based growth improved the mechanical stability

* Importance of a correction mechanism
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Outlook

* Understanding high stresses

* Explore the parameter space
- Gram-positive bacteria: Higher pressures, thicker cell wall

- Pressure changes during growth

* Explore other geometries



Thank you
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9 Slice
: * Slice centers
- "—-a e e— —o— —— s PN - w -- Radius
— Length
Angle

Figure 2.3.4: Computing length, radius and bending angle of the rod-
shaped shell.

The shell is divided into slices (green) along its length. At initialization, each
vertex is assigned a slice. The gravitational centers of the slices (red dots) can be
computed at any point in the simulation. Radius, length and bending angles are
computed from the line connecting the slice centers.
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