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Abstract

Neisseria gonorrhoeae is the causative agent of one of the most common sexually transmitted
diseases, gonorrhea. Over the past two decades there has been an alarming increase of reported
gonorrhea cases where the bacteria were resistant to the most commonly used antibiotics thus
prompting for alternative antimicrobial treatment strategies. The crucial step in this and many
other bacterial infections is the formation of microcolonies, agglomerates consisting of up to
several thousands of cells. The attachment and motility of cells on solid substrates as well as the
cell—cell interactions are primarily mediated by type IV pili, long polymeric filaments protruding
from the surface of cells. While the crucial role of pili in the assembly of microcolonies has been
well recognized, the exact mechanisms of how they govern the formation and dynamics of
microcolonies are still poorly understood. Here, we present a computational model of individual
cells with explicit pili dynamics, force generation and pili—pili interactions. We employ the model
to study a wide range of biological processes, such as the motility of individual cells on a surface,
the heterogeneous cell motility within the large cell aggregates, and the merging dynamics and the
self-assembly of microcolonies. The results of numerical simulations highlight the central role of
pili generated forces in the formation of bacterial colonies and are in agreement with the available
experimental observations. The model can quantify the behavior of multicellular bacterial colonies
on biologically relevant temporal and spatial scales and can be easily adjusted to include the
geometry and pili characteristics of various bacterial species. Ultimately, the combination of the
microbiological experimental approach with the 7 sifico model of bacterial colonies might
provide new qualitative and quantitative insights on the development of bacterial infections and
thus pave the way to new antimicrobial treatments.
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1. Introduction

An essential step in the life of bacteria is the formation of microcolonies, agglomerates
consisting of hundreds to thousands of cells. Microcolonies often are precursors to much
more complex bacterial communities, known as biofilms [1, 2]. These early biofilms
represent stable and tightly connected aggregates that can adhere to various substrates [3],
such as epithelial cells [4] and medical catheters [5], or can grow on ship hulls [6] or inside
of bioreactors [7]. In many cases, bacterial infections involving biofilms are much less
responsive to antimicrobial treatments [8]. Thus, formation and control of biofilms is of high
concern in medical and engineering applications. Many bacterial species rely on type 1V pili,
long polymeric semi-flexible filaments protruding out of the cell membranes, to attach to
substrates [9, 10] and to interact with other bacterial cells. A few prominent examples of
cells possessing pili and being involved in dangerous microbial infections are Pseudomonas
aeruginosa [11)], Neisseria meningitidis [12] and Vibrio cholerae [13]. A single pilus exhibits
phases of elongation and retraction that produce pulling forces once a pilus is attached; a
mechanism reminiscent of a grappling hook [14]. The forces are generated by the molecular
motor PilT and are in the range of 100-180 pN corresponding to one of the strongest active
molecular forces known in nature [15]. Pili mediated cell-to-substrate and cell-to-cell
interactions were shown to be crucial for the formation and maintenance of microcolonies
[16-20]. However, the exact mechanisms of how cells deploy pili to self-assemble into
microcolonies and govern their internal dynamics are still poorly understood.

To scrutinize the role of the pili mediated cell-to-cell interactions driving microcolony
formation we consider the example of the bacterium Neisseria gonorrhoeae. It is the
causative agent of the second most common sexually transmitted disease, gonorrhea [21]
and relies exclusively on pili appendages to move and agglomerate on surfaces. This makes
it an ideal model system. Here, we present, to our knowledge, the first computational model
of individual motile cells that move and interact via explicit pili dynamics and are able to
agglomerate into stable microcolonies. Previous models either focused only on the dynamics
of single cells due to individual pili [22, 23] or described the motility of colonies in a coarse-
grained manner [19, 20]. Only recently individual-based modeling and experiments were
combined in order to explain collective phenomena in microorganisms [24, 25]. Our model
represents a versatile numerical tool that can be used to understand the behavior of N.
gonorrhoeae on different length scales and allows us to make predictions about the dynamics
of isolated cells and the dynamics of microcolonies. Highlights of the applications of our
model include the detailed analysis of the dynamics of merging microcolonies and the
understanding of the mechanisms responsible for the emergence of heterogeneous motility
of cells within the colonies. Without tuning the model for a particular experimental
condition, we obtain a qualitative agreement with experiment studies ranging from
individual cells to colonies of several thousands of cells. For example, we can study the
motility of colonies on a substrate or the differential motion of cells within a microcolony.
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This paper is organized as follows. We present the computational model in section 2 and first
use the model to describe the matility of an individual cell on a substrate (see section 3.1).
We then turn to the motility of microcolonies on a substrate as a function of their size (see
section 3.2). In section 3.3, we investigate the dynamics of individual cells within a
microcolony and the structural properties of microcolonies. We show how the observed
heterogeneity affects the dynamics of colony merging in section 3.4. In section 3.5, we study
the self-assembly of multiple microcolonies on a surface and discuss the demixing of normal
cells and a mutant having altered pili properties.

2. Computer model

Our model describes the interactions of individual cells by pili and is based on the current
knowledge of the pili dynamics and their mechanism of force generation. Almost all
parameters of the model can be determined experimentally (see below). In particular, in our
model we describe the interactions of single cells via the binding of their individual pili to a
substrate and to pili of other cells. By modeling the pili as dynamic springs that can
protrude, retract, attach and detach, we can compute the forces acting on the cells and the
resulting dynamics of single cells and microcolonies. The core properties of the model are
discussed below while further details can be found in the supplementary information (see
section S4).

2.1. Geometry of an individual cell and free pili dynamics

The bacterium Neisseria gonorrhoeae has the shape of two overlapping spheres, referred to
as a diplococcus (see figures 1(A) and (C)). We reconstitute the shape of cell 7 in silico by

two spheres, called cocci (a) and (b), each with a radius /R and positions of their centers r§a>
and r{"). The two spheres are fixed at a distance d = |r{®) - r{’| [22]. The center of mass

(COM) of cell /is defined as (™ = (r® + r{")/2.

A pilus is modeled as a spring, which is characterized by two points, its start point on the
surface of a cell and an end point (see figure 1(A)). The contour length of the pilus is the
distance between these two points. The characteristic length of a pilus is £y = 1.2 um [22]
and it is considerably smaller than the persistence length f, = 5.0 xm [26], making it
semiflexible.

An average cell possesses around 10-20 pili [22, 27], which are continuously assembled and
disassembled. There is evidence that the number of pili is not only limited by the available
number of monomers inside of the bacterial membrane, but instead the number of domains
responsible for pili and their cycles of protrusion and retraction [28]. Thus, there is a
maximal number of pili A4, In our model, we describe the dynamics of pili protrusion and
retraction as a stochastic process. Pili begin to assemble randomly with a rate A, until a cell
has a maximal number of pili, Aj,. The start point of the pilus &is randomly distributed on
the surface of the diplococcus. Each pilus & protrudes perpendicularly from the surface of
the diplococcus cell with a velocity Vyro. The pilus switches from a protrusion state to a
retraction state with a probability that corresponds to a rate A.et. The speed of retraction of
each free pilus Kt is constant. If the end point of a perpendicularly protruding pilus is inside
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of the substrate, it will slide along the substrate. Additionally, there is no volume exclusion
of pili and cells in our model. If the contour length of a free pilus has shrunk to zero, the
pilus is removed.

2.2. Attachment to substrate or other pili

Pili can attach to the substrate or bind to pili of other cells. In our model binding to the
substrate can occur after the pilus has touched the surface of the substrate. The binding
dynamics is described by a stochastic process characterized by the rate Ag,,. Once a pilus
binds to the substrate it will attach with its end point to the surface of the substrate.

Pili are able to attach to pili of other cells, but not to the surface of the cells, as has been
shown experimentally for N. gonorrhoeae [29]. To identify the contact point between two
pili, we assume that one pilus swipes through a certain region in space due to thermal
fluctuations (orange region in figure 1(B)). An approximation to this region is given by the
solution to the beam-equation of a semiflexible rod [30]. Once another pilus overlaps with
the region of the beam both can bind with a rate A;j. The position of the binding point of the
pili is randomly chosen on the intersection line of the pilus and the beam region (see figures
1(B) and (C)). Subsequently to a binding event of two pili or between a pilus and the
substrate, each pilus begins to retract. While there is no direct evidence that pili binding
triggers the retraction, it was suggested before [28, 31] and we make this assumption in the
model.

2.3. Pili forces

Pili elongate and retract due to the assembly and disassembly of its subunits within the
membrane of the cells [28]. The molecular motor PilT, involved in the disassembly, is able
to produce pulling forces up to 100-180 pN [32]. In order to include this behavior in our
model, pili are modeled as Hookean springs with a spring constant Ay [33].

To compute the corresponding forces of actively pulling pili, we introduce a second length
next to the contour length, the so called free length. It corresponds to the length of a pilus if
it were not attached to the substrate or another pilus and thus the spring would not be under
tension. While the free and the contour length of a pilus are equivalent for a non-attached
pilus, in case of attachment to the substrate or another pilus, they do not need to be equal.
While the contour length solely depends on the motion of the cells and the position of the
pilus start and end points, the free length of the pilus is changed due to its retraction. From
the difference between the contour and the free length one can compute the pulling force of
a pilus (see supplementary information section S2). Similar to many other molecular motors,
i.e. kinesin [34] or RNA polymerase [35], the PilT motor exhibits stalling. This means that
the retraction velocity of a pilus A depends on its pulling force [32]:

U,(Cret)(F ) = max

F
0, (1 - —)] . 1
ret Fstall ( )

Here, Fis either the absolute value of the pili—pili-forces F = ‘Fﬁcpp)|, or the absolute value of

a force resulting from an attachment to the substrate F = |F§cps) . Fsta1 is the stalling force and
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it determines the characteristic pulling force of a pilus [32]. Although each pilus motor
operates independently, pili can simultaneously engage in pulling, thus providing a
cooperative and additive effect, similar to what was previously reported for pili bundles [36].

The pulling force also affects the detachment probability of the pilus (forced unbinding). For
the pili-substrate and pili-pili-bonds the detachment rates Aqsyp and Aq pj) are given by

1 F

Ad,sub(F) = Td,subexp( Fd,sub)’ 2
1 F

Ad pitl(F) = mexp(m)- ®3)

Here, Fqsup and Fy pj are the corresponding characteristic detachment forces, 7 syn and

74 pil are the characteristic detachment times. The probability At for a pilus to detach
during a small time interval Atzis then Pget = Aget AL After detachment, the free pilus is able
to rebind again to the substrate or other non-attached pili.

2.4. Cell forces and motility

The interplay of pili-mediated and excluded volume forces leads to translation and rotation
of the cells. The forces acting on the cells are visualized in figure 2. An intersection of two
cocci of two different cells causes a repulsive force, which we describe as a simple harmonic

force. The total force acting on the COM r{®™ of cell /results from multiple contributions:
excluded volume forces F&CS) due to the intersection of the coccus j (of cell /) and the
substrate (see figure 2(A)), excluded volume forces ngc) due to cells joverlapping with cell 7
(see figure 2(B)), forces of all pili kemerging from the cell and being attached to the

substrate FECPS) (see figure 2(C)) and forces of all pili Aemerging from the cell attached to

other pili KPP’ (see figure 2(D)):

F[(tot) _ ZFlgic) n ZFE'CS) " ZFgcpS) " ZFgcpp)' @
] K K

J

Here, we only sum over the cocci and the pili of cell /. The velocity of cell /is related to the
force by a friction coefficient f4ans in the overdamped limit [37]:

drcom _ dr(® B dr{® _
ar =Ta - a Htrans

thot) ] 5)

The rotation of the cell 7is described in a similar manner. The total torque is given by

T = 3 dl? x F§9 + 3 < F + Y dP < B + Y PP < B o
J Jj k k
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Again, we only sum over the cocci and the pili of cell /. The vectors dgjc), dg-cs), dg’s) and
dg’p) are visualized in figure 2 and represent the vectors from the COM of the cell towards

the point at which the forces act. The total torque allows to compute the angular velocity

0; = prot T, ™)

which describes how the cocci positions and the pili start and end points rotate around the
COM r{¢®™ of the cell. Here gy is the rotational mobility.

2.5. Simulation details and parameters

Our simulations were performed on the local computing cluster consisting of x86-64 GNU/
Linux systems of the Max Planck Institute for the Physics of Complex Systems. The code
was written in C++ and parallelized on CPU by using the library OpenMP. More details are
given in section S2 in the supplementary information. In the simulations, the Euler algorithm
with the time step At=5 x 107 s is used to solve the equations of motion (see equations (5)
and (7)). We have checked that higher order schemes produce comparable results but do not
provide any noticeable speedup.

Our model in total contains 19 parameters. 13 of those parameters (see table 1) are either
known from literature or affect the outcome only weakly, i.e. the excluded volume constants
ke and kg (as long as they are large enough to reduce overlapping of the cells) [38]. Below,
we show that the excluded volume constant A does not affect the results when varied in
broad range. For the pilus production rate A, we picked a value that is in the order of
previously published values [23]. The translational and rotational mobilities were chosen to
be of the order of the mobility of a sphere with a diameter of 1 m moving in a liquid which
is roughly 10 times more viscous than water. Increasing the viscosity of the surrounding
medium allows us to increase the simulation time step and thus speed up the simulation. We
expect no alteration of the simulation results because for the used mobility f4rans @ Small net
force of 2 pN is sufficient to create a motion of the cell with a velocity comparable to the
retraction velocity V¢ of a pilus. For a viscosity similar to that of water, a force of only 0.2
pN is required. Both force values are much smaller than the characteristic forces of
individual pili of the order of 100 pN. Additionally, for both viscosities only a few pili are
required to produce pulling forces that correspond to the motion of large colonies consisting
of up to thousands of cells with a velocity similar to the retraction velocity V. The
remaining parameters were sampled to explore the behavior of the model (see table 2 and
section S4 in the supplementary information).

For this paper we picked two different parameter sets characterizing the strength of the
interactions between pili (see table 3). We refer to them as strong and weak characterized by
different pili—pili-detachment forces /4 pjj. The strong parameter set has a larger detachment
force (360 pN), thus a larger force needs to act on a pilus in order to allow the bond to
detach. For the weak parameter set, the corresponding detachment force is smaller (120 pN).
While the strong parameter set is compatible with the experimental data on N. gonorrfioeae,
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weaker interactions may enable us to describe the behavior of other bacteria, for example N.
meningitidis.

We have also chosen to represent the range of substrate interactions by two parameter sets, a
strong and a weak one (see table 4). This is motivated by the use of different substrates (i.e.
glass or plastic) and corresponds to different values of the pili-substrate detachment force

F4 sub ranging from 10 to 180 pN [27, 33, 39]. Different substrates may alter the motility of
individual cells and microcolonies. Detailed information about the data analysis of the
results are given in the supplementary information in section S5.

Although the pili-pili detachment forces £q pj) in the order of 20-80 pN have been measured
[27, 29], we used parameters (see table 3) that are larger roughly by a factor of 4. This
choice was required for our model to be consistent with the existing experimental data on
microcolony behavior (see section 3.4). There are several possible reasons for slightly higher
detachment forces in our model. The exact detachment force between pili will depend on the
geometric configuration of the two interacting pili. The ability of pili to form multiple
attachments, i.e. in the form of bundles over some length [23, 36], increases the stability of
the resulting cell to cell binding. Thus within the binary pili interaction approach an
increased pili stability might require a higher detachment force. Additionally, V.
gonorrhoeae can undergo pilin antigenic variations which affect the binding properties of
pili and thus can alter the strength of pili—pili- and pili-substrate bonds. Thus, the exact pilin
sequence needs to be controlled in experiments [22, 40]. Finally, the reported pili stalling
forces vary in the range of 100-180 pN.We have chosen the maximal value of the stalling
force K. For a lower stalling force of 100 pN, a correspondingly smaller detachment force
of 50 pN would produce similar results to our weak parameter set, characterizing the pili—
pili interactions. For completeness, we will also provide simulation results for the
combination Ay pjj = 50 pN and Fga)) = 180 pN (see below).

3. Results

The proposed model allows us to investigate the dynamics of N. gonorrhoeae and other
bacteria using type IV pili on different scales, from individual cells to multiple colonies.

3.1. Surface-motility of a single cell

Previously, we have studied the pili-mediated motility of individual bacteria on a substrate
[22]. For example, we observed a bimodality of the velocities and a pronounced correlation
between the direction of motion and the orientation of the cell body [22]. Additionally, cells
seem to exhibit a persistent motion on length scales larger than the average pili length [23,
27], thus suggesting cooperative interactions of multiple pili.

In agreement with previous work [22], in our model we also observe a bias towards 90° for
the angle between the cell orientation and direction of motion for a wide range of parameters
(see figure 3(A)). This effect was attributed to the geometry of the cell: more pili are
involved in pulling on the longer side of the cell. Additionally, we can study the histogram of
cell speeds (see figure 3(B)) for which a bimodal behavior has been shown previously. The
velocities result from the displacement of cells in the plane tangential to the substrate (see
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section S5.1 in the supplementary information). We observe a peak at zero velocity,
corresponding to either a lack of pili attached to the substrate or a high number of attached
pili pulling against each other in a situation similar to a tug-of-war [23]. For weak substrate
interactions, we detect a peak around 2 zm s~1 in the distribution of velocities,
corresponding to the pulling of a single pilus, for which we set 14¢; = 2 £m s~1. No such peak
can be seen for stronger interactions (see figure 3(B)). For this parameter set (strong), we
observe a reduction of the average velocity. By computing the average number of actively
pulling pili, we observe an increase in the number of pili participating in the tug-of-war (see
figure 3(C)). We suggest that this increase is the reason for the absence of a peak around 2
4m s~ The probability of the attachment of only a single pilus to the substrate is lower
compared to the case of weaker interactions. Thus, it is more likely that a higher number of
pili is actively pulling, which corresponds to smaller mean velocities (see figure 3(D)). The
dependence of the velocity and the pili number is robust against the use of different
parameter sets (see figure 3(D)) and it decreases for an increasing number of pili.

Moreover, we observe a non-trivial behavior of the velocity autocorrelation function C (z),
which can be well described by a double-exponential form (see figure 3(E)):

C(r)=(v(t+1)-v()); = v% . exp(—T—T]) + U% . exp(—%). (8)

The short correlation times z; of the order of 0.1 s reflect rapid reorientations of cells due to
newly attaching and detaching pili, while the longest times z, reflect a persistence of motion
on the time scale of several pili cycles (see table S1 in the supplementary information). The
larger time z, captures the crossover time between the super-diffusive to diffusive scaling of
the mean squared displacement (see figure 3(F)).

Altogether, our results show that the number of bound pili, which is influenced by the
properties of the substrate, determines the cell motion on the substrate. Increasing the
number of pili or the strength of their attachment decreases the average speed of cells.
Stronger attachment also leads to longer periods of persistent motion.

3.2. Surface-motility of a microcolony

During the infection process of N. gonorrhoeae, the interplay between the forming
microcolonies and the substrate (see figure 4(A)) plays an essential role [4]. One of the
major mechanisms of how colonies grow is the coalescence of two smaller colonies [19]
(see section 3.4 in the supplementary information). However, the precondition for
coalescence is that colonies are close to each other. Therefore, they use pili to move over the
substrate and find their merging partners just like individual cells.

To study the motility of microcolonies over a substrate, we initiated individual spherical
colonies attached to a substrate for different values of the detachment forces and times of
pili-substrate bonds (see figure 4(B) and section S4.2 in the supplementary information). By
measuring the mean squared displacement of differently sized colonies as a function of time,
we calculated their diffusion constants as a function of the colony size (see section S5.2 in
the supplementary information). In agreement with experiments [19], we observe a scaling
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D o R with a > 1(see figures 4(C), (D) and figure S1 in supplementary information).
Thus, larger colonies exhibit a decreased motility. Furthermore, we observe that the
diffusion coefficients have the same order of magnitude as the values previously measured
for the motion of colonies on a glass surface [19]. Moreover, we observe a correlation
between the decrease of the diffusion coefficient and an increase of the number of attached
pili (see figure 4(E)). This behavior originates from the same mechanisms as the decreasing
velocity of individual cells with an increasing number of pulling pili (see section 3.1). The
more pili participate in the tug-of-war, the more the colony is trapped and the weaker is its
motility.

Besides the motility of microcolonies moving over a substrate, our model also enables us to
study the ‘wetting’ behavior of microcolonies [42]. Experiments show that N. gonorriioeae
colonies on a substrate maintain an almost spherical shape (see figure 4(A)). The shape of
the colony results from a competition between the interactions of cells within the colony and
the interactions of the colony with the substrate. This is confirmed in our simulations, where
we observe an almost spherical shape of colonies for strong pili—pili-interactions (see figure
4(F) and section S5.2 in the supplementary information). This shape is altered for an
increasing interaction strength with the substrate: in this case the colony increases its contact
area with the surface, which is reminiscent of partial wetting.

To summarize, we observe a decreasing diffusion coefficient of microcolonies on a surface
as a function of their size, in agreement with previous experimental measurements [19].
Additionally, we can employ our model to study the shape and the wetting behavior of
microcolonies as a function of their substrate interactions. In the future, we can also study
the effects of external forces or flows.

3.3. Internal dynamics of individual colonies

By considering ‘wetting’ of colonies on the substrate, we implicitly assumed that the
microcolonies were liquid-like. To scrutinize this assumption, we investigate the behavior of
individual cells within a colony. By measuring the time-averaged mean squared

displacement 5(z) = <[r§°°m>(t +7) —r{com (t)]2> of the trajectories of individual cells in our
t

model, we can confirm the experimental observation that cells at the colony boundary are
significantly more motile (see figures 5(A), (B) and S2, section S5.3 in the supplementary
information). To determine the characteristic length scale dy,q Of the gradient of the
diffusion coefficient, we can use an exponential fit to the dependence of D on the distance
from the colony center dgom,

d
D(deom) = Do + Drexp(ﬁ) . )

Here, Dy corresponds to a random motion of the cells independent of the position within a
colony, O characterizes the magnitude of the gradient of the diffusion coefficient and dyraq
the characteristic length of the motility gradient.
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Independently of the interaction strength and the size of the colony (if colony size exceeds
the characteristic length of the motility gradient) we observe a characteristic length of about
1 m (see table S2 in the supplementary information). This value is of the order of the size
of a single cell and of the average length of the pili. The ratio of the characteristic pili length
and the size of the cells affect the interaction range of the pili-mediated cell—cell
interactions. The magnitude of the diffusion constant O is strongly affected by the chosen
parameters. For weak detachment forces of pili—pili connections Ay syp, the diffusion
coefficient shows a considerable increase (at least one order of magnitude) compared to the
parameter set representing strong detachment forces. Thus, cells with weaker interactions
are more motile, which may correspond, similarly to the surface-motion of cells (section
3.1) and colonies (section 3.2), to a reduced number of actively pulling pili per cell. A cell
possesses less actively pulling pili for a higher detachment probability. To test this idea, we
compute how many pili a cell possesses as function of its radial position inside of a colony
and how many of those pili are creating a non-zero pulling force (see figure 5(C)). For the
chosen parameter sets, we do not observe any change in the total number of pili per cell
along the radial position inside the colony, which is almost the same as the maximal number
of pili A,. This results from the fact that the mean life time of the pili is considerably larger
than the time scale corresponding to the pili production rate A, = 15 Hz (see figure 5(D)). A
more interesting behavior is observed for the number of actively pulling pili per cell, where
pili actually generate forces due to retractions. For strong detachment forces £ pj, a cell
possesses around 14 actively pulling pili, while for weaker detachment forces this number is
reduced to 10 pili. In addition, we compute the average life time of the pili of a cell and
check how this value depends on the position of the cell within a microcolony (see figure
5(D)). The life time for strong pili—pili interactions increases up to15 s, while it has a value
of around 5 s for weak interactions. These results suggest that the large difference in the
magnitude of the diffusion coefficients as a function of the strength of pili—pili interactions
results from the number of interacting pili and for how long these pili persist.

While we understand differences in the order of magnitude of the diffusion coefficient
between different conditions, the microscopic origin of the spatially dependent gradient of
motility remains unclear. We find that cells at the surface of a colony possess a smaller
number of active pili as compared to cells within the bulk (see figure 5(C)). Furthermore, the
fluctuations of the pili number are larger at the surface of microcolonies (see figure 5(E)).
This means that on average cells close to the surface have less actively pulling pili, but their
number fluctuates stronger than for cells in the bulk of the colonies. These two effects can
contribute to an increase in the motility of cells on the surface. Next to their number, the life
time of pili (see figure 5(D)) decreases near the surface of the colony. This amplifies the
directional fluctuations of pulling events.

In addition to the decrease of active pili bindings and their number fluctuations, a decreasing
density of cells towards the surface of the colony also contributes to the motility gradient. In
our model, we can calculate the cell number density o(dcom) as a function of the distance
from the center of the colony (see figure 5(F)). We can compare it to the density profile of
liquid-liquid or liquid—vapor interfaces, which reads [43, 44]
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dcom - Rcol (10)
—w .

P0
pdeom) = 7 [1 - tanh(

By fitting this function to density profiles obtained from our model, we can estimate the bulk
density pp, the colony radius R and the interface width w [43]. Comparing the values for
different parameter sets (see table S3 in the supplementary information), we observe that for
the same number of cells and strong interactions, the colony shows a higher bulk density pg
=(0.20 £ 0.01) zm~3 and has a smaller radius Ry = (7.97 + 0.02) um, compared to weak
interactions with pp = (0.17 + 0.02) zm=3 and R = (8.19 % 0.02) m. We also estimate the
width of the interface w, which has a value of (0.16 £ 0.04) um for strong pili—pili-
interactions and (0.41 £ 0.06) um for weak pili—pili-interactions (see table S3 in the
supplementary information). Thus, weaker interactions increase the interfacial width of the
cell densities. Altogether, the higher density reduces the motility of the cells by reducing the
volume in which a cell can move freely. The pronounced peak observed for cells on the
surface of microcolonies characterized by the strong parameter set originates from the
nematic order of the diplococcus-shaped cells close to the colony surface (see figure 5(F)).
To determine the nematic order parameter, we computed the angle a between the axis
connecting the two cocci and the vector pointing from the center of the colony to the cell
position. The nematic order parameter is given by [45]:

. cos2y —
S=<3 cosza 1>' 1)

We observe an overall random distribution of cell directions inside of the colony, with a
nematic order parameter Sclose to 0 and a bias towards a tangential orientation of cells
close to the surface with S< 0 (see figure 5(H)). This bias results from the purely attractive
nature of the pili-mediated forces: a cell favors orientations which maximize the number of
pili—pili interactions. Within a microcolony, the distribution of cells is isotropic and thus no
preferred cell orientation exists that maximizes the number of attached pili. However, this is
different at the surface of the microcolony where cells can align tangentially to the colony
surface to increase their number of pili bindings. In summary, a colony characterized by the
strong parameter set is very dense and has only a small interfacial width, where cells tend to
align parallel to the surface.

In order to test if a solid-like behavior of bulk cells might be the reason for the observed
oscillations in the cell number density (see figure 5(F)), we computed the radial pair-
correlation function g(7). If the colony possesses solid-like properties, we would expect to
see distinct correlations between the cell positions for strong interactions and less
pronounced correlations for weaker interactions. Instead, we observe an almost identical
shape of the pair correlation function for the two selected parameter sets (see figure 5(G))
with correlations only reaching up to 3—-4 zm, corresponding roughly to the next neighbors
distance. Therefore, the colonies still exhibit liquid-like behavior. This observation is
consistent with a diffusive behavior of the mean-squared displacements of the cell
trajectories within microcolonies (see figure S2 in the supplementary information).
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Ultimately, all of the processes described above are linked to the distribution of forces
generated by the attached pili. In our model, every cell is subjected to friction, pili-mediated
and excluded volume forces which strictly balance each other. The motion of the cells is thus
caused by the sum of the pili-mediated and the excluded volume forces, which we refer to as
net force. We can split the net force acting on each cell into a component normal and
tangential to the surface of the colonies. The mean values of these forces are always close to
zero (see figures S3(B) and (C) in the supplementary information), due to the balance of the
repulsive excluded volume forces and the attractive pili—pili forces. Remarkably, the
standard deviation of the net forces (see figures 5(H) and (1)) exhibits a pronounced gradient
for a wide range of parameters, with larger values at the surface of the colonies. This
observation is most likely connected to the increased fluctuations of the number of attached
pili close to the surface for both parameter sets and the decreased number of actively pulling

pili.

The most important observation characterizing the internal dynamics of N. gonorrhioeae
microcolonies is the existence of a gradient of motility in which cells on the surface are
more motile than cells in the bulk of a microcolony. We found that this gradient correlates

with gradients in the number of actively pulling pili and forces that are acting on the cell.
The interplay of all these effects contributes to the appearance of the motility gradient.

For the case of smaller pili—pili detachment forces £q pjj = 50 pN (see [27, 29]), the cells
within a colony are more motile than for the weak parameter set (see figure S5).
Additionally, we checked how different values of A affect the properties of the
microcolonies and observe that for a broad range of values the outcome is not affected (see
figure S7).

3.4. Coalescence of two microcolonies

Up to now we have only considered individual cells of large bacterial colonies leaving aside
the questions of how these colonies form and grow. In N. gonorrhoeae, the growth of
microcolonies is driven mostly by bacterial self-assembly, while the proliferation of cells
contributes only very little to growth [19]. An important step during the formation of a larger
microcolony is the coalescence of two individual microcolonies of smaller size [19]. This
process includes rearrangements of cells within the merging colonies and is thus highly
affected by the internal properties of microcolonies, as described in 3.3.

To get a deeper understanding of the processes that drive the merging in our model, we
studied the coalescence of two /7 silico colonies (see figures 6(A) and (B)) consisting of
1000 cells each. During the coalescence, the contact area that forms between the two
colonies is called a bridge (see figure 6(C)), in analogy to a liquid bridge of coalescing
liquid droplets. We observe that the initial closure of the bridge occurs within the first few
seconds, which is the time required for the pili to pull colonies together (see figures 6(A)—
(C)). In order to quantify this behavior, we measured the bridge height, the axial symmetric
diameter of the bridge (see figure 6(C) and section S5.4 in the supplementary information).

In addition to the closure of the bridge, we also study the relaxation of the microcolonies
towards a spherical shape. For this, we fit an ellipse to the cross section of the microcolony
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and compute the ratio y of its shorter and longer axis (see section S5.4 in the supplementary
information and figure 6(D)). We suggest that the relaxation processes are determined by the
‘two-component’ nature of the colony with more motile cells on the surface and less motile
cells in the bulk. We thus expect that the relaxation times would be sensitive to the overall
size of the colony, by which we alternate the surface to volume ratio. To test this hypothesis,
we modeled the merging of two colonies, each consisting of an equal number of cells
ranging from 50 to 1500 cells. Here, we only consider strong pili—pili interactions. The
relaxation of the axis ratio ) towards 1 can be described by an exponential function with the
characteristic time zojax (See figure 7(A)). We find that the relaxation time as a function of

2
the number of cells in one of the initial colonies follows the scaling z,c1.x o« N3 (see figure

7(B)). The volume of the colony is proportional to the number of cells in a colony, NV o &8
(see figure S4 in the supplementary information) and thus for the relaxation time zgjay & A2.
Hence, the relaxation time is proportional to the surface area of the colonies. We can use this
result to check the scaling of the bridge height as a function of time during coalescence.
Therefore, we compute the bridge height as a function of time for different colony sizes and
rescale the time by the characteristic relaxation time proportional to the surface area /2.
Additionally, we normalize the bridge to the diameter of the the approaching sphere /i, (see
figure S4 in the supplementary information). Indeed, using these scalings we find that the
relaxation curves collapse (see figures 7(C) and (D)).

We can compare our results to the coalescence of liquid droplets. Coalescence of liquid
droplets is driven by surface tension and thus bridge closure and relaxation to a sphere occur
within similar times [46]. However, we observe that for the experimentally relevant
parameters, the merging of N. gonorrhoeae colonies exhibits two distinct relaxation regimes
[19]. Initially, the two colonies approach each other and close the bridge. This process is
followed by a slower relaxation of the resulting ellipsoid towards a spherical shape. For the
case of very small pili—pili detachment forces £ pjj = 50 pN, we see that it is no longer
possible to find two distinct time scales (see figure S6) and the coalescence proceeds in a
more liquid-like manner.

3.5. Self-assembly of microcolonies on a surface

The surface-motility of individual cells and microcolonies, the internal dynamics of colonies
and their coalescence all play important roles during the assembly of individual cells into
multiple microcolonies on a substrate. Our computational model allows to combine all these
contributions to study the process of self-assembly of microcolonies (see figure 8(A)).
Importantly, we can now ask how the assembly process is affected by altering the dynamics
of pili. What happens if pili are not able to generate forces? Obviously, cells with such pili
would not be able to move and assemble colonies. We can, however, consider a mixture of a
mutant (particularly an existing ApilT mutant cell for which the motor is unable to retract the
pilus) and the wild-type cells in 1:1 proportion. Remarkably, we observe that the non-pulling
cells are incorporated into the colonies, however these cells accumulate at the surface of the
microcolony (see figures 8(B)—(D) and 9).

We can quantify, by computing the alpha shape (see section S5.5 in the supplementary
information) of the cocci positions of the sum of wild-type and mutant cells, which cells
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belong to the surface of the colony and which cells belong to its bulk. By comparing the
ratio of bulk cells versus surface cells for the wild-type and the mutant cells, we confirm our
observation quantitatively (see figure 9) and can relate it to previous experimental data [29].
The demixing of cells with different pulling forces is consistent with the differential
adhesion hypothesis, which explains the separation of two different cell populations in an
agglomerate of cells based on a difference in the adhesive interactions of the cells [47-49].
However, in our system there is no difference in the passive adhesive properties of cells, but
instead our bacterial cells differ in their ability to retract their pili and thus there is a
difference in active force generation.

4. Discussion

In this work, we presented, to our knowledge, the first computational model of
microcolonies consisting of single cells that are interacting mechanically via individual pili.
Within this model, we computed the forces originating from the pulling of pili attached to a
surface and to pili of other cells. The pili-mediated force generation drives a wide range of
processes relevant to . gonorrhoeae bacteria, ranging from the surface-motion of single
cells and colonies to the formation of larger colonies due to interactions of smaller ones. Our
findings might have implications for a better understanding of the gonorrhea infection, as the
microcolonies of N. gonorrhoeae are also the infectious units of the disease. By proposing
this quantitative model of early biofilm formation in N. gonorrhoeae, we can gain new
insights into how to better control the formation of colonies, for example by altering the
interactions of pili with the substrate or other pili. This model can be modified to encompass
other bacterial shapes or pili characteristics, for example those of Pseudomonas aeruginosa,
Neisseria meningitidis or Neisseria elongata bacteria. We also see several directions in
which the model and its implementation can be further extended. Allowing for multiple pili
intersections, pili bundles and confining pili growth to intercellular volume are the directions
of our future work.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgments

We would like to thank Stefan Diez, Frank Julicher, Yen Ting Lin, Guillaume Dumenil and Andre Scholich for
fruitful discussions and would like to acknowledge the technical help from Luis Santos. We would like to thank
Alexander Mietke for proof-reading the manuscript. W P kindly acknowledges support from the IMPRS-
Celldevosys (International Max Planck Research School for Cell, Developmental and Systems Biology).

References

[1]. Johnson LR 2008 J. Theor. Biol 251 24-34 [PubMed: 18083198]

[2]. O’Toole G, Kaplan HB and Kolter R 2000 Annu. Rev. Microbiol 54 49-79 [PubMed: 11018124]

[3]. Garrett TR, Bhakoo M and Zhang Z 2008 Prog. Nat. Sci 18 1049-56

[4]. Higashi DL, Lee SW, Snyder A, Weyand NJ, Bakke A and So M 2007 Infect. Immun 75 4743-53
[PubMed: 17682045]

[5]. Trautner BW and Darouiche RO 2004 Am. J. Infect. Control 32 177-83 [PubMed: 15153930]

[6]. Townsin R 2003 Biofouling 19 9-15

New J Phys. Author manuscript; available in PMC 2021 May 19.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Pdnisch et al.

Page 15

[7]. Galil N and Levinsky Y 2007 Desalination 202 411-7

[8]. Haiby N, Bjarnsholt T, Givskov M, Molin S and Ciofu O 2010 Int. J. Antimicrob. Ag 35 322-32
[9]. Wall D and Kaiser D 1999 Mol. Microbiol 32 01-10

[10]. Harshey RM 2003 Annu. Rev. Microbiol 57 249-73 [PubMed: 14527279]

[11]. Jin F, Conrad JC, Gibiansky ML and Wong GCL 2011 Proc. Natl Acad. Sci. USA 108 12617-22
[PubMed: 21768344]

[12]. Charles-Orszag A, Lemichez E, Van Nhieu GT and Duménil G 2016 Curr. Opin. Cell Biol. 38
31-7 [PubMed: 26849533]

[13]. Toma C, Kuroki H, Nakasone N, Ehara M and Iwanaga M 2002 FEMS Immunol. Med. Microbiol
33 35-40 [PubMed: 11985966]

[14]. Maier B and Wong GC 2015 Trends Microbiol 23 775-88 [PubMed: 26497940]

[15]. Maier B, Potter L, So M, Seifert HS and Sheetz MP 2002 Proc. Natl Acad. Sci. USA 99 16012-7
[PubMed: 12446837]

[16]. Todd WJ, Wray G and Hitchcock P 1984 J. Bacteriol 159 312-20 [PubMed: 6145701]

[17]. Klausen M, Heydorn A, Ragas P, Lambertsen L, Aaes-Jgrgensen A, Molin S and Tolker-Nielsen
T 2003 Mol. Microbiol 48 1511-24 [PubMed: 12791135]

[18]. Imhaus AF and Duménil G 2014 EMBO J 33 €201488031

[19]. Taktikos J, Lin YT, Stark H, Biais N and Zaburdaev V 2015 PLoS One 10 0137661 [PubMed:
26355966]

[20]. Weber CA, Lin YT, Biais N and Zaburdaev V 2015 Phys. Rev. E 92 032704
[21]. Unemo M and Nicholas RA 2012 Future Microbiol 7 1401-22 [PubMed: 23231489]

[22]. Zaburdaev V, Biais N, Schmiedeberg M, Eriksson J, Jonsson AB, Sheetz M and Weitz D 2014
Biophys. J 107 1523-31 [PubMed: 25296304]

[23]. Marathe R. et al. 2014; Nat. Commun. 5:3759. [PubMed: 24806757]

[24]. Hellweger FL, Clegg RJ, Clark JR, Plugge CM and Kreft JU 2016 Nat. Rev. Microbiol 14 461-
71 [PubMed: 27265769]

[25]. Yan J, Sharo AG, Stone HA, Wingreen NS and Bassler BL 2016 Proc. Natl Acad. Sci. USA 113
201611494

[26]. Skerker J and Berg H 2001 Proc. Natl Acad. Sci. USA 98 6901-4 [PubMed: 11381130]

[27]. Holz C, Opitz D, Greune L, Kurre R, Koomey M, Schmidt MA and Maier B 2010 Phys. Rev. Lett
104 178104 [PubMed: 20482147]

[28]. Chang YW, Rettberg LA, Treuner-Lange A, lwasa J, Sggaard-Andersen L and Jensen GJ 2016
Science 351 aad2001 [PubMed: 26965631]

[29]. Oldewurtel ER, Kouzel N, Dewenter L, Henseler K and Maier B 2015 EL.ife 4 10811 [PubMed:
26402455]

[30]. Howard J 2001 Mechanics of Motor Proteins and the Cytoskeleton (Massachusetts: Sinauer
Associates, Inc.)

[31]. Clausen M, Koomey M and Maier B 2009 Biophys. J 96 1169-77 [PubMed: 19186152]
[32]. Maier B 2013 Soft Matter 9 5667-71

[33]. Biais N, Higashi D, Brujic J, So M and Sheetz M 2010 Proc. Natl Acad. Sci. USA 107 11358-63
[PubMed: 20534431]

[34]. Hunt AJ, Gittes F and Howard J 1994 Biophys. J 67 766-81 [PubMed: 7948690]

[35]. Wang MD, Schnitzer MJ, Yin H, Landick R, Gelles J and Block SM 1998 Science 282 902-7
[PubMed: 9794753]

[36]. Biais N, Ladoux B, Higashi D, So M and Sheetz M 2008 PLoS Biol. 6 87 [PubMed: 18416602]
[37]. Purcell EM 1977 Am. J. Phys 45 3-11

[38]. Tuson HH, Auer GK, Renner LD, Hasebe M, Tropini C, Salick M, Crone WC, Gopinathan A,
Huang KC and Weibel DB 2012 Mol. Microbiol 84 874-91 [PubMed: 22548341]

[39]. Lu S, Giuliani M, Harvey H, Burrows LL, Wickham RA and Dutcher JR 2015 Biophys. J 108
286575 [PubMed: 26083926]

New J Phys. Author manuscript; available in PMC 2021 May 19.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Pdnisch et al.

Page 16

[40]. Craig L, Volkmann N, Arvai AS, Piqu ME, Yeager M, Egelman EH and Tainer JA 2006 Mol.
Cell 23 651-62 [PubMed: 16949362]

[41]. Einstein A 1905 Ann. Phys 322 549-60
[42]. de Gennes PG. 1985; Rev. Mod. Phys. 57:827.

[43]. Safran S 2003 Statistical Thermodynamics of Surfaces Interfaces, and Membranes Frontiers in
Physics (Reading, MA: Addison-Wesley)

[44]. Chaikin PM and Lubensky TC 1995 Principles of Condensed Matter Physics (Cambridge:
Cambridge University Press)

[45]. de Gennes PG and Prost J 1993 The Physics of Liquid Crystals (Oxford: Clarendon)
[46]. Eggers J, Lister JR and Stone HA 1999 J. Fluid Mech 401 293-310

[47]. Sternfeld J 1979 Development 53 163-78

[48]. Amack JD and Manning ML 2012 Science 338 212-5 [PubMed: 23066072]

[49]. Steinberg MS 2007 Curr. Opin. Genet. Dev 17 281-6 [PubMed: 17624758]

New J Phys. Author manuscript; available in PMC 2021 May 19.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Pdnisch et al.

Page 17

pilus fluid B

end point ™

pilus k /
- pilus
start point

(a)
T
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Figurel.
Schematic representation of pili dynamics and pili-mediated cell-substrate and cell-to-cell

interactions. (A) Sketch of a diplococcus cell (yellow), modeled as two spherical cocci (a)
and (b), on a substrate and surrounded by a fluid (blue). The centers of the two cocci are

described by the position vectors r'® and r'?.. A pilus & (green) protrudes from the surface of
the cell. The protrusion begins at the start point xf) (blue dot) and the end point of the

growing pilus at a certain moment in time is located at the position ng) (red dot). (B)

Illustration of pili-mediated interactions. Pili can bind to the substrate at a specific point
(purple dot). Additionally, two pili can bind to each other. The binding probability is
governed by the intersection of one pilus with a region (orange) obtained from solving the
beam equation for the other pilus. The binding position (brown dot) of both pili is chosen
randomly on the intersection line of the pilus and beam region. (C) Representation of the
three-dimensional shape of the cells sitting on a substrate. The green lines represent the pili
and the cone shows the solution of the beam-equation for a pilus (as discussed in (B)). The
three arrows highlight the cartesian coordinate system, where the red arrow represents the
direction.
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F;gpp)
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Figure2.
Sketch of forces acting on the cell. We distinguish between two different classes of forces,

excluded volume forces (A) and (B) and pili-mediated forces (C) and (D). Excluded volume
forces result from an overlap Adp, of a coccus and a substrate (A) and an overlap of two

cocci (B). Both effects mediate a repulsive force, F&CS) and Fﬁc), that acts on the cell at the
intersecting point given by the vectors d&cs) and dgjc). Similarly, pili mediate forces due to
pili-substrate bonds (C) or pili—pili bonds (D), F" and F{PP), acting at the start points of the

pili, characterized by the vectors dg’“ and PP,

New J Phys. Author manuscript; available in PMC 2021 May 19.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Pénisch et al. Page 19
A 0.04 B 5 C 0.4
Strong 10 Strong @ Strong
Weak Weak ® Weak
€ e
. ST 3 .
£ 0.02 2, 10 z 027 « o
< = = .
a * . .
107 . .
0 o ooo® ®e 0000 8 oo
0 30 60 1 2 0 5 10 15
0] Vv [um/s] N gl
D 15 E . F 10
Strong 10 @ Strong @ Strong |
Weak ® Weak ® Weak
< 102
T 1 »
E N
€
= 2
2 =
v 0.5 6
0
0 5 10 15 10" 108
N pull 7[s] 7 [8]
Figure 3.

Motility of single cells moving over a substrate. Red and blue colors denote weak and strong
parameter sets, respectively (see table 4). (A) Probability density function of the the angles
between the velocity direction of the cell and its orientation (the axis between its cocci). For
both parameter sets there is a preference towards 90°. (B) Probability density function of
absolute velocities of the cell motion. For the weak surface interactions a small peak around
2 1m s~1 is observed. (C) Probability density function of the number of pili producing a non-
zero force due to attachment to the substrate. For strong attachments, the distribution is
shifted to higher numbers. (D) Average absolute velocities as a function of the number of
actively pulling pili. Although the two parameter sets highly affect the dynamics of
individual cells on a substrate, both functions show a similar behavior. While the velocity is
maximal for a single pilus, for higher numbers of pili, it decreases. (E) Velocity
autocorrelation function as a function of time. The black lines represent double exponential
fits (see section S3.1 in the supplementary information) with characteristic times of z; =
(0.08 £ 0.01) s and 7, = (5.05 + 0.40) s for strong interactions and z; = (0.15 £ 0.04) s and
7 = (1.56 + 0.08) s for weak interactions. (F) Mean squared displacement as a function of
time. The black lines represent a linear time dependence, thus describing asymptotic
diffusive behavior. For times £< 10 s, we observe a super-diffusive behavior with exponents
(1.35 + 0.11) for strong interactions and (1.49 + 0.05) for weak interactions (see green
lines).
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Properties of microcolonies on a surface. We only consider strong pili—pili-interactions (see
table 3) and analyze the properties for strong and weak substrate interactions (see table 4).
(A) Microscopic image of the three-dimensional shape of a fixed N. gonorrhoeae
microcolony on a substrate from confocal microscope images (scale bar = 10 ym). (B)
Image of a /n silico microcolony on a surface, defined by z= 0 for weak pili-substrate
interactions. (C), (D) Diffusion coefficient as a function of the colony radius for weak (C)
and strong (D) substrate interactions. The solid black line represents a power law with
exponent —1 (Stokes-Einstein-relation [41]), whereas the dashed line corresponds to a power
law with the exponent —2. Combined with our result that a reduced number of pili increases
the motility of single cells, the initial increase of the diffusion coefficient rises due to the
binary nature of pili—pili interactions in the model. Pili—pili-bundles reduce the number of
available pili-substrate interactions. (E) Number of pili attached to the substrate as a function
of the colony radius. The larger the colony, the more pili are attached to the substrate. (F)

Shape of an individual colony consisting of 1600 cells on a surface (please refer to

supplementary information section S5.2 for details). For stronger pili-substrate interactions
the colony increases its contact area to the surface.
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Figureb.

Internal properties of individual colonies for strong and weak pili—pili-interactions in the
absence of a substrate (see table 3). Vertical dashed lines represent the corresponding radii of
the colonies R by fitting the density profile of cells within the microcolony according to
equations (10). (A), (B) Diffusion coefficient as a function of the distance g;om from the
center of the colony for an individual cell. We observe a strong gradient for both parameter
sets, which can be characterized by equation (9). For the strong and weak parameter sets we
compute characteristic length scales of (0.98 + 0.17) gm (A) and (1.06 + 0.31) gm,
respectively (B). (C) Mean of the number of all pili, and of the pili which generate a pulling
force on cells as a function of g, (D) Mean life time of the pili of cells within a
microcolony. For strong pili—pili interactions individual pili exists for a considerably longer
time. (E) Standard deviation of the number of all pili, and of the pili which generate a
pulling force on cells as a function of gom. (F) Cell number density p of cells as a function
of the distance doy from the center of the colony. The lines represent fits with a tanh-

New J Phys. Author manuscript; available in PMC 2021 May 19.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Pdnisch et al.

Page 22

function, which is also a solution of the interfacial profiles in phase separated binary
mixtures [43]. (G) Pair-correlation function of the centers of cells within a colony. The first
peak consists of two individual peaks resulting from the diplococcus shape of the cells. (H)
Standard deviation of the normal net forces acting on a cell relative to the surface of the
colony. The fluctuations are more pronounced close to the surface of the colony. (I) Standard
deviation of the tangential net forces acting on a cell relative to the surface of the colony.
The fluctuations are stronger close to the surface of the colony.
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Figure 6.
Coalescence of two microcolonies. (A) Merging dynamics of two microcolonies consisting

of 1000 cells each for the parameter set with strong pili—pili interactions (see table 3). (B)
Merging dynamics corresponding to the parameter set with weak pili—pili interactions (see
table 3). (C) Height # of the bridge forming between the two colonies as a function of time
for strong interactions (blue) and weak pili—pili interactions (red). For weaker interactions,
individual cells are more motile and the closure of the bridge takes a few seconds. The inset
depicts the definition of the bridge /4. (D) Axis ratio y = a/b of the short aand the long axis &
for an ellipse fitted to the envelope of the two-dimensional projection of the colony as a
function of time for strong interactions (blue) and weak interactions (red). For a spherical
shape the ratio has a value of 1. Thus, the difference 1 —  relaxes towards 0 and exhibits an
exponential behavior. The inset sketches the ellipse fitted to the cross-section of the colony.
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Figure 7.

Scaling of the merging dynamics. (A) Ratio y of the short and long axis of the ellipse as a
function of time for the coalescence of differently sized colonies. The legend shows the
numbers of cells in the individual colonies. By fitting an exponential function (black lines)
one can extract the relaxation time z1ax as a function of the cell number A. (B) The black
dots show the relaxation times resulting from the exponential fit of the axis ratio as a
function of the cell number. While 715« increases with time, we tested different scalings:

Trelax & M3(green), Trelax « M3 (red) and zejax & A (blue). The extracted values for
Trelax SEEM 10 agree best with zeja & A3, This suggest that the relaxation time is

proportional to the surface area of the colonies. (C) Bridge heights /as a function of time
for different number of cells inside the colony. The legend shows the numbers of cells in the
individual colonies. (D) Rescaled bridge height: the height of the bridge is rescaled by /i =
1.4 - A3 ym and time by the relaxation time zrejax = 15.1 - A23's. The relaxation time is
obtained from 1 — y () (see (A) and (B)). The rescaling for the height /i« corresponds to the
diameter of a spherical colony which is reached at times much larger than the relaxation
time zojax (Se€ figure S4 in the supplementary information). After rescaling all curves
collapse.
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Figure8.

Assembly of microcolonies driven by pili-mediated cell-to-cell interactions. (A) Assembly
of 1200 cells on a substrate with weak pili-substrate interactions and strong pili—pili-
interactions (see tables 3 and 4). After initializing cells homogeneously on the substrate (top
left), colonies begin to form after a few minutes (top center). They grow by single cells
colliding with the less matile colonies. After one hour, almost all cells are assembled into
colonies (top right). (B) Initial mixture of normal cells (yellow) and Apil T mutants (red).
These mutants have pili which cannot pull. (C), (D) Colonies formed after one hour for
strong and weak pili-surface interactions. Stronger pili-surface interactions lead to smaller
colonies. The corresponding initial state is given in (B). The inset depicts a close-up in of a
typical colony and shows that the mutant cells accumulate a the surface of the colony.
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Figure.
Ratio of surface and bulk cells for in silico wild-type and ApilT cells. Initially 1200

individual cells are randomly distributed on a substrate and will form microcolonies within
minutes. We mixed 600 wild-type and 600 Apil T mutants with non-retracting pili and
studied the amount of cells on the surface and within the bulk for both species. (A) Ratio of
in silicowild-type (WT) cells at the surface (orange) and inside of the colony (green).
Surface cells are identified by computation of the alpha shape, see section S5.5 in the
supplementary information. The colonies form such that within 10 minutes, the wild-type
cells can be found preferentially inside of the colonies. (B) Ratio of mutant cells identified
as surface (orange) and bulk (green) cells. A larger fraction of ApilT mutants can be found
on the surface of the colonies.
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Fixed parameters for the simulations. The choice of parameters is motivated by the corresponding references.

Parameter Value Reference
Cocci radius R 0.5 mm [22]
Cocci distance d 0.6 ym [22]
Cell-cell excl. vol. const. k;; 2 x 104 pN gL

Cell-sub excl. vol. const. ks 4 x 10* pN zm1
Translational mobility f4ans 1 mm (s pN)~2

Rotational mobility g 2 (spNyt

Pili persistence length £, 5 um [26]
Pili production rate A, 15 Hz [23]
Maximal pili number Ny 15 [28]
Pili protrusion velocity Vo 2 mst [22,23]
Pili retraction velocity Ve 2 ms [22,23]
Pili retraction rate A g 1.33 Hz [22]
Pili spring constant Ay 2000 pN zm™t [33]
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Table 2.

Parameters which were sampled.

Parameter

Pili pili attachment rate Ap; (Hz)

Pili substrate attachment rate A, (Hz)
Pili substrate detachment force Ay gy, (PN)
Pili substrate detachment time 7y g5 (S)
Pili pili detachment force £ (PN)

Pili pili detachment time 7y (S)
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Table 3.

Parameters of the strong and weak sets characterizing the strength of pili—pili-interactions.

Parameter Weak Strong

Pili pili detachment force Ay i (PN) 120 360

Pili pili detachment time zy i () 50 50
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Table 4.

Parameters of the strong and weak sets characterizing the strength of pili-substrate-interactions.

Parameter Weak Strong
Pili substrate detachment force Ay g, (PN) 180 300
Pili substrate detachment time zy g (S) 10 30
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