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Caging dynamics in bacterial colonies
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In colonies, bacteria are often densely packed due to strong attractive forces between neighboring cells. For
organisms where aggregation is mediated by type 4 pili interactions, the pilus-mediated motor activity fluidizes
these colonies, but it is unclear how close packaging affects bacterial motility. Here, we characterize the dynamics
of single cells over five orders of magnitude in time. At short timescales, we find pilus-driven ballistic dynamics,
which depending on the volume fraction of cells, transitions to caged or diffusive dynamics at intermediate
timescales. Long-term dynamics are dominated by growth-induced radial motion overcoming caging at high
packings. Reducing attractive interactions by antibiotic treatment delays caging and introduces long-ranged
collective motion.

DOI: 10.1103/PhysRevResearch.4.013187

I. INTRODUCTION

Bacterial colonies share similarities with densely packed
colloidal systems, in which the structure, dynamics, and phase
behavior are governed by the volume fraction of particles.
At lower fractions, the systems behave like fluids. Beyond a
critical density, particles become topologically trapped within
cages formed by surrounding colloids [1]. Particles move
freely inside the interparticle solvent space before the system
experiences a dynamic arrest commonly referred to as caging.
This dynamic slowing down becomes transient as neighbor
structures relax, and particles diffuse at longer timescales
[1]. Similar evolutions are encountered across a wide range
of systems at higher packings, e.g., attractive [1], granu-
lar [2], or driven systems. For dense self-propelled colloids,
the local energy injection influences the onset of caging at
similar volume fractions [3]. In this paper, we investigate
a system combining driven colloidal motion and attractive
interactions.

The human pathogens Neisseria gonorrhoeae and Neisse-
ria meningitidis are spherically- or dumbbell-shaped bacteria
which form densely packed three-dimensional (3D) colonies
[4]. Within these colonies, cells exert localized attractive inter-
actions by means of type 4 pili (T4P), extracellular polymers
that generate high forces by retraction [5,6]. T4P of neigh-
boring cells continuously bind, retract, and detach [7]. This
leads to driven and stochastic cell trajectories. In contrast
to other active matter systems [8–10], cell motility does not
result from monopole propulsion forces but from a tug-of
war mechanism between multiple pilus connections, captured
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as a sum of pairwise fluctuating attractive interactions [11].
This tug-of-war enables liquidlike behavior of colonies at long
timescales [12]; aggregated cells exhibit local structural order,
and nearby colonies coalesce with liquidlike relaxation dy-
namics [13–15]. Previous efforts have focused on recreating
these material properties and fusion dynamics numerically,
using single-cell [14,15] and coarse-grained simulations [16].
Both experiments and simulations have addressed motil-
ity of single bacteria within gonococcal and meningococcal
colonies. At a timescale of single T4P retraction, i.e., 1–10
s, these single-cell trajectories were described as diffusive,
whereby the diffusivity is heterogeneous within the colony
[14,15,17]. However, it is currently unknown whether the
trajectories are diffusive beyond this limited timescale. The
tug-of-war between cells may not simply be mappable to
an effective equilibrium attractive potential, and correlation
times and lengths of persistent retraction events within the
colony are unknown. On intermediate timescales, it is not
clear how diffusive dynamics arise within colonies of trapped
cells. Caging is likely to affect bacterial physiology because it
interferes with cellular proliferation in agreement with pre-
viously observed growth arrest [18]. Therefore, it will be
important to study bacterial dynamics beyond the timescale
of a single T4P retraction event.

In this paper, we characterize experimental trajectories in-
side bacterial clusters for times ranging from 10−2 to 103

s using velocity correlation functions and the mean-squared
displacement (MSD) of cells. We show that pilus retractions
induce a short-term persistent regime followed by backscat-
tering. At high volume fractions, we find a transition to a
caged regime at intermediate timescales. The caging regime is
transient; at long timescales, the continuous caged dynamics
is overcome by the radial expansion velocity field mediated
by cell division. At low volume fractions, we observe a tran-
sition to a diffusive regime in which the diffusion constant
scales with the inverse squared volume fraction. The an-
tibiotic azithromycin reduces attractive interactions between
neighboring cells [17]. We show that azithromycin shifts the
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TABLE I. Bacterial strains used in this paper.

Strain Relevant genotype Source/reference

wt* (Ng150) G4::aac [33]
wt* green (Ng194) lctp:PpilE sfgfp speR:aspC [18]

G4::aac
wt* green �pilT (Ng231) pilT::m-Tn3cm This paper

lctp:PpilE sfgfp speR:aspC
G4::aac

caging transition to later times and introduces long-ranged
collective motion within colonies. We conclude that steric
repulsion, pilus motor activity, and cell growth act together
to induce transitions between dynamic regimes at differ-
ent timescales, which are distinct from nonliving colloidal
systems.

II. BACTERIAL DYNAMICS WITHIN SPHERICAL
COLONIES AT TIMESCALES FROM TENS OF

MILLISECONDS TO HOURS

We first investigated cell trajectories within colonies for
times between 0.01 and 5 s. To this end, N. gonorrhoeae cells
(strain Ng194, see Table I) were incubated in a flow chamber
under nutrient supply for 1 h, which allowed clusters to settle
in a spherical shape (materials and methods in Appendix).
Cell trajectories were calculated from spinning disc confocal
microscope image series [Fig. 1(a)] of the equatorial aggre-
gate plane. In all cases, rigid-body colony translations and
rotations were removed as described in Appendix. We studied
correlations of the velocity of cells as a function of the lag
time using the velocity autocorrelation function (VACF):

Cv (τ ) = 〈vi(t + τ ) · vi( t )〉t,i, (1)

with vi(t ) = ri (t+�t )−ri (t )
�t . Averages were taken over times t

and cells i in the bulk of the colony, defined as being at least
5 μm away from the edge, where cell densities (Fig. 2) and
previously determined diffusivities [17] are constant. The be-
havior at the periphery of the colony will be investigated in the
next paragraph. For τ � 0.1 s, we observe a positive plateau
in Cv (τ ) [Fig. 1(b)], which is absent for a strain lacking the
retraction ATPase PilT (strain Ng231, see Table I). The persis-
tent initial regime thus captures the pilus retraction activity. To
extract characteristic decay times for 0 � τ � 0.1 s, we fitted
the VACF to an exponential function Cv (τ ) ∼ exp(−τ/τc)
and obtained a τc of 0.08 ± 0.03 s (R2 = 0.75), much shorter
than for the motion of single surface-associated cells [11].
Beyond τ = 0.1 s, the VACF oscillates between positive and
negative values, indicative of backscattering and caged dy-
namics. For τ � 1 s, we characterized motility regimes using
the MSD:

MSD(τ ) = 2
∫ τ

0
(τ − t )Cv (t )dt ∼ τα(τ ), (2)

and its exponent α(τ ) ≈ dln[MSD(τ )]
dln(τ ) in the adiabatic limit

[Fig. 1(c)]. Calculating the MSD as an integral over the VACF
simplifies the treatment of the tracking error, see Appendix.
In line with the global shape of the VACF, α is superdiffusive

(α > 1) at short timescales and subdiffusive (α < 1) for times
τ > 0.2 s > τc, again indicative of a transition from ballistic
motion to caging.

This regime transition is reminiscent of the behavior of
simple Newtonian liquids at low temperatures. An interesting
difference in our active system is the fact that superdiffu-
sive motion between collisions is created by T4P retractions.
We hypothesized that caging is the result of steric contact
interactions between cells [19]. We expect pili connections

FIG. 1. Cell motility in the bulk of aggregates. (a) Fluorescence
image of aggregated N. gonorrhoeae cells. Black circles: single
bacteria, red lines: cell trajectories. The white dotted circle delimits
the bulk. (b) Cv (τ ) for τ between 0.01 and 5 s. Black: strain (Ng194).
Green: T4P retraction-deficient strain (Ng231). Red dotted line:
Exponential fit of the initial decay. (c) Mean-squared displacement
(MSD) of bulk cells. Inlet: Regime exponent α(τ ). S and C indicate
superdiffusive and caged regimes, respectively. (d) Total (black),
radial (blue), and azimuthal (red) part of MSD(τ )

τ
for times between 10

and 2000 s. Full black line: Caging with exponent α ≈ 0.5. Dotted
black line: Growth contribution MSDλ(τ ). Shaded regions indicate
standard errors.
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FIG. 2. Volume fraction φ as a function of distance from the edge
of the colony d for untreated (strain Ng194, no AB, black points) and
treated cells (strain Ng150, 5 h treatment with azithromycin at MIC
× 100, 6.4 μg/mL, red points). Full lines: Averages over 30 colonies.
Dotted lines: Fits to instantons.

to break for cells in close contact because the steric repul-
sion acts as a load force [13]. We calculated the cage radius
rcage = [ 3

2 MSD(τcage)]1/2, where τcage is the time at which Cv

becomes negative after the persistent plateau. We find values
of rcage ≈ 0.1 μm, which leads to next neighbor distances
ri j = 2acell + 2rcage ≈ 1.2 μm, in line with the first maximum
of the radial distribution function [17].

We then asked whether caging was transient to an in-
termediate temporal regime by investigating cell dynamics
at larger times 10 s < τ < 1 h. To this end, we calculated
the bulk long-time MSD MSD†(τ )

τ
= 1

τ
〈(ri(t + τ ) − ri(t ))2〉t,i

divided by the lag time. We find that caging is persistent
and continues up to τ ≈ 300 s with an approximate exponent
α ≈ 0.5 [Fig. 1(d)]; thereafter, the dynamics become shortly
diffusive and then superdiffusive, which is not expected for
colloidal systems. We hypothesized that cellular proliferation
may cause radial cell movement. To assess this hypothesis, we
split MSD† into radial and azimuthal components MSDr =
〈(�ri · êr )2〉, MSDa = 〈(�ri × êr )2〉, respectively. We found
that superdiffusive motion is limited to the radial part and thus
probably growth induced, while the azimuthal part approaches
a flat line indicative of diffusive behaviour. The contribution
of cell division to the MSD can be predicted from the density
equation [20]:

∂tφ = −∇ · (vλφ) + λφ, (3)

where λ is the growth rate and vλ the mass transport velocity
field, with vλ = vλêr due to the spherical symmetry of aggre-
gates. For λ, φ constant, Eq. (3) leads to a radial contribution
of MSDλ(τ ) = 〈r2〉[1 − exp(λτ/3)]2, with 〈r2〉 the initial av-
erage squared radial position of cells. We previously showed
λ ≈ 0.55 h−1 [18], which fits the experimental data well. To
find out whether growth expansion fluidizes the cages, we
compared radial and azimuthal exponents αa,r for 20 colonies
with varying growth rates, which were obtained by increas-
ing the incubation time before recordings [18]. We found a
positive correlation (rpearson = 0.51, p = 0.028) between the

FIG. 3. Scaling exponent αa of MSDa plotted against the scaling
exponent αr of MSDr at times τ > 300 s for 20 colonies (strain
Ng194). Error bars represent fluctuations in time.

time-averaged exponent αr (averaged over times > 500 s)
and αa, with αa ≈ 1 diffusive at αr ≈ 2 (Fig. 3), indicating
that growth fluidizes colony dynamics at long timescales. The
latter corresponds to the leading order exponent of the Taylor
expansion of MSDλ. We conclude that caging effects govern
the dynamics within the bulk of gonococcal colonies. For very
short times, pilus retraction drives ballistic movement within
cages created by neighboring cells. At times τ > 5 min, bacte-
ria escape from the cages, consistent with fluidlike behaviour
of the colonies.

III. REDUCING THE VOLUME FRACTION CHANGES
TRANSITIONS BETWEEN MOTILITY REGIMES

Caging is critically affected by the volume fraction φ. We
addressed the question whether reduction of volume density
delays or inhibits caging at intermediate timescales. We found
that φ is lowest at the edge of the colony and continuously
approaches a maximum φM ≈ 0.5 toward the center of the
aggregate (Fig. 2). Based on this spatial heterogeneity, we
analyzed cellular dynamics as a function of φ. For times
τ < 3 s, the VACF exhibits a similar qualitative behavior as
in the bulk of the colony where φ → φM (Fig. 4). Quantita-
tively, Cv (φ, 0) decreased with increasing volume fractions.
For cells at the aggregates surface, we find a maximal velocity
v0 ≡ [Cv (φ ∼ 0.1, 0)]1/2 ≈ 1.1 μm/s, which is close to the
value for pili-driven surface motility [21]. Correlation times
of the initial decay slightly decrease toward the center of
aggregates but appear roughly constant overall (Fig. 5). We
then characterized motility regimes using Eq. (2). At lower
volume fractions, the MSD transitions from a superdiffusive
to a prolonged diffusive regime [0.1 < τ < 5 s, Figs. 6(a) and
7(a)], followed by delayed caging (α < 1). We hypothesized
that the intermediate diffusive regime is akin to the long-time
behavior of a persistent random walk with velocity v0 and cor-
relation time τc [5]. For τc constant and heterogeneous v0(φ),
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FIG. 4. Velocity autocorrelation function as a function of lag
time and cell volume fraction for untreated cells (strain Ng194).
Standard errors are marked by the shaded regions. The black dotted
line indicates the bulk result.

the Fokker-Planck equation of the process has steady-state so-
lution D(φ) ∼ φ−2 [22]. To test this prediction, we calculated
experimental diffusion coefficients D(φ) = MSD(φ,τD )

4τD
at times

τD(φ) for which α ≈ 1, using both Eq. (2) and MSD†. We find
that diffusion coefficients follow a power law D(φ) ∼ φβ

in the range 0.15 < φ < 0.5, with β = −1.96 ± 0.04 ≈ −2
(R2 > 0.9), in agreement with the theory [Fig. 6(b)]. At lower
densities, diffusivities approach values between 0.05 and 0.1
μm2/s, which depend on the maximum achievable retrac-
tion velocity at minimal load. For φ ≈ φM , diffusivities drop
sharply with large error bars and further deviate from the
power law behavior due to missing contributions of higher or-
der density correlations in the derivation of the Fokker-Planck
equation.

FIG. 5. Correlation time τc of the initial decay of the velocity
autocorrelation function Cv as a function of the volume fraction φ

of cells for untreated cells (black curve) and cells treated for 5 h
with azithromycin (red curve). Correlation times are extracted using
exponential fits for τ < 0.5 s (R2 between 0.7 and 0.9 for untreated
cells, and between 0.8 and 0.9 for treated cells). Error bars mark
standard errors over 40 colonies.

FIG. 6. Single-cell dynamics in colonies as a function of φ, av-
eraged over 40 colonies (Ng194). (a) Mean-squared displacement
[MSD(φ, τ )] obtained from Eq. (2) for lower values of φ. (b) Dif-
fusivities as a function of φ. The black dotted line is a power law
fit φβ for 0.15 < φ < 0.5, which yields β = −1.96 ± 0.04. Shaded
regions and error bars are standard errors.

Because D(φ ≈ 0.1) 	 Dthermal = μkBT , where μ = 1
6πηa

(cell diameter a ≈ 0.5 μm) and T ≈ 300 K, the effective
dynamic viscosity η is two orders of magnitude larger than for
thermalized colloidal spheres of the same size. The resulting
larger drag effectively freezes cells in place under the control
of the retractive action of the pili [13]. In summary, at reduced
volume fractions, we observe a transition between the ballistic
motion of T4P retractions to diffusive motion at intermediate
timescales. In this regime, the diffusion coefficient scales with
the volume fraction like D(φ) ∼ φ−2.

FIG. 7. Exponent α of the mean-square displacement data as a
function of volume fraction φ and lag time τ for (a) untreated (strain
Ng194) and (b) treated cells (5 h azithromycin at 100× MIC, strain
Ng150). S, D,C denote superdiffusive, diffusive, and subdiffusive
(caged) regimes, respectively. In gray areas, the standard error is
larger than the exponent. For treated cells, the time axis is shifted
downward.
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FIG. 8. Single-cell dynamics and cross-correlations in treated
colonies (40 colonies evaluated, strain Ng150). (a) Cv (τ ) as a func-
tion of lag time τ between 0.01 and 10 s (red curve). The black
dotted line is the result for untreated cells. (b) Bulk mean-square dis-
placement as a function of time, with motility exponent α (inlet). (c)
First-shell cross-correlation C (1)

×v between 0.01 and 1 s for untreated
(black curve) and treated cells (red curve). (d) Spatial correlation C×v

as a function of cell pair distance ri j for untreated (black curve) and
treated cells (black curve). Shaded regions represent standard errors.

IV. REDUCING T4P-T4P ATTRACTION BY ANTIBIOTIC
TREATMENT FLUIDIZES THE COLONIES AND
INTRODUCES LONG-RANGE INTERACTIONS

We expect that attractive interactions modulate cell dy-
namics and caging effects. In gonococcal colonies, T4P-T4P
binding governs the attractive interaction between cells.
We reported previously that treatment with the antibiotic
azithromycin reduced the T4P-mediated attractive force be-
tween neighboring cells, yet T4P retraction is still active,
and diffusion constants are enhanced at a timescale of ∼1 s
[17]. Treatment does not dissolve the colonies, and cell mor-
tality is negligible. Here, we treated colonies (strain Ng150,
see Table I) with azithromycin to address the effect of
attractive force on cellular dynamics within colonies. Quali-
tatively, the overall dynamics in terms of the VACF and MSD
in the bulk of the colony is like the untreated phenotype
[Figs. 8(a) and 8(b)]. The shape of the VACF is conserved,
and we retrieve the persistent region with backscattering. The
MSD and its exponent α transitions from a superdiffusive
through a diffusive toward a subdiffusive regime. Transi-
tions, however, are strongly delayed to ∼0.4–0.5 s. In line
with previous studies [17], the motility in treated colonies
is increased, which we explain by a higher velocity mod-
ulus, longer correlation times (τAzi

c ≈ 0.11 ± 0.01 s, Fig. 5)
and by delayed backscattering and caging, all in line with

FIG. 9. Velocity modulus Cv (φ, 0) as a function of volume frac-
tion for treated (red, strain Ng150, 5 h azithromycin at 100-fold
MIC) and untreated cells (black, strain Ng194). Error bars represent
standard errors.

an increased cell-cell distance and reduced attractive force
between cells. For times τ � 0.5 s beyond the initial per-
sistence, the negative VACF decays asymptotically toward
zero. We further measured the impact of varying volume
fractions for treated colonies. The modulus Cv (φ, 0) decays
as φ increases and is overall marginally higher than for un-
treated cells (Fig. 9), with Cv (φ → 0.1, 0) ≈ 1.2 μm2/s2,
in agreement with the velocity of single T4P retraction.
At lower volume fractions, the exponent α(φ, τ ) shows a
delayed intermediate diffusive regime before the dynamics
turn subdiffusive at later times [Fig. 7(b)]. In contrast to

FIG. 10. Intermediate diffusivities as a function of volume frac-
tion φ. Red curve: 5 h treatment with azithromycin. Black curve:
2 h treatment. In both cases, we used the Ng150 strain and an
azithromycin concentration of 6.4 μg/mL (MIC × 100). Full line
is D(φ) ∼ φ−2. Error bars represent standard errors.
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FIG. 11. Velocity cross-correlations as a function of lag time τ and volume fraction φ. (a) Velocity cross-correlation function (VCCF) for
untreated cells (strain Ng194) and for the first three neighbor shells. The black dotted lines are bulk results for φ → φM . (b) VCCF for treated
cells (5 h azithromycin at 100× MIC, strain Ng150) and for the first three neighbor shells. Shaded regions indicate standard errors.

the no AB condition, intermediate experimental diffusivi-
ties D(φ) for treated cells do not follow an inverse square
law, most likely because the decay of the velocity modulus
Cv (φ, 0) at intermediate volume fractions is less pronounced.
Instead, D(φ) slightly decreases as φ increases and sharply
drops for φ ≈ φM . This further indicates that short- and
intermediate-time dynamics in treated colonies approach an
upper motility limit, in line with a finite retraction velocity
of the pilus motor at small loads [11]. We additionally mea-
sured diffusivities for cells treated for 2 h with azithromycin
at the same concentration. In this case, we observe a
weaker increase of intermediate diffusivities, which retains
the functional power law relationship for 0.28 < φ < 0.5, see
Fig. 10 (fit exponent: −1.75 ± 0.4).

Next, we asked whether pairwise pilus retractions cause
coupling of the motion of nearby cells. We calculated the
velocity cross-correlation function (VCCF), which measures
the velocity correlation of bulk cells i, j at different dis-
tances ri j as a function of τ . We used the normalized

form [23]:

C(n)
×v (τ ) = 1

N
〈vi(t + τ ) · v j (t )〉t, ri j∈(n), (4)

with N = Cv (φ → φM, 0). The index (n) denotes neighbor
shells at distances ri j equal to integer multiples of the first
maximum r0 of the radial distribution function g(2)(ri j ) [13].
As such, the cross-correlation captures the degree of comotion
for pairs of cells at a certain distance from each other. The
VCCF was calculated for untreated cells (no AB) and cells
treated with azithromycin (AB). We used rnoAB

0 = 1.3 μm
and rAB

0 = 1.7 μm [17] and set a shell width of r0. Within
the bulk of untreated colonies and for n = 1, we find that
cross-correlations fluctuate around zero at all times [Fig. 8(c)].
We thus argue that nearby fought tug-of-wars are indepen-
dent of each other, even though they share pilus connections.
Similar patterns appeared for the second and third shell and
at lower volume fractions [Fig. 11(a)]. Remarkably, we ob-
serve strong temporal cross-correlations for cells under the

013187-6



CAGING DYNAMICS IN BACTERIAL COLONIES PHYSICAL REVIEW RESEARCH 4, 013187 (2022)

FIG. 12. C×v (φ, 0) as a function of pair particle distance ri j for
treated colonies (5 h azithromycin, strain Ng150, averaged over 40
colonies). Colors indicate volume fractions, with the black dotted
line showing results for the bulk of colonies. The full black line
shows the best power law fit for curves averaged over φ. Shaded
regions indicate standard errors.

AB condition. In the first shell and within the bulk, the ini-
tial VCCF is close to unity. The subsequent decay is well
captured by an exponential function with characteristic de-
cay time of τcross = 0.08 ± 0.03 s (R2 ≈ 0.9), which is close
to the correlation time τAzi

c . Coupling is also present for
higher shells [Fig. 11(b)] and for lower volume fractions,
albeit with reduced velocity moduli. To quantify the spatial
extent of collective motion, we calculated the correlation
length rc at which C(n)

×v (φ → φM, 0) as a function of ri j

(in bins of 1 μm) has decreased to 1
2 its initial value. The

correlation in the bulk decays asymptotically to zero over
a distance of roughly 10 μm, with rc ≈ 3.5 ± 0.3 μm, see
Fig. 8(d). We note that the decay distance is much larger
than the average pilus length of 1 μm [11]. We hypothesize
that long-range hydrodynamic interactions and a diluted pili
network may be responsible for the observed comobility of
cells. At higher cell number densities (no AB condition), the
creeping flow created by the retraction events is screened by
nearby cells with no-slip surfaces [24]. At smaller densities
(AB condition), screening is reduced, and the pilus retrac-
tions create long-ranged flow fields. For point forces, the
leading-order coupling is predicted to decay with a power law
exponent of β = −1 [25], which is close to the observed ex-
ponent β = −1.2 ± 0.2 (averaged over volume fractions, see
Fig. 12) obtained by fitting curves to power laws in the range
0 < ri j < 7 μm.

V. CONCLUSIONS

We investigated the dynamics of aggregated N. gonor-
rhoeae cells on five timescales at varying volume fractions
and attractive interactions. The short time behavior of clus-
tered bacteria is dominated by ballistic pilus retractions and
contact backscattering. Cells transition from a superdiffusive
to a diffusive or caged regime, which is fluidized by the
growth-induced expansion of colonies at ∼300 s. Reducing φ

and modulating attractive interactions leads to delayed caging,
which increases motility and may help cells disperse more
easily under stressors like oxygen deprivation [26]. In this
paper, we thus shed light on dynamical heterogeneities within
early biofilms, which may be crucial for cell differentiation
at later times [18]. Recently, we described fluidlike shape
relaxation dynamics of gonococcal colonies at a timescale of
minutes [17]. This behavior is in excellent agreement with
cell dynamics found here. At this timescale, bacteria escape
from their cages because active T4P dynamics and growth
enable fluidlike behavior. Further, measured and calculated in-
termediate diffusivities are in line with previous work [14,17].
Motility in N. gonorrhoeae aggregates shows interesting par-
allels to equilibrium and nonequilibrium systems. The regime
transitions for single-cell dynamics mirror the behavior of
thermalized simple liquids at effective temperatures of a few
kelvin [27]. At the same time, the dependence of v0 on the
volume fraction is typically encountered in dense active mat-
ter suspensions of monopole swimmers, which aggregate by
a different mechanism: For such particles, repeated collisions
between tumbles increase the time it takes a cell to move a
certain distance, such that effectively, the propulsion speed
decreases with the number of collisions and thus the volume
fraction [9]. This leads to an accumulation of swimmers in
high-density regions, triggering a positive feedback loop lead-
ing to aggregation through a process called motility-induced
phase separation [9]. Although this collision picture is hardly
applicable here, cell dynamics inside neighbor cages are well
captured by a persistent random walk with heterogeneous
swimming velocities whose correlation time can be inferred
from the cell-cell distance. Alternatively, one could ignore the
initial persistent regime and model colonies as a hard sphere
colloidal system with multiplicative noise in the Ito interpreta-
tion, where cells accumulate in regions of low diffusivity [28].
We argue that the nonhomogeneous velocity modulus can be
explained by variations of the hydrodynamic mobilities or by
a varying density of the network of pili connections. For the
former, it is known that drag forces are stronger in the pres-
ence of no-slip boundaries [29,30], which in this case are real-
ized by the surface of other (on average) immobile neighbor-
ing cells. For the latter, we imagine that at higher cell volume
fractions, more pili connections effectively hinder proper pilus
retractions by increasing the load. In the future, we will thus
try to bridge the gap between the microscopic tug-of-war pilus
dynamics and the resulting cell body dynamics described here.

ACKNOWLEDGMENTS

We thank T. Kranz and H. Löwen for helpful discussions.
Funding is provided by the Center for Molecular Medicine
Cologne and the Deutsche Forschungsgemeinschaft by Grant
No. MA3898.

APPENDIX: MATERIALS AND METHODS

1. Bacterial strains and growth conditions

Gonococcal base agar was made from 10 g/L dehy-
drated agar (BD Biosciences, Bedford, MA), 5 g/L NaCl
(Roth, Darmstadt, Germany), 4 g/L K2HPO4 (Roth), 1 g/L
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KH2PO4 (Roth), 15 g/L Proteose Peptone No. 3 (BD Bio-
sciences), 0.5 g/L soluble starch (Sigma-Aldrich, St. Louis,
MO), and supplemented with 1% IsoVitaleX (IVX): 1 g/L
D-glucose (Roth), 0.1 g/L L-glutamine (Roth), 0.289 g/L
L-cysteine-HCL × H2O (Roth), 1 mg/L thiamine pyrophos-
phate (Sigma-Aldrich), 0.2 mg/LFe(NO3)3 (Sigma-Aldrich),
0.03 mg/L thiamine HCl (Roth), 0.13 mg/L 4-aminobenzoic
acid (Sigma-Aldrich), 2.5 mg/L β-nicotinamide adenine din-
ucleotide (Roth), and 0.1 mg/L vitamin B12 (Sigma-Aldrich).
GC medium is identical to the base agar composition but lacks
agar and starch. All bacterial strains (Table I) are derivatives of
strain N. gonorrhoeae MS11. Strain wt* green �pilT (Ng231)
was generated as follows. Strain wt* green (Ng194) was
transformed with genomic DNA from strain �pilT (Ng178)
[13]. Transformants were selected on agar plates containing
10 μg/mL chloramphenicol.

2. Microscopy

Overnight cultures of the sfgfp expressing strain Ng194
were suspended in fresh GC + IVX medium at an OD of
0.1 unless noted otherwise. After an additional hour of in-
cubation, cells were loaded into a microfluidic flow chamber
(Ibidi Luer 0.8 mm channel height + Ibitreat) which was
previously coated with a Poly-L-Lysine (Sigma, Cat. No.
P4832, 50 μg/mL) solution for 2 h. The flow chamber was
continuously supplemented with medium using a peristaltic
pump (model 205U; Watson Marlow, Falmouth, United King-
dom). Images were acquired using an inverted microscope
(Ti-E, Nikon) equipped with a spinning disc confocal unit
(CSU-X1, Yokogawa) and a 100×, 1.49 NA, oil immersion
objective lens (excitation wavelength: 488 nm). Under AB
conditions, Ng150 colonies were additionally supplied with
azithromycin (Hello Bio, 6.4 μg/mL) at 100× MIC for 2 and
5 h before imaging. Moreover, the fluorescent dye Syto9 (final
concentration: 3 μM) was added to the medium because it
yields a better fluorescence signal than the wt∗ strain under
AB conditions. Short timescale dynamics were captured at a
frequency of 80 to 100 Hz (no AB conditions) and 20 Hz (AB
condition) and a laser intensity of 1%. For the long timescale
dynamics (no AB condition), the acquisition frequency was
changed to 0.1 Hz to avoid photodamage and photobleaching
over the recording time of 1 h. We then used the ImageJ Plugin
TrackMate to track bacterial cells in space and time.

3. Volume fraction of cells as a function of depth

Volume fractions were obtained by counting cells in bins
of width �d = 0.5 μm at a distance r from the center of
mass with position rCOM = 〈ri〉i (i: cell index) and dividing
the count by the cylindrical volume V (r) = 2πr�d�z. We
set �z := 600 nm as the capture resolution of the microscope
in the direction perpendicular to the image plane. The volume

fraction occupied by cells is (r) = N
V (r)

3πa3
cell

4 . From individual

cell signal profiles, we obtain radii of ano AB
cell ≈ 0.47 μm and

a5h Azi
cell ≈ 0.69 μm, in line with previously measured values

[17]. The volume fraction profile is depicted in Fig. 2. It
is highest in the bulk of the colonies and decreases toward
the condensate-gas/vacuum interface. We fitted the curves to
instantons (sharp interfaces with finite profile width e) [31],

φfit (d ) = φM

2 [1 + tanh( d
e )], from which we further obtained

the colony radius R. Here, φM is the saturation volume fraction
deep in the colony, and d is the inward distance starting from
the edge of the colonies, such that φ(d = 0) = 1

2φM . We find
φM ≈ 0.515, eno AB ≈ 1.2 μm, e5h Azi ≈ 2.6 μm. Because �z
could be overestimated, it is possible that φM is closer to the
random close packing fraction of spheres.

4. Correction for colony translation and rotation

Individual velocities can be written as vi = vcell + vCT +
vCR, where vcell captures individual cell dynamics, and vCT,CR

represent rigid body translation (CT) and rotation (CR) of the
whole colony. In addition to coating of the flow chambers, we
minimized these in two additional ways: Time series are sta-
bilized using the Fiji-plugin StackReg. Second, we subtracted
the ensemble-averaged velocity 〈vi〉i (assumed to be equal to
vCT) and the angular velocity 〈wi〉i × ri (assumed to be equal
to vCR) from vi (measured velocity of cell i) and corrected
positions by integration. The proper functioning of this last
step was tested by simulating dummy colonies with (a) white
noise translation and rotation and (b) constant translational
and rotational velocities.

5. Static displacement errors

We checked first for pixel bias/locking in the 2D particle
positions and found none. Nevertheless, we corrected for pos-
sible irregularities in the metapixel distribution by applying
the SPIFF-correction algorithm [32]. Particle positions are
plagued by an uncorrelated stochastic error ε of unknown
strength, i.e., ri(t ) = r̃i(t ) + ε(t, ri ), where .̃ marks the true
position, and we assume 〈ε〉 = 0, 〈ε(t1, r1) · ε(t2, r2)〉 =
gδ(t2 − t1)δ(r2 − r2). To leading order, this error propa-
gates into the VACF as Cv (τ ) = 〈�ri (t )

�t · �ri (t+τ )
�t 〉 = C̃v (τ ) +

Cε(τ ), where Cε(0) = 2〈( �ε
�t )2〉, Cε(�t ) = −〈( �ε

�t )2〉, Cε(τ >

�t ) = 0. Thus,

C̃v (τ ) = Cv (τ ) for τ > �t .

We thus removed the first and second elements
and recovered C̃v (�t ) by calculating when possible
the slope at later times and extrapolating backward.
The error propagation into the MSD is given by
MSD(τ ) = ˜MSD(τ ) − 2(�t2)Cε(�t ). For d large (deep
in the colony), we find that |Cε(�t )| � | C̃v (�t )| and thus
assume ˜MSD(τ ) ≈ MSD(τ ) + 2(�t )2Cv (�t ). Because the
error is larger than ˜MSD for times <0.5 s, we only used this
form for MSD† and the determination of the intermediate
diffusivities. For the radial and azimuthal part of MSD†, the
correction is half as large. The leading order error term in
the first and second elements of velocity cross-correlations
(at τ = 0 and τ = �t) arises from the boundary condition
of vanishing mean translational and rotational velocities and
scales as N−1, where N is the number of tracked cells at
every timepoint. For C(n)

×v (τ ), we thus removed again the
first two elements. For C×v (τ → 0, ri j ) as a function of
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the pair distance ri j , it can be shown that the error is equal
to 2

N [ 3
2Cε(ri,�t ) + 3

2Cε(r j,�t ) − 9
4

2
R2 ∫R

0 r Cε(r,�t )dr],
where Cε(r,�t ) is the error of the VACF at τ = �t and for

different distances r to the center of mass of the colony. We
again assumed Cε(�t ) ≈ Cv (�t ) for untreated cells deep in
the colony and corrected the VCCF accordingly.
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