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Direct measurement of the aerotactic response in a bacterial suspension
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Aerotaxis is the ability of motile cells to navigate toward oxygen. A key question is the dependence
of the aerotactic velocity with the local oxygen concentration c. Here we combine simultaneous
bacteria tracking and local oxygen concentration measurements using Ruthenium encapsulated in
micelles to characterize the aerotactic response of Burkholderia contaminans, a motile bacterium
ubiquitous in the environment. In our experiments, an oxygen gradient is produced by the bacterial
respiration in a sealed glass capillary permeable to oxygen at one end, producing a bacterial band
traveling toward the oxygen source. We compute the aerotactic response x(c) both at the population
scale, from the drift velocity in the bacterial band, and at the bacterial scale, from the angular
modulation of the run times. Both methods are consistent with a power-law x o« ¢~ 2, in good
agreement with existing models based on the biochemistry of bacterial membrane receptors.

I. INTRODUCTION

Many motile bacteria perform chemotaxis: they bias
their swimming in response to a gradient of chemicals
to move toward an optimum environment [1-15]. Aero-
taxis [1, 16], the specific response to oxygen, is a com-
mon feature of aerobic bacteria [17-25]. It was first high-
lighted by Engelmann [1] in 1881 when he used bacteria
to spot sites of oxygen produced by photosynthetic algae.

Aerotaxis plays a key role in many biological processes
such as biofilm formation [26-29], or in the bacterial dis-
tribution in the rhizosphere, the soil environment that is
under the direct influence of plant roots, where the res-
piration and the metabolic activities of the roots create
oxygen gradients [30]. In the field of health, aerotaxis
was recently suspected to influence the colonization of
epithelial surfaces [31]. This ability to respond positively
or negatively to oxygen gradients also opened the possi-
bility to use bacteria to target hypoxic tumours that are
resistant to drugs [32, 33]. It was observed that not all
bacteria swim toward a high level of oxygen like the fac-
ultative anaerobe FEscherichia coli [23] or other strictly
aerobic bacteria [22, 24]. Indeed, some strains avoid mi-
croenvironments too rich in oxygen [25], while others are
microaerophilic and prefer a low but finite level of oxy-
gen [17-21]. A good qualitative description of aerotaxis
is also important to prevent the quality deterioration of
food [34], or to quantify bacterial flux toward regions
contaminated by heavy metals [18, 26, 29].

Even if the aerotactic behavior of bacteria has been
widely studied, the exact dependence of the aerotactic re-
sponse with the environmental conditions is still an open
question. The cellular basis of aerotaxis in swimming
bacteria is the modulation of their flagellar activity in
response to changes in the oxygen level sensed by their
receptors [35-39]. This translates into a net aerotactic
velocity v, which writes, in the limit of small oxygen
gradient Ve,

ve = Xx(c)Ve, (1)

where x(c) is the aerotactic response. As a result, aero-

tactic bacteria that swim toward oxygen-rich regions are
able to collectively migrate, forming a traveling band at
the population scale.

Traveling bands have been widely investigated for vari-
ous chemoattractants [6, 7, 16-18, 40-42]. The discussion
is restricted here to aerotaxis, but the concepts are appli-
cable to other chemotaxis. Their dynamics is described
by the Keller-Segel equations for the bacterial concentra-
tion b(x,t) and oxygen concentration c(x,t), that write
in 1D [43]
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with J, the bacterial flux. The first contribution in J, is
the aerotactic flux, with v, = x(c)0¢/0zx the 1D form of
the aerotactic velocity (1), and the second contribution
is the diffusive flux, with p(c) the diffusion coefficient
due to random swimming (also called random motility
coefficient [12, 13, 44]). The second equation describes
the dynamics of the oxygen concentration, with k£ the
oxygen consumption rate by bacteria and D, the oxygen
diffusivity.

The dynamics of the bacterial migration critically de-
pends on the dependence of x with ¢. A minimum re-
quirement for the formation of such a traveling band is a
decrease of x(c) as ¢~1 or steeper [43]. Models based on
the biochemistry of bacterial membrane receptors predict
an aerotactic response in the form [44, 45]
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with K, the dissociation constant of the considered
chemoattractant from its receptor. It corresponds to
the chemoattractant concentration for which half of the
membrane receptors are bound with chemoattractant
molecules. For oxygen, K; is much smaller than the
oxygen content in water at room temperature [46], sug-
gesting that, except in strongly hypoxic conditions, an
effective scaling x o ¢~ 2 should be observed.



Most chemotactic experiments are performed at the
population scale, by monitoring the dynamics of the bac-
terial concentration in a chemical gradient [6, 7, 18, 41].
Experiments at the bacterial scale, initiated by the pio-
neering work of Brown and Berg [9], are more difficult to
achieve and are less common in the literature [10, 41].

Inferring the aerotactic response x(c) from the dynam-
ics of the bacterial concentration profile evolving in a 1D
oxygen gradient is possible in principle, provided that
the local oxygen concentration ¢(z) and p(c) are known.
Recently, microfluidic setups where the oxygen gradient
is fixed by imposing the concentration at the boundaries
were developed [22, 47-50]. In this configuration, if the
variations of p with the oxygen concentration can be ne-
glected, the steady solution of Eq. (3) is an exponential
profile b(z) resulting from the balance between the dif-
fusive and the aerotactic fluxes, from which x can be
obtained. However, accurate measurements can only be
obtained for decay lengths falling between a few microm-
eters up to the channel size of a fraction of millimetres,
limiting in turn the range of parameters that can be
tested. These studies tend to show the existence of a
"logarithmic-sensing" regime, x(c) o ¢~1, for moderate
oxygen gradients (the corresponding aerotactic velocity
is d(In ¢)/0x), although other scalings like Eq. (4) cannot
be excluded over wider range of oxygen gradients. This
"log-sensing" was also found in experiments on propagat-
ing chemotactic fronts in porous media [51, 52].

The recent development of Oy biocompatible sensors
offers now the possibility to perform simultaneous mea-
surements of oxygen concentration and bacterial velocity
statistics. In this study, we use Ru-micelles, which consist
of Ruthenium (an oxygen-quenched fluorophore) encap-
sulated in micelles [23, 53], to measure the oxygen con-
centration. Experiments are performed with Burkholde-
ria contaminans, a motile bacterium ubiquitous in the
environment and present in living organisms. A suspen-
sion of B. contaminans of various concentrations mixed
with Ru-micelles is enclosed in an elongated glass capil-
lary closed at one end but permeable to air on the other,
allowing an unidirectional oxygen gradient. The bacte-
rial respiration lowers the oxygen concentration in the
suspension, which in turn strengthens the gradient, re-
sulting in a traveling band and a strong accumulation
of bacteria near the oxygen source at large time. The si-
multaneous measurements of oxygen and bacterial tracks
allow us to compute directly the aerotactic response x(c),
both at the population scale and at the bacterial scale.
Our results suggest a robust x(c) oc ¢~2 scaling, consis-
tent with Eq. (4) for a dissociation constant Ky much
smaller than the ambient oxygen concentration level.

II. MATERIAL AND METHODS
A. Experimental setup

The experimental setup is shown in Fig. 1(a). A ho-
mogeneous suspension of B. contaminans bacteria is en-
closed in a glass capillary (Vitrotubes) of rectangular
cross section (0.4mm height, 8 mm width) and 50 mm
long. The capillary is closed at one end by PDMS (poly-
dimethylsiloxane) plug, a biocompatible cured polymer
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Figure 1. Aerotactic migration band in a glass capillary per-
meable to air on one side. (a) Experimental setup, made of a
glass capillary of rectangular section, filled with the mixture
of bacterial suspension and fluorescent oxygen dye. One side
of the capillary is sealed with an oxygen-porous PDMS plug,
while the other side is sealed with an oxygen-proof grease
plug. (b) Oxygen concentration field during the migration of
the traveling band, computed from the fluorescence light in-
tensity. (c) Images of bacteria at the same time, superimposed
to the bacterial tracks (nonmotile and motile bacteria are in
blue and red, respectively). (d), (e) Magnification at two lo-
cations, showing the nearly random tracks at large oxygen
concentration and the strongly biased tracks at low oxygen
concentration.



permeable to oxygen, and sealed at the other end by
grease (vaseline Cooper). The PDMS plug is made by
dipping the capillary in liquid PDMS, resulting in a plug
of 13 + 0.5 mm long.

The bacterial strain of B. contaminans used in this
study is an environmental strain characterized from the
sequencing of 165 and recA gene fragments. It was
selected for its strong aerotactic ability in a prelimi-
nary screening of available strains. Bacteria are grown
overnight in YEB medium (yeast extract beef: 5gL~1
beef extract, 1gL™! yeast extract, 5gL~!' peptone,
5gL~! sucrose, 0.5gL~t MgCly) at 28°C in an or-
bital shaker running at 200 rpm up to an optical density
ODggp = 5.5 £ 0.5. The suspensions are then diluted
in YEB to the desired concentration, and 1pmolL~! of
Ru-micelles [53] is added to the suspension. The solu-
tion is finally homogenised with an orbital vortex mixer
before injection in the capillary. Experiments were re-
peated for three bacterial concentrations, denoted here-
after by their optical densities OD = 0.05, 0.1 and 0.2
(10D ~ 1.8 x 105 bact pL.=1).

The capillary is located on the stage of an inverted mi-
croscope (Leica DMI4000B) equipped with a long work-
ing distance 10X objective and a Hamamatsu Orca Flash
4 camera allowing to record fields of view of 1.33 X
1.33mm?. Two imaging methods are used sequentially:
fluorescence imaging, from which the oxygen concentra-
tion is computed (see Fig. 1(b) and Appendix A), and
phase contrast for bacteria tracking [Fig. 1(c)]. Mea-
surements are performed in a plane at midheight in the
channel, with a depth of field of 30 pm, thereby selecting
bacteria swimming far from the walls. Measurements are
performed at 5 locations along the z axis with 10 % over-
lap, covering a distance of nearly 6 mm in the z-direction
from the source at x = 0.

The migration band travels along the capillary tube
until it reaches a stationary state, which consists in a
strong accumulation of motile bacteria in a narrow region
near the oxygen source. The timescale of the migration is
approximately 100 min for the lowest bacterial concentra-
tion (OD = 0.05) and 32 min for the highest (OD = 0.2).
These times are smaller than the doubling time of this
strain, T' ~ 170 min, measured in the exponential growth
phase in an oxygenated culture medium, so the bacterial
growth can be neglected in our experiments.

Images are taken during the band migration using the
following acquisition sequence: a fluorescence picture is
first taken at each of the five locations, then a movie of
100 images at 20 Hz is acquired in phase contrast at the
same locations. The sequence is repeated up to 20 times
during the bacterial migration, with a time step between
each scan of 3 to 10 minutes depending on the time scale
of the band migration. The maximum time lag between
an oxygen measurement at a given location z and the
bacterial tracks at the same location is less than 90s, a
value comfortably smaller than the migration timescale.

B. Bacteria tracking

From the sequences of phase contrast images, the bac-
terial tracks are computed using Trackmate [54] and
post-processed using an in-house Matlab code. For
each track ¢, we measure the two-dimensional positions
X, (t) = (Xi(t),Yi(t)), from which we compute the two-
dimensional velocities V;(t) = 0X;/dt using a sampling
time dt. This sampling time is chosen such as to separate
the motile and nonmotile populations that are naturally
present in the suspension in approximately the same pro-
portions [red and blue tracks in Fig. 1(d) and (e)]. Dur-
ing the time ¢, motile cells travel a distance ~ V; dt,
with Vp ~ 20pms™! the typical swimming velocity (see
Fig. 2). During the same time d¢, nonmotile cells move
randomly over a distance ~ /D §t, with D ~ 0.1 pm?s~*
the thermal diffusion coefficient (as measured indepen-
dently from the mean-square displacement [55]). A clear
separation between the two populations is obtained by
using a time interval 6t ~ 10 D/V@ ~ 200ms. With
this value, nonmotile bacteria have an effective veloc-
ity /D/6t ~ 1 pms~! much smaller than that of motile
bacteria, and can be filtered out by applying a velocity
threshold at 6 pms~—!. Only motile bacteria are consid-
ered in the following.

A selection of tracks is shown in Fig. 2, without
[Fig. 2(a)] and with [Fig. 2(d)] aerotaxis. These tracks
display a succession of approximately straight runs, typ-
ically 10 to 100 pm, separated by rapid changes in orien-
tation. A specificity of the swimming pattern of B. con-
taminans is the frequent occurrence of very sharp turn-
ing angles close to 180° (see Appendix B), contrarily to
the smaller mean turning angle of ~ 70° of the classi-
cal "run-and-tumble" pattern in the model bacterium E.
coli 9, 56]. Such a "run-reverse' pattern is also encoun-
tered in some marine bacteria [57-59]. In the presence of
the oxygen gradient, runs in the direction of the oxygen
source (x < 0) are longer and more frequent. This bias is
difficult to see directly in Fig. 2(a) and 2(d), but appears
clearly in the distributions of velocity components and
angle in Fig. 2(b), 2(c), 2(e), 2(f). The instantaneous
swimming angle 6(t) is defined in Fig. 2(g), with § = =
toward the oxygen source (z < 0). In the presence of the
oxygen gradient, the distribution of angles shows a strong
asymmetry, with tracks in the oxygen direction approx-
imately three times more frequent than in the opposite
direction. Interestingly, the distribution of V,, is peaked
to a negative value, but its width is comparable to that
of V,. This feature is robust at all times, with a ratio
of standard deviations o(V;,)/o(V,) ~ 1.00 £ 0.01, indi-
cating that the bacterial motion can be approximately
modelled as the sum of an isotropic diffusion and a small
deterministic drift toward x < 0.

We determined the diffusivity of the bacteria without
aerotaxis in two setups: in a chamber fully permeable to
oxygen (with a PDMS cover) and in a fully sealed cap-
illary (capillary glass sealed with a grease plug at both
ends). In the first setup, the oxygen concentration re-



(b)

(a) t = 5 min; 6‘0/6‘35 =0

B 1500
‘J
W ‘ ¢ ”\Q \
<, ’(/ 4 /’\1"
‘U\ > ° : )
50,22 \f 4 0

(d) t = 75 min; dc/dx < 0

6000

4000

2000

0 =n/2 7w 3m/2

3'0./9 L//“ﬁl‘\

\4 ot
'/ R\ _y
e mf—w e

0 20 40

[V@®)] (pms™)

Figure 2.

Characteristics of bacterial tracks without and with aerotaxis.
(~ 9 x 10* bact nL.™1), at location x = (4500 + 500) pym from the oxygen source.
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Data from the experiment at OD = 0.05
(a), (b), (c) ¢ = 5min, while the oxygen

concentration is homogeneous in the glass capillary; (d), (e), (f) ¢ = 75 min, when a steep oxygen gradient is formed. (a), (d)
Selection of bacterial tracks, coloured according to their instantaneous velocity. The starting point of a track is represented
with a grey circle. The track durations are between 3 and 5s. (b), (e) Histograms of the instantaneous trajectory angle 6. (c),

(f) Histograms of the instantaneous velocity components Vy, V.

velocity Viun and run angle 0,4, with respect to x.

mains at saturation level at all time, while in the second
it linearly decreases in time because of bacterial respi-
ration. From the bacterial tracks, we compute the dif-
fusivity as p = (1/2)V2T, where V. and T are deter-
mined from an exponential fit of the two-dimensional ve-
locity correlation function (see Appendix C). We obtain
p =~ (450 £ 100) pm? s~1, with no significant evolution
in time in both setups as long as oxygen is available. In
the sealed capillary, the motility rapidly drops when oxy-
gen is exhausted and transitions to a Brownian diffusive
motion. Similarly, the mean 2D velocity stays constant
throughout both experiments, and only drops when the
oxygen concentration reaches zero in the sealed capillary
experiment.

(g) Segmentation of tracks into a set of runs, defining the run

DYNAMICS OF THE AEROTACTIC
FRONT

III1.

To quantify the dynamics of the aerotactic migration
of bacteria toward the oxygen source, we compute the
velocity statistics conditioned on the x position along the
capillary. For this, we first define for each track i its
average position X; = (X;,Y;) and average velocity V.
Then, we average the velocity norm and z-component
conditioned on the averaged z-position,

v(a,t) = ([Vil; 2 = X3), (5)
'U:c(x7t) = <Vz C€x T = 71) (6)

The brackets (-) denote the average over all tracks 4
satisfying this spatial conditioning. In practice, the
conditioning is performed on a window size of width
Az = 200pm. This window size is chosen larger than
the typical run length, but smaller than the characteris-
tic length scale of the oxygen and bacterial concentration
profiles. Note that the velocities in Egs. (5) and (6) are



the two-dimensional projections of the true bacteria mo-
tion. This implies that for bacteria swimming isotropi-
cally at constant (three-dimensional) velocity Vj, we have
v = 7Vp/4 ~ 0.78Vp, whereas for bacteria swimming in
the microscope plane we simply have v = Vj.
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Figure 3. Variations of the local density of bacteria b(z)
(green circles), oxygen concentration c¢(z) (blue stars), magni-
tude of the swimming velocity of bacteria v(z) (empty orange
diamonds) and drift velocity along the gradient v, (x) (filled
orange diamonds) as functions of the distance from the oxy-
gen source at four different times during the migration of the
bacterial band. The capillary is initially filled with an homo-
geneous suspension of bacteria at a concentration OD = 0.2
(~ 3.6 x 10° bact pL."!). Time is counted from the sealing of
the capillary.



The dynamics of the migration band is depicted in
Fig. 3 for OD = 0.2 (~ 3.6 x 10° bact pL.=1), along with
the oxygen concentration profile, the mean velocity norm
v(z) and the drift velocity along the gradient v, (z). Five
minutes after the sealing of the capillary [Fig. 3(a)], the
oxygen level has slightly decreased but remains essen-
tially homogeneous, and no measurable drift velocity nor
variations in the bacterial concentration are detected. At
t = 26 min [Fig. 3(b)], the migration band has reached
the middle of the measurement area, with the back end
of the band (z ~ 3.5 mm) corresponding to the location
where the oxygen level is zero. In the migration band,
the drift velocity reaches v, ~ —7pnms~! (negative veloc-
ity is toward the oxygen source), which is 30 % of the 2D
mean swimming velocity. Three minutes later [Fig. 3(c)],
the bacterial band is more pronounced as it approaches
the oxygen source, but it travels at a smaller velocity,
vy ~ —4pums~!'. After 45min, an asymptotic state is
reached, with a strong accumulation of bacteria near the
O3 source and v, ~ Opms~! [Fig. 3(d)].

The temporal evolution of the drift velocity v, (x) is
summarized at all times in Fig. 4, showing a net migra-
tion band toward the oxygen source as time proceeds.
The experiment was repeated with the two lower initial
bacterial concentrations, OD = 0.1 and 0.05 (see Ap-
pendix E), yielding a similar dynamics but on a timescale
that varies approximately as the inverse of the bacterial
concentration.

We now turn to the determination of the aerotactic
coefficient x(c) = v, /(0c/dx), where v, is the aerotactic
velocity. A difficulty in inferring v, from the measured
drift velocity v, is that v, is related to the total bacterial
flux J, = bv,, and therefore includes both the intrinsic
aerotactic contribution bv, and the diffusive contribution
wu(c)0b/0x [Eq. (3)]. Correcting for this diffusive contri-
bution is delicate, because the dependence of p with c,
which stems from the dependence of x with ¢, is difficult
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Figure 4. Drift velocity vz(z) as a function of the distance
from the oxygen source at different times during the migration
of the bacterial band. The initial bacterial concentration is
OD =0.2.
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Figure 5. Aerotactic response Xmacro ~ vz/(9c/dz) as a func-
tion of the local oxygen concentration c. The values are com-
puted from the drift velocity v (z) and oxygen gradient Oc/dx
measured on the maximum of the migration band (where
0b/0x ~ 0), for an initial bacterial concentration OD = 0.2.

to infer from the data. We therefore focus on regions

where 0b/0x ~ 0, near the maximum of the bacterial

density in the migrating band or close to the O2 source.

In these regions, the diffusive flux is small and we have

Uz ™ Vg, SO the aerotactic response is simply given by
Uz

Xmacro(c) - ma (7)

which can be directly computed from our velocity and
oxygen concentration measurements. We note xmacro this
first determination of the aerotactic coefficient, as it is
obtained from the drift velocity at the macroscopic level.

Figure 5 shows the aerotactic response Xmacro @S a
function of ¢ at different times during the migration. It
shows a well-defined power-law decay Xmacro o ¢~ in
the range ¢ = 0.6 — 5mgL~!, with a best fit exponent
n ~ 1.9 + 0.4. The upper bound of this range is limited
by the smallest measurable drift velocity, while the lower
bound is limited by the resolution of the fluorescence sig-
nal. The good collapse of the data at different times
on a single curve indicates that the aerotaxis response is
governed by the local oxygen concentration alone, with
no measurable delay, so it can be considered as approxi-
mately instantaneous in our experiment.

This scaling is consistent with Ymaco o< ¢~ 2, which
corresponds to Eq. (4) in the limit of a small dissocia-
tion constant, Ky < c. Although the value of K  of
oxygen is not known for B. contaminans, the absence of
visible cutoff in Xmacro(c) at small ¢ suggests that K,
is much smaller than the minimal oxygen concentration
measured in Fig. 5 (~ 0.6mgL~!). This is consistent
with the value of K4 ~ 0.02mgL~"! determined for other
bacterial species like Fscherichia coli and Salmonella ty-
phimurium [46].
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Figure 6. Aerotactic response Xmacro = ¥z /(0¢/dz) computed
on the maximum of the migration band (where 9b/0z ~ 0),
plotted as a function of the oxygen concentration c for differ-
ent initial bacterial concentrations: OD = 0.05 (blue circles),
OD = 0.1 (orange squares) and OD = 0.2 (yellow diamonds).
The lines show the best fit xmacro = 6/02 for each OD, the
coefficient § being plotted as a function of the OD in the inset.
For ¢ > 5mgL~1, the aerotactic velocity is too close to zero
for a reliable measurement of Xmacro-

We have repeated the measurement of x(c) for the
three bacterial concentrations. The curves are sum-
marised in Fig. 6, with error bars reflecting the disper-
sion for each OD. Here again, the data is well described
by the power law y ~ §c~2, but with a coefficient § that
decreases as the bacterial concentration increases (see in-
set). This suggests that the scaling of the aerotactic re-
sponse with oxygen concentration is robust, but the level
of this response also depends on other parameters related
to the bacterial concentration. The delay between the
measurements of the oxygen concentration and the bac-
terial tracks cannot explain this dependence. Because of
the sequential acquisition procedure (see Sec. IIB), the
oxygen concentration is measured approximately 1min
before the bacterial velocity. During this time lag, ¢ de-
creases while |Jc/0x| increases at a given x, at a rate
which increases with the OD; this should increase the
apparent d, which does not match our observations. A
second possible bias is a selection of the fastest swimming
bacteria as the OD is increased; however, this sorting ef-
fect would also yield an increase of the apparent ¢, which
again is not compatible with our data. We can conclude
that the observed decrease of § with the OD is a genuine
feature of the aerotactic response of this strain, that may
result from a secondary negative chemotactic response
lowering the effect of the primary positive aerotactic re-
sponse.

IV. AEROTACTIC RUN TIME MODULATION

Measuring the aerotactic coefficient x(c) from the
mean drift velocity v, is inherently limited by the effect
of diffusion, which restricts our measurements to regions
where the diffusive flux vanishes, for 9b/dz ~ 0. To cir-
cumvent this limitation, we now investigate the aerotaxis
at the microscopic level, with the aim to characterise the
modification of the swimming pattern statistics due the
oxygen gradient.

For each track, we define a run as a segment be-
tween two sharp reorientations [Fig. 2(g)], such that
|0(t + ot) — 0(t)| > Ab., with Af, a threshold. For the
sampling time used here, §t = 50 ms, robust results are
obtained using the threshold Af. = 0.8 rad. The reorien-
tation time between two runs is of the order of 0.1-0.25s
(the limited sampling frequency does not allow a finer
characterisation of its distribution). For each run j, we
define the mean velocity Vi un,;, the mean angle 6,y ;
with respect to the x axis and the run time Tyn,;.

To characterise the aerotactic bias of the run times, we
partition the runs in two sets specified by the swimming
direction, toward the oxygen source (6yyn,; = 180 £ 45°)
and in the opposite direction (6yun,; = 0+45°), and define
the corresponding run times as 7,1, and 7,5, ,, respectively.
Figure 7 shows the distribution of these run times, with
and without aerotaxis. At early time [Fig. 7(a)], with-
out significant oxygen gradient, 7.t . and 7., follow the
same Poisson distribution, p(7:f ) ~ exp(—A7L ), with
B =~ 1.9s71. At larger time [Fig. 7(b)], in the migration
band, the two distributions still decay exponentially but
with different decay rates, confirming that bacteria swim
longer when moving toward the oxygen source.

To further quantify this effect, we compute, for each
time ¢ and location x along the capillary, the mean run
duration conditioned on the mean run angle,

= 0run>a (8)

with (-) the average over the runs j. We plot this mean
run time 7y, as a function of cos 6,y in Fig. 7(c), both
before and during the migration band. We observe a
well-defined linear trend,

7-run(alrun) = 7-0(1 — v COs Hrun); (9)

with « the run time modulation coefficient, and 79 the
mean run time at cos f,,, = 0. Such a linear dependency
of Trun With cos 6,y comes from the fact that bacteria are
sensitive to the time variation of the local oxygen gradi-
ent sampled along their trajectory, de/dt ~ V - Ve =
V cosf 0c/0x (see Appendix D). Without oxygen gradi-
ent, we have a ~ 0 (isotropic swimming), whereas in
the oxygen gradient, runs toward the oxygen source are
(1 + @) longer than 79 while runs away from the oxygen
source are (1 — «) shorter than 7.

From the run statistics, we extract the run time modu-
lation coefficient « at each time, for each location = along
the capillary chamber, and for the three bacterial concen-
trations (OD = 0.05, 0.1 and 0.2). The time evolution

7-run(alrun) = <Trun,j; erun,j



of a(z), plotted in Fig. 8 for OD = 0.2, shows a clear
drift of the aerotactic response toward the oxygen source
as the migration band proceeds, which is consistent with
the measured drift velocity —v,.(x) in Fig. 4. These two
quantities can be related if we assume that the swimming
velocity Vy and the mean run time 7y do not depend on
Orun, yielding (see Appendix D)

Vg = —VO%. (10)

Interestingly, this estimate of v, from «a is expected to
hold everywhere, not only at the maximum of the mi-
gration band where the diffusion contribution vanishes.
This is clearly visible by comparing Figs. 4 and 8: while
v, drops to 0 at long time because aerotaxis is balanced
by diffusion in the asymptotic state, a strong aerotactic
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Figure 7. Distributions of run times 75, before the aero-
tactic band [(a), ¢ = 5min] and in the aerotactic band [(b),
t = 29 min], for OD = 0.2, z ~ 2.5 — 3mm. Blue: 7., con-
ditioned on Orun,; = 180 £ 45° (toward the oxygen source);
red: Tu,, conditioned on 6yun,; = 0 4+ 45°. The lines show
exponential fits exp(—A7%,), with T ~ 1.957! in panel (a),
and B~ ~ 2.3s7', BT ~ 1.7s7! in panel (b). (c) Average
run time 7run as a function of cos@..n before the aerotactic
band (black symbols) and in the aerotactic band (green sym-
bols). The green line shows the linear fit using Eq. (9) with
a =~ 0.22. The vertical dashed lines indicate the ranges of run
angles 6run (such that | cosOrun| > 1/\/5) over which the run
time distributions p(7;%,) in panels (a, b) are computed.
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Figure 8. Run time modulation coefficient o as function of
the distance from the oxygen source at different times during
the migration of the bacterial band. Same data as in Fig. 4
(OD =0.2).
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Figure 9. Aerotactic response Xmicro ~ —aw/(20c¢/dz) plot-
ted as a function of the oxygen concentration ¢ for different
bacterial concentrations: OD = 0.05 (blue circles), OD = 0.1
(orange squares) and OD = 0.2 (yellow diamonds). The lines
show the best fit Xmicro = 0/ ¢? for each OD, the coefficient §
being plotted as a function of the OD in the inset.

response is still present at the bacterial scale in the run
time modulation coeflicient a.

We finally plot in Fig. 9 the aerotactic coefficient
[Eq. (1)] computed using Eq. (10), which we call Xmicro-
This coefficient is again compatible with the scaling ¢~2
for all bacterial concentrations. Since we are not limited
here to 9b/0x ~ 0, the range of oxygen concentration
where Ymicro can be computed is extended to lower oxy-
gen concentrations, down to ¢ ~ 0.3mg L.

Although the aerotactic responses computed at the



population scale (Fig. 6) and at the bacterial scale
(Fig. 9) both display the same scaling ¢=2, a system-
atic shift is observed between these two estimates, with
YXmicro = 0.3 Xmacro. This discrepancy may be attributed
to several biases in the segmentation of tracks into runs.
First, since only the two-dimensional projection of tracks
can be measured, runs nearly normal to the measure-
ment plane are perceived as low-velocity erratic motions
and can be interpreted as tumbles. Second, the mea-
surements are limited both in depth (the depth of field
is 30 pm) and acquisition time (image sequences are lim-
ited to 5s to allow for a fast scan along the z-direction).
Longer tracks are therefore truncated, resulting in a large
number of small tracks without tumbles. This leads to an
over-representation of short runs, and hence an underes-
timation of a. The aerotactic response Ymicro computed
from the run time modulation therefore underestimates
the true aerotactic response, but its overall scaling ¢—2
remains unaffected by this bias.

V. CONCLUSION

In this paper, we use an original setup allowing for si-
multaneous measurements of oxygen concentration and
bacteria tracking to investigate the scaling of the aero-
tactic response. This setup allows us to quantitatively
monitor bacteria during their migration to an oxygen
source, reproducing a natural environmental situation in
the laboratory. The aerotactic response x computed both
macroscopically, from the concentration profiles of bac-
teria, and microscopically, from the bias in run times,
yields consistent results in the form y o« ¢~2. To our
knowledge, this is the first direct measurement of x(c).

The scaling x o c¢2 is consistent with the models
based on the biochemistry of bacterial membrane recep-
tors [10, 44, 45] given by Eq. (4) for a dissociation con-
stant Ky much smaller than the typical oxygen concen-
tration. It differs from the "log-sensing" scaling x o< ¢~!
reported in recent experiments using stationary oxygen
gradients [22, 47] with other bacteria. This variability
may originate from a specific aerotactic response of the
different bacterial species, which exhibit different oxy-
gen receptors or swimming patterns ('run-and-tumble",
"run-reverse" or 'run-reverse and flick" [58, 60]).

The simultaneous mapping of oxygen concentration us-
ing a fluorescent Og-sensor together with the bacteria
tracking is a very promising approach. This setup could
be used in principle with more complex chemical stim-
uli, when aerotaxis competes with other chemotaxis, or
in complex environments mimicking natural ecosystems.
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Appendix A: Oxygen measurements

Oxygen concentration maps are obtained from fluo-
rescence microscopy images of Ruthenium, an organo-
metallic complex quenched by oxygen. Ruthenium com-
plex [ruthenium-tris(4,7 diphenyl-1, 10-phenanthroline)
dichloride, also named Ru(dpp)3;Cly or Ru(dpp)] is en-
capsulated in phospholipidic micelles (referred to as Ru-
micelles),to make it soluble in water and biocompati-
ble [24, 53]. We did not observe any influence of Ru-
micelles on the bacterial motility.

Fluorescence intensity is converted into Oy concentra-
tion using the Stern-Volmer relation

[ref
I(c)

=1+ Kgc, (A1)
where I(c) is the fluorescent intensity at oxygen concen-
tration ¢, Ior is the intensity without oxygen, and K,
is the quenching constant. I..¢ is taken as the highest
intensity at the end of each experiment. This reference
level was confirmed to be equal to ¢ = 0mgL~! when
measured with an electrochemical Os-probe in a closed
sample where bacteria consumed the available oxygen.
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Figure 10. Temporal evolution of the dioxygen concentration
¢ in a suspension of B. contaminans at OD = 0.1 (blue circles)
and OD = 0.2 (black stars). The oxygen initially dissolved
is consumed at a steady rate by the bacteria. The concen-
tration is deduced from the fluorescence intensity using the
Stern-Volmer relation [Eq. (Al)]. The black line shows the
linear fit ¢(t) = co — ket with ¢o = (11.8 £ 3.0)mgL™" and a
consumption rate k. of 0.32 and 0.71 mg L~ 'min~".



Figure 10 shows the temporal evolution of the oxygen
concentration in two bacterial suspensions of different
concentrations enclosed in a glass capillary with no oxy-
gen supply. K, was determined by measuring the flu-
orescent intensity of a solution containing no oxygen (a
solution saturated of B. contaminans bacteria), and com-
paring it to the intensity level of a solution with a known
oxygen concentration. We find K, = 0.21 Lmg~!, which
is of the same order of magnitude of values reported for
similar Ruthenium-based dyes [22, 23, 61-64].

Appendix B: "Run-reverse" swimming of B.
contaminans

B. contaminans is a motile bacterium exhibiting a
large dispersion of swimming velocities. Its velocity (pro-
jected on the microscope plane) ranges from 0 up to
60 pms~!, with a mean value around 20-25pms~!. A
particular feature of B. contaminans is its "run-reverse'
swimming (illustrated in Fig. 2), similar to some marine
bacteria [57, 58]. To quantify this run-reverse motion, we
measure the turning angle §0 between two successive runs
j and j + 1, defined as 00 = Orun, j4+1 — Orun,;- Its distri-
bution, plotted in Fig. 11, shows a strong accumulation
at cosdf ~ —1, i.e., a majority of tumbles correspond to
reverses. We obtain a mean value of (cosdf) ~ —0.34,
much smaller than the value 0.33 found for the classical
run-and-tumble motion in E. coli [56].
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Figure 11. Distribution of the turning angle 0 between two
successive runs. The distribution is peaked at cosdf = —1,
corresponding to reverses.
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Appendix C: Diffusion coefficient

To measure the diffusion coefficient u, we compute the
velocity correlation function [58, 65, 66)

C(AL) = (V(t) - V(t + At)) (C1)

averaged over all the bacterial tracks. An example of
C(At) is shown in Fig. 12. We fit the exponential de-
crease as

C(At) ~ V2 exp(—At/T), (C2)
with V., = 1/2/3V}, and Vp the mean swimming velocity,
from which we compute the diffusion coefficient as p =
(1/2)V2T. An average over numerous experiments yields
p = (450 £ 100) pm? s~ L.

10°

C(At) = V2exp(—At/T)
T=22s
Ve =194 pum st

10t | | |
0 0.5 1 1.5 2 2.5 3

Time At (s)

Figure 12. Velocity correlation function C(At) = (V(t)-V(t+
At)) at OD = 0.05. The red line shows the exponential fit
[Eq. (C2)], with V. = 19.4pyms™! and T = 2.2s.

Appendix D: Aerotactic run time modulation

We examine here the aerotactic bias in the run time
distribution. We first consider nonaerotactic run-and-
tumble (in homogeneous oxygen concentration). The
probability p(7iun) that a bacteria makes a run of du-
ration Tyuy is

P(Trun) = P(Trun — 0t)p(St). (D1)

Noting S the probability per unit time of a tumble, we
have p(dt) = 1 — B6t, and Eq. (D1) becomes

p(Trun) - p(Trun - 5t)

= —f6t. D2
p(Trun - 6t) 5 ( )
The probability p(7yun) is then given by
In(p(rran)) = — / Bdt + C, (D3)
0



where C is an integration constant defined such that
f0+oo P(Trun)dmun = 1. For constant 3, the solution of
Eq. (D3) is a Poisson law, p(7yun) = S exp(—B7run), and
the average duration of a run is

Trun = / Trunp('rrun)dTrun == ]-/ﬁ (D4)
0

We consider now the run time distribution in the pres-
ence of an oxygen gradient. We derive the average of
the runs of bacteria moving up (7;,,,) or down (7,,,,) the
oxygen gradient under the assumptions that (i) the fre-
quency [ depends only on the local oxygen concentration
¢, and (ii) the bacteria swim at a constant velocity V;.

The probability to make a run of duration 7y, is still
given by Eq. (D3) but with a frequency 8 = SBlc(t)] that
depends on the local oxygen concentration. The average
duration of the runs of the bacteria moving up or down
the gradient are

T = / i pri (D5)
0

A Taylor expansion of 3[c(t)] around its initial value
at t =0 gives

flett) = a0+ CgA 1 (oo
yielding
i) = [ (seo)+ G| o)
- (D7)

For a constant swimming velocity in the z direction, the
time derivative of 8 writes

dplc(0)] -, dBc(x)]
a0
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where x is the bacteria position at time ¢ = 0. We define
the run-time modulation coefficient as

Vo df
ple(x)]? dx

a(z) = ’2

In the limit of small a, Eq.(D5) reduces to

Toon = Trun (1 £ @), (D8)
where Ty, = 1/5(c) is the average run duration of bac-
teria moving in an homogeneous oxygen concentration ¢
[Eq. (D4)]. We note that Eq. (D8) can be written in a
way similar to Rivero et al. [44] and Berg and Brown [9],

(7L, (a)) = In(Frun) £ .

run

(D9)

The calculation can be generalised by considering runs
not aligned with the gradient, but making an angle 0,.,
with respect to the gradient, yielding

Trun (Orun) = 70(1 — @ cos(0run)), (D10)
where 79 is the average run time measured normal to the
gradient (for cosf,,, = 0). Here, we have 0,,, = 7 for
runs moving up the gradient.

The aerotactic velocity can be written

11 2w
Vg = —

= 5 €z Trun erun darurp
2m 10 Jo V- eoTrun )

(D11)

Assuming 7y and V) do not depend on the run angle, we
finally obtain

70[‘/0
2

Vg =

(D12)

by combining Eqgs. (D10) and (D11).
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Appendix E: Concentration profiles

The dynamics of the migration band, shown in Fig. 3
at four selected times for the bacterial concentration OD
= 0.2, is complemented in Figs. 13, 14 and 15 at all times
for the three concentrations OD = 0.2, 0.1 and 0.05.
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Figure 13. Variations of the local density of bacteria b(z) (green circles), oxygen concentration c(x) (blue stars), magnitude
of the swimming velocity of bacteria v(z) (empty orange diamonds) and drift velocity along the gradient v,(z) (filled orange
diamonds) as functions of the distance from the oxygen source at four different times during the migration of the bacterial
band. The capillary is initially filled with an homogeneous suspension of bacteria at a concentration OD = 0.05. Time is
counted from the sealing of the capillary.
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Figure 14. Same as described in the caption of Fig. 13 for OD = 0.1.
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Figure 15. Same as described in the caption of Fig. 13 for OD = 0.2.
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