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BACTERIAL CULTURE

For strains RP437 and CR20 for which only the
fluorescent body is visualised.
Bacteria are inoculated in 5mL of culture medium
(M9G: 11.3 g/L M9 salt, 4 g/L glucose, 1 g/L casamino
acids, 0.1mM CaCl2, 2mM MgSO4) with antibiotics
(chloramphenicol at 25µg/mL for RP437 and amphi-
ciline at 100µg/mL for CR20) and grown over night
at 30◦C until early stationary phase. The growth
medium is then removed by centrifuging the culture
and removing the supernatant. The bacteria are re-
suspended in a Motility Buffer (MB: 0.1mM EDTA,
0.001mM l-methionine, 10mM sodium lactate, 6.2mM
K2HPO4, 3.9mM KH2PO4) with 0.005%of polyvinyl
pyrrolidone (PVP) and is supplemented with 0.08g/mL
L-serine. The addition of L-serine increases the bacteria
mobility and PVP is classically used to prevent bacteria
from sticking to the surfaces. The solution is mixed
with Percol (1:1) to avoid bacteria sedimentation.
Under these conditions, the average swimming speed is
vs = 26± 4µm/s.

For AD62 strains for which the fluorescent body and
the flagella are visualised.
Strain AD62 was constructed in E.coli AB1157 [1].
In AD62 the wild type fliC gene which encodes the
flagellin sub-unit (which polymerises to form the bac-
terial flagella filament) was modified so that a cysteine
was substituted for a serine amino acid at position 219
(S219C). This allowed labelling of the flagella with Alexa
Fluor 647 dye (Molecular Probes, Life Technologies).
E.coli HCB1731[2] which encodes FliC (S219C) was
used as a template to amplify a 803bp fragment of DNA
containing the TCA(serine) to TGC (cysteine) mutation
flanked by 400bp of the DNA directly upstream and
downstream of this site on each side. Restrictions sites
for Xho1 and Sal1 were added at the 5’ and 3’ ends
of this fragment. This fragment of DNA was inserted
into plasmid pTOF24 digested with Xho1 and Sal1.
The recombinant plasmid was transformed in to E.coli
AB1157 and used to replace the wild type version of

the gene by allelic exchange as published previously [3].
DNA sequencing confirmed this mutation in the fliC
gene. This strain was transformed with plasmid pWR21
[4]. In E.coli this plasmid constitutively expresses an
eGFP variant to permit fluorescent imaging of the
bacterial cell body.
Preparation protocol of AD62 strains
Suspension of AD62 are prepared using the following
protocol: bacteria are inoculated in 10mL of Lurial
Broth (LB) with amphiciline at 100µg/mL and grown
over night at 30◦C. Then 100µL of this solution is
inoculated in 10mL of Triptone Broth (TB) and grown
during several hours until early stationary phase. The
growth medium is then removed by centrifuging the
culture and removing the supernatant. The bacteria
are re-suspended in 1mL of Berg Motility Buffer (BMB:
6.2 mM K2HPO4, 3.8 mM 2PO4 4, 67 mM NaCl, and
0.1mM EDTA) with 10µL of Alexa red colourant (Alexa
647 at 5mg/mL diluted in DMSO) and let under soft
shacking during 2 hours. The solution is then washed by
centrifuging the culture and removing the supernatant.
Finally the bacteria are re-suspended in BMB with
0.005% of PVP and with 0.08g/mL L-serine.

SURFACE DEFINITION

We consider as being ”in the surface region”, portions
of trajectories fulfilling two height criteria (see Fig. 1(a)).
First, a bacterium coming from the bulk i.e. above a dis-
tance h1 = 8 µm from the surface (a typical bacterium-
length flagella included), has to touch the surface. It
means in practice reaching a distance below h2 = 3 µm
from the surface. This distance is an empirical estimation
corresponding to the uncertainty in the bacterium posi-
tion relative to the surface. Then, to leave the surface it
has to cross for the second time, a distance h1. This two
heights definition allows small fluctuations in bacterium
z-coordinate while swimming at the surface, which will
not be the case for a single height definition. The resi-
dence time is then computed between the first and last
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time the bacterium cross h2. We checked that the mean
residence time does not strongly depend on the surface
definition (see Fig. 1(b)), and we chose h1 = δ = 8 µm,
which is the typical bacterium length (including flagella).

Smooth-swimmer bacteria (strain CR20), for which
tumbles have been inhibited, stay at the surface much
longer than the mean tracking time. Therefore, for
most of the trajectories, we could not observe the ar-
rival and/or the escape and could not compute a resi-
dence time. To be able to compare strains CR20 and
RP, we compute a pseudo residence time τ̃ . This time is
defined the same way as the residence time τ except that
when the arrival and/or the escape is missing, we take
the begin and/or the end of the trajectory. This means
that τ̃ is equal or smaller than τ . In Fig. 2, we show
the distribution of τ̃ of the CR20 (orange line) compare
to the distribution of τ of the RP (red line). What we
can indeed see is that the smooth-swimmer CR20 stay at
the surface much longer that the wild-type RP and that
tumbling events are indeed crucial to leave the surface.
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FIG. 1. Surface definition with two heights h1 and h2. (a)
Sketch of a bacterial trajectory, the bacterium enters the sur-
face region, defined below h1, with an angle θin and lives it
with an angle θout. The residence time is computed between
the first and last time the bacterium cross h2. (b) Mean res-
idence time 〈τ〉 as function of h1 and for different h2.
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FIG. 2. Pseudo residence time distribution of smooth-
swimmer CR20 bacteria (orange line) compare to the resi-
dence time distribution of the wild-type RP (red line, same
data as in Fig. 4).

SIMULATION USING THE BV MODEL

- General context
Almost 50 years ago Brown and Berg have shown
that an “adapted” wild-type E.coli, i.e. experiencing
no chemical gradient, performs a random walk which
is a compound of straight swimming phases (run)
and changes of directions (tumble). The tumbling
corresponds to a disassembling of the flagella bundle
providing the swimming thrust. From the standpoint of
the internal chemotactic bio-machinery, tumbling events
are associated with phosphorylation of a CheY protein
( CheY + P → CheY-P) which changes the direction of
rotation of the motors from counter-clockwise rotation
(CCW) during the run phase, to clockwise rotation
(CW) in the tumbling phase. More recently direct
measurements of a sequence of rotation switches on a
single cell [5], demonstrated that the stochastic process
associated with the CCW (run phase) turning CW
(tumble phase) is not a Poisson process but rather a
thick tail distribution. This observation was quanti-
tatively interpreted by Tu and Grinstein [6] putting
forwards a stochastic process based on the concentration
fluctuations of the CheY-P protein modifying the energy
barrier associated with the phosphorylation chemical
process. Recently Figueroa et al. [7] tracked for very
long times wild-type E.coli bacteria and showed that
the swimming direction persistence displays large be-
havioural variability with a memory scale around 19s.
To interpret these experimental measurements, they
provided a kinetic model describing the alternation of
run and tumble events as well as changes of orientation
during the tumbling phase. This model describing the
”behavioural variability” of the random walk exploration
process was called the “BV-model”.

- Description of the BV model
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The key idea of the BV model is that the switching time
triggering a run to tumble event depends on the concen-
tration of phosphorylated protein CheY-P. In the model,
each bacterium possesses an internal variable δX which
represents the relative concentrations of Chey-P around
a mean. Following Tu and Grinstein [6], the CheY-P
concentration Y fluctuates in the motor vicinity as an
Ornstein-Uhlenbeck process:

dδX

dt
= −δX/TY +

√
2/TY ξ(t) (1)

where δX = ([Y ] − Y0)/σY is the normalised concen-
tration of CheY-P with Y0 the mean concentration, σY
the root mean square (r.m.s) of the concentration, TY
is the memory time and ξ a Gaussian with noise :
〈ξ(t)ξ(t′)〉 = δ(t − t′). Therefore δX is a normal Gaus-
sian process with zero mean and a r.m.s equal to 1. The
phosphorylation reaction being thermally activated with
a barrier height depending in first approximation, lin-
early with CheY-P concentration, the switching time for
the transition CCW → CW then reads:

τs = τ0.exp(−∆nδX) (2)

with τ0 the typical switching time corresponding to
the mean concentration Y0 and ∆n measuring the
switching time sensitivity to variation in [Y ]. The
δX distribution being Gaussian, one should essentially
obtain a log-normal distribution for the CCW → CW
transition rates. Therefore, at low values of CheY-P, a
bacterium undergoes long runs whereas at high value of
CheY-P tumbling events are frequent. A bacterium will
slowly change its behaviour only after times typically
larger than the memory time TY . In the simulations,
the parameter values for the run and tumble dynamics
are taken from Figueroa et al. [7], i.e ∆n = 1.62,
τ0 = exp(1.53)s, TY = 19 s.

The tumbling phase undergone by multi-flagellated
bacteria as E.coli is a complex process both hydrody-
namically and also biochemically. During the tumbling
phase, the switch to CW rotation does not necessarily
concerns all motors at the same time. Phenomenolog-
ically, one can observe debundling associated with di-
rectional changes while bacteria are still swimming, or
even observe a debundled flagellum with no change of
the swimming direction [8]. From the two colors exper-
iments in this report, the unbundling phase was defined
as the time for which at least one flagellum can be ob-
served out of the bundle. With this definition the mean
unbundling duration, was found to be 〈τun〉 = 0.8s.

Here, we do not want to go into too fine details of
description as essentially the focus of the study is on
long time processes. Following Saragosti et al. [9], we
model changes of direction as a rotational diffusion, with
a diffusion coefficient Dr, lasting a time τt. Note that
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FIG. 3. Histogram of the fraction of time α = td/τun, with
τun the unbundled time and td the time during which the
bacterium is disorientated during τun.

what really counts to assess directional changes, is the
adimensional diffusion coefficient D̃r = Drttumb, with
ttumb the characteristic tumbling time. To complete
the kinematic description, we need to obtain ttumb
during which the diffusion process applies and in an
effective way would essentially correspond to motors in
the CW rotation phase. Experimentally, by monitoring
the variations of orientations during unbundling events,
we found that indeed bacteria do not fully disorient
during the whole unbundling duration but only during a
fraction of it we call α. We associate the disorientation
of the bacterium with an increase of the absolute value
of its rotational velocity vθ = |ṗ|. During a unbundling
event of duration τun, we compute the time td during
which vθ is greater than a threshold value vm = 〈vθ〉,
which is the mean value of the velocity over all the
trajectories. We then compute the fraction of time
α = td/τun which is the fraction of unbundled time
during which the bacterium is disoriented. Note that α
will eventually depends on the threshold value. All we
want to say here is that a bacterium is not disoriented
during all the unbundling event. In Fig. 3, we display
the histogram of α. Even though there seems to be
a slight clustering of events around α = 1 we choose
to simulate the distribution of τt as a Poisson process
of mean time ttumb = 〈ατun〉 = 0.4 s, where α is a
random variable chosen between 0 and 1 prior to each
CCW → CC (i.e. run to tumble) switch. Past this
time, the bacterium “effective motor“ will resume in
the CCW (run) phase. As obtained experimentally by
Figueroa et al. [7], we use D̃r = 3.86, to simulate the
rotational diffusive process.

- Description of the simulated trajectories in the bulk
A bacterium swims between two planes, located at z = 0
and z = h. Here we only describe the part corresponding
to the bulk (i.e z 6= 0 or h) which was already introduced
by Figueroa et al. [7]. Kinematics at the surfaces is de-
scribed in the main part of the text. In the run phase,
a bacterium swims at a constant velocity vb = 26 µm s−1

in the direction of its orientation vector p. The evolution
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of its position and orientation follow the equations:

ṙ = vbp

ṗ = 0
(3)

Then, during the tumbling phase, the bacterium
stops and its orientation p undergoes a reorientation
process lasting a time τt modelled by a diffusion on
the unit sphere with a rotational diffusion coefficient
Dr = D̃r/ttumb. After time τt , it will resume in the run
phase.

- Comparaison between the BV model and Poisson
model

In a previous article from our group [7] we showed that
the classic run time distribution, introduced by Berg [10],
failed to reproduce our experimental data and that one
needs to introduce the BV model to explain the experi-
mental findings.

Figure. 4 displays the residence time distribution in
semi-log and log-log scale for the experiment and dif-
ferent simulations. Two types of simulations have been
performed : a simulation using the BV model (same data
as in Fig. 2 in the manuscript) and two simulations us-
ing a Poisson distribution for the run time. Beside that,
the simulations have been performed the same way. As
one can see, a Poisson distribution for the run time does
not reproduce the experimental data and changing the
typical tumbling time has a minor effect on the distri-
bution. Simulation using the BV model reproduce well
the experimental outcome. This strengthened our claim
that one needs to consider the behavioral variability in
the run time to account for the run time distribution as
well as for the residence time distribution.

In Figure. 5, we also compare the distribution of the
number of tumbles needed to escape in simulation us-
ing the BV model and the standard Poisson model. As
previously commented in the manuscript, the distribu-
tion coming from the BV model exhibits two regimes,
accounting for the two sub-populations in the close sur-
face region. The transition occurs around Nt ∼ 10 for a
δX ∼ 1 corresponding to a typical run time of ∼ 1 s (i.e
the typical run time of the standard Poisson model). The
distribution coming from the standard Poisson model is
a simple exponential decay with a slope that is somehow
an average between the two slopes of the BV distribution.
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FIG. 4. Residence time distribution in (a) log/lin and (b)
log/log scale comparing the BV model to the standard Pois-
son model (〈τr〉 = 1 s), simu Poisson 1 is obtained with the
standard tumbling time 〈τt〉 = 0.1 s while simu Poisson 2 with
〈τt〉 = 0.4 s. The black line in (a) is an exponential decay of
characteristic time scale 14 s.
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FIG. 5. Distribution of number of tumbles Nt before es-
cape in simulations using the BV model (colored symbol) and
Poisson model with 〈τt〉 = 0.1 s (black symbols). The red
lines are proportional to P (Nt) = (1 − p)Nt−1p. For the BV
model: p = 1

2.9
, which gives a mean number of tumbles of

〈Nt〉∗ = 2.4, compared to the mean of the measured distribu-
tion 〈Nt〉 = 3.5. For the Poisson model: p = 1

3.6
which gives

〈Nt〉∗ = 3.1. Symbol colors show the corresponding dimen-
sionless average CheY-P concentration δX when leaving the
surface (only present in the BV model).
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