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Topological transition in filamentous
cyanobacteria: from motion to structure
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Many active systems are capable of forming intriguing patterns at scales significantly larger than the
size of their individual constituents. Cyanobacteria are one of the most ancient and important phyla of
organisms that has allowed the evolution of more complex life forms. Despite its importance, the role of
motility on the pattern formation of their colonies is not understood. Here, we investigate the large-
scale collective effects and rich dynamics of gliding filamentous cyanobacteria colonies, while still
retaining information about the individual constituents’ dynamics and their interactions. We
investigate both the colony’s transient and steady-state dynamics and find good agreement with
experiments. We furthermore show that the Péclet number and aligning interaction strength govern
the system’s topological transition from an isotropic distribution to a state of large-scale reticulate
patterns. Although the system is topologically non-trivial, the parallel and perpendicular pair
correlation functions provide structural information about the colony, and thus can be used to extract
information about the early stages of biofilm formation. Finally, we find that the effects of the filaments’
length cannot be reduced to a system of interacting points. Our model proves to reproduce both
cyanobacteria colonies and systems of biofilaments where curvature is transported by motility.
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Living matter is fundamentally characterized by its ability to self-organize'™.
This is visible at length scales spanning a staggering range of about nine
orders of magnitude, from the few microns of the complex structures pre-
sent inside a eukaryotic cell, such as its nucleus, the endoplasmic reticulum,
or the length of a microtubule®™, to the complex spatial organization in
bacterial biofilms extending over millimeters™"’, to the scale of flocks of
birds'""* or schools of fish"’, up to kilometer-long herds of wildebeest'*".
Starting from the seminal work of Vicsek et al.'’, the self-organization of
large collectives of simple objects has garnered considerable interest within
the field of active matter'“™>. Active systems are defined by the injection of
energy into individual elements, which is converted into directed motion®.
This energy injection explicitly breaks time-reversal symmetry’” and allows
active matter systems to exhibit emergent properties not observable in
equilibrium systems™*".

A simplifying assumption involved in the modeling of many active-
matter systems is to treat their basic components as point-like particles'*'""’
or stiff rods™™, each with its own orientation, and a few rules for their
motion and pairwise interactions. Archetypes of these systems are the
Vicsek model' ", the active Brownian particle model™ ™, where self-
propelled particles interact with neighbors via spherically-symmetric steric

repulsion, and the active nematic model™”, where filaments are described
with a single orientation, in analogy to liquid crystal molecules.

In contrast, long, flexible filaments such as microtubules or active
polymers are typically described by an orientation 6 that varies along their
arc length s. Their dynamics are then commonly modeled using techniques
adopted from polymer physics™ ™, where filaments are represented by
discrete monomers connected together through bonding potentials,
allowing each link within the chain to have its own laws of motion.

Cyanobacteria are one of the most important™ and ancient
groups of species to have evolved on Earth, with evidence of their presence in
the fossil record dating back to at least two billion years ago™®”. Their
ancestors first evolved oxygenic photosynthesis”, which changed the che-
mical composition of the atmosphere, thus paving the way for the evolution
of animals. In green plants and eukaryotic algae photosynthesis is carried
out in the plastids, organelles now recognized to be endosymbiotic cyano-
bacteria, one of the two major examples of endosymbiosis in the history of
life* (the other is the case of mitochondria). In terms of sheer number of
cells, cyanobacteria are also the most common type of life that has ever
lived®. They are found in extreme environments like hot springs, deserts
and the polar regions®, but also in everyday streams and fountains. A
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Fig. 1 | Dynamics of gliding motility. a Close-up micrograph of Oscillatoria lutea
filaments, composed of chains of individual cells. The scale bar is 30 pm. b A time
lapse of three micrographs demonstrates filament motion, by which each filament's
body glides along the track laid down by its head; the interval between frames is 51 s;
the scale bars in each frame are 100 ym. The rightmost image highlights this path-
tracking dynamics by overlaying the three images using shadings of different colors.
¢ Schematic depiction of the model filaments, as discretized into chains of connected
beads. Beads are placed at a fixed distance v;0t apart. Upon advancing time by an
increment 6t, the last bead of a filament is removed and placed as its new head. Non-
reciprocal interactions occur when a filament's head (filament i) is within a distance
0 (pink disk; not drawn to scale) from any bead of another filament, j. The head
experiences a nematic aligning interaction F ;P while filament j remains unaffected
by this interaction.

particularly diverse prokaryotic phylum, species of cyanobacteria range
from unicellular to multicellular filamentous and branching forms™*".

Filamentous cyanobacteria grow as long hair-like chains of cells called
trichomes, see Fig. 1a, and are a particularly important type of micro-
organism; for example, they dominate the ecology of shallow lakes®, and
due to their size and structure they can be used in wastewater management
more efficiently than unicellular microbes”. Numerous species of fila-
mentous cyanobacteria exhibit gliding motility, which is instrumental in the
formation of biomats™".

These gliding cyanobacteria are becoming recognized as the archetype
of a distinct class of active filaments™ . Unlike active polymers, their motion
cannot be represented as resulting from active forces tangential to monomer-
like elements*”’. Gliding cyanobacteria exert negligible forces on each other,
as opposed to the stresses that they apply on their substrate; thus, physical
interactions are different than active nematics based on microtubule-kinesin
or actin-myosin”. The physical properties that set gliding cyanobacteria
apart from other active filament systems, and which help define their own
class of active matter, active spaghetti, include: (i) a large aspect ratio, (ii)
gliding motility induced by polar forces, (iii) path-tracking dynamics, where
the body of the filament follows the track laid down by its head (also known
as metameric locomotion™), and (iv) non-reciprocal aligning interactions.

Cyanobacteria can form biomats”, and their elongated species can
form reticulate biomats”"*’. Their reticulate features are irregular network-
like patterns emerging from the self-organization of trichomes first into
dense bundles and then into a network topology. These patterns contribute
to rapid collective responses®"*, mechanical properties” and act as a tem-
plate for more complex 3D structures”*. We recently studied the reticulate
network that emerges as a self-organized pattern of gliding filamentous
cyanobacteria’’. The characteristic scale of this network is determined by a
balance of activity and fluctuations’.

Here, we explore the dynamics, structure, and phase behavior of a
system of active filaments, modeled after the behavior of cyanobacteria.
We investigate the large-scale collective effects of cyanobacteria colonies,
while still retaining information about the individual constituents’
dynamics and their interactions. Combining numerical simulations with
theoretical arguments, we uncover a rich dynamics for this model of
gliding filaments as their Péclet number Pe, area coverage ®, and fila-
ment length L are varied. As it develops towards a statistically steady
state, this model shows transient behaviors that closely resemble corre-
sponding experiments with filamentous cyanobacteria. We also find that
the filaments’ effective translational diffusivity grows with the Péclet
number, Pe. The nonequilibrium phase diagram of the system exhibits a
transition from isotropic to reticulate patterns as the Péclet number and
area coverage, or density, increase. Finally, inspired by polymer physics,
we compute the parallel and perpendicular pair correlation functions for
the filaments. The features of these correlation functions carries infor-
mation about the structure of the reticulate network and faithfully pre-
dicts its characteristic length scale.

Taken together, our results identify the curvature fluctuations and
aligning interactions as the mechanisms underpinning the nonequilibrium
transition to the reticulate pattern in filamentous cyanobacteria.

Methods

Model for gliding cyanobacteria

Empirical observations guide the development of our model of the gliding
motion of cyanobacteria, which then predicts the emergent behavior of
cyanobacteria colonies. When gliding on surfaces, the head of a trichome
lays out a path that the rest of the filament follows very closely; this is an
analog of the metameric motion observed in segmented animals, such as
annelids and myriapods™.

Figure 1b shows a time-series of micrographs of Oscillatoria lutea,
which are then overlaid to demonstrate how the body of each filament
follows the track of its head. To capture this behavior, we discretize the
trichomes as chains of connected beads. In contrast to active polymer
models, however, these beads do not have active forces applied tangent to
the length of the filament, nor is there an independent random force (e.g,,
thermal noise) on each bead, nor any reaction force. Rather, the only forces
relevant to the motion of a filament are those applied to its head. Filaments
can glide over one another with no discernible friction, as such we do not
include any steric repulsion in our quasi-2-dimensional (2D) model.

A filament moving at a constant gliding speed v; is modeled as a string
of beads with a fixed spacing V;dt, where 0t is the time step of the numerical
integration. The gliding speed V; of each filament is constant in time, and
drawn from a normal distribution with average v, and standard deviation
dv; this is in agreement with experimental observations’”, and avoids
spurious synchronization effects. Within any one simulation, all filaments
have the same length L. Therefore, the number of beads in each filament is L/
(vi0t). Because V; is normally distributed, different filaments will have a
slightly different number of beads.

To advance the filament by one time step, we remove the last bead in
the chain (the tail), and add a new bead as the new head. A similar approach
has been taken to study the dynamics of isolated filaments™, and of filaments
on alattice’. In this way, for each bead o on any filament i the resulting path-
tracking motion for the beads’ positions X{' can be expressed as

xToth o xI 13t Stb; 81p
for all beads except the filament's head, o = 0, as sketched in Fig. 1(c).

The head bead (0 = 0) is where interactions take place, and so is treated
separately. Dropping the index 0, a filament's head moves forward at a fixed
speed,

dx;
d_tl vavik: o2p
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Here, %,  dcos8;;sin8;p" is the unit vector tangent to the filament at the
head’s position, and defines the head’s orientation ;.

The gliding motion of a cyanobacteria filament is characterized by its
orientation and curvature. The curvature is mathematically well defined and
has an empirically measurable exponential autocorrelation function with
autocorrelation time T. A Wiener process acting on the angle 8 does not
satisfy these properties, that is, the curvature is not a well-defined quantity,
and the autocorrelation of the curvature does not exist (and hence cannot be
an exponential function). The simplest model that captures these properties
is an Ornstein—Uhlenbeck process describing the curvature diffusion of the
filament paths’. In this case, the angular speed w; and orientation 6; of the
head of filament i evolve as

o, 1d8; P

i d3p
SV —lp 2D, 8

% Yaw, JF38;b; d4p

where T is the curvature autocorrelation time, D, is a diffusion coefficient

quantifying the strength of the fluctuations in curvature, and §(t) is a

Gaussian white noise with zero mean and unit variance,
&(t) =0, hEotpEotlpi ¥4 63t th.

Thelast term in Eq. (4) describes the interactjgns, of strength J, between
nearby filaments, where F8;p % N;' 3%. i jcosdd; 6P is a
Lebwohl-Lasher interaction** inducing nematic alignment between the
filaments, Nj; is the number of filaments within an interaction distance g of
the i-th filament’s head,  j_j denotes the sum over these filaments, and the
orientation angle 6}’ refers to the bead closest to the i-th head X;. The
interaction has a short, finite range 0, which is consistent with the filaments’
effective diameter; when the distance between the head of filament i and any
bead of filament j is less than g, the orientation of the head of filament i
undergoes a deflection due to the Lebwohl-Lasher interaction, however, the
bead of filament j remains unperturbed. This makes the interactions fun-
damentally non-reciprocal, and it is predicated on the experimental
observation that when two trichomes meet, only the incident filament's
head participates in the alignment process, while the other filament is not
deflected””. Non-reciprocal interactions explicitly break detailed balance®*’
and are common in living active matter®. A schematic depiction of the non-
reciprocal nematic interactions used in our model is shown in Fig. 1c.

Without any filament-filament interactions, Eqs. (3)—(4) produce a
normal distribution of angular velocities with zero mean and variance

@’ = D,,T. For noninteracting filaments moving at an average speed v this
translates into a distributign of filamerE,curvatures with zero mean and
standard deviation 8k ¥4 = hw?i=v, %2 = D, T=v,.

Given the equatioEf of motion (3) and (4), a Péclet number may be
defined as Pe ¥4 vy=0" D, TP with a length scale |. This dimensionless
number may be understood as a ratio of how quickly curvature K is trans-
ported within the system, compared with the time it takes to randomize a
filament's curvature.

To explore the general state diagram of our system, we non-
dimensionalize the equations of motion by setting t %4 tt, X ¥4 I, and by
choosing t, = T, the autocorrelation time, as the characteristic unit of time,
and | = VoT as the characteristic length. The nondimensional equations of
motion read

dx
e Vv d, a5p
o)
deoy ,, df; 2 56p
dt 8 dt = Pe otp
%%mi gFd6;p da7p

where ¥; ¥4 v;=V,, the dimensionless jperaction rate g = JT, and the Péclet
number naturally arises as Pe ¥4 1=" D, T3. In dimensionless units the
width of the curvature distribution is given by the inverse Péclet number
Pe™', such that filaments with high Pe are on average straighter. In the
following, we will drop the tilde signs for ease of notation.

Simulations

Equations (6) and (7) are discretized in time using the Euler—Maruyama
method with a timestep of 8t = 107, while equation (5) is discretized as
discussed above and shown in Fig. 1. We perform large-scale simulation of
up to N¢ = 144 0000 trichomes in a 2D domain of area A = 30 x 30, for
varying area coverage ® = pL(20) where p = N/A. We employ periodic
boundary conditions. We fix the width of the self-propulsion speed dis-
tribution as dv = 0.25. We choose nondimensional values 6 = 0.005and g = 2,
corresponding to a filament width of d = 0vyT=7 pUm and an interaction rate
of J=0/1=0.004 s, close to the values measured experimentally for O. lutea
in ref. 72, up to some numerical rounding for the sake of simplicity. Given
our choices of parameters, a filament of length L = 1 and self-propulsion
speed ¥; ¥4 1 is discretized with 1000 beads. The choice of timestep ensures
that ¥,8t < 0 such that every interaction between filaments is captured. For
simplicity, filaments are initially straight, but they rapidly (i.e., over time-
scalest = 1) develop curvature due to noise and alignment effects. Note
that area coverage @ > 1 is possible, as there are no excluded volume effects.
In our simulations, we explore a range of 0.25 < @ < 1.25 by changing the
number of trichomes, and a range of 2 ™ < L < 2* by changing the number of
beads per filament, while keeping 0, 6t, dv, and g fixed.

Experiments

Oscillatoria lutea (SAG 1459-3) was cultivated in a medium of BG11 broth
diluted 1:100 with deionised water, at 20 + 1°C with a 10 + 2 ymol m s~
photon flux on a 16 h day + 8 h night cycle, following ref. 72. For imaging,
cultures were dispersed by gentle agitation and added dropwise into a 6-well
plate (34 mm well diameter), three-quarters filled with medium. Tile-scans
of wells were collected using a confocal laser scanning microscope (Leica
TCS SP5) in fluorescence mode (514 nm excitation, 620—780 nm obser-
vation). Images were processed using Image] and MATLAB.

The dynamical properties of this strain were recently measured””. We
briefly recapitulate the relevant details here, and then recast these into
dimensionless terms. The filaments appear under the microscope as flex-
ible cylinders with lengths L = 1.5 + 0.5 mm (mean + standard deviation)
and cross-sectional radius r =2.1 + 0.1 ym. Time lapse images of filament
motion were taken using confocal imaging, with 512 x512 pixel
(1.55 x 1.55 mm?) frames at a scan rate of 400 Hz. Individual filament
behavior was measured by tracking 23 isolated filaments over up to three
hours each, and applying thresholding and skeletonization. The filaments
glide at v = 3.0 £ 0.7 ym/s, as measured by the motion of the midpoints of
filament skeletons. They move on smoothly curving trajectories, with a
local curvature that fluctuates with time. Curvature autocorrelation times
of T =470 + 270 s were measured using the filament midpoint tracks, and
are consistent with measurements made by fitting circular arcs to the
filament skeletons. Interacting cyanobacteria were observed at filament
densities of between p = 2-100 mm™, in 6-well plates prepared as
described above, but after 72 hours of incubation to ensure measurement
of a dynamical steady state. The filaments interact with each other when
their paths cross. This contact interaction appears stochastic: the inter-
secting filament either turns to follow alongside its neighbor, or glides over/
under it without deflecting. Nematic alignment results, with aligning
responses seen in 16 of 400 tracked crossings, mostly involving crossings at
angles below about 20°. Distributions of filament curvature were measured
by fitting circular arcs to filament skeletons. At densities of p = 30 mm™
and above these distributions were consistent with a mean of zero, and a
standard deviation of 3k = 340 + 40 m™". The colonies show a clear
ordering transition, appearing as a more random, homogeneous collection
of filaments below densities of 40-50 mm™, and displaying reticulate
structures and nematic order at higher densities.
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Fig. 2| Time evolution of systems of laments forming into reticulate structures.
a—e Micrographs of experiments performed with Oscilatoria lutea, where Vo = 3 pm/s
and T = 8 min”. f-k Simulations of a colony initialized with randomly oriented
filaments, using a filament length L = 1, a Péclet number Pe = 3.5 and an area
coverage ® = 1. The field of view shown and time between snapshots match the

experimental measurements of O. lutea (i.e., simulated time t/T=15 corresponds to
2h). The scale bars in the experimental images are 10 mm and scale bars in simu-
lations 10 mm/(VoT). In both experiments and simulations the initial pattern forms
with smaller features that coarsen slightly to achieve a stable length scale over a
period of a few hours (t = 50).

These experimental parameters correspond to a Péclet number
Pe ¥ v,y T8KP ' ¥ 2:1, with the spread of measurements from different
individual filaments covering the range of Pe = 1-6. The natural lengthscale
| = VoT = 1.4 mm, with a range from individual measurements spanning
0.5-3 mm. This leads to a dimensionless filament length of L = 1.1. The
filament interaction strength is difficult to quantify, but the simulation value
was chosen to produce a similar average deflection as in experiments,
averaged over many interactions. Finally, the disorder-order transition of
the colonies corresponds to an area coverage of ® = 0.3. We note, however,
that @ is calculated from the physical diameter of the filaments in experi-
ments (d = 4 Um), whereas in the simulations an effective diameter of the
interaction range (0 = 7 pm) is used. The simulations need to account for
this difference in order to ensure a matching cellular density as in the
experiments, and simulation values of ® = 1 were chosen to be comfortably
above the experimental disorder-order transition density.

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

Results

Dynamics and transient

We first investigate the dynamical aspects of the collective self-organization
of cyanobacteria filaments. At sufficiently large number density p and Péclet
number Pe trichomes self-organize into reticulate patterns”*’* as shown in
Fig. 2. We study here the process by which this reticulate pattern emerges
from an isotropic initial condition, and compare model predictions of the
transient dynamics with experimental data. In simulations, we prepare a
system of filaments at area coverage ® = 1 with a homogeneous distribution
of filament positions and isotropic distribution of their orientations, see
Fig. 2. For the corresponding experiments, images of the colony dynamics
were cropped and contrast-enhanced to show the central 17 x 17 mm’ of the
well plate, and are given in Fig. 2.

In both experiments and simulations, the aligning interactions lead to
the formation of short, dense bundles of filaments. Over time, these bundles
connect and self-organize into a network topology. During an initial tran-
sient period, the typical separation length between bundles, which provides
a characteristic length scale for the patterns, slowly increases. After a few
hours in the experiments, or simulation times of t 50, the pattern then
converges into a steady-state configuration of reticulate bundles of high local
density, with less dense regions in between. The comparison of the transient
dynamics between experiments and simulations reveals that our model

quantitatively reproduces the emergence of the reticulate pattern in time; in
fact, for T=8 min, as measured in ref. 72 a simulated time t = 75 corresponds
to 10 h, which allows for a direct, one-to-one comparison to the experi-
mental time scale, as in Fig. 2.
To characterize the dynamics of the filaments, we next consider their
translational mean square displacement (MSD), defined as
> +

D ¢
3AXP? Va it oty b At X0t hj* a8p
iYal

where the angular brackets indicate an average over initial times t,. The
MSD for a polymeric filament can in principle be computed for any part of
the filaments, but here, for simplicity, we only use the positions of the
filament heads, X;(t). Figure 3a shows the dependence of the MSD on the
observation interval At. Over short periods there is a ballistic regime, where
the MSD is dominated by the filaments’ self-propulsion and grows as
haAXP?i VgaAtDZ. On longer timescales, the MSD exhibits a crossover to a
diffusive regime (akin to an active Brownian particle), where

(AX)* = 4Dz At, for an effective translational diffusion constant D
The inset to Fig. 3a shows that our simulations have comfortably reached
this diffusive regime, since h3AXp*i=4At ¥ const. Figure 3a also shows the
dependence of the MSD on the Péclet number Pe. As Pe increases, the
crossover time between the ballistic and diffusive regimes grows as t, ¥4
4D 4=V2 (see Fig, 3a inset).

The temporal dynamics of the angle are complex. However, because
the MSD of an Ornstein—Uhlenbeck process is known®’, we can identify the
long-time rotational diffusion constant as Dr D, fort  T. A self-
propelled particle in the absence of translational diffusion and with constant
speed, whose orientation is characterized by a diffusion constant Dg will
exhibit a long-time diffusive behavior with an effective diffusion constant
Dy Y255 (in 2D)”. Using these observations, we can estimate that the
filaments’ heads will show a long-time diffusive behavior with
Dg ¥4 2vZTPe®. This prediction is in good agreement with the simulation
results, shown as a dashed line in Fig. 3b, for large Péclet numbers. Atlow Pe,
we observe some deviation from the predicted scaling, due to the fact that the
estimated Dg emerges from the long-time average of the curvature fluc-
tuations quantified by D,,. At low Pe, we have strong curvature fluctuations
(3K ~ Pe™), thus the orientational dynamics cannot be approximated as a
diffusive process, because the correlation time T cannot be ignored in
this limit.

Figure 3b also shows that the ordering of filaments into bundles has a
small but noticeable effect on their mobility, since switching off the
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Fig. 3 | Dynamics of laments in simulations. a The mean square displacement
(MSD) of the filaments' heads exhibits clear ballistic and diffusive regimes, as shown
here for different Pe at fixed ® = 1 and L = 1. The inset shows how the MSD converges
to a long-time diffusive behavior, (AX)* — 4D.gAt. The orange crosses show the
crossover time t, ¥4 4D,;=v2 between ballistic and diffusive regime. This implies
that filaments meander throughout the network, rather than being trapped within
specific looped paths. b The effective translational diffusion coefficient increases
with Péclet number for the fully interacting system. Switching off the interactions
(g = 0 in Eq. (7)) increases slightly D.g, with the deviation growing with Pe. The
dashed line represents the relation D ¥4 1v3TPe?. ¢ Filament length has no dis-
cernible effect on the MSD, as shown here for the case of Pe = 3.5.

interactions among filaments, ie., setting § = 0 (which removes the possi-
bility to form bundles) causes a small increase in their effective long-time
translational diffusion D.g. In other words, the presence of the reticulate
pattern alters the motility of the filaments in a subtle way, but without
disrupting it; that implies that the filaments do not remain confined within
any particular bundle, or loop.

It is also worth mentioning that our model does not predict any
dependence of the MSD on the length L of the filaments, as shown in Fig. 3c.

While the filaments’ gliding motility is of polar nature, the nematic
nature of their interactions results in the nematic symmetry within the
bundles, with filaments moving along them in either direction in equal parts,
see Fig. 4. The approximate equal distribution of orientations within bundles
was also measured experimentally in ref. 72. While the resulting patterns
may look reminiscent of vortex lattices observed in other active systems’’,
the filaments are not constrained to vortices and explore the paths formed
by the network of bundles.

Structure

We now turn to the investigation of the structural properties of the reticulate
pattern. Given the nematic nature of the bundles (Fig. 4), and the fact that
they can emerge from an isotropic distribution of filament orientations
(Fig. 2), we quantify the topological transition to the reticulate network
topology using the 2D nematic order parameter S . To calculate S, we
sample the local orientation €, of every filament at 160L regularly spaced
points alpyg the filaments’ length L, and calculate the local nematic tensor
QYat " 2t t; 1 withinblocks of size 1 x 1, where n is the number
of samples within a block. At this scale, the filament density is relatively
homogeneous, but the blocks are large enough to provide good statistics.
Thelocal order parameter Sy, is the largest eigenvalue of Q. S isanaverage
over all blocks. Local nematic order Sy, is high within bundles and lower in
the dilute regions between them (see Fig. 5 inset at Pe = 3.5 and ® = 1).

Fig. 4| Thereticulate bundles are nematic in nature. The two panels show the same
reticulate pattern of a simulation with Pe = 3.5, ® =1 and L = 1 at steady state, with
filaments colored according to their local tangent (orientation) using (a) polar and
(b) nematic mappings. The scale bars are 10 mm/(VoT). For the polar case, no pre-
ferential direction is discernible within the filament bundles. In the nematic map-
ping, where orientations 8 and 6 + T are assigned the same color, the bundles appear
in bright colors, highlighting their nematic structure.

Figure 5 shows snapshots of the steady state of simulations at different
Péclet number Pe and area coverage ®. The average nematic order S is
given as a colored frame around these snapshots. The transition from dis-
order to order of our cyanobacteria colony as density increases has been
explored previously’”. Here, we observe a transition also dependent on the
Péclet number. At constant @, as Pe increases, the system shows a con-
tinuous transition from an isotropic disordered state to one of relatively high
nematic order, driven first by the formation of bundles, and then by the
emergent network-like topology (see Fig. 6). Upon increasing @, the tran-
sition to a reticulate pattern occurs at lower values of Pe, on account of the
higher probability of the filaments to interact. We have previously shown”
that the typical length scale of the reticulate pattern is directly connected to
the curvature fluctuations; in our rescaled units, this predicted typical length
Oprea = (8K)™! = PeV,T. Thus, as Pe increases, the characteristic size of the
reticulate features increases.

The second dimensionless parameter governing the filaments’
dynamics is the interaction strength §. We explore how varying g affects the
structure formation in Fig. 7. In the limit of § — 0, the system remains
isotropic. Upon increasing g, the reticulate pattern emerges (g = 2). This is
the parameter range that most closely resembles the experimental obser-
vations of young O. lutea colonies. For larger values, g = 4, the interactions
dominate over the curvature fluctuations, and we observe aster-like struc-
tures (see e.g., refs. 92,93, though in a different physical context), and strong
coils for g 8 (see e.g. ref. 94).

We also explore the influence of filament length L on the system
behavior, see Fig. 8. Changing the filament length can affect the area cov-
erage ®, which, as demonstrated in Fig. 5, influences pattern selection. In
these simulations we therefore modulate the number density p, to keep a
constant area coverage of ® = 1. Changing the filament length L in this
manner has no noticeable effect on the length scale of the emergent features.
However, the resulting pattern is visually different. The longer filaments
retain correlations in the patterns over longer times (the time it takes them to
traverse their own length), leading to more fibrous-looking bundles. Shorter
filaments, in contrast, produce denser bundles that show a stronger contrast
inlocal density, when compared to inter-bundle regions; this is quantified by
the more structured pair correlation function, see below.

We can obtain more precise information about the effects of the
filament length L in our model cyanobacteria system by considering the
limiting behavior as L approaches zero. Figure 9 shows how the average
nematic order parameter S depends on the Péclet number for different
L. Generally, upon increasing Pe the system transitions from an isotropic
state, characterized by a vanishingly small value of S, to a reticulate
pattern, characterized by S 0.7. The transition point can be identified
with the inflection point of the curve at Pe = Pe. 1.8, which does not
significantly change with filament length L. The spatial extent of the
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Fig. 5 | Emergence of reticulate patterns. The mosaic plot shows the steady-state
behavior of the system at different area coverage ® = 0.25, 0.5, 0.75, 1.0, 1.25 and
Péclet numbers Pe =0.875,1.75, 3.5, 7.0, 14.0. The individual panels show simulation
snapshots at steady state in a 30 x 30 domain with periodic boundary conditions.
Filament length is kept constant at L = 1. The panels' frames indicate the system’s
average nematic order S, calculated as an average of 1 x 1 sized blocks. With

average nematic order <S>

increasing Pe, the system transitions from a disordered state into one showing
reticulate patterns of nematic bundles. The inset at (Pe, ®) = (3.5, 1.0) shows an
example of the spatially resolved nematic order parameter S, regions of higher
density correlate with higher local nematic order. Bundles show a high degree of
ordering, whereas dilute regions in between are less ordered.
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Fig. 6 | Continuous transition to reticulate pattern. The dependence of the average
nematic order parameter S on Péclet number is calculated as an average of 1 x 1
sized blocks at different area coverages ®. The filament length is kept constant at
L = 1. With increasing @ the transition from disorder to order happens at lower
Péclet numbers Pe. Error bars representing the standard error are smaller than
symbol size.

filaments effectively introduces memory into the system. So, while the
chance of interacting with another filament remains the same, for a
constant @, the result of an aligning interaction will be retained within
the system for a time L/V. This fact enables longer filaments to retain
some degree of local order, even if the system is isotropic at larger scales.
The nature of the observed phase transition thus changes with increasing
filament length. Short filaments experience a sharper transition from
disordered to ordered states while longer filaments experience a much
smoother transition around this point. In the limit L — 0, the system for
® =1 appears to approach a continuous transition at an apparent critical
point Pe.  1.8. The characterization of the critical scaling in the
proximity of Pe, is deferred to future work.

A powerful method to obtain structural information in soft-matter
systems is the pair correlation function (PCF) g(r)”. This is defined as the
probability of finding another particle within a volume dV at distance r from
a reference particle, relative to a homogeneous distribution. In polymer
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Fig. 7 | Effect of varying the interaction strength g. Snapshots of the steady-state

simulated system for varying dimensionless interaction strength g (see legends) at

fixed Pe = 3.5, L = 1, and ® = 1. Upon increasing g, the colony transitions from an

isotropic distribution of filaments (low g limit) to a reticulate pattern (g = 2), to aster-
like configurations (g = 4), and finally to strong coils (§  8).
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Fig. 8 | Emergence of reticulate patterns. The mosaic plot shows the steady-state

collective behavior of the system for different filament lengths L and Péclet numbers Pe.
The individual panels show simulation snapshots at steady state in a 30 x 30 domain
with periodic boundary conditions. The filament density is set to ensure an equal area

coverage, such that ® = 1. The panels’ frames indicate the system’s average nematic
order S, calculated as an average of 1 x 1 sized blocks. With increasing Pe, the system
transitions from a disordered state into one showing reticulate patterns of nematic
bundles. The length scale of the emerging patterns is not affected by filament length.

physics, it is possible to compute the PCF for any pair of monomers within
the same chain, or between different chains™. In our system, a simple choice
is to consider the head-head PCF, where only the head bead of each filament
is considered. Furthermore, given the long persistence length of the filament
it is convenient to consider ¢(r) along the directions parallel and normal to

the direction of motion of the filament’s head. We thus define the head-head
parallel PCF - +
>
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