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4-bit adhesion logic enables universal 
multicellular interface patterning

Honesty Kim1, Dominic J. Skinner2, David S. Glass3, Alexander E. Hamby1, Bradey A. R. Stuart1, 
Jörn Dunkel2 & Ingmar H. Riedel-Kruse1,4,5 ✉

Multicellular systems, from bacterial biofilms to human organs, form interfaces (or 
boundaries) between different cell collectives to spatially organize versatile 
functions1,2. The evolution of sufficiently descriptive genetic toolkits probably 
triggered the explosion of complex multicellular life and patterning3,4. Synthetic 
biology aims to engineer multicellular systems for practical applications and to serve 
as a build-to-understand methodology for natural systems5–8. However, our ability to 
engineer multicellular interface patterns2,9 is still very limited, as synthetic cell–cell 
adhesion toolkits and suitable patterning algorithms are underdeveloped5,7,10–13. Here 
we introduce a synthetic cell–cell adhesin logic with swarming bacteria and establish 
the precise engineering, predictive modelling and algorithmic programming of 
multicellular interface patterns. We demonstrate interface generation through a 
swarming adhesion mechanism, quantitative control over interface geometry and 
adhesion-mediated analogues of developmental organizers and morphogen fields. 
Using tiling and four-colour-mapping concepts, we identify algorithms for creating 
universal target patterns. This synthetic 4-bit adhesion logic advances practical 
applications such as human-readable molecular diagnostics, spatial fluid control on 
biological surfaces and programmable self-growing materials5–8,14. Notably, a minimal 
set of just four adhesins represents 4 bits of information that suffice to program 
universal tessellation patterns, implying a low critical threshold for the evolution and 
engineering of complex multicellular systems3,5.

Bacterial communities can produce multicellular interfaces through 
cooperation and competition15,16. Plants, fungi and animals can estab-
lish tissue boundary patterns through developmental programmes 
using independently evolved yet similar genetic toolkits, organiz-
ers and morphogen fields1,3,4,17–19. Mathematically, such interface (or 
boundary) patterns can often be described as tilings or tessellations20,21, 
which elegantly combine generic algorithmic design principles with 
functional structure and aesthetic appeal, as exemplified by neuronal 
self-avoidance tilings22,23, DNA tiling self-assembly24, Islamic architec-
ture25 and the Tetris video game26. Synthetic biology aims to engineer 
patterned multicellular systems to facilitate applications including pro-
grammable biomaterials, artificial tissues and metabolic consortia, and 
to provide a build-to-understand methodology for natural systems5–8. 
Despite recent bioengineering advances5,7, experimentally feasible 
algorithms and standardized modules for multicellular interface pat-
terning are limited, in part because the design potential of cell–cell adhe-
sion5,7,10–12 is underexplored compared with cell–cell signalling13,27–30.

Multicellular interface patterns
Here we introduce the engineering, modelling and algorithmic pro-
gramming of multicellular interface patterns by realizing a synthetic 

cell–cell adhesin logic with swarming bacteria (Fig. 1). We seeded two 
synthetic adhesin-expressing Escherichia coli colonies10 a few millime-
tres apart on soft agar and let them grow, divide and migrate towards 
each other overnight in pseudo-2D swarms (Fig. 1a, Supplementary 
Video S1 and Methods). These bacterial-surface-displayed synthetic 
adhesins were derived from nanobodies (Nb) and their complementary 
antigens (Ag): Nb2 binds Ag2, Nb3 binds Ag3, but Nb2 does not bind 
Ag3 etc.10,31 (Fig. 1a). We then discovered that a macroscopically visible 
interface forms between any two strains expressing complementary 
heterophilic adhesins, such as Nb2 and Ag2 (Fig. 1b). Seeding more 
colonies generated further interfaces predictably, for example, seed-
ing six alternating Nb2/Ag2 colonies in a circle produced star-shaped 
interface patterns (Fig. 1c).

This suggests that complex 2D target patterns P could be gener-
ated by specifying suitable adhesin combinations and seed patterns 
S (Fig. 1d). For example, we asked whether one can program bacterial 
swarms to generate an Escher-like transmutation32 between triangles, 
cubes and hexagons (Fig. 1d). Indeed, this can be achieved with just 
four adhesins by solving the corresponding inverse design problem 
(Fig. 1e,f, Supplementary Fig. S9, Supplementary Texts S1 and S2 and 
Supplementary Videos S2 and S3; throughout the paper, see Supple-
mentary Figure S10 for accessible colourings). In the following, we 
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systematically investigate the biophysical mechanisms underlying 
this interface formation to establish a comprehensive adhesion logic 
framework for the inverse design of arbitrarily tessellated interface 
patterns20,21 (Supplementary Text S2).

Biophysics of interface formation
We first confirmed that swarming E. coli cells form macroscopically vis-
ible interfaces if and only if complementary adhesins are present in adja-
cent cell populations (Fig. 2a and Supplementary Fig. S11). We seeded 
a pair of colonies with complementary adhesins that cytoplasmically 
express red and yellow fluorescent proteins (Ag2-RFP|Nb2-YFP) (Fig. 2a, 
left). We fitted a generalized Hill function to the resulting fluorescence 
profiles (equation (1)) and determined the width of a transition region 
for adhesive cell pairings to be 500 ± 10 μm (mean ± standard deviation, 
n = 3 replicates throughout if not stated otherwise), which was signifi-
cantly narrower than 1,290 ± 20 μm (p < 0.001, Tukey’s honestly sig-
nificant difference test) for non-adhesive pairings (Ag2-RFP|Ag2-YFP) 
(Fig. 2a, left/right). As the interface remains much wider than the size 
of a single cell (about 2 μm), the narrowing of the transition region sug-
gests that cells are intermixed with incomplete blocking. Furthermore, 
the total cell density is characteristically increased at the interface, with 
cell density reductions on either side. Without adhesion, both strains 
combine to a nearly homogeneous distribution (Fig. 2a, right). Hence, 
these adhesins mediate a new type of emergent density patterning 
distinct from previously established mechanisms relying on signalling 
and motility29 or interstrain competition30.

To quantitatively capture this interface-forming behaviour and 
larger-scale patterning, we introduced adhesion into a minimal con-
tinuum model of bacterial swarming30 (Fig. 2b and Supplementary 
Text S1). Each strain i is described by a spatio-temporal density ρi(r, t) 
(r position, t time), which grows to saturation ρmax at rate gi, spreads 
with effective diffusion constant Di and interacts with a complementary 
adhesive strain j to form a new phase ρij through adhesion of strength 
K. In accordance with our previous results10, the adhesion is considered 
irreversible. Using initial conditions of two spatially localized strains, 
the model recapitulates the outgrowing wavefronts, as well as the char-
acteristic peak and troughs at the interface, which are absent without 
the adhesins (Fig. 2c and Supplementary Video S4). Matching simula-
tion and experiment yielded biologically reasonable estimates for all 

model parameters (D = 47 ± 8 μm2 s−1, g = 14 ± 6 h−1, K = 130 ± 50 h−1) 
(Fig. 2c).

This model predicts that tuning seeding conditions enables quan-
titative control over various geometric interface properties, which 
we confirmed experimentally (Fig. 2d–i and Supplementary Text S1). 
Decreasing the adhesion binding rate K should widen the interface 
(Fig. 2d), which we confirmed by adding a small peptide competitive 
inhibitor (EPEA) against Nb2 (ref. 10) to quantitatively titrate adhesin 
levels; varying inducer concentration produced equivalent results 
(Supplementary Fig. S12). Delaying the expansion of one colony by 
varying the relative initial seeding concentrations (Supplementary 
Fig. S13) should produce interfaces angled and shifted towards the 
delayed colony (Fig. 2e versus 2f), which we confirmed over a wide 
range of seeding ratios (Fig. 2i). Differences in expansion rate D1 ver-
sus D2 should lead to interfaces curved towards the slower-growing 
colony—even engulfing them (Fig. 2g and Supplementary Video S5), 
which we confirmed by using a slow-growing Nb3 variant, Nb3-1 (ref. 10). 
The Nb3, Ag3, Ag2 and Nb2 lines all have comparable expansion rates 
(Supplementary Fig. S14). Non-point-source seeding should behave like 
a summation of many point sources, which we confirmed by seeding 
one strain in a line, producing the expected parabola (Fig. 2h and Sup-
plementary Fig. S15). For extensions to the model, see Supplementary 
Texts S1.6 and S1.7 and Supplementary Video S6.

Swarming adhesion mechanism
To gain a mechanistic understanding of interface formation at the 
microscopic level, we imaged the interfaces and surrounding regions 
using confocal microscopy. We found that cells form an approximately 
0.4-mm-thick layer, do not bulge upwards at the interface (within 10-μm 
measurement resolution) and only fill 20–25% of the available space 
(Fig. 3a and Supplementary Figs. S16–S24). Individual cells invade the 
opposing region, explaining the observed transition region of many cell 
widths (Fig. 2a and Supplementary Fig. S18). In this transition region, 
complementary adhesive strains form clusters, whereas non-adhesive 
control strains do not, as quantified by the greater first peak in the two 
interstrain pair-correlation functions for the adhesive strains (Fig. 3a). 
This correlation function also had a larger characteristic width, as 
quantified by the variance of an exponentially modified Gaussian fit 
(5.24 ± 1.09 μm2 and 0.91 ± 0.38 μm2 for the adhesive and non-adhesive 
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Fig. 1 | Swarming E. coli expressing heterophilic synthetic cell–cell adhesins 
form programmable interfaces, which enables complex tessellation and 
tiling patterns at the tissue-level scale20,21. a, Schematic of the experimental 
procedure: overnight cultures of swarming E. coli seeded on soft agar form 
macroscopically visible interfaces when expressing complementary pairs  
from a library of heterophilic synthetic adhesins (Nb2/Ag2 and Nb3/Ag3 
corresponding to yellow/blue and green/red, respectively). b, A visible 
interface is formed between two colonies with complementary adhesins 
(Supplementary Video S1). Scale bar, 5 mm. c, Six alternating colonies form a 
hexagonally symmetric interface pattern. Scale bar, 9 mm. d, Observations  
(a–c) suggest the potential to engineer more complex 2D target patterns P 
(top), posing the inverse design problem of finding valid seeding patterns S of 

cells (bottom) that have the necessary spatial organization and express 
suitable adhesins. Seeding positions are colour-coded by strain as in a, with 
mixed-colour half-circles representing homogeneous mixtures of strains.  
The approach to find the seeding pattern is described in the main text (see also 
Supplementary Text S2). e,f, Simulations (e) based on the periodically 
repeating seeding pattern in d quantitatively predict the experimentally 
observed interface patterns (f) (Supplementary Videos S2 and S3), realizing  
an Escher-like32 transmutation. Scale bars, 5 mm. Throughout this work, 
non-linear background subtraction was consistently applied to all 
non-fluorescent macroscopic images to correct for inhomogeneous 
illumination and improve visual contrast; this had no impact on image  
analysis or interpretation (see Methods).
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pairs, respectively, p < 0.001 independent t-test, n = 9 replicates,  
Supplementary Fig. S19). Confocal stacks show that the interface clus-
ters form structures embedded in the agar with features that are at least 
tens of microns in size and seem highly interconnected (Supplementary 
Figs. S20–S22). Time-lapse microscopy shows that cells migrate as 
a collective and become immobilized at the interface (Supplemen-
tary Video S7). Immobile cell clusters then act as sinks for swarming 
adhesive cells at the interface. Further discussion and quantification 
including unaveraged pair-correlation plots is provided in Supple-
mentary Fig. S23. Adhesive cluster size and mean free path length are 
also increased compared with the control (Supplementary Fig. S24). 
These data recapitulate and explain the sharp versus gradual transi-
tions seen in wide-field images of the adhesive versus non-adhesive 
pairs, respectively (Fig. 2a). Hence, we identified a ‘swarming adhesion’ 
mechanism in which long-range swarming and short-range adhesion 
generate interfaces that are many cells wide and have low cell densities, 
which is distinct from previously established tissue segmenting and 
interface-generating mechanisms, for example, based on differential 
adhesion or jamming1,23.

Adhesion logic and interface composability
The large width and sparseness of these interfaces suggested that 
they could discriminate between cells with complementary versus 
non-complementary adhesins. To test this hypothesis, we performed 
interface-formation experiments with complementary adhesins as 
before, but now mixed one of the complementary strains with a third 
non-binding orthogonal strain expressing Cerulean (CFP). Confocal 

imaging showed that an orthogonal strain (n-CFP, in which n denotes a 
null adhesin control) does not bind to adhesive clusters (Fig. 3b), with a 
characteristic pair-correlation width of 8.46 ± 2.71 μm2 for the adhesive 
case, and no meaningful fit was possible for the non-adhesive cases 
(Supplementary Figs. S19 and S23). Epifluorescent imaging similarly 
showed that a non-complementary strain (Ag3-CFP) infiltrates further 
than either of the complementary strains (Fig. 3c). Control experiments 
with various fluorophore and adhesin combinations indicate that these 
results are not due to potential differences in migration rates between 
strains (Supplementary Fig. S25). We conclude that these interfaces 
are semipermeable by selectively filtering complementary cells while 
allowing non-complementary cells to pass.

4-bit adhesion logic
The observation that introducing a third non-complementary adhesive 
strain does not interfere with interface formation (Fig. 3c) suggests that 
multistrain mixtures in general could show composability7. A library 
of two adhesin pairs can be combined into 16 possible ‘elements’ at 
each seeding position, corresponding to 4 bits of information, and 
in which nine elements are of practical use here (Fig. 3d and Supple-
mentary Text S2): a ‘null’ element Σ0 = {n} without any adhesin, a sub-
set of four ‘singlet’ elements Σ1 = {Nb2, Ag2, Nb3, Ag3} and a subset of 
four ‘doublet’ elements Σ2 = {Nb2 + Nb3, Nb2 + Ag3, Nb3 + Ag2, Ag2 
+ Ag3}. Any other combination is not of practical interest here owing 
to self-interaction but might have applications in future patterning 
processes. We prepared these four doublet mixtures and performed 
interface-formation experiments as before. As expected, we found that 
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Fig. 2 | Key interface properties can be rationally controlled in quantitative 
agreement with a biophysical continuum model. a, Composite images of 
oblique transmitted illumination microscopy and fluorescent microscopy 
(top) and normalized quantification of fluorescence (bottom) show sharp and 
gradual interfacial transitions with adhesion (left) and without adhesion 
(right), respectively (for fit, see equation (1)). Note that colours of fluorophores 
(RFP, YFP) should not be confused with colour labels (blue, yellow) for two 
adhesins. Scale bar, 2 mm. b, The continuum model incorporates cell density, 
adhesion (leading to aggregation and immobilization), (active) diffusion and 
logistic population growth (equation S1). c, Model simulations recapitulate 
experiments and interface profiles from a (Supplementary Video S4). Scale bar, 
2 mm. d, Interface widths can be experimentally tuned by adjusting adhesion 

avidity (K) using an adhesin inhibitor (EPEA10). e, Symmetric interfaces form 
when complementary strains have identical growth and motility properties. 
Scale bars, 5 mm. f, Interface angle and position can be tuned by delaying 
swarming initiation for one of the two colonies (experimentally, by using lower 
seeding density). Scale bars, 5 mm. g, Interface curvature and position can be 
tuned by using strains with different expansion rates (Supplementary 
Video S5). Scale bars, 5 mm. h, Non-point-source seeding generates interfaces 
consistent with the linear superposition of many point sources; for example, a 
line and a point generate the mathematically expected parabolic interface. 
Scale bars, 5 mm. i, Model and experiment agree for interface angle over a wide 
range of seeding densities (compare to f; see also Supplementary Fig. S2).
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a visible interface between two doublet elements is formed if and only 
if they are different (Fig. 3e). We also introduce the term ‘hidden’ inter-
faces for cases in which no visible interfaces form, which will become 
conceptually useful later in the paper. We also experimentally tested 
various pairings of singlet versus doublet elements, which all followed 
the expected interface-formation logic (Supplementary Fig. S25). Thus, 
these orthogonal adhesins and the corresponding composable sets 
and subsets of strains10 (Fig. 3d) provide a cell–cell adhesion logic for 
generating visible and hidden interfaces (Fig. 3e).

Universal interface and tessellation patterns
Equipped with this combinatorial cell–cell adhesion logic, we can 
tackle the inverse design problem of finding suitable seed conditions 
S to achieve a desired target pattern P (Fig. 1d). Conceptually, this 
inverse design problem is closely related to long-standing pattern-
ing questions in developmental biology, as initial seeding conditions 
and swarming cells represent adhesion-based bacterial analogues 
to the well-established concepts of developmental ‘organizers’ and 
morphogen ‘fields’, respectively1–3,17,18. Central questions are: what 
is the design space of programmable patterns P? How many unique 
adhesins are minimally required to program P? What are efficient 
algorithms for identifying the necessary adhesin combinations and 
seeding positions S? Using this adhesion logic platform, we found that 
all three regular periodic tilings20 can be created by seeding cells at the 
tile circumcentres, in which triangular and square tilings require just 
one adhesin pair from the singlet set, whereas hexagonal tilings require 
two adhesin pairs combined into doublets (Fig. 4a and Supplementary 
Fig. S26). Moreover, different seeds can generate the same pattern 
(Supplementary Text S2).

We also found that any arbitrary tessellation and straight-interface 
pattern in a 2D plane can be generated with just four adhesins (two 
adhesin pairs), representing 4 bits (Fig.  3d and Supplementary 
Text S2.3). To outline the necessary algorithmic procedure, we first 
note that the interface pattern generated from growth-matched 
swarming strains seeded at different points is equivalent to the Voronoi 

tessellation of the seeded points21,33. The four-colour theorem34 guar-
antees that one can seed four doublets (Fig. 3d,e) such that adjacent 
tiles always contain a different doublet, ensuring that all interfaces 
of the Voronoi tessellation will form (Fig. 4b, Supplementary Fig. S27 
and Video S8). If the desired interface pattern does not correspond to 
a Voronoi tessellation, we can use algorithms that solve the general-
ized inverse Voronoi problem21, which guarantees that any interface 
pattern can be mapped onto a Voronoi tessellation and provides the 
necessary seeding positions. This will typically require introducing 
further interfaces and subtiles. However, by seeding all subtiles within 
an original tile with the same doublet, all further interfaces within a 
subtile become ‘hidden’ (Figs. 3e and 4c), and the four-colour theorem 
applies as before. More generally, any interface pattern can be gener-
ated even when one or both ends of some interfaces are not connected 
to another visible interface (Fig. 4d). The ends of such ‘open’ interfaces 
can always be isolated by also using the null element in addition to 
the four doublets. This most general case can then be solved as before 
(Fig. 4d). These algorithms thus provide a universal design framework 
for generating an arbitrary pattern P by determining the sufficient 
seeding conditions S while using at most four adhesins.

The above algorithms can be readily generalized to implement extra 
constraints, as commonly encountered in many natural and engineered 
systems. As an example, we considered the task of generating arbitrary 
interface patterns on a triangular lattice on which seeding positions are 
restricted to the centre of each triangle (Fig. 4e). We then identified an 
efficient algorithm that sequentially assigns adhesins to first generate 
all non-horizontal interfaces (even and odd rows) and subsequently all 
horizontal interfaces (between rows) (Fig. 4e, Supplementary Fig. S8, 
Supplementary Text S2 and Supplementary Video S9). As before, this 
algorithm only requires four adhesins. An initial investigation into other 
lattice types suggests trade-offs between seeding restrictions, number 
of available adhesins and achievable pattern complexity, which then 
pose a range of new and interesting constrained tessellation problems, 
especially with regards to the selective formation or omittance of inter-
faces20,34 (Supplementary Fig. S28 and Supplementary Text S2). The 
patterning space can also be extended to include curved interfaces; for 
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example, using expansion rate differences (Fig. 2g,h) enables threefold 
floral arrangements (Fig. 4f) that differ strikingly from the sixfold ray 
pattern in Fig. 1c despite identical seeding positions. The continuum 
model (Figs. 2b and 4f) allows for cost-efficient quantitative pattern 
exploration before experimental implementation (Supplementary 
Text S2.2).

Applications of self-growing bacterial materials
To explore the potential application space of this bacterial adhesion 
logic, we sought to spatially pattern the properties of such self-growing 
bacterial materials. Patterned agar sheets that are approximately 
2-mm-thin can be cut out (Fig. 4g and Supplementary Fig. S21), setting 
the basis for free-standing biomaterials5. The wettability of the surface 
can be spatially controlled, that is, the flow of 1× phosphate-buffered 
saline (PBS) is hindered at visible Nb3|Ag3 interfaces (Fig.  4h,  
Supplementary Fig. S29 and Supplementary Video S10), whereas it 
is not hindered for hidden Nb2|Ag3 or Nb3|Ag2 interfaces (Supple-
mentary Fig. S29). This phenomenon could be used to localize liquid 
droplets (Fig. 4i and Supplementary Fig. S29) and support open-surface 

microfluidics14. The control over interface width using antagonistic anti-
gens (Fig. 2d) suggests molecular diagnostics that translate molecular 
concentrations into switchable visual interface patterns (Fig. 4j). Such 
diagnostics could be manufactured without the need for protein purifi-
cation and should generalize to any molecule against which a nanobody 
can be formed (Supplementary Text S3). Other applications include 
human-readable digital displays35 (Fig. 4k, Supplementary Fig. S27 
and Supplementary Video S8), precision biofiltering36 on the basis of 
selective interfaces (Fig. 3b,c) and build-to-understand approaches 
for synthetic microbial communities6–8.

Discussion
The introduced cell–cell adhesion logic and algorithms provide a ver-
satile platform for engineering and investigating multicellular pat-
terning, and may also be applicable to non-bacterial systems, such as 
active particles or mammalian tissues. In engineered systems, more 
complex patterning logic could be added; for example, sequentially 
established interfaces can serve as organizers in hierarchical patterning 
processes2 and conditional patterning can be based on environmental 
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curved interface patterns generated with differential expansion rates and 

seeding densities (green indicates the Nb3-1 strain). Scale bar, 9 mm. g, Thin 
sheets with interface patterns can be cut out and handled, shown here floating 
in a PBS bath. Scale bar, 1 cm. h, Surface wettability of biomaterials can be 
patterned owing to differential hydrophilicity of interface patterns. PBS  
added to an interface pattern shows that the liquid surface closely tracks  
the patterned interface (Supplementary Fig. S29). Scale bar, 1 cm. i, Liquid 
droplets can be captured in regularly tiled squares (Supplementary Fig. S29). 
Scale bar, 5 mm. j, Demonstration of an environmentally dependent patterning 
and molecular diagnostic application in which a human-readable indicator (‘\’ 
or ‘X’) is formed, depending on whether a molecular inhibitor against the Nb2 
adhesin (EPEA10, Fig. 2d) is present or not. Scale bar, 2 mm. k, Implementation 
of the common 16-segment digital display, programmed to write ‘U of A’, 
demonstrates complex combinatorial patterning with human-readable output 
(Supplementary Video S8). Colour codes defined in Fig. 3d; for continuum 
simulations of b and j, see Supplementary Fig. S27. Scale bar, 9 mm.
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or system-intrinsic inhibitors (Figs. 2d and 4j). In natural systems, a dif-
ferential cadherin adhesion code coordinates animal morphogenesis37, 
and bacteria, amoebae and fungi use sets of polymorphic adhesins in 
combinatorial ways for kin discrimination and spatial multicellular pat-
terning15,19,38. Notably, the ‘swarming adhesion’ mechanism uncovered 
here is distinct from established chemical-based and adhesion-based 
mechanisms1,17,18,37, and we speculate that natural microbial commu-
nities use related mechanisms to distinguish between kin and foe to 
protect against invasion15,39,40. Our results also provide guidance for 
non-adhesion-based patterning13,18 or for hybrid mechanisms in which 
adhesins are coordinated by combinatorial juxtacrine signalling such 
as heterophilic Eph–ephrin interactions41. Finally, the fact that a combi-
natorial adhesion logic with just four adhesins can generate universal 
interface patterns in a plane establishes a low critical threshold for the 
evolution and engineering of complex multicellular systems3,5.

Online content
Any methods, additional references, Nature Research reporting sum-
maries, source data, extended data, supplementary information, 
acknowledgements, peer review information; details of author contri-
butions and competing interests; and statements of data and code avail-
ability are available at https://doi.org/10.1038/s41586-022-04944-2.

1.	 Dahmann, C., Oates, A. C. & Brand, M. Boundary formation and maintenance in tissue 
development. Nat. Rev. Genet. 12, 43–55 (2011).

2.	 Martyn, I. & Gartner, Z. J. Expanding the boundaries of synthetic development. Dev. Biol. 
474, 62–70 (2021).

3.	 Rokas, A. The molecular origins of multicellular transitions. Curr. Opin. Genet. Dev. 18, 
472–478 (2008).

4.	 Knoll, A. H. The multiple origins of complex multicellularity. Annu. Rev. Earth Planet. Sci. 
39, 217–239 (2011).

5.	 Tang, T.-C. et al. Materials design by synthetic biology. Nat. Rev. Mater. 6, 332–350 (2021).
6.	 Dou, J. & Bennett, M. R. Synthetic biology and the gut microbiome. Biotechnol. J. 13, 

1700159 (2018).
7.	 Kim, H., Jin, X., Glass, D. S. & Riedel-Kruse, I. H. Engineering and modeling of multicellular 

morphologies and patterns. Curr. Opin. Genet. Dev. 63, 95–102 (2020).
8.	 Hays, S. G., Patrick, W. G., Ziesack, M., Oxman, N. & Silver, P. A. Better together: engineering  

and application of microbial symbioses. Curr. Opin. Biotechnol. 36, 40–49 (2015).
9.	 Heinrich, M. A., Alert, R., Wolf, A. E., Košmrlj, A. & Cohen, D. J. Self-assembly of tessellated 

tissue sheets by growth and collision. Preprint at bioRxiv https://doi.org/10.1101/ 
2021.05.06.442983 (2021).

10.	 Glass, D. S. & Riedel-Kruse, I. H. A synthetic bacterial cell-cell adhesion toolbox for 
programming multicellular morphologies and patterns. Cell 174, 649–658 (2018).

11.	 Jin, X. & Riedel-Kruse, I. H. Biofilm lithography enables high-resolution cell patterning via 
optogenetic adhesin expression. Proc. Natl Acad. Sci. 115, 3698–3703 (2018).

12.	 Kan, A., Del Valle, I., Rudge, T., Federici, F. & Haseloff, J. Intercellular adhesion promotes 
clonal mixing in growing bacterial populations. J. R. Soc. Interface 15, 20180406 (2018).

13.	 Toda, S., Blauch, L. R., Tang, S. K., Morsut, L. & Lim, W. A. Programming self-organizing 
multicellular structures with synthetic cell-cell signaling. Science 361, 156–162 (2018).

14.	 Zhang, Q., Feng, S., Lin, L., Mao, S. & Lin, J.-M. Emerging open microfluidics for cell 
manipulation. Chem. Soc. Rev. 50, 5333–5348 (2021).

15.	 Wall, D. Kin recognition in bacteria. Annu. Rev. Microbiol. 70, 143–160 (2016).
16.	 Lyons, N. A. & Kolter, R. On the evolution of bacterial multicellularity. Curr. Opin. 

Microbiol. 24, 21–28 (2015).
17.	 Richardson, A. E. & Hake, S. Drawing a line: grasses and boundaries. Plants 8, 4 (2019).
18.	 Bier, E. & De Robertis, E. M. BMP gradients: a paradigm for morphogen-mediated 

developmental patterning. Science 348, aaa5838 (2015).

19.	 Oppler, Z. J., Parrish, M. E. & Murphy, H. A. Variation at an adhesin locus suggests sociality 
in natural populations of the yeast Saccharomyces cerevisiae. Proc. R. Soc. B Biol. Sci. 
286, 20191948 (2019).

20.	 Grünbaum, B. & Shephard, G. C. Tilings and Patterns (Dover, 1987).
21.	 Aloupis, G., Pérez-Rosés, H., Pineda-Villavicencio, G., Taslakian, P. & Trinchet-Almaguer, D. 

in Combinatorial Algorithms. IWOCA 2013. Lecture Notes in Computer Science, Vol. 8288 
(eds Lecroq, T., & Mouchard, L.) 349–361 (Springer, 2013).

22.	 Grueber, W. B. & Sagasti, A. Self-avoidance and tiling: mechanisms of dendrite and axon 
spacing. Cold Spring Harb. Perspect. Biol. 2, a001750 (2010).

23.	 Khariton, M., Kong, X., Qin, J. & Wang, B. Chromatic neuronal jamming in a primitive brain. 
Nat. Phys. 16, 553–557 (2020).

24.	 Rothemund, P. W. K., Papadakis, N., Winfree, E. & Condon, A. Algorithmic self-assembly of 
DNA Sierpinski triangles. PLoS Biol. 2, e424 (2004).

25.	 Lu, P. J. & Steinhardt, P. J. Decagonal and quasi-crystalline tilings in medieval Islamic 
architecture. Science 315, 1106–1110 (2007).

26.	 Breukelaar, R. et al. Tetris is hard, even to approximate. Int. J. Comput. Geom. Appl. 14, 
41–68 (2004).

27.	 Budrene, E. O. & Berg, H. C. Complex patterns formed by motile cells of Escherichia coli. 
Nature 349, 630–633 (1991).

28.	 Hartmann, R. et al. Emergence of three-dimensional order and structure in growing 
biofilms. Nat. Phys. 15, 251–256 (2019).

29.	 Liu, C. et al. Sequential establishment of stripe patterns in an expanding cell population. 
Science 334, 238–241 (2011).

30.	 Cremer, J. et al. Chemotaxis as a navigation strategy to boost range expansion. Nature 
575, 658–663 (2019).

31.	 Piñero Lambea, C. et al. Programming controlled adhesion of E. coli to target surfaces, 
cells, and tumors with synthetic adhesins. ACS Synth. Biol. 4, 463–473 (2015).

32.	 Seckel, A. Masters of Deception: Escher, Dalí & the Artists of Optical Illusion (Sterling, 2004).
33.	 Lloyd, D. P. & Allen, R. J. Competition for space during bacterial colonization of a surface. 

J. R. Soc. Interface 12, 20150608 (2015).
34.	 Wilson, R. A. Graphs, Colourings and the Four-colour Theorem (Oxford Univ. Press, 2002).
35.	 Shin, J., Zhang, S., Der, B. S., Nielsen, A. A. & Voigt, C. A. Programming Escherichia coli to 

function as a digital display. Mol. Syst. Biol. 16, e9401 (2020).
36.	 Lieleg, O. & Ribbeck, K. Biological hydrogels as selective diffusion barriers. Trends Cell 

Biol. 21, 543–551 (2011).
37.	 Tsai, T. Y.-C. et al. An adhesion code ensures robust pattern formation during tissue 

morphogenesis. Science 370, 113–116 (2020).
38.	 Hirose, S., Benabentos, R., Ho, H.-I., Kuspa, A. & Shaulsky, G. Self-recognition in social 

amoebae is mediated by allelic pairs of tiger genes. Science 333, 467–470 (2011).
39.	 Schluter, J., Nadell, C. D., Bassler, B. L. & Foster, K. R. Adhesion as a weapon in microbial 

competition. ISME J. 9, 139–149 (2015).
40.	 Ting, S.-Y. et al. Targeted depletion of bacteria from mixed populations by programmable 

adhesion with antagonistic competitor cells. Cell Host Microbe 28, 313–321 (2020).
41.	 Fagotto, F., Winklbauer, R. & Rohani, N. Ephrin-Eph signaling in embryonic tissue 

separation. Cell Adhes. Migr. 8, 308–326 (2014).
42.	 Abràmoff, M. D., Magalhães, P. J. & Ram, S. J. Image processing with ImageJ. Biophotonics 

Int. 11, 36–42 (2004).
43.	 Greenwald, N. F. et al. Whole-cell segmentation of tissue images with human-level 

performance using large-scale data annotation and deep learning. Nat. Biotechnol. 40, 
555–565 (2022).

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 
4.0 International License, which permits use, sharing, adaptation, distribution 
and reproduction in any medium or format, as long as you give appropriate 

credit to the original author(s) and the source, provide a link to the Creative Commons license, 
and indicate if changes were made. The images or other third party material in this article are 
included in the article’s Creative Commons license, unless indicated otherwise in a credit line 
to the material. If material is not included in the article’s Creative Commons license and your 
intended use is not permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a copy of this license, 
visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2022

https://doi.org/10.1038/s41586-022-04944-2
https://doi.org/10.1101/2021.05.06.442983
https://doi.org/10.1101/2021.05.06.442983
http://creativecommons.org/licenses/by/4.0/


Article
Methods

Plasmids and strains
Plasmids were transformed into chemically competent cells fol-
lowing standard protocol10. Plasmids were sourced from our ear-
lier work10 and are deposited in Addgene (Supplementary Table S1).  
To better match the metabolic load between cells, all strains used 
here expressed at most a single adhesin. However, it is possible to 
use strains expressing several adhesins. For example, instead of mix-
ing two cell types expressing Ag2 and Ag3, one could use one strain 
expressing both adhesins10. Doing so produces the expected logical 
interactions that dictate interface formation but with greater vari-
ance in growth rates.

Cell culture
The MG1655 E. coli strain obtained from E. Coli Genetic Stock Center 
(CGSC #6300) was used for all experiments in this study. For overnight 
growth, cells were shaken at 37 °C and 300 rpm with antibiotics in Luria 
broth (LB) media. No ATc was added for overnight growth. Cell stocks 
were stored in glycerol at −80 °C. For experiments, single colonies 
were inoculated from agar plates containing antibiotics streaked out 
from frozen stocks.

Soft agar
To prepare soft agar gels, 20 g l−1 of LB broth powder (Affymetrix 
#75852) and 0.225% w/v Bacto Agar (BD 214050) was added to distilled 
water. This mixture was autoclaved and allowed to cool to 50 °C before 
adding antibiotics or ATc inducer as needed. This mixture was then 
pipetted into Petri dishes, at 10 ml for 10-cm dishes, 5 ml for 60-mm 
dishes, 2 ml for 35-mm dishes and six-well plates, and 25 ml for 15-cm 
dishes. The plates were covered and allowed to cool at room tempera-
ture for at least 2 h and used on the day of preparation. For confocal 
imaging, the soft agar percentage was increased to 0.25% w/v for greater 
imaging stability.

To seed cells for experiments, 1 μl of overnight culture was pipet-
ted onto the surface of the gel without puncturing the surface using 
low-adhesion tips (VWR 89174-520). For interface-formation experi-
ments, a multichannel pipette was used to ensure consistent 9-mm 
spacing between the colonies. For experiments needing greater pat-
terning complexity, stencils were cut out of 4.5-mm acrylic sheets (TAP 
Plastics) using a laser cutter (Dremel LC40). The stencils were designed 
so that the pipette tips were just above the surface of the agar by using 
shims and varying the radii of laser-cut holes.

Soft agar plates were placed in a 37 °C incubator right side up, with 
the lid on and no circulating air. Cells were typically grown for 18 h on 
soft agar before imaging. Note that E. coli transitions to a swarming 
phenotype in swarming agar, resulting in greater expansion compared 
with the agar concentrations most commonly used in labs for various 
purposes. When specified in the text, cells were incubated at room 
temperature for 48 h, with all other conditions kept constant.

Small peptide inhibitors
Small peptide inhibitor EPEA and the scrambled PEAE were synthesized 
by GenScript10. Frozen aliquots were stored at −80 °C. To create gels 
with a specific concentration of inhibitor, aliquots of peptide were first 
thawed and diluted in distilled water to a 10× working concentration. 
Soft agar gel solutions were prepared at 1.1× concentration to account 
for the liquid volume in the 10× peptide solution and kept warm in a 
50 °C bath before pouring.

Titrating cell seeding concentration
For experiments needing variable cell concentrations such as the 
delayed growth experiment, cells were grown in a shaking incubator 
to stationary phase overnight and diluted in LB media to the desired 
concentration immediately before seeding.

Mixed cell populations
For experiments that required seeding mixed populations of different 
types, cells were first separately grown in a shaking incubator to sta-
tionary phase. Immediately before seeding, cells were pipetted from 
the stationary cultures and mixed in polymerase chain reaction tubes.

Imaging
Fluorescence stereomicroscopy. Fluorescence stereomicroscopy 
images were obtained using a Leica M205 fluorescent microscope, 
with a Planapo 2.0× objective (10450030, Leica Biosystems) and DSR 
(10447412, Leica Biosystems), YFP (10447410, Leica Biosystems) and 
CFP (10447409, Leica Biosystems) filter sets. Oblique illumination was 
used for non-fluorescent channels.

Confocal images. Confocal images were captured using an inverted 
Zeiss LSM700 using 405-nm, 488-nm and 555-nm laser lines and a 63× 
1.4-NA (0.19 mm FWD) Plan-Apochromat objective (44 07 62, Carl Zeiss 
AG). Soft agar plates were allowed to equilibrate to room temperature 
for at least an hour before imaging. Immediately before imaging, a 
no. 1.5 glass coverslip was carefully placed on the surface of the agar. 
The soft agar plates were then mounted upside down using a custom 
laser-cut stage. Images in a tiled set were taken within a few minutes, 
owing to viscoelastic creep over time. Confocal stacks were acquired at 
2-μm slices up to a depth of approximately 20 μm, at which point soft 
agar undergoes displacement. Furthermore, low-viscosity immersion 
oil (Resolve M2000, Epredia) was used to minimize the effects of drag 
on agar as the stage moved around.

Epifluorescent wide-field time lapses. Epifluorescent wide-field 
time lapses were captured using an inverted Zeiss LSM700, with a 20× 
Plan-Apochromat objective (440640-9903, Carl Zeiss AG), a 1.4-MP 
CCD monochrome camera (Zeiss AxioCam MRm, Carl Zeiss AG) and 
a light-emitting diode (LED) lamp (X-Cite XYLIS, Excelitas Technolo-
gies Corp.). Plates were mounted as described above and frames were 
captured every 2 min.

Macroscopic images. Macroscopic images were captured using a 
DSLR camera (D5600, Nikon). Samples were illuminated using oblique 
illumination from LED ring lights. To correct for the uneven brightness 
inherent in oblique illumination, a Gaussian blur filter was applied to a 
copy of the image and this image was then subtracted from the original 
image using ImageJ42. Subsequently, image contrast was adjusted using 
ImageJ. These corrections were applied in an unbiased manner solely for 
the purpose of enhancing visually clarity, and no quantifications were 
made on these images. Specifically, the following panels in this paper 
were processed this way: Figs. 1b,c,d, 2a,e,f,g,h, 3e and 4a,b,e,f,g,h.

Time-lapse macroscopic images. Time-lapse macroscopic images 
were captured using a Raspberry Pi Camera V2 controlled by a Rasp-
berry Pi Zero. The sample was placed in a small humidified chamber 
and an LED ring light was used for intermittent illumination. A custom 
Python script was written to control the Raspberry Pi Camera V2 and 
ring light activation. Frames were captured every 5 min.

Measuring interface profiles
To measure the fluorescence profile along an interface, the fluorescence 
intensity was measured in raw images along a 6-mm line aligned with the 
axis connecting the initial seeding points. The fluorescence intensity 
was binned across a width approximately 1.5 mm thick. These profiles 
were fit using equation (1).

Measuring interface angles
To measure the interface angles between seeds, the interface was 
first manually traced using ImageJ. The angle between each leg of 



the interface and the line connecting the two starting seeding points 
was calculated using linear regression in Python.

Image processing for confocal images
Confocal images were cropped to remove smearing caused by the 
viscoelastic response of the soft agar to stage motion during imaging. 
The cropped region was always the top 128 × 2,048 pixels, in an image 
of 2,048 × 2,048 pixels.

For pair-correlation analysis, confocal images were segmented using 
DeepCell43. Cell positions were defined by the centroids of segmenta-
tion results. To calculate the mixed-species pair-correlation function, a 
custom Python script was used. Briefly, for each cell, the script counted 
the number of cells in a ring r + dr away. This count was normalized to 
the area of the ring, as well as the overall cell density. Area corrections 
were made for rings cut off by the image edges.

Fitting interface profiles and calculating interface widths
The transition profiles measured using fluorescent microscopy (such 
as in the graphs at the bottom of Fig. 2a,c, which were measured from 
the bottom half of the composite images on top) were fitted using the 
following heuristic equation:

f x z k x y a( ) = /(1 + ( / ) ) + + e (1)a
n x b(− / )2

Here n is the Hill coefficient, ka is the x-position at half the maxi-
mum value along the transition and z weights the contribution of the 
Hill function. The variable a weights the contribution of the Gaussian 
distribution and b is the standard deviation of the distribution. y is a 
vertical offset for the overall curve.

The rationale for fitting the profiles to this equation is as follows: 
equation (1) is a sum of a Hill function and a Gaussian. The Hill func-
tion is primarily responsible for fitting the transition region, whereas 
the Gaussian compensates for any slope in the plateau region of the 
measured curve.

The width of the transition w is then defined as the distance between 
the two points of maximum curvature κ, calculated using:
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Free-standing patterned sheets
To produce a free-standing patterned material, patterned agar was 
covered with 10 ml 1× PBS before a scalpel was used to cut out a 
rectangular section. For smaller sections, gentle agitation of the 
PBS by shaking allowed the cut-out patterned sheet to lift off from 
the Petri dish. For larger sheets, a thin object such as a scalpel or 

coverslip was slid under the agar to separate it from the Petri dish. 
Alternatively, a glass slide or coverslip was placed in the bottom of 
the Petri dish before pouring the agar. In this case, covering with PBS 
and using a scalpel to cut along the edge of the glass was sufficient 
for the patterned sheet to lift off without any further agitation or 
manipulation.

Sheets up to a few centimetres in length could be transferred between 
dishes by pouring the PBS, and sheets up to a centimetre in length could 
be lifted out of the PBS on the edge of a coverslip, scalpel or tweezer.

Patterned wetting
For wetting experiments, strains were seeded and grown on soft agar 
at room temperature for 48 h to produce strong interfaces. Then, 1× 
PBS was poured at one end of the plate and allowed to flow. The shape 
of the PBS front demonstrates the effect of bacterial patterning on 
surface wetting. For droplet capture in square patterns, 1× PBS was 
gradually added to the square using a pipette.

Data availability
All analysed data are available in the manuscript or the supplementary 
materials. Further raw data supporting the main figures are deposited 
at https://doi.org/10.7910/DVN/RUMTIV. All other data available on 
request.

Code availability
All analysis and modelling scripts are available from GitHub (https://
github.com/hirklab/AdhesinLogicProject/).
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