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In simulations, we find that the ordering transition is driven by fila-
ments growing against each other, which eventually selects for a com-
mon alignment direction, like in systems of self-propelled rods38,39,42. 
However, the underlying mechanism is completely different: unlike 
self-propelled rods that exert force when collided with another fila-
ment43–46, treadmilling filaments stop growing when they reach another 
object, but still continue to depolymerize, which results in shrinkage, 
reorientation or even dissolution of the filaments. Ultimately, the fact 
that shrinkage is independent of growth causes misaligned filaments 
to die out, because they are more likely to grow against the neighbours 
than their aligned counterparts. Supplementary Video 7 exemplifies 
a striking example of such a filament which, by being misaligned with 
its surroundings, stops growing and eventually dies.

Figure 2c measures the lifetime of each filament against its aver-
age alignment, characterized by the individual nematic order Si. These 
two variables are indeed highly correlated: only very aligned filaments 
(Si ≈ 1) reach long lifetimes, up to several minutes, while strongly mis-
aligned polymers die out after a few seconds on average and are gradu-
ally replaced with aligned ones. The aligned filaments also treadmill 
with a velocity that approaches their single-filament value vc = ronσ, 
while the misaligned filaments typically have vanishing velocities 
(Supplementary Fig. 11). Globally, this behaviour results in the pro-
gressive selection of the more stable filaments that align with the rest 
of the system, reminiscent of what was previously proposed for plant 

microtubules47,48. The filament death and birth mechanism and the 
establishment of order are not rapid but require turnover of a large 
number of filaments and typically take minutes (Supplementary Fig. 12).

Treadmilling drives bacterial division ring condensation
To showcase the importance of the identified self-organization mecha-
nism in living cells, we investigate the role of treadmilling for bacterial 
division ring formation. Our in vivo experiments recently showed that 
treadmilling dynamics of FtsZ is essential for Z-ring formation in divi-
sion of B. subtilis23, but the details linking the two remain elusive. We 
now use our coarse-grained molecular model for treadmilling filaments 
to explore the underlying mechanism. Bacterial FtsZ has been observed 
to display mild natural curvature in live cells and in vitro, with diameters 
similar to or smaller than typical cell diameters13,32,49,50. In addition, its 
membrane anchor FtsA—which makes composite polymers with FtsZ—
forms intrinsically curved filaments that therefore display a preference 
for curved surfaces51. This suggests that the interplay between cell 
geometry and curvature of the (composite) filament should favour 
filament alignment along the circumference of the cell, similar to what 
has been previously shown for MreB filaments52–54. We incorporate this 
curvature-sensing mechanism in the model, as shown in Fig. 3a, by add-
ing a circumference aligning force fcurv to the head and tail monomers of 
each filament (Supplementary Information). We find that a small force 
of this kind (fcurv = 5kBT/σ, where kB is the Boltzmann constant and T is  
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Fig. 2 | Collective behaviour of treadmilling filaments. a, Steady-state nematic 
order parameter S measured in simulations (average over N = 10 replicas, 
t > 10 min). Grey indicates the quasi-empty systems of non-treadmilling 
filaments, blue the nematically ordered system with polar bands and pink the 
disordered transitional region. b, Left, snapshots of treadmilling systems at early 
(leftmost column) and late (rightmost column) times in simulations and in 
HS-AFM experiments (filaments are coloured according to their orientation—see 
the colour wheel in the inset). Right, nematic order S plotted against surface 
density ρ at different points in time for reconstituted FtsZ on SLBs (AFM data is 
shown as crosses) and simulations (coloured according to kinetics and shown as 
circles). For experiments, data from N = 3 different videos is shown. For 
simulations, N = 10 different trajectories are shown for each parameter set. c, 
Filament lifetime for different levels of alignment (characterized by the 
individual nematic order Si). We consider only simulations for Nc ≥ 100 (N = 10 

replicas per parameter set), which results in 226,077 data points (filaments) in 
total, binned in Si with width 0.1. Points correspond to the mean of the bin and the 
error bar to the standard deviation. Inset, snapshot of a trapped misaligned 
filament (purple) that dissolves over time (Supplementary Video 7). d, Left, 
snapshots of systems with arrested treadmilling at early (leftmost column) and 
late (rightmost column) times in simulations (same kinetic parameters as in b and 
in HS-AFM experiments). Right, steady-state nematic order S for treadmilling and 
non-treadmilling systems. Bars and dots indicate the average for t > 600 s (N = 10 
replicas in simulations: n = 600 data points in simulations, n = 28 data points for 
treadmilling experiments and n = 48 for arrested treadmilling experiments), and 
error bars indicate the standard deviation. In experiments, ‘treadmilling’ 
corresponds to wild-type data and ‘arrested treadmilling’ to the L169R mutant. 
Unless stated otherwise, simulation data corresponds to ron = 8 s−1, �J�Á�Ã���½�a�e �û and 
rnuc = 1 s−1 for lp = 10 μm and D = 100 nm2 s−1. Scale bars, 500 nm.
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the temperature) is sufficient to determine the global orientation of 
the filaments along the cell circumference (Fig. 3a), highlighting the 
importance of the interplay between filament and cellular geometry 
in supramolecular organization.

Bacteria have evolved a number of different molecular tools that 
act in complementary ways to position FtsZ filaments to the right divi-
sion site—the midcell—at the right time. Such systems include dynamic 
chemical patterning55–60 and condensate formation61 or nucleoid occlu-
sion62–65 and generally have the effect of spatially modulating FtsZ 
polymerization, resulting in higher density of filaments at the midcell 
and lower density around the poles (schematic in Fig. 3b). This effect 
can be captured by incorporating higher polymerization rates at the 
midcell and lower rates around the poles. Our model can incorporate 
this FtsZ growth modulation as an instantaneous change from a uniform 
distribution along the cell body to a Gaussian profile centred at the 
midcell for growth and nucleation rates, with a constant detachment 
time (Fig. 3b and Supplementary Information). We find that the result-
ing combination of midcell enrichment and cell pole depletion of FtsZ 
proteins reliably localizes the filaments to the midcell region (Fig. 3b).

Finally, we consider one more model ingredient. It has been 
shown that FtsZ self-interaction, as well as cross-linking by 
FtsZ-binding proteins such as ZapA, can promote Z-ring condensa-
tion and that cross-linker deletion can lead to axial spreading of the 
rings25,36,66,67. In line with this, we find that including explicit attrac-
tive interactions between filaments has an important stabilizing 
effect on the ring structure, further promoting filament alignment 
and tight packing and allowing for a sustained monomer accumula-
tion in the ring over time (Fig. 3c and Supplementary Fig. 18). Taken 
together, these results show that treadmilling filaments in our 
model can spontaneously form stable ring-like structures when a 
combination of filament curvature, attractive interfilament inter-
actions and spatio-temporal modulation of the filament kinetics 
are considered.

Comparison with in vivo data
We are now in a good position to compare our model for Z-ring forma-
tion with live-cell data. Our experiments have previously directly identi-
fied a very particular dynamics of Z-ring formation in living B. subtilis 
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Fig. 3 | Formation of the bacterial division ring. a, Filament curvature and cell 
geometry drive the collective filament orientation along the cell circumference. 
Top, illustration of the curvature-sensing mechanism of FtsZ and FtsA filaments. 
Middle, measured distribution of filament orientations with and without 
filament curvature. Each bar plot corresponds to the average over N = 10 replicas 
in the nematic order region of the parameter space (ron = 8 s−1, τdet = 15 s). 
Bottom, two representative snapshots of steady-state configurations of 
treadmilling filaments with and without filament curvature. b, Spatial 
modulation of FtsZ's growth and nucleation kinetics mediates its midcell 
localization. Top, illustration of the typical FtsZ kinetics modulation observed in 
vivo. Middle, example of a kinetics modulation combining an increase in the 
growth and nucleation rates around the midcell with a decrease at the poles. 
Bottom, two representative snapshots of system configurations before and after 

the modulation of the kinetics is switched on. c, Attractive interactions stabilize 
the ring and mediate tight packing. Top, illustration of the cross-linking 
implementation. Middle, late time (t > 8 minutes after the switch) density profiles 
along the cell axis with and without cross-linking interactions. The solid lines 
represent the mean over N = 10 replicas and the shaded region, the standard 
deviation. Bottom, two representative snapshots of steady-state rings with and 
without cross-linking interactions. In b and c we use switch parameters 
r0on = 2 s−1, r1on = 8 s−1 and wprof = 100 nm for τdet = 15 s, where wprof defines the 
profile width (see Supplementary Information). In all snapshots, the filaments 
are coloured according to their orientation with respect to the cell circumference 
(see colour bar at the bottom). For all simulations, we set fcurv = 5kBT/σ, lp = 10 μm 
and D = 100 nm2 s−1 in a box of size L = 200 σ = 1 μm. Scale bars, 50 nm.
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cells: localization of the ring to the midcell, often referred to as ring 
condensation, occurs very rapidly, within one minute (Fig. 4a), while 
ring maturation (growth and thickening) occurs over several minutes 
(Fig. 4b). If treadmilling is impaired early on, the Z-ring cannot form 
and remains diffuse, while impairing treadmilling during maturation 
disrupts proper division23. Our experiments also found that the aver-
age treadmilling velocity of filaments in mature Z-rings is substantially 
faster than in nascent ones (Fig. 3c).

To explore whether our model can capture the dynamics of Z-ring 
formation in vivo and explain the mechanism behind it, we simulate 
systems on the cell scale (L = 3 μm giving R ≈ 1 μm). We limit the total 
amount of monomers to the estimated amount of FtsZ in B. subtilis 
Z-rings Nmax = 2,000  (Supplementary Information), resulting in a 
relatively low monomer surface density. Strikingly, as shown in Fig. 4a 
and Supplementary Video 8, our model also displays rapid ring con-
densation, which occurs only a few seconds after the switch of the 
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each distribution. In simulations we define t < 2 min for nascent and t > 8 min for 
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Microscopy images show fluorescently tagged FtsZ in live B. subtilis cells. These 
experiments were repeated independently with similar results. Simulations were 
repeated for N = 10 replicas with similar results. e, Representative snapshots of 
systems at t = 10 min after arresting treadmilling. Treadmilling is arrested 5 min 
before (left) and 1 min after (right) the onset of the chemical pattern that 
modulates the growth kinetics. The simulation data in a, b and c correspond to a 
switch with parameters r0on = 2 s−1, r1on = 9 s−1 and r1nuc = 2 s−1 for τdet = 15 s and 
wprof = 100 nm. Note that monomers in simulations are rendered with size 20 nm 
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modulation profile. This behaviour is caused by the rapid dying out of 
the filaments in the growth-inhibited areas of the cell, as their depo-
lymerization rate is faster than the polymerization rate. The whole 
process occurs on the scale of the single monomer’s lifetime, as con-
trolled by τdet. Hence, treadmilling allows the system to rapidly respond 
to external chemical cues.

We further find, in agreement with live-cell experiments, that after 
rapid ring condensation at the site of division, treadmilling filaments 
in the model accumulate rather slowly, over a time-span of several 
minutes. The simulations reveal a steadily increasing surface den-
sity of monomers in the midcell region that matches well the experi-
mental measurements (Fig. 4b). This feature is the inherent result of 
treadmilling-driven alignment: the ring structure transitions from 
an initially disordered state to an ordered state populated by several 
bundles of filaments tightly bound together (Fig. 4d and Supplemen-
tary Video 8) through the dissolution and replacement of misaligned 
filaments in a process that is analogous to what we observed in vitro 
for E. coli FtsZ. Mature rings are thus composed of small patches of FtsZ 
organized in bands that are a few filaments wide and travel together, 
as previously observed in live-cell imaging19,68,69 (Fig. 4d and Sup-
plementary Video 8). These bands are tightly bound, displaying high 
local density of monomers, consistent with cryotomography experi-
ments estimating an interfilament distance of approximately 6 nm 
in FtsZ rings70.

Ring maturation is driven by the replacement of misaligned fila-
ments, which is at heart a trial-and-error process, rendering this pro-
cess slow. The decrease in the fraction of low-velocity misaligned 
filaments in the mature ring also naturally leads to faster treadmilling 
velocities without individual filaments speeding up, which matches 
live-cell measurements (Fig. 4c). In other words, the surviving filaments 
all run parallel to each other with velocities close to maximal values. 
Finally, we found that arresting treadmilling in our model has similar 
effects to those observed in vivo. If treadmilling is arrested early on, 
before the onset of the chemical patterning, the filament population 
remains diffuse and never condenses to the midcell (Fig. 4e and Sup-
plementary Video 9). If treadmilling is arrested after the switch of 
the chemical patterning, the ring forms at the midcell, but displays 
aberrant, ‘frozen’ configurations (Fig. 4e, Supplementary Fig. 21 and 
Supplementary Video 10). The crucial role of treadmilling in the posi-
tioning of the FtsZ ring that our model reveals has also been previously 
discussed in the context of E. coli: it has been reported that mutants 
that are insensitive to classical positioning systems like Min (FtsZ2, 
FtsZ9 and FtsZ100) all have very low or undetectable GTPase activity. 
This implies that the lack of treadmilling underlies their inability to 
correctly position the ring28.

Altogether, our treadmilling model naturally reproduces the key 
dynamical aspects of Z-ring formation observed in live cells. FtsZ 
filaments are able to localize to the midcell on timescales similar to 
the monomer lifetimes, driven by the underlying spatial modulation 
of the polymerization rates, while the tightly packed division rings 
grow on substantially longer timescales by virtue of misaligned fila-
ments dying and growing again until only the aligned ones remain. This 
mechanism is at play irrespective of the filament density: simulations 
of treadmilling filaments on a surface constrained to in-vivo-like low 
protein concentrations show that ordering still occurs and is driven 
by the same mechanism of death by misalignment (Supplementary 
Fig. 14). More generally, our model explains the importance of tread-
milling—dynamic growth and shrinkage of filaments—in localizing and 
timing bacterial division.

Discussion
Our treadmilling model reveals a surprisingly rich collective behaviour 
arising from the dissolution and replacement of misaligned filaments, 
characteristic of mortal polymers. These findings put forward tread-
milling filaments as a paradigm for a dynamic self-ordering system that 

is able to quickly remodel itself in response to external cues. This sug-
gests that both naturally occurring and artificial treadmilling polymers 
could be a useful tool in areas such as synthetic cell development or 
programmable active matter, capable of healing via local filament dis-
solution. For example, microfluidic devices and chemical or photo pat-
terning could be used experimentally to generate and control dynamic 
treadmilling filament systems.

From a biological perspective, our model provides structural 
and dynamic insights into functional FtsZ assemblies. The model can 
further be used to investigate how the dynamics of the Z-ring affects 
recruitment and activation of bacterial wall synthesis machinery, 
resulting in the growth of the cell wall at midcell, which ultimately 
divides the cell into two15,16,71–73.

From a physics point of view, we find that treadmilling filaments 
belong to a distinct class of active matter, which consumes energy 
not for motility but for turnover and thus order via death of locally 
misaligned filaments. This mechanism is expected to have further 
implications for filament collective behaviour, such as the response to 
obstacles, perturbations and propagation of information. For instance, 
treadmilling filaments can be expected to evacuate the region around 
obstacles due to their mortality, instead of being trapped. Due to fila-
ment dissolution, such systems are also expected to locally heal upon 
defect introduction or external perturbation and are not expected to 
transduct the perturbation deep into the assembly. Overall, by reveal-
ing a distinct ordering mechanism in chemically active matter, our work 
highlights the importance of exploring the collective and material 
properties of explicitly mortal filaments.
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maries, source data, extended data, supplementary information, 
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a private link via email. 
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Sample size Simulation data: Replica numbers were chosen to guarantee sufficient sampling of stochastic processes and were limited by computational 
cost. 
 
In vitro data: Sample sizes were not chosen according to a statistical test, but were limited by practicality and throughput 
 
In vivo data: No a priori sample size calculations were performed. No specific sample size was chosen as the single cell / single molecule 
nature of the measurements means moderate to large sample size, sufficient for robust statistical analysis, is usually straightforward to 
achieve.  
 
In general, numbers of data points, simulation replicas and experimental counts are always specified in figure captions appropriately.

Data exclusions Simulation data: No data was excluded from analysis. 
 
In vitro data: Images were only excluded when supported lipid bilayers were defective. 
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In vitro data: The results were verified and reproduced with different batches of purified FtsZ and FtsA proteins. 5 different experiments were 
analysed in this work. 
 
In vivo data: Z-ring imaging experiments were repeated 3 times using independently-prepared samples.

Randomization Allocating experimental groups was not relevant for this study as only the Z-ring data involves living organisms and in this case all bacterial 
cells of a particular strain are genetic clones.

Blinding Blinding was neither possible nor necessary for this study as only the Z-ring data involves living organisms and in this case 1) all bacterial cells 
of a particular strain are genetic clones and 2) analyses were not sufficiently subjective to require researcher blinding.
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