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Supplementary Text
Agent-based model (ABM)

Our agent-based model is built on the previous models developed by Beroz et al. (1) and others (2,
3), and has successfully applied to the differential growth and self-patterning problem of V.
cholorae biofilms (4). As shown in Fig. S1, cells in the biofilm are modeled as elongating and
dividing spherocylindrical agents and the surrounding hydrogel is modeled as a collection of
spherical agents. We adopt the Hertzian and JKR contact models to address the nonlinear elastic
deformation and the interfacial adhesions in the biofilm-hydrogel system. The details of agent
particle geometries, interactions, governing equations, and parameter settings are introduced

below.

Single cell geometry

For simplicity, we assume that a single spherocylinder represents the space occupied by the

combination of a single cell and its surrounding extracellular matrix. The shape of spherocylinders
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can be determined by their length L and radius R, with the volume 3 . For a single

dL

cell, we assume the growing speed of cell length dt is a constant, and the radius R keeps the same,
dv

leading to an exponential volume growth law dt . To introduce randomness into the model,

we assume the growth rate V follows the normal distribution y~N (VO. 0'2)/0), where Y0 is the

average growth rate calibrated from experiments. In simulations, the continuous exponential

4
AL = y(gR + L)At

growth is implemented as a sequence of discrete length increments of , Where

At is the length of timesteps.

We model the cell division as the following: when the length of a mother cell reaches the division

length Lmax, it is instantaneously replaced by two equal-sized daughter cells with the initial length

L

max

-R

LO =
. As shown in Fig. S1, Ly is determined by the criteria where two daughter cells

have the same total head-to-tail length (L + 2R) as the mother cell. Then it follows, for a cell with

the initial length Lo and  the growth rate V¥, the cellular doubling time is
10R + 6L,

1
t =—Jog|——
double Y g ( 4R + 3L0

). In simulations, the division is implemented as the following: in a

single timestep, if the length of a mother cell reaches Lmax, the length of this cell is altered to LO,
as the first daughter cell. The second daughter cell is generated by directly copying the first, then
their center positions are changed so that they occupy the same head-to-tail position as the mother

cell without overlapping.

It should be noted that, we use a hard-core, soft-shell model to capture the mechanical properties
of the cell-matrix composite. We assume the spherocylindrical region of a single cell can be

divided into two regions with different contact stiffnesses £. The outer region represents the soft

extracellular matrix (E mat ~ 300 Pa

) (5), and the inner region represents the rigid bacteria cell (

) (6). We denote the radius of the rigid cell (inner region) by R, to differentiate it
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with the radius of cell-matrix composite R, and all the word “cell” represents “cell-matrix

composite” in the following descriptions, unless any special declaration.

Cell-cell repulsion

For cell-cell interactions, we neglect any adhesion and friction between cells, but only consider
their elastic contact. We apply the linear elastic Hertzian contact theory (7) to quantify the
repulsive contact forces on cell ¢ by cell J, written as

5. p1/253/2:
- SEoR 126%%,,6, <R-R,
F

)

cell - cell,ij =

5 1/2 3/2 1/2 3/2v\% ’
- S(EoR *(R-R)**+ERY?(8,;-R+R.)**e,;6,>R-R,

iy

where £0 and Ec denote the effective contact stiffnesses of the extracellular matrix and rigid cells

respectively, R¢ is the radius of the center rigid cell, 61’1’ is the overlapping distance, and €4/ denotes
the unit vector normalized from the distance vector d, defined as the smallest distance between

5. =2R-|d|

two cell centerlines. The overlapping distance 61’]’ is given by " . Note that, we

generalize all the contact forces (including point-point contact and line contact) by the scaling

S 1/2¢3/2
F~2EoR'?8%

relation , to avoid the computational step to decide if two cylinders are perfectly

parallel with each other. Strictly, for the perfectly parallel contact case, the scaling of the contact
F~E,ms
forces should have been 4 , where M is the contact length. We validate this simplification
by comparing the above two scaling relations (Fig. S3A), where we set the contact length
m = 1.6 um (the average cell length) and the contact radius R = 0.8 um (the cell radius in our
model), and the difference of contact forces is negligible. We also show that the above
simplification has trivial effects on cell alignment and stress distributions. As shown in Fig. S3B,
we compare two biofilms under different treatments of the cell-cell contact (the left is the
simplified contact model used throughout our work, and the right is the modified version by
considering the perfect parallel contact), and find that the spreading radius of biofilm, the cell
alignments, and the onset threshold of verticalization are nearly identical between two simulations.
Furthermore, we compare the spatiotemporal evolution of the hydrostatic pressure and the

equivalent shear stress between the simplified and the modified contact model (Fig. S3C). The
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modified contact interaction does not significantly alter the time evolution of average stresses,
stress spatial distribution, and the cell orientational order.

F

Correspondingly, the moment of contact force " cell - cellij about cell center is given by

Mcell - cell,ij = Srni X Fcell - cell,ij’ (2)

~

where ™ is the unit vector denoting cell orientation (from cell center to the contact point) and Sr

is the parametric coordinate of the contact point along the center line of the cell.

Cell-gel interactions

On the interface between the biofilm and the surrounding hydrogel, we apply a JKR-type model
to capture the elastic contact and the adhesion between a cell agent ¢ and a coarse-grained gel
particle J. For the elastic contact, we use a similar linear elastic Hertzian contact interaction with

Eq. (1), written as

5 1/233/27
- SEoReq 126%%,,6, <R-R,
F cellr—esel i=\ 5 ’ 3)
’ 1/2 3/2 1/2 3/2\2
- 5(EqRe (R-R)*+ER,,"/*(6,- R+R)"e,6,>R-R,

2R R

R, =—"——
7 R+R

gel is the equivalent radius of contact, Rgel is the radius of coarse-grained gel
Sij =R+Ry, - |d|

where

particles, and the overlapping distance is determined by a similar method

considering the minimal distance between the center of the gel particle to the cell center line.

We assume cell-gel adhesion forces are proportional to Yceli - gel, which is the energy release per

unit area given by Veell - gel = Yeell ¥ Vget =¥ , the surface energy of cell and gel minus the

interfacial energy V " Naturally, cell-gel adhesion forces are also proportional to the contact area,

which gives
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adh _ 2 ~
Fcell —-gelij — Ay cen - geleij’ (4)

where @ is the equivalent radius of contact area, given by the simplified geometric relation
a=y 6UR€‘I. For simplicity, our model neglects the cohesion-decohesion asymmetric behavior in

the original JKR model, as the decohesion behavior rarely happens on the continuously expanding

biofilm-gel interface.

. . . rep s
Similarly, the moment about the cell center, for the repulsive cell-gel contact force Feen—gewij and
the cell-gel adhesion ~ cell - geLij can be given by

rep _ ~ rep

Mcell -gelij — Sl X Fcell - gel,ij’ (5)

and
adh — adh

Mcell -gelij — Sl X Fcell - gel,ij* (6)
Gel-gel interactions
We treat the surrounding agarose gel as a soft viscoelastic material, using the coarse-grained

modeling approach to address its mechanical behavior. The basic elements of the coarse-grained

model are spherical particles of radius Rgel with harmonic interactions. We set the pairwise

k. )
Ejer2= Zij?(fij - o)

interaction energy between the gel particles as ,with the cut-off radius

c . .
gel2 where évij is the distance between particle ! and J, $o is the equilibrium distance, and ke, 1S

the spring constant. To capture the gel shear modulus, we also introduce a three-body interaction

k
¢ 2
Egel,3 = Eijk?(zijk - 50)

Cc
energy where , with the cut-off radius Rgelﬁ, where {ifk is the bond angle

formed by particle ¢, J, and k. We also considered the normalized Stokes viscosity of gel particles
to address the viscoelasticity behavior also stabilize the gel system, given by Fitokesi =~ Nget™,

where gel is the normalized viscosity coefficient and Ui is the velocity vector of the gel particle L.
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Cell-to-substrate interactions

Considering the glass substrate in experiments has significantly larger Young’s modulus compared
with cells and gel, we model the substrate as a rigid, two-dimensional infinite plane located at
z=0_ Similarly, we apply the linear elastic Hertzian contact model to represent the repulsion
between cells and the substrate. On the other hand, we assume the cell-substrate adhesion is related

to the equivalent contact area between cells and the substrate, by the Derjaguin approximation (8).

For the cell-substrate repulsive contact, we use a generalized Hertzian contact formula to account
for the cell orientation-dependent contact energy. Similar to Eq. (1) and (2), the elastic contact

E,,; = E,R'*5°/2

el i, where 0; is the equivalent penetration depth which depends

energy is given by

on the average penetration depth and the cell-substrate relative angle, given by the explicit formula:

L/
R 4 n
8% = f [R1/2|"||,i|252(5)+§(1_|"||,i|2)53/2(5)]d5; (7
)

~

where ' 11.i is the normalized projection of the ith cell director on the substrate (2 = 0). The overlap
function 8(S) denotes the overlapping distance between the cell and the substrate at the local cell-

body coordinate -L/2 < s < L/2 Then, the net force Fe and moment Moy, from the cell-substrate

elastic repulsion can be given by

-L]/2
F,;=2E,R'Y* f zZ[RY?
L/2

I RIGE: (1 -

)8 ()]ds, ®)

-LJ/2
M, = 2E,R'? f [si, x Z][RY?|n ,|28(s) + (1 -
L/2

ny l7)8Y3(s)]ds, ©)

where Z is the unit vector perpendicular to the substrate.



156 Similar to Eq. (4), we assume the cell-substrate adhesion energy by the form of Eqai=- ZOAL',

157 where Z is the adhesion energy density and 4; is the equivalent contact area between cell ¢ and

158 the substrate. The equivalent contact area is given by

159
160
L/ L/
A= f a(s)ds = f [RY2[y *872(s) + mR(1 = [y ) H(8(s)]ds, 10)
-L/2 -L/2
161
162

163 where H( ) is the Heaviside step function. Thus, the net adhesive force Foq, and moment Mg,

164 are:
165
L/ 1
Fasi==30 | SR o720 ds - smeR(1- [, ), an
-1/2
L/ 1
A 1/213 2o-1/2 AU A
Mad'l. =-1, f [sni X Z] ER / n 'l-| 51/ (s)]ds - [son X Z]ZonR(l - |n" i (12)
-1/2
166

167 where 50 denotes the cell-body coordinate such that 8(so) = 0 Namely, the condition 8(s0) =0
168 gives the point where a cell detaches from the substrate.
169

170 Viscosity of cells

171 We consider two sources of viscosity of cells: a bulk viscous force due to the friction from
172 extracellular matrix environment and a surface viscous force due to the substrate. The

173 environmental viscous force and moment are given by Stokes’ law,

174
Fstokes,i ==y 13)
L/
o . Mo 4
M giokesi == Mo | s1; X (“’i X Sni)ds =- EwiL ) (14)
L2

175



176 where "0 is the normalized environmental viscosity, Y is the velocity of the center of mass, and

177 “iis the angular velocity. The substrate viscous force and moment are taken to be of the form

178
L& nya(s) -
Fsurface,i == R [ui(s) - (ui(s) ’ Z)Z] ds, aas)
-L/2
Lo ma(s) | .
Mg face; == =S, X [ui(s) - (ui(s) : z)z] ds, (16)
-1/2
179

180 where "1 is the viscous coefficient along the substrate.
181

182 Interactions between the gel particles and the substrate

183 We use two types of interactions to mimic the experimental condition where the gel is adhered to
184 the substrate. The first type of interaction is gel-substrate elastic contacts. Here we again apply the
185 linear elastic Hertzian contact theory between a sphere and a flat rigid surface, and the elastic

= E,RY255/2

186 contact energy is given by Egel - surface, gel™ i  where Ey is the contact stiffness between

187 gel particles and the substrate and 0; is the overlap between the gel particle and the substrate. The
188 second type is the gel-substrate adhesion, serving as the energy barrier for the experimentally
189 observed delamination on the gel-substrate interfaces. Similarly, we take the adhesion energy as
190 Ead,gel,i =-2,4
A

geli, where 2y is the adhesion energy density and the equivalent contact area is

191 given by gel,i:”Rgel&'.

192

193  Equations of motion

194 The equations of motion for V. cholorae cells (spherocylinders) are given by Newton’s rigid body

195 dynamics:

(Fnet,i) _ [m O] ili + ( 0 ) a7
= e ,
Mot 0 I w; w; X ;w;

196

197
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Freti and Moet,i are the total force and moment vector, and ! is the moment of inertia. All

where
the variables are expressed in the body-fixed coordinate system, then transformed into the global
coordinate system. We add a small random noise to the net force and moment vectors of the cells

-7 2 -7 3
107 7E R 4 1077ER

at every timestep ( for forces an for moments), to represent the

environmental fluctuations required for breaking the symmetry.

For the equations of motion of hydrogel particles (spheres), we neglect the rotational degrees of
freedom of hydrogel agents, because it is not physical to consider the particle spin when modeling
the elastic behavior of hydrogels. Essentially, hydrogel is modeled as a collection of mass points

(with a spherical shape) connected by springs. Therefore, the equations of motion are given by
F

tot,i = MU \where Froti is the net force and Yi is the acceleration. To

Newton’s second law

prepare the initial amorphous stress-free geometry, we begin with a body-centered cubic

a= 115 Rgel_ Subsequently, we assigned

crystalline geometry with lattice parameter @, where
the system with an initial temperature of 300 K and annealed it (using NVT thermostat) until it
reached a final configuration that is amorphous and stress-free (spatial averaged residual pressure

smaller than 0.01 kPa).

Choice of parameters

The cell radius R and the division (maximum) length LmGX: we set R=08um anq

Lingx = 3.6 um to match the experimentally measured mean radius and division length.

The hard-core stiffness E ¢, hard-core radius RC, and soft-shell stiffness E 0: we set hard-core

stiffness E,=30kPa to match the reported experimental measurement (8 to 47 kPa) (6), while

E, =300 Pa

the soft-shell stiffness according to the previous rheology experiments (1). We set

the hard-core radius as R .= 0.5 p m

=2x%x10° Pa-s

—_— _6 . .
=2X10""Pa-s M and M to

viscosity coefficients 770, 711’ Ngel: We take o

— -4 .
match the previous rheology experiments. Taken the water viscosity Hy =8.9x 10" Pa 5
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Ry ~2%x107°%Pa-s-m

Mgel is calculated as "gel = 6T hyy . Interestingly, we found ™M and the

gel stiffness jointly control the biofilm morphology, reported in the reference (9).

The spring constant k, and equilibrium length S(0: The Young’s modulus of the agent-based gel

2
_ 10 (Egel,Z + Egel,3) - kr
4 il

Y
system is given by (10)

k{<<k

28y , under the condition r. Generally,

a smaller $o leads to a denser gel system and better approximation to a continuum solid. Here we

0=0.6 um

choose ¢ as a result of a trade-off between simulation quality and computational cost,

1

3 -4 -1
as the simulation time is proportional to 50. ey ranges from 1.2X10°"Nm to

1.2x107 ' Nm™! corresponding to the Young’s modulus ¥ = 0.1 kPa to Y = 100 kPa,

Radius of agent gel particle Rgel: in order to mimic the continuum constraints posed by the

hydrogel in the experiment, Rgel should be larger than ";0. On the other hand, Rgel cannot be

significantly larger than the cell radius R, as this will introduce unphysical contacts at the biofilm-

gel interface. Taking both requirements into consideration, we choose Rgel =10 M which is
nearly double the equilibrium distance §o=0.6um and we keep Rgel ~R .
Gel-substrate contact stiffness E1 and adhesion energy density Z1. we choose F1= > kPa and

_ -2 -1
Z;=5x10""N-m for all gel stiffnesses.

Simulation settings and boundary conditions

In simulations for both G-I and G-II biofilms, the surrounding hydrogel is modeled as a
homogeneous, isotropic and linear elastic material using the agent-based model elaborated above.

For the G-II biofilm, we set the simulation domain as the cubic box with the size of 2

00 x 200 x 120 ,um3’ where the initial geometry is initialized with a single cell lying parallel to

the substrate without initial velocity and acceleration, surrounded by gel particles filling the entire
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simulation domain. A small hemisphere around the seed cell is vacated to avoid initial overlap

between cell and hydrogel particles. For the G-I biofilms, the simulation domain size is

200 x 200 x 200 ,um3 due to the removal of the rigid substrate. Similarly, the initial seed cell is
placed in the center of the cubic box, with a small spherical region vacated. For both kind of
simulations, we fix a small number of hydrogel particles near the x-y boundaries to provide
anchoring for the elastic deformation of the hydrogel; however, the boundaries are kept sufficiently

far away from the biofilm to minimize any boundary effects.

Calculation of the stresses

To quantify stress distribution in our complex system containing active growing/dividing bacteria
and passive hydrogels, we define the stress tensor using Virial expression (11), augmented by a

contribution from ambient viscosity. The stress tensor is naturally separated in a contribution from

. . . . . . . _ int vis .
interactions and a contribution from environmental viscosity,as @ =0~ + 0 " with

: 1
O_lTilt —
%4

2T @ Fyj (18)
where F ij is the summation of all particle-particle interactions between particle ¢ and J, and Tij is

the distance vector between particle ¢ and J, and V is the cell volume. The viscosity part of Virial

stress is given by

vis
i

o Ir,QF, (19)

< =

where Fy is any viscous force such as the ambient viscous force in Eq. (13) and the substrate
viscous force in Eq. (15), i is the equivalent acting point of the given viscous force. The

summation goes over all types of viscosity, and the definition of 0 " and 0 can be apply to both

rod-shaped bacteria and sphere-shaped gel particles. Namely, for the translational ambient
L/

vis

i x® (-nv)dx
viscosity, the contribution to the viscosity stress can be written as -L/2 ,

o

<R
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where V is the velocity vector of the cell center of mass and X is the relative position vector to the

cell center. Similarly, the contribution of rotational ambient viscosity can be given by
L
oS =— | x® (-wxx)dx

L
2V : .
-L/2 , where @ is the angular velocity vector.

Calculation of cell ordering

We use the @-tensor model of liquid crystals (12) to quantify the local biofilm cell ordering. We

: , th
calculate the per-cell traceless quantity , where @ denotes the I cell and /

~

denotes the identity tensor. Compared with the cell director n, Q; is head-tail symmetric given by

Qi(ny) = Qi(~ ni). Considering the axisymmetric shape of biofilm, we use discretized bins under

cylindrical coordinates A7 = 1um Az =1um apd A6 = T/4 and average @ in each cylindrical

bins generating the locally averaged order parameter Q(Ti'ej’zk), where ri'ej'zk denotes the bin

numbered with (£./,K). The visualization of the azimuthally averaged € is calculated by averaging

_pT
the azimuthally projected order parameter Q=R QR over the angle 8. Finally, we take the scalar

order parameter S as the maximum eigenvalue of <@p> and its eigenvector € as the averaged

cell director.

Similarly, we define the bipolar order parameter Sy as following. First, we use the coordinates of

boundary cells to reconstruct the biofilm-gel interface. Next, for every single outmost cell, we
define the local surface normal "norm. Also, we define the position vector Ty by calculating the

position of each cell I relative to the biofilm center. The bipolar order parameter Sp is defined as

S, =1/2(3|n; - 7| - 1) n

, T, . .. n. T,
, where "t and "¢ are the normalized projection vector of i and " ¢ onto

the local tangent plane defined by Mnorm, respectively. Sh is averaged over three outmost layers of

cells to reduce randomness.

Biofilm growth dynamics and morphology from ABM

As shown in Fig. S2, our model is able to reproduce the growth dynamics of G-1I biofilm from the

early stage to the mature state: Starting with a single cell lying on the glass surface, cells first
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proliferate and form an 2D layer. When the local in-plane pressure accumulates and reaches the
threshold for verticalization instability (4), cells tend to be vertical then release part of the growth
pressure, and this process generates the initial out-of-plane growth for the transition from 2D
expansion to 3D growth of a biofilm. Biofilms deform the surrounding gel during its expansion,
resulting different level of growth-induced stress which depends on the biofilm volume and gel

stiffness. The stiffness-dependent morphology change is also quantitively captured by our agent-

. 1 4
based model. We tune the Young’s modulus of surrounding gel from 10" to 10” Pa and find a

—_ 102
sharp transition in biofilm shape around Eger= 10% Pa

, quantitively reproducing the
experimentally observed domes-to-lenses shape transition. More detailed phase diagram of contact
angle about Young’s modulus of gel and the biofilm-substrate friction can be also found in the

reference (13).

G-I1I biofilm simulations

We have shown the spatiotemporal evolution of hydrostatic pressure, equivalent shear stress,
density and rotational speed in the G-I biofilms. Here for completeness and further verification of
our hypothesis, the same physical quantities are visualized in Fig. S5 and Fig. S6. As shown in
Fig. S5, the spatial distribution of stresses shares similar characteristics with the G-I biofilm.
Specifically, the pressure and shear stress follow the same trends from the inner region of G-II
biofilm to the outer region. Near the center, the pressure is the highest and the equivalent shear
stress is relatively low, and near the biofilm-gel interface, the pressure goes down, but the
equivalent shear stress reaches its maximum. Since G-II biofilm has same experimental settings
except the existence of the rigid glass substrate, the similarity between the pressure and shear stress
distribution of G-I and G-II biofilms can be explained by regarding the glass substrate as a plane
of symmetry to the first order. However, the existence of the rigid substrate slightly changes the
first principal stress direction of the bottom layer of G-II biofilm, from randomly oriented in x-y

plane to mostly in z direction, due to cell verticalization (14-16).

Effects of cell stiffness

As a computational exploration for investigating the effects of cell behaviors to the spatiotemporal

evolution of cell ordering, we alter the soft-shell cell stiffness Eq from relatively soft (~100 Pa) to
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relatively rigid (~5000 Pa) and keep other simulation setting unchanged. Previous study (17) has
shown the cell stiffness is related to the average size of local aligned group. For the G-I biofilm,
we define the bipolarly aligned boundary layer using the following method: Based on the
reconstructed biofilm-gel interface, we define a series of self-similar ellipsoid surfaces by the

interval of long-axis AL = 0.2um_ a5 the possible inner surface of the boundary layer. Then we

increase the thickness by the increment AL and calculate the averaged bipolar order parameter Sb

for all cells between the biofilm-gel interface and the given inner surface. The region where

Sy > 04 is regarded as the bipolar boundary layer, and its thickness is defined as the length

difference of two long axis of the boundaries. As shown in Fig. S7, we indeed observe a two-fold

change in the thickness of boundary aligned layer when changing the Eq from 100 Pa to 5 kPa,
which can be explained as the increase of energy cost for neighbor cells to have nonparallel

configuration and overlap.

Numerical experiments of lateral pressure

As shown in Fig. 5, to further illustrate the bidirectional coupling effects between cell ordering
and stresses, we design a numerical experiment by imposing an artificial compression on lateral
direction. The G-II biofilm is first growing under normal condition (without lateral pressure) for

~10 hrs; then we impose lateral pressure by biaxially deforming the surrounding gel boundary by

AL AL
—X=02 L—y =0.2
x and ~y . Denote the time point imposing lateral compression as tO, we measure

S

nl'nc

the evolution of average shear stress Teq and the alignment parameter a

t-t

during the time

-02< <1
window T doubte . We find that the lateral compression nearly instantly changes the

Tdouble

stress state across the whole biofilm. In contrast, the reorientation process takes roughly 2 to
reach a steady value, indicating the existence of local energy barriers for each cell due to the

configuration of neighboring particles.

Numerical experiments with spatially patterned gel stiffness
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We design a variation of G-II biofilm simulation by spatially patterning the surrounding gel
stiffness. We set the gel modulus 10-fold softer inside a cylindrical region, with the center line
pass through the initial seeding cell and the radius of 20 UM_ The remaining part of gel has the
homogeneous Young’s modulus of 20 kPa Under this confinement settings, we observe
significant morphology change and different cell alignment compared with normal simulation of
G-II biofilms. Namely, the part of biofilm under the soft region forms a “bleb” indicating non-
uniform indentation depth of the soft part of the gel. Also, compared with normal G-II biofilms,
significant number of cells are verticalized due to altered first principal stress direction. Our
numerical experiments demonstrate the possibility of mechanically controlling biofilm
morphology and cell ordering, and it might lead to more precise spatiotemporal control of the

stress field and cell orientation field inside the biofilms.

Details of experimental measurements

Bacterial strains and cell culture

The details of bacterial strains can be found in the reference [12]. The biofilm growth experiments
begin by first growing V. cholerae cells in LB broth (BD) overnight under shaken conditions, then
back-diluted 30x in M9 media and grown under shaken conditions until reaching an optical density
(OD) of 0.05-0.25. Different concentrations of agarose polymer are boiled in M9 media and then
placed in a water bath to cool to 40-50°C without gelation. A 1 uL droplet of the bacterial culture
is placed in the center of a glass-bottomed 96 well plate (MatTek) after being diluted in M9 media
to an OD of 0.001-0.003. The bacteria are sandwiched between the solidified gel and the glass
substrate by the 20 puL of liquid agarose that is used to cover the droplet. (Note that we ignore the
droplet's ~5% dilution of the agarose.) In order to serve as a nutrient reservoir, 200 pL. of M9
media is put in the well on top of the solidified agarose. Finally, cells are cultivated in static

conditions at 30°C and imaged throughout several developmental stages.

Overview of image analysis

Raw images are first deconvolved using Huygens 20.04 (SVI) using a measured point spread
function. The deconvolved three-dimensional confocal images are then binarized, layer by layer,
with a locally adaptive Otsu method. To accurately segment individual bacterium in the densely

packed biofilm, we develop an adaptive thresholding algorithm. Once segmented, we extract the
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cell positions by finding the center of mass of each object, and the cell orientations by performing

a principal component analysis. The positions and directions of each cell are converted from

cartesian oy ,Z,nx,ny,nz) to cylindrical polar (r,t/),z,nr,nlp,nz) coordinates where the origin is
found by taking the center of mass of all of the segmented cells in the (x,y) plane. Reconstructed

biofilm images are rendered using Paraview.
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435 Fig. S1. Time evolution of the thickness of the boundary layers d relative to the biofilm radius
436 R in the simulated G-I biofilms confined by gels of various stiffnesses.
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