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Propagating spiral waves have been discovered in various chemical,
biological and physical systems. Spiral waves in multicellular organisms are
often associated with essential living functions. Although certain eukaryotic
microorganisms have long been known to generate spiral waves, evidence

of spiral wave pattern has been lacking in the bacterial world. Here we report
the discovery of a unique form of propagating spiral waves in dense bacterial
populations where cells engage in cyclic force-generating processes driven
by agrappling-hook-like motile organelle called type-IV pilus motor.
Specifically, we discovered that synchronization of pilus activity in the
bacterial living matter leads to large-scale spatiotemporal regulation of
tension force in the form of propagating spiral waves. Theoretical modelling
reveals that the spiral tension waves result from non-reciprocity in cell-cell
interactions. Our findings reveal a mechanism of large-scale force regulation
inbacterial world and may shed light on the emergent mechanics of biofilms
and microbiomes. Pilus-driven bacterial living matter also provides a
mechanical active medium for studying electrical or chemical spiral waves in

living systems.

Propagating waves with spiral patterns are discovered in various
chemical, biological and physical systems' such as chemical excitable
medium**®, cardiac tissue’ and neural networks®. The onset of spiral
waves in multicellular organismsis often associated with essential living
functions®’. For example, spiral waves of electrochemical activities in
neural tissues serve as a rhythmic organizer in cortex neurons®, while
those in cardiac tissues may cause ventricular arrhythmia™. Although
certain eukaryotic microorganisms have long been known to generate
spiral waves'""?, spiral wave patterns have not been observed in the
bacterial world. Here wereport the discovery of aunique form of propa-
gating spiral waves in dense bacterial populations where cells engage
incyclic force-generating processes driven by type IV pili. Type IV pilus
is a motile organelle shared by diverse bacterial species™'*; working
like grappling hooks, it is the most powerful molecular motor known
to date”. We discovered that synchronization of pilus activity in the
bacterial living matter leads to large-scale spatiotemporal regulation of
mechanical forces in the form of propagating spiral tension waves. The
spiral tension wave is highly stable with stationary cores, resembling
those seeninthe electrical activity of heart tissues during ventricular
arrhythmia’'®. Theoretical modelling suggests that the striking pattern

of spiral tension waves is a result of non-reciprocal coupling between
pilusactivities. As type IV pili are widespread in bacteria, our findings
may shed light on the emergent mechanics of biofilms' and microbi-
omesinnatural and clinical settings. Moreover, the unique wave pattern
provides a tractable mechanical analogue for studying electrical or
chemical spiral waves in diverse living systems”'*'"5,

Emergence of spiral waves in bacterial living
matter

Powered by an adenosine triphosphate (ATP)-driven translational
molecular motor™", type IV pilus extends and retracts in a cyclic man-
ner”?, generating pulling forces up to-100 pN (ref. 15). Using naturally
developed surface colonies of the model organism Pseudomonas aer-
uginosa*, we discovered the presence of propagating spiral waves in
the colonies of this species. The waves appeared in the form of ordered
light-intensity oscillation in the phase-contrast images of the colo-
nies over amacroscopic length scale much greater than the cell size
(-2-4 pminlengthand 0.8 uminwidth) (Fig.1a,b and Supplementary
Video1). The period and the wavefront propagating speed of such spiral
waves ranged from -3-10 min and -1-3 pum s7, respectively. Type-IV
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Fig.1]|Self-organization of propagating spiral waves with stationary cores
in quasi-two-dimensional bacterial living matter. a, Spiral wave patternina
piliated P. aeruginosa (PA14 flgk::Tn5) colony. Wavefronts of the propagating
spiral waves are visible in background-corrected phase-contrast images (upper)
and can be traced based on the variation of light intensity in a sequence of phase-
contrastimages (lower) (Methods). Scale bar, 500 pm. Also see Supplementary
Video1for the original phase-contrast images. b, Fourier-transformed power
spectrum of the temporal variation of phase-contrast image intensity (inset)
inside the black box specified ina (100.8 pm x 100.8 pm) (Methods). The power
spectrum for this representative case shows a prominent first-order peak at
0.17 min’’. ¢, Development of propagating spiral waves in artificial bacterial
films of P. aeruginosa. Upper row, traces of wavefronts (Methods). Middle row,
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phase angle distributions of the waves (Methods). Lower row, distributions of
local order parameter calculated based on the phase distributions (Methods).
Colour bars to the right of the middle and lower rows indicate the magnitude of
phase angle and local order parameter, respectively. Scale bar, 500 um. Also see
Supplementary Video 2. T= 0 min marks the onset of segmented and disordered
wavefronts. d, Space-time trajectories of spiral cores during the development
of spiral waves associated with the representative case shownin c. The nearly
straight trajectories in this three-dimensional plot at time >~20 min indicate
that the spiral cores are almost stationary. e, Standard deviation (s.d.) of the
local oscillation period distribution plotted against time in a representative
experiment shownin c. Inset, histograms showing the probability distribution of
thelocal oscillation period at time =10 minand 70 min.

pilus motor activity is essential for the wave generation, as P. aeruginosa
strains with defectin type-1V pilus motility (either not producing type
IV pili (PA14 figk::Tn5 ApilA) or not being able to retract and generate
mechanical forces (PA14 figk::Tn5 ApilY1) (Methods)) failed to form the
propagating spiral waves.

Tofollow the onset and evolution of the propagating spiral waves,
we prepared disk-shaped artificial bacterial films ~20-30 pm in thick-
ness and densely packed withahomogeneous population of P. aerugi-
nosacells (Methods). The solid-like artificial bacterial film also displays
propagating spiral waves, and moreimportantly, it allows us to exclude
the effect of behavioural heterogeneity in naturally developed bacterial
colonies. Using this experimental system, we found a self-organization
process during the formation of the spiral wave. Inthe beginning, some
sporadic domains with segmented and disordered wavefronts
appeared in the artificial bacterial films (Fig. 1c, upper row and Sup-
plementary Video 2). These disordered wavefronts spontaneously
emerged; subsequently they coalesced, interconnected and eventually
turned into propagating spiral waves. To understand the spatiotem-
poral ordering process of the local light-intensity oscillations, we
defined the instantaneous period of the wave at a specific location as

the time interval between two consecutive wavefronts passing this
location, and used this information to compute the phase of local
oscillations (setting the phase at the wavefronts seenin phase-contrast
images as zero) (Methods). The phase distribution allows us to calculate
the local order parameter x(r) commonly adopted to describe syn-
chronization behaviour and defined as x (r) e®® = % Y., €%, where 6
is the local average of phase angle (0) of oscillators within alocal cir-
cularareascentred at r and Nis the total number of oscillators within
thelocal circular area (Methods). As shown by distributions of the phase
andthelocal order parameter (Fig. 1c, middle and lower rows and Sup-
plementary Video 2), the phases of local light-intensity oscillations
self-organized in space from a disordered state to a highly ordered
state with the spiral wave pattern.

Moreover, after the wave form stabilized, the spiral cores (or spiral
centres) specified by the local minima of local order parameter® did
not display any meandering motion seen in many other systems with
propagating spiral waves®; instead, they appeared to be stationary
(Supplementary Video 2), with a negligible core diffusivity as low as
6.92 um? min™ or equivalently 4.80 x 10~ square wavelengths per
period (wavelength~0.99 mm) (Fig.1d, Extended Data Figs.1and 2and
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Fig. 2| Analysis of cell density variation and single-cell displacement
reveals propagating tension waves. a, Periodic variation of local cell density
during spiral wave propagation (representative experiment). For asmall

region (~32.5 pm x 32.5 um) arbitrarily selected from artificial bacterial films
of mCherry-labelled P. aeruginosa that display propagating spiral waves,

the fluorescence intensity of mCherry (mCh, upper panel) exhibits periodic
oscillation coinciding with the light-intensity oscillation in phase-contrast

(PC) channel (lower panel). Dashed line indicates one of the instants when the
wavefrontarrives at the chosen position. The fluorescence intensity adjacent to
theleft of the dashed line corresponds to cell density just before the wavefront
arrives, and thus it represents the cell density in front of the wavefront (denoted
asleading side in main text) in a reference frame co-moving with the wavefront;
conversely, the fluorescence intensity adjacent to the right of the dashed line
represents the cell density behind the wavefront (denoted as lagging side).

b, Oscillatory forth-and-back displacement of individual cells and local cell

Time after EGTA treatment (min)

density variation during spiral wave propagation. Traces measured with three
representative cells from different experiments are presented. For each cell, the
time trace of displacement (blue lines; left panel) or the rate of displacement
(greenlines; right panel) are overlaid by the time trace of local cell density (red
lines) measured as the fluorescent intensity in the area associated with the cell
(Methods). The time-averaged cross-correlation between displacement and cell
density for the three traces in the left panel is: —0.03, 0.08 and 0.17, respectively
(upper to lower); the cross-correlation between displacement rate and cell
density for the three traces is 0.71,0.86 and 0.71, respectively. ¢, Forth-and-
back displacement of individual cells and local cell density variation during

the propagation of train waves triggered by EGTA treatment in arepresentative
experiment. The rate of displacement (green line) is overlaid by the time trace
oflocal cell density (red line) measured as the fluorescent intensity in the area
associated with the cell (Methods). The EGTA filter disk was applied to the
bacterial film at time = 0 min.

Methods). We further calculated instantaneous oscillation period at
all positions during the spiral wave development and found that the
spatial distribution of period gradually homogenized during the emer-
gence of the spiral waves (Fig. 1e and Extended Data Fig. 3, lower row).
Tosummarize, the ordering of phase distribution and the homogeniza-
tion of local oscillation period together demonstrate asynchronization
process that leads to formation of the propagating spiral waves with
remarkable temporal stability.

Spiral waves manifest spatiotemporal order of
tension force

The observed light-intensity oscillation in the phase-contrast images
presumably reflects the variation of surface-packing cell density in the
quasi-two-dimensional bacterial living matter. To examine this notion,
welabelled P. aeruginosa cells with the fluorescent protein mCherry and
measured cell density via fluorescence imaging (Methods). We found
that the mCherry fluorescence intensity (a proxy of local cell density)
exhibits the same propagating spiral wave pattern that coincides with
the wave observed in phase-contrast images (Supplementary Video
3). Cell density at the leading side of the wavefront is higher than that
at the lagging side (Fig. 2a and Supplementary Video 3); also during
one wave period, the cell density at a specific location first increases
as awavefront approaches and then drops abruptly as the wavefront
moves away (Fig. 2a). The observed propagating spiral waves thus
reflect periodic variation of cell density.

Tounderstand the origin of the cell density variationin the bacte-
rial film, we tracked the movement of cells by labelling a small fraction
of the population (0.1%) withmCherry fluorescent protein (Methods).
We found that cells appeared to displace gradually toward the wave
propagating direction together with the approaching wavefronts

for a distance of several pm, and then they rapidly returned to their
original position after the wavefronts had passed (Fig. 2b, left and Sup-
plementary Video 4). These results suggest that the cell density varia-
tion is associated with periodic forth-and-back displacement of cells
that causes in-plane deformation of the bacterial film. Therefore, the
wave resembles alongitudinal or acoustic wave seenin passive elastic
materials; here cells serve as an active medium that not only mediates
wave propagation but also self-generates the wave through pilus motor
activity. Interestingly, while the displacement of cells lagged behind the
density variation (Fig. 2b, left), the time rate of cell displacement was
well synchronized with the density variation (Fig. 2b, right). Our theo-
retical analysis of displacement field shows that this result is a direct
consequence of mass conservation in the bacterial film (Methods).
The local forth-and-back displacement of cells associated with
the cell density variation displayed negligible net displacement dur-
ing a cycle, suggesting local force imbalance in the bacterial film. To
analyse the forces in the bacterial film, we modelled the bacterial film
as an elastic medium in which the elastic force and substrate friction
competes with an internal tension that arises from the pulling forces
generated by pilus retraction (Methods). We found that the variation
of tension force inside the bacterial filmis in phase with the variation
in local cell density (Methods). In other words, the observed spiral
waves of density variation shown in Fig. 2a are in fact propagating
tension waves in the bacterial film, with cells at the leading side of the
wavefront experiencing a higher pilus-generated tension than the
lagging side. This pattern of propagating tension waves would require
spatiotemporal coordination of pilus motor activity in mass elements
of the bacterial film. For example, the average pilus retraction prob-
ability should be higher at the leading side and lower at the lagging
side of the wavefront. In particular, the rapid restoring displacement
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of cells when wavefronts pass by indicates that pilus motors have by
then completed retraction synchronously.

Synchronized pilus activity drives the tension
wave

To examine whether coordination of bacterial pilus motor activity
underlies the propagating tension waves, we sought to manipulate
the waves by treating the bacterial films with drugs that alter pilus
motor activity. Ethylene glycol tetraacetic acid (EGTA) is a calcium
chelator that was previously reported to cause pilus retraction®?°,
When a filter paper disc soaked with EGTA (Methods) was placed
onto a bacterial film before the emergence of segmented and disor-
dered wavefronts (Fig. 1c), we found that a train of waves emanated
fromnear the edge of thefilter paper disc and propagated outwards,
which displayed similar local dynamics of cell density variation and
forth-and-back motion pattern as seen in the naturally emerged
propagating tension waves (Fig. 2c and Supplementary Video 5). In
bacterial films with pre-existing propagating tension waves, the EGTA
treatment abolished the original wave pattern near the filter disk,
followed by the emergence of a similar wave train initiated near the
edge of thefilter disk (Supplementary Video 5). In addition, we found
that filter discs containing other drugs that were reported to cause
pilus retraction (trifluoperazine and thioridazine?) also triggered
train waves (Supplementary Video 6). Interestingly, a diffusion pulse
of extracellular ATP (eATP) showed a similar effect in exciting train
waves (Supplementary Video 6); eATP was reported to inhibit pilus
motility and may also reset the phase of the cyclic force-generating
process, although it is unclear whether it causes pilus retraction or
inhibits pilus extension?.

These results can be understood as follows. Cells near the filter
disk experience a rapid diffusion pulse of the drug (for example, EGTA),
andthetypelV pili of cells that encounter the drug concentration pulse
will simultaneously retract. The simultaneous pilus retraction would
reset the phase of the cyclic force-generating process of piliand force
the synchronization of these cycles, thus triggering the train waves.
Therefore, these results provide strong evidence that the propagating
tension waves results from spatiotemporal coordination of pilus motor
activity. The coordination or coupling of pilus activities is presumably
mediated by the mechanosensing pathways of cells, as type-IV pilus
motility is actively coupled to the mechanical environment® >,

A non-reciprocal oscillator model reproduces the

spiralwaves

Next we seek to understand how spatiotemporal coordination of pilus
retraction-extension cycle could give rise to the propagating spiral
tension waves. Although methods to visualize type IV pili have been
developed for isolated cells?*****, direct observation of pilus activity
indensely packed celllayersis technically challenging. Here we resort
to mathematical modelling and adopt the framework of Kuramoto
model’ well-known for the study of synchronization phenomena. We
considered mass elementsin the bacterial film as a system of spatially
coupled oscillators on atwo-dimensional square lattice (Fig. 3a). Each
oscillator describes the pilus retraction-extension cycle represented
by aphaseangle 6 (6 € [0,2m]), whichis proportional to the probabil-
ity that the pilus motors of cells ina mass element entering the retrac-
tion or force-generating state; for example, 8 = O corresponds to the
statethat none of the pilus motorsis retracting and thus the mass ele-
ment does notexert pilus-mediated forces to the environment. As the
pilus retraction-extension cycle can only proceed forward but not
backward®, a key ingredient of our model is that an oscillator is more
likely to accelerate thanto decelerate its phase during interaction with
its neighbours, that is the bacterial pilus activities are coupled ina
non-reciprocal manner. Specifically, we introduce isotropic
non-reciprocal coupling to the locally coupled two-dimensional Kura-
moto model as follows (Fig. 3a and Methods):

db,)
dt

= o) + % 2 [5Gy = B )F (i (Ogmmy = 0ip))] + 1 (0).
r<i
(0}

Here 6; ;is the phase angle of the oscillator at the location (i, ); Wog j)
is the intrinsic angular frequency of the oscillator located at (i,j);

r=+/(m- i)2 +(n —j)2 isthe spatial distance between two oscillators

atpoint (m, n)and (i, ); [ denotes the coupling range; k is the coupling
strength; and n(t)is a Gaussian white noise (Methods). The step func-
tion F(x) in the coupling term is defined as: F(x) = (1-¢)/2, forx<0;
F(x)=(1+¢)/2, for x>0, with £ € [0, 1] being a measure of non-
reciprocity. This is the simplest form of isotropic, non-reciprocal
coupling (Methods).

In addition to the Kuramoto dynamics for the phase oscillators
described above, we allow the mass elements to be displaced due to
external forces (including pilus-driven tension force, elastic force and
frictionforce; Methods). The displacement of mass elements changes
the relative distance between neighbouring phase oscillators and
thereby may modify the coupling dynamics between these locally
coupled oscillators. Taking the tension T generated by amass element
to be proportional to the phase angle 6 associated with the mass ele-
ment, the two-dimensional displacement field d (x, y, ) = (d;,d,) of
the bacterial film can be solved numerically and the cell density distri-
bution p(x,y,t) canbe obtained by p o« —V - d (Methods).

We performed numerical simulations of the non-reciprocal
coupled-oscillator model based on equation (1) on afinite homogene-
ous domain (Methods) with € > 0. Starting from initially random dis-
tributions of phase angle and intrinsic angular frequency (Methods),
we found that the system self-organizes into a highly ordered state that
displays periodically propagating spiral waves at any level of
non-reciprocity. For the case with full non-reciprocity (¢ = 1, which
better describes the coupling of bacterial pilus activities), the evolu-
tionary process of the spiral wave pattern faithfully reproduces the
dynamics observed in experiments (Fig. 3b—e and Supplementary
Video 7), including the spatial homogenization of instantaneous angu-
lar frequency (Extended Data Fig. 4) and the stability of spiral cores
(with a negligible spiral core diffusivity of 6.14 x 10™* square wave-
lengths per period; Fig. 3fand Extended Data Fig. 2). By contrast, with-
out non-reciprocal coupling (that is, setting € = 0), equation (1)
becomes the familiar Kuramoto model that does not spontaneously
generate stable spiral waves in a homogeneous system. We note that
another modified Kuramoto model could produce propagating spiral
waves by introducing atime delay in the coupling function®®; however,
the spiral wave there was less stable, with the spiral cores displaying
apparent motion. We further found that forced synchronization of
oscillatorsin certain area triggers travelling train waves that emanate
from the area’s boundary and eliminates pre-existing spiral waves
outside the area (Extended Data Fig. 5, Supplementary Video 8 and
Methods). The results reproduce the phenomenawhen artificial bacte-
rial films were treated by drugs causing pilus retraction (Supplemen-
tary Videos 5and 6), and are similar to the unpinning process of spiral
waves previously reported in Belousov-Zhabotinsky reactions and
cardiactissues”. Taken together, the remarkable agreement between
our simulations and experiments supports that non-reciprocal cou-
pling of pilus activitiesis key to the emergence of the observed propa-
gating spiral waves.

Stability of the spiral wave depends on
non-reciprocity

Animportant feature of the propagating spiral waves found in our
experimentsisthat the spiral cores are stationary, whichis reproduced
by our simulations described above. To further understand the stabil-
ity of spiral cores, we followed the evolutionary dynamics of spiral
waves insimulations. We found that the number density of spiral cores
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Fig. 3| Coupled-oscillator model with non-reciprocal interaction reproduces
the observed propagating spiral waves. a, Schematic diagram of the locally
coupled two-dimensional Kuramoto model with isotropic non-reciprocal
coupling. The nearest neighbour distance between the oscillators (represented
ascircles) is d. For the oscillator located at position (/) at the centre of the
diagram, the green-shaded circular area with radius /= 4d represents the
couplingrange. Assuming that the wavefront (that is, equi-phase line indicated
by the green dashed line) propagates towards the upper left corner, the
oscillators labelled in blue colour phase-lead oscillator (i,j) and accelerateiit,
while those labelled in orange colour lag behind oscillator (i,j) and decelerate it.

0.1

According to the summation in equation (1), the total magnitude of acceleration
is greater than that of deceleration. b, Spatiotemporal dynamics of tension field
(7) and cell density (Ap/p,) distribution in simulations with a full non-reciprocity
£=1showing the development of propagating spiral waves. The system consists
of 80 x 80 oscillators. c-e, Simulated temporal dynamics of cell density (c),
tension (d) and displacement (d) (e) at an arbitrarily selected mass element
during spiral wave propagation T,,,, = 81 Pain d (Methods). f, Space-time
trajectories of spiral cores during the development of spiral waves associated
withb plotted in the same manner as Fig. 1d.

increases with the level of non-reciprocity; at lower non-reciprocity,
nearby pairs of spiral cores with opposite topological charges (+1 or
-1for counterclockwise or clockwise rotating spiral waves) tend to
annihilate at a higher rate during the developmental process, thus
leaving less cores when the spiral wave pattern stabilizes (Fig. 4a and
Supplementary Video 9). To understand this behaviour, we would like
to study pairwise interaction between spiral cores systematically in
the model. We note that the dynamics of spiral cores in the model is
barely affected by oscillator displacement; this observation can be
understood as arising from the fact that the displacement of mass
elements (a few microns; Fig. 3e) is 1-2 orders of magnitude smaller
than the coupling range set in the model (160 um, which is required
to reproduce the wavelength of spiral wave patterns found in experi-
ments; Methods). Therefore, for the sake of generality, we now fix the
position of oscillatorsin the model and study spiral core dynamics with
the non-reciprocal Kuramoto model (equation (1)) alone.

We artificially create two counter-rotating Archimedean spiral
wave patterns (that is the equi-phase lines of the oscillators being
described by p « ¢, where p and ¢ are the radius and polar angle in
polar coordinates, respectively)® with their cores separated by a vari-
able distance; note that, a pair of spiral waves with identical rotating
chirality will notannihilate due to the general requirement of topologi-
cal charge conservation’®. Remarkably, we find that the pair of

opposite-charge spiral cores experience short-range attraction and
intermediate-range repulsion for all non-reciprocity € > 0; asthe level
of non-reciprocity increases, the attraction range shrinks while the
repulsionrange expands (Fig. 4b). Asaconsequence, opposite-charge
spiral cores would tend to avoid getting too close to each other at larger
non-reciprocity, thus maintaining stability during the development of
spiral wave patterns.

We stress that the emergence of propagating spiral waves
observed in pilus-driven bacterial living matter does not rely on spa-
tial inhomogeneity, in contrast to spiral waves in chemical excitable
media®. Nonetheless, we sought to understand how spatial inhomo-
geneity or defects would perturb the wave dynamics. To examine
this question, we created a hollow area with inactivated oscillators
(representing a spatial defect inert to oscillator interactions) in the
simulation (Methods). We found that the wave morphology was only
affected very close to the defect (Fig. 4c and Supplementary Video
10), whichis confirmed by laser ablation experiment (Supplementary
Video 11 and Methods). Therefore, the global spiral wave pattern is
resilient to spatial inhomogeneity.

Discussion
In summary, we have discovered a novel spiral wave patternin the
bacterial world: Synchronization of type-IV pilus motility in bacterial
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Fig. 4 | Effect of non-reciprocity and spatialinhomogeneity on the stability of
spiral wave pattern. a, Spiral wave patterns formed with different levels of
non-reciprocity in simulations of the coupled-oscillator model. The spatial
distributions of phase angle (upper) and local order parameter (lower) at

time =4,000 s are shown for the corresponding level of non-reciprocity €
indicated on top of the figures. b, Phase map of pairwise-interaction mode
between spiral cores on the plane of non-reciprocity (¢) and core-core distance
(inunit of nearest oscillator distance d). For agiven ¢, the pair of spiral cores may
move towards each other (V), repel from each other (A) or display no relative
motion (x), depending on their distance. c, Resilience of spiral waves to spatial
inhomogeneity. This panel shows the steady-state spatial distributions of phase
angle before (upper row) and after (lower row) introducing a hollow-like spatial
defectin the simulation domain (black solid circle), where the oscillators are
inactivated and do notinteract with others (Methods).

living matter gives rise to alarge-scale propagating spiral waves of ten-
sion force. Using numerical simulations of alocally coupled-oscillator
model, we show that non-reciprocal coupling between the pilus motor
activities underlies the emergence of the spiral wave pattern.

For many systems out of equilibrium, including living matter and
synthetic active matter, the interaction between their elementary
units is often non-reciprocal*®*, thatis violating the action-reaction
principle of Newton’s third law. Recently non-reciprocity has been
suggested to drive phase transition and self-organizationin active mat-
ter*>**. Inthis connection, it is intriguing that non-reciprocity controls
wave dynamics during the synchronization of coupled oscillators.
Our results may shed light on the collective dynamics in other living
and active matter systems with cyclic force-generating processes* .

Most mechanisms for the onset of spiral waves require external
stimulation®, spatial inhomogeneity® or special initial conditions®*%.
By contrast, our results suggest that non-reciprocity provides asimple
mechanism for the spontaneous formation of stable spiral waves in
homogeneous media without external stimuli. An important feature
ofthebacterial spiral wave patternreported here is that the spiral cores
are nearly stationary at steady state. This characteristic is shared by
certain types of electrical and chemical spiral waves found in oocyte
cytoplasm”, eukaryotic cell cortex'® and cardiac tissues”'®. The bacte-
rial spiral wave pattern may therefore serve as a tractable mechanical
analogue forinvestigating the origin and control of stable spiral waves
indiverseliving systems.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author con-
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Methods

Experimental procedures and data analysis

The following strains were used: piliated P. aeruginosa PA14 ZK3367
(PA14 fligK::Tn5; without flagellar motility but retaining type-IV pilus
motility; primarily usedin this study), gift from Roberto Kolter, Harvard
University*’; P. aeruginosa PA14 ZK3367 labelled by GFP (PA14 figK::Tn5
transformed with a plasmid pMHLB P,,-gfp(ASV) GenF (ref. 50) by
electroporation; the plasmid was a gift from Liang Yang at Southern
University of Science and Technology); P. aeruginosa PA14 ZK3367
with constitutive expression of mCherry in cytoplasm (PA14 figK::Tn5
transformed with a pJN105-mCherry Gen® plasmid (gift from Fan Jin
at Shenzhen Institute of Advanced Technology) by electroporation);
non-motile P. aeruginosa without either flagellar or type-IV pilus motil-
ity (PA14 figk::Tn5 ApilA, which does not produce type IV pili; and PA14
flgk::TnS ApilY1, which is not able to retract and generate mechanical
forces)*, gifts from George A. O’Toole, Dartmouth College; P. aerugi-
nosaPA14 ZK3367 deficient in PelA matrix production (PA14 figK::Tn5
ApelA) or deficientin rhamnolipid production (PA14 flgK::Tn5 ArhIA)*™.
Single-colony isolates were grown overnight (all for ~13-14 hr, except
the strain harbouring pJN105-mCherry plasmid that requires ~16 hr
growth) in10 ml culture tubes (unless otherwise stated) with shaking
in LB medium (1% Bacto tryptone, 0.5% yeast extract, 0.5% NaCl) at
30 °Ctostationary phase. For cultures of strains harbouring plasmids
expressing GFP or mCherry, the antibiotic gentamycinwasaddedtoa
final concentration 50 pg ml™in the LB broth. Overnight cultures were
used for inoculating colonies on agar plates.

Colonies or disk-shaped artificial bacterial films of P. aeruginosa
were grown on 0.5% Difco Bacto agar plates infused with MODCAA
medium* (20 mMNH,CI, 12 mMNa,HPO,, 22 mMKH,PO,, 8.6 mM NacCl,
1mM MgSO0,,1mM CaCl,, 11 mM dextrose and 0.5% (weight per volume)
casamino acids (BD Bacto, catalogue no.223050)). As Ca*" cannot coex-
ist stably with many ions, this medium was prepared and stored in two
components: (1) x10 nutrient solution without CaCl,, sterilized and
stored at room temperature; (2) agar infused with CaCl, at 1:x of the
desired concentrations, sterilized and stored in 100 mlaliquots. Before
use, the component (2) was melted completely in amicrowave oven and
cooled to ~50-60 °C. For each plate, 18 ml molten component (2) was
mixed with 2 ml component (1), and the mixture was poured to a poly-
styrene petri dish (90 mmdiameter, 15 mm height). The MODCAA agar
plate was swirled gently to ensure surface flatness, followed by further
drying under laminar airflow for 20 min at room temperature.

The detailed procedures of sample preparation, sample manipula-
tion, image acquisition, image processing and dataanalysis and rheologi-
calmeasurementareincludedinthe Supplementary Methods. Inaddition
to the propagating spiral waves observed in piliated P. aeruginosa PA14
(PA14 figK::Tn5) that was primarily used in this study, similar spiral wave
pattern was observed with a piliated P. aeruginosa PA14 mutant lacking
the major extracellular matrix component Pel** (PA14 fIgK::Tn5 ApelA).
The spiral waves were also observed with a rhamnolipid-deficient pili-
ated P. aeruginosa PA14 mutant (PA14 flgK::Tn5 ArhlA), thus excluding the
contribution of interfacial flows to the phenomenon.

Theoretical analysis of displacement and tension fields in the
bacterial film

General relation between spatial and temporal derivatives in propa-
gating waves. Without loss of generality, we define the positive x-axis
direction as the local wave propagating direction. Any mechanical
variable I (for example, the displacement, speed, tension,
surface-packing cell density, oscillation phase angle and so on) that
periodically changes in time can be described as a function of phase
angle 6 (in the range of [0, 2m]). As 6(x, t) can be expressed in terms of
(x — vgt) aS Bx_y,r, Where vy is the wave speed and it is assumed tobe a
constant for astable periodically propagating wave, we have:

re0=r0)=T(0xup)- @

Thenwe have:

or _ dree _ dr do  dx-vet) _ dr  de

ox d_ ox d_ dx—vot) ox d dx—uvet)’ (3)
or _drog _dr _do dx-—wn _ _, 4 df
oc  do ot d6 dx—ven) ot 97d8 dix—vo0)

Comparing the form ofaa—i and "a—f we have:

or 10r
o o @

Thus, we can replace the operator % by —ia% in the following
calculation. Meanwhile, as we have chosen the positive x-axis direction
asthe propagating direction of the wave, the y-axis direction is parallel
to the wavefront where the oscillation phases 6 are in sync. Thus,
I should not vary in y-axis direction and we have: a@—i =0.
Displacement field analysis. The total biomass in a mass element of
the quasi-two-dimensional bacterial film with surface area S, and
surfacecell density p,is proportionalto p,S,. Due tobiomass conserva-
tion, we have the following relation between small variations in the
surfacearea (AS = S — Sy) and cell density (Ap = p — po):

ApSy + ASpy = 0. 5

We consider a small region in a bacterial film with propagating
mechanical waves that approximate plane waves. The in-plane defor-
mation of the small region can be described by the gradients of the
displacement vector field d(x, y, t) of mass elements in the region, with
the Cartesian components of this vector field d;(x,y.t) and d,(x,y,t)
representing the displacement along x and y axis.

For a mass element located at (x,y) with area S,, when there
is a displacement field d(x,y, t), the area of the mass element will be
changed by:

AS = So (Bydy +d,dy) = SoV - d. ©)

Thus, Ap, the cell density variation associated with the deforma-
tion of the mass element, can be written as:
= _Pope_
Ap=—-"2AS=—poV-d. @
So

In one dimension, substituting d, with -vlat, we have:
0

Ap = ’U’—Zardl. ®)

Therefore, the cell density variation Ap should be linearly propor-
tional to the time rate of cell displacement 9,d,, as shown in Fig. 2b
(right panel).

Tension analysis. The deformation of mass elements in the
quasi-two-dimensional bacterial filmis determined by local tension due
to pilus activities, filmelasticity and substrate friction. The mechanical
equilibrium satisfies:

0=-0;Po - T)+9,C_ Oy + JI% 9

Cijkl

where Pyisaconstant pressure; T is the tension field (which actsisotopi-
cally and thus canbe regarded as anegative pressure); Cy is the elastic-
ity tensor of the bacterial film; d; (k=1,2) is the k-th Cartesian
componentofthe displacement field d(x, y, t); f;is projection of friction
force per unit area along the -th axis; and H is the height of bacterial
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film. The magnitude of friction force per areais assumed to be constant.
Choosing the x axis as the wave propagation direction, we canignore
d, and simplify equation (9) to:

h

O, T + Ed%d, + e o, (10)

Here E = Cy;;; is Young's modulus. Making use of equation (4), we
can substitute all the a, with —Uia, and obtain the following
equation: ’

1 E ., fi

0:—%6[7--‘- %0td1+n, (11)

Thetension 7 canthen be solved as follows:
r1o= Sodirv [ (%)ar 12)

0 Uo t“1 (] o H ’
where T is a constant. Combing equations (8) and (12), we have:

v (%)
AT=T-Ty=C— +v — | dt’. 13
° pO ° 0 H ( )

Accordingto equation (13), the variation in tension (AT) is propor-
tional to the variationinlocal cell density (Ap) plus a contribution from
the friction ff) %) dt'. As the friction force has a constant magnitude
but its sign depends on the direction of velocity, its time integral is a
periodic function having the same phase as the displacement rate d,d,;
orlocal cell density Ap. Therefore, the tensionis a periodic functionin
phase with local cell density; in particular, the tension at the leading
side of the wavefront is expected to be higher than that at the lagging
side of the wavefront, because the cell density is higher at the leading
side (caption of Fig. 2a).

Non-reciprocal coupled-oscillator model

Our physical model incorporates both oscillator synchronization
and continuum mechanics in the bacterial film. We modelled mass
elementsin the bacterial film as a system of spatially coupled phase
oscillators on a two-dimensional square lattice. The phase angle of
the oscillator residing in a mass element varies periodically in time
while being modified by the phase angles of neighbouring oscillators
within the coupling range [ vianon-reciprocal coupling (equation (1)).
The non-reciprocal coupling is enforced by the step function F(x)in
equation (1). For example, consider an arbitrary pair of interacting
oscillators located at positions (i,j)and (m, n), respectively. Assuming
that 6, lags behind 6, ,, (that s, 6, ,, > 6;; ;) without loss of general-
ity, 6, , willbeaccelerated by ~|sin(6,, ,, — 6 ;)| (1 + £)/2and conversely,
Omny Will be decelerated by ~|sin(8; j, — Omn)| (1 — €)/2. The step func-
tion F(x) ensures that the magnitude of the phase acceleration
(F > 0.5)ishigher thanthat of the phase deceleration (F < 0.5) during
pairwise interactions.

Inaddition to the oscillator synchronization dynamics, the posi-
tion of mass elements is subject to displacement due to external
forces, and the displacement of mass elements may change the num-
ber of neighbours within the coupling range [ for each oscillator.
According to the definition of the phase angle 6 of the oscillator
residing in a mass element, the tension stress generated by a mass
elementlocated at (x, y) varies periodically in time and can be written
asT(x,y,t) = b(O)T,,,,, where b(0) € [0,1]is the duty ratio controlling the
tension strength variationinthe pilus retraction-extension cycle and
the constant parameter T,,,, is the maximum tension stress that can
be generated by a mass element in the bacterial film. The simplest
form of b(6) is b (6) = % so we choose T(x,y,t) = % T, wheregisin
therange [0, 2m].

While the phase angle distribution 6(x, y, t)evolves according to the
non-reciprocal Kuramoto model (equation (1)), the displacement field
d (x,y,t) = (d;,d,)of masselementsinthe bacterial film evolves according
to the following force-balance equations based on equation (9):

aXT+ Ea,z(dl + Gaﬁdl +_f1/H =0,

. 4
6yT+ Ea},dz + Gaidz +f2/H: 0

where d; and d, are the projection of the displacement field d(x,y, t)
alongxaxis and y axis, respectively; Fis Young’s modulus; Gis the shear
modulusanditis related to Young’s modulusinthe formof £ = 2(1 + v)G,
with vbeing Poisson’s ratio; f;and f,arethe projection of friction force
per unitareaalongxaxis andyaxis, respectively; and His the height of
bacterial film. The magnitude of friction force per area is assumed to
be constant. The tension field T (x,y,0) = % TI11ax is obtained from the
time evolution of 6 (x,y, t). Finally, the cell density distribution p(x, y, t)
canbe obtained from the displacement field as p (x,y,t) = po(1 -V - d),
where p,isthe cell density in the absence of pilus-driven tension force
(equation (7)).

The simulations were performedinal00 x 100 coupled-oscillator
system arranged on a square-lattice domain for all results unless oth-
erwise stated. Oscillators in the simulation domain only interacted
with neighbours within the distance of coupling length; therefore, the
oscillators near the boundary interacted with fewer neighbours than
those inside the domain. To account for the intrinsic noise in the pilus
activity of cellsin the experiments, the oscillators were gradually acti-
vated (that is, being able to interact with neighbours according to
equation (1)) at the beginning the simulation, with the waiting time for
activating each oscillator following anormal distribution (mean, 500
time steps; standard deviation, 167 time steps). The phase angle of each
oscillator at the first time step when it was activated was randomly
drawn from a uniform distribution in [0, 2r). The intrinsic angular
frequency of each oscillator w, ; ; was drawn from anormal distribution
(mean, @; standard deviation, Aw). The Gaussian white noise n(¢) satis-
fies (n(On(t)) = 726 (¢ — t'), where ijis the noise strength. The evolution
of the phase angle of each oscillator was calculated in each time step
by the difference equation of equation (1):

864 = Al + 3 Zl [sin (Bmm = 0i.p) F (Sin (Bumm = 0n))] +1)}:
r<

where At is the time step. The tension field at the next time step was
then updated as T(¢ + Af) = % Tmax; with T(¢ + Af), equation (14) was
solved in Fourier space to yield d(x,y, t + At), which was subsequently
used in further evolving the phase angle distribution.

The simulation parameters used in equation (1) were chosen as
follows: the intrinsic angular frequency of the oscillators w,, , was
sampled from a Gaussian distribution with mean @ = /240 rad s*and
standard deviation Aw = 11/2,400 rad s™; nearest oscillator distance d,
one pixel (corresponding to 40 pmin physical space; that is mass ele-
ment size being 40 pm x 40 pm); coupling length [ = 4d, that is, four
pixels or 160 pm; coupling strengthk, /80 rad s™; time step At, 0.1 (for
Fig.4 and Supplementary Video 10; corresponding to 8 sin experimen-
tal time) or 0.025 (for all other simulations; corresponding to 2 s in
expe[Bimental time); strength of the Gaussian white noise 7, T/Az/5
rad s~ (in all simulations except for Fig. 4b;c, where 7 was set as O to
ensure that the spiral wave pattern was stable). We found that
the coupling length controls the wavelength of the resultant spiral
wave pattern (estimated as -2m/ |VO(x, y, t)|) in the simulations; the value
of couplinglength/=160 pmwas chosenso asto produce awavelength
comparable to that found in experiments. For equation (14)
Tmax the maximum tension stress (tension force per unit area) gener-
ated by a mass element in the bacterial film was estimated as
Trmax = (Fpitus/Sce)npinix = 81 Pa; here Fp,, is the retraction force of one
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single pilus, ~100 pN (ref. 15); S = [%mﬁ +ma (I —2:1)]2/3 is
the surface area of a cell, with [;=3 pm and a = 0.4 pm being
thelengthandradius of arod-shape bacterial cell, respectively; np; =4
is the approximate number of type IV pili on one cell?’; and y is
the fraction of pilus-generated tension stress that applied
along an arbitrary direction, which can be calculated as:
X=JE ", singcospdgdy/ [ /7, sinpdpdy = 1/4, where ¢ is the zenith
angleinspherical coordinate system (assuming that bacterial piliapply
isotropic retraction forces in all directions). The shear modulus
G =40 Pa was chosen according to our rheological measurement of
artificial bacterial films (see previous section). Assuming the Poisson’s
ratio of the bacterial filmto be 0.4, the Young’s modulus £ was estimated
as £ =2(1+v)G =112 Pa. The friction force per unit area f should be
smaller than T,,,, otherwise isolated cells would not be able to move
on asubstrate, so f was chosen to range from1to 10 Pa; note that f
suppresses displacement but does not affect wave dynamics. Periodic
boundary conditionwas used in the numerical simulations combining
equations (1) and (14).

To study the effect of forced synchronization of oscillators in an
areaon the dynamics of spiral wave development (Extended Data Fig. 5
and Supplementary Video 8; that is to simulate the treatment of the
artificial bacterial films with drugs that trigger pilus retraction), we
forced the oscillators along one side of the boundary of the square
simulation domain to synchronize their phases by manually setting
the phase angle of these oscillators to be a linear function of time
0(t) = wot, where wg = % rad s~lisaconstant.

To study the dynamics of spiral core interactions (Fig. 4b), the dis-
placement of mass elements was neglected and the simulations were done
withequation (1) alone with vanishing boundary condition. We artificially
created two counter-rotating spiral wave patterns with oppositerotating
chirality that occupied different halves of the simulation domain, by initial-
izing the phase angle distribution of oscillators in one half as an Archime-
deanspiral 8(p, ) = ¢ — 2(where (p, ¢)are polar coordinatesand k = 4d
isaconstant)andinthe otf]er halfasthe mirror-symmetric formof( p, ¢).
The noise term in equation (1) was turned off and the intrinsic angular
frequency of oscillators was set as a constant to exclude the effect of
randomness on spiral core interactions.

To study the effect of spatialinhomogeneity or defects on aspiral
wave with well-defined morphology and spiral core position (Fig. 4c
and Supplementary Video 10, upper two rows), asystem of 200 x 200
coupled oscillators was used; the displacement of mass elements was
neglected and the simulations were done with equation (1) alone with
vanishing boundary condition. We first artificially created a spiral
wave with well-defined morphology and spiral core position by initial-
izing the phase angle distribution of oscillators as an Archimedean
spiral described above, with theinitial spatial pattern of the wavefront
(where the phase angle is zero) being p = k¢. The system was allowed
to evolve until reaching steady state, when the system displayed a
stable propagating spiral wave pattern with the spiral core located at
the centre of the simulation domain. Then an area with aradius of 12d
and with its centre located at a distance 32d from the spiral core was
chosen as the spatial defect. Oscillators in the hollow-like defect area
were inactivated. The noise term in equation (1) was turned off and
the intrinsic angular frequency of oscillators was set as a constant to
exclude the effect of randomness on the interaction between spatial
defect and existing spiral waves.

To study the effect of spatialinhomogeneity or defects on sponta-
neously developed spiral waves (Supplementary Video 10, lower two
rows), asystemof coupled oscillators was allowed to evolve spontane-
ously until reaching steady state, when the system displayed stable
propagating spiral waves with a variable number of spiral cores in the
simulation domain. Then oscillators in an area with a radius of 25d
and located at the centre of the simulation domain were inactivated
(Supplementary Video 10, lower two rows).

Data availability
The data supporting the findings of this study are included within the
paper and its Supplementary Information.

Code availability
The custom codes used in this study are available from the correspond-
ing author uponrequest.
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Extended Data Fig.1| Trajectories of spiral cores of propagating spiral
waves at steady state. (a) Representative spiral core trajectories acquired
experimentally in artificial bacterial films of piliated P. aeruginosa (PA14
flgK::Tn5). Each trajectory lasted for ~1 hour. The range of spiral core motionis a
few tens of pm and two order of magnitude smaller than the wavelength
(-1 mm). The trajectories appeared random and showed no periodic meandering
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motion. The trajectories of different cores are labelled with different colour.
The initial position of each core is set to x=0, y = 0 for better comparison.
(b) Representative spiral core trajectories in numerical simulations of the
nonreciprocal coupled oscillator model with a full nonreciprocity (€ =1)

associated with main text Fig. 3f. The trajectories are plotted in the same manner
asinpanel A.
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Extended Data Fig. 2| Mean-square displacement (MSD) and diffusivity of
spiral cores measured in experiments (panel A; with 20 spiral cores) and in
simulations (panel B; with 15 spiral cores). Blue circles: MSD data. Red line:
MSD fitted to 4Dt, with D being the diffusion coefficient. The collective MSD of
all spiral cores was computed by segmenting spiral core trajectories with
different time windows. Note that the trajectories of spiral cores obtained in
experiments were corrected for their own drift, which was likely caused by cell

Simulation
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10 . . .
10° 10" 102 108 1

Timestep

growth during the tracking period; for the -thcore, its drift (denoted as v,) was
computed by fitting the core’s own MSD (denoted as MSD)) to at + (udt)z, andits
drift-corrected MSD is calculated as MSD; = MSD; — (udt)z. Then the overall
drift-corrected MSD of N'spiral cores, defined as MSD,y = 3 MSD;/N, was fitted
to MSD,; = 4Dt asshown in panel A. Inpanel A, D = 6.92pm*/min (equivalent to
4.80 x107° square wavelengths per period). In panel B, D=9.72 x 10" um?/min
(equivalent to 6.14 x 10™* square wavelengths per period).
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Extended Data Fig. 3 | Development of propagating spiral waves in disk- oflocalinstantaneous oscillation period during the spiral wave development
shaped artificial bacterial films of P. aeruginosa. Upper row: Traces of (Methods). Color bar to the right of the lower row indicates the magnitude of
wavefronts (identical to upper row of main text Fig. 1c). Lower row: Distributions instantaneous oscillation period (unit: min). Scale bar, 500 pm. Also see Movie 2.
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Extended Data Fig. 4| Spatiotemporal dynamics of phase angle (upper) and localinstantaneous angular frequency during the spiral wave development
angular frequency distribution (lower) in simulations of the nonreciprocal (Methods). Color bar to the right of the lower row indicates the magnitude of
coupled oscillator model with a full nonreciprocity € =1. Upper row: Phase instantaneous oscillation angular frequency. Also see Movie 7.

angle distribution (identical to main text Fig. 3b). Lower row: Distributions of
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Extended Data Fig. 5| Generation of train waves by forced synchronization
of oscillators in the nonreciprocal coupled oscillator model with a full
nonreciprocity £=1. The simulation was performed ina system with pre-
existing propagating spiral waves (left panel, T=2400 ). Starting from T=
2408, the oscillators near the left boundary were forced to synchronize and
remained synchronized throughout the rest of the simulation, which simulated
the application of afilter disk infused with drugs that trigger pilus retraction.

T=4000

/2

1 Ny

Following the forced synchronization, train waves emanated from near the left
boundary and propagated along a direction perpendicular to the boundary
(right panel, T=4000 s and T=16000 s). The train waves gradually replaced the
existing spiral waves. Also see Methods and Movie 8. The results reproduce the
experimental phenomenain Movie 5and Movie 6, supporting the notion that
train waves observed in the experiments were due to forced synchronization of
the pilus retraction-extension cycle.
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