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The trajectories of microswimmers moving in narrow channels of widths comparable to their sizes are
significantly altered when they encounter another microswimmer moving in the opposite direction.
The consequence of these encounters is a delay in the progress of both swimmers, which can be
conceptualized as an instantaneous effective backward displacement. Similarly, the modeling of
tumble events in bacteria, which occur over a finite time, can be represented as an instantaneous
effective displacement in addition to a change in direction. Such effective displacements can be
incorporated directly into a kinetic theory for the partial densities of swimmers moving in the channel.
The linear analysis of the resulting equation yields the critical density at which clusters emerge. The
methodology is then applied to the case of soil bacteria moving in long channels of cross-section 1.8
μm × 1.8 μm. The tracking of the swimmers permits the straightforward acquisition of the effective
displacements, which in turn allows the critical density (ρcrit ≃ 0.10 bact/μm) to be predicted prior to
cluster formation. The advantage of this proposed approach is that it does not necessitate the
determination of an effective density-dependent speed, which is a requisite of the standard motility-
induced phase separation theory.

Soft lithography microfabrication techniques are enlarging our knowledge
of microscopic life1,2. Through the fabrication of microdevices, structures
and actuators with dimensions comparable to the size of microorganisms,
the microenvironment can be controlled with unprecedented detail,
allowing the visualization and quantification of biological processes at the
cellular,microorganismal and communal scales. These advances have led to
deeper understanding of biological processes, such as motility and
chemotaxis3–5, signaling and quorum sensing6–8, cell division and propa-
gationof phenotypes9–11, bacterialmotility inporous anddisorderedmedia12
–14, organisms interactions15,16, among many other examples. At the same
time, understanding the physical behavior of microswimmers under con-
finement has enabled the design of devices for applications, such as bacterial
sorting17–21, or to extract useful power from swimming bacteria22, based on
narrow channels or funnels with apertures of only a few bacterial body sizes.

The drawback of confinement is that obstructions between individuals
become relevant as devices reduce their size. Indeed, clustersmay emerge in
quasi 1D microchannels when microswimmers can overpass, but still par-
tially block for a while, because at an encounter they reduce their speed,
leaving time for more particles to come and form the cluster. Clusters must

be avoided, as once they appear are difficult to dissolve and, in the case of
bacteria, they can quickly develop into biofilms. Notably, effective quasi 1D
dynamics also emerge inwidemicrofluidic devices as bacteria naturally tend
to swimon the edges17,23 andmoving 1D clusters appear24. Activewetting, in
which persistent agents remain long times in contact with walls, also gives
rise to quasi 1D dynamics25,26.

The theoretical description for the clustering process inmicrochannels
was first put forward by Tailleur and Cates27, assuming that there is an
effective reduction in the swimming speed, Veff, depending on the bacterial
density ρ. They show that if Veff(ρ) decreases sufficiently rapidly with ρ, an
instability develops. This mechanism of motility-induced phase separation
(MIPS) has been extended to two and three dimensions28.

Despite its relevance to predict the conditions that can trigger clus-
tering, until recently there was no fully microscopic derivation of Veff in
terms of the kinematic properties of the swimmers. In ref. 29, we con-
ceptualized the persistent encounters of active Brownian particles (ABP), in
which they slide on each other, as collision events where particles are
instantaneously displacedwith respect to their freemotion in the absence of
a collision. With this kinetic approach, we were able to predict the density
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where MIPS takes place, with no need of introducing an effective velocity
and only using microscopic parameters.

Extending this idea to the case of bacteria moving in microchannels,
here we provide a simple experimental method to be implemented at low
density conditions, which gives the maximum swimmer density and
channel length to avoid cluster formation. As in ABPs, there is no need to
measure the effective velocity reduction as a function of density, as the
standard MIPS theory requires. Instead, the proposed method consists in
identifying and quantifying only the bacterial motility and simple bacterial
dynamical events involving one (tumbles, temporary arrests, …) or two
bacteria (collisions). Importantly, the motility and these events must be
measured in the channel under study and not in the bulk.

Results
Bacterial motility in microchannels
To study the dynamics in microchannels, we use Bradyrhizobium dia-
zoefficiens, although the theory we present is of general applicability. These
bacteria move through soil pores to penetrate the roots of soybean plants,
forming symbiotic nodules thatfixnitrogen30–32. This symbiotic relationship
enhances crop growth, thus B. diazoefficiens serve as a biofertilizer and a
sustainable complement to traditional inorganic fertilizers, which have
potentially harmful effects33. The wild-type strain (WT) of B. diazoefficiens
has two flagellar systems34: the subpolar, consisting of a long, single fla-
gellum locatednear one pole of its body, and the lateral system, consisting of
several longer and thinnerflagella along the body (see Fig. 1a). Studies about
its motility14,34 revealed that they perform run-and-tumble swimming
strategies, like Escherichia coli35,36, and also run-and-reverse strategies, as
Pseudomonas aeruginosa36,37. In a tumble event the bacterium changes its
swimming direction by reorienting its body. In a reverse event it swims
backwards, without reorienting its body (see Fig. 1b).

To study all the dynamical events in microchannels, we designed and
fabricated an array of parallel microchannels (see Fig. 1c) of square cross-
section of width w = 1.8 μm and 2.25mm in length. The channels were

connected to two inoculation chambers, acting as reservoirs for a bacterial
suspension.

Bacterial trajectories were recorded for subsequent analysis. Themean
swimming speed vm was measured in intervals without tumbles, building a
histogram (PDF) shown in Fig. 2. The mean and standard deviation (in
absolute value) were 〈vm〉 = 6.1 ± 2.9 μm/s (obtained from 1270 intervals).
For simplicity, velocity fluctuations will be neglected, and it will be assumed
that bacteria either move to the left or right at the average speed, 〈vm〉,
denoted by ±V.

Bacterial dynamical events and kinetic description
The description of the bacterial dynamics requires the use of the tools of
kinetic theory to reflect the changes in position or velocities due to
all possible events.We denote by f+(x, t) the density of bacteria at position x
at time t moving with positive velocity, +V, and f−(x, t) when moving
with negative velocity, −V, normalized such that the bacterial density is
ρ(x, t) = f+(x, t)+ f−(x, t). Kinetic theory writes equations for the var-
iation of such functions for each of the bacterial events that will be described
below38,39.

Runs. In the run phase, bacteria swim in a straight line inside the
microchannel at a constant speed. Then, a bacterium swimming with
velocity +V moves from x to x+VΔt in a time Δt. In kinetic language:
f+(x, t) = f+(x+VΔt, t+ Δt). This balance equation will be supple-
mented with a term J+, coming from tumbles, reverses and collision
events. Making a Taylor expansion for Δt→ 0, the equation reads

∂f þ
∂t

þ V
∂f þ
∂x

¼ Jþ: ð1Þ

There is a similar equation for bacteria swimming in the left direction, f−,
with the term +V replaced by −V.

Rates of change of direction. From the analysis of the bacterial tra-
jectories, we measure the time between events of change of swimming
direction, τ, and the angle of change of direction in each of these events, ϕ.
Figure 2b presents the PDFs of τ, with average and standard deviation
〈τ〉 = 3.3 ± 2.9 s (obtained from 255 events). The histogram presents an

Fig. 1 | Description of the system under study. a Schematic representation of a B.
diazoefficiens wild type (WT) bacterium with its two flagellar systems: lateral and
subpolar. In a typical WT bacterial suspension, the average cell body size along its
long axis is approximately 1.5 μm, with an average aspect ratio of approximately 2:1.
b Run-and-tumble and run-and-reverse swimming strategies. c Scheme of the
microfluidic device, which consists of two cylindrical reservoirs (inoculation
chambers) connected by a set of microchannels arranged in parallel. Inset: repre-
sentation of the bacterialmotion inside themicrochannels. The cross section of these
channels is square with a side length of w = 1.8 μm.

Fig. 2 | Statistical swim properties. Probability distributions for amean swimming
speed vm, b characteristic time between events of change of direction τ in semilog
scale, and c angles of change of direction ϕ, with the associated events.
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exponential distribution that, together with the standard deviation being
very close to the mean, imply that they obey a Poisson distribution, with
the total rate of change of direction being α0 = 0.31 ± 0.02 s−1. This total
rate can be decomposed into partial rates by analyzing the angle of change
of direction (see Fig. 2c and Materials and Methods). The result is
αtum = 0.0523 ± 0.0080 s−1 for tumbles, αrev = 0.0061 ± 0.0027 s−1 for
reversals, and αfru = 0.0462 ± 0.0075 s−1 for frustrated tumble events,
described in detail below. The rest are events in which a bacterium
swimming close to one of the walls becomes misaligned and crosses the
microchannel to swim alignedwith the parallel wall14. Such events, visible
in the SupplementaryMovie 1, do not produce any noticeable effect in the
1D projected bacterial motion, and will not be considered in the pre-
sent study.

Tumbles. A tumble changes the swimming direction by reorienting the
bacterium’s body, a process that takes a finite time, as illustrated in
Fig. 3a1 and SupplementaryMovie 2. Initially the bacterium is moving to
the left; then it performs the tumble event, during which it stands still for
some time while reorienting its body, and eventually moves to the right.
The corresponding space-time diagram is shown in Fig. 3a2. The process
is conceptually represented in Fig. 3a3, where the stopping time has
associated a horizontal effective displacement b to the left with respect to
the trajectory the swimmer would have followed if the tumbling were
instantaneous. The whole tumbling process is then modeled as an
instantaneous process in which the swimmer is displaced by b
and changes direction. The PDF for the values of b measured in the
experiments is shown in Fig. 3a4, and itsmean and standard deviation are
〈b〉 = 11.8 ± 6.0 μm(obtained from 107 events), i.e., 〈b/w〉 = 6.5 ± 3.3 (see
Materials and Methods for details). Note that the difficulty for a bac-
terium to complete the tumbling process increases as its length l

approaches the channel width w. The above translates into a rapid
increase in the value of bwhen l exceedsw (see Fig. 3a5), while remaining
approximately constant when l <w. Themaximum length of a bacterium
that allows tumbling with angles greater than 90° is l � ffiffiffi

2
p

w; larger
bacteria cannot tumble. Such events are named frustrated tumbles and
analyzed in a subsection below.

The tumbling event changes a bacterium with speed −V into a bac-
terium of speed +V or vice versa, and then the contribution of the tumble
event to Eq. (1) will include both f+ and f−. In the kinetic description, for a
bacterium to appear at xmoving to the right after a tumble (as in Fig. 3a3),
the bacteriummoving to the left must have been located at x+ b, such that
after the effective displacement b to the left it ends at x. With this, the
contribution to the kinetic equations of this event is:

J ðtumÞ
þ ¼ αtum½f �ðx þ bÞ � f þðxÞ�; ð2Þ

J ðtumÞ
� ¼ αtum½f þðx � bÞ � f �ðxÞ�: ð3Þ

Note that in this formulation, the finite duration of the event is translated
into a finite spatial displacement. Keeping the original delay in time would
lead to a non-local equation in time.

Frustrated tumbles. Bacteria present size variability. When the size of a
bacterium, l, exceeds

ffiffiffi
2

p
w, there is not enough space to execute a tumble,

leading to a frustrated event. Such event is illustrated in Fig. 3b1 (Sup-
plementaryMovie 3), where a bacteriummoving to the right tries to turn,
but ultimately continues in the same direction. The space-time diagram is
represented in Fig. 3b2 and the schematic one in Fig. 3b3 where again, an
effective displacement c is defined. Similarly as for tumbles, this process is
modeled as an instantaneous one, where the swimmer is displaced a

Fig. 3 | Possible events of a bacterium in a narrow channel. a Tumble, b Frustrated
Tumble, c Reverse, d Collision. Panels labeled (1) are image sequence of the event
(the time interval between images is Δt ≈ 0.4 s and the scale bar is 2 μm). Full movies
are shown in SupplementaryMovies 1–5. Panels (2) are experimental space-time (x-
t) diagrams of each event, obtained by particle tracking. Panels (3) are space-time
representations of panels (2) with effective displacements defined [parameters b, c
and a for tumbles (a), frustrated tumbles (b), and collisions (c)]. a4, b4, d4, and d5
are the probability distributions for b, c, d, and a respectively, normalized by the

width of the microchannel w. a5 Effective displacement b versus the length of the
bacterium l, both normalized with respect to w. b5 Effective displacement c nor-
malized with respect to w as a function of the ratio between the length of the
bacterium l and the maximum length of the bacterium that allows changes of
direction with angles greater than 90�;

ffiffiffi
2

p
w. d6 Effective displacement a versus the

extent of interactions d, both normalized with respect to w. Please note that the
italicized symbols a, b, c, d represent distances and should not be confused with the
Roman-letter labels of the figure panels.
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distance c opposite to its motion. The PDF for the measured values of c
normalized by w is shown in Fig. 3b4. The mean and standard deviation
of the effective displacements (obtained from 42 events) are
〈c〉 = 5.46 ± 0.78 μm (i.e., 〈c/w〉 = 3.03 ± 0.43). In contrast with tumbles
and collision events (described below), in which the length of effective
displacement increases with l, in frustrated tumbles the effective dis-
placements decreases with l (see Fig. 3b5).

For the kinetic description, no crossed terms appear in the fluxes J±, as
the particle does not change direction, but the net effect of the process is to
displace the swimmer. This results in

J ðfruÞþ ¼ αfru½f þðx þ cÞ � f þðxÞ�; ð4Þ

J ðfruÞ� ¼ αfru½f �ðx � cÞ � f �ðxÞ�: ð5Þ
Reverse events. Reverse events, contrary to the previous cases, are
instantaneous events where the bacteria change speed without changing
their body orientation (see Fig. 3c and SupplementaryMovie 4). A total of
12 of these events were identified. The kinetic description is identical to
tumbles, but there is no effective displacement, that is, b = 0 for reverse
events. Its contribution to the kinetic equations (1) is:

J ðrevÞþ ¼ αrev½f �ðxÞ � f þðxÞ�; ð6Þ

J ðrevÞ� ¼ αrev½f þðxÞ � f �ðxÞ�: ð7Þ
Collisions. Collisions are such that two bacteria, moving in opposite
directions, meet inside themicrochannel. Figure 3d1 shows the sequence
(Supplementary Movie 5) of such an event and Fig. 3d2 the space-time
diagram. Here, as an effect of lubrication, steric or other forces, bacteria
reduce their speed while bypassing each other. Similarly to ABPs29, the
collision produces a net displacement a on each swimmer, schematized in
Fig. 3d3. In these quasi-1D trajectories, swimmers first meet at a distance
d, which is related to the size of the bacteria, l. At the end of the inter-
action, they are effectively displaced a distance a. The trackings do not
show evidence of bacteria interacting at long distances, which is con-
sistent with the effective reduction in range of the hydrodynamic inter-
action under strong confinement40.

The distributions for d and a are shown in Fig. 3d4–5, normalized by
the microchannel width w. The average and standard deviation (106 colli-
sion events) for the extent of interactions are 〈d〉 = 1.54 ± 0.22 μm (i.e.,
〈d/w〉 = 0.86 ± 0.12) and for the effective displacements are
〈a〉 = 4.5 ± 1.6 μm (i.e., 〈a/w〉 = 2.47 ± 0.86). These variables are correlated,
Fig. 3d6, with a positive covariance σad ¼ hða� haiÞðd � hdiÞi ¼
0:29 μm2 ¼ 0:027w2, meaning that the effective displacements increase
with the extent of interactions. Since d is proportional to the size of bacteria,
the diversity of measured values for the extent of interactions is due to the
variability in the bacterial size. Higher values of d/w increase the interaction
time, therefore increasing a.

The collision term in the kinetic equation requires that two particles
meet with opposite velocities. The probability of the occurrence is given by
the product of f+ and f− and the relative speed 2V, resulting in:

J ðcolÞþ ¼ 2V f þðx þ aÞf �ðx þ aþ dÞ � f þðxÞf �ðx þ dÞ� �
; ð8Þ

J ðcolÞ� ¼ 2V f �ðx � aÞf þðx � a� dÞ � f �ðxÞf þðx � dÞ� �
: ð9Þ

In kinetic theory, such terms are called gain and loss terms38,39. In Eq. (8), a
swimmer moving to the right is lost at x after colliding with one moving to
the left located at x+ d and to gain a swimmer moving to the right at x, the
colliding swimmers should be at x+ a and x+ a+ d [see Fig. 3d3]. Note
that this description assumes that no tumbling or reverse is producedduring
a collision, which is correct in view of the small values ofα; the probability of
such concurrent event is α〈a〉/V.

A summary of the relevant averages, variances and covariances that
characterize the dynamical events are given in Table 1.

Kinetic equation
Finally, the kinetic equations for the motion of the bacteria are obtained by
the addition of all the terms above:

∂f þ
∂t

þ V
∂f þ
∂x

¼ J ðtumÞ
þ þ J ðfruÞþ þ JðrevÞþ þ J ðcolÞþ ; ð10Þ

and similarly for f−.

Linear stability analysis and critical density. Linear analysis of Eq. (10)
starts by probing solutions around the homogeneous state of the form:

f ± ðx; tÞ ¼ ρ=2þ g ± e
λtþikx; ð11Þ

where k is the wavenumber, the eigenvalue λ is the growth rate of the
mode, and the quantities g± are the amplitudes of the modes. The stability
of the homogeneous solution is determined by the sign of the real part of
the eigenvalues. Substitution of the ansatz (11) in the kinetic Eq. (10)
yields:

A
gþ
g�

� �
¼ λ

gþ
g�

� �
; ð12Þ

where the lineal collision operator,A, is obtained as:

A ¼ ikV
�1 0

0 1

� �
þ αtum

�1 eikb

e�ikb �1

" #

þ αfru
eikc � 1 0

0 e�ikc � 1

" #
þ αrev

�1 1

1 �1

� �

þ ρV
eika � 1 eikðdþaÞ � eikd

e�ikðdþaÞ � e�ikd e�ika � 1

" #
:

ð13Þ

Table 1 | Summary of measured values

Event Parameter Value

Tumbles αtum 0.052 ± 0.008 s−1

〈b〉 11.8 μm

〈b2〉 174 μm2

σb 6.0 μm

Frustrated tumbles αfru 0.046 ± 0.007 s−1

〈c〉 5.46 μm

〈c2〉 30.4 μm2

σc 0.78 μm

Reverse tumbles αrev 0.006 ± 0.003 s−1

Collisions V 6.1 ± 2.9 μm/s

〈a〉 4.45 μm

〈a2〉 22.2 μm2

σa 1.55 μm

〈d〉 1.54 μm

〈d2〉 2.42 μm2

σd 0.22 μm

〈ad〉 7.14 μm2

σad 0.29 μm2

Summary of the rates and themean, variance and standarddeviations of the relevant parameters for
all bacterial events, measured in the channel.
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Some properties of A and its averages are deferred to the Materials and
Methods. Note that reverse events are unimportant in B. diazoefficiens
(αrev≪1) and absent in E. coli, so they are neglected. The k expansion of the
relevant eigenvalue is:

λ ¼� αtumαfruσ
2
bhc2i � 2ρV ha2i þ hadi � haihbi	 
�

þ V � αfruhci
	 


V � αfruhci � 2Vhaiρ	 

αtum

�
k2

2
þOðk4Þ:

ð14Þ

The stability criterium for the density is determined by setting the
coefficient of the term k2 to zero:

ρcrit ¼
1
2

ð1� αfruhci=VÞ2 þ α2tumσ
2
b=V

2 þ αtumαfruhc2i
hai � αtum ha2i þ hadi � haihbið Þ=V � αfruhaihci=V

: ð15Þ

For bacterial density above ρcrit, the system is linearly unstable and bacteria
will cluster and clog the microchannel. On the contrary, for ρ < ρcrit no
clusters appear. Evaluation of Eq. (15) with the values measured for the
bacteria (see Materials and Methods) gives

ρcrit ’ 0:10 bact=μm: ð16Þ

Recalling that the typical size of a bacterium is 〈d〉≃ 1.54 μm, this means
that bacteria occupy around 15% of the available space. This linear density
translates into a volumetric density of 0.031 bact/μm3 inside the channel.
Note that this density may not correspond to the density in the inoculation
chambers17–19,23,41.

Moreover, the effect of tumbling and frustrated tumbling events on the
critical density is small, with dimensionless factors αtumb/V≃ 0.10 and
αfruc/V≃ 0.04. Keeping just the contributions of collisions it reads,

ρcrit ’
1

2hai ’ 0:11 bact=μm; ð17Þ

very close to the full result, confirming that collisions are the main dyna-
mical ingredient as theorized in theMIPS formulation27,28. Speed variability
expresses as V being a stochastic variable inA, implying that V now enters
into the averages and correlations appear in Eq. (14). Nevertheless, the
dominant contribution for the critical density [Eq. (17)] is insensitive to
speed variability, validating the choice for neglecting these effects in the
analysis.

Analysis. Equation (15) demonstrates that collisions are essential to
produce clustering: if 〈a〉 = 0 (implying that σ2a ¼ σad ¼ 0 as a ≥ 0) the
critical density is infinite. In the same spirit, small swimmers (d small) are
harder to cluster.

Analysis of Eqs. (14) and (15) shows that processes that slow the
motion of swimmers facilitate clustering in the spirit of ref. 27. In other
words, the longer the particles remain stopped (while tumbling) the easier to
cluster. This can happen by many (αtum large) or slow (b large) tumbles or
many and slow frustrated tumbles (αfru and/or c large).On the contrary, fast
tumbles (〈b〉→ 0) or very few turns (small αtum) require a higher density to
produce clusters. Finally, the variability in the parameters a, b and c, and
positive correlation between a and dmake the system more stable.

As modes with positive eigenvalues grow with time, there is a fastest
growingmode inFig. 4, associatedwith awavenumber kmax. Then,when the
linear regime is satisfied (at short times) themodewith k ¼ kmax is selected,
creating space oscillations of density with a characteristic wavelength
ξ ’ 2π=kmax. At later times the nonlinear terms in the Eqs. (8) and (9) take
over and produce a saturation of the functions f± at the crests and a van-
ishing density at the troughs. Then the distance between clusters is
approximately ξ. Moreover, if the channel length L is shorter than the
threshold L* = 2π/k*, the system is overall stable as it cannot contain an
unstable mode. The threshold k* is obtained by the condition λ(k*) = 0 or
detðAÞ ¼ 0 and depends on ρ. For example, with ρ≃ 0.115 bact/μm,

slightly above the critical value, it results in L*≃ 52μm. Channels of length
L < L* will not clog, whereas those with L > L* develop clusters and even-
tually clog.

Based on the kinetic equation, it is also possible to study themotion of a
tagged swimmer. The result, for long times, is a Fokker–Planck equation,
which describes the effective diffusive motion of the swimmer due to the
interactions with the others42.

Discussion
Understanding the dynamics of microorganisms under confinement in
microchannels is crucial for advancing future applications of microfluidic
devices, which offer a wide range of potential uses. Herewe present a kinetic
theory to describe all possible events that a bacterium can undergo: tumbles,
reverses and collisions with other bacteria. Moreover, the narrow aspect of
the microchannel can produce tumbles that are not completed, so-called
frustrated tumbles. Each of these events is represented by a contribution to
the kinetic equation, where it is fairly simple to carry out a linear stability
analysis. That analysis yields a critical density and maximum length of
microchannel that will not clog, helping in the design of actual devices,
avoiding clogging or biofilm formation.

The present study considered bacteria under strong confinement.
Increasing the channelwidthsmakes easier for the swimmers to bypass each
other, translating into smaller effective displacements a, which, in turn,
increases the critical density to observe clustering. Preliminary experiments
show that forw = 3 μm, 〈a〉 = 1.15 ± 0.94 μm(N = 26), and forw = 4μm, the
effective displacements are undetectable. On the contrary, confining even
further the swimmerswillmakemoredifficult for themtobypass eachother,
resulting in clusters being formed more easily. It is also expected that the
displacements c for frustrated tumbles depend on the channel width.
Nevertheless the analysis may be more complex, as for example, it has also
been observed that higher confinements result in a reduction of the
swimming speed14, and specific measurements or modeling of swimmers
under confinement with dynamical aspects of the bacterial motion as those
considered in ref. 20 are necessary. Also, experiments with E. coli indicate
that the rate of successful tumbling events at walls is reduced43,44, and similar
mechanics can take place under confinement implying that the tumbling
rate can depend on the channel width.

The measurement of the parameters were made in the bulk of the
channels. Near the channel openings the parameters may change. Also, at
high bacterial densities, quorum sensing responses may also change the
tumbling rates. These effects, once have been experimentally or numerically
characterized can be directly included into the kinetic equation. Moreover,
the theory can easily be generalized to other bacterial species besides B.
diazoefficiens. It is hoped that these results will stimulate further

Fig. 4 | Spectrum of the linear stability analysis. Example of the spectrum for an
unstable case (ρ = 0.115 bact/μm >ρcrit), with ρcrit ≃0.10 bact/μm is the critical
density. Solid (dashed) lines are the real (imaginary) parts of the eigenvalues λ. The
vertical dashed lines give themost unstablewavenumber kmax ’ 0:073 μm�1 and the
threshold wavenumber k* ≃0.12 μm−1.
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experiments to confirm our findings, in particular our predictions for the
critical channel length and cluster sizes.

Methods
Bacterial culture
For routine use of the wild-type strain of B. diazoefficiens USDA 110, bac-
terial stocks were maintained at 4 °C in solid yeast extract mannitol-agar
medium (YEM agarized 1.5%)45, which were renewed every 3 months. For
the experiments, from a single colony in the agar plates, cultures in liquid
growth medium HMY-arabinose46 were initiated and grown, to late log
phase (reaching an optical density at 600 nm wavelength47

OD600 = 3.0 ± 0.1) at a temperature of 28 °C and 180 rpm of agitation. The
bacteria were then recultured by diluting an aliquot of the first culture in
10mL of the same medium (HMY-arabinose), setting the initial OD600 to
0.1. This reculture was grown at the same temperature and agitation until it
reached OD600 = 1.0 ± 0.1. Finally, a 1:100 dilution of the reculture in HM-
arabinose minimal medium was kept at rest without agitation at 28 °C for
6 h before inoculation into the microfluidic device for an optimal motility.

Microchannel fabrication
The fabrication process of the microfluidic device was divided into two
parts: the first part consisted of fabricating a mold using maskless optical
lithography48 on a silicon wafer with SU-8 photoresist (Gersteltec Sarl).
Then, using standard soft lithography techniques49, the second fabrica-
tion step consisted of generating replicas of the microchannel in PDMS
(polydimethylsiloxane), which, once cured, were cut and removed from
the mold using a scalpel. Followed, the holes for the inoculation cham-
bers located at the ends of the microchannels were pierced with a
1.5 mm-diameter biopsy punch. Finally, the fabrication of the micro-
fluidic device was completed by bonding the PDMS block to a glass slide
by oxygen plasma activation50.

Inoculation and data acquisition
For a short time after oxygen plasma activation of the PDMS surface, the
grouping of polar molecules on its surface makes it hydrophilic, which
facilitates its wetting50,51. Thus, immediately after PDMS and glass bonding,
the inoculation chambers at the ends of themicrochannels were filled using
a micropipette with a solution of minimal medium HM-arabinose and
PVP-40 (Polyvinylpyrrolidone-40, Sigma Aldrich) at 0.05% w/v. As the
surface in the devicewas still hydrophilic, allmicrochannelswereflooded by
capillarity, without leaving air bubbles inside. By using PVP-40 in solution
with minimal medium, adhesion of the bacteria to the walls and self-
agglutination were prevented52.

Once all the microchannels of the device were flooded and after the
resting period of the bacterial suspension, the bacteria were inoculated into
the reservoirs. Pressure differences between the ends of the channels, which
can cause undesired flows, were avoided. For that, the remaining fluid in the
chambers from the previous devicefilling procedurewas removed, and both
chambers were filled again with the same volume of bacterial suspension in
minimum medium HM-arabinose and PVP-40 at 0.05% w/v. Once both
chambers were filled, they were sealed with Parafilm.

The swimming of the bacteria in themicrochannels was observed with
a Nikon Eclipse TS100 microscope in bright field, a ×40 magnification
objective andanAndorZyla sCMOScamera.Videoswere recordedat 50 fps
(frames per second), with an extension of 1000 frames (20 s) and a reso-
lution of 1024 × 1024 px2. Calibration for the ×40 magnification objective
indicates a ratio of 6.24 px/μm, this implies that the imaged regions had an
area of 164 × 164 μm2.

Data analysis
Thevideos obtained from the experimentswereprocessedwithFiji (ImageJ)
software53 to enhance their brightness and contrast, and then analyzed with
our in-house developed software Biotracker54, specially developed to obtain
the trajectories of the bacteria and to detect and quantify automatically their
change of direction events.

Classification of events of change of direction
As observed in Fig. 2c, approximately 67% of the changes in direction
exhibited angles ϕ in the range [0°, 45°], which were primarily due to
tumbling events in which a bacterium swimming close to one of the walls
becamemisaligned and crossed the microchannel to swim aligned with the
parallel wall. Also in this range of angles were the frustrated tumble events,
which were identified because the swimmer stopped for a finite time. The
remaining 33% of the changes of direction had angles in the range
[165°, 180°] and corresponded to reverse and tumbling events with angles
~180°. Of those, tumblings were the cases in which the body rotated and
reversals those in which there was a change of swimming direction without
rotation of the body. The ratio between these two types of events were 1:9,
i.e., reversals constituted approximately 11% of the change-of-direction
events with ϕ ~180°. In total, of the 255 events, 43 were tumbles, 5 reversals,
and 38 frustrated tumbles.

Bacterial length measurement
Experimentally the camera records a 2D projection of the microchannel,
overlaying the images in the direction perpendicular to the viewing plane, as
the optical system has a depth of field similar to the depth of the channel,
which allowed keeping in focus all the bacteria inside the channel. Thus, the
measurement of the bacterial length l were performed by averaging the
length of the major axis of an ellipse fitted to the binarized image of the
bacteria in the channelover the full extent of the frames inwhich thebacteria
were kept within the observation region.

Determination of the effective displacements
Considering that a dynamic event (tumble, frustrated tumble, or collision)
occurs in the time interval between ti and tf, the trajectories in the intervals I
before (t < ti) and II after (t > tf) the event can be described by two straight
lines of the form xI,II(t) =mI,IIt+ nI,II. Thus, fitting the model xI,II(t) to the
experimentally measured trajectory sections yielded the coefficients mI,II

and nI,II, from which the effective displacements associated with the dif-
ferent dynamic events were determined as:
a; b; c ¼ ∣ðmI �mIIÞti þ nI � nII ∣. Finally, for collision events it is
required to record the trajectories of the two colliding bacteria: xLRI;IIðtÞ
associated with the bacterium moving from left to right and xRLI;IIðtÞ asso-
ciatedwith the bacteriummoving in the opposite direction. Then, the extent
of interactions was obtained as d ¼ mRL

I �mLR
I

	 

ti þ nRLI � nLRI .

Computation of the determinant and spectrum of the linear col-
lision operatorA
The eigenvalues of A matrix in Eq. (10) determine the stability of the
solution presented in Eq. (11). If the real parts of all eigenvalues are negative,
the exponentials in Eq. (11) tend to zero, recovering the homogeneous
solution, f± → ρ/2. On the contrary, if at least one of the eigenvalues has a
positive real part, the time evolution departs from the homogeneous solu-
tion, leading to linear inhomogeneities in the system and eventually non-
linear clustering. Both the trace anddeterminant ofA are real, implying that
the eigenvalues λ are either real or a pair of complex conjugates. Particle
conservation implies that one eigenvalue (the density mode) vanishes for
k = 0. The other one is negative and takes the value − 2(αtum+ αrev) when
k→ 0. Finally, the eigenvalues ofA only depend on even powers of k.

To compute the eigenvalues, averages over the fluctuating quantities
were taken. Analytically, for small k the averages of the exponential func-
tions were computed by using the cumulant expansion
heikai � eikhai�

1
2k

2σ2aþOðk3Þ, where σ2a is the variance of a, and analogously for
the other variables. Moreover, in the collision matrix the joint cumulant
expansion was needed: heikðaþdÞi � eikðhaiþhdiÞ�1

2k
2ðσ2aþσ2dþ2σad ÞþOðk3Þ, where

σad is the covariance given before. A summary of the relevant averages,
variancesandcovariancesused in the evaluationofA for smallk are given in
Table 1.

To obtain the full spectrum, for each value of k, the matrix elements of
A inEq. (13)wereobtainedexplicitly by computingnumerically the average
of the different exponentials over the set of experimentalmeasurementsof a,
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b, c, and d. Together with the numerical values of the rates and average
velocity,Awas obtained, fromwhich the evaluation of the determinant and
spectrum were direct.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability
Data used in Figs. 2 and 3 are included in Supplementary Data 1. All the
other data to reproduce the study are available from the corresponding
authors upon reasonable request.

Code availability
All numerical codes used in this paper are available from the corresponding
authors upon reasonable request.
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