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Bacteria Tune a Trade-off between Adhesion and Migration to Colonize Surfaces under Flow
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The bacterial colonization of surfaces is a ubiquitous process that shapes nature and profoundly affects
human health. While much is known about the biology of this process, the pivotal interplay between physical
environment and active bacterial micromechanics remains poorly understood. In fact, strong adhesion and high
motility, both of which are essential for surface colonization, are two apparently contradictory goals, as they
mutually obstruct each other. Here, we investigate how the human pathogen Pseudomonas aeruginosa optimizes
its behavior for colonization of surfaces under flow. From the analysis of the dynamics of fluorescently labeled
type-1V pili, we construct a mathematical model that quantitatively connects individual motor dynamics with
whole-cell motility and migration. The data analysis also reveals that cells upregulate the number of visible
pili on surface contact, although individual pili do not display a measurable sensory response to surfaces.
When applying shear flow, we unexpectedly find that robust sticking to a surface requires passive surface
adhesion rather than pilus activity. Instead, pilus activity actually promotes cell detachment while enabling
migration. Using genetic perturbations of the pilus apparatus, it is shown that wild-type cells achieve a trade-off
between adhesion and migration by limiting the number of pili. Simulations reveal a generic underlying trait
space, where, depending on the interplay of active and passive forces, adhesion and migration are either
compatible or a trade-off is required for efficient bacterial surface colonization. The discovered adhesion-
migration problem is paradigmatic of a broad class of piliated bacteria and may also have implications for other

cells.

DOI: 10.1103/PRXLife.2.023003

I. INTRODUCTION

Most biological processes involving cell migration funda-
mentally depend on how cells balance static adhesion and
migration. Examples include the epithelial mesenchymal tran-
sition, cancer metastasis [1,2], immune-cell migration [3],
and bacterial infection [4—7]. In the case of bacteria, strong
adhesion to surfaces is required for the formation of me-
chanically robust biofilms. However, surface migration may
also be required to explore the environment and to produce
dynamic biofilm structures. How can adhesion and migration
be optimized simultaneously? We study this generic problem
by focusing on the paradigmatic surface migration of Pseu-
domonas aeruginosa [see Fig. 1(a)].
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P. aeruginosa is an opportunistic pathogen and the
causative agent of various nosocomial infections. Its promi-
nent role as a pathogen is predicated on its ability to colonize
a wide variety of environments, including medical catheters,
food, and host tissues. P. aeruginosa employs dynamic ex-
tracellular filaments called type-IVa pili (T4P) to migrate on
these surfaces [8—12] [see Fig. 1(b)]. T4P-driven motion is
called twitching. The filaments are anchored to a molecu-
lar machinery in the cell envelope, where the ATPase PilB
drives pilus polymerization, while pilus retraction is driven
by the ATPases PilT and PilU [13]. When pili attach to the
extracellular environment, retraction generates a pull with
measured stall forces around 30 pN and maximum forces
around 150 pN [14]. Extracellularly, P. aeruginosa T4P attach
to most anorganic or organic materials, including glass and
hydrogels, with reported bond strengths up to 95 pN [15].
Thus, T4P-driven migration requires sequential attachment,
retraction, and detachment of filaments. While the dynamics
of freely extending and retracting T4P are well characterized
[16], the stochastic interaction of T4P with surfaces during the
twitching process is hardly understood.

Pseudomonas is often found in environments where shear
forces are present, such as in the urinary tract or in medical
tubing (see, e.g., [17-19]). How P. aeruginosa adheres to a
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FIG. 1. (a) Migrating cells under mechanical shear have to balance attachment and detachment to remain at the surface. Can cells simulta-
neously optimize migration and surface adhesion? (b) Live-cell imaging of labeled type-1Va pili (T4P) of P. aeruginosa for quantification of
extension-retraction dynamics during migration. (c) ApilA mutants devoid of T4P stick to the surface under shear flow. Fluid shear stress is

1 Pa.

surface under such conditions is a topic of current research.
Surface adhesion of bacteria can be quantified by application
of hydrodynamic shear forces in micrometer-size flow chan-
nels. Such experiments have shown that the surface residence
time of P. aeruginosa can increase under application of small
shear forces [20,21]. For the PA14 strain, flow can also align
cells with the T4P pointing upstream, and this orientation re-
sults in migration against the flow direction [22]. However, we
find that immobile mutants without T4P also stick to surfaces
under flow [see Fig. 1(c)]. Such passive surface adhesion of
P. aeruginosa may depend on various factors that are not yet
fully characterized [23]. For the PAO1 strain, exopolysaccha-
rides encoded in the pel and ps/ gene clusters contribute to
surface adhesion [24-26]. Psl is believed to provide robust
cell-surface attachment [27,28], while the additional presence
of Pel reportedly results in shorter-range forces that can at-
tach cells tightly to surfaces [29]. Furthermore, adhesion is
mediated by other matrix proteins such as CdrA, which is
an extracellular adhesin that is coregulated with Pel and Psl.
CdrA promotes bacterial aggregation and biofilm formation
on surfaces by binding to Psl, but likely also serves as a
exopolysaccharide-independent adhesin. Even another class
of passive adhesins are Cup fimbriae [30]. However, cup genes
are described as poorly expressed in the PAO1 strain under
standard laboratory conditions [31,32]. Finally, physicochem-
ical forces, such as van der Waals forces and the hydrophobic
effect, mediate adhesion to certain substrates [33]. Although
passive adhesion mechanisms are clearly central for biofilm
formation, their micromechanical role during cell migration
remains unclear.

To find out whether bacterial micromechanics are op-
timized more for migration or for adhesion, we employ
fluorescent labeling of T4P in the PAOI strain [16,34] and
quantify the balance of attachment, detachment, and me-
chanical activity under different conditions. With these new
data, we achieve a comprehensive mathematical model that
links whole-cell migration to the dynamics of molecular T4P
motors. A central discovery is the existence of a complex
adhesion-migration trait space where P. aeruginosa realizes

a trade-off by generating only low numbers of T4P in combi-
nation with passive surface adhesion.

II. RESULTS
A. Multiscale model

To derive a model that combines the detailed stochastic
dynamics of individual T4P with a cell-wide force balance,
we analyze fluorescently labeled T4P for cells on different
substrates.

1. Quantification of T4P activity on surfaces

T4P stochastically switch between extension, idle, and re-
traction states, which is explained by the competitive binding
of PilB and PilT to the transmembrane complex [16]. A dia-
gram of T4P states is shown in Fig. 2(a). For adherent cells,
the diagram must be extended to include T4P-surface interac-
tion. For this purpose, we compare T4P statistics on substrates
with results for bacteria that are held with an optical trap in
liquid suspension [see Fig. 2(b)]. Figure 2(c) demonstrates
that the pilus lengths obey single-exponential distributions for
all conditions. For cells on surfaces, T4P are shorter than for
cells that are held in liquid suspension with mean lengths of
0.45 um and 0.77 um, respectively [see the inset in Fig. 2(c)
and Fig. S4 [35]].

Bacterial colonization depends on the physicochemical
properties of the surface (see, e.g., Refs. [36-38]). We
therefore ask whether pilus activity depends on extracel-
lular mechanical properties and quantify the T4P statistics
on polyacrylamide (PAA) and polyethylene glycol-derived
(PEGDMA) hydrogels of different stiffness. Comparison of
results for soft and stiff hydrogels, with shear moduli of
about 1 kPa and about 55 kPa, respectively, however shows
that substrate stiffness is not a systematic major determi-
nant of T4P statistics. While T4P on soft PAA gels are
slightly shorter than on rigid PAA gels, a similar depen-
dence on substrate stiffness is not found for PEGDMA gels
(see Fig. S4 [35]). Figure 2(d) shows the effect of surface
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FIG. 2. Systematic construction of a full model for T4P of bacteria on surfaces. (a) State diagram of the stochastic pilus-motor model.
Different states describe pili that are bound to the substrate (dark blue) and pili that can extend and retract freely (light blue). Free pili are
described by an analytical theory, while simulations generally include bound pili (see Secs. IVE-IVF). (b) Using an optical trap, cells are
suspended in liquid for measuring only dynamics of free T4P as in Ref. [16]. Alternatively, the T4P dynamics is quantified for cells lying
horizontally on various substrates. (c) T4P length distributions for different substrates. Theory predicts exponential distributions proportional
to eX* (see the text for details). The inset shows distributions of maximum length during full extension-retraction cycles. (d) Distribution of
average retraction and extension speeds per pilus. Dots and error bars show means and standard deviations, respectively. Simulated speeds
are sampled and averaged with time intervals that correspond to the frame rate in experiments. (¢) Number of T4P produced in 30 s. Black
diamonds mark the means of the data. Cells suspended in liquid produce significantly fewer T4P than cells on surfaces (p = 3.5x 107, Welch’s
t-test). (f) Number of simultaneously visible T4P per cell. Only cells with pili are considered. Bars represent standard errors of the means in
bootstrapped data. The dashed line shows the Poisson distribution predicted by the theory. Simulation parameters represent T4P on stiff PAA
gels (G’ >~ 55 kPa). See the Supplemental Material [35] for model details and Table S3 therein for statistics.

interaction on pilus extension and retraction speeds. For cells
on hydrogels, the speed distributions do not significantly de-
pend on the type of substrate. However, T4P of cells on
hydrogels have a significantly lower mean retraction speed
than those of liquid-suspended cells. This finding is consis-
tent with established force-velocity relationships for the T4P
machinery, where mechanical loading of bound T4P reduces
retraction speed [39].

Cell movement is determined not only by the dynamics
of individual T4P but also by their number. We find that,
on average, bacteria on all substrates produce about twice as
many pili per unit time as bacteria that are held in suspension
[see Fig. 2(e)]. This increase of T4P production is consis-
tent with the observation that surface contact correlates with
a c-di-GMP-dependent localization of the protein FimW to
the cell poles, which in turn promotes T4P production [40].
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Furthermore, it has been reported that the transcription of the
major pilin gene pilA is also repressed for cells in suspen-
sion [41]. Figure 2(f) shows the numbers of simultaneously
visible T4P per cell, counted for each image frame. For our
conditions, P. aeruginosa rarely generates more than a single
pilus simultaneously. Across hydrogels, no significant differ-
ence is found regarding the mean numbers of simultaneously
measured T4P per cell. Pilus lifetime, defined as the time be-
tween appearance and complete retraction, is not significantly
affected by substrate stiffness (see Fig. S4g [35]).

2. Model for free pili

To explain the statistics of T4P, we first construct a model
that is represented in the part of the state diagram labeled
“Free pilus” in Fig. 2(a) (see Sec. IVE). Pili are assumed
to switch between extension (e), idle (0), and retraction
(r) states. In this simplified model, pili extend and retract
freely; thus, surface interaction is assumed to be rare. Pili
are extended and retracted with constant speeds v, and v,,
respectively. A fully retracted pilus can transition into a
hidden inactive state, from which it can reappear stochasti-
cally. With these assumptions, we derive explicit formulas
for T4P statistics. The resulting distribution for the pilus
length ¢ is

P) = Ce X, 1))

where the transition rate constants depicted in Fig. 2(a) yield
a characteristic length K~! = (koo v, v, + ko vev, )/ (koekrove +
korko.0v,) and C is a normalization constant. The measured
pilus length distributions agree with the predicted exponen-
tial length distribution [see Fig. 2(c)]. Moreover, the model
predicts that the ratio of the probabilities to find an ex-
tending or retracting pilus only depends on the ratio of the
processes’ speeds as P./P, = —v,/v,.. Experimental data con-
firm this prediction with significance levels of [0.05-0.01]
(see Table S1 [35]). Also, the average extension speed corre-
lates with the average retraction speed for individual pili (see
Fig. S14 [35]).

For liquid-suspended cells, a fit of the analytical model
confirms previously measured values of the rate parameters
[16]. However, for cells on substrates, the average T4P are
shorter than for liquid-suspended cells [see Fig. 2(c)], which
cannot be explained in our model by the slower T4P retraction
on surfaces. Based on a parameter variation, we conjecture
that the shorter pili on substrates likely result from an increase
of the parameter k., which determines the rate at which
T4P switch from extension to idle. On a molecular level,
this finding suggests that the unbinding of the polymerization
ATPase PilB is a major determinant of pilus filament length
for bacteria on substrates.

The average lifetime of T4P, 7y, determines a timescale
during which pili can attach to their environment. We cal-
culate Tjr as mean first-passage time from emergence to
complete retraction (see the Supplemental Material [35] and
Fig. S6 therein). The theoretical prediction is T = 2.64 s,
which falls well within the range of lifetimes [2.2-4.0] s
that we measure for different substrate conditions. Bootstrap
analysis is employed for experimental data to take into ac-
count the occurrence of short invisible pili during the finite

image-recording intervals (see Fig. S5 [35]). Our linear rate-
equation model implies that the number of visible pili per cell
must obey a Poisson distribution with a mean N, » = konThife.
This prediction agrees well with the experimental results
[see Fig. 2(f)]. Measurement of the exponentially distributed
waiting times between the appearance of a new pilus yields
kon € [0.25-0.4] s~! (see Fig. S1 [35]).

3. Most pili do not contribute to twitching

How do T4P coordinate extension-retraction dynamics and
extracellular attachment to drive twitching migration? Re-
cently, it has been suggested that individual P. aeruginosa
T4P are able to sense surface contact to initiate retraction
[42]. To clarify whether such a mechanism plays a role for
our cells, we perform a quantitative analysis of complete
cycles of individual T4P-substrate interactions, including ex-
tension, surface binding, retraction, and unbinding. Since the
unambiguous identification of the surface-binding events is
challenging, we focus on the identification of those pili that
visually form a mechanical connection with the surface and
assume a tensed state during retraction, possibly displacing
the bacteria. Pili that form such a surface connection at least
once during their lifetime are called contributing pili [see
Fig. 3(a) and Sec. IV.C for details regarding the classification].

We find that only 10%-50% of pili actually contribute
to twitching [see Fig. 3(b)]. For both PEGDMA and PAA
hydrogels, the fraction of contributing pili increases with gel
stiffness. This increase of contributing pili can be correlated
with smaller hydrogel pore size and hence a higher probability
of substrate attachment. Pore sizes for PAA are in the ranges
[10-40] nm [43] and [1-5] nm for PEGDMA gels [44]. Note
that the pore size of commonly used 0.5% agaraose gels is
an order of magnitude larger, in the range of [500-1200] nm
[45,46]. Thus, pili are expected to interact less frequently with
agarose gels compared to more dense PAA or PEGDMA gels,
which explains why T4P filament length statistics are similar
for liquid-suspended cells and cells on 0.5% agarose gels
[16]. However, chemical substrate properties may also affect
the binding rate in principle if the timescale set by diffusive
encounter of a pilus binding site is not limiting the process.

Next, we measure the time intervals between defined
events in contributing and noncontributing T4P and therewith
parametrize our model for T4P-substrate interaction. For ex-
ample, substrate-binding rate constants are inferred from the
average time between the emergence of a new pilus and its
first contributing retraction [see Fig. 3(c) herein and Fig. S9
[35]]. We also examine our data regarding the hypothetical
surface-contact sensing mechanism suggested in Ref. [42].
The authors of this work measure the delay time between
surface contact and retraction of T4P to be [95-215] ms. Such
short delay times could result from a mechanism through
which T4P are able to sense the surface and then initiate
retraction. This mechanism would lead to two predictions for
our experimental data, namely, (i) contributing pili should
have a shortened mean exploration time, i.e., surface sensing
should shorten the mean time during which pili wait in the
fully extended state until retraction, and (ii) contributing pili
should display a shortened time between pilus genesis and
first retraction. Both predictions are not supported by the data.
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FIG. 3. T4P extension-retraction cycles and surface interaction can be explained without an attachment-dependent retraction trigger.
(a) Illustration of T4P categories in our experimental data. Only bound and tense T4P can contribute to twitching. (b) The fraction of
contributing T4P per cell is higher on stiffer substrates. The significance of having different medians is p = 0.000 44 on PAA and p = 0.0753
on PEGDMA (U test). Error bars show the standard errors of the means. (c) Box plots of the time from creation of a pilus until the first time
it is observed to be bound and tensed (contributing). (d) Comparison of the statistics of contributing (C) and noncontributing (NC) pili. Blue
violin plots show data from bacteria on 55 kPa PAA, where circles mark the medians. In simulations it is assumed that pili with small length
less than 0.25 um cannot reach the surface. The inset shows enlarged simulation results. See Table S3 [35] for data statistics.

Figure 3(d) shows that the exploration times for contributing
and noncontributing pili are distributed similarly with explo-
ration times less than or equal to 0.5 s in more than 80% of
the events for all hydrogel conditions. Moreover, contributing
pili on average have a larger first retraction time, i.e., start
retracting later than noncontributing pili. This finding can be
explained by the fact that contributing T4P are more likely
to come from a T4P subpopulation that is long lived and
therefore more likely to bind to the substrate. For the same
reason, contributing pili also spend a longer time on average
for extension. In addition, the mean lifetime and length of con-
tributing T4P is greater than that of noncontributing T4P (see
Fig. S10 [35]). Using our simulations, we compare resulting
average delay times between binding and retraction of T4P
with measurements given in Ref. [42]. For consistency with
constraints in that experiment, we restrict our analysis only
to long pili and also find short delay times on the order of
200 ms without invoking contact sensing since many T4P are
already retracting when they bind to the surface. Overall, our

experimental data and simulations suggest that the dynamics
of individual T4P is governed by random state transitions.

4. Passive adhesions reduce T4P-driven motion

Due to the low number of pili per cell, we rarely observe
counteracting pili at both ends of bacteria that lead to a
tug-of-war, as reported for the bacterium Neisseria gonor-
rhoeae [47,48]. Rather, our time-lapse images suggest that the
propulsion of P. aeruginosa by T4P retraction is obstructed
by apparent cell-substrate forces without any detectable pili
being present to hold the cells back. Furthermore, we observe
cells that are only slightly displaced by the retraction of T4P
at the leading pole and suddenly return to their original po-
sition after the pulling T4P detaches from the substrate [see
Figs. 4(a) and 4(b)]. These events, which we term snapback,
occur on elastic hydrogels. The presence of T4P-independent
cell-substrate adhesions is also supported by computer sim-
ulations that show that cells with T4P at opposing poles do
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FIG. 4. Snapback events during twitching support the existence
of passive adhesive forces between the cell body and the substrate.
(a) T4P pulls the cell forward without visible contribution of further
T4P at the rear of the cell. Following disengagement of the T4P from
the substrate, the cell instantly snaps back to its original position.
(b) Further example of a snapback event.

not produce the observed variation in migration dynamics
(see Fig. S8 [35]).

B. Twitching migration
1. Two regimes of random motion

Bacterial random walks are characterized by the ensemble-
averaged mean-square displacement (MSD) at time 7, denoted
by ©(7) (see the Supplemental Material [35]). For migration
of wild-type (WT) cells during short time intervals 1 s <
7 < 10 s, we find that the mean-square displacement scales
as O(t) « t* with o >~ 1, similar to regular diffusion [see
Fig. 5(a)]. For long times, with 7 in the range of minutes,
we observe superdiffusive motion with & > 1, in the range
[1.1-1.4] [see Figs. 5(a) and 5(b)]. Similar exponents for the
long-time mean-square displacement have been previously
reported for P. aeruginosa twitching on glass [49,50]. Of
course, on very long timescales, diffusive behavior with o = 1
is expected due to a complete and random reorientation of the
bacteria that is not observable during our finite recording time
(see Fig. S3 [35]). The mean-square displacements measured
for migration of WT cells on four different hydrogels all show
two qualitatively similar regimes, although the magnitudes
of the mean-square displacements differ substantially. The
observed mean-square displacement can be faithfully repro-
duced in simulations where the passive surface adhesion is
modeled as stochastic bonds with a linearly elastic response.
The parameters for passive adhesion bonds depend on the
substrate type.

2. Persistent motion on a timescale of minutes

The superdiffusive character of the random walks can be
explained by a slow change of the orientation of the bacterial
long axis on the measurement timescale, in loose analogy
with active Brownian particles. Figure 5(c) illustrates that
the autocorrelation of the angle of the long axis decays
with a characteristic time on the order of 15 min (see also
Fig. S7 [35]). Polar cells, with T4P only at one end, occur

in [70-80] % of the data within sliding observation windows
of 30 s [see Fig. 5(d) herein and Fig. S2 [35]]. Note that a
change of the dominant pole, either spontaneously or through
asymmetric division, occurs on timescales larger than 10 min
and are therefore not frequently observable in our data. Cell
polarity is approximately the same for all substrates and apolar
emergence of pili from the long side of the cell body is rare.
Simulations show that the experimentally quantified percent-
age of T4P on one pole is sufficient to explain superdiffusive
motion on a timescale of 100 s < v < 1000 s. Random motion
with a persistent character can enable bacteria to follow spatial
cues on a surface [41,51].

3. Passive adhesions increase trapping on short timescales
and persistence on long timescales

The regime of random motion with ®(t) o t found in
the experiment for short times is also seen in simulations,
where it occurs if passive adhesion forces or counteracting
pili transiently hold the cells at one spot. Exemplary snapback
events that are caused by the intermittency and varying spa-
tial orientation of pilus-based force generation are shown in
Fig. 4. Increasing the passive adhesion strength in the simula-
tions leads to a broadening of the regime with o ~ 1 at short
times. Simulations also show that the ratio of contributing
pili correlates with the onset of persistent motion on longer
timescales, where the higher the ratio of contributing pili, the
earlier the onset of persistent motion.

Passive adhesions can also contribute to the persistence of
motion by keeping the cell body pointing in one direction. To
test experimentally how reduced persistence affects migration,
we quantify the mean-square displacement for hyperpilated
ApilH mutants [see Fig. 5(e)], which predominantly adhere
to a surface with an upright cell body such that the long
axis is oriented approximately normal to the surface. This
orientation is likely caused by simultaneous activity of many
pili on one pole, which produces a torque that lifts the body
upward [49,52]. Upright standing presumably results in low
passive adhesive forces since the fraction of the cell body in
contact with the surface is reduced. As a result of the reduced
persistence, the mean-square displacement characterizing the
random walk of ApilH mutants is well described by a MSD
exponent « that is only slightly larger than unity. To accurately
capture the random walk of ApilH mutants in our simulations,
random forces that generate Brownian diffusion of a free cell
have to be added to the force balance. Such random forces are
irrelevant for the migration of wild-type cells which adhere
passively to the substrate. Together, experiments and simula-
tions show that passive surface adhesion plays an important
role for the migratory behavior of the P. aeruginosa wild
type. The motion is suggested to be akin to random motion
in a rugged potential landscape, where local valleys are ex-
plored on short timescales and large excursions occur on long
timescales.

C. Surface adhesion under shear flow
1. Twitching reduces surface adhesion under shear

T4P are generally considered to be determinants of cell
attachment. However, T4P retraction can also detach cells
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FIG. 5. Pili and passive adhesion together determine two timescales of migration. (a) Ensemble-averaged mean-square displacements
(MSDs) of wild-type (WT) cells on different substrates. (b) Exponents of MSDs are different on short and long timescales. Dots show individual
measurements. An exponent close to unity on short time intervals can result from random motion of a cell that is locally bound before it explores
other areas with persistent motion on longer timescales. (c) Directional autocorrelation of cellular long axis decays over several minutes (see
Fig. S7 [35] for the data regarding other gels). (d) Statistics of T4P localization. At any time point, a cell is labeled “Polar” if it has pili only
on one pole, “Bipolar” if there are pili on both poles, and “Apolar” if it has pili protruding from the sides of the cell and possibly also from
the poles. The inset shows the angular distribution of pili with respect to a long axis of cells that is chosen with random polarity, irrespective
of the direction of motion. (e) Ensemble-averaged MSDs of WT cells and ApilH mutants twitching on glass. Due to their predominantly
vertical orientation on the substrate, ApilH mutants undergo random motion with an exponent that is only slightly larger than unity. Simulation
parameters for passive adhesion bonds depend on substrate and cell type and are adjusted to fit MSDs (see the Supplemental Material [35]).
Symbols represent the means and error bars are standard deviations of the data.

from the surface and it is therefore unclear whether twitching
reduces or increases the residence time of bacteria under
shear flow. To answer this question, we perform shear-flow
experiments using a microfluidic setup and record cell de-
tachments for different flow rates [see Fig. 6(a)]. Figure 6(c)
shows data for pilated wild-type cells that are classified as
twitching and nontwitching. Both groups have T4P visible
in the fluorescence channel and the average number of T4P
per cell is slightly higher for twitching cells (p = 0.048 two-
sample t-test), 1.27 & 0.077 for twitching and 0.99 £ 0.117
for nontwitching cells. For all applied flow rates, we find

that the ratio of detached cells after 20 min is higher for the
twitching bacteria. Thus, cell motion caused by T4P activity
correlates with reduced surface adhesion in our experiments.

2. Passive adhesions are essential for surface
adhesion under shear

To further clarify the role of T4P for surface adhesion
under flow, we compare results for wild-type cells with mu-
tants without T4P (ApilA) and hyperpilated cells (ApilH) [see
Figs. 6(b) and 6(d)]. Typical shear stresses encountered by a
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FIG. 6. Trade-off between surface adhesion and migration of P. aeruginosa. (a) Setup for shear-flow experiments. (b) Sample trajectories
of bacteria under a shear flow that exerts a stress of approximately 1 Pa. The three bacterial strains have different numbers of T4P. (c) Fraction
of flat, adhering wild-type cells with T4P that detach under flow in 20 min. The T4P are imaged prior to the onset of flow. Error bars show
the standard errors of the means. (d) Fraction of detached cells after 20 min under flow. Detachment is quantified by counting the number
of cells every minute over the whole observation time. For the WT and ApilA strains, standard errors of the mean factions are smaller than
symbols in the plot. (¢) The average time until surface detachment (r) and the MSD show opposite trends when the number of pili increases
from ApilA to ApilH mutants. The WT cells neither adhere best nor migrate best in weak shear, but achieve a trade-off that allows them to
optimally combine both properties. The MSD values are recorded in the absence of flow and error bars show 95% confidence intervals. Error
bars for (t) are smaller than the symbols. (f) Qualitative performance diagram for cells that generate different numbers of pili. Passive adhesion
enforces a trade-off between adhesion and migration. For upright walking cells, a simultaneous increase of MSD and detachment time may be
possible for low noise and weak attachment. The number of pili is varied in simulations by changing the rate constant for pilus generation. Cell
detachment is simulated for shear flow of 4 Pa and the MSD is recorded without flow. The solid line shows results for flat cells with passive
adhesion, the dashed line upright cells with noise enhancing cell diffusion, and the dotted line upright cells at low noise.

bacterial pathogen in the human host range from the order
of 0.01 Pa in the proximal renal tubule [53] to the order of
10 Pa in vascular beds [54]. At these low shear stresses, the
smallest fraction of detached cells is achieved by the ApilA
mutant, which can only adhere passively. In contrast, ApilH
cells which have many T4P are most easily detached. This
result suggest that passive adhesion forces that anchor cells

to a surface are by themselves more effective than T4P in
preventing detachment under low shear stress.

For high shear stress above around 14 Pa, the lowest frac-
tion of detached cells is achieved by the wild type. Thus,
having a few pili in addition to passive adhesion is the best
way to stick under high shear conditions [see Fig. 6(d)].
We suggest that the advantage of pilated cells under high
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shear results from a tightened horizontal alignment of the
cell body with the surface, which promotes efficient en-
gagement of passive adhesion mechanisms (see Ref. [21]).
Since pilated wild-type cells attach to the surface via one
pole, hydrodynamic torque tends to align the cell body with
the surface while torque produced by pilus retraction pulls
the cells upward. For a shear stress of 14 Pa, we estimate
the hydrodynamic force that tilts the cells to be about 10 pN,
which is comparable to the force magnitude generated by
T4P [14]. Therefore, such shear stresses can be sufficient to
maintain the cell body close to the substrate.

3. Adhesion-migration trade-off

To understand how P. aeruginosa combines surface at-
tachment with migratory exploration, we compare the mean
time until detachment under shear flow with the cells’ mean-
square displacement absence of flow [see Fig. 6(e) herein and
Figs. S11-S13 [35]]. The two quantities show an opposite
dependence on T4P numbers, where the time until detach-
ment decreases as ApilH — WT — ApilA and the mean-
square displacement increases as ApilA — WT — ApilH.
The crossing of the curves illustrates that wild-type cells com-
bine the advantage of mutants having no T4P (good surface
attachment, poor migration) and of mutants having many T4P
(poor surface attachment, good migration).

Optimization can be visualized in a trait-performance
space by plotting simulation results for detachment times
against mean-square displacements [see Fig. 6(f)]. Since cells
are found to generate more T4P on surface contact [see
Fig. 2(e)], the T4P generation rate is assumed to be a pa-
rameter that is controlled by cells, e.g., on the transcriptional
level or by regulatory processes in the Pil-Chp system [55,56].
Accordingly, we vary the rate of T4P generation in our model.
Detachment times are predicted qualitatively without taking
hydrodynamics into account. For cells that adhere passively
to the substrate, simulations reveal an inverse relationship
between adhesion and migration. Thus, both quantities cannot
be optimized simultaneously by wild-type cells and the curve
can be interpreted as a Pareto front quantifying the trade-off
between two incompatible traits. However, this front is not
a continuous line since a high number of T4P leads to an
upright cell configuration in experiments. Simulations of cells
in upright configuration show that loose attachment and the re-
sulting Brownian-like motion can allow both an increase and a
decrease of the mean-square displacement with T4P numbers.
Thus, the vertical configuration does not necessarily enforce a
trade-off between adhesion and migration. Nevertheless, the
experimental results suggest that the behavior of wild-type
cells is characterized by points on the trade-off curve on the
right side of the discontinuity, perhaps even in the corner of
the curve where the variances are large.

III. DISCUSSION

Pili are unique molecular machines that not only drive the
motility of many biological active-matter systems [57-59],
but also are an important virulence factor determining the
severity of bacterial infections [60]. We systematically dis-
sect the stochastic dynamics of T4P when cells interact with

surfaces and construct detailed mathematical models for con-
necting the motor dynamics to migration of P. aeruginosa.
Motor states, spatial pili organization, and binding events are
carefully characterized on the timescale of seconds to min-
utes. We find that the average number of T4P increases when
cells are placed on a surface. Indeed, various mechanosen-
sory processes reportedly allow P. aeruginosa to detect the
presence of solid surfaces [12,61-65] and transition from the
planktonic state to a sessile state [66—-68]. However, we do
not find evidence for a sensory mechanism on the level of
individual T4P that serves to trigger their retraction on surface
contact [42]. Unlike for the cytoskeleton of mammalian cells
[69], we find no indication that regulation of the bacterial
T4P machinery depends on substrate stiffness. For P. aerugi-
nosa, we do not observe a tug-of-war between opposing T4P
as seen for coccoid, peritrichously piliated Neisseriae [48],
where sliding (kinetic) substrate friction reportedly affects
motion, at least on the level of microcolonies [70]. Instead,
our results are consistent with a model where pseudomonads
exhibit passive, sticking substrate friction that may result from
physicochemical adsorption or from secreted adhesins such as
the exopolysaccharides Psl and Pel [27,71,72]. Passive surface
adhesion of the cell body reduces T4P-driven motion, traps
cells locally on short timescales, and contributes to persis-
tent motion by preventing random reorientation. Under shear
flow, P. aeruginosa achieves a trade-off between sticking to
a surface and fast migration by maintaining a low average
number of T4P. The number of T4P is known to depend
on a negative-feedback regulation of pilA transcription, as
well as on the Chp chemosensory system, which includes the
histidine kinase ChpA and two response regulators PilG and
PilH [40,41,66,67]. Our results show that the production of
T4P is upregulated upon surface contact, but apparently only
to a level where T4P activity does not abrogate passive sur-
face adhesion. Thus, bacteria gain adhesiveness by sacrificing
migration speed.

Trade-offs between conflicting vital requirements are com-
mon in biological systems [73]. Examples include accuracy-
efficiency [74] and growth-adaptability [75] problems that can
be solved at the level of individual cells or populations. The
balance of adhesion and migration is a new perspective on the
micromechanical design of diverse biological systems across
scales, ranging from bacteria and algae to immune cells and
even insects.

IV. METHODS
A. Strains, growth conditions, and pilus labeling

Bacterial cells are grown and prepared for imaging as de-
scribed previously [16]. In brief, the PilA cysteine knock-in
mutant P. aeruginosa pilA-A86C is grown in liquid lysogeny
broth (LB) Miller (Difco) in a floor shaker at 37 °C. For imag-
ing, Alexa488 maleimide dye (Fisher A10254) is suspended at
a concentration of 2.5 mg/ml in anhydrous dimethyl sulfoxide
and stored —20 °C. A fresh aliquot is used for each experiment
to avoid freeze-thaw-induced degradation of pilus labeling
efficiency. Overnight grown cells are diluted 1:1000 in a fresh
LB medium and grown to mid logarithmic phase (optical
density at 600 nm = 0.4). Dye is added 1:100, incubated
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for 45 min at 37 °C without shaking in the dark. Prior to the
experiments, cells are washed twice in a low-autofluorescence
EZ-rich medium (Teknova) using a tabletop centrifuge at
8 krpm for 30 s and resuspended in 20 ul of a fresh EZ-rich
medium.

B. Hydrogel preparation

PAA gels [76] and PEGDMA gels [44] are made as
described previously and mounted in a perfusion chamber
(Warner Instruments). Prior to experiments, round, 40-mm
coverslips (Fisherbrand) are methacrylate silanized by sub-
merging plasma cleaned coverslips in 2% 3-(trimethoxysilyl)
propylmethacrylate in 95% ethanol for 10 min. Hydropho-
bic round 12-mm coverslips (Fisherbrand) are prepared by
submerging coverslips in Sigmacote (Sigma) for 10 min.
All coverslips are subsequently rinsed three times in 100%
ethanol and dried upright on Kimwipes. For preparation of
gels, either 2% bis-acrylamide (BAA) and 40% polyacry-
lamide (AA) solutions (Bio-Rad) are diluted to 7.5% AA +
0.05% BAA (G’ ~ 1.5 kPa [77]) and 12% AA + 0.6% BAA
(G' ~ 55 kPa [77]) or PEGDMA (Mn 750, Sigma 437468)
and 1.2M (356 mg/ml) 2-methacryloyloxyethyl phosphoryl-
choline (MPC) (Sigma 730114) are diluted to 1.1% PEGDMA
+ 50% MPC (G’ ~ 1 kPa [44]) and 6.3% PEGDMA + 50%
MPC (G’ ~ 57 kPa [44]) in 496.5 ul ddH20, respectively.
These solutions are degassed for 10 min in a vacuum chamber.
To initiate polymerization, 2.5 ul of 10% ammonium persul-
fate (Biorad) and 1 ul tetramethylethylenediamine (Temed,
Biorad) are added and gently mixed by pipetting. Hydro-
gels are then allowed to polymerize between two chemically
modified coverslips that were prepared prior to experiments.
Next 10 pl of unpolymerized gel is added between both cov-
erslips resulting in an approximately 50-um-tall gel. Gels are
polymerized for 30 min at room temperature, followed by
removal of the hydrophobic coverslip. Finally, gels are washed
three times and then incubated for 30 min in an EZ-rich
medium.

C. Measurement of T4P dynamics on hydrogels
1. Imaging

To prepare experiments, the excess liquid medium is care-
fully removed from the gel and 20 ul of cell suspension is
added. The inlets to the perfusion chamber are filled with an
EZ-rich medium and the chamber is subsequently assembled
carefully to avoid air bubbles in the system. The chamber
is then mounted on a Nikon TiE microscope housed in an
environmental chamber at 37 °C. To remove excess cells in
the medium and to continuously provide a fresh medium, a
slight flow using a flow pump is introduced. Fluorescent pilus
images are taken every 0.5 s using a white light LED source
(Excelitas), a GFP filter set, a Nikon Plan Apo 60X WI DIC
N2 lens, and an Andor Clara CCD camera with a 1.5x zoom.
Bright-field images of bacteria on gel are also taken with a
40x objective and the same setup.

2. T4P data acquisition

Prior to analyzing the fluorescence images, duplicate im-
ages are employed to construct lookup tables for contrast

optimization. Pili are then identified visually by comparing
the original and the processed images. Brightness and con-
trast of the images are adjusted automatically and despeckled
by IMAGEJ, and displayed with a lookup table. The tip and
the base on the cell membrane are marked and recorded for
each pilus, where the expected measurement error is about 1
pixel (0.07 um). The process is repeated for all bacteria with
observable pili. The pili that are idle for the duration of the
experiments are excluded from the analysis. For measuring
the occurrence of new pili, cells are imaged only for a few
minutes before photobleaching occurs. In the case of bacteria
on a substrate, pilus production of multiple cells is quantified
simultaneously. A pilus production event is recorded when a
new pilus growing out of the cell body is observed for the first
time. The number of pilus production events per observation
time is calculated for each cell and then averaged for every
group.

The contributing fraction of pili is determined from
fluorescence-image sequences of bacteria and pili. For ev-
ery cell, all observable pili are localized and analyzed as
described above. Noncontributing pili fluctuate visibly under
the microscope, while pili that bind to the substrate are more
stationary, tend to straighten up on retraction, and sometimes
visually move the cell. Every pilus for which such a stable
tense configuration is visible at least once during its lifetime is
labeled contributing. The contributing fraction is the fraction
of contributing pili in the pooled data.

3. Cell tracking

Migration of cells is quantified by tracking them in phase-
contrast images semiautomatically with the IMAGEJ plugin
MICROBEJ [78]. The plugin supports subpixel registration and
the magnitude of tracking errors is distributed exponentially
with a mean of 0.25 pixel lengths. Automatic cell segmen-
tation and tracking is followed by a careful manual error
correction. Cells that are only partially adhered were excluded
from the analysis.

D. Flow experiments
1. Flow chamber preparation

Microfluidic devices are made as described previously
[79]. Briefly, soft lithography masks are designed in Auto-
CAD and printed by CAD/Art Services. A mold is then made
on a silicon wafer (University Wafer) by spin coating SU-
8 photoresist (MicroChem). Microfluidic chips are made by
pouring freshly mixed and vacuum degassed polydimethyl-
siloxane (PDMS) (Sylgard 184, Dow) over the mold. The
PDMS is cured for 2 h at 60°C. Individual chips are cut
out and bonded to plasma-cleaned 22x40 mm? coverslips
(Fisherbrand) for 1 h at 60°C. Each chip has six parallel
channels with width W =~ 600 wum, height H ~ 110 or 55 um,
and 2 cm length. Only one channel is used per experiment.
The shear stress at the inner channel surface is estimated from
the known flow rate as in Ref. [20].

2. Imaging and analysis

Flow experiments are performed on the same microscope
as described above using a 100x oil immersion objective and
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1.0x zoom. Flow chambers are filled with labeled cells and
incubated for 15 min on the microscope at 37°C prior to
starting the experiment. First, pili are imaged every second
for 30 s with a maximum flow of 3 ul/min. Second, cells are
imaged every 1 s for 20 min in the bright field at flow rates
of [25, 75,250, 750, 2500] ul/min for 55-um-high channels
with WT cells and [100, 300, 1000, 3000, 10 000] wl/min for
110-um-high channels with mutants. Due to the volume limit
of the syringe pump, cells in the largest flow at stresses of
123 Pa could only be recorded for about 10 min. Cell detach-
ment is quantified by counting the number of cells in every
frame of a movie. Then stretched exponential functions are
fitted to the remaining fraction of cells [20]. Note that the
resulting detachment statistics ignore diverse cell behaviors
inside the field of view, such as sliding of the ApilA mu-
tants along with the flow and random jumps of the ApilH
mutants.

E. Analytical model for free pili

The reduced model that is depicted in the inset labeled
“Free pilus” in Fig. 2(a) describes the evolution of probability
distributions P..(¢, t) for finding a pilus with length £ at time
t in different states. Visible pili can be extending (e), idle (0),
or retracting (r). Once a pilus is fully retracted, the machinery
switches to an inactive state. The probability distributions for
the length of visible pili P..(¢, t) have units of length~!. The
probability to be in a fully retracted inactive state Ppacry 1S
unitless. The governing equations read

Po(€, 1) = koPr (€, 1) + keoPe(€, 1) — (kor + koo )Po(, 1),
@
Po(l,1) = koePo(€, 1) — keoPe(€, 1) — 0,3 Pe(€, 1), (3)

Po(€,1) = korPo(€, 1) — kyoPr(€, 1) — 0,9 P (£, 1), (4)

Practy (t) = _konPinactv(t) - vrPr(Za t)'Z:Ov (5)

where the time derivatives P.. are set identically to zero
since we only require the steady-state solutions P..(£). No
experimental data are available for invisible pili of zero
length and we therefore assume in Eq. (5) that a fully re-
tracted pilus instantaneously switches to the inactive state.
Using Kramers’ method for mean first-passage times, the
average T4P lifetime results as Typ = fOOO[Pe(Z) + P.(0) +
Py(£)]dt/ limy_,q v.P,(£). The number of T4P per cell, N,
obeys a production-degradation subprocess as N, () = kon —
N, »(t)/Tiige- (See the Supplemental Material [35], Sec. 2, for
details.)

F. Simulation model for twitching cells

Cells are modelled as pointlike particles having several
T4P and passive adhesion bonds. The equation of motion for
the cell position x in a Cartesian two-dimensional system at
time ¢ reads

nx(t)= Y F+ )" ' + Foear, 6)

JEA, keApa

where F? is the tensional force exerted by the jth attached

T4P (j € Ap), FY" is the force transmitted by the kth attached
passive adhesion (k € Apa), Fehear is the hydrodynamic shear
force, and 7 is a friction constant. To avoid a modeling of
unknown complex hydrodynamics during cell detachment, the
time until detachment under shear is taken to be proportional
to the mean time until all cell-substrate bonds are broken in
the simulations.

The unit vector e; denotes the direction of the jth
pilus. The force transmitted by this pilus is given by Fl; =
K, max[(¢/ — €)), 0]e;, where «, is a spring constant, ¢/ is
the actual pilus length, and ¢} is the pilus rest length. Due
to visible filament buckling, T4P are assumed to transmit
only tensional forces. In simulations, a pilus in the exten-
sion, idle, or retraction state changes its rest length with
speeds v, > 0, vy =0, and v,(Ff) =v,0(1 — FJP/Fs[a“), re-
spectively, where v,9 < 0. Pili that are not yet bound by
the substrate can independently bind to the substrate with
constant rate n,,(Eé), where binding only occurs for rest
lengths that obey £} > 0.25 um. Pilus detachment from the
surface occurs with a force-dependent rate )»p(F?, e)) if £ >

0 [see Fig. 2(a)]. When a retracting pilus reaches Eé =0,
the pilus detaches from the substrate and becomes inactive.
All inactive pili stochastically switch with constant rate k,y,
to an active extending state. When an active pilus is cre-
ated, the angle determining its initial orientation vector e; is
drawn from a distribution to match the experimental data [see
Fig. 5(d)]. The direction vectors of attached pili are updated
at every simulation time step based on the motion of the
bacterium.

Passive adhesins act as elastic anchors holding the bac-
terium to the surface, to which they bind with rate constant
7a- An attached passive adhesion bond transmits the force
F‘;a = /cas?eﬁa, where 59 is its stretch. The orientation of the

passive adhesin ega is initially taken to be antiparallel to the
cell’s migration direction and is updated as the cell moves
ahead. Dissociation of passive adhesion bonds occurs with
force-dependent rates )Lpa(F?a). The number of passive ad-
hesins that can bind to the surface is assumed to be constant.
For simulation of ApilH mutants, the number of passive ad-
hesins is set to zero and an approximately isotropic pilus
orientation is assumed. For ApilH mutants, white Gaussian
noise is added to the force balance determining the trajectory
of cells when they are not attached to the surface.
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