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Motile bacteria are known to accumulate at surfaces, eventually leading to changes in bacterial
motility and bio-film formation. Using a novel two-colour, three-dimensional Lagrangian tracking
technique, following simultaneously the body and flagella of wild-type Escherichia coli, we observe
long surface residence times and monitor escapes correspond mostly to immediately antecedent
tumbling events. Modelling the motility accounting for a large behavioural variability in run-times,
reproduces all experimental findings and gives new insights into surface trapping efficiency.

Suspensions of ‘active’, or self-propelled, particles such
as motile microorganisms display rich, often counter-
intuitive, phenomena not seen in suspensions of passive
colloids [1]. For example, a bulk suspension of motile bac-
teria can display a viscosity lower than that of the pure
solvent [2, 3]. On the other hand, it is long known that
motile bacteria accumulate at walls [4–6]. Persistence in
the swimming direction along surfaces is a generic con-
tributing factor to such surface ‘trapping’ effect, with hy-
drodynamics or eventuality transient adhesion [7], play-
ing a details-dependent role.

Bacterial surface motility is implicated in many indus-
trial, biomedical or environmental issues, such as bac-
terial contamination or biofouling [8, 9]. The attach-
ment of bacteria to surfaces often leads to the build
up of hard-to-eradicate biofilms and is problematic in a
wide range of areas, including medical implants[10], wa-
ter purification systems[11], and industrial processes[12].
The biofouling of metal ship hulls frequently proceeds
with bacterial adhesion before progressing to larger ma-
rine organisms[8, 9]. In natural processes, the attach-
ment of bacteria to roots constitutes the first physical
step in many plant–microbe interactions[13]. Adhesion
can originate with surface restriction to flagellar motion
[14] triggering downstream events such as the secretion of
polysaccharides for structuring mature biofilms[15]. The
initial stage that precedes surface adhesion is therefore
the ‘residence time’ τ of a swimming bacterium on the
surface, which depends on how the swimmer loses direc-
tional memory [7]. This quantity is also key to various
statistical modelling designed to understand the problem
of large scale bacterial transport in various environmental
or bio-medical situations.

Wild-type (WT) Escherichia coli performs run and
tumble (R&T), in which approximately straight runs
are interspersed with rapid tumbles where the swim-
ming direction changes rapidly and more or less ran-
domly. In smooth-swimming mutants, tumbling is heav-

ily suppressed, and reorientation is predominantly due
to rotational diffusion. How rotational diffusion reori-
ents near-wall bacteria to allow escape from surface trap-
ping is reasonably well understood [5, 16]. The mecha-
nism in wild-type R&T organisms is much more com-
plex [17, 18]. To date, the detailed micro-hydrodynamics
of this phenomenon remains a challenge even for state-
of-the-art numerics [19]. Experimental data from Mo-
laei et al. [20] using digital holographic microscopy to
capture 3D trajectories of wild-type E. coli near a solid
surface suggest that surfaces inhibit tumbling and po-
larise the post-tumbling direction parallel to the surface,
so that tumbling is not a particularly effective escaping
mechanism. In this study, individual motile E. coli bac-
teria were tracked one by one using two-colour three-
dimensional tracking (2C-3DT) to provide with an un-
precedented precision their R&T statistics. Observations
of their displacement close to a surface were made during
long period of times allowing to obtain for the first time
the surface residence time distribution, the angular dis-
tributions for arrival and escape, and the tumbling time
distributions at the surface. Those distributions were
compared with measurements performed with the same
technique but away from the surface. We find long sur-
face residence times, and demonstrate that tumbling is
the escaping mechanism. For computer simulations to
reproduce observations, we use a recent model of R&T
[21] in which run times show much larger variability than
what would be predicted from a Poisson distribution for
the run-to-tumble transitions [22].

Methods.— We implemented 2C-3DT by combining
Lagrangian 3D tracking [21, 23] with two-colour fluores-
cence imaging [24] (See Fig. 1(a)) which are mounted on
an inverted epifluorescence microscope (Zeiss-Observer,
Z1, C-Apochromat 63×/1.2 W objective). To avoid sig-
nal overlap and emission leakage, we engineered an E. coli
strain (AD62) with body and flagella fluorescence in the
green and red respectively (see SI). A two-colour LED
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FIG. 1. (a) Sketch of the Lagrangian tracking delivering videos in one or two colours. (b) 3D view of a bacterium trajectory,
parts of the trajectory below 8 µm from the surface are in blue. (c) Distribution P (τ) of residence times τ at the surface.
Experimental data are in red and simulations in blue.

light source (Zeiss Colibri 7) and a dichroic filter (Hama-
matsu) projected two monochrome images onto different
regions of the camera chip. Computer-controlled move-
ment of the microscope stage kept the body of a selected
bacterium in focus [23] and images (1024×1024 pixels)
are recorded at 80 fps with an Hamamatsu ORCAFlash
4.0,C11440 camera. Green and red images were then su-
perimposed to create a movie of the tracked bacterium
and its flagella bundle (see video SI). Photo-bleaching
limited flagella imaging to few minutes. For long-time
tracking, we use a strain with non-fluorescent flagella
(RP437) that allowed one-colour recording of 66 inde-
pendent cells over 7 h, with the longest track being of
& 20 min duration. Bacteria were grown and prepared
using standard protocols [24] (see SI). A 80 µL drop with
. 3×107 cells mL−1 was placed between two glass plates
separated by 260 µm and sealed for imaging.

Experimental results.—To measure the surface resi-
dence time, τ , Fig. 1(b), we identify when a cell arrives
and escapes from a surface. We deem a bacterium to be
in the bulk when the body centroid is at z & 8 µm (a typ-
ical cell body + flagella length), and arrived at a surface
when z < 3 µm. The surface is left again when subse-
quently, z & 8 µm. The residence time τ is defined as
the interval between the first and last time a bacterium
crosses z = 3 µm. Its value is not influenced by small
variations in the choice of these two lengths (see SI).

The measured distribution of surface residence times
P (τ), Fig. 1(c), has mean 〈τ〉 = 21 s and a long tail
extending to a maximum observed τ of 373 s . 20τ .
These are very long times as compared to the average
run time of WT E. coli (∼ 1 s according to ref.[25]).
So, a bacterium typically tumbles more than once dur-
ing its sojourn at a surface before escaping, apparently
confirming the suggestion that tumbling would be an in-
efficient escape mechanism [20]. The long-tailed, highly-
non-exponential, nature of P (τ) is emphasised when it is
plotted against ln τ , Fig. 2(a), and fitted to a log-normal
distribution (exp. < ln(τ) >= 2.39 s and σ = 1.12 s, fit:
< ln(τ) >= 2.36 s and σ = 1.16 s).

We measured the incoming and escape angles for cells

arriving (θin) and leaving (θout) the surface, defined as:
θin,out = arcsin(pin,out · n) where pin,out is a unit vec-
tor aligned with the body of the bacterium and n a
unit vector normal to the surface. The probability dis-
tributions, Fig. 2(b-c), are obtained from 366 pieces of
bacterial tracks reaching or leaving the surface. We ex-
pect P (θin) = − π

180 sin θin cos θin for cells crossing z = δ
isotropically towards the surface, which agrees with the
experimental data shown in Fig. 2(b). Thus the cell in-
coming angle is not influenced by the surface, in agree-
ment with the observations made using the holographic
technique [26].

To understand P (θout), we assume a random post-
tumble orientation. Then, for a bacterium crossing z = δ
after a tumble at z = 0, we expect P (θout) = π

180 cos θout

if the cell does not tumble before reaching z = δ [27].
Compared to this expression, our data, Fig.2(c), show a
dip around θout = 0 and a peak around 30°. The deficit
probably originates in the fact that a cell leaving at a
grazing angle (θout → 0) needs to swim a longer time to
reach z = δ, hence maximising its chances for another
tumble event en route. This will either reorient the cell
back to the surface (failed escape) or be logged at z = δ
as escape at a different (likely higher) angle. Finally,
the excess of escape at θout ≈ 30° indicates hindrance
of high-angle tumbles probably due to steric interference
from the surface [20].

Next, we characterised the tumbling statistics using
2C-3DT image sequences to identify the tumbling phase
unambiguously by identifying the images where at least
one flagellum is observed off the flagella bundle. Fig-
ure 3(a) shows the trajectory of a typical cell arriving at
a surface from the bulk, swimming on the surface before
escaping. We manually identify the beginning and end
of flagella unbundling by replaying relevant sequences of
the two-color movie back and forth. Stills for a typical
tumble event are shown in Fig. 3(b) (see SI for video
to confirm our identification of the tumbling phase from
0.08 s to 0.83 s). From such analysis, we obtain P (τt), the
probability distributions of the bulk and near-wall tum-
ble phase duration compiled from 119 and 241 events
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FIG. 2. Comparison between experiment (in red) and simu-
lations (in blue). (a) Distribution of the logarithm of the res-
idence time. The experimental data corresponds to the one
on Fig. 1(c), the black line is a Gaussian fit. (b-c) Distribu-
tions of the incoming and escape angles out of “single-color”
tracking. The black dashed line is the distribution P (θin) =
− π

180
sin(θin) cos(θin) in (b) and P (θout) = π

180
cos(θout) in (c).

respectively, Fig. 3(c). The surface clearly does not af-
fect the tumbling statistics: in each case, P (τt) is peaked
around τt = 0.34 s with mean 〈τt〉 ≈ (0.8± 0.1) s. Our
peaked P (τt) contrasts with a previous report of an ex-
ponential distribution [25], which, however, was based on
data obtained at the lower rate of 12.6 fps (we work at
80 fps), leading to large uncertainties in the estimated
mean of 0.14± 0.19 s. This low value is consistent with a
more precise recent report of 〈τt〉 ≈ (0.13± 0.02) s [28].
Both studies delimited a tumble event by a sudden dip
in swimming speed; this is apparently less sensitive than
our direct observation of flagella unbundling, thus giving
a lower 〈τt〉 and giving rise to a peak in P (τt) to below the
time resolution of [25]. Although a tumble event does not
always lead to an escape, Fig. 3(a), we find that escape is
tightly coupled to tumble. Crucially, the distribution of
times between an escape event and the previous tumble
event, P (τd), is narrowly peaked around zero, Fig. 3(d)
[inset], i.e., almost every escape is immediately preceded
by a tumble. In contrast, a smooth-swimming strain
(CR20) with suppressed tumbling shows residence times
longer than our mean observation time of 241 s (see SI).
So, contrary to Molaei et al. [20], we find that tumbling
is indeed the dominant escape mechanism for a surface-
trapped WT E. coli cell.
Modelling and computer simulations.— To understand
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FIG. 3. (a) 3D trajectory of a bacterium (AD62) near the
surface, the run phases are in black and the tumble phases in
red. (b) Time lapse of a bacterium (strain AD62) during a
tumbling event. Each image is overlaid over 3 snapshots, The
colour of the line indicates when the tumble starts and ends,
it is black for runs and red for the tumble. The total duration
of the tumble is 0.71 s. (c) Distribution of tumble duration at
surfaces (red) and in the bulk (blue). The black line is a fit
using a gamma distribution of parameter (k, θ) = (1.9, 0.33 s).
(d) Distribution of time τd between an escape event and the
closest previous tumble.

our experimental findings, we turn to simulations. We
purposely reduce the complexity of steric, hydrodynamic
and other interactions with a surface [4–6, 29] to sim-
ple alignment rules. Reorientation due to tumbling is
modelled as a rotational diffusion. A particle arriving
from the bulk at a surface is supposed align with it. Af-
ter tumbling, if the orientation points towards the wall,
the cell is re-aligned with the surface keeping its verti-
cal position. Otherwise, it leaves the surface with its
new orientation. Modelling run and tumble time distri-
butions as a random and uncorrelated Poisson processes
with typical values taken from the literature i.e average
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run time ≈ 1 s and average tumbling time ≈ 0.1 s[22]
does not reproduce the observed P (τ) as shown in SI.
To get quantitative agreement, we implemented a ‘be-
havioural variability’ (BV) model [21]. The model ac-
counts for an inherent stochasticity borne in the concen-
tration fluctuations of a phosphorylated protein, CheY-P,
promoting the switching from counterclockwise to clock-
wise of the flagella motor rotation. This transition ini-
tiates the tumbling process [22, 30]. In the model, the
internal parameter δX represents fluctuations in CheY-P
concentration around the mean normalised by the stan-
dard deviation. Its dynamics is modelled by a Ornstein-
Uhlenbeck process leading to a tumbling events rate scal-
ing as exp[∆nδX], where parameter ∆n is rendering the
sensibility of the tumbling process to CheY-P concentra-
tion (see model details and parameter choices in SI). We
coin this internal time-resolved variable δX(t), the swim-
mer ”mood” since for low values, a bacterium will likely
run for a long time and explore large distances whereas
for larger values it would rather tumble and locally for-
age.

Trajectories simulated using the BV model show a
residence time distribution that matches experiments,
Fig. 2(a) without any additional fitting parameter. The
simulated distributions of θin and θout also quantitatively
match the experimental observations, Fig. 2(b-c) and
specifically, the small-angle ‘dip’ in P (θout). To estimate
the extent of this depletion, note that if a bacterium does
not reach the escape limit z = δ before the mean run time
〈τr〉 (= 2.32 s in our model), it will likely tumble. The
angle corresponding to a travelling time of 〈τr〉 over a
distance δ at average speed v̄ = 26 µm s−1 is δ

v̄〈τr〉 ≈ 7.6°.
We therefore expect depletion in P (θout) at angles . 10°,
as observed. Note, however, that we do not reproduce the
small peak in P (θout) at≈ 30°. We previously interpreted
this as an evidence for steric hindrance, an effect not in-
cluded in the model. Importantly, the same set of model
parameters accounts for observations in the bulk or near
a wall leading to the conclusion that, on the time scale
of our observations, surfaces do not modify significantly
the biochemical circuitry controlling tumbling.

From the simulated trajectories, we also obtain the
probability distribution of the number of tumbles, Nt,
needed before a swimming bacterium trapped at a wall
finally escapes, P (Nt), Fig. 4. To understand the expo-
nential behaviour for Nt . 10, we assume that the prob-
ability of escape at a single tumble event is p, with no
memory of previous tumble events. The probability of
escape after Nt events is then P (Nt) = (1 − p)Nt−1p,

or logP (Nt) = Nt log(1 − p) + log
(

p
1−p

)
. Our data

for Nt . 10, Fig. 4, are consistent with p = 1
3 . If

all tumbles that reorient a cell away from the surface
leads to successful escape, we would rather expect p = 1

2 .
It is as if re-orientations into run directions at angles

< θmin do not lead to escapes, where
∫ π/2
θmin

cos θ
2 dθ = 1

3 ,
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FIG. 4. Distribution of number of tumbles Nt before escape in
simulations. The red dashed line plots P (Nt) = (1− p)Nt−1p
with p = 1

3
, which gives a mean number of tumbles of

〈Nt〉∗ = 2.4, compared to the mean of the measured distri-
bution 〈Nt〉 = 3.5. Symbol colours show the corresponding
dimensionless average CheY-P concentration δX when leav-
ing the surface. Inset: distribution of δX for cells swimming
at surfaces (dark blue) and in the bulk (light blue).

or θmin = arcsin
(

1
3

)
≈ 19°, which is consistent with the

extent of the ‘dip’ in the experimental P (θout), Fig. 2(c).
The colour of the symbols in Fig. 4 gives the mean δX
prior to escape, showing the typical “tumbling mood”
when cells leave the surface zone z < δ. The bluish sym-
bols for Nt . 10 indicate that a majority of escaping bac-
teria are essentially in a long run-time “mood” (or low
δX). These bacteria are likely to escape far away from
the surface before tumbling again. The simulated P (Nt)
displays a large non exponential tail essentially composed
by bacteria with large δX. Thus, the short run times of
these cells do not lead to efficient escape, because their
frequent tumbling increases the probability of being re-
captured or remaining at the surface vicinity. The over-
all implication is that the surface and the bulk display
in average, distinct δX distributions: Fig 4 (inset) i.e.
surfaces act effectively as a selector for longer-run-time
phenotypes.

Summary and conclusions.— Using a novel 2C-3DT
method, we measured distributions of sojourn times at a
solid surface, incoming and escaping angles and tumbling
times, for a wild-type E. coli. We found a large distri-
bution of sojourn times as a direct consequence of the
bulk run to tumble statistics. However, we found that
tumbling is indeed the dominant mechanism by which
bacteria escape from surface trapping. Our observations
are reproduced quantitatively by a model accounting for
stochasticity in the concentration of a protein (CheY-P),
which controls the run to tumble statistics. Taken to-
gether, our results reveal and explain a paradoxical situ-
ation where tumbling appears to be a quite efficient mean
to escape from surfaces even though wild-type bacteria
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are likely to be trapped in the surface vicinity for times
much larger than the typical run time.

Stochasticity in phosphorylated CheY results in ‘be-
havioral variability’ i.e a time fluctuating ‘tumbling
mood’ within a monoclonal population of bacteria. Het-
erogeneity in bacterial population is usually seen as
the consequence of a variety of selection pressures such
as ‘bet hedging’ against environmental change [31].
Our findings about surface residence prompts the spec-
ulation that behavioural variability in the ‘tumbling
mood’ may be a form of bet hedging against planktonic
and surface living, allowing at every moment different
sub-populations to optimise their behaviour relative to
chemotaxis in the bulk [32] and long surface residence
leading to biofilm formation. Evaluating this suggestion
obviously requires further research to assess precisely the
role of internal noise associated with the chemotactic ma-
chinery driving the motor rotation in the context of the
different possible ‘life styles’ of E. coli in their natural
habitats.
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