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1. Nutrient transport

The limiting nutrient is treated as a solute being transported by advection/diffusion and consumed by bacteria. We
consider a cross-section average concentration of the form C =

∫
A(x)

c (x, y, z) dydz with A the section at any given x

– x being the longitudinal direction. The transport reads

∂tC + V ∂xC︸ ︷︷ ︸
Advection

= D∂xxC︸ ︷︷ ︸
Diffusion

− ϕα
C

C +K︸ ︷︷ ︸
Nutrient uptake

, (1)

where C
[
g ×m−3

]
is the concentration, x is the longitudinal coordinate system, ϕ is the cross-section volume fraction

of biofilm, V
[
m× s−1

]
the average velocity in the empty channel, D = 10−9m2×s−1 an estimate diffusion coefficient

of the solute, α
[
g ×m−3 × s−1

]
the uptake rate and K

[
g ×m−3

]
the half-saturation constant. As we impose a

constant flow rate for each experiment, the velocity averaged over the entire cross-section remains constant, even for
different values of ϕ. The term ϕ in the nutrient uptake indicates that consumption is proportional to the volume
fraction of biofilm.

We considered that nutrient transport is quasi-steady, since solute transport is much faster than growth. We further
nondimensionalized this equation as

Pe∂xC
⋆ = ∂xxC

⋆ −Daϕ
C⋆

C⋆ +K⋆
(2)

with C⋆ = C
C0

with the inlet concentration C0

[
g ×m−3

]
, the length of the channel L = 10 mm, the Péclet number

Pe = V L
D and Da the Damköhler number defined as the ratio of diffusive to reactive times, Da = αL2

C0D
.
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2. Flow

We treat the biofilm a uniform layer on the solid surface, so that the flow channel always has a square cross-section.
We write the pressure drop across the channel as

∆P = R (ϕ)Q, (3)

with ∆P the pressure difference, Q the flowrate and R the hydraulic resistance (which is a function of the volume
fraction of biofilm). The hydraulic resistance in the empty channel is

R0 = A
µL

h4
(4)

with A = 12

1−
∑∞

n,odd
1
n5

192
π5 tanh(nπ

2 )
– which can be approximated as R0 = 12µL

h4[1−0.917×0.63] with A ≃ 12
1−0.917×0.63 . When

the biofilm grows as a uniform layer, we also have

R = A
µL

(h− 2b)
4 (5)

To express everything in terms of the volume fraction of biofilm, we not the relationships ϕ = 1 −
(
1− 2 b

h

)2
and

b = h 1−
√
1−ϕ
2 – and also h− 2b = h (1− ϕ)

1/2. We thus have

R

R0
=

1

(1− ϕ)
2 . (6)

3. Hydrodynamic stresses

We first write σ0 the shear stress on the liquid/solid surface of the channel when ϕ = 0. To obtain an explicit
expression for this stress, the easiest way to proceed is to notice that, in the x direction, tangential to the surface
of the channel, the force exerted by the pressure difference between the inlet and outlet is equal to the viscous force
exerted by the fluid on the solid. This can be easily shown by integrating ∇ · σ = 0, with σ = −pI+ µ

(
∇v +T ∇v

)
and p the pressure and µ the viscosity, over a control volume that is the the zone of interest between UVCs in the
channel. With 4hL the solid surface in the zone of interest, we have σ04hL = h2∆P where L is the length of the
control volume, h is the width of the square channel and ∆P is the pressure difference between inlet and outlet. We
therefore have

σ0 =
h∆P

4L
. (7)

We can also write ∆P = R0Q with the hydraulic resistance in the square cross-section channel, R0 = AµL
h4 . Therefore,

we have

σ0 =
A

4

µQ

h3
. (8)

With the same type of reasoning, the total force along x applied by the fluid on the biofilm, including both shear and
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pressure is h2∆P = A µLQ
h2(1−ϕ)2

. Therefore, the total stress and the biofilm solid surface is

σ

σ0
=

1

(1− ϕ)
2 , (9)

with a contribution from pressure

σpressure

σ0
=

ϕ

(1− ϕ)
2 , (10)

and from shear

σshear

σ0
=

1− ϕ

(1− ϕ)
2 . (11)

Also note that the shear stress at the biofilm fluid interface is

τshear

σ0
=

1

(1− ϕ)
3/2

, (12)

with the difference being simply the ratio of biofilm/solid and biofilm/fluid surfaces.

4. Biofilm growth

The growth equation is described in detail in the paper and reads

∂tϕ = ϕ

[
C⋆ (1 +K⋆)

C⋆ +K⋆
− 1− ϕmax

1− ϕ

]
(13)

with time non-dimensionalized with X
Y α(1+K⋆) where X

[
g ×m−3

]
is the density of the biofilm and Y a yield coefficient

– the ratio of biomass created to mass of solute consumed – and ϕmax is the maximum value of ϕ, which is obtained
when C⋆ = 1 at the inlet.
In the case where we assume C⋆ = 1 everywhere in the channel, we can simplify this equations as

ϕ̇ = ϕ

(
1− 1− ϕmax

1− ϕ

)
, (14)

with ϕ describing an average volume fraction in the entire channel, and thus being only a function of time.
We can also describe sloughing by modifying this equation as

dϕt = ϕt

(
1− 1− ϕmax

1− ϕt

)
dt− ϕt−dNt, (15)

with ϕt describing the average fraction of biofilm in the microchannel, N the jumps and ϕt− the value of ϕ at time
t− just before the jump.
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II. SUPPLEMENTARY FIGURES
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Figure 1: Time evolution (10 hours by curve) for Q = 0.02 µL/min of the averaged (n = 3) longitudinal distribution
of the biofilm and the impact of nutrient limitation.
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Figure 2: Kymograph representations based on the GFP signal for Q = 0.02 µL/min with [1X] BHI showing the
spatio-temporal dynamics of the biofilm longitudinal distribution. Fluorescence intensity signal was normalized to
the maximum signal intensity value.



7

5 10 15 20
Length (mm)

10

20

30

40

50

60

70

Ti
m

e 
[h

]

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Fluoresence intensity (a.u)

UVCUVC

Flow

(a) n = 1

5 10 15 20
Length (mm)

10

20

30

40

50

60

70

Ti
m

e 
[h

]

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Fluoresence intensity (a.u)

UVCUVC

(b) n = 2

5 10 15 20
Length (mm)

10

20

30

40

50

60

70

Ti
m

e 
[h

]

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Fluoresence intensity (a.u)

UVCUVC

(c) n = 3

Figure 3: Kymograph representation for Q = 0.02 µL/min with [1X] BHI supplemented by 8 g/L glucose. Fluores-
cence intensity signal was normalized to the maximum signal intensity value.
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Figure 4: Kymograph representation for Q = 0.02 µL/min with [0.2X] BHI. Fluorescence intensity signal was
normalized to the maximum signal intensity value.
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Figure 5: Temporal dynamics of growth and detachment for Q = 0.2 µL/min. (a), (b) and (c) show the
variation of hydraulic resistance (black line) for three replicated, along with the percentage of colonization extracted
from image segmentation (red line) and the integrated fluorescence intensity signal (green). Thin dotted lines on the
top of y axis indicate the maximum value reached by hydraulic resistance. (d), (e) and (f): corresponding wavelet
scalograms for the pressure signal.
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Figure 6: Temporal dynamics of growth and detachment for Q = 0.2 µL/min. (a), (b) and (c) show the
evolution of the volume fraction as a funvtion of time, with that calculated from hydraulic resistance (black line)
and from segmentation (green dotted line). (d), (e) and (f): normalized integrated fluorescence intensity signal as a
function of time.
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Figure 7: Kymograph representation for Q = 0.2 µL/min with [1X] BHI. Fluorescence intensity signal was normalized
to the maximum signal intensity value. Plots on the right show the corresponding evolution of the hydraulic resistance.
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Figure 8: Temporal dynamics of growth and detachment for Q = 2 µL/min. (a), (b) and (c) show the
variation of hydraulic resistance (black line) for three replicated, along with the percentage of colonization extracted
from image segmentation (red line) and the integrated fluorescence intensity signal (green). Thin dotted lines on the
top of y axis indicate the maximum value reached by hydraulic resistance. (d), (e) and (f): corresponding wavelet
scalograms for the pressure signal.



13

0.0

0.5

1.0

Time (Hours)

Fr
ac

tio
n

0 20 40 60

(a) n = 1

0.0

0.5

1.0

Time (Hours)

Fr
ac

tio
n

0 20 40 60

(b) n = 2

0.0

0.5

1.0

Time (Hours)

Fr
ac

tio
n

0 20 40 60

(c) n = 3

0 20 40 60
0.0

0.5

1.0

Time (Hours)

In
te

gr
at

ed
flu

or
es

ce
nc

e
in

te
ns

ity
(a

.u
.)

(d) n = 1

0 20 40 60
0.0

0.5

1.0

Time (Hours)

(e) n = 2

0 20 40 60
0.0

0.5

1.0

Time (Hours)

(f) n = 3

Figure 9: Temporal dynamics of growth and detachment for Q = 2 µL/min. (a), (b) and (c) show the
evolution of the volume fraction as a function of time, with that calculated from hydraulic resistance (black line)
and from segmentation (green dotted line). (d), (e) and (f): normalized integrated fluorescence intensity signal as a
function of time.
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Figure 10: Kymograph representation for Q = 2 µL/min with [1X] BHI. Fluorescence intensity signal was normalized
to the maximum signal intensity value. Plots on the right show the corresponding evolution of the hydraulic resistance.
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Figure 11: Temporal dynamics of growth and detachment for Q = 20 µL/min. (a), (b) and (c) show the
variation of hydraulic resistance (black line) for three replicated, along with the percentage of colonization extracted
from image segmentation (red line) and the integrated fluorescence intensity signal (green). Thin dotted lines on the
top of y axis indicate the maximum value reached by hydraulic resistance. (d), (e) and (f): corresponding wavelet
scalograms for the pressure signal.
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Figure 12: Temporal dynamics of growth and detachment for Q = 20 µL/min. (a), (b) and (c) show the
evolution of the volume fraction as a function of time, with that calculated from hydraulic resistance (black line)
and from segmentation (green dotted line). (d), (e) and (f): normalized integrated fluorescence intensity signal as a
function of time.
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Figure 13: Kymograph representation for Q = 20 µL/min with [1X] BHI. Fluorescence intensity signal was normalized
to the maximum signal intensity value. Plots on the right show the corresponding evolution of the hydraulic resistance.
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Figure 14: Temporal dynamics for Q = 200 µL/min. (a) evolution of the hydraulic resistance (black solid line) in
time, calculated from pressure fluctuations. It also shows changes in biofilm colonization extracted from either

integrated fluorescence intensity (green squares) or image segmentation (red solid line). (b): Fraction of biofilm in
the microchannel, either calculated from hydraulic resistance (black solid line) or estimated from integrated GFP

intensity (green dotted line), for the different flow rates.
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Figure 15: Temporal dynamics of growth and detachment for ∆pslD strain with Q = 0.2 µL/min. (a), (b)
and (c): volume fraction calculated from image segmentation for three replicates.
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Figure 16: Temporal dynamics of growth and detachment for ∆pslD strain with Q = 2 µL/min. (a), (b)
and (c): volume fraction calculated from image segmentation for three replicates.
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Figure 17: Temporal dynamics of growth and detachment for ∆pelF strain with Q = 0.2 µL/min. (a), (b)
and (c): volume fraction calculated from image segmentation for three replicates.
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Figure 18: Temporal dynamics of growth and detachment for ∆pelF strain with Q = 2 µL/min. (a), (b)
and (c): volume fraction calculated from image segmentation for two replicates.



20

0.2 2 20 200
10-3

10-1

101

103

105

Flow rate (µL/min)

R
m

ax
/R

0

Rmax / R0

~ Q-1

Figure 19: Log-log plot of Rmax
R0

as a function of the flow rate (Q = 0.2 µL/min, 2 µL/min, 20 µL/min and
200 µL/min). The red dotted line simply shows the slope for an evolution with the inverse of the flow rate Q−1.
Error bars represent standard deviation for n = 3 replicates, except for Q = 200 µL/min, for which n = 1.

III. SUPPLEMENTARY MOVIES

• Movie S1: DIC timelapse of the initial development at 0.2 µL/min.

• Movie S2: DIC timelapse of the initial development at 2 µL/min.

• Movie S3: DIC timelapse of the initial development at 20 µL/min.

• Movie S4: composite (GFP and brightfield) timelapse of biofilm development at 20 µL/min.


