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Bacterial motility and chemotaxis are important for many biological processes such as
the exploration of the environment and the spreading of bacterial infections. Different
bacterial species usually adopt different swimming strategies. As an opportunistic path-
ogen, the singly flagellated Pseudomonas aeruginosa was recently found to swim in a
“run–reverse” or “run–reverse–pause” pattern. Here, by simultaneously tracking the
position of the cell body and the conformation of its flagellum, we discovered a swim-
ming mode—the wrap mode, during which the filament wrapped around the cell body.
We measured the behavioral characteristics of the wrap mode and found that it
randomized the swimming direction, thereby allowing the bacterium to explore its
neighborhood efficiently. We confirmed by stochastic simulations of P. aeruginosa
chemotaxis that the wrap mode enhanced its chemotaxis performance. Therefore, the
wrap mode we discovered here represents an efficient strategy for polar-flagellated bac-
teria to explore the environment.
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Bacterial motility is vital to their survival in the natural environment and important for
many physiological processes such as infection of the host and response to external
stimuli (1, 2). Flagellated bacteria, such as Escherichia coli, can swim in liquid by rotat-
ing helical flagella, each driven at its base by a flagellar motor embedded in the cell
membrane (3). Each E. coli cell has four to six flagella distributed around the cell body
and adopts a “run-and-tumble” swimming strategy. When all flagellar motors on a cell
rotate counterclockwise (CCW), the flagellar filaments form a bundle and push the cell
to swim smoothly (called “run”) (4–6); when one or more motors rotate clockwise
(CW), the associated flagellar filaments escape from the bundle and change the direc-
tion of cell movement (called “tumble”) (7). The chemotaxis pathway adjusts the tum-
ble probability by modulating the probability of motor CW rotation (CW bias),
thereby enabling E. coli chemotaxis. Due to the difference in the number and location
of flagella, monotrichous species evolved different swimming strategies to achieve che-
motaxis. The flagellar motor of Rhodobacter sphaeroides exclusively rotates in the CW
direction to propel cell swimming. This is accompanied by pauses of indefinite fre-
quency, so that the cell changes the direction of movement by Brownian diffusion (8).
Vibrio species exhibit a large angular change in swimming direction when the flagellar
motor switches rotational direction, and the instability of its hook makes it possible
to achieve an ∼90° angle deflection, thus forming a “run–reverse–flick” swimming
strategy (9, 10).
As an opportunistic pathogen, Pseudomonas aeruginosa is capable of swimming,

swarming, or twitching by using its polar single flagellum or type IV pili (11, 12). Pre-
vious studies on P. aeruginosa-related infection confirmed that flagella-driven motility
was closely related to the increase of incidence rate and mortality of pneumonia and
burn wound sepsis (13, 14), so it is important to thoroughly understand its motility
behavior. With the continuous improvement of observation methods in recent years,
researchers proposed a P. aeruginosa swimming pattern of “run–reverse–pause” using
single-cell tracking and tethering experiments (15, 16) and suggested that the run,
reverse, and pause corresponded to CCW rotation, CW rotation, and pausing of the
flagellar motor, respectively. However, the mechanism and importance of the pause
mode remained controversial. It was proposed that the flagellar motor paused from
time to time, during which the direction of movement was changed because of rota-
tional Brownian motion. The pause of the flagellar motor resulted in the pause mode
(16). But measurement of the rotational diffusion coefficients of nonreversing trajecto-
ries with or without pausing found that the effect of pausing was minimal in modulat-
ing P. aeruginosa swimming direction (15). To elucidate the swimming pattern of
P. aeruginosa, we simultaneously tracked the free swimming of individual cells and
observed the dynamic behavior of flagellar filaments by fluorescent labeling.
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Surprisingly, we discovered a different swimming mode, a
“wrap” mode, during which the flagellar filament wraps around
the cell body and the cell swimming speed slows down. Exiting
from the wrap mode results in large angular change of swim-
ming direction, and this enhances the chemotaxis capability of
P. aeruginosa.

Results

P. aeruginosa Flagellar Filament Wraps around the Cell Body
Probabilistically during Swimming. To observe the dynamic
behavior of the flagellar filament during swimming of P. aerugi-
nosa, we introduced into the flagellin FliC a cysteine mutation
(T394C) that allowed labeling with thiol-reactive fluorescent
dye. This single point mutation in flagellin did not exert a sig-
nificant influence on the motility and chemotaxis of the bacte-
ria, as the mutant and wild-type strains showed a similar size of
chemotaxis ring on a swimming plate (SI Appendix, Fig. S1).
To facilitate long-time observation of the flagellar dynamics, we
first observed the swimming in a quasi–two-dimensional liquid
film with a sample thickness of about 3.5 μm. We discovered
that sometimes the flagellar filament could wrap around the cell
body and then unwrapped from the cell body after some short
period of time. We called this mode a wrap mode. We also
defined the “pull” and “push” swimming modes that corre-
sponded to the flagellum pulling or pushing the cell body,
respectively. A typical trajectory with a wrap event is shown in
Fig. 1 and Movie S1. The wrap mode was characterized by a
decrease in the swimming speed and an increase in the fluctua-
tion of the body orientation (indicated by the increase in body
rotation speed). Pull–wrap transition exhibited minimal change
in swimming direction, whereas wrap–push transition caused a
sharp spike in the angular speed that indicated an abrupt
change in the swimming direction (Fig. 1 B–D).
A previous study found wrapping of the flagellum around

the cell body in another polar monotrichous species Shewanella
putrefaciens when the cell ran into the obstacles and got stuck,
and the wrap event was an effective strategy to escape the trap
(17). To test whether the wrap mode of P. aeruginosa resulted
from a similar mechanism, e.g., due to impediment of cell
swimming by the glass surfaces, we observed the swimming
behavior in a three-dimensional (3D) diluted bulk liquid envi-
ronment that was free of the surface effect. The wrap phenome-
non still occurred. This suggested that the wrap event we
discovered in P. aeruginosa resulted from a different mecha-
nism, which we sought to establish by further characterizing
the wrap mode.
Further analysis of the data showed that the wrap mode

occurs probabilistically only when the cell switched from pull
to push mode, and its probability of occurrence was nearly
40% (268/714).

The Conformation of the Flagellar Filament during the Wrap
Mode. By tracking the circular swimming of individual cells
near the glass surface (18) (Movie S2), we confirmed that the
filament of P. aeruginosa maintained a fixed left-handed chiral-
ity in pull and push modes (19). When the motor rotates
CCW (viewed from tail of the filament), the filament pushes
the cell forward; otherwise, the filament pulls the cell forward
(SI Appendix, Fig. S2). To directly observe the shape of the fla-
gellar filament when the flagellar motor switched, we increased
the viscosity of the motility buffer (MB) by several times to
reduce the filament rotation speed during swimming. Specifi-
cally, we used 20% Ficoll 400 in MB, which increases the

viscosity and slows down the rotation of the flagellar motor
(20, 21). We set a fast camera acquisition rate of 160 frames
per second. Sample videos are shown in Movies S3 and S4. By
measuring the waveform of the filaments (the diameter and
pitch), we found the pull–push mode transitions were not
accompanied by filament polymorphic transformation (SI
Appendix, Fig. S2).

To obtain sufficient temporal resolution to monitor flagellar
motion and morphology during the wrap mode, the same
method was used to slow down the filament rotation. A typical
wrap event is shown in Fig. 2 and Movie S5. We found that
the helical structure of the flagellum underwent substantial
change in conformation when wrap mode occurred. Specifi-
cally, the filament of P. aeruginosa was a right-handed helix in
the wrap mode, in contrast to the left-handed chirality in pull
or push mode. Besides the chirality, the pitch and diameter of
the filament changed significantly. The pitch of the filament in
the wrap mode was measured to be 1.12 ± 0.10 μm, smaller
than the value in the pull and push modes (1.48 ± 0.06 μm).
The diameter of the filament in the wrap mode was 1.01 ± 0.
06 μm, close to the cell body width (Fig. 3), and larger than
the value in the pull and push modes (0.74 ± 0.04 μm). More
example images of the wrap mode are shown in SI Appendix,
Fig. S3.

By carefully observing the rotation of the filament, we found
that the flagellar motor rotated CCW during the wrap mode
(Fig. 2). As shown earlier, the flagellar motor rotated CW and
CCW during the pull and push swimming modes, respectively.
Therefore, the flagellar motor switched rotational direction for
the mode transition from pull to wrap, rather than from wrap
to push (Fig. 3A).

The Wrap Mode Was Triggered by Bulking Instability of the
Hook. Recently the polar monotrichous bacterium Vibrio algi-
nolyticus was shown to swim in a run–reverse–flick pattern, and
the bacteria flick by exploiting a finely tuned buckling instabil-
ity of the hook upon motor reversal (9, 10). There were simi-
larities between the flick mode of V. alginolyticus and the wrap
mode of P. aeruginosa. For example, both modes occurred
when the flagellar rotation changed from pulling to pushing
the cell body. Hence, we speculated that the wrap mode of
P. aeruginosa was also triggered by bulking instability of the
hook during motor switching. When the filament pulls the cell
body to swim, the hook connecting the filament and the cell
body is acted upon by the thrust from the filament and the vis-
cous drag from the cell body. These forces are equal in magni-
tude, along the hook central axis, and directed outward from
the hook. Thus the hook is under tension (Fig. 4A). When the
motor switches to CCW and the push mode is about to start,
both the thrust and viscous drag acting on the hook reverse the
direction. The hook is under compression and can lose
mechanical stability. Above a critical load, the hook under com-
pression buckles (9), and the filament wraps around the
cell body.

Immediately after the switching of the flagellar motor from
CW to CCW, the hook can be modeled as a slender rod under
simultaneous loading of compression and torsion (9). To fur-
ther test the buckling hypothesis, we measured the thrust of the
flagellum and the motor torque immediately before the mode
transited from pull to push and from pull to wrap (Materials
and Methods). The results are shown in Fig. 4 B and C. Just
before the pull–wrap and pull–push mode transitions, the fla-
gellar thrusts were 0.54 ± 0.10 and 0.42 ± 0.08 pN, respec-
tively, and the motor torques were 817 ± 144 and 667 ± 136

2 of 10 https://doi.org/10.1073/pnas.2120508119 pnas.org

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2120508119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2120508119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2120508119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2120508119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2120508119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2120508119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2120508119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2120508119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2120508119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2120508119/-/DCSupplemental


pN nm, respectively. The thrust and the torque before the
pull–wrap transition were higher by 29 and 23% than the val-
ues before the pull–push transition, respectively. We also tried
increasing the thrust and the torque by increasing the viscosity
of the motility buffer via adding 20% Ficoll 400, and the prob-
ability of occurrence for the wrap mode increased from 38 to
80% (Fig. 4D). To test the effect of reducing the thrust and
the torque, we sheared the cells to truncate flagellar filaments.
The average length of the filaments decreased from 6 to 4 μm
(SI Appendix, Fig. S4). The cell with truncated filament still
exhibited the wrap mode (SI Appendix, Fig. S5), but the proba-
bility of occurrence for the wrap mode decreased from 38 to
18% (Fig. 4D). These results indicated that the hook buckles
and the wrap mode occurs when the loading of compression
and torsion is above some critical value.
According to the Euler beam theory, for a hook under simul-

taneous axial force and torque loading, buckling occurs when
(22)

F
FCR

þ T
TCR

� �2

> 1,

where the critical force and torque are FCR ¼ π2EI
L2 and TCR ¼

2πEI
L (E is Young’s modulus, I is the area moment of inertia,

and L is the hook length), respectively. We calculated the nor-
malized load value F =FCR þ ðT =TCRÞ2 for the pull–wrap
mode transitions, and the ensemble mean was 1:12 ± 0:39: In
contrast, the value was 0:76 ± 0:29 for the pull–push transi-
tions without the wrap mode (Fig. 4E). Further quantification
showed that 57% of the normalized load values for the
pull–wrap mode transitions fell outside the demarcated parab-
ola defined by the marginal stability condition F =FCR þ
ðT =TCRÞ2 ¼ 1, where the hook was unstable, and 82% of the
normalized load values for pull–push transitions without wrap
mode fell inside the demarcated parabola, where the hook was
stable (Fig. 4E). Upon motor switching, the hook temporally
unwinds. Hence when calculating the critical force and torque
above, the bending stiffness EI of a relaxed hook was used.
During steady forward swimming, the hook twists and stiffens
(9). This dramatically increases the critical force and torque,
thereby achieving steady forward swimming.

In the wrap mode, the filament is a right-handed helix coil-
ing around the cell body. The swimming direction in the wrap

Fig. 1. (A) The pull, wrap, and push swimming modes of a bacterium. In each picture, the black region with a dotted ellipsoid indicates the cell body. The
bright region is the fluorescently labeled filament. The white arrow represents the swimming direction. The number in the upper right corner displays the
time. The image sequence was taken from Movie S1 (recorded at 80 fps). Frames 1, 3, and 6 indicate the pull, wrap, and push modes, respectively. (Scale
bars, 5 μm.) (B) The swimming trajectory of the bacterium in A. The cell body positions are indicated by the open circles at 0.05-s intervals. (C and D) Time
series of the swimming speed (C) and body rotational speed (D) for the trajectory in B. The three swimming modes are marked in color: pull (green), wrap
(red), and push (blue).
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mode is nearly the same as that in the earlier pull mode
(Fig. 1), which means that both the thrust from the filament
and the viscous drag from the cell body are directed outward
from the hook. The highly bent hook is now under tension
(Fig. 4A). Therefore, the wrap mode is unstable, and after some
period of time the hook straightens out and the filament

unwraps from the cell body, turning the swimming mode into
a push mode (Fig. 4A).

Behavioral Characteristics of the Wrap Mode. To compare the
behavioral difference for the wrap, push, and pull modes, we
measured physical parameters such as duration, swimming

Fig. 2. Image sequence showing the detailed process of the wrap mode. Twenty percent Ficoll 400 is added to the motility buffer to reduce the flagellar
rotation speed. The dotted ellipsoids indicate the cell body. The white arrows represent bacterial swimming direction. The white triangles in frames 4 to 11
indicate the propagation of one peak of the flagellar waveform. The number in the upper right corner of each picture displays the time. The image sequence
was taken from Movie S5 (recorded at 160 fps). Frames 4 to 11 show the wrap mode. The filament is right-handed during this period. The motor is at the
left pole of the cell body. Frames 1 to 3 and 12 to 15 indicate the process of the filament coiling around the cell body and unwrapping from the cell body,
respectively.
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velocity, and turn angle for the different swimming modes.
The results are shown in Fig. 5 and SI Appendix, Fig. S6. We
found the mean duration of the wrap mode was 0.95 ± 0.06 s
(mean ± SEM), whereas the pull and push mode exhibited lon-
ger duration of 2.21 ± 0.08 and 2.14 ± 0.08 s, respectively.
Taking into consideration that 38% of mode transitions
included the wrap mode, we could estimate that the wrap
mode accounted for about 8% of the whole swimming dura-
tion. During the wrap mode, the mean swimming velocity was
14.45 ± 0.49 μm/s, much smaller than the swimming velocities
during the pull mode of 37.95 ± 0.79 μm/s and during the
push mode of 37.42 ± 0.80 μm/s.
We defined the turn angle as the change in swimming direc-

tion between pull and push and compared the turn-angle distri-
butions of the pull–wrap–push transitions and the pull $ push
transitions without wrap (Fig. 5 C and D). Ninety percent of
the turn angles for pull $ push transitions were distributed
over 150 to 180°, exhibiting sharp reversals in swimming direc-
tion when the flagellar motor switched. More detailed observa-
tion revealed that the turn angle of the pull $ push transitions
negatively correlated with the deflection angle, which is defined
as the angle between the cell body long axis and the filament
axis as the motor switches (SI Appendix, Fig. S7). In contrast,
the pull–wrap–push transition resulted in a wider unimodal
distribution of turn angles over 0 to 180°, with a peak located

at ∼95°. Further analysis showed that there was a negative cor-
relation between the average turn angle of pull–wrap–push
transition and the duration of the wrap mode that could be fit-
ted with an exponential decay function (Fig. 5E). As the wrap
duration increased, the average turn angle approached 90°. For
wrap durations less than 0.2 s, the distribution of turn angles
skewed toward large angles (SI Appendix, Fig. S8A), similar to
the turn-angle distribution of pull $ push transitions. This
indicated that the effect of the wrap mode was not evident with
a short wrap duration. For wrap durations longer than 0.8 s, the
mean turn angle was ∼90°, with a distribution similar to that
expected from a completely random angle change [if the bacteria
chose a new direction randomly in 3D, the probability of an angle
change between θ and θ + dθ would be 1=2ð Þsinθ � dθ, so this
would result in a distribution of sine shape between 0 and 180°,
with mean of 90°] (SI Appendix, Fig. S8). Consistent with this, we
found that the wrap mode increased the fluctuation of the cell body
orientation: There was a larger cell body rotational speed during the
wrap (1.47 ± 1.00 rad/s, mean ± SD) than during the pull/push
(0.38 ± 0.28 rad/s) swimming mode (SI Appendix, Fig. S9).

The Wrap Mode Enhanced the Chemotaxis Ability of
P. aeruginosa. The broad distribution of the turn angle for the
pull–wrap–push transitions allows the bacterium to explore its
neighborhood more efficiently compared to that in pull–push

Fig. 3. (A) Cartoon pictures showing the flagellar chirality during the pull, wrap, and push modes. The brown arrow represents the flagellar rotation direc-
tion. The green, red, and blue arrows indicate the bacterial swimming direction under pull, wrap, and push modes, respectively. The dashed lines show the
flagella chirality. The circles with arrow on the right indicate the motor rotation direction for the three modes. (B and C) Measurements of the helical diame-
ter (B) and the pitch (C) of the filament. The blue and red data are the measurements for pull/push and wrap modes, respectively. In the box-whisker plot,
the box represents the middle 50% of the data. The median value is shown as “—" in the box, and the whiskers denote the data range of the 5th and 95th
percentiles. The plus sign in the box represents the mean value.

PNAS 2022 Vol. 119 No. 14 e2120508119 https://doi.org/10.1073/pnas.2120508119 5 of 10

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2120508119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2120508119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2120508119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2120508119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2120508119/-/DCSupplemental


transitions without the wrap mode. We therefore speculated
that the wrap mode could enhance bacterial chemotaxis. To
test that, we simulated the chemotaxis behavior of P. aerugi-
nosa. We used the Monod–Wyman–Changeux (MWC) model
(23) to simulate the activity of chemoreceptors that resulted
in modulation of the CheY-P concentration (Materials and
Methods). For the regulation of motor switching, we used a
two-state thermal isomerization model. The free energies of
the CW and CCW states were modulated by the binding of
CheY-P and were assumed to be always identical with an
energy barrier in between (15). The height of the energy barrier
for the CW or the CCW state was E ¼ α × kBT � β a

aþγ ×
kBT , and the probabilities of motor switching from CCW to
CW and from CW to CCW were equal (15): Pswitch ¼
Ae�

E
kBT ¼ elnA�αþβ a

aþγ, where a is the receptor activity, α and β
are scaling factors, and γ is the receptor activity when the motor
is half occupied by CheY-P. We used similar values for lnA�
α, β, and γ as in previous studies (SI Appendix, Table S2).
Consistent with our measurement of P. aeruginosa swim-

ming, the wrap mode was introduced in between the pull–push

transitions with a probability of 38%. For comparison, chemo-
taxis without the wrap mode was also simulated. In the simula-
tions, cells swam with a constant speed of 35 μm/s during
pull–push swimming modes and a lower constant speed of 15
μm/s during the wrap swimming mode. The cells initially
located at x = 0 with a random swimming direction and gradu-
ally moved toward the +x direction in an exponential ligand
concentration profile of L ¼ L0 × exp x

d

� �
, where L0 is the

ligand concentration at x = 0, and d is the characteristic length
of the gradient. The average cell position depended linearly on
the time with or without wrap mode due to logarithmic sensing
in bacterial chemotaxis, as shown in Fig. 6A for serine concen-
tration profile with gradient length of d = 1 mm. We com-
pared the cases with and without the wrap mode and saw a
clear difference in the drift velocities (Fig. 6A). The same was
true for the MeAsp concentration profile (Fig. 6B). We simu-
lated chemotaxis in different gradient length scales of attrac-
tants and calculated the relative increase in drift velocity with
wrap mode compared to that without wrap mode. The relative
increase was about 20% for different length scales and different

Fig. 4. (A) Schematics showing the pull–wrap–push transition. The red arrows represent the drag and thrust from body and filaments, respectively. The
blue and green circles indicate the torsional torque from motor and filaments, respectively. (A, i) The pull mode. The hook is under tension. (A, ii) After motor
switching, the relaxed hook loses bending stiffness and buckles under the compression. (A, iii) The wrap mode. The filament coils around the cell body, and
the hook is under tension. (A, iv) The push mode. The curved hook in wrap mode is straightened by the thrust and drag, and the filament unwraps from the
cell body. (B and C) Measurements of the drag force (B) and motor torque (C). (D) Comparison of the probability of wrapping for a sheared cell with trun-
cated flagellar filament in MB (27/147), an untreated cell in MB (268/714), and an untreated cell in MB containing 20% Ficoll 400 (90/112). (E) Diagram of
hook stability under combined axial and torsional loads. The green solid line represents the stability boundary F=FCR þðT=TCRÞ2 ¼ 1: The hook is stable when
the normalized force F/FCR and torque T/TCR fall inside the parabola boundary (the lower left region) and buckles otherwise. The red circles and blue triangles
represent measurements for pull–wrap and pull–push transitions, respectively. The yellow solid symbols represent the average of the measurements and
error bars denote SDs.
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attractants (Fig. 6C). Higher occurrence probability of the wrap
mode (e.g., in a more viscous environment) led to larger
increase in the drift velocity (Fig. 6D).

Summary and Discussion

Here, we observed the dynamic behavior of the filament of
P. aeruginosa under different swimming modes by fluorescently
labeling the flagella. We discovered a different swimming mode
of P. aeruginosa—the wrap mode, during which the filament
coiled around the cell body and the swimming direction was
randomized. Wrapping of the filament around the cell body
was observed in other polar flagellated bacteria such as Helico-
bacter suis (24), Pseudomonas putida (25, 26), and S. putrefaciens
(17) when encountering obstacles or swimming near a surface.
Here, the wrap mode of P. aeruginosa was observed in bulk liq-
uid, indicating that it was independent of the hydrodynamic
wall effect. By careful observation of the flagellar rotation, we
found that the flagellar motor rotated in the same direction
(CCW) during the wrap and push modes but in the opposite
direction during the pull mode, which revealed that the motor
switched for the pull–wrap rather than for the wrap–push tran-
sition. By comparing the normalized load value F =FCR þ
ðT =TCRÞ2 for the pull–push transitions with or without a
wrap mode in between, we found that the wrap mode of

P. aeruginosa was triggered by bulking instability of the hook
when the motor switched, similar to the flick mode of V. algi-
nolyticus. The hook bending stiffness of P. aeruginosa in the
relaxed state was EI = 1.27 × 10�26 Nm2, only about one-
third of the value of V. alginolyticus (9). This could probably
explain why P. aeruginosa exhibits the wrap mode whereas V.
alginolyticus exhibits the flick mode.

A “pause” state was observed previously in a single-cell track-
ing assay, which corresponded to a sudden decrease of the
swimming speed to nearly 0 μm/s, and the swimming direction
after the pause remained the same (15). In contrast, the wrap
mode we observed caused randomized distribution of turn
angles, and the speeds of the wrap mode exhibited a wide distri-
bution with an average value of 14.45 μm/s (about one-third of
the speed in the pull or push mode). Some cases of the wrap
mode we observed here (with drastically reduced speed) were
probably identified as pauses in the previous studies.

By further characterizing the behavior characteristics of the
wrap mode, we found that the wrap mode randomized the
angle change in swimming direction. The pull $ push transi-
tions without the wrap mode in between showed sharp reversals
with turn-angle distribution peaked near 180°, whereas those
with the wrap mode in between showed a unimodal distribu-
tion of turn angles over 0 to 180° with a peak near 90°. This
made swimming with the wrap mode close to an unbiased

Fig. 5. (A and B) Probability density functions of the wrap duration (A) and swimming velocity (B). (C and D) Probability density functions of the turn angle
for pull–wrap–push (C) and pull–push transitions (D). (E) The relationship between the turn angle of pull–wrap–push transition and the wrap duration. The
red circles are the measurements (mean ± SEM), and the blue dashed line is the fitting result with the function y ¼ a × e�x=b þ c, where a, b, and c are fitting
parameters. (F) The mean value of duration time for the wrap (red), pull (green), and push (blue) modes. (G) Measurements of the swimming velocity under
wrap (red), pull (green), and push (blue) modes. In the box-whisker plot, the box represents the middle 50% of the data. The median value is shown as “—”
in the box, and the whiskers denote the data range of the 5th and 95th percentiles. The plus sign in the box represents the mean value.
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random walk, thereby allowing the bacterium to explore its
neighborhood efficiently. Stochastic simulations of P. aerugi-
nosa swimming in gradients of attractants further confirmed
that the wrap mode enhanced its chemotaxis capability. Using
a 38% occurrence probability for the wrap mode, it enhanced
the drift velocity by about 20% in an exponential profile of
attractant concentration compared to swimming without the
wrap mode. Higher probability for the wrap mode as occurred
in a more viscous environment led to a larger increase (up to
45%) in drift velocity. Therefore, the wrap mode we discovered
here is an efficient strategy for polar-flagellated bacteria to
explore the environment.
The “run–reverse–wrap” swimming pattern we discovered

here allows pathogens such as P. aeruginosa to achieve efficient
colonization (27, 28): It allows the bacteria to efficiently
explore the environment and locate the suitable site for biofilm
initialization, and when it is time for biofilm dispersal, it allows
the dispersal bacteria to perform efficient chemotaxis. More-
over, the run–reverse–wrap pattern we discovered here repre-
sents an additional motility pattern besides the canonical
run-and-tumble pattern of E. coli to explore the environment
and perform chemotaxis. We expect a similar motility pattern
to be widespread in other polar-flagellated bacterial species.
Finally, directional turning with a wrap mode by utilizing the
buckling instability of the hook may inspire other designs of
microrobotics in medicine and engineering (9, 29).

Materials and Methods

Strains and Cell Culture. P. aeruginosa PAO1 with a point mutation in the fla-
gellin gene fliCT394C was used to observe the dynamic behavior of flagellar fila-
ments. A single-colony isolate was grown in 3 mL of LB broth (1% Bacto tryptone,
0.5% yeast extract, and 1% NaCl) overnight to saturation on a rotary shaker
(250 rpm) at 37 °C. An aliquot was diluted 1:100 into 10 mL of LB broth and
grew to exponential phase. The E. coli TOP10 strain was used for standard
genetic manipulations.

To verify whether the mutation in flagellin affected bacterial motility and che-
motaxis, we carried out the swimming-plate assay for the wild-type PAO1 and
the fliCT394C mutant strain. Swimming agar (0.27% Bacto agar, 1% Bacto tryp-
tone, 0.5% yeast extract, and 1% NaCl) was prepared and melted at 65 °C and
then allowed to cool down. A total of 25 mL of the swimming agar was poured
into a polystyrene Petri dish (100 mm diameter), which was then allowed to
cool without a lid for 20 min inside a sealed large Plexiglas box at room temper-
ature. A 2.5-μL drop of fresh overnight bacterial culture was inoculated on the
surface of the swimming plate. The swimming plate was incubated at 37 °C for
∼18 h.

Strain Construction. PCR was used to generate ∼1,000 bp of DNA fragments
upstream (Up) or downstream (Dn) from the 394th codon of the fliC gene. The
Up and Dn DNA fragments with the linearized pex18gm vector were connected
via Gibson assembly. The recombinant vector was electroporated into P. aerugi-
nosa PAO1, and the mutant was obtained by double selection on LB plates sup-
plemented with gentamicin (30 μg/mL) and NaCl-free LB plates containing 15%
sucrose at 37 °C. Finally, the candidates were screened by PCR and confirmed
by sequencing (30).

Flagella Staining and Fluorescence Imaging. Flagellar filaments were
labeled by following the protocol described previously (31). Cells (1 mL of
exponential-phase culture) were harvested by centrifugation at 2,000 × g for
10 min and washed twice in 1 mL of MB [50 mM potassium phosphate, 15 μM
ethylenediaminetetraacetic acid (EDTA), 0.15 M NaCl, 5 mM Mg2+, and 10 mM
lactic acid (pH 7.0)]. The final pellet was adjusted to a volume of ∼100 μL that
concentrated the bacteria 10-fold. Alexa Fluor 568 maleimide (Invitrogen-Molec-
ular Probes) was added to a final concentration of 20 μg/mL, and labeling was
allowed to proceed for 30 min at room temperature, with gyration at 80 rpm.
Then unused dye was removed by washing the cells with MB three times, and
the final pellet was resuspended in MB (unless otherwise noted).

To construct a quasi–two-dimensional liquid film, the cells with fluorescently
labeled filaments were diluted 1:1,000 with motility buffer, and then a 2-μL
drop of the diluted cell suspension was added to a rectangular coverslip (24 ×
60 mm), which was then covered with another coverslip (24 × 24 mm), so that
we could get clear flagella morphology with fluorescent imaging during
quasi–two-dimensional (quasi-2D) swimming.

Fig. 6. Simulation of P. aeruginosa chemotaxis in an exponential profile of attractant concentration. (A and B) Mean position of bacteria as a function of
time in gradient of Serine (A) or MeAsp (B). The red and blue lines represent chemotaxis with an occurrence probability for the wrap mode of 38% and 0,
respectively. (C) Relative increase in drift velocity (38% compared to 0 wrap probability) in gradient of Serine or MeAsp at different gradient length scales.
(D) Relative increase in drift velocity at different wrap probabilities compared to 0 wrap probability for gradient length of 1 mm.
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For fluorescence imaging during 3D swimming, 100 μL of the cell suspen-
sion was added to a 3D sample chamber, which was made from a coverslip
(24 × 24 mm) supported by two strips of 1-mm-thick double sticky tape on a
glass slide. The boundary of the chamber was then sealed with Apiezon vacuum
grease. The chamber was put on a Nikon Ti-E inverted fluorescence microscope
with the filter set for fluorescein, a 100× oil-immersion objective, and a sCMOS
camera (Primer95B; Photometrics). To get the morphology of the cell body
simultaneously, a faint bright-field illumination was applied along with the fluo-
rescent illumination. Swimming cells near the coverslip were observed at 80
frames per second (fps), using a 12.5-ms exposure time. When extra 20% Ficoll
400 was added to MB to reduce the speeds of cell swimming and flagellar rota-
tion, the video recording was performed at 160 fps.

Altering the Thrust and Torque Acting on the Hook. We increased the
medium viscosity to increase the thrust and the torque acting on the hook. Spe-
cifically, the cells were resuspended in MB supplemented with 20% Ficoll 400.
To reduce the thrust and the torque, we sheared the cells to truncate filaments
by passing the cell suspension several times between two syringes equipped
with 18-gauge needles and connected by a 7-cm-long polyethylene tubing
(0.8 mm inner diameter). Cells were harvested by centrifugation at 2,000 × g
for 10 min and washed three times in 1 mL of MB. Then flagella staining was
performed. We confirmed that the sheared cell with truncated filament still
exhibited the wrap swimming mode. A typical wrap event is shown in SI
Appendix, Fig. S5 and Movie S6.

Mechanical Analysis of the Hook. For low Reynolds number swimming, the
thrust Ff (and the torque Tf) generated by flagellar rotation and the viscous drag
Fb (and the torque Tb) due to movement of the cell body were equal in magni-
tude and opposite in direction and jointly acted on the hook (32, 33). Therefore,
we could get Ff and Tf by calculating the viscous drag via

Ff ¼ Fb ¼ αbv,
Tf ¼ Tb ¼ βbωb,

where v is the swimming speed, ωb is the rotational rate of the cell body, and
αb and βb are the translational and rotational drag coefficients of the cell body,
respectively (32, 33); and

αb ¼ 6πηb 1� 1=5 1� a=bð Þ½ �,
βb ¼ 8πηb3 1� 3=5 1� a=bð Þ½ �,

where the cell body is modeled as an ellipsoid with major axis of 2a and minor
axis of 2b, and η is the viscosity of the medium (all parameter values are shown
in SI Appendix, Table S1). Following previous work (9), the functional relation-
ship between rotational rate of cell body ωb and swimming speed V is

ωb ¼
αbβf þ αfβf � γ2f

βbγf
V:

Here, αf and βf represent the flagellar translational and rotational drag coeffi-
cients, respectively, and γf is the ratio between the propulsive force and the rota-
tional rate of the rotating flagellum. The expressions for them are (33):

αf ¼
2πηl

ln 2p=rð Þ � 0:5½ � 4π2R2 þ p2ð Þ 8π2R2 þ p2
� �

,

βf ¼
2πηl

ln 2p=rð Þ � 0:5½ � 4π2R2 þ p2ð Þ 4π2R2 þ 2p2
� �

R2,

γf ¼
2πηl

ln 2p=rð Þ � 0:5½ � 4π2R2 þ p2ð Þ2πR
2p,

where the R, p, r, and l represent the radius, pitch, cross-sectional radius, and

contour length of the filament, respectively (all parameter values are shown in SI
Appendix, Table S1). The thrust Ff and torque Tf depend on the body length and
swimming velocity, assuming that the cell body width was a fixed value for all
cells. The measurements of cell body lengths and swimming velocities are
shown in SI Appendix, Fig. S10. We calculated Ff and Tf using the pull swimming
speed in the brief moment before the pull–push and pull–wrap transitions.

The hook could be well approximated as a straight, hollow, cylindrical rod.
The bending stiffness EI, and thus the critical force FCR ¼ π2EI

L2 and the critical tor-
que TCR ¼ 2πEI

L of the hook would decrease significantly for a relaxed hook result-
ing from the hook unwinding during motor switching. The hook bending stiff-
ness in this period was calculated as (9)

EI¼ L
kBTA
<φ2>

,

where L is the hook length (SI Appendix, Table S1), and φ is the body-filament
deflection angle of immobilized cells stuck on the glass slide. The measured dis-
tribution of φ is shown in SI Appendix, Fig. S11A. Therefore, the hook bending
stiffness EI in the relaxed state was measured to be EI = 1.27 × 10�26 Nm2:

Simulations of P. aeruginosa Chemotaxis. We simulated chemotaxis using
a stochastic model of chemotactic motion (34, 35). The relationship between the
ligand concentration L, the receptor activity a, and the receptor methylation level
m was (36)

a ¼ 1
1þ eN f mð Þþg Lð Þð Þ ,

dm
dt

¼ kR 1� að Þ � kBa,

where N is the number of chemoreceptors in a Monod–Wyman–Changeux clus-
ter, f(m) = km(m0 � m) is the methylation-dependent free energy, and g(L) =
ln(1 + L/KI) � ln(1 + L/KA) is the ligand-dependent free energy. All parameter
values we used are shown in SI Appendix, Table S2.

In the simulation of chemotactic motion, the cells initially located at x = 0
and swam in an exponential concentration profile of MeAsp or Serine: L¼ L0 ×
exp x

d

� �
, where L0 is the ligand concentration at x = 0, and d is the characteristic

gradient length. Cells moved with a constant speed of 35 and 15 μm/s during
pull/push and wrap swimming modes, respectively. We measured the distribu-
tions of the absolute values of cell body rotational velocities in the pull/push and
wrap modes by measuring the angular change in body orientation between con-
secutive video frames (SI Appendix, Fig. S9), and the mean rotation speeds dur-
ing the pull/push and wrap modes were 0.38 ± 0.28 and 1.47 ± 1.00 rad/s,
respectively. So rotational diffusion of the cell body was introduced into the sim-
ulations by randomly drawing from the experimentally measured distributions.
Similarly, the turn angles under the swimming mode transitions and the wrap
durations in the simulations were also based on random sampling of the experi-
mental measured distributions. The flagellar motor could switch during the wrap
mode, and this would prompt early cessation of the wrap mode; otherwise, the
flagellum would spontaneously unwrap from the body and push the cell moving
after the specific wrap duration. The time step was 0.01 s. At each gradient
length, we simulated the motion of 25,000 cells, and each swam for 200 s.

Data Availability. All study data are included in this article and/or
SI Appendix.
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