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Bacteria optimize the use of their motility appendages to move
efficiently on a wide range of surfaces prior to forming multicellu-
lar bacterial biofilms. The “twitching” motility mode employed by
many bacterial species for surface exploration uses type-IV pili
(TFP) as linear actuators to enable directional crawling. In addition
to linear motion, however, motility requires turns and changes of
direction. Moreover, the motility mechanism must be adaptable to
the continually changing surface conditions encountered during
biofilm formation. Here, we develop a novel two-point tracking
algorithm to dissect twitching motility in this context. We show
that TFP-mediated crawling in Pseudomonas aeruginosa consis-
tently alternates between two distinct actions: a translation of
constant velocity and a combined translation-rotation that is
approximately 20x faster in instantaneous velocity. Orientational
distributions of these actions suggest that the former is due to
pulling by multiple TFP, whereas the latter is due to release by
single TFP. The release action leads to a fast “slingshot” motion that
can turn the cell body efficiently by oversteering. Furthermore,
the large velocity of the slingshot motion enables bacteria to move
efficiently through environments that contain shear-thinning vis-
coelastic fluids, such as the extracellular polymeric substances (EPS)
that bacteria secrete on surfaces during biofilm formation.

extracellular polysaccharides | cystic fibrosis | biometric identification |
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Bacterial biofilms are multicellular communities that adhere to
almost any surface and are fundamental to the ecology and
biology of bacteria (1). To assemble into microcolonies and form
biofilms, bacteria must adapt their motility mechanisms for
surface locomotion (2, 3). For example, both flagella (4) and
excreted surfactants (5) enable collective surface motility modes
(6, 7) that allow bacteria to colonize surfaces. Many bacterial
species, including the opportunistic pathogen Pseudomonas aer-
uginosa, which contributes to fatal airway infections in cystic
fibrosis (8, 9), the causative agent for gonorrhea Neisseria gonor-
rhoeae, and the predatory soil bacterium Myxococcus xanthus
(10), use type-IV pili (TFP) to move on surfaces (11-15). TFP
are associated with the “twitching” collective motility mode (16),
in which cells exhibit apparently random irregular motions. A
single type-IV pilus undergoes cycles of repeated extension-
adhesion and retraction-release (17, 18) that are driven by an
ATP motor (19, 20). Single TFP can generate forces of up to ap-
proximately 100 pN (21, 22), and multiple pili can cooperatively
generate forces of up to approximately 1 nN (23), to enable mo-
tion on surfaces. To traverse distances that are significantly longer
than the extension distance of a single pilus (typically several
microns) (17), bacteria deploy multiple pili using a “tug-of-war”
mechanism (24). These studies show that TFP act as linear actua-
tors (17) to enable directional motion.

What is not known is how the collective deployment of TFP
results in the irregular motions characteristic of twitching moti-
lity. These irregular motions must result from changes in the
direction of the motion of the bacteria on the surface. In M.
xanthus, pili appear sequentially on different poles of the bacteria
and thereby enable the bacterium to reverse direction over time
scales of minutes (25). However, this mechanism is not seen in
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other species that possess pili, such as P aeruginosa. How TFP
linear actuators allow P. aeruginosa and other species to change
directions or execute “turns” on surfaces, as required to effi-
ciently explore surfaces, is not known.

Here, we combine microscopy with tracking methods that yield
trajectories with high spatial and temporal resolution to elucidate
TFP-driven crawling in single cells of P. aeruginosa. To capture the
full complexity of the motions that characterize twitching moti-
lity, we developed a two-point tracking algorithm to record inde-
pendent trajectories for the leading (pyc.q) and trailing (Prpap)
poles of each cell. Despite the seeming irregularity of motion,
we find that the trajectories of each pole can consistently (over
a total of 12,000 actions) be decomposed into an alternating se-
quence of two qualitatively distinct types of movements: a linear
translation of constant velocity and variable duration in time
(0.3-10 sec), followed by a combined translation-rotation that
is on average approximately 20x faster in instantaneous velocity
with a short duration (approximately 100 ms). Surprisingly, we
find that the fast motions contribute as much to total displace-
ment as the slow linear translations that are driven by pulling
of TFP, although the latter is the standard model for TFP motility
(17) and occur for approximately 95% of the total time of
motion. We propose a model in which slow translation is due
to multiple TFP pulling to exert force via retraction, whereas fast
rotation is due to release of a single type-IV pilus in the presence
of other TFP under tension so that the bacterium rapidly “sling-
shots” to a new equilibrium position and orientation. Indeed, the
orientations of “pull” actions are broadly distributed, reflecting
the vector sum of forces from multiple TFP, whereas the orienta-
tions of “release” actions are narrowly distributed (<10 degrees),
which we attribute to the angular distribution of motility-active
TFP in individual cells. Similarly, pull speeds vary by a factor of
approximately 20x with variable durations, consistent with the de-
ployment of varying numbers of TFP pulling in different direc-
tions, whereas release speeds vary by a factor of approximately
10x but with consistently short durations. These results suggest
a twitching motility model in which the release of TFP from a sur-
face has a single characteristic time scale and the force generated
by a single type-IV pilus is broadly distributed, consistent with
direct measurements (10-100 pN) (22, 23). Based on our model,
we postulate that the TFP release cycle allows bacteria to turn
efficiently by “oversteering,” in which the rear pole of the cell
loses traction with the surface before linear translation resumes.
Moreover, this mechanism may also enable bacteria to reduce the
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local viscosity in shear-thinning media, such as the extracellular
polymeric substances (EPS) that compose the biofilm matrix (26).

Results

Two-Point Tracking Reveals Alternating Pulses and Square Waves in
Trajectories. Traditional high-throughput algorithms applied to
locate spherical colloidal particles (27) identify the positions of
the particle centroids. However, P, aeruginosa are rod-shaped and
therefore must be characterized by both the positions of the cen-
troids and the orientations of the cells. In addition, the TFP of
P, aeruginosa are distributed anisotropically along the body and
are located primarily at the poles at the bacterium (17, 28, 29).
Relating the motion of the body of the bacterium to the deploy-
ment of pili located at the poles thus requires new methods to
separately analyze the motion of each pole. We therefore mod-
ified standard particle-tracking algorithms to separately track the
two poles of rod-like bacteria in a database of microscopy movies
(Fig. S1). We fitted an ellipse to each image of a bacterium (30)
and identified the two poles with the two foci of the ellipse.
Although bacteria are closer to spherocylinders than ellipses,
we empirically find this to be a computationally efficient and
reliable way to locate the poles. Because the separation between
the two poles of the bacterium was larger than the displacement
of the centroid of the bacterium at our fast imaging rate
(10 frames/ sec), we could use standard tracking algorithms (27)
to separately track the two poles over time. (For schematic dia-
gram, see Fig. S1.)

The positions of the poles as a function of time exhibit signif-
icant noise that reflects the errors in the ellipse fitting, as shown
for the leading pole py,q Over a time interval of 100 sec in Fig. 1
(A) (points). We estimate this noise to be approximately 0.03 pm
(0.5 pixels), which sets a lower threshold of approximately
0.3 pm/s on the velocities that can be resolved given the imaging
rate of 10 frames/ sec. To accurately extract velocities from the
trajectory that fall below this noise threshold, we first subdivide
the trajectory into segments using a noise threshold of 2 pixels
(0.12 pm). If the position varies less than this threshold, we
calculate the velocity using linear regression across the entire
segment (solid line in Fig. 14). For extremely fast motions, the
position varies by more than the noise threshold, and we directly
calculate the velocity of the pole from its net displacement. This
strategy allows us to accurately measure velocities ranging from
0.001-20 pm/s over durations ranging from 0.1-10 s (Movie S1).
Comparison of the trajectory obtained via regression (solid line)
with the positions measured from our experiment (symbols)
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Fig. 1. Analysis of the two-point velocity profiles of the AfliM mutant. (A) x
and y position of one focus (p,(t) and p,(t)) as a function of time. Yellow
symbols show raw data and cyan lines indicate the denoising regression
(threshold = 2 pixels). (B) Velocity amplitudes (v, . (t)| and v, (t)]) of foci
PLead @nd prr,i as a function of time. Velocity amplitudes are calculated from
the regression data.
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shows excellent agreement; we estimate the relative error in the
calculation of the velocity amplitude from the slope of the trajec-
tory segment to be less than 5%.

The resultant plots of the velocity amplitude obtained from
the regression analysis versus time exhibit high-speed pulses that
regularly alternate with low-speed square waves, as shown for
the leading (pyc.q) and trailing (pr.,;) poles of a single bacterium
in Fig. 1B. Over one order of magnitude separates the character-
istic velocities of pulses and square waves, indicating that twitch-
ing is an inherently multiscale phenomenon. Furthermore, the
durations in time of the high-speed pulses are shorter and more
narrowly distributed compared to those of the low-speed square
waves. The velocity amplitude profiles of py.,q and pyp; exhibit
significant differences, with more high-speed velocity pulses
found in the velocity profile of the trailing pole than that of the
leading pole. Together, these observations suggest that distinct
physical mechanisms that depend on both the orientation and
the shape anisotropy of the bacterium may be responsible for the
pulses and square waves.

Extant results on TFP-driven motility suggest two potential
models to explain the origin of the alternating high-speed and
low-speed motions that we observed in the trajectories. First,
multiple TFP pulling in coordination may allow the bacterium to
move at higher speeds. However, motility experiments on Neis-
seria gonorrheae mutants showed that the velocity was indepen-
dent of the average number of TFP (16, 22); moreover, the
force exerted by multiple TFP pulling in coordination scaled only
linearly with the number of TFP (23). Second, the pilus motor
that drives the retraction may exhibit multiple states, each
with its own characteristic velocity. This scenario was found in
N. gonorrheae, in which TFP retracted at two distinct velocities
separated by a factor of five only in the regime of low loading
forces (31), but is unlikely to explain the 20-fold difference be-
tween our low- and high-speed velocities. Moreover, neither
model suggests any natural explanation for the striking contrast
in the distribution of durations of the two movement types, the
monodisperse duration of the high-speed velocity pulses con-
trasted with the polydisperse duration of the low-speed velocity
plateaus. We therefore conclude that neither model can explain
three key features of our trajectories: (i) the large separation in
the characteristic scales of velocity and duration, (if) the regular
alternation between low and high speeds, and (iii) the drastic dif-
ference in the distributions of movement duration between low
and high speeds. These features suggest that a new model is
needed to understand how bacteria deploy multiple TFP.

Bacteria Move Faster During Turns than During Pure Linear Motion. To
obtain new insight into how bacteria deploy TFP, we first examine
the rotational motion of a crawling bacterium. To distinguish
rotational motion from translational motion in the database of
trajectories, we analyze the correlation between the motions of
the two poles. For translational motion along the cell body axis
and for “parallel transport” of the cell in which a constant cell
orientation is maintained, the magnitudes of the instantaneous
velocities of the two poles are nearly equal (ie., |v, . (f)] =
[Vpr..a (£)]), whereas for rotational motion the magnitudes of the
velocities are not equal (i.e., [V, ()] # |V, ., (O)]). Individual
cells deploy translations and rotations differently, as shown by
the two-dimensional histograms over the instantaneous velocity
amplitudes |v,  (¢)|and |v,, . (¢)| for two different cells in Fig. 24,
i—ii, and therefore exhibit morphologically distinct trajectories
as shown in Fig. 2B. For example, the trajectory of the trailing
pole prp,; for bacterium (i) is only weakly correlated with the
trajectory of the leading pole p; .4, consistent with a statistical
preference for rotational motion, whereas the trajectories of
Pread and pry,; of bacterium (ii) are highly correlated, consistent
with a statistical preference for linear translational motion.
Although the motions of these bacteria are different, it can be
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Fig.2. Identical AfliM bacteria exhibit individuation of motion preferences. (A) 2D histogram of |v, __, (t)| versus |v,,  (t)|, from datasets of two different AfliM
mutant bacteria. The dashed line (slope = 1.0) is a guide to the eye to indicate translational motion (v, , (t)| = |v,,, (t)]); the dashed circle is a guide to the eye
to indicate rotational motion (v, (t)| # |V, (t)]); the dotted green lines indicate the velocity threshold (v, ., 0...| = 0.3 pm/s) separating release actions
and pull actions. Genetically identical bacteria exhibit distinct individual motion preferences: (i) rotation; (ii) translation. (B) Portion of trajectories from (top)
bacterium (i), with schematic illustrating rotational motion, and (bottom) bacterium (ii), with schematic illustrating translational motion. In (B) the blue and red
circles indicate positions of peag and prpi. respectively.

clearly seen that high-speed motions are dominated by rotations,

hypothesize that these discrete actions must ultimately derive
whereas low-speed motions are dominated by translation. This

from the deployment of TFP. We first investigate the correlation

behavior is a generic feature of TFP-driven motility in P aeru-
ginosa.

Motion Can Be Decomposed into Two Distinct and Alternating Actions.
To elucidate the motility events that constitute twitching, we de-
compose the complex motion of the leading pole of the bacterium
into a sequence of unique and discrete actions. Each trajectory
can be described as a series of N distinct actions 4; characterized
by a duration time 7(4;) and a constant velocity amplitude |v(4;)|

of sequential actions (actions 4; and A4, ) over a specific trajec-
tory. The 2D histogram over the velocity amplitudes |V, caq(A4;)]
and [V eaa(A;11)| exhibits two distinct maxima (Fig. 3B), indicat-
ing that slow (fast) actions typically succeed fast (slow) actions.
Similarly, the 2D histogram over the duration times |z(4;)| and
|7(A;,)| reveals that short (long) actions are typically followed by
long (short) actions (Fig. S2). Furthermore, by analyzing all the
discrete actions in a trajectory (Fig. 3C), we find that an over-
whelming fraction of high velocity actions have short durations

with displacement D(4;), as shown schematically in Fig. 34. We (<200 ms). These results indicate that the motility cycle of
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Fig. 3. Analysis of the velocity of leading pole p ¢,q reveals distinct pulls and releases. (A) Schematic definition of an action in the velocity profile: For the ith
action A;, |v,,_ (A;)| is the velocity amplitude, 7(A;) is the duration time, and D(4;) is the total displacement. (B) 2D histogram of the velocity amplitude of
connected actions (A; and A;, ) for leading pole p,¢.q4. (C) Velocity amplitude v, (A)| as a function of duration z(A) for the leading pole p;c,q4 in the trajectory
of a single AfliM bacterium (N = 12,000 points); the color scale indicates the total displacement D(A). The two dashed lines (slope = —1.0) are guides to the eye
indicating total displacements between 0.01 pm and 0.1 pm. (D) Histogram of the duration z(A). The dashed line indicates the time threshold (z, = 0.2 s)
separating release actions (red bars) from pull actions (blue bars). (£) Histogram of the velocity amplitude |, (A)|. The dashed line indicates the velocity
threshold (|vpmm| = 0.3 pm/s) separating release actions (red bars) from pull actions (blue bars). (F) Histogram of the displacement D(A) of release actions (red
bars) and of pull actions (blue bars). In D-F the line is the Gaussian fit to the distribution.
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TFP-driven twitching for the database of trajectories consists of
alternating low velocity plateaus of long duration and high
velocity pulses of short duration.

The distributions of the duration and velocity of actions are
bimodal, with characteristic scales that are separated by over
one order of magnitude (Fig. 3D and E). Slow actions (of velocity
<0.3 pm) exhibit long duration times (300 ms — 20 s), whereas
fast actions (of velocity >0.3 pm) exhibit short duration times
(<200 ms). The distribution of durations for slow actions is
significantly broader [full-width half-max (FWHM) of approxi-
mately 5 s] than that of fast actions (FWHM of approximately
200 ms). The average duration of fast actions is approximately
20 times shorter than that of slow actions (Fig. 3D). However, the
average velocity amplitude of fast actions is approximately 20
times greater than that of slow actions (Fig. 3E). This implies that
the average displacements for these two processes are approxi-
mately equal (Fig. 3F). This surprising result suggests that the
standard model of TFP-driven pulling that is used to explain
twitching motility (17) must be extended to include a second
physical process that also contributes significantly to total displa-
cement.

Fast and Slow Actions Exhibit Distinct Orientation Preferences. To elu-
cidate the physical origin of these processes, we examined how
fast and slow angles were oriented with respect to the body of
the bacterium. We define the deviation angle 6 as the angle be-
tween the velocity vector of the leading pole (pyc.q) and the body
axis of the bacterium, as shown in the inset to Fig. 44. The
distribution of deviation angles p(0) for slow actions (FWHM of
approximately 90 degrees) is biased along a broad forward cone
(Fig. 4B), as shown by data averaged over 10 different AfliM mu-
tant cells. By contrast, the forward-directed maximum in p(0) for
fast actions is significantly narrower (FWHM of approximately
10 degrees), but fast actions can occur in multiple directions.
Data for individual bacteria also exhibit similar distributions for
slow and fast actions, as shown in Fig. 4B. The differences in the
orientational distributions for slow and fast actions suggest that
the underlying physical mechanisms have different spatial distri-
butions.

Discussion

Proposed Model of Twitching Motility. The highly temporally and
spatially resolved measurements presented in Figs. 1-4 reveal
two distinct physical processes during crawling: a slow action with
low velocity and long duration that is correlated with linear trans-
lation along the forward direction, and a fast action with high
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0.10 — Release
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0.05 | 60 oo | 60
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a
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Fig. 4. Identical AfliM bacteria exhibit distinct orientation preferences. (In-
set A) Schematic plot of the p ..q action velocity vector; ¢ is the deviation
angle between the p .4 velocity vector and the body axis of the bacterium,
with clockwise (counterclockwise) motion defined as positive (negative).
(A) Normalized distribution of the deviation angle (6), p(6) calculated from
10 trajectories of different single AfliM bacteria, including approximately
180,000 images. (B) Distribution of deviation angle for a single bacterium,
showing that single cells also exhibit orientational preference. In A and B
distributions for release actions (red line) and pull actions (blue line) are
decomposed from the entire trajectory.
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velocity and short duration that is correlated with multidirec-
tional rotation. The characteristic scales for the velocity and dura-
tion of these actions are separated by over an order of magnitude
but contribute nearly equally to the total displacement of the
bacterium. Most strikingly, these two actions regularly alternate:
Velocity pulses are consistently followed by velocity plateaus and
vice versa. This pattern is observed for the over 12,000 actions
that we analyzed. Existing models for the deployment of TFP
motility do not capture these features.

To explain the complex motion of the twitching bacterium re-
vealed by our measurements, we instead propose a model for
crawling that relates the velocity of motions to differences in
the deployment of multiple pili, as shown in Fig. 5. In our model,
the low-speed square waves or pulls result from the cooperative
retraction of multiple pili that are preferentially located at the
poles, leading to slow and steady motion along the body axis
of the bacterium as previously described (17). The unique feature
of our model is a mechanism for the high-speed releases, which
we attribute to the release of a single type-IV pilus while the other
TFP are under tension.

This simple model allows us to explain the features of twitching
motility highlighted by our analysis. Rotation of the trailing pole
Prrail (Fig. 2) occurs when a tethered pilus is rapidly released. The
width of the distribution of durations of pull actions is larger than
that of release actions (Fig. 3D), consistent with the measured
polydispersity in the lengths of TFP (17); we expect that the dura-
tion of TFP pulls should correlate with the length of TFP, whereas
the duration of TFP releases should be largely independent of
TFP length (see Fig. S2). The large velocities of release actions
(Fig. 3E) result from the rapid equilibration of the cell position
away from the direction of the released pilus to a new position
defined by the vector sum of forces from all other TFP in tension.
The difference in the distributions of deviation angle between
pulls and releases (Fig. 4) results from the spatial asymmetry
of tethered pili: If the released type-IV pilus is positioned off-
center from the major axis of the bacterium, the resultant vector
sum of the remaining forces due to tethered TFP may cause the
bacterium to rapidly rotate to a new position. The strong forward
anisotropy of p(#) for pull actions therefore results from the
retraction of multiple TFP at the leading pole. By contrast, the
narrow distribution of release actions along the forward direction
reflects the anticorrelation with the orientation of a single pilus,
and the multidirectionality of release actions reflects the release
of either leading or trailing TFP.

The rapid equilibration of the cell body during the release ac-
tion affords the bacterium a natural and efficient mechanism to
rotate its orientation through large angles. If the vector sum of
force due to TFP under tension contains a component orthogonal
to the long body axis, the bacterium can turn while attached to the
surface via oversteering during release. Our model suggests that
this slingshot-like motion of TFP release contributes as much to
twitching motility as the pull motion from the TFP retraction cy-
cle (Movie S2), which is the standard model for TFP motility (17).

Why Do Bacteria Use a Slingshot Release Mechanism for Propulsion?
One possible explanation for the importance of the slingshot me-
chanism arises from the mechanical properties of the extracellu-
lar polymeric substances (EPS) that compose bacterial biofilms
(26). Upon initial attachment to the surface, bacteria exhibit
increased gene expression (32) for the production of EPS (33),
which has been suggested as a precondition for irreversible at-
tachment (34-36). For Pseudomonas, different components of
the EPS appear to play different roles, with psl being more im-
portant for cell adhesion to surfaces (37), and pel being more im-
portant for cell—cell contact (38). In solution, the EPS of
P, aeruginosa exhibits pseudoplastic shear-thinning rheology with
viscosities #~ 0.1 and 0.05 Pa-s at shear rates of s and 1 s7!,
respectively (39). These shear rates are representative of those
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Fig. 5. Model for twitching motility. Schematic illustrating the mechanisms
for the alternating pull (left) and release (right) actions of a crawling
bacterium.

experienced by a bacterium of typical length 1 pm moving under
pull and release actions, respectively (Fig. 3F). Bacteria move
in the low Reynolds number regime (Re ~ 1075) (40) in which
inertial forces are negligible, and the viscous drag on the bacter-
ium is therefore proportional to fluid viscosity (41). The rapid
release mechanism may therefore allow bacteria to exploit the
pseudoplastic rheology of the EPS and reduce viscous drag by
approximately 200% based on our simple estimate. Moreover,
this argument does not depend on the specific chemistry of the
polymeric substances but only requires that the viscosity decrease
with increasing shear rate. For example, the extracellular DNA
(eDNA) also required for biofilm formation (42) is also capable
of shear-thinning; the viscosity of a semidilute solution of DNA
decreases by approximately 500% as the shear rate is increased
from 7y~ 0.1 to 1 s~! (43). The slingshot mechanism suggested
by our model would allow bacteria to exploit the biomechanics
of pili to modify the local viscosity and thus facilitate surface
movement through the EPS. This proposed physical strategy
would be complementary to that of bacteria such as Helicobacter
pylori, which use chemical modifications to reduce the local
viscosity (44).

In summary, we have investigated the complex sequence of
motions that constitute twitching motility in P aeruginosa using
a two-point tracking algorithm. We find that linear translational
pulls of constant velocity alternate with combined translational-
rotational releases that are approximately 20x faster. Surpris-
ingly, the contribution of the slingshot-like TFP release motion
to the total distance traveled by the bacterium is comparable to
that of TFP retraction, despite occurring for only approximately
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5% of the total duration of the trajectory. After release of a single
type-IV pilus, the cell body reorients along the vector sum of
forces from multiple TFP under tension, thereby allowing it to
turn while still surface-attached. The oversteering mechanism
elucidated here, which is driven by the rapid release actions, en-
ables changes of direction that are approximately 100x faster
than those exhibited by M. xanthus (25). Moreover, the rapid
slingshot release enables efficient locomotion in the shear-thin-
ning macromolecular fluids encountered during biofilm forma-
tion. These methods show how P, aeruginosa deploy TFP to move
and change direction on surfaces. Because twitching motions
depend on the physical distributions of TFP on individual cells,
analysis of motility patterns may enable new methods for bio-
metric “fingerprinting” of individual cells for single cell diagnos-
tics (see Fig. S2). Additionally, these methods can be easily
extended to elucidate the complex motility patterns of other bac-
terial species using a variety of motility appendages.

Methods

Bacteria Strains and Flow Cell Experiment. A AfliM isogenic mutant of
Pseudomonas aeruginosa strain ATCC 15692 (45) was used to elucidate
the origins of TFP-driven twitching motility. These rod-like bacteria move
strictly using TFP, which exhibit polydisperse lengths of up to approximately
10 um and retract over time scales of 1-10 sec (17, 46). Motility of attached
P aeruginosa cells was monitored in sterilized flow-cells containing FAB
medium (47) with 0.6 mM glutamate flowing at 3.75 mLh~' at constant
temperature 30 + 0.1°C. An inoculum was prepared by growing bacteria
in test tubes containing FAB medium with 30 mM carbon with shaking at
37 °C to OD600 ~ 0.3. The cultures were diluted by adding 50 pL of the bac-
terial suspension into 950 pL of sterilized FAB (1:20).

Microscopy and Tracking Algorithm. Brightfield movies containing approxi-
mately 18,000 images were collected at 10 frames per second using an Olym-
pus microscope equipped with a 100x oil objective. Typical movies contained
<10 rod-like cells of P aeruginosa. To separately track the two poles of
rod-like bacteria in a database of microscopy movies, we first estimated
the positions of the poles of a given bacterium by fitting an ellipse to the
cell body. We defined the two foci of the ellipse as the two poles. We then
separately tracked the positions of the leading (pcag) and trailing (prrai)
poles as a function of time using standard algorithms (27). For our analysis,
focus pieaq is defined as the leading pole of the bacterium along the statis-
tically preferred direction of motion.

To accurately calculate the velocity of bacteria below the noise limit of
approximately 0.3 pm/s set by the errors from the ellipse fitting, we imple-
mented a linear regression algorithm. We subdivided each trajectory into
segments using a noise threshold of 2 pixels (0.12 pm). If the position in
the segment varied less than this threshold, we calculated the velocity using
linear regression across the entire segment (solid line in Fig. 1A). For the
extremely rapid motions of duration two frames, we directly calculated
the velocity of the pole as the total displacement divided by the frame time
(0.1 sec).
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