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Collective gradient sensing by swimming bacteria without clustering
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We demonstrate that bacterial cells enhance the taxis performance by collective migration origi-
nating from the cellular alignment interaction without apparent clustering. We confine Salmonella
cells in a shallow channel and evaluate the thermotaxis response to local heating and diffusion. By
combining cell tracking analysis and numerical simulation based on simple modeling, we show that
the alignment interaction suppresses orientation fluctuation, strengthens migration bias, and also
prevents the dispersion of accumulated population. The results show a prominent example of how
a collective motion of active matter implements a biological function.

Nearly all bacterial species implement the taxis abil-
ity to migrate along the gradient of, for example, chem-
icals and temperature to seek a better environment.
The mechanism underlying taxis differs from species to
species. Bacteria with peripheral flagella such as FEs-
cherichia coli and Salmonella exhibit biased random walk
with alternative run and tumble motions [1] [Fig. 1(a)].
Signal-dependent modulation of the tumbling frequency
enables taxis. However, since such trial-and-error swim-
ming of individual cells is highly stochastic, the taxis
efficacy is not expected to be high. On the other hand, it
is known that bacteria suspended at high density swim
collectively and exhibit rich spatiotemporal phenomena
such as long-distance ordering [2, 3], giant number fluctu-
ations [2], and vortex formation [4, 5] caused by interac-
tion among cells. A question that naturally arises is how
the cellular interaction affects the taxis performance.

Previous work showed that the chemotaxis perfor-
mance of swimming [6] and swarming cells [7] increases
with the cell density, implying that cellular interaction
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FIG. 1. Bacterial taxis. (a) Stochastic run and tumble motion
realizes taxis. (b) Experimental setup. An infrared (IR) laser
was focused under a microscope to generate a temperature
gradient in a microchannel [Fig. S1 |. (c) Temperature gra-
dient generated by local laser heating with 200 mW power.
The profile was well fitted by a — blnr with a = 24.8 and
b = 0.157. r is the distance from the laser spot. The inset is
the gradient calculated as b/r. See Fig. S2 for details.

enhances taxis. However, the enhancement mechanism
has remained elusive. This work aims to clarify the
mechanism of how cellular interaction modifies taxis.
For this aim, we study a low-density cell suspension
(~ 1cell/100pm?) of Salmonella enterica cells, where ap-
parent clustering is not observed. As well, we exploit
dynamic local heating by laser irradiation and measure
the initial taxis dynamics before cells locally accumulate.

At a low density, the taxis may be evaluated based
on a framework similar to that for the thermophoresis
of non-active microscopic objects [8]. Let ¢(7 t) be the
particle density at position 7 and time t. Under a given
temperature gradient ﬁT, both the taxis and the ther-
mophoretic flow of non-active particles are phenomeno-
logically described as

J = Dy(c)eVT — D(c)Ve (1)

in a linear-response regime. Dt and D are thermodiffu-
sion and diffusion coefficients, respectively. The balance
between migration bias and diffusion quantified by the
Soret coefficient St = Dt /D determines the efficacy of
detecting the temperature gradient. Actually, if the de-
pendence of Dt and D on ¢ are negligible, we obtain the
steady distribution ¢ o< e577 by solving J = 0. This is of-
ten the case for thermophoresis. The phoresis and taxis
have distinct origins. The thermophoresis is basically
driven by the interaction between the particle surface
and solvent [9], whereas bacteria realize thermotaxis by
modulating their swimming pattern based on biochem-
ical responses to a thermal gradient[l]. Bacteria swim
ballistically at a short time scale and effectively exhibit
diffusional motion only at a long time scale[1]. Despite
these differences, it would be still effective to evaluate the
taxis efficacy based on Dr(c), the effective diffusion co-
efficient D% (c), and their ratio S$f(¢) = Dr(c)/ D (c).

We observed the swimming cells confined in a thin
microchannel with the height of h = 5pum, which is
comparable to the cell dimensions (2-3pm in length and
~ 1nm in width) [Fig. 1(b)]. Cells may pass each other.
However, since vertical swimming is negligible, we treat
the system as two-dimensional and evaluate ¢, D, and
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D as two-dimensional quantities. Irradiation of fo-
cused infrared laser under a microscope generated an ax-
isymmetric pseudo-two-dimensional temperature gradi-
ent [10, 11]. This setup enables the instantaneous switch-
ing on and off of the gradient for probing the taxis dy-
namics. The thermal convection due to the local heat-
ing was negligible because of the reduced channel height.
The consumption of nutrients by cells creates a nutrient
gradient and makes the dynamics complex [11, 12]. We
used the observation buffer lacking nutrients to focus on
the effect of the cellular interaction on taxis. We also
evaluated Dt using the initial migration speed since cel-
lular respiration may form the spatial oxygen gradient at
a later time. The magnitude of interaction was controlled
by varying the cell density.

Results — tazis. The spatial temperature profile under
local laser heating was well fitted by a logarithmic func-
tion as expected from the two-dimensional open system
with a single heat source[13] [Fig. 1(c)]. The maximum
temperature increase was about 0.7 K.

The cells migrated along the temperature gradient
VT and accumulated in the vicinity of the heating spot
[Figs. 2(a), S5], indicating D > 0 under the present con-
dition. The cells dispersed when the laser was turned off.
The mutant strains without flagella (fla-) nor Che sys-
tem (che- [14]) did not accumulate significantly [Fig. S6].
The che- strain produces an intact flagellar apparatus
but rotates its motors exclusively counter-clockwise with-
out tumbling. Hence, the migration originates in the
taxis, not in the optical-tweezers effect [15] nor the ther-
mophoresis [8].

Let cg(t) be the mean cell density in the vicinity of the
heating spot (the region within R = 50 pm) and ¢g be the
mean cell density in the same region before the laser is
turned on. ¢y was typically in the order of 1 cell/100pm?.
The normalized cell density cgr(t)/co increased linearly
with a short time delay and saturated with the timescale
of ~ 80s [Fig. 2(b)]. The short delay was supposedly
caused by the response delay of individual cells and the
large R we used.

The increase in cg should equal the influx through the
region’s boundary. The magnitude of the influx is ob-
tained by integrating the radial component J, of J at the
peripheral, ¢ = 2rRJ,/7R2. Initially, |V¢| is negligible
because of the uniform cell density. Hence, (1) is reduced
to J = DreVT, which leads to ég = 2Drpeo|VT|r/R.
Here, |§T|R = 0.0031 K/pm is the temperature gradient
at R. Thus, we can evaluate Dt as Dt = aég(to)/co
with @ = 0.5R/|VT|g = 8.0 x 103um?K~'. Here,
to = 30s is the time that the laser irradiation starts.
We fitted the time profile of cg(t) during heating by an
exponential curve and evaluated ¢g(tp). We excluded the
first 10 s during heating from the fitting range to remove
the effect of the short time delay of cpr(t) rising. We
found that D increases with ¢g. Since the increase in ¢y
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FIG. 2. Taxis to local heating. (a) The snapshots of the mi-
gration at c¢o = 2.5 cells/100pm? were observed by dark-field
microscopy. The red dot indicates the laser irradiation loca-
tion. (b) The normalized cell density cr(t)/co in the central
region within R = 50 pm indicated as a yellow dotted circle in
(a). cr(t)/co was evaluated as the ratio of the light intensity
scattered by the cells under dark-field microscopy. co was sep-
arately evaluated by phase-contrast microscopy. The data are
fitted by exponential curves (solid lines) in the range between
40s and 150s. The time profiles of 20 runs with similar co
are averaged. (c¢) Dependence of Dt on c¢g. The solid curve
is a linear fitting. The number of independent observations is
141. We divided the runs sorted by ¢ into groups containing
20 runs with 10-run overlaps and calculated quantities in each
group. (d, e) Single-cell tracking. The mean (d) and standard
deviation (e) of radial (V;) and angular (Vy) components of
the velocity under the local heating averaged in the distance
range between 74 and 198 pm from the heating spot and the
time range of between 40 and 70s. See SI Method for de-
tails. Each point is obtained from 20 runs. The solid curves
are exponential or constant fittings. The plot was limited to
co > 0.1 cell/lOO}lm2 due to limited sample number at low cg.

increases the contact frequency of cells, the results imply
that the cellular interaction enhances taxis [Fig. 2(c)].

For further characterization of migration dynamics,
we tracked individual cells and evaluated the radial (V})
and angular (V) components of the swimming velocity
[Fig. 2(d, €)]. Since it was not feasible to track all the cells
due to their overlaps, the analysis was limited to a subset
of the entire population. The mean of V; increases with
co while the standard deviations of Vjy decrease with cg,
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implying that the cellular interaction strengthened the
directional bias toward the heating spot.

Results — cellular interaction. The above results in-
dicate that cellular interaction enhances the taxis. To
characterize the interaction, we analyzed the collision an-
gles 6y, Oous, and their difference A8 = 0,y — 0i, in the
absence of thermal gradient [Fig. 3] [3, 16-18].

The cells aligned after collisions with 6;, < 45° and did
not significantly align otherwise. Such mixed asymmetric
interaction of polar and nematic types has been observed
for the binary collision of the objects that can pass each
other [18].

Results — diffusion. Next, we evaluated how the modu-
lation of diffusion by cellular interaction affects the taxis.
After the laser was turned off, the cells dispersed quickly
in an exponential manner [Fig. 2b]. The time constant
of the dispersion 74;5 increased with cp at the timing of
laser off [Fig. S8]. We expect 7qis to be independent of the
density for passive Brownian particles unless the particles
are extremely dense. The result implies that the cellular
interaction modulates diffusion.

For more characterization, we tracked the diffusion of
individual cells without laser heating. In order to track
a long trajectory at high cell density, we mixed cells ex-
pressing green fluorescent protein (GFP). We first mea-
sured cg by counting cells in phase-contrast observation
and then quantified the diffusion using the GFP cells in
the same observation area in succession.

The run and tumble motion generated ballistic and dif-
fusive motions at short and long time scales, respectively
[Fig. 4(a)]. Trajectories became more diffusive at higher
o, implying the modulation of the swimming pattern by
the cellular interaction.

The mean square displacement (MSD), M(At) =
(|7(t+At)—7(t)|?), characterizes the diffusion [Fig. 4(b)].
Here, the average (-); is taken for different ¢. The effec-
tive diffusion coefficient D is defined in the long At
limit as D = lima; 00 M (At)/4At in two dimensional

Gout : d
1 30
Y 0
o
[ A 3 =30
;@ g 1
0

T
45 90 135 180
eiﬂ ein (deg)

0.3

eout - em (deg)

FIG. 3. Alignment interaction quantified by the angular dis-
placement by collision. We used the same data as that in
Fig. 4 (h = 5um and ¢y < 1.5cells/100pm?). We analyzed
11,823 events where two cells come to close in a distance less
than 2.2 pm. See SI for the details. The color intensity indi-
cates the frequency of the collision events normalized in each
column. The solid line indicates the peak locations of the
skewed normal distributions fitted in each column.
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FIG. 4. Diffusion in the absence of temperature gradient. (a)
Two-dimensional trajectories in the chamber with the height
of h = 5um. The scale bar indicates 100 pm. (b) The mean
square displacement (MSD) curve in the chamber with the
height of h = 5pm. The values of ¢o are indicated in the
unit of cells/100pm?. The inset is the log-log plot. (c) Ef-
fective diffusion coefficient D°®. The solid curves are fitting
curves (see section V of SI). The numbers of independent ob-
servations are 389, 120, and 192 for h = 5, 10, and 20 pm,
respectively. The runs sorted by co are divided into groups
of 10 (h = 5pm), 8 (10pum), or 12 (20 pm) runs and analyzed
collectively in each group.

systems. Since trajectories accessible by experiments are
relatively short, we exploited a model fitting for estimat-
ing D, The MSD of a self-propelled particle with ran-
dom directional change is described by

M(At) = 2027 [At —r(1 — e_At/T)} (2)

for a broad range of systems [19-21] including a run-
and-tumble motion. Here, v is the swimming velocity,
and 7 is the mean duration between successive direction
changes. In the present system, the change in direction is
supposed to be caused by the tumbling and the cellular
interaction. At large At, M (At) ~ 2v27At, which yields
Dt = 27/2. We fitted M (At) by (2) to obtain D°f.

D decreased with ¢y as expected from the increase
in diffusive motions. 7 significantly decreased with c,
whereas clear dependence of v on ¢y was not observed
[Fig. S9]. Thus, the cells change directions more fre-
quently at higher c¢g. The result is consistent with the
extended dispersion time after the laser is off at high cell
density [Fig. S8]. Once accumulated, the cells disperse
slowly due to the slow diffusion caused by cell-cell interac-
tion. These results indicate that the taxis enhancement
by cell interaction is caused by both the increased mi-
gration bias and suppressed diffusion at the accumulated
region.

We also measured D in thicker channels with A = 10
and 20 pm as the references. At small ¢, D decreased
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with h. It is possible that the confinement to a shallow
channel suppresses the directional change and enhances
the speed. Interestingly, we observed nonmonotonic de-
pendence of D on ¢y in the 10- and 20-pm channels
[Fig. 4(c)]. Such peak was previously observed, but its
mechanism has remained to be unclear [22].

This characteristic may be explained as follows. The
alignment interaction suppresses the directional fluctua-
tions and enhances the ballistic motion, which increases
D, However, at high ¢y, due to the frequent colli-
sions among cells and long-range hydrodynamic interac-
tion, the correlated swimming may be destabilized. The
balance between the alignment and destabilization may
shape the peak of D*f(cg). In the thick channels, cells
can easily pass each other, and the destabilization would
not be effective unless ¢ is very large. Therefore, the
peak position may shift to a large ¢y region. Note that,
due to the limited focal depth, ¢ in 10- and 20-pm chan-
nels may be underestimated. However, this does not
qualitatively affect the conclusion.

Results — Soret coefficient. The effective Soret coef-
ficient S$T = Dt/D°% increased steeply when ¢ ex-
ceeds a threshold cell density ¢ ~ 1cell/100pm? [Fig.
5]. The mean free path at ¢y is roughly estimated as
A* = 1/(2dcf) ~ 50pum, where d = 1pm is the typical
cell width. A* is comparable to the size of the heating re-
gion [Fig. 1(c)]. This is reasonable because the collective
taxis enhancement is not expected if cells do not interact
during the migration toward the hot region. The actual
value of A\* should be larger because cells can pass each
other even in the present thin chamber. However, \*
would still be comparable to the heating-spot size.

Results — simulation. For elucidating the mechanism
of the taxis enhancement, we modeled the cells as self-
propelled spherical particles and performed numerical
simulations [Fig. 6] [23-27]. See SI (Section VII) for de-
tails. The particles translate with a constant velocity
and change their swimming direction by the interaction
with other particles as well as rotational fluctuation with
white Gaussian statistics. The interaction includes the
short-range repulsion, which models the excluded volume
effect, the polar interaction, which aligns the swimming
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FIG. 5. Effective Soret coefficient S%H = DT/DEH in the 5-pm
chamber calculated based on the fitting curves of Figs. 2(c)
and 4(c).
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FIG. 6. Simulation. (a) Response to a Gaussian-shaped ax-
isymmetric external field. The solid curves are exponential
fitting. (b) Steady distribution of velocity orientation ob-
tained by simulations (solid lines) and mean-field approxima-
tion (dashed lines). Uniform external field is induced in the
direction of § = 0. ¢ = 0.11 (green) or 0.0025 (orange).
(c¢) Effective diffusion coefficient with/without steric repul-
sion and polar interaction. The solid curves are exponen-
tial+linear (blue and red) or exponential (black) fitting. See
also Fig. S4 for the effective Soret coefficient.

direction of nearby cells, and the long-range hydrody-
namic interaction, in which the cells are modeled as push-
ers. We also include the driving by an external field for
measuring response.

The simulations qualitatively reproduced the taxis and
diffusion observed in the experiments despite the simplic-
ity of the model [Fig. 6]. Specifically, the response to
an external field increased with the initial particle den-
sity measured by the volume fraction ¢ [Fig. 6(a)]. Such
density dependence was not observed without alignment
interaction. When a uniform external field was imposed,
the steady distribution of the orientation became steeper
with ¢ [Fig. 6(b)]. This result reproduced the experimen-
tal results [Fig.2(d, e)], validating the hypothesis that the
alignment interaction enhances the migration bias and
suppresses the rotational diffusion.

The simulation reproduced the peak of D*T observed in
experiments [Fig. 6(c)]. Without alignment, D mono-
tonically decreased, validating that the alignment inter-
action enhances the diffusion. The diffusion peak was
large without the excluded volume effect, where the par-
ticles pass each other. This situation models the experi-
ments with thick chambers, in which we observed promi-
nent peaks [Fig. 4(c)]. Let the cell volume be 3pm3. A
typical cell density in the experiment ¢y = 1 cell/100pm?
is converted to the volume fraction of ¢ = 0.006 for
h = 51m channel. However, since the interaction range
rather than particle size affects the cellular interaction
more, it is not straightforward to compare ¢y and .

Discussion. Bacterial thermotaxis has been investi-
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gated since 1970s [28-30]. The density dependence of
the thermotaxis was recently studied with a focus on the
effect of the cellular metabolism [11, 12, 31, 32]. Cells’ se-
cretion and consumption of chemicals such as glycine and
oxygen create a chemical gradient, which induces chemo-
taxis and modulates the migration. Swimming speed
variation by temperature also induces a temperature-
dependent diffusion and enables a thermotaxis without
receptors for taxis [32].

Here, we circumvented such complication and focused
on how the cellular physical interaction affects the taxis
behavior. The enhanced migration bias we demonstrated
may be explained by a majority voting mechanism. The
taxis of a single cell is not effective due to strong fluctua-
tions. However, in a bacterial suspension, cellular inter-
action aligns the swimming directions of the nearby cells
to their major direction and increases the sensing limit.

The collective gradient sensing of migrating eukaryotic
cells and animals has been extensively studied [33, 34],
where cluster formation is critical. A cluster may be re-
garded as a large body, which makes it easier to sense a
gradient or enables gradient sensing even if individuals
are able to sense only a concentration instead of a gra-
dient. On the other hand, the mechanism demonstrated
here does not rely on clustering, implying a new class of
collective sensing mechanisms.
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