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What isgro

A tool for the simulation omulticellularbehaviors im 2D environment

Cell growth/division

Cell crowding

Signal diffusion

Molecular reactions (stochastic)

Multi -levels of programming
Growth control
A Well-mixed vs spatial
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What isgro

Guarded Command Programming + Cell Signaling + Micro-Colony Simulation

A tool for the simulation omulticellularbehaviors im 2D environment

A Multi -levels of programming



Levels of modeling

A Groallowsbehaviors to be specified at whatever level of abstraction mal

sense: fronhigh levelcode of logig to low levelbiomolecular
Interactions.

First try for complicated temporal/spatial dynamics.
Finite state machinesabstractiorof biomoleculareactions

toggle switch
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Levels of modeling: coupled oscillatiGipied_oscitator.gro

nature Vol 46321 January 2010 |doi:10.1038/nature08753
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Levels of modeling: coupled oscillatiefpied_oscilator.gro

Signal X production

production

signai

Cells: 1, Max: 1000, t = 0.00 min
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gnal(s,

: {p.x

p.t+dt}

= p.X + ©0.01*(150-p.x

rate(kb*get signal(s)) : {p.x := p.x

L

9.01%(150-p.x)}



Levels of modeling: chemotaxi@motaxis.gro

program p() := {

set ( "ecoli growth _rate", 6.0 );

ml := 8;
m2 := 8;
t := 8;
mode := ©;
®
_“ t >0.25 : {
signal t := 0,
ml := m2,
Y ” P m2 := get signal(s)
- }
o @
¢ ‘a s mode =@ : { run ( 8 ) }
 °* mode = 1 : { tumble ( 800 ) }
-
L mode = @ & m2 < ml & rate ( 8.5 ) : { mode :
W T oy o mode = @ & m2 > ml & rate ( .81 ) : { mode :
' .
L . - mode = 1 & rate ( ©.81 ) : { mode := @ }
s
S
-
. true : { t =t + dt }
- & -
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What isgro

Guarded Command Programming + Cell Signaling + Micro-Colony Simulation

A tool for the simulation omulticellularbehaviors im 2D environment

A Growth control



Easy for growth control circuits

A Grohas growth, division and death features and automatically updates
volume. It also mimics the spreadmnaicrocolonies

A Growth
set ( "ecoli growth _rate”™, ©.8346574 );
set ( "ecoli init size™, 1.57 );
set ( "ecoli division size mean”, 3.14 );
set ( "ecoli division size var"”, 0.005 );
set ( "ecoli diameter”, 1.8 );

A Death
rate (dC): { die() }

Same ODE model— QU0 QU
Different behaviors



slow down the growth
Growth control: growth rate

/“4

A
fun rep x . 2 / ( 2+ x"2 ); oy (e
program growth() := { S|gnal

efp := 1800%volume;
Sget := get signal( S );

true : {
efp := 1800*volume;
emit signal({ S, kS );
Sget := get signal( S );
set ( "ecoli growth rate"”, k*(rep Sget));

};



Increase the death

Growth control: death rate (lysed)

fun act x . x*2 / ( 2 + x*2 );

program lyse() := { . |
gfp := 100%volume; sigha
Sget := get signal( 5 );

true : {
gfp := 100*volume;
emit signal( S5, kS );
Sget := get signal( S );

¥s



Growth control: death rate (not lysed)

fun act x . x*2 / ( 2 + x*2 );

program death() := {

¥

gefp := 180*volume;
Sget := get signal( S );
state:= [alive := 1];

state.alive = 1) : {

gfp := 188*volume;

emit _signal{ S, kS );

Sget := get_signal( S );
1

rate( dC * (act Sget) ) : {
state.alive := 0;
efp := 2*volume;
set("ecoli growth _rate",@);

};

Increase the death
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What isgro

Guarded Command Programming + Cell Signaling + Micro-Colony Simulation

A tool for the simulation omulticellularbehaviors im 2D environment

A Well-mixed vs spatial



Well-mixed vsspatial assumptions

A Cell growth © expandmicrocolonies
O self-organize into patterns

A Signal diffusion© only affect cells within
the diffusion range

A Environment heterogeneity© cell
behaviors affected by nutrients, antibiotics,
oxygene

Ozgen VenharCelik, et al.Science advancg2018.



Well-mixed vsspatial assumptions

A Cell growth © expandmicrocolonies
O self-organize into patterns

Ozgen VenharCelik, et al.Science advancg2018.



Cell growth:patterning depends on growth mechanisms

> ." a12 .
Interactions: activation/repression of growth/death ' a1 ' ' A

Cell-cell Interactions

dC C1+C
L-V L =ke(1- C1 +(a11C1 +a12G) Gy,
vodel| Cnax
ode
dC Ci+C
—Z:kc ] — 2 Cy +|(a21C1 +a2Cr)Cs.
dr Cimax

Same ODE model
repression of growth = activation of death: Tt
Differentmechanisms: activation of growth = repression of death: Tt

Different spatial behaviors
slow growth fast death (not lysed) fast death (lysed)



Cell growth:patterning depends ogrowth mechanisms

Cooperationtd 1 Tt C{_\_}Q

Activation/repression of growth Repression/activation of death (lysed




Cell growth:coexistencestablility depends on interactions

Interactions: activation/repression of growth/death 2! |‘ a1 ‘:.

.’ '?" d22

Cell-cell interactions

dC, Ci+C
L-V |~ =k (1 - ) Ci +(a11C1 +anG)|Cy,
l Cmax
Model] 4. Ci+C
2 1+C2
— =kc|1— Cr +H(a21C1 +an () Cy.
dz Ciax
ODE model: stableoexistence Spatial model: stable> unstable
Competition @ij <0 Competition @jj < 0
S 0.8 —_— 0% = 40% c 08 — =0 == =1
B 20% —— 60% = e R apeat
= @© - ©
o &= 06 D O
$ 5 8 c 04 | -
25 04 52 /
D S . 0 8 0.2 | Perturbation
aQ Perturbation =
© 0.2 o)
o S 00
20 40 60 80 0 20 40 60 80 100 120

Time (hr) Time (hr)



Cell growth:coexistencestabllity depends on interactions

Perturbation
Perturbation
!
Competition Cooperation
Segregatedoatterning Intermixing patterning

Ren, X., & Murray, R. M2019ECC
Momeni, Babak et al.Elife 2 (2013).



