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of Bacterial Colonies

Anton Welker,* Tom Cronenberg,* Robert Z(jllner,* Claudia Meel, Katja Siewering, Niklas Bender,

Marc Hennes, Enno R. Oldewurtel, and Berenike Maier
Institute for Biological Physics, University of Cologne, Ziilpicher Strafle 77, 50937 Koln, Germany

® (Received 4 October 2017; revised manuscript received 9 June 2018; published 11 September 2018)

Bacteria can adjust the structure of colonies and biofilms to enhance their survival rate under external
stress. Here, we explore the link between bacterial interaction forces and colony structure. We show that the
activity of extracellular pilus motors enhances local ordering and accelerates fusion dynamics of bacterial
colonies. The radial distribution function of mature colonies shows local fluidlike order. The degree and
dynamics of ordering are dependent on motor activity. At a larger scale, the fusion dynamics of two
colonies shows liquidlike behavior whereby motor activity strongly affects surface tension and viscosity.

DOI: 10.1103/PhysRevLett.121.118102

Cocci are spherically shaped bacterial cells. Often, they
produce surface structures that mediate attractive interactions
between bacteria. Spheres with attractive interactions are
reminiscent of nonliving colloidal systems with attractive
interactions that tend to form liquid- or crystal-like structures.
Assembly of colloidal crystals can be well controlled, e.g.,
by DNA hybridization or through electrostatic interactions
[1-3]. Thereby, dynamics and efficiency of equilibration are
very sensitive to the form and range of interaction potentials
that are difficult to control experimentally [1,4].

In contrast to nonliving colloidal systems, bacterial cocci
reproduce. During reproduction, their shape changes from
spherical to dumbbell shaped. Another important difference
of nonliving colloids is the use of attractive surface
appendages with molecular motor properties. It is currently
unclear how motor activity affects the structure of bacterial
colonies. Here, Neisseria gonorrhoeae (gonococcus) and
its type IV pilus (T4P) motors serve as a model system for
addressing these questions. The gonococcus has a spherical
cell body with a diameter of ~0.7 ym. The extracellular
T4P polymers are randomly located across the cell surface
[5,6]. T4P act as depolymerization motors; as T4P poly-
mers depolymerize, they retract and this retraction process
can generate forces exceeding F > 100 pN onto a load
attached to the pilus [7]. Pilus retraction is powered by the
retraction ATPase PilT located at the base of the T4P
machine (Fig. S1) [5,8,9]. When individual cells are
attached to surfaces, multiple T4P cooperate for persistent
movement through a tug-of-war mechanism [10,11]. When
piliated bacteria are in close proximity to each other, T4P-
T4P interactions induce self-assembly into colonies [12].
Self-assembly is reversible in young colonies [13]. Because
deletion of T4P reduces the attractive interactions below the
detection limit for gonococci [14,15], mutant strains in
T4P-related genes provide a toolbox for tuning bacteria-
bacteria interaction forces.
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In this Letter, we test the hypothesis that spherical
bacteria behave like a hard-sphere liquid with genetically
tunable interactions. In our system, attractive interactions
between bacteria are governed by the T4P motor. We show
that molecular motor activity accelerates local liquidlike
ordering and shape relaxations during colony fusion. Taken
together, our results directly link molecular and macro-
scopic parameters by correlating interbacterial forces and
binding probabilities with the spatiotemporal dynamics and
materials properties of bacterial colonies.

Colonies show liquidlike order.—First, we investigated
whether bacteria showed short-range order within colonies.
To this end, wt* (Table S1 [9]) bacteria were incubated
within a flow chamber under continuous nutrient supply for
6 and 24 h, respectively. Subsequently, the colony struc-
tures were imaged using confocal microscopy using gf p-
and mcherry-expressing strains as described in Table S1 [9]
and Refs. [16-22]. The dominant morphologies were
spherical colonies (Fig. S2). A particle tracker was used to
determine the three-dimensional coordinates of the cell
bodies within the colonies (Figs. 1 and S3), as described
in the Supplemental Material [9], which includes
Refs. [23-25]. The bacteria were tightly packed within
the colonies and the average density (number of nearest
neighbors n within 1.4 ym of reference bacterium) tended
to increase between 6 and 24 h of colony growth [Figs. 1(b),
1(c), and S3(d)]. Within some colonies, holes were present
after 24 h. Therefore, we calculated the remoteness [26],
i.e., the probability of having a distance r from each voxel to
the centroid of the closest bacterium [Fig. S3(c)]. We found
that the remoteness shifted to higher values after 24 h, in
agreement with having more and larger areas that were not
occupied with bacteria within the colony.

To address the question whether bacteria are ordered
within the colonies, we determined the radial distribution
function g(r). g(r) is defined so that N/Vg(r)r*dr is the
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FIG. 1. (a) Confocal section of gonococcal wtx (Ngl50)
microcolony after 6 h. Reconstruction of 2 um slices of bacterial
coordinates after (b) 6 and (c) 24 h of growth. The colors encode
the number of nearest neighbors n. (d) Radial distribution
functions g(r) after 6 h (black) and 24 h (red). Shaded lines:
g(r) of individual colonies. Full line: fit to Eq. (1). Dots and error
bars: mean and standard deviation of 15 colonies from three
independent experiments. Scale bar: 10 um. (e) Hypothetical
sketch of how T4P retraction supports local ordering.

probability that the center of a bacterium will be found in
the range dr at a distance r from the center of another
bacterium, where N/V is the number density of bacteria.
At 6 h, g(r) showed two maxima [Fig. 1(d)]. At higher cell-
to-cell distances, the distribution is flat, indicating that no
order existed at a distance exceeding r = 2.5 ym or three
cellular diameters. After 24 h, the position of the first
maximum shifted to a lower value. A lower average contact
distance is in agreement with increased cell density and
agrees well with Fig. S3(d) and Figs. 1(b) and 1(c),
showing an increase in the number of nearest-neighbor
cells. Moreover, the peaks became more pronounced,
indicating stronger ordering. The shapes of g(r) show
good qualitative agreement with individual-based simula-
tions that explicitly take T4P dynamics into account [27].
They are also reminiscent of the radial distribution func-
tions found in colloidal systems with Lennard-Jones-like
interactions [28]. Various analytical expressions for ¢(r)
have been proposed for Lennard-Jones fluids and shown to
fit the radial distribution function obtained from
Monte Carlo simulations very well [29,30]. Here, we used
the formula proposed by Matteoli and Mansoori [29],

g(r>ry) = 1+y"g(rg) =1 =2 + <y_1+/1>

x exp[—a(y — D] cos[f(y — 1], (1)
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FIG. 2. Tuning T4P motor dynamics. (a) Experimental setup for
characterizing the velocity of pilus retraction. (b) Velocity dis-
tribution of T4P retraction for force clamped at F' = 30 pN. Gray:
wtx (Ng170); red: pilTyg, (Ngl71); green: pilTyg, (Ngl76).

where r, is the contact distance between two bacteria,
y=r/ry, and m, A, a, and f are adjustable parameters
(Table S2 [9]). In particular, the contact distance was found
to decrease from r§" = (1.18 £0.02) to rg*" = (1.14 £
0.01) ym and the amplitude of the first maximum increased
from g(ry)®" = 1.23 +0.02 to g(ry)**" = 1.46 £ 0.02. To
summarize, gonococcal colonies show increasing local
ordering and density with time.

Nonfunctional T4P retraction ATPases affect pilus
motor activity.—Attractive force between gonococci is
primarily generated by type IV pili [13,14]. Deletion of
these hairlike appendages inhibits the formation of colo-
nies. Here, we addressed the question whether local order-
ing required motor activity of the T4P. The idea is that T4P
form a network between the bacteria, and retraction of
individual T4P generates a tug of war between bacteria
[Fig. 1(e)], causing local order. To scrutinize this idea, we
used a mutant strain lacking the T4P retraction ATPase
PilT. These bacteria generate pili capable of supporting
colony formation. However, pili cannot retract and therefore
active force generation is inhibited in this strain [31]. For
tuning motor activities, we additionally generated strains
pilTyp, and pilTyp,, where we introduced nonfunctional
pilTyp under the control of different promoters in addition
to functional pilT. The rationale behind this construction
was that nonfunctional PilTyy is likely to exert a dominant-
negative effect on T4P retraction because PilT functions as
hexamers that induce T4P retraction upon binding to the
T4P complex [32]. Using a bacteria-two hybrid approach, we
verified that the interaction between PilT-PilT and
PilT-PilTwg was comparable (Fig. S6 [9]), strongly sug-
gesting that PilT-PilTyp heterohexamers form.

We used our previously established T4P retraction assay
for quantifying the effect of the pilTyp expression on
motor activity [Fig. 2(a)] [10,33]. The distribution of
T4P retraction velocities shifted to lower values in strain
pilTyp, compared to wtx and to even lower values for
strain pilTy g, [Fig. 2(b)]. In the presence of nonfunctional
PilTyg, the probability of finding a T4P in the state of
elongation or pausing increased in strains pilTyp; and
pilTyp, (Fig. S7 [9]). In conclusion, expression of non-
functional pilTywy ATPases strongly affects T4P motor
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FIG.3. Tuning bacterial interaction dynamics. (a) Experimental
setup. A spherical cell is trapped in each of two laser traps. The
deflection d of the cell body from the center of the trap yields the
force acting on both cell bodies F ~ d. When pili of both cells
bind to each other and one of them retracts, both cell bodies are
pulled towards each other. (b) Typical force F as a function of
time . (c) Distribution of rupture forces for gray: wtx (Ngl170);
red: pilTwg, (Ngl71); green: pilTyp, (Ngl76). Forces were
measurable up to 80 pN. (N > 300 for each strain). (d) Frequen-
cies of T4P retraction, elongation, pausing, bundling, and rupture.
Color codes as in (c). N = 38-844 per strain and condition; error
bars: bootstrapping with N = 100. (e) Probability that at least one
pair of pili from different cells are attached to each other. Error
bars: bootstrapping.

activity, namely, motor velocity and the probability of
finding the motor in the states of retraction, elongation, and
pausing, respectively.

Pilus motor activity affects bacterial interactions.—We
aimed at correlating changes in motor activity with changes
of the interactions between bacteria. We used a dual laser
trap setup for characterizing the dynamics of pilus-mediated
interaction forces between two bacteria [Fig. 3(a)]. The
setup is described in the Supplemental Material [9,34].
A spherical bacterium was trapped within each of the laser
traps. When the pili from different bacteria bind to each other
and at least one of them retracts, the bacteria are attracted
towards each other [Fig. 3(b)]. We observed different states
of pilus-pilus interactions including T4P retraction pulling
both bacteria towards each other, elongation, where the
bacteria moved away from each other, and pausing, where d
was constant but nonzero. Often, bacteria moved away from
each other at a rate larger than 10 ym/s, indicating that the
bond between pili had ruptured. Sometimes, the cell did not
return to the center of the laser trap after a rupture event.
In this case (denoted as bundling), we assume that more than
one pilus was bound and while the shortest bond had
ruptured, the second shortest bond kept the bacteria
deflected from the center of the trap. The mean rupture
force was Fyjue = (50 +24) pN for wtx [Fig. 3(c)].
Neither strain pilTyp; nor strain pilTyp, showed signifi-
cantly different distributions (Kolmogorow-Smirnow test)
from the wtx distribution. Next, we investigated the
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FIG. 4. (a) Typical confocal section after 6 h and (b) radial
distribution functions ¢(r) of T4P retraction reduced pilTyp,
(Ng176) microcolony after 6 h (black) and 24 h (red). (c) Typical
confocal section after 6 h and (d) radial distribution functions g(r)
of T4P retraction inhibited A pilT (Ng178) microcolony after 6 h
(black) and 24 h (red). Shaded lines: g(r) of individual colonies.
Full line: fit to Eq. (1). Dots and error bars: mean and standard
deviation of at least 15 colonies from three independent experi-
ments. Scale bar: 10 ym. (e) Contact distance r( and (f) value of
radial distribution function at r, obtained from fit to Eq. (1).

frequencies at which the transitions to a specific state
occurred [Fig. 3(d)]. The frequency at which T4P retracted
decreased in the presence of nonfunctional PilT g, while
the frequency of elongations increased. Importantly, the
rupture frequency decreased in the presence of PilT . The
probability that two cells in the laser traps were connected
through pili increased in strain pilTyg; and was highest in
strain pilTyp, [Fig. 3(e)]. This observation can be explained
by the effect of PilTyp on motor activity. T4P tend to
elongate rather than detach (Fig. S7 [9]) favoring T4P-T4P
binding. Additionally, since the detachment rate is force
dependent [10] and the velocity of T4P retraction is lower
[Fig. 2(b)], the probability of finding T4P attached to each
other increases. Taken together, the newly designed strains
allow us to tune the dynamics of pilus-mediated attraction
through T4P retraction and the frequencies at which pili
detach and thus release the interaction between adjacent
cells.

Active motors accelerate local ordering.—The structures
of the colonies formed by strains pilTyp; and pilTyp,
were very similar to the wtx structure [Figs. 4(a), 4(b),
and S8]. Interestingly, after 6 h, the contact distances of
these mutant strains were larger compared to the contact
distance of the wtx [Figs. 4(e) and 4(f)]. After 24 h, both

the contact distance 7y >>**" = (1.13 £0.01) um and the
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amplitude of the first maximum g(r,)W#22* = 1.48 4 0.02
were comparable to the wtx parameters. When T4P retraction
was fully inhibited by deleting Pi/T, both the local and the
global colony structure were very different from the wtx
structure [Figs. 4(c), 4(d), and S9]. The shape of micro-
colonies formed by ApilT cells was nonspherical in agree-
ment with previous studies [12,35]. The cell density was
lower compared to wtx colonies (Fig. S9). After 6 h of
growth, g(r) showed no evidence for local order [Fig. 4(d)],
indicating that active T4P retraction accelerated the process
of local liquidlike ordering. After 24 h, a maximum became
discernible, although its amplitude was lower compared to
the wtx amplitude with ré T2 — (1,08 + 0.04) pm and
g(rg)APiT24h = 1,30 4 0.02. In summary, active force gen-
eration by T4P is not essential for local liquidlike ordering,
butitenhances the rate at which local order and dense cellular
packaging are achieved.

Motor activity governs shape relaxations.—We
addressed the question whether T4P-mediated interaction
forces supported liquidlike behavior of bacterial colonies
at length scales beyond a few bacterial diameters. Like
liquids, populations of self-attracting cocci form spherical
colonies that coalesce upon contact [12,13]. We tested
whether the dynamics of colony fusion were in agreement
with the shape changes exhibited by an initially ellipsoidal
liquid drop as it minimizes its surface area. Using the
mutant strains expressing nonfunctional pilTyp, we can
tune the molecular interactions between the bacteria and
investigate their effect on the macroscopic properties.
During the fusion process, we assume that the energy
change due to the reduction of surface area is balanced by
the work of viscous deformation. We used the following
fluid model of fusion dynamics to describe the shape
changes during the fusion of two colonies [36,37]. Let
the initial shape of the fusing colony be described by an
oblate ellipsoid with the ratio of the minor axis » and major
axis a, f = b/a, and its volume v = 4/3zab?. Then the
rate of deformation of the drop is

d
] @

where o is the surface tension and 7 is the viscosity. p(f) is
described in the Supplemental Material [9]. If at time 7, an
ellipsoid of cells has an axial ratio f, and by time ¢ it
reaches f, then

He(f1) = (o)) = 0 = 0] (3)

7 can be obtained by numerical integration of p(f).
Experiments were initiated by inducing disassembly of
colonies by oxygen depletion, as described before [13].
Subsequently, oxygen-rich medium was applied, triggering
the formation of motile colonies [Fig. 5(a)]. Once two
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FIG. 5. (a) Time lapse of wtx colony fusion event. (b) Typical

v'3[z(f) — 7(fy = 0.71)] as a function of time. Gray circles: wt
(Ng151); red crosses: pilTwg, (Ng171). Full lines: fits to Eq. (3).
(c) Distribution of ratio between surface tension ¢ and viscosity 7
obtained from Eq. (3). Gray: wtx (Ngl51); red: pilTyp
(Ngl171). N > 30 colonies.

colonies converged, they fused into a single colony whose
projection in the xy plane took the shape of an ellipse.
Figure 5(b) shows that v'/3[z(f) — 7(f,)] increases linearly
with time in agreement with the dynamics predicted for the
fusion of two highly viscous liquid drops [Fig. 5(b)]. The
dynamics of shape changes was slower for the pilTyp,
strain compared to the wtx strain and the distribution of the
ratio between surface tension and viscosity /5 was shifted
to lower values [Fig. 5(c)]. For describing the short term
dynamics of fusion, we used a different model describing
the “neck” length of two fusing colonies as a function of
time [38] (Fig. S10 [9]). At short timescales on the order
of 10 s, the shapes relax faster than the model predicts.
At longer timescales, the relaxation dynamics is well
described by the model and o/ agrees with Fig. 5(c).
We propose that the relaxation dynamics at short times is
dominated by a layer of motile cells residing at colony
surfaces [14].

Next, we relate the materials property /1 to the molecular
interactions characterized in Fig. 3. Taking into account the
rupture force Fypre, the average number of pili per cell [6],
and the probability that two cells are bound py,,q through
pilus-pilus interaction, we estimate the surface tension o
(Supplemental Material [9]) and obtain 6, ~ 5 x 107> and
owp1 ~ 8 x 107> Nm~!. Experimentally, we confirmed the
right order of magnitude by deforming colonies through
centrifugation (Fig. S11) [39—41]. Using these values, our
experimentally determined ratios of ¢/5 (Fig. 5) yield the
viscosities of 7y ~ 350 and 5y ~ 2000 Nsm~2. The
increased probability of pilus-pilus binding in the pilTyp,
strain is consistent with a lower off rate and explains
increased viscosity. Using computer simulations, Ponisch
et al. showed that the shape relaxation strongly depends on
T4P-T4P rupture force and detachment times [27]. Using
rupture forces comparable to our experimental system
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(Fig. 3), they found liquidlike dynamics of shape relaxation
in very good agreement with our experiments. Very recently,
Bonazzi et al. measured the viscosity in a related bacterial
system, namely, noncapsulated Neisseria meningitidis
[42]. Using micropipette aspiration, they found a value
of nxm = 50 Nsm~2, somewhat lower than our value.
Remarkably, colonies formed by capsulated (wt) N. menin-
gitidis have considerably lower viscosity and higher surface
tension compared to N. gonorrhoeae studied here. Together
with our results on systematic variations of motor properties,
this shows that fine-tuning T4P dynamics and binding
kinetics has a tremendous effect on the material properties
of the colonies. In summary, the fusion dynamics of
gonococcal colonies are in good agreement with the dynam-
ics of shape changes expected during fusion of liquid drops,
whereby surface tension and viscosity are determined by the
motor properties of the pili.

Conclusion.—We have shown that motor activity of T4P
accelerates the processes of local ordering and shape
relaxation during colony fusion. Our bacterial mutants
allowed us to tune the frequency of T4P retractions and
the detachment times between T4P of adjacent cells. This is
most consistent with a role of T4P in increasing the
attachment and/or detachment dynamics between bacteria,
accelerating the “equilibration” of the colony structure. For
DNA-directed assembly, strong interactions tended to
support fractal structures or small aggregates reminiscent
of our force-deficient ApilT aggregates [1] (Fig. 4). We
suggest that in our system cellular reproduction inhibits
crystalline ordering because dumbbell formation before cell
division introduces polydispersity and asymmetric cell
shapes. Taken together, motor activity of T4P accelerates
dense packing of bacteria, possibly allowing bacteria to
protect themselves when facing external stress, including
antibiotic treatment or the prohibitive action of probiotic
bacteria.
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