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Self-organization is a hallmark of living systems1 that is observed 
at all scales. Coordinated behaviours are indeed required to 
regulate the spatial arrangements of specialized cell types to 

generate tissue patterning and form complex body layouts2–6, but 
they are also crucial to the global organization of populations7–10. 
In biology, metabolic interactions or competition for food offer 
standard self-organization mechanisms11, which have been shown 
to be complemented by motility-based mechanisms such as che-
motaxis12. In parallel, the active-matter community has shown how 
simple interactions between motile units can lead to a wealth of 
emerging behaviours in single-component systems13–15. Although 
complex mixtures naturally display even richer behaviours7–10, the 
self-organization pathways offered by motility for mixtures of active 
agents remain largely unexplored. Here, we identify the reciprocal 
control of motility as a new self-organization mechanism for mix-
tures of motile cells, leading either to co-localization or segregation 
between the populations. To demonstrate this mechanism, we work 
with synthetic, engineered systems, in which cellular interactions 
can be more easily tailored and studied16–20. Programmed popula-
tion interactions are shown to lead to coordinated out-of-phase spa-
tial oscillations of two engineered populations of Escherichia coli. 
Using a combination of experimental and theoretical approaches, 
we show how such patterns arise autonomously from reciprocal 
density-dependent activation of cellular motility between the two 
populations, without the need of any preexisting positional or ori-
entational cues. The underlying mechanism relies on a synergy 
between the populations that is specific to multi-component sys-
tems: it has no counterpart in single-component colonies where acti-
vation of motility does not lead to pattern formation15. Moreover, by 
redesigning the interaction, the original out-of-phase spatial oscil-
lation rhythm of the two populations can be turned into in-phase 
oscillations, consistently with our theoretical predictions. Finally, 

we show, experimentally and theoretically, how our results extend 
to three-population systems. Our work thus shows that reciprocal 
motility control is a robust and versatile self-organization pathway 
in mixtures of motile cells that complements other well-established 
mechanisms11.

Collaborative pattern formation of two engineered strains 
of E. coli
We engineered E. coli AMB1655 into two genetically distinct strains 
(referred to as activators A and B) so as to enhance the motility of 
each strain when the conjugate strain is present at high density. 
To do this, we controlled the transcription of cheZ to regulate the 
motility of cells. Deletion of cheZ in both strains, which is known 
to cause cells to tumble permanently21, leads to non-motile strains, 
while reintroduction of cheZ can restore a motile phenotype22–24. 
To implement motility activation, we adopted the quorum-sensing 
(QS) systems LuxI/LuxR from Vibrio fischeri and LasI/LasR from 
Pseudomonas aeruginosa, which are established building blocks 
for engineering synthetic systems with intercellular signalling and 
density-dependent phenotypes25,26.

Specifically, LasI in activator A and LuxI in activator B sepa-
rately catalyse the synthesis of freely diffusing small molecules—
acyl-homoserine lactones (AHLs) 3oc12HSL and 3oc6HSL, 
respectively (Fig. 1a). These molecules, on binding and activating 
their cognate transcriptional regulators (LasR in activator B and 
LuxR in activator A), can induce gene expression27,28. The resulting 
circuitry enables an orthogonal and reciprocal density-dependent 
gene activation response in both engineered strains when tested 
in a transwell co-culture system (Supplementary Fig. 1a,b and 
Supplementary Information). By further placing cheZ under the 
QS-controlled promoters, each of the engineered strains transcrip-
tionally responds to the local proliferation of its counterpart by  

Cooperative pattern formation in multi-component  
bacterial systems through reciprocal motility 
regulation
A. I. Curatolo1,2,6, N. Zhou3,4,6, Y. Zhao   1,3,5,6, C. Liu   4, A. Daerr   1, J. Tailleur   1 ✉ and J. Huang   3,4 ✉

Self-organization is a prerequisite of biological complexity. At the population level, it amounts to spontaneously sorting differ-
ent individuals through space and time. Here, we reveal a simple mechanism by which different populations of motile cells can 
self-organize through a reciprocal control of their motilities. We first show how the reciprocal activation of motility between 
two populations of engineered Escherichia coli makes an initially mixed population of cells segregate, leading to out-of-phase 
population oscillations without the need of any preexisting positional or orientational cues. By redesigning the interaction, 
the original segregation between the two populations can be turned into co-localization. We account for this self-organization 
using a theoretical model that shows the reciprocal control of motility to be a robust and versatile self-organization pathway in 
multi-component systems. We finally show how our theoretical and experimental results can be generalized to three interacting 
bacterial populations.

NATure PHYsICs | www.nature.com/naturephysics

mailto:julien.tailleur@univ-paris-diderot.fr
mailto:jdhuang@hku.hk
http://orcid.org/0000-0002-4801-6285
http://orcid.org/0000-0003-3029-7207
http://orcid.org/0000-0002-1083-9681
http://orcid.org/0000-0001-6847-3304
http://orcid.org/0000-0001-7531-2816
http://crossmark.crossref.org/dialog/?doi=10.1038/s41567-020-0964-z&domain=pdf
http://www.nature.com/naturephysics


Articles NAture PHySicS

activating motility. Consistently with the design, the impaired 
motility of either activator A or activator B in semi-solid agar was 
substantially restored by their cognate AHL signals (Supplementary 
Fig. 2a and Supplementary Information).

Figure 1b shows a typical pattern that emerges from spatial 
expansion of a growing mixture of the two strains after 24-h incu-
bation at 37 °C. We mixed exponentially growing activators A and B 
cells in an approximately 1:1 ratio and spotted the cell mixture at the 
centre of a 14-cm Petri dish containing 27 ml of 0.25% semi-solid 
LB1/2 agar (see Supplementary Information). High-density bac-
teria stripes separated by low-density regions developed over 
time (dark-field image in Fig. 1b and inset in Fig. 1c). To distin-
guish the two strains, each was labelled with a spectrally distinct 
fluorescent protein, superfolder green fluorescent protein (sfGFP) 
and mCherry, respectively (see Supplementary Information). The 
densities of the two activator strains (reflected by the fluorescence 
intensity) present out-of-phase spatial oscillations, resulting in alter-
nating fluorescent stripes (Fig. 1b,c). Neither activator strain, when 
cultured alone, was capable of forming stripes (Supplementary 

Fig. 3a). Similarly, non-interacting strains that express a full set 
of QS components but lack density-dependent control of motility 
failed to form discernable patterns under the same experimental 
conditions, indicating that the pattern is not a result of random 
growth fluctuation of the engineered strains along the expan-
sion front29 (Supplementary Fig. 3c). Finally, the self-activation 
of motility in a single-strain colony does not lead to periodic pat-
terns24, which shows that the underlying mechanism relies on inter- 
population interactions.

To further explore the self-organization capabilities offered by 
inter-population motility control, we engineered a second pair of 
strains (inhibitors A and B, respectively) so as to negatively correlate 
the motility of each strain to the density of the conjugate population. 
To do so, we introduced a genetic inverter mediated by a repressor 
protein CI to reversely correlate the QS-controlled cheZ expression 
with the AHL signals (Fig. 2a and Supplementary Fig. 1c), hence 
favouring tumbling over running. Consequently, the motility of 
each inhibitor strain in semi-solid agar was significantly suppressed 
by their cognate AHL signals (Supplementary Fig. 2b).
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Fig. 1 | Pattern formation of activator strains. a, Circuit diagrams to induce reciprocal density-dependent activation of motility (see Methods for details). 
b, Out-of-phase stripe patterns formed by the activator strains. From left to right, a dark-field snapshot of the patterns arising from expansion of the 
interacting E. coli strains, fluorescent signals showing the presence of activators A (sfGFP) and B (mCherry) and the merged fluorescent channel showing 
the out-of-phase rhythm of the density oscillations. Video 1 and successive snapshots (Supplementary Fig. 6) for independent replicates are provided in 
the Supplementary Information. c, Relative fluorescence intensity of activator strains as a function of the distance from the seeding centre, quantified from 
the fluorescent images in b. Inset: relative density profile of the bacteria populations at varying radii for the dark-field snapshot in b.
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The mixture of inhibitors A and B, when spotted at the cen-
tre of the semi-solid agar, also autonomously developed periodic 
stripes (dark-field image in Fig. 2b and inset in Fig. 2c). This time, 
however, the spatial distribution of the two strains shows in-phase 
oscillations resulting in co-localized fluorescent stripes, instead 
of the demixing observed for the activator strains (Fig. 2a,c). 
Note that, again, neither strain alone could exhibit any pattern 
(Supplementary Fig. 3b). Finally, isolated motility-self-inhibiting 
strains have been shown to be able to develop periodic pat-
terns24,30 and it is thus natural to wonder how a colony of two 
motility-self-inhibiting strains, deprived of mutual motility control, 
would develop. As shown in the Supplementary Information, they 
do not develop synchronized in-phase patterns (Supplementary 
Fig. 4). If anything, as we show in Supplementary Section III, if 
fluctuations do not lead one strain to completely dominate the 
other, competition for food will tend to make them demix. This 
confirms once again that the properties of multi-population 
systems cannot be easily inferred from those of isolated single- 
component populations.

Theoretical modelling of the pattern-formation process
Although the self-organization of single-component systems com-
prising self-propelled particles has been studied extensively13–15, 
there are, to the best of our knowledge, no established principles 
guiding the self-organization of mixtures of self-propelled agents. 
To decipher the mechanisms at play in our experiments, we intro-
duced an agent-based model comprising two types of bacteria, 
referred to as populations A and B in the following. The dynamics 
of each population stochastically alternate between runs in straight 
lines and tumbling phases (see Methods). Rather than building a 
quantitatively accurate microscopic model of the experiments, 
which would require measurements that are inaccessible in situ, 
and whose complexity would hide any generic mechanism, we 
instead follow a statistical-mechanics, parsimonious approach. We 
disregard the complexity underlying the bacterial interactions to 
focus on their primary consequences, and the duration of a bac-
terium tumbling phase is assumed to depend on the local density 
of the conjugate population24. The typical scales of bacterial swim-
ming dynamics are seconds and micrometres, whereas the patterns 
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Fig. 2 | Pattern formation for inhibitor strains. a, Circuit diagrams that induce reciprocal suppression of motility. See Methods for details. b, In-phase 
stripe patterns formed by the inhibitor strains. From left to right: a dark-field snapshot of the pattern resulting from expansion of the interacting E. coli 
strains, fluorescent signals showing the presence of inhibitor A (mCherry) and B (sfGFP) and the merged fluorescent channel showing the in-phase 
rhythm of the density oscillations. Video 2 and successive snapshots (Supplementary Fig. 7) for independent replicates are provided in the Supplementary 
Information. c, Relative fluorescent intensity of inhibitor strains as a function of the distance from the seeding centre, quantified from the images in b. 
Inset: relative density profile of the bacteria populations at varying radii for the dark-field snapshot in b.
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emerge on an experimental scale that is out of reach of microscopic 
simulations (hours and centimetres). We thus derive explicitly the 
coarse-grained dynamics for the density fields of each population, 
ρA(r) and ρB(r), which are shown in the Supplementary Information 
to be given by

_ρX ¼ ∇ DXðρY Þ∇ρX þ FXðρYÞρXð Þ � κΔ2ρX þ μρX 1� ρX þ ρY
ρ0

� �

ð1Þ

with (X, Y) describing either (A, B) or (B, A) and

DXðρYÞ ¼
v2βXðρYÞ

dαðαþ βXðρYÞÞ
FXðρY Þ ¼

v2

dα
∇

βXðρYÞ
αþ βXðρYÞ

ð2Þ

In equation (2), d is the number of spatial dimensions, v is the swim-
ming speed of each population, α is the ‘tumbling rate’ at which a 
bacterium stops swimming to start tumbling, and β is the ‘swim-
ming rate’ at which a bacterium resumes swimming in a new, ran-
dom direction. For simplicity, speed and tumbling rates are assumed 
constant and equal for the two populations whereas the swimming 
rate of population X depends on the density ρY of population Y. 
(See Supplementary Section II.C for a discussion of a more general 
model.) The last term in equation (1) is a logistic term that describes 
the population dynamics of the two groups that compete for the 
same nutrients11. Finally, −κΔ2ρX is a phenomenological regulariza-
tion term whose sole role is to smooth out short-range fluctuations 
of the density profiles. Alternatively, a more elaborate model that 
retains the spatial non-locality of the QS interactions, and does not 
require regularization terms, is discussed in Supplementary Section 
II.C. Simulations of equations (1) and (2) with mutual activation or 
inhibition of the bacterial motilities, that is, increasing or decreas-
ing functions βX(ρY), lead to patterns that perfectly correlate with 
our experimental results, showing that our model qualitatively 
captures the underlying pattern-formation mechanism. Figure 3  
indeed shows that our simplified model correctly predicts both 
the formation of patterns and the co-localization or demixing of 

the two populations, depending on the types of interaction. Before 
discussing in more detail the validation of our model, let us show 
how equations (1) and (2) allow one to analytically account for the 
observed patterns.

A linear stability analysis of homogeneous density profiles 
ρ0A
I

 and ρ0B
I

, carried out in the Methods, sheds light on the origin 
of the two types of pattern observed in the experiments. Density 
fluxes JX = −DX(ρY)∇ρX − FX(ρY)ρX lead to an instability as soon as 
β0Aðρ0BÞβ0Bðρ0AÞ
I

 is sufficiently large, which corresponds to the param-
eter range chosen to produce Fig. 3. (For a discussion of parameters 
closer to the experimental ones, see Supplementary Section II.C.) 
This instability may thus first happen when β0A

I
 and β0B

I
 are both pos-

itive, which corresponds to a reciprocal activation of the motilities. 
We stress again that this pathway to self-organization is specific to 
mixtures: the self-activation of motility in single-component popu-
lations does not lead to any interesting pattern-formation process15. 
Our linear stability analysis then predicts that an initial instability 
ðρ0A þ δρA; ρ0B þ δρBÞ
I

 only grows if the density modulations δρA 
and δρB are of opposite signs, leading to the demixing of the two 
populations. Conversely, the instability can also happen when β0A

I
 

and β0B
I

 are both negative, which corresponds to mutual inhibitions 
of the motilities. This time, our theory predicts the fastest growing 
fluctuations to correspond to δρA and δρB of the same sign, hence 
leading to the co-localization of the two populations.

In both cases, the patterns then emerge in the wake of a travel-
ling density wave resulting from the interplay between cell motil-
ity and population dynamics11. Their scales are set by competition 
between the instability described above and the population dynam-
ics, which promotes uniform densities such that ρA + ρB = ρ0. A full 
characterization of the nonlinear patterns emerging from such 
coupled density waves is beyond what can be done analytically31. 
An order-of-magnitude estimate of the largest unstable wave-
length can, however, be obtained from our linear stability analysis 
(see Methods). The diffusion-induced instability generated by the 
density flux JX is balanced by the stabilizing population dynam-
ics. In Fourier space, the smallest unstable wavevector thus scales 
as q2 � μ

D0

I
, where D0 is an estimate of the diffusivities defined in 

ρA + ρB

t

a

b

ρA + ρB ρA + ρB ρA ρB

Fig. 3 | successive snapshots of simulations of equation (1). a,b, The snapshots start from a central inoculum for activators (a, left to centre) and 
inhibitors (b, left to centre). The snapshots are obtained by merging a green channel representing the density of population A and a red channel 
representing the density of population B. At the right end of each row, the separate channels for populations A and B are shown separately at a time 
corresponding to the central snapshot. In a, the simulation parameters are βiðρjÞ ¼ β0 þ β1�β0

2 1þ tanhðρj�ρm
Lf

Þ
� �

I

, where β0 = 0.5, β1 = 5, ρm = 9, Lf = 3, α = 3, 
v = 2.5, κ = 0.01, μ = 0.1, ρ0 = 16, with a box size L = 40. Simulation times are t = 0, 50 and 100 from the Gaussian initial conditions with ρ0A=ρ

0
B ¼ 1:13

I
. In 

b, the simulation parameters are βiðρjÞ ¼ β0 þ β1�β0
2 1� tanhðρj�ρm

Lf
Þ

� �

I

, where β0 = 0.5, β1 = 7, ρm = 9, Lf = 3, α = 1, v = 1.5, κ = 0.1, μ = 0.1, ρ0 = 24 with a box 
size of L = 40. Simulation times are t = 0, 75 and 85 from the Gaussian initial conditions with ρ0A=ρ

0
B ¼ 1

I
. All parameters are chosen such that the linear 

instability criterion α2ρAβ0AρBβ
0
B>βAðαþ βAÞβBðαþ βBÞ

I
 is satisfied.
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equation (2). The corresponding largest unstable wavelength then 
scales as ‘ � 2π

ffiffiffiffi
D0
μ

q

I

. The growth rate μ was measured for both 

our strains and corresponds to a doubling time of ~45 min, hence 
μ ’ 0:015min�1

I
. Estimates of the bacterial diffusivities in the lit-

erature24 are typically of the order of D0 ≈ 100–1,000 μm s−2, which 
leads to wavelengths of the order of 4–12 mm, in order-of-magnitude 
agreement with that reported in the experiments. Assuming the 
expansion of the colony to result from the interplay between the 
bacterial motion and the population dynamics leads to front veloci-
ties given by vf ’ 2

ffiffiffiffiffiffiffiffi
D0μ

p
I

 (ref. 11). From Supplementary Videos 1 
and 2, we extract front speeds of vMA

f ’ 0:06mm min�1

I
 for the 

mutual activation case and vMI
f ’ 0:02mm min�1

I
 for the mutual 

inhibition case. This predicts a wavelength for mutual activation 
that is approximately three times larger than for mutual inhibi-
tion, again in order-of-magnitude agreement with our experi-
ments. In addition to capturing qualitatively the different patterns 
observed experimentally, our theoretical approach is thus fur-
ther strengthened by the order-of-magnitude agreement with the  
experimental scales.

Note that, although our experiments show the control of tum-
bling duration to be an effective lever to control cellular motility, 
our model predicts more general pathways: density-dependent 
swimming speed or tumbling rate indeed lead to similar instabili-
ties (see Supplementary Information). Furthermore, our mecha-
nism appears robust to microscopic details. A comparison of 
experimental and theoretical results shows that the experimental 
details ignored in the model, from the presence of the agar gel to 
the actual dynamics of AHL molecules or nutrient sources, do not 
seem to alter qualitatively the predicted patterns. To go further, a 
fully quantitative model would require a detailed modelling of the 
swimming of bacteria in soft agar as well as direct measurements of 
their interactions in situ, which are both beyond the state of the art. 
An intermediate step is proposed in Supplementary Section II.C, 

where nonlocal interactions as well as density-dependent tumbling 
and swimming rates are used to show that semiquantitative agree-
ment between our model and the experiment can be reached using 
reasonable parameters. Already, our parsimonious approach thus 
establishes generically how reciprocal motility control can act as 
a self-organizing mechanism in multi-component active systems, 
and predicts how co-localization or demixing of the populations 
emerges from their interactions.

Beyond two-population systems
The reciprocal control of motility is thus a versatile self-organization 
mechanism in bacterial colonies with two interacting populations, 
leading to spatial structures with either aggregation or demixing 
between the two strains. Let us now show that this mechanism 
can also be used to induce the self-organization of more than two 
cellular populations, for example by generating pre-patterns11. We 
considered the two inhibitor strains A and B described above and 
designed two sensor strains, C and D, whose motilities were acti-
vated or inhibited by the 3oc6HSL signal produced by inhibitor B, 
respectively (see Supplementary Information and Supplementary 
Fig. 5a–c). We examined pattern formation of three-population 
systems (A,B,C) or (A,B,D) containing very low fractions (1%) of 
the sensor strains. The cell mixture was deposited along a thin line 
in the middle of a semi-solid agar plate of rectangular geometry 
(see Supplementary Information) and the patterns were recorded 
after 20-h incubation at 37 °C. Both experiments generated periodic 
patterns of alternating high- and low-density stripes, similar to the 
patterns arising from the interactions between inhibitors A and B 
(dark-field images in Fig. 4 and Supplementary Fig. 5d). We also 
investigated the spatial distribution of the three strains according 
to their distinct fluorescence labelling (inhibitor strains with sfGFP 
and sensor strains with mCherry fluorescence). Our experimental 
results confirm the predictions of a generalization of our model 
to three populations of interacting cells (Supplementary Section 
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IV), where sensor C, whose motility is repressed by inhibitor B, 
co-localized with the high-density stripes. Conversely, sensor D, 
whose motility is activated by inhibitor B, exclusively aggregated in 
the low-density regions (Fig. 4).

Discussion
Our experimental results demonstrate that multi-component 
bacterial colonies are capable of self-organizing in complex mac-
roscopic structures when the motility of each population is con-
trolled by the density of a conjugate population. Contrary to 
established pattern-formation mechanisms based on chemotactic12 
or run-and-chase5,6 interactions, the mechanism we report does not 
require any directionality of the microscopic interactions: the effec-
tive attraction or repulsion between the strains only emerges at a 
collective level. The diversity of interactions and patterns show that 
motility regulation is a much richer interaction pathway than sug-
gested by existing results on single-component systems24,30.

The selection of the patterns, with either demixing or 
co-localization, does not rely on the fine-tuning of a parameter, but 
instead on the sign of the interaction. Furthermore, no microscopic 
chemical gradients need to be maintained for the interactions to 
emerge. In light of the ensuing robustness, and given the diversity of 
possible motility-control pathways, it is natural to ask whether this 
mechanism could also be at play in the self-organization of motile 
cells in nature.

Finally, microscopically distinct active-particle models have 
been shown to be equivalent at the hydrodynamic scale32. The insta-
bility predicted by our coarse-grained description (1) should thus 
hold for generic mixtures of self-propelled particles with isotropic 
reorientation processes. Therefore, reciprocal motility control could 
also be used to induce the self-organization of mixtures of synthetic 
active particles.
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Methods
No statistical methods were used to predetermine sample size.

E. coli strains. E. coli strain K12 AMB1655 ΔlacIZYAΔcheZ, also designated CL1, 
was used throughout the study to harbour genetic circuits or control plasmids 
unless otherwise stated. To build CL1, the Lac operon and cheZ were seamlessly 
deleted via lambda-Red-mediated homologous recombination from a parental 
motile E. coli strain K12 AMB1655 (a gift from A. Danchin), as previously 
described24. To construct the non-interacting strains in Supplementary Fig. 3, we 
used E. coli strain K12 AMB1655 ΔlacIZYA with a chromosomal copy of cheZ.

QS circuits. Plasmid constructions are described in the Supplementary 
Information and plasmid maps are shown in Supplementary Figs. 8–11.

Activator strains. In both activator strains, QS receptors and biosynthetic enzymes 
are expressed bicistronically from a constitutive promoter (see Supplementary 
Information). LasI in activator A catalyses the synthesis of a membrane-diffusible 
small molecule, 3oc12HSL (blue filled circles, Fig. 1a). At high local 3oc12HSL 
concentration (reflecting the high density of activator A), intracellular 3oc12HSL 
binds with LasR in activator B to activate the expression of CheZ. Reintroducing 
CheZ facilitates the dephosphorylation of CheY-phosphate (CheY-P). Similarly, 
LuxI in activator B catalyses the production of 3oc6HSL (yellow filled triangles).  
A high local 3oc6HSL concentration (reflecting the high density of activator B) 
drives the binding of intracellular 3oc6HSL with LuxR and activates the expression 
of CheZ in activator A. The two activators constitutively express fluorescent 
proteins sfGFP and mCherry, respectively.

Inhibitor strains. The circuitries of inhibitor A and B adopts similar QS 
components, as depicted in Fig. 2a. To fulfil the design of mutual suppression 
of motility, CheZ is constitutively expressed from a λ promoter (Pλ) that can be 
repressed by the CI repressor. A NOT gate is implemented by placing CI under 
the control of Plux and Plas81, a mutated Plux with stronger binding affinity with 
LasR33, such that high intracellular AHLs (reflecting high cell densities) activate 
CI expression and in turn shut off the cheZ transcription. The two inhibitors 
constitutively express fluorescent markers mCherry and sfGFP, respectively.

Medium. The liquid medium used for bulk culture of bacteria strains was half 
(1/2×) standard Luria–Bertani (LB) medium containing 2.5 g of yeast extract, 5 g 
of Bacto Tryptone, 5 g of NaCl per litre, buffered by 0.1 M HEPES (pH 7.4) unless 
otherwise stated. Kanamycin (50 μg ml−1) and chloramphenicol (25 μg ml−1) were 
added to maintain the plasmids. Semi-solid LB1/2 agar was prepared by adding 
Bacto agar (BD, wt/vol = 0.25%) into the liquid medium described above. The 
mixture was autoclaved, gently mixed by shaking and stored in a 55 °C water bath. 
Before use, 50 μg ml−1 kanamycin, 25 μg ml−1 chloramphenicol, 3oc6HSL (Sigma, 
when applicable) or 3oc12HSL (Santa Cruz, when applicable) were added to the 
molten agar. After vigorous mixing, 10 ml of the medium was poured into an 
8.5-cm-diameter Petri dish (BD Falcon) for pattern formation of inhibitor strains, 
and 27 ml for a 14-cm-diameter Petri dish for pattern formation of activator strains. 
The agar was left at room temperature for at least 1 h to reach full solidification.

General protocols for pattern-formation experiments. 

 1. Interacting strains harbouring full circuits were respectively streaked  
on 1.5% (wt/vol) LB agar plates supplemented with 50 μg ml−1 kanamycin  
and 25 μg ml−1 chloramphenicol from corresponding glycerol stocks  
and incubated at 37 °C overnight.

 2. A single colony of each strain was inoculated into 3 ml of LB medium  
with appropriate antibiotics and grown at 37 °C with constant shaking 
(220 r.p.m.) overnight.

 3. The overnight culture of each strain was inoculated 1:100 into 3 ml of fresh 
LB medium until mid-log phase (optical density at 600 nm (OD600) ≈ 0.4–0.6, 
measured by a Cary Bio300 UV–vis spectrophotometer, Varian) at 37 °C with 
constant shaking (220 r.p.m.). Cells were then inoculated 1:200 into 3 ml fresh 
LB medium with appropriate antibiotics until the cell density of each strain 
reached approximately the same OD600 of 0.1–0.2.

 4. The interacting strains were mixed in an approximately 1:1 (vol/vol) ratio and 
a suspension of the mixture (2 μl) was spotted at the centre of a semi-solid 
agar plate prepared on the same day.

 5. The semi-solid agar plate was then moved to a warm room at 37 °C for over-
night culture (typically over 20 h).

Pattern formation of three-population systems in a rectangular geometry. 
Sensor strains were mixed in a low fraction of 1% with both inhibitors A and B. 
The mixture was then linearly inoculated by gently touching the semi-solid agar 
plate with the edge of a rectangular coverslip, which had been wetted previously by 
a liquid culture of the mixture. The plates were then left steady in the warm room 
at 37 °C for overnight culture.

Fluorescence imaging. To image the fluorescence signal of the whole Petri dish, 
we built the set-up shown in Supplementary Fig. 12. In this set-up, the light from 

a high-power white light-emitting diode is collimated and filtered by a bandpass 
excitation filter and then passed through the diffusor to produce homogeneous 
illumination for imaging. A convex lens produces an image of this diffusor in the 
sample plane. To minimize the amount of excitation light entering the camera, the 
lighting system is tilted, then a Fresnel lens close to the sample is used to refocus 
the excitation light away from the camera. The emission filter is mounted in front 
of the camera (Canon EOS 700D).

To measure two different fluorescences, we built two set-ups, in parallel, 
equipped with different filter sets (Edmund Optics). For the green channel, 
the excitation filter has a bandpass of 466 ± 20 nm and the emission filter is 
510 ± 10 nm. For the red channel, the bandpass excitation filter is 586 ± 10 nm and 
the emission filter is 615 ± 10 nm.

The fluorescent images in Figs. 1 and 2 were taken successively using the two 
set-ups at the end of the overnight culture. To take time-lapse fluorescent images 
for the pattern-formation process, semi-solid agar plates seeded with engineered 
strains were placed on a rotating stage controlled by an Arduino Leonardo 
single-board microcontroller, which switched between the green and red channels 
automatically. The images were acquired every 40 min in a warm room at 37 °C.

Image acquisition and analysis. Dark-field images of the semi-solid agar plates 
were taken with a ChemiDoc Imaging system (Bio-Rad) equipped with a cooled 
charge-coupled device camera. Fluorescent images of the patterns with a circular 
geometry were taken by a Canon EOS 700D system with an ISO setting of 800. 
For patterns formed by activator strains in Fig. 1, the exposure times for the GFP 
and mCherry channels were 1.6 s and 3.2 s, respectively. For patterns formed by 
inhibitor strains in Fig. 2, the exposure times for the GFP and mCherry channels 
were 6 s and 3.2 s, respectively. Fluorescent images of patterns formed by the 
three-component systems in a rectangular geometry were taken by Leica MZ10F 
fluorescence stereomicroscopy with an exposure time of 1.2 s and gain of 1.5 for 
both GFP and mCherry channels. The brightness and contrasts of the images were 
adjusted linearly for optimal display while preserving the relative signal intensity 
for each image. Relative intensity analysis of the images was performed using 
ImageJ. For patterns with circular geometry, intensity profiles (both dark-field 
images and fluorescent images) were calculated using the plugin ‘Radial Profile 
Angle’ as the average pixel intensity values over a 2π angle at a given radius from 
the seeding centre. Relative values were obtained by normalizing the density 
profiles by their maximum and minimum.

Theory. The model. We consider an agent-based microscopic model comprising 
particles of types A and B moving in two spatial dimensions (we neglect the 
motion of the bacteria along the vertical dimension). Particles can be either in 
a running state or a tumbling state. In the running state, particles persistently 
move in a fixed direction at speed vA or vB depending on their type. They switch 
to a tumbling state at tumbling rate αA or αB. In the tumbling state, they are 
motionless, until a random event, occurring at swimming rate βA or βB, makes 
the cell resume swimming in a new, random direction. In our experiments, the 
motility parameters of bacteria of strains A or B have a complex dependence 
(mediated by the AHL molecules and hence nonlocal in space and time) on the 
density fields of the conjugate populations. As a first minimal approach, we assume 
interactions to be instantaneous and local. (An interesting extension of our work 
would be to explicitly account for the AHL fields and their interactions with the 
tumbling statistics, following, for example, ref. 34.) The dynamics of a particle of 
type A at position r is then characterized by functions vA(ρB(r)), αA(ρB(r)) and 
βA(ρB(r)), and conversely for type B, where we have introduced the density fields 
ρA;Bðr; tÞ ¼

P
‘δðr� rA;B‘ ðtÞÞ

I
. (The sum runs over the NA,B particles of populations 

A or B whose positions are noted rA;B‘ ðtÞ
I

.)
To account for the collective behaviours observed in experiments, we 

constructed coarse-grained dynamics describing the temporal evolution of  
the local cell densities of each population on timescales much larger than the 
durations of the run and tumble phases, but shorter than the typical division  
time. These dynamical equations for density fields ρA,B(r,t) are given by 
(Supplementary Information)

_ρX ¼ ∇ DXðρY Þ∇ρX � FXðρY ÞρXð Þ ð3Þ

with (X, Y) ∈ {(A, B), (B, A)} and

DX ¼ v2X

2αX 1þ αX
βX

  and FX ¼ � vX
2αX

∇
vX

1þ αX
βX

 !

ð4Þ

Linear stability analysis. We first performed a linear stability analysis of equation (3)  
around homogeneous profiles ρAðxÞ ¼ ρ0A

I
 and ρBðxÞ ¼ ρ0B

I
. The Fourier modes of 

a fluctuation then evolve as δ _ρq ¼ �q2Mδρq
I

, where δρ ¼ ðδρA; δρBÞy
I

 and M is a 
2 × 2 matrix whose entries read

Mii ¼ Di

Mij ¼ Diρ0i
∂
∂ρj

log vi
1þαi

βi

� �
ð5Þ
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with Di defined in equation (4). Note that the density-dependent parameters vi, 
αi and βi are evaluated at ρj ¼ ρ0j

I
. The condition for M to have an eigenvalue with 

negative real part, hence leading to an instability, is given by

ρ0Aρ
0
Bf

0
Aðρ0BÞf 0Bðρ0AÞ>1 ð6Þ

where we have defined the functions fA and fB as

f XðρY Þ  log
vXðρY Þ
1þ αX ðρY Þ

βX ðρY Þ

0
@

1
A ð7Þ

Note that, in the presence of such an instability, one needs to consider 
higher-order gradients, neglected in equation (3), to stabilize smooth interfaces 
(see Supplementary Information). These terms take the form −κΔ2ρX and are 
phenomenologically included in equation (1).

We note that fX increases when vX or βX (resp. αX) are increasing (resp. 
decreasing) functions of ρY, corresponding to an enhancement of motility, whereas 
it decreases in the opposite case corresponding to an inhibition of motility. The 
sign of its derivative therefore determines whether the motility of population X 
is activated (f 0XðρY Þ>0

I
) or inhibited (f 0XðρY Þ<0

I
) by population Y. The instability 

criterion (6) requires the product f 0Aðρ0BÞf 0Bðρ0AÞ
I

 to be positive, and it can be 
satisfied in two ways:

 1. f 0A<0
I

 and f 0B<0
I

: this corresponds to mutual inhibition;
 2. f 0A>0

I
 and f 0B>0

I
: this corresponds to mutual activation.

Note that condition (6) predicts no instability when f 0A
I

 and f 0B
I

 have opposite signs, 
which we confirmed by simulations: systems of two populations with mixed 
inhibition and activation of motilities do not undergo pattern formation.

Let us now explain why mutual inhibition of motility leads to aggregation of 
the two populations, whereas mutual activation leads to demixing. We consider the 
eigenvector ðδρ�A ; δρ�B Þ

y

I
, corresponding to the unstable eigenvalue σ− < 0, whose 

properties are informative about how a small perturbation evolves in time. The 
unstable eigenvalue is given by

σ� ¼ DA þ DB �
ffiffiffi
Δ

p

2
where Δ ¼ ðDA þ DBÞ2 � 4DADB 1� ρAρBf

0
Af

0
B

�  ð8Þ

from which a corresponding eigenvector can be easily derived:

ðδρ�A ; δρ�B Þ ¼ ðDAρAf
0
A; σ

� � DAÞ ð9Þ

We observe that the sign of δρ�B ¼ σ� � DA<0
I

 is fixed, whereas the sign 
of δρ�A

I
 is given by the sign of f 0A

I
. We detail the two possible cases, illustrated in 

Supplementary Fig. 13:

 1. Mutual inhibition of motility corresponds to f 0A<0
I

 and f 0B<0
I

, and leads to 
δρ�A
I

 and δρ�B
I

 of the same sign. The densities of the two populations thus grow 
(or decrease) in the same regions of space, leading to co-localization;

 2. Mutual activation of motility corresponds to f 0A>0
I

 and f 0B>0
I

, and leads  
to δρ�A

I
 and δρ�B

I
 of opposite signs. The density of one population thus  

grows (resp. decreases) in regions of space where the density of the  
conjugate population decreases (resp. grows), leading to the demixing  
of the two populations.

So far we have considered the most general case, in which all motility 
parameters (swimming speed v, tumbling rate α and swimming rate β) of 
one population can depend on the density of the conjugate population. In the 
experiments, the parameter controlled by the QS interactions is the expression 
of cheZ, enhanced in the case of mutual activation and repressed in the case of 
mutual inhibition. Because CheZ mostly controls the rate at which bacteria resume 
swimming21–24, we used density-dependent βA,B(ρB,A) in our simulations, but kept 
αA,B and vA,B constant. Our model thus show these interactions to be sufficient 
to account for the types of pattern seen in experiments: the two populations are 
co-localized in mutually inhibiting systems whereas they segregate in mutually 
activating ones. Note that we discuss in Supplementary Section II.C a more 
detailed model that also accounts for density-dependent tumbling rates αA,B. As 
expected, this leads to results that are qualitatively similar to those shown in Fig. 3.

Population dynamics. In our experiments, full development of the patterns takes 
almost a day of incubation. On such timescales, two competing processes take 
place. First, the mechanism described above promotes an unlimited coarsening of 

the patterns emerging from the linear instability. The q → 0 modes of the density 
fluctuations are indeed predicted to be unstable by our linear stability analysis with 
growth rates predicted by equation (5) to scale as σq ∝ D0q2, where D0 is an estimate 
of the population diffusivities defined in equation (2). Then, the divisions of 
bacteria promote a local cell density equal to the uniform carrying capacity set by 
the medium. Non-uniform large-scale fluctuations of the density fields are indeed 
stabilized and their growth rates satisfy σq → 0 = −μ. To determine the outcome of 
this competition, we added a logistic term to the dynamics (3) to model bacterial 
growth and starvation, as frequently done in the literature11. Starting from a central 
inoculum, our simulations show a radial spreading of the colony followed by 
the formation of patterns whose growth saturates, leading to concentric rings of 
finite widths. The latter respects the local organization imposed by the instability 
mechanism: mutual activation of motility leads to rings of alternate compositions 
whereas mutual inhibition leads to co-localization of the two populations within 
each high-density ring. The full characterization of these nonlinear patterns is 
beyond what we can do analytically, but the discussion above shows the largest 
unstable wavelength to scale as ‘ � 2π

ffiffiffiffi
D0
μ

q

I

, leading to the order-of-magnitude 
agreement reported in the main text.

Simulations. Simulations of the dynamics shown in equation (1) were performed 
with pseudo-spectral methods for calculation of the spatial derivatives and the 
semi-implicit Euler method for the time integration.

Reporting Summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this Article.
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