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Figure 7. Context-Guided Visualization using Morphological Archetypes. (A) A maximum z-projected example stack with colors highlighting different

conceptual archetypes in the pLLP that have been manually annotated. (B) A low-dimensional archetype space resulting from a PCA of the SVC

prediction probabilities (with the SVC having been trained on CFOR shape features). Cells are placed according to how similar they are to each

archetype, with those at the corners of the tetrahedron belonging strictly to the corresponding archetype and those in between exhibiting an

Figure 7 continued on next page
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Fig. 1. Flagellar arrangement and mechanism of swimming of (a) R. sphaeroides, (b) E. coli and (c) S. rneliioti. R. 
sphaeroides has a unidirectional motor which both changes speed and stops periodically. When the motor stops the 
flagellum relaxes to a short-wavelength, large-amplitude coil, the slow rotation of which reorients the cell. E. coli swims 
smoothly when i t s  CCW-rotating flagella come together as a bundle; periodically they switch to CW rotation and the 
bundle flies apart, the cell tumbles and reorients for the next period of smooth swimming. The direction of swimming 
also changes without stops when the speed changes (arrows). S. rneliloti has a bundle of flagella that only rotate CW. 
The speed of the individual motors can change and this causes the filaments to separate and the cell to turn (arrows); the 
flagella never stop or switch. All mechanisms result in a three-dimensional random swimming pattern. 

switch, for example the CW-rotating flagellum of C. 
crescentus switches briefly to CCW rotation to change 
its swimming direction (Gomes & Shapiro, 1984). The 
questions arise, what is the pattern of swimming 
produced by a unidirectionally rotating flagellum and 
how does this pattern change when cells are chemo- 
tactically stimulated ? 
Flagellar rotation is driven by the protonmotive force 
( A p )  across the membrane (Manson et al., 1977). If E.  
coli is examined, either free-swimming or tethered, 
under condition of saturating Ap, there is little evident 
change in the rotation rate of the flagella. On the other 
hand, S. rneliloti and R. sphaeroides can show major 
changes in the rate of flagellar rotation under conditions 
where the Ap can be considered saturating. 
R. sphaeroides has a single flagellum arising not from 
the pole, but laterally (Fig. la) .  The mechanisms 
involved in localizing the single flagellum are unknown, 
but it is always in the non-photosynthetic cytoplasmic 
membrane, whatever the growth conditions. The R. 

sphaeroides flagellum only rotates in one direction 
(Armitage & Macnab, 1987). This is usually CW but 
occasionally variants have been identified with a CCW 
flagellar motor; in neither case have the motors been 
seen to switch (Packer & Armitage, 1993). 

If anaerobically grown R. sphaeroides is tethered in a 
flow chamber and the cells subjected to increases and 
decreases in attractant concentration, no change in 
rotational behaviour is seen when the attractant con- 
centration is increased, but all the cells stop transiently 
when an attractant is removed (Packer et al., 1996). This 
suggests that rather than swimming and tumbling R. 
sphaeroides swims and stops, re-orienting during a stop, 
but the response is ‘pessimistic’ with the cells sensing 
the reduction in attractant (or its metabolic conse- 
quence), whereas E.  coli responds primarily to the 
increase in an attractant concentration. The behaviour 
of aerobically grown cells is more complex, and prob- 
ably reflects the more complex sensory pathways 
induced under these conditions. Direct observation of 

J. Armitage and R. Schmidt Microbiology. 143, 3671-3682  (1997)

Bacteria swim, propelled by flagella

Variations on the theme of flagella rotation in different bacteria

Rhodobacter sphaeroides Sinorhizobium meliloti E.coli

• single flagellum rotates in single direction
• motor stops and flagellum relaxes and coils

• CW rotation of motor/flagellum in bundle
• slow rotation causes flagella to separate

Howard Berg
http://www.rowland.harvard.edu/labs/bacteria/movies/ecoli.php
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The swim of the bacterium E. coli
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Fig. 1 Digital plots of the displacement of a wild type bacterium, A W405, and a generally nonchemotactic mutant, cheC 497, at the rate of 
12.6 words (data points) per second. Tracking began at the points indicated by the large dots. The plots are planar projections of three-
dimensional paths. If the left and upper panels of each figure are folded out of the page along the dashed lines, the projections appear in 
proper orientation on three adjacent faces of a cube. The cultures were grown in a minimal salts medium on glycerol, threonine, leucine, 
and histidine, as described by Hazelbauer et al.10• They were washed twice at 4° C with a solution containing 10-2 M sodium phosphate 
(pH 7.0), 10-4 M EDTA (ethylenediamine tetraacetate) and 10-3 M magnesium sulphate and diluted at room temperature to an optical 
density of0.01 (590 nm) in a solution containing 10-2 M sodium phosphate(pH 7.0), 10-4 M EDTA,and 0.18 % (w/v) hydroxypropyl methyl-
cellulose (Dow Methocel 90 HG). They were tracked as such at 32.0° (viscosity 2.7 cp) in a tantalum and glass chamber 2 mm in diameter 

and 2 mm high. 

analysis ignores the smallest changes (Table 1, legend). Changes 
in direction also occur during runs (Table 1). The drift is about 
what one would expect from rotational diffusion: the root-
mean-square angular deviation of a 2 µm diameter sphere 
occurring int sec in a medium of viscosity 2.7 cp at 32° C is 29 
ytdegrees. 
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Fig. 2 The speed of the wild type bacterium of Fig. I displayed 
by an analogue monitor. The recording has been divided into 
three parts, each 9.8 s long; the figure should be read from left 
to right and top down. Twiddles occurred during the intervals 
indicated by the bars. Note the consequent changes in speed. 
The longest run can be seen at the left end of the bottom trace. 
It appears in the upper panel of Fig. 1 angling downwards and 
slightly to the left, five runs from the end of the track. It is 45 

words or 3.57 s long. 

The shortest twiddles and the shortest runs are the most 
probable (Fig. 4). The distribution of twiddle lengths is 
exponential (Fig. 4a). The distribution of run lengths is 
exponential for unc 602 (not shown) but only approximately 
so for AW405 (Fig. 4b). If for AW405 one allows for variations 
in mean run length for different bacteria, the curvature in the 
semi-log plot of the aggregate run-length data vanishes (Fig. 4c). 

From calculations of autocorrelation functions of sequences of 
twiddles and of sequences of runs we conclude that twiddles 
and runs of different length occur at random. The statistics are 
Poisson; for a given organism in a given isotropic environment 
the probability per unit time of the termination of a twiddle or 
the termination of a run is a constant. 

The wild type is known to have chemoreceptors for serine, 
for aspartate and for a number of sugars 7 • If serine is added to 
suspensions of A W405 (no gradients), the run-length dis-
tributions remain exponential but shift dramatically toward 
longer runs (Fig. 5); the twiddles are suppressed. Calcula-
tions of the autocorrelation functions indicate that runs of 

15 

Change in direction from run to run (degree) 

Fig. 3 Distribution of changes in direction from the end of one 
run to the beginning of the next for the wild type bacteria of 
Table I. The distribution was constructed from 1,166 events by 
summing the numbers falling in successive 10° intervals. If the 
analysis is confined to the shortest twiddles, the distribution is 
skewed even farther toward small angles (mean and standard 

deviation 62 ± 26°). 

Howard Berg and Douglas Brown. 1972, Nature 239, 500-504 

• Cells follow a succession of runs and 
« tumble » 


Runs are at average velocity 14µm/s and 
the mean run length is about 1s.
During tumbles, cells are immobilized. 
Tumbles length is about 0.1s

As cells resume movement, they adopt a 
new, nearly random trajectory (62±26°)
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Figure 19.52: Chemotactic dynamics
as observed using tracking
microscopy and optical trapping.
(A) Measurement of the speed of a
bacterium as a function of time. The
individual tumble events are shown
by horizontal bars and are reflected
by a marked reduction in the speed
for a short interval. (B) Angular
distribution of tumbles. (C) Images of
tumbling bacteria illustrating the
spreading apart of the flagella during
the tumbling process. (D) Images of a
bacterium held in an optical trap at
various observation times. The
fluorescently labeled flagella look
different during the run and tumble
events. (E) x- and y-positions of the
bacterium as observed in the optical
trap as a function of time. (A,
B, adapted from H. C. Berg and D. A.
Brown, Nature 239:500, 1972;
C, adapted from L. Turner, W. S. Ryu,
and H. C. Berg, J. Bacteriol. 182:2793,
2000; D, E, adapted from T. L. Min
et al., Nat. Methods, 6:831, 2009.)

with a pulse of chemoattractant can be monitored directly
with these experiments. Figure 19.54(C) shows how the activ-
ity of the chemoreceptor depends upon the concentration of
chemoattractant for a number of different mutants that have
their ability to adapt altered.

Examination of the tumbling frequency after exposure to
a shift in concentration makes it possible to explore the ques-
tion of adaptation. In particular, the time scale and precision of
adaptation can be measured by watching cells after such a con-
centration jump and keeping track of their tumbling frequency.
The results of such experiments are shown in Figure 19.55,
where it is seen that the idea of “precise adaptation” is not a
misnomer. It is also interesting to see how the adaptation time
depends upon chemical details such as the concentration of
CheR, while the precision itself does not.

Even for the relatively simple network that governs bacterial chemo-
taxis, it is hard to avoid getting lost in the alphabet soup of names,
so we try to examine how the network works conceptually without
focusing on the names of the molecules. In addition, we will take a
hierarchical view, first explaining the overall functioning of the net-
work and then taking up the fancy bells and whistles that make it
work over such a wide range of concentrations, in the phenomenon

CELLULAR FAST RESPONSE: SIGNALING 875

• Runs and tumbles occur at random (Poisson statistics)

For a given organism in a given environment, the probability 
per unit of time to stop a run or a tumble is a constant

—Random walk
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analysis ignores the smallest changes (Table 1, legend). Changes 
in direction also occur during runs (Table 1). The drift is about 
what one would expect from rotational diffusion: the root-
mean-square angular deviation of a 2 µm diameter sphere 
occurring int sec in a medium of viscosity 2.7 cp at 32° C is 29 
ytdegrees. 
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Fig. 2 The speed of the wild type bacterium of Fig. I displayed 
by an analogue monitor. The recording has been divided into 
three parts, each 9.8 s long; the figure should be read from left 
to right and top down. Twiddles occurred during the intervals 
indicated by the bars. Note the consequent changes in speed. 
The longest run can be seen at the left end of the bottom trace. 
It appears in the upper panel of Fig. 1 angling downwards and 
slightly to the left, five runs from the end of the track. It is 45 

words or 3.57 s long. 

The shortest twiddles and the shortest runs are the most 
probable (Fig. 4). The distribution of twiddle lengths is 
exponential (Fig. 4a). The distribution of run lengths is 
exponential for unc 602 (not shown) but only approximately 
so for AW405 (Fig. 4b). If for AW405 one allows for variations 
in mean run length for different bacteria, the curvature in the 
semi-log plot of the aggregate run-length data vanishes (Fig. 4c). 

From calculations of autocorrelation functions of sequences of 
twiddles and of sequences of runs we conclude that twiddles 
and runs of different length occur at random. The statistics are 
Poisson; for a given organism in a given isotropic environment 
the probability per unit time of the termination of a twiddle or 
the termination of a run is a constant. 

The wild type is known to have chemoreceptors for serine, 
for aspartate and for a number of sugars 7 • If serine is added to 
suspensions of A W405 (no gradients), the run-length dis-
tributions remain exponential but shift dramatically toward 
longer runs (Fig. 5); the twiddles are suppressed. Calcula-
tions of the autocorrelation functions indicate that runs of 
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Change in direction from run to run (degree) 

Fig. 3 Distribution of changes in direction from the end of one 
run to the beginning of the next for the wild type bacteria of 
Table I. The distribution was constructed from 1,166 events by 
summing the numbers falling in successive 10° intervals. If the 
analysis is confined to the shortest twiddles, the distribution is 
skewed even farther toward small angles (mean and standard 

deviation 62 ± 26°). 
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Without chemoattractant

Howard Berg and Douglas Brown. Nature 239, 500-504  (1972)
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Howard Berg

http://www.rowland.harvard.edu/labs/bacteria/movies/ecoli.php
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Figure 4.16: Mechanism of bacterial chemotaxis. (A) Many bacteria including
E. coli are equipped with flagella. The helical flagellar filaments are turned
by a motor embedded in the cell’s wall and membranes. (B) When all of the
flagellar motors on an individual cell are rotating counterclockwise the filaments
bundle together and the bacterium moves e�ciently in a straight line called a
run. When the motors reverse direction and spin clockwise the flagellar bundle
flies apart and the bacterium rotates in an apparently random manner called
a tumble. Over long distances bacterial trajectories appear as run segments
arranged at random angles to one another at junctures where a tumble event
occurred. (C) The switching of the motor from counterclockwise to clockwise
rotation, and hence the switching of the behavior from running to tumbling can
be controlled by the presence of small molecules in the bacterium’s environ-
ment. These molecules bind to receptors that then induce phosphorylation of a
signaling protein which in turn binds to and a↵ects the mechanics of the motor.
(D) Tuning of swimming behavior by small molecules can cause the bacterium
to swim either towards desirable food sources, such as sugars or amino acids, or
away from noxious toxins.

• 6 flagella bundle when they rotate counterclockwise 
(CCW)

• Bundles rotate and propel E. coli along runs
• Runs are followed by tumbles due to CW rotation of 

flagella which are no longer bundled
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Figure 16.14: Examples of rotary motors. (A) The bacterial flagellum is like a tiny propeller driven by the gradient of hydrogen
ions across the bacterial inner membrane. Continuous operation of the motor requires that the gradient be replenished by
ATP-consuming proton pumps. The flagellum itself is an extremely long (10 µm) helical filament attached at its base to the motor
apparatus. The motor is embedded in the bacterial inner membrane and anchored to the cell wall with a shaft passing through the
outer membrane. The motor is capable of rotating in either direction at speeds up to 100 Hz. (B) ATP synthase is a rotary motor
that uses the transmembrane electrical potential of the hydrogen ion gradient between the matrix and the intermembrane space
of the mitochondrion in order to drive a mechanical rotation that in turn drives the chemical synthesis of ATP from ADP and
inorganic phosphate. (A, adapted from B. Alberts et al., Molecular Biology of the Cell, 5th ed. Garland Science, 2008; B, courtesy of
David Goodsell.)

from ADP plus inorganic phosphate. However, if the transmembrane
electrochemical gradient is weak, the balance can tilt in the other
direction, and the F1 motor will generate more torque than F0. Under
these circumstances, the coupled motor uses ATP hydrolysis to pump
hydrogen ions out of the cell.

2 mm

Figure 16.15: Flagellar movement in
bacteria. Live bacterial cells were
labeled on their surface using a
fluorescent molecule revealing the
helical shape of the flagella. For the
different individuals shown, helical
pitch and amplitude vary significantly.
In a few cases, multiple helical forms
can be seen attached to the same
bacterium resulting in frayed bundles.
(Adapted from L. Turner et al.,
J. Bacteriol. 182:2793, 2000.)
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Experiments Behind the Facts: Dynamics of Rotary Motors
Insights into the behavior of rotary motors have been gar-

nered from a variety of different measurements, including
bulk enzymatic assays, structural biology efforts, and single-
molecule techniques. The proof of the very existence of rotary
motion in living organisms was hard won, because it is tech-
nically difficult to directly observe the rotation of very small
elements, or of thin filaments. One influential class of experi-
ments involved removing the flagella from bacterial cells and
then attaching the cells to glass coverslips by the flagellar root
left behind. In this configuration, rotation of the flagellar motor
would cause the cell itself to spin around its point of attach-
ment to the slide, a larger-scale movement that was more easily
observed in the light microscope than flagellar rotation itself.
An alternative approach is to fluorescently label the flagella so
that they become visible in the light microscope. An example
of this kind of experiment is shown in Figure 16.15.

Insights into the behavior of rotary motors can also be
gleaned from in vitro measurements on single motors (as
opposed to in vivo measurements). One of the most famed
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• Sensitivity - Gain : output/input ratio

• High amplitude range

• Adaptation: reset after input

Key properties of chemotactic network
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The molecular circuit that drives chemotaxis. The circuit can be conceptually divided into three modules: the sensor module, the
transduction module, and the actuator module (top to bottom). In the sensor module, chemoreceptors at the cell membrane detect
chemoattractants. The binding of chemoattractants sets o! a signaling cascade in the transduction module that culminates in the
phosphorylation of the messenger molecule CheY. In the actuator module, the interaction of CheY-P with the "agellar motor alters the
frequency of the change in rotation direction of the "agellar motor. Adapted fromMcAdams, Srinivasan, and Arkin (2004).

chemotaxis detection system to reset its concentration setpoint in the process
of adaptation.

One of the most important aspects of the chemotaxis circuitry is that nearly
all the molecular players are subject to posttranslational modi#cations, as
shown in Figure 4.13. The chemoreceptors themselves, as part of the critical
process of adaptation, have multiple methylation sites that, as we will see, when
modi#ed by the addition or removal of a methyl group can be thought of as
modifying one of the key parameters (!ε) in the MWC description of these
molecules, thus changing the relative equilibrium of the inactive and active
states of the receptor. These methyl groups are added to the chemoreceptors
by the enzyme CheR. The soluble response regulator CheY has di!erent levels
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analysis ignores the smallest changes (Table 1, legend). Changes 
in direction also occur during runs (Table 1). The drift is about 
what one would expect from rotational diffusion: the root-
mean-square angular deviation of a 2 µm diameter sphere 
occurring int sec in a medium of viscosity 2.7 cp at 32° C is 29 
ytdegrees. 
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Fig. 2 The speed of the wild type bacterium of Fig. I displayed 
by an analogue monitor. The recording has been divided into 
three parts, each 9.8 s long; the figure should be read from left 
to right and top down. Twiddles occurred during the intervals 
indicated by the bars. Note the consequent changes in speed. 
The longest run can be seen at the left end of the bottom trace. 
It appears in the upper panel of Fig. 1 angling downwards and 
slightly to the left, five runs from the end of the track. It is 45 

words or 3.57 s long. 

The shortest twiddles and the shortest runs are the most 
probable (Fig. 4). The distribution of twiddle lengths is 
exponential (Fig. 4a). The distribution of run lengths is 
exponential for unc 602 (not shown) but only approximately 
so for AW405 (Fig. 4b). If for AW405 one allows for variations 
in mean run length for different bacteria, the curvature in the 
semi-log plot of the aggregate run-length data vanishes (Fig. 4c). 

From calculations of autocorrelation functions of sequences of 
twiddles and of sequences of runs we conclude that twiddles 
and runs of different length occur at random. The statistics are 
Poisson; for a given organism in a given isotropic environment 
the probability per unit time of the termination of a twiddle or 
the termination of a run is a constant. 

The wild type is known to have chemoreceptors for serine, 
for aspartate and for a number of sugars 7 • If serine is added to 
suspensions of A W405 (no gradients), the run-length dis-
tributions remain exponential but shift dramatically toward 
longer runs (Fig. 5); the twiddles are suppressed. Calcula-
tions of the autocorrelation functions indicate that runs of 

15 

Change in direction from run to run (degree) 

Fig. 3 Distribution of changes in direction from the end of one 
run to the beginning of the next for the wild type bacteria of 
Table I. The distribution was constructed from 1,166 events by 
summing the numbers falling in successive 10° intervals. If the 
analysis is confined to the shortest twiddles, the distribution is 
skewed even farther toward small angles (mean and standard 

deviation 62 ± 26°). 

• Biased random walk in a spatial gradient
• Temporal gradient sensing 
• Memory

5
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development was not simple and uniform, but rather
more complex and differentiated. The ability of chan-
nels to facilitate efficient nutrient uptake by infusing
fluid from the bulk phase into the biofilm20, thereby
optimizing nutrient and waste-product exchange,
provided the first link between form and function19.

More recently, proteomic studies have indicated
that biofilm formation in Pseudomonas aeruginosa
proceeds as a regulated developmental sequence, and
five stages have been proposed10,15. Stages one and two
are generally identified by a loose or transient associa-
tion with the surface, followed by robust ADHESION.
Stages three and four involve the aggregation of cells into

Biofilm development
The developmental sequence. The structural and devel-
opmental complexity of biofilms, and its significance in
both natural and man-made environments, has been
increasingly appreciated over the past two decades
owing to the concomitant development of sophisticated
imaging and molecular techniques that have identified
the mechanisms that are involved in biofilm develop-
ment. In situ observations of biofilm structure using
confocal laser microscopy showed sessile bacteria grow-
ing in heterogeneous matrix-enclosed microcolonies
interspersed with open water channels18,19. This complex
architecture was one of the first indications that biofilm

SESSILE

In an ecological context, a
stationary organism such as a
plant or a barnacle. In biofilm
microbiology, it is used to
distinguish planktonic (free-
floating) prokaryotic cells from
those attached to surfaces.
However,new evidence shows
that these ‘sessile’ cells are often
dynamic, at least on the
microscopic scale.

a b i

c d

e f

g h

Figure 2 | Structural similarity of biofilms growing in hydrothermal hot springs, freshwater rivers and laboratory flow cells. Similar structures are seen in
biofilms growing in hydrothermal hot springs (a–c), biofilms growing in freshwater rivers (d,e) and laboratory flow cells (f–h). Biofilms growing in quiescent or low-shear
environments tend to form circular structures, such as ‘mushrooms’ or mounds (a,d,g). Biofilm streamers (b,e,h,i) and ripple structures (c,f) form in faster, high-shear
flows. Biofilms are from the Biscuit Basin thermal area, Yellowstone National Park, USA (a–c), Gardener River, Yellowstone National Park, USA (d), Hyalite Creek,
Bozeman, Montana, USA (e), mixed species biofilm grown at a flow velocity of 1 m s–1 (REF. 14) and a Pseudomonas aeruginosa PAN067 biofilm grown in a flow cell
with a flow of 0.03 m s–1 (g) or 1 m s–1 (h, i) (REF. 43). Panel c is modified with permission from REF. 53 © (2004) ASM Press.

Bacteria are social

Structural similarity of biofilms growing in hydrothermal hot springs, freshwater rivers and laboratory flow cells. 

Hall-Stoodley L, Costerton JW, Stoodley P. Nature Reviews Microbiology 2:95–108 (2004) 

Bacteria colonize various surfaces (in organisms and external environments)

Hydrothermal hot springs (a–c)

Biscuit Basin thermal area, 
Yellowstone National Park, USA 

Biofilms growing in freshwater 
rivers (d,e) 

Gardener River, Yellowstone 
National Park, USA (d), Hyalite 
Creek, Bozeman, Montana, USA 
(e),

Pseudomonas aeruginosa 
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Bacteria are social

BIOFILM

Microbial biofilms are
populations of microorganisms
that are concentrated at an
interface (usually solid–liquid)
and typically surrounded by an
extracellular polymeric substance
(EPS) matrix.Aggregates of cells
not attached to a surface are
sometimes termed ‘flocs’ and
have many of the same
characteristics as biofilms.

PLANKTONIC CELLS

Planktonic (or suspended) cell
cultures are those grown
primarily as single cells in
suspension, either in a
chemostat or a shake flask.

Adaptation of biofilm structure for survival in varying
environments. Intriguingly, the visual characteristics
of biofilms growing in diverse environments are
strikingly similar, indicating there are important con-
vergent survival strategies that are conferred in part by
structural specialization (FIG. 2).

Biofilms growing in fast-moving water tend to form
filamentous STREAMERS regardless of whether they occur
in the drainage run-off from acid mines12, in hydro-
thermal photosynthetic mats (algal or bacterial)6 or as
PERIPHYTON in rivers (FIG. 2). In quiescent waters,biofilms
tend to form mushroom or mound-like structures that
are similar to those of STROMATOLITES. The overall patterns
are isotropic with no obvious indication of flow direction.
The structure of biofilms also changes with nutrient
conditions13,14. The ability of prokaryotes to adopt dif-
ferent biofilm structures in response to environmental
conditions — owing to genetic regulation15, selection13,
or both16,or to localized growth patterns determined by
MASS TRANSFER17 — gives them the flexibility to rapidly
adapt to an extent that is not possible in multicellular
eukaryotic organisms. The proclivity of bacteria to
adhere to surfaces and form biofilms in so many envi-
ronments is undoubtedly related to the selective
advantage that surface association offers.

the Korarchaeota and Aquificales respectively8,9.
Taken together, the data indicate that the ability to
form biofilms is an ancient and integral characteristic
of prokaryotes. In the context of evolution and adap-
tation it is likely that biofilms provided homeostasis
in the face of the fluctuating and harsh conditions of
the primitive earth (extreme temperatures, pH and
exposure to ultraviolet (UV) light), thereby facilitating
the development of complex interactions between
individual cells and providing an environment which
was sufficient for the development of signalling
pathways and chemotactic motility10. In addition to
facilitating cell–cell interactions that require close
proximity, surfaces can also concentrate nutrients11.
It is generally assumed that PLANKTONIC CELLS occurred
before the development of more complex biofilm com-
munities. However, we hypothesize that the catalytic
and protective conditions offered by life on surfaces
might have led to the concurrent development of
both SESSILE and planktonic forms in biofilm cellular
communities10. This concept of biofilms not only
enhances our existing understanding of prokaryotic
behaviour, but also our control strategies against the
renowned tenacity of biofilms that has been acquired
through billions of years of evolutionary adaptation.
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Propelled by shear forces, aggregated
cells can become detached , or roll or 
ripple along a surface in sheets and 
remain in their protected biofilm state .

‘Wall formers’

‘Dispersers’

‘Persisters’

Starvation can induce bacteria
to shrink and adopt a spore-like
state , known as ultramicrobacteria ,
which wait in water, soil, rock or
tissue until conditions are
suitable for active growth.

1

Chemical gradients create
microenvironments for
different microbial species
or levels of activity.

6

8

Although antimicrobials damage
outer cell layers, the biofilm
community is resistant.

7

The close proximity of cells
in the matrix facilitates the 
exchange of molecular signals 
that regulate behaviour.

5
Nutrients diffuse into 
the matrix.

4

Active bacteria can attach to almost
any surface . Changes in gene 
expression transform ‘swimmers’ to 
‘stickers’ within minutes.

2

Attached bacteria multiply and
encase the colonies with a 
slimy matrix. 

3

Figure 1 | Conceptualization of biofilm development and dynamic behaviours. The figure was compiled from laboratory and natural observations of pure
culture (both Gram-positive and Gram-negative organisms), and mixed-culture biofilms. (For an interactive web-based version of Figure 1 and biofilm movies showing
dynamic processes of growth and detachment, rolling and rippling, see the Online links). Image courtesy of P. Dirckx, Center for Biofilm Engineering, USA.Hall-Stoodley L, Costerton JW, Stoodley P. Nature Reviews Microbiology 2:95–108 (2004) 

• First sign of life on earth ~ 3.5B years ago

Stromatolites
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Swarming bacteria

• When swimming bacteria are in contact with a soft surface (eg. <1% 
agar), they differentiate and move at high density in 2D: they swarm

Swimmer (3D) Swarmer (2D)

E. coli



at the level of modelling (Box 3). Such formations are notable for their stability despite the cells
making up these networks being in constant motion. Further, the paenibacilli are notable for
moving objects [16,48]. A movie available online (see Video S1 in the supplemental information
online) illustrates both streaming and cargo capacity: in some cases over 15% of the volume of
the swarm consists of foreign objects – in these examples the foreign objects are polymer beads
which can be individually >100 times the mass of a single bacterium. The beads appear
entrapped by the flagella of adjacent bacteria rather than being moved in the fluid streams
generated during bacterial swarming [16]. However, the most interesting aspect of the transport
capacity of P. vortex is the relationship with other microorganisms within a moving swarm. This
will be discussed in the next two sections and in Box 3.

Bacteria Transport Bacteria
When P. vortex swarms it can carry other bacteria within the motile colonies. The latter can be
considered cargo if they are moved but do not contribute to the motility of the consortium/swarm
[48]. If the cargo bacteria assist the survival of the swarm then they can form a persistent part of
the moving colony. For example, P. vortex swarms continuously in monoculture but, despite a
limited refractory resistance to antibiotics during swarming, it cannot enter environments
containing high concentrations of b-lactam antibiotics [48]. A less motile cargo bacterium
expressing a b-lactamase capable of detoxifying this group of antibiotics could survive in such
an environment but could not spread. The combination of P. vortex and antibiotic-resistant
cargo creates alternating waves of detoxification and cargo transport, allowing both parties to
invade new territory and expand their populations (Figure 4). The value of the cargo matters, as
more highly resistant cargo facilitates faster spread in the presence of an antibiotic due to faster
degradation of the antibiotic [48]. From the perspective of the cargo bacterium, this suggests
that there may be a selection pressure for high levels of resistance facilitating local dispersal.

Whilst swarming is commonly studied in the laboratory, examples of swarming (and other forms
of surface motility) in the environment are still rare [12]. Paenibacillus spp. robustly colonize many
habitats, including organic surfaces. On such surfaces a complex mix of microorganisms will
exist and potentially interact with swarm-proficient Paenibacillus spp. For example, the plant

E

B

Figure 3. Example of a Differentiated,
Extended Colony of Paenibacillus
vortex on Hard Agar in a 9 cm Dia-
meter Petri Dish. P. vortex was culti-
vated on agar for a week then stained
with Coomassie blue. Towards the centre
of the colony the builder cells (B) are pri-
marily reproductive but have limited moti-
lity whilst the edges are composed of
highly motile explorers (E), organized into
rotating self-lubricating colonies spinning
out into new territories. Scale bar, 10 mm.

Trends in Microbiology, April 2016, Vol. 24, No. 4 263

Builders

Explorers

Thomas LECUIT   2022-2023

Swarming bacteria

• When swimming bacteria are in contact with a soft surface (eg. <1% 
agar), they differentiate and move at high density in 2D: they swarm

• The bacteria Paenibacillus vortex has swarming motility

Builders grow and divide but 
are not motile

Explorers are highly motile 
colonies that spins out into new 
territories 

E. Ben-Jacob et al. Trends in Microbiology, 24, 257-269 (2016)

10 mm

Ingham, C.J. et al.  PNAS 108, 19731–19736 (2011) 

500 μm
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FIG 2 Periodicity of P. vortex swarming with Ampr E. coli cargo in the presence of Amp. One or both strains were inoculated in the center of MH agar plates
containing 200 !g ml!1 Amp, followed by incubation at 37°C and tracking the expansion of the resulting colony by automated imaging. White squares, E. coli
inoculated alone; black squares, P. vortex alone; black diamonds, both strains. Coinoculation of P. vortex and E. coli allowed a colony to form with a concentric
ring architecture (Fig. 1a). At the expanding edge of such a colony, periods of rapid advancement (indicated by arrows) alternated with phases of less active
progress (plateaus).
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FIG 3 Quantification of the effects of transport on population changes in both transport and cargo strains in the presence and absence of Amp. Selective viable
counts (black bars, E. coli; white, P. vortex) were used to determine transporter and cargo CFU after inoculation on 14-cm-diameter MH agar plates with
transporter (P. vortex [PV]) and/or cargo (E. coli [EC]) bacteria, with the change in viable count assessed by selective plating after 72 h at 37°C. PNPG, addition
of the swarming inhibitor p-nitrophenylglycerol (0.5 mM). The broken horizontal line indicates the inoculum level (5 " 107 CFU) for each species. (a) Plates
without antibiotic; (b) plates with 200 !g ml!1 Amp.

Finkelshtein et al.
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Social benefits of swarming - species interactions

—Transport of antibiotic resistant bacteria by swarming antibiotic sensitive bacteria

• Paenibacillus vortex is sensitive to Ampicillin

• An E coli strain resistant to Amp (AmpR) 
survices but cannot expand in presence of Amp

• Swarms of P. vortex transports AmpR E. coli and 
both bacteria form an expanding cooperative 
colony where E. coli detoxifies the environment.

• The colony forms concentric rings with phases 
of expansion under low Amp, followed by phases 
of slower expansion when Amp is at higher 
concentration.

• Bet-hedging strategy: P. vortex sub colonies can 
explore new territory without E. coli to avoid 
competition of hitchhiker. Or expand more 
slowly with detoxyfier bacteria. 

E. coli (green), P. vortex (red) 

Finkelshtein, A. et al.MBio 6, e00074-15 (1–10) (2015) 

ter 50 to 72 h, capturing !107 CFU, and the species composition
was determined by selective viable counts. The expanding colony,
typically 6 cm in radius, was divided into three sampling zones: the
periphery of the colony (up to 1 cm from the edge), the immediate
interior (1 to 2 cm from the edge), and the central region (!2 cm
from the edge, including the inoculation site), as shown in Fig. S2
in the supplemental material. This analysis was particularly re-
vealing for the situation in which the cargo and transporter strains
were coinoculated on MH agar without Amp. Moving colonies at
the periphery of the colony contained no detectable cargo bacte-
ria. Both cargo and transporter bacteria were present within the
colony interior (see Fig. S2). In contrast, analysis of the species
distribution after coinoculation on MH agar with Amp revealed
that the cargo strain was highly represented in all zone samples,
including the edge of the colony. These data, combined with se-
lective viable counts from entire plates (Fig. 3), indicated that the
presence of Amp favored the transport of the E. coli Ampr strain
and that this selection pressure had the greatest effect at the colony
edge. The peripheral colonies lacking cargo in the absence of Amp
were smaller, faster, and more highly dispersed than the interior
cargo-carrying colonies (see Table S2 in the supplemental mate-
rial). Microscopy showed that the peripheral colonies were de-
rived from single cells and small groups of P. vortex cells that made
an early escape from the central mass. Analysis of expanding col-
onies at earlier stages in growth indicated that the first wave of
moving colonies could be detected after 20 min to 7 h, and these
colonies (!90%) lacked cargo. A first scenario was created, where
the transporter and cargo initiated swarming in a region of the
plate and then the consortium was forced to encounter localized
Amp after swarming 4 cm (Fig. 1d; see also Fig. S3 in the supple-
mental material). Tracking the moving colonies indicated that
those lacking cargo (judged by microscopy imaging via GFP and
confirmed by viable plating) reached the region of antibiotic first
(by 1 to 2 h) and that these then failed to grow. After 3 to 6 h, the
region was occupied by larger swarming colonies that contained
cargo and which were able to grow.

In a second scenario, serial culture on agar plates was used to
assess the robustness of the cargo-transporter system. Inocula-
tions with P. vortex and a cargo strain were made on one edge of a
14-cm-diameter MH agar plate, and !108 CFU were isolated from
the far edge of the plate after 36 to 80 h, to compare plates with and
without Amp (see Fig. S3 in the supplemental material). When
Amp was absent, it took 1 to 4 transfers (10 replicates; average, 1.8
transfers) to eliminate the cargo, as judged by selective plating.
When Amp was present, the system was stable, as after !20 trans-
fers the cargo continued to be highly represented (30 to 65% of the
population by viable count; n " 6). A third scenario was created in
which exposure to Amp was periodic: the consortium initiated
transport in the absence of Amp, then passed through a region of
agar containing Amp and was recovered from the far side of this
chemical barrier (Fig. 1d; see also Fig. S3). As with the situation
with Amp present throughout the agar plate, the cargo was stably
maintained (!20 transfers; n " 6). This suggests that intermittent
exposure to a BLA is sufficient to maintain the association of the
Ampr cargo and P. vortex.

FIG 1 Colony and microcolony imaging of cargo transport. (a) A periodically
expanding colony composed of swarming P. vortex and Ampr E. coli cargo
imaged after incubation for 72 h at 37°C on a 14-cm-diameter MH agar plate
with 200 !g ml#1 Amp. The plate was stained with Coomassie blue to enhance
contrast. (b) Imaging by fluorescence microscopy of two moving peripheral
colonies (rotating and moving progressively outwards from the inoculation
point, in an experiment identical to that shown in panel a), using hexidium
iodide to identify P. vortex (red) and GFP expression for E. coli (green). (c)
Imaging by fluorescence microscopy of microcolony transport of a Ctxr strain
of Enterobacter aerogenes GA2 (stained by Syto 9 [green]) by P. vortex (stained
by hexidium iodide [red]) over agar containing 3 !g ml#1 Ctx. The arrow
shows the overall direction of transport at a rate of ~3 mm h#1. (d) Transport
of a consortium of P. vortex and Ampr E. coli over an MH agar plate with a
barrier of Amp created by four Neosensitabs (see Fig. S2 in the supplemental

(Continued)

Figure Legend Continued
material). Imaging is of E. coli via a blue light LED to visualize GFP expressed
by the cargo strain. The scale bar in panel c (300 !m) corresponds to 3.8 cm
(panel a), 200 !m (panel b images), and 1.9 cm for the cell in panel d.

Swarmers Disperse Antibiotic-Resistant Cargo
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ter 50 to 72 h, capturing !107 CFU, and the species composition
was determined by selective viable counts. The expanding colony,
typically 6 cm in radius, was divided into three sampling zones: the
periphery of the colony (up to 1 cm from the edge), the immediate
interior (1 to 2 cm from the edge), and the central region (!2 cm
from the edge, including the inoculation site), as shown in Fig. S2
in the supplemental material. This analysis was particularly re-
vealing for the situation in which the cargo and transporter strains
were coinoculated on MH agar without Amp. Moving colonies at
the periphery of the colony contained no detectable cargo bacte-
ria. Both cargo and transporter bacteria were present within the
colony interior (see Fig. S2). In contrast, analysis of the species
distribution after coinoculation on MH agar with Amp revealed
that the cargo strain was highly represented in all zone samples,
including the edge of the colony. These data, combined with se-
lective viable counts from entire plates (Fig. 3), indicated that the
presence of Amp favored the transport of the E. coli Ampr strain
and that this selection pressure had the greatest effect at the colony
edge. The peripheral colonies lacking cargo in the absence of Amp
were smaller, faster, and more highly dispersed than the interior
cargo-carrying colonies (see Table S2 in the supplemental mate-
rial). Microscopy showed that the peripheral colonies were de-
rived from single cells and small groups of P. vortex cells that made
an early escape from the central mass. Analysis of expanding col-
onies at earlier stages in growth indicated that the first wave of
moving colonies could be detected after 20 min to 7 h, and these
colonies (!90%) lacked cargo. A first scenario was created, where
the transporter and cargo initiated swarming in a region of the
plate and then the consortium was forced to encounter localized
Amp after swarming 4 cm (Fig. 1d; see also Fig. S3 in the supple-
mental material). Tracking the moving colonies indicated that
those lacking cargo (judged by microscopy imaging via GFP and
confirmed by viable plating) reached the region of antibiotic first
(by 1 to 2 h) and that these then failed to grow. After 3 to 6 h, the
region was occupied by larger swarming colonies that contained
cargo and which were able to grow.

In a second scenario, serial culture on agar plates was used to
assess the robustness of the cargo-transporter system. Inocula-
tions with P. vortex and a cargo strain were made on one edge of a
14-cm-diameter MH agar plate, and !108 CFU were isolated from
the far edge of the plate after 36 to 80 h, to compare plates with and
without Amp (see Fig. S3 in the supplemental material). When
Amp was absent, it took 1 to 4 transfers (10 replicates; average, 1.8
transfers) to eliminate the cargo, as judged by selective plating.
When Amp was present, the system was stable, as after !20 trans-
fers the cargo continued to be highly represented (30 to 65% of the
population by viable count; n " 6). A third scenario was created in
which exposure to Amp was periodic: the consortium initiated
transport in the absence of Amp, then passed through a region of
agar containing Amp and was recovered from the far side of this
chemical barrier (Fig. 1d; see also Fig. S3). As with the situation
with Amp present throughout the agar plate, the cargo was stably
maintained (!20 transfers; n " 6). This suggests that intermittent
exposure to a BLA is sufficient to maintain the association of the
Ampr cargo and P. vortex.

FIG 1 Colony and microcolony imaging of cargo transport. (a) A periodically
expanding colony composed of swarming P. vortex and Ampr E. coli cargo
imaged after incubation for 72 h at 37°C on a 14-cm-diameter MH agar plate
with 200 !g ml#1 Amp. The plate was stained with Coomassie blue to enhance
contrast. (b) Imaging by fluorescence microscopy of two moving peripheral
colonies (rotating and moving progressively outwards from the inoculation
point, in an experiment identical to that shown in panel a), using hexidium
iodide to identify P. vortex (red) and GFP expression for E. coli (green). (c)
Imaging by fluorescence microscopy of microcolony transport of a Ctxr strain
of Enterobacter aerogenes GA2 (stained by Syto 9 [green]) by P. vortex (stained
by hexidium iodide [red]) over agar containing 3 !g ml#1 Ctx. The arrow
shows the overall direction of transport at a rate of ~3 mm h#1. (d) Transport
of a consortium of P. vortex and Ampr E. coli over an MH agar plate with a
barrier of Amp created by four Neosensitabs (see Fig. S2 in the supplemental

(Continued)

Figure Legend Continued
material). Imaging is of E. coli via a blue light LED to visualize GFP expressed
by the cargo strain. The scale bar in panel c (300 !m) corresponds to 3.8 cm
(panel a), 200 !m (panel b images), and 1.9 cm for the cell in panel d.
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• Co-transport of  P. vortex (red) and CtxR 
bacteria Enterobacter aerogenes (green) in 
presence of Ctx (cefotaxim). 
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Social benefits of swarming - species interactions

discrete rotating colonies on higher percentage agars (up to 2%
wt/vol), were capable of swarming at up to 11 mm h−1.
Rates of conidia transport. Direct transport of A. fumigatus conidia
by swarming P. vortex was observed when the microorganisms
were coinoculated in the center of an RMHA plate (Fig. 1 B and
C, Figs. S1 and S2, and Movies S1, S2, and S3). Observation of
the central inoculation point suggested that only a minority of
conidia was transported from the inoculation point (<1%). In-
dividual conidia and aggregates of conidia over 25 μm across
could be observed in motion within masses of P. vortex several
centimeters away from the origin of swarming within 1–4 h of
inoculation. Typically, hundreds of conidia were visible within
swarming colonies during the first few hours. The identity of
these objects as conidia was confirmed by recovery with a
toothpick followed by microscopy. Swarming P. vortex carried
viable conidia, which was shown by recovery and selective fungal
culture on Sabouraud agar. For most purposes, the intensely
pigmented nature of the conidia was sufficient to permit their
imaging within P. vortex colonies by transmission light micros-
copy. Transport was only seen in multilayered masses of cells.
Conidia observed within monolayers of motile P. vortex were not
in motion, and swarming multilayered aggregates of bacteria
deposited an intermittent trail of conidia in their wake. Conidial
transport rates of up to 180 μm min−1 (10.8 mm h−1) were ob-
served (i.e., similar to the movement rates of P. vortex masses
without conidia).
Conidia can be transported over long distances. After they are loaded,
the leading swarming microcolonies transporting conidia could
be observed to reach the edge of 14-cm diameter RMHA plates
within 7 h. To test conidial transport over longer distances and

time periods, A. fumigatus conidia and swarming P. vortex bac-
teria were coinoculated in two kinds of test areas: at the center of
a 14-cm round Petri dish (Fig. 2A) and at the corner of a 22-cm
square Petri dish. In the round Petri dish, small growing colonies
of A. fumigatus were observed within the P. vortex swarm at
different locations from the center to the periphery (up to 7 cm
from the inoculation point). In the larger, square RMHA plate,
growing colonies of A. fumigatus were observed at distances of up
to 30 cm (i.e., at the corner diagonally opposite the inoculation
corner), with the distance limited by the size of the plate. The
coinoculation experiments were repeated using RMHA contain-
ing 0.5 mM p-nitrophenyl glycerol (PNPG) to inhibit P. vortex
swarming (5). PNPG at this concentration was not inhibitory to
the germination or growth of A. fumigatus (judged from micro-
colony and visible colony diameter on RMHA plates with and
without 0.5 mM PNPG). With PNPG, the spread of A. fumigatus
was not facilitated by P. vortex but rather, was similar to the
spread found when inoculating conidia alone (below).
Fungal dispersal is facilitated by bacterial transport of conidia. When
preparations of purified conidia of A. fumigatus were inoculated
onto RMHA in the same way as described above but without
bacteria, a slowly expanding colony formed; the edge grew out at
a rate of up to 6 mm/d (Fig. S3). After 54–70 h, conidiophores
were produced. After 5 d or longer, small secondary fungal
colonies were sometimes observed that resulted from the aerial
spread of conidia from the central colony germinating within the
uncolonized region of the agar plate. Typically, it took from 6 to
12 d for A. fumigatus to spread from a central inoculum to the
edge of the 14-cm diameter plate. Therefore, the rapidity of
dispersal (7 h until lead conidia reach the edge of the 14-cm

Fig. 1. Direct imaging of conidial transport. (A) Swarming P. vortex without conidia. (B) Swarming mass of P. vortex transporting hundreds of ungerminated
conidia (e.g., arrow indicates an aggregate of >20 conidia; conidia appear black) imaged after 4 h and 31 mm away from the coinoculation location. (C) Same
as B but 1 min later. (Scale bar: 400 μm.)

Fig. 2. Dispersal of A. fumigatus by swarming P. vortex. (A) A 14-cm diameter RMHA plate (1% wt/vol Eiken agar) was inoculated with both organisms and then
cultured for 50h. P. vortex have swarmedover the entire plate (not visible), andwhite fungal colonies are dispersed across the plate,with greater density closer to the
center. The central ring shows theminimal andmaximal radii of expansion of A. fumigatus colonies when inoculated in the absence of P. vortex (taken from control
experiments after 50 h). (B) View by microscopy from a location on the same plate (marked by an X in A) after 22 h incubation. Microcolonies of A. fumigatus (F) are
observed within the mass of P. vortex (P) but not within the regions of agar remaining uncolonized by the bacterium (U). (Scale bar: 100 μm.)
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diameter plate) in the presence of swarming P. vortex could
not be explained by fungal growth, the germination of airborne
conidia generated from the inoculation point, or other sources of
airborne contamination.
Distribution and germination of transported conidia. Examination of
plates by microscopy (16–22 h after inoculation of P. vortex with
conidia under swarming conditions) revealed microcolonies of
A. fumigatus dispersed across the plate. In all cases (n = 100 for
three replicates), the fungal microcolonies were growing within
masses of P. vortex (Fig. 2B). This case was in a situation where,
although lead elements of P. vortex had completely spread to the
edge the 14-cm plate, 35–45% of the plate area remained
uncolonized by the bacterium with a typical complex patterning
colonial morphology. Transport of A. fumigatus by swarming
P. vortex was possible on a variety of media (L-agar, Mueller–
Hinton, and RMHA) using agars from different manufacturers
(Difco and Eiken) as gelling agents. Quantification of the
microcolony distribution after 16 h was by microscopy, starting
outside the radius that fungal mycelia could reach by conven-
tional growth from the inoculation point. Dispersal, as judged by
this method, was optimal on RMHA (1% wt/vol Eiken agar),
with a lower-percentage agar (0.5% wt/vol) being less effective
(Fig. S4A).
Rescue of conidia from niches of adverse growth conditions. Vor-
iconazole (VOR), a triazole antimycotic effective against A.
fumigatus (13), was used to create regions (a niche) on RMHA
where conidial outgrowth and mycelial extension were inhibited.
When P. vortex and A. fumigatus spores were coinoculated in
a 10-μL aliquot of RMH medium containing 10 or 50 μg VOR,
fungal growth was inhibited within a 2- to 3-cm radius of the
inoculation point. However, conidia were transported by swarming
P. vortex to regions outside the zone of inhibition of the VOR
(Fig. S5A). This transport allowed successful conidial germina-
tion and outgrowth. It was also possible for P. vortex not loaded
with conidia to swarm into an area seeded with conidia and VOR
and in doing so, capture and rescue them from the antifungal
agent (Fig. S5B). As with the other experiments, fungal dispersal
was dependent on the presence of swarming P. vortex. This
finding suggests that circumstances may exist in the soil where
A. fumigatus conidia can be transported by P. vortex from niches
where the fungus cannot thrive to more favorable locations. We
note that the converse, movement of conidia to a less favorable
niche, may also be possible, but this movement is likely to be less
important from a fitness perspective. A small increase in trans-
port in the presence of VOR (Fig. S4C, 40–49 mm from the
inoculation point) was observed. Recovery of conidia trans-

ported from the VOR-containing region suggested that the an-
tifungal agent restricted conidial germination and outgrowth.
Recovery from exposure to VOR was possible under these cir-
cumstances: conidia retrieved by toothpick after 6 h (from the
experiments using 10 μg VOR) showed >80% viability. This
finding suggests that the restriction of microcolony development
by VOR may have a benefit in increasing the transportability of
A. fumigatus.
Transport of conidia into locations of antibiotic-limited bacterial growth.
P. vortex was even able to transport conidia into locations in
which bacterial growth was inhibited by the presence of anti-
biotics. As detailed in SI Materials and Methods, Transport of
Conidia into Locations Where Bacterial Growth Is Inhibited by
Antibiotics, bacterial colonies inoculated outside a region of an-
tibiotic inhibition (four different antibiotic agents were tested)
can send pioneering swarmers (rotating bacterial groups or
vortices) that are able to traverse several centimeters of antibi-
otic-impregnated agar to reach new areas favorable for growth
(Figs. S6 and S7A). Swarming cells were shown to be temporarily
refractory to the antibiotics tested, which has been observed
previously for other swarming bacteria (15).
When inoculated in the center of the plate with conidia of

A. fumigatus, pioneering groups of P. vortex were able to trans-
port conidia into the regions of antibiotic action. In this situa-
tion, fungal outgrowth from the P. vortex colonies was rapid, and
A. fumigatus quickly came to dominate the niche (Fig. S7 B and C).
Furthermore, 70 h after inoculation, conidiophore development
was observed only within the zone in which the antibiotics limited
P. vortex growth (SI Materials and Methods, Transport of Conidia
into Locations Where Bacterial Growth Is Inhibited by Antibiotics
and Fig. S7D).

Conidia–Bacteria Interaction and the Transport Specificity. Image
processing and comparison with simulated virtual conidia. Movies of
conidial transport by P. vortex were analyzed using a fast nor-
malized cross-correlation method (SI Materials and Methods) to
create a velocity field describing the motion of bacterial masses
from frame to frame. Within this field, virtual conidia were
placed, and the velocity field was used to predict their trajectory
and velocity. The velocity (Table S1) of the virtual objects closely
matched the velocity of the actual conidia. There was no sig-
nificant difference in velocity between virtual and real conidia
(Student t test, P > 0.1, n = 20), and the predicted path of the
virtual conidia closely followed the actual trajectory of the
closest conidia (Fig. 3). In the context of the model for virtual
motion, this result suggested that the conidia were in some way

Fig. 3. Tracking and modeling conidial transport. (A) Still from a movie
showing conidial transport (black spheres) in a background of moving
P. vortex. Red trajectories are the tracks of individual conidia, and white
trajectories are the tracks of virtual beads (calculation of the motion of
bacteria aggregates that can carry beads was as explained in SI Materials and
Methods). The continuous black line indicates the edge of the swarming
mass. (B) Close-up view with the velocity field (yellow arrows) indicating the
direction of local groups of microorganisms to overall describe a typical
rotation (or vortex) motion. (Scale bar: A, 20 μm; B, 2 μm.)

Fig. 4. Imaging of transport by scanning EM. (A) Conidium of A. fumigatus
during transport by a P. vortex swarm imaged 3 h after inoculation at a lo-
cation 24 cm from the inoculation point. C indicates the conidium. (B) Same
as A but showing transport of a spore of P. vortex imaged 2 h after in-
oculation 2 cm away from the site of loading. Spore is marked by S. V
indicates part of a P. vortex bacterium. Arrows indicate flagella. (Scale bar:
A, 3 μm; B, 1 μm.)
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diameter plate) in the presence of swarming P. vortex could
not be explained by fungal growth, the germination of airborne
conidia generated from the inoculation point, or other sources of
airborne contamination.
Distribution and germination of transported conidia. Examination of
plates by microscopy (16–22 h after inoculation of P. vortex with
conidia under swarming conditions) revealed microcolonies of
A. fumigatus dispersed across the plate. In all cases (n = 100 for
three replicates), the fungal microcolonies were growing within
masses of P. vortex (Fig. 2B). This case was in a situation where,
although lead elements of P. vortex had completely spread to the
edge the 14-cm plate, 35–45% of the plate area remained
uncolonized by the bacterium with a typical complex patterning
colonial morphology. Transport of A. fumigatus by swarming
P. vortex was possible on a variety of media (L-agar, Mueller–
Hinton, and RMHA) using agars from different manufacturers
(Difco and Eiken) as gelling agents. Quantification of the
microcolony distribution after 16 h was by microscopy, starting
outside the radius that fungal mycelia could reach by conven-
tional growth from the inoculation point. Dispersal, as judged by
this method, was optimal on RMHA (1% wt/vol Eiken agar),
with a lower-percentage agar (0.5% wt/vol) being less effective
(Fig. S4A).
Rescue of conidia from niches of adverse growth conditions. Vor-
iconazole (VOR), a triazole antimycotic effective against A.
fumigatus (13), was used to create regions (a niche) on RMHA
where conidial outgrowth and mycelial extension were inhibited.
When P. vortex and A. fumigatus spores were coinoculated in
a 10-μL aliquot of RMH medium containing 10 or 50 μg VOR,
fungal growth was inhibited within a 2- to 3-cm radius of the
inoculation point. However, conidia were transported by swarming
P. vortex to regions outside the zone of inhibition of the VOR
(Fig. S5A). This transport allowed successful conidial germina-
tion and outgrowth. It was also possible for P. vortex not loaded
with conidia to swarm into an area seeded with conidia and VOR
and in doing so, capture and rescue them from the antifungal
agent (Fig. S5B). As with the other experiments, fungal dispersal
was dependent on the presence of swarming P. vortex. This
finding suggests that circumstances may exist in the soil where
A. fumigatus conidia can be transported by P. vortex from niches
where the fungus cannot thrive to more favorable locations. We
note that the converse, movement of conidia to a less favorable
niche, may also be possible, but this movement is likely to be less
important from a fitness perspective. A small increase in trans-
port in the presence of VOR (Fig. S4C, 40–49 mm from the
inoculation point) was observed. Recovery of conidia trans-

ported from the VOR-containing region suggested that the an-
tifungal agent restricted conidial germination and outgrowth.
Recovery from exposure to VOR was possible under these cir-
cumstances: conidia retrieved by toothpick after 6 h (from the
experiments using 10 μg VOR) showed >80% viability. This
finding suggests that the restriction of microcolony development
by VOR may have a benefit in increasing the transportability of
A. fumigatus.
Transport of conidia into locations of antibiotic-limited bacterial growth.
P. vortex was even able to transport conidia into locations in
which bacterial growth was inhibited by the presence of anti-
biotics. As detailed in SI Materials and Methods, Transport of
Conidia into Locations Where Bacterial Growth Is Inhibited by
Antibiotics, bacterial colonies inoculated outside a region of an-
tibiotic inhibition (four different antibiotic agents were tested)
can send pioneering swarmers (rotating bacterial groups or
vortices) that are able to traverse several centimeters of antibi-
otic-impregnated agar to reach new areas favorable for growth
(Figs. S6 and S7A). Swarming cells were shown to be temporarily
refractory to the antibiotics tested, which has been observed
previously for other swarming bacteria (15).
When inoculated in the center of the plate with conidia of

A. fumigatus, pioneering groups of P. vortex were able to trans-
port conidia into the regions of antibiotic action. In this situa-
tion, fungal outgrowth from the P. vortex colonies was rapid, and
A. fumigatus quickly came to dominate the niche (Fig. S7 B and C).
Furthermore, 70 h after inoculation, conidiophore development
was observed only within the zone in which the antibiotics limited
P. vortex growth (SI Materials and Methods, Transport of Conidia
into Locations Where Bacterial Growth Is Inhibited by Antibiotics
and Fig. S7D).

Conidia–Bacteria Interaction and the Transport Specificity. Image
processing and comparison with simulated virtual conidia. Movies of
conidial transport by P. vortex were analyzed using a fast nor-
malized cross-correlation method (SI Materials and Methods) to
create a velocity field describing the motion of bacterial masses
from frame to frame. Within this field, virtual conidia were
placed, and the velocity field was used to predict their trajectory
and velocity. The velocity (Table S1) of the virtual objects closely
matched the velocity of the actual conidia. There was no sig-
nificant difference in velocity between virtual and real conidia
(Student t test, P > 0.1, n = 20), and the predicted path of the
virtual conidia closely followed the actual trajectory of the
closest conidia (Fig. 3). In the context of the model for virtual
motion, this result suggested that the conidia were in some way

Fig. 3. Tracking and modeling conidial transport. (A) Still from a movie
showing conidial transport (black spheres) in a background of moving
P. vortex. Red trajectories are the tracks of individual conidia, and white
trajectories are the tracks of virtual beads (calculation of the motion of
bacteria aggregates that can carry beads was as explained in SI Materials and
Methods). The continuous black line indicates the edge of the swarming
mass. (B) Close-up view with the velocity field (yellow arrows) indicating the
direction of local groups of microorganisms to overall describe a typical
rotation (or vortex) motion. (Scale bar: A, 20 μm; B, 2 μm.)

Fig. 4. Imaging of transport by scanning EM. (A) Conidium of A. fumigatus
during transport by a P. vortex swarm imaged 3 h after inoculation at a lo-
cation 24 cm from the inoculation point. C indicates the conidium. (B) Same
as A but showing transport of a spore of P. vortex imaged 2 h after in-
oculation 2 cm away from the site of loading. Spore is marked by S. V
indicates part of a P. vortex bacterium. Arrows indicate flagella. (Scale bar:
A, 3 μm; B, 1 μm.)
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• Heterogeneous environment of the plant 
root (rhizosphere) comprises bacteria 
and fungi

• The bacteria Paenibacillus vortex has 
swarming motility

• P. vortex transports/advects spores of the 
fungus Aspergillus fumigatus over >30cm 
at speeds of 3µm/s and can move them 
away from sites of adverse growth 
conditions (eg. anti fungal molecule)

• A. fumigatus spores are specifically 
attached/recognized by bacteria flagella. 

connected to the bacteria and therefore, moving at the same
speed (i.e., were tightly coupled).
EM of transport. Imaging by scanning EM showed that the conidia
were incorporated within the rafting mass of moving but inter-
connected bacteria, with the flagella of P. vortex both linking
adjacent bacteria and entrapping the conidia (Fig. 4A), ex-
plaining the tight coupling suggested by the model (above). Each
conidium was captured by from 6 to 30 flagella, typically derived
from two to nine bacteria. P. vortex can also transport its own
spores, which was shown when purified preparations of spores
were coinoculated with swarming vegetative cells. In Fig. 4B, we
show that, similar to the conidia, the bacterial spore is also ap-
parently contacted by bacterial flagella and incorporated into the
moving colony while transported.
Cargo specificity—dependency of the transport efficacy on the conidia
type. The transport of conidia from other fungi (Penicillium
camemberti LCP66.584, P. citrinum S12, P. expansum BFE189,
and Colletotrichum gloeosporoides f. sp. aeschynomene 3.1.3) by
P. vortex was investigated. Transport was relatively inefficient
compared with A. fumigatus conidia as determined by direct
imaging of transported conidia (Fig. S8). Transport of P. cam-
emberti and C. gloeosporoides f. sp. aeschynomene was particu-
larly poor, with loading (conidia per colony) being only 2–13% of
the loading achieved with A. fumigatus conidia.
Transporter specificity—comparison with other swarming bacteria. Two
other swarming bacteria, the closely related rhizosphere in-
habitant P. polymyxa E681 and the Gram-negative bacterium
Proteus mirabilis, were tested for their ability to transport con-
idia. Neither strain was able to transport conidia (from a range of
fungi, which was noted in the previous section) tested under
a wide range of conditions (SI Materials and Methods, Transporter
Specificity—Comparison with Other Swarming Bacteria). More-
over, P. polymyxa did not even transport P. citrinum conidia,
although this fungus can stimulate swarming of these bacteria by
secretion of citrinin (16).
Surface properties of conidia are important for transport. These ex-
periments (described in the previous section) suggested a degree
of specificity in transport. It seemed likely that the surface
properties of conidia played a role. Indeed, when SDS or pro-
teinase K was used to treat A. fumigatus conidia, subsequent
transport by P. vortex was largely inhibited (Fig. S9). Addition of
purified flagella from P. vortex (but not from P. mirabilis)
inhibited the transport of A. fumigatus conidia by P. vortex. These
data support the conclusions drawn from modeling (Fig. 3) and
scanning EM (Fig. 4A) that P. vortex flagella are involved in

capturing A. fumigatus conidia and likely to be contacting pro-
teins on the surface of the fungal bodies.

Germination, Outgrowth, and Sporulation of Transported Conidia.
Transport effect on germination and outgrowth. The effect of transport
and growth of A. fumigatus within P. vortex colonies was studied.
To investigate a possible effect on germination, transported
conidia were recovered from within swarming P. vortex colonies
using a toothpick and imaged by microscopy. The diameters of
these recovered conidia were compared with the diameters of
conidia incubated on RMHA in the absence of bacteria. In both
situations, after 6 h, >90% of conidia were swollen, suggesting
that P. vortex did not inhibit the early stages of germination of
transported conidia. In other experiments detailed in SI Mate-
rials and Methods, Effect of Transport on Germination and Out-
growth, we found that the P. vortex bacteria did not inhibit the
outgrowth of the fungal microcolonies after germination.
Inhibition of conidia and conidiophore formation. For A. fumigatus
conidia inoculated on RMHA plates in the absence of P. vortex,
new conidiophores developed after 48–56 h. By contrast, for
A. fumigatus growing on RMHA within P. vortex, conidia and
conidiophore formation was not observed even after 80 h, de-
spite the appearance of aerial mycelia within 26 h, suggesting
that fungal sporulation was inhibited by P. vortex.
Effect of germination on the efficiency of conidia transport. The trans-
port of conidia was tested after pregermination in liquid RMH
medium. We found that transport of conidia after 5–9 h germi-
nation, as the conidia developed into fungal microcolonies, was
significantly decreased in efficiency compared with ungerminated
conidia (Fig. S4B). This finding was confirmed by transferring
(by toothpick) conidia and microcolonies at different stages in
development into swarming P. vortex. Microcolonies above 10–20
μm in diameter were not transported when directly loaded into
swarming P. vortex aggregates. The results indicate that P. vortex can
distinguish between ungerminated conidia and germinating conidia.

Potential Benefits of Conidial Transport for P. vortex. The transport
of conidia by P. vortex poses the question as to what, if any, is the
benefit to the bacterium. One notable feature of dispersal of
microorganisms in the soil is that fungal mycelia are known to
grow across air-filled regions between soil particles. Such air gaps
are a more significant barrier to many species of bacteria (17,
18). An experimental system was devised where the bacterium
was tested for its ability to cross a 0.5-mm-wide air gap in an
RMHA plate (Fig. 5 A and B). In initial experiments, a mixture

Fig. 5. Testing the ability of P. vortex to cross air gaps with the assistance of A. fumigatus. (A) Experimental setup. A 90-mm diameter agar plate was filled
with RMHA. A sterile razor blade was used to remove the RMHA from the right-hand one-half of the plate, leaving the inoculation region (Start). A second
RMHA block (Target) was positioned to create an air gap (Gap) 0.5 or 0.8 mm wide. P. vortex with A. fumigatus conidia (or as a control, the bacteria alone)
were inoculated at either position X (3.5 cm from air gap) or position Y (adjacent to air gap) in the inoculation region. This setup was incubated in a humidity
chamber at 37 °C for 5 d. (B) Mycelial growth across a 0.5-mm air gap (Gap) from the starting region (S) to the target region (T). The left-hand edge of the air
gap is obscured by fungal growth and is indicated by a vertical orange line. (C) Same as B but a smaller number of mycelia (black arrows) crosses a 0.8-mm air
gap. (D) Fluorescence microscopy of target region (T) showing mycelia growing from the air gap (from the left) with associated P. vortex 3 d after inoculation.
The bacteria are labeled with hexidium iodide, and the fungal mycelia are not stained but are visible as a negative image because of the surrounding bacteria
(white). (E) Section of a mycelium crossing an air gap imaged by transmission light microscopy. (F) Same section of mycelia imaged by fluorescence microscopy
revealing clusters of P. vortex associated with the fungus (labeled with hexidium iodide; e.g., white arrow). (G) Merged image combining E and F. (Scale bar:
A, 17 mm; B and C, 0.3 mm; D, 80 μm; E–G, 25 μm.)
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• In return, fungi filaments 
from tracts for the 
dispersal across gaps of 
bacteria swarms

Ingham, C.J. et al.  PNAS 108, 19731–19736 (2011) 

—Dispersal of fungi spores by swarms of bacteria in the soil



Thomas LECUIT   2022-2023

Social benefits of swarming - species interactions
—Dispersal of fungi spores by swarms of bacteria in the soil

Ingham, C.J. et al.  PNAS 108, 19731–19736 (2011) 

Swarming mass of P. vortex transporting hundreds of 
ungerminated conidia imaged 4 h after inoculation and 31 
mm away from the coinoculation point. (Scale bar: 300 μm.) 

Swarming mass of P. vortex transporting hundreds of ungerminated 
conidia. Not all conidia are in motion. (Scale bar: 100 μm.) 



Thomas LECUIT   2022-2023

Social benefits of swarming - interaction with environment

• The MgO particles on swarm surfaces migrated 
faster than mobile particles inside the same area 
of the swarm and faster than particles that 
migrated on the upper surface of strains with a 
lower surfactant activity. 

• Superdiffusive behavior of particles at the upper 
surface in contact with surfactant layer.

• Origin of superdiffusive behavior not clear: 
heterogeneity in surfactant concentrations (eg. 
Marangoni flows)?

RESULTS

MgO particles are superdiffusive on swarms
of WT S. marcescens

Two WT strains of S. marcescens (274 and A) were used in
this study. Both strains expanded rapidly on swarm agar and
covered an entire Petri dish, inoculated in the center, within
a few hours. A clear surfactant zone was seen preceding the
leading edge of the swarm in both strains, but this zone was
larger for strain A than for strain 274 (100 mm vs. 75 mm
wide). Fig. 1 A shows a top view of an S. marcescens 274
colony. We have focused on the region of the colony close
to the swarm edge (within ~100 mm), where bacteria were
not very dense (Fig. 1 B).

MgO particles were gently deposited on the colony and
their motion was analyzed as described in Materials and
Methods (Fig. 1, C–F). Location of the particles within
various regions of the swarm was determined by adjusting
the focus. Particles that landed on the virgin agar, either did
not move, or diffused within very small areas (~4 mm2),
presumably trapped in pockets of liquid within the agar
network (Movie S1 in Supporting Material). We refer to
this motion as constrained diffusion. Particles that landed
on the swarm showed two kinds of behavior. Most particles,
regardless of size, penetrated the fluid layer and stuck to the
agar, where they remained for the rest of the experiment.
These particles were all below the swarm, and a majority
of them showed constrained diffusion, similar to that seen
with particles on virgin agar. Some particles did not stick
and showed various trajectories, generally depending on their
size. The larger the particle, the slower it moved. Phase-
contrast microscopy revealed that particles that moved
were all located either within the swarm or above it (Movie
S2). Since no immobile particles or particles showing con-
strained diffusion were observed on top of the swarm, we
concluded that the upper surface of the swarm is mobile.

Mobility of particles within the swarm is reasonable,
because the particles constantly get hit by bacteria or follow
bacterial streams and whirls. For long enough times (>1 s)
and distances (>5 mm), particle motion is diffusive, as shown
by the MSD and trajectory of the particles (Fig. 2 A). On the
other hand, one does not know a priori how particles might
behave on the upper surface. Although it is reasonable to
imagine that their movement would be influenced by the
motion of the bacteria below, Zhang et al. found them to
be immobile in E. coli swarms. We observed particles on
the upper surface of S. marcescens swarms to move simi-
larly to those within the swarm. MSDs and trajectories of
these particles are shown in Fig. 2, B and C. Particles on
the upper surface of the S. marcescens 274 swarm showed
normal diffusion (Fig. 2 B), but those on the upper surface
of S. marcescens A swarms showed superdiffusion, where
the slope of the MSD in the log-log scale was >1
(Fig. 2 C). Superdiffusing particles left the field of vision
rapidly, precluding the gathering of large enough data sets
for step-length distributions.

The surface of WT B. subtilis swarms is also
superdiffusive

TheWTB. subtilis strain grew similarly toWT S.marcescens
in that the swarm expanded rapidly and produced a visible
surfactant zone ahead of the colony edge. However, the
surfactant zone was wider (~150 mm) in the B. subtilis
swarm compared to S. marcescens, and the cells at the edge
were sparser than in the S. marcescens swarms. Fig. 3 shows
a top view of a WT B. subtilis swarming colony.

Despite the differences in swarm-colony morphologies
between S. marcescens and B. subtilis, phase-contrast
microscopy revealed the same results: particles that moved
were all located within the swarm or above it, and those that
did not move, or showed constrained diffusion, were all

surfactant layer
virgin agarA

120 µm

surfactant layer

 

20 µm

swarming 
bacteria
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10 µm

E

t=0 sec t=1 sec
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front of

S. marcescens 274 WT  

FIGURE 1 Top-view phase-contrast microscopy images of swarming S. marcescens 274 bacteria on an agar plate. (A) Low-resolution image showing the
front of the swarm, the virgin agar, and the 75-mm-wide surfactant layer ahead of the swarm. (B) High-resolution image of the same colony as in A, showing
the front of the swarm. (C–F) Four MgO particles (arrows), each ~0.5 mm in diameter, deposited on the swarm. The three white particles (white arrows) are
moving and are located on top of the swarm; note the contrast between these particles and the dark bacteria. The dark particle (black arrow) is located below
the swarm and does not move. See Movie S2.
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RESULTS

MgO particles are superdiffusive on swarms
of WT S. marcescens

Two WT strains of S. marcescens (274 and A) were used in
this study. Both strains expanded rapidly on swarm agar and
covered an entire Petri dish, inoculated in the center, within
a few hours. A clear surfactant zone was seen preceding the
leading edge of the swarm in both strains, but this zone was
larger for strain A than for strain 274 (100 mm vs. 75 mm
wide). Fig. 1 A shows a top view of an S. marcescens 274
colony. We have focused on the region of the colony close
to the swarm edge (within ~100 mm), where bacteria were
not very dense (Fig. 1 B).

MgO particles were gently deposited on the colony and
their motion was analyzed as described in Materials and
Methods (Fig. 1, C–F). Location of the particles within
various regions of the swarm was determined by adjusting
the focus. Particles that landed on the virgin agar, either did
not move, or diffused within very small areas (~4 mm2),
presumably trapped in pockets of liquid within the agar
network (Movie S1 in Supporting Material). We refer to
this motion as constrained diffusion. Particles that landed
on the swarm showed two kinds of behavior. Most particles,
regardless of size, penetrated the fluid layer and stuck to the
agar, where they remained for the rest of the experiment.
These particles were all below the swarm, and a majority
of them showed constrained diffusion, similar to that seen
with particles on virgin agar. Some particles did not stick
and showed various trajectories, generally depending on their
size. The larger the particle, the slower it moved. Phase-
contrast microscopy revealed that particles that moved
were all located either within the swarm or above it (Movie
S2). Since no immobile particles or particles showing con-
strained diffusion were observed on top of the swarm, we
concluded that the upper surface of the swarm is mobile.

Mobility of particles within the swarm is reasonable,
because the particles constantly get hit by bacteria or follow
bacterial streams and whirls. For long enough times (>1 s)
and distances (>5 mm), particle motion is diffusive, as shown
by the MSD and trajectory of the particles (Fig. 2 A). On the
other hand, one does not know a priori how particles might
behave on the upper surface. Although it is reasonable to
imagine that their movement would be influenced by the
motion of the bacteria below, Zhang et al. found them to
be immobile in E. coli swarms. We observed particles on
the upper surface of S. marcescens swarms to move simi-
larly to those within the swarm. MSDs and trajectories of
these particles are shown in Fig. 2, B and C. Particles on
the upper surface of the S. marcescens 274 swarm showed
normal diffusion (Fig. 2 B), but those on the upper surface
of S. marcescens A swarms showed superdiffusion, where
the slope of the MSD in the log-log scale was >1
(Fig. 2 C). Superdiffusing particles left the field of vision
rapidly, precluding the gathering of large enough data sets
for step-length distributions.

The surface of WT B. subtilis swarms is also
superdiffusive

TheWTB. subtilis strain grew similarly toWT S.marcescens
in that the swarm expanded rapidly and produced a visible
surfactant zone ahead of the colony edge. However, the
surfactant zone was wider (~150 mm) in the B. subtilis
swarm compared to S. marcescens, and the cells at the edge
were sparser than in the S. marcescens swarms. Fig. 3 shows
a top view of a WT B. subtilis swarming colony.

Despite the differences in swarm-colony morphologies
between S. marcescens and B. subtilis, phase-contrast
microscopy revealed the same results: particles that moved
were all located within the swarm or above it, and those that
did not move, or showed constrained diffusion, were all
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FIGURE 1 Top-view phase-contrast microscopy images of swarming S. marcescens 274 bacteria on an agar plate. (A) Low-resolution image showing the
front of the swarm, the virgin agar, and the 75-mm-wide surfactant layer ahead of the swarm. (B) High-resolution image of the same colony as in A, showing
the front of the swarm. (C–F) Four MgO particles (arrows), each ~0.5 mm in diameter, deposited on the swarm. The three white particles (white arrows) are
moving and are located on top of the swarm; note the contrast between these particles and the dark bacteria. The dark particle (black arrow) is located below
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• Functional benefits?


• Long range communication by 
transport of signaling molecules 
(compared to Brownian motion)

• Flow of nutrients/oxygen from edges 
to inner swarms, temperature 
regulation

it would be interesting to track particle behavior on a liquid/
air interface where there was either no surfactant and/or no
bacterial motion. MgO particles were therefore deposited on
water and on bacteria-free supernatant drops placed on
special glass slides that constrained the drop and prevented
drift (see Materials and Methods). MgO particles showed
normal diffusion on the liquid/air surfaces of both water
and bacterial supernatant drops (Fig. 6, A and B). The diffu-
sion coefficients, D (calculated from the MSD slopes, where
MSD ¼ 4Dt), of same-sized particles were similar in both

water and bacterial supernatant drops (0.5 mm2/s) but much
smaller than the diffusion coefficient measured for the
motion of similar particles on moving swarms (5 mm2/s).
MgO particles deposited on B. subtilis culture drops (unfil-
tered) showed the same diffusion behavior as those on
filtered supernatants or water (Fig. 6 C). This is a result of
the energy source: on the bacteria-free drops, the particles
get their energy from the Brownian motion of the liquid
molecules, whereas on the swarm they get their energy
mostly from the collectively moving bacteria below (22).
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it would be interesting to track particle behavior on a liquid/
air interface where there was either no surfactant and/or no
bacterial motion. MgO particles were therefore deposited on
water and on bacteria-free supernatant drops placed on
special glass slides that constrained the drop and prevented
drift (see Materials and Methods). MgO particles showed
normal diffusion on the liquid/air surfaces of both water
and bacterial supernatant drops (Fig. 6, A and B). The diffu-
sion coefficients, D (calculated from the MSD slopes, where
MSD ¼ 4Dt), of same-sized particles were similar in both

water and bacterial supernatant drops (0.5 mm2/s) but much
smaller than the diffusion coefficient measured for the
motion of similar particles on moving swarms (5 mm2/s).
MgO particles deposited on B. subtilis culture drops (unfil-
tered) showed the same diffusion behavior as those on
filtered supernatants or water (Fig. 6 C). This is a result of
the energy source: on the bacteria-free drops, the particles
get their energy from the Brownian motion of the liquid
molecules, whereas on the swarm they get their energy
mostly from the collectively moving bacteria below (22).
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it would be interesting to track particle behavior on a liquid/
air interface where there was either no surfactant and/or no
bacterial motion. MgO particles were therefore deposited on
water and on bacteria-free supernatant drops placed on
special glass slides that constrained the drop and prevented
drift (see Materials and Methods). MgO particles showed
normal diffusion on the liquid/air surfaces of both water
and bacterial supernatant drops (Fig. 6, A and B). The diffu-
sion coefficients, D (calculated from the MSD slopes, where
MSD ¼ 4Dt), of same-sized particles were similar in both

water and bacterial supernatant drops (0.5 mm2/s) but much
smaller than the diffusion coefficient measured for the
motion of similar particles on moving swarms (5 mm2/s).
MgO particles deposited on B. subtilis culture drops (unfil-
tered) showed the same diffusion behavior as those on
filtered supernatants or water (Fig. 6 C). This is a result of
the energy source: on the bacteria-free drops, the particles
get their energy from the Brownian motion of the liquid
molecules, whereas on the swarm they get their energy
mostly from the collectively moving bacteria below (22).
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it would be interesting to track particle behavior on a liquid/
air interface where there was either no surfactant and/or no
bacterial motion. MgO particles were therefore deposited on
water and on bacteria-free supernatant drops placed on
special glass slides that constrained the drop and prevented
drift (see Materials and Methods). MgO particles showed
normal diffusion on the liquid/air surfaces of both water
and bacterial supernatant drops (Fig. 6, A and B). The diffu-
sion coefficients, D (calculated from the MSD slopes, where
MSD ¼ 4Dt), of same-sized particles were similar in both

water and bacterial supernatant drops (0.5 mm2/s) but much
smaller than the diffusion coefficient measured for the
motion of similar particles on moving swarms (5 mm2/s).
MgO particles deposited on B. subtilis culture drops (unfil-
tered) showed the same diffusion behavior as those on
filtered supernatants or water (Fig. 6 C). This is a result of
the energy source: on the bacteria-free drops, the particles
get their energy from the Brownian motion of the liquid
molecules, whereas on the swarm they get their energy
mostly from the collectively moving bacteria below (22).
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it would be interesting to track particle behavior on a liquid/
air interface where there was either no surfactant and/or no
bacterial motion. MgO particles were therefore deposited on
water and on bacteria-free supernatant drops placed on
special glass slides that constrained the drop and prevented
drift (see Materials and Methods). MgO particles showed
normal diffusion on the liquid/air surfaces of both water
and bacterial supernatant drops (Fig. 6, A and B). The diffu-
sion coefficients, D (calculated from the MSD slopes, where
MSD ¼ 4Dt), of same-sized particles were similar in both

water and bacterial supernatant drops (0.5 mm2/s) but much
smaller than the diffusion coefficient measured for the
motion of similar particles on moving swarms (5 mm2/s).
MgO particles deposited on B. subtilis culture drops (unfil-
tered) showed the same diffusion behavior as those on
filtered supernatants or water (Fig. 6 C). This is a result of
the energy source: on the bacteria-free drops, the particles
get their energy from the Brownian motion of the liquid
molecules, whereas on the swarm they get their energy
mostly from the collectively moving bacteria below (22).
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—Superdiffusive transport at swarm upper layer

A. Be’er and R. Harshey Biophysical Journal 101(5) 1017–1024 (2011)



Thomas LECUIT   2022-2023

Swarming response: surface translocation of bacteria

• Swimming bacteria that contact a soft surface (eg. Agar) switch to a swarm behavior
— swarming: multicellular movement across surface powered by rotating flagella for 
swimming bacteria such as E. coli or Salmonella.
— This induction is reversible (if cells are placed back in solution, they de-differentiate and 
swim)
— It occurs within 30 min

—In some bacteria, induction of flagellar genes and increase in number of flagella per cell
Flagella cover the entire cell (peritrichous flagella)
Peritrichous flagella bundle together when they rotate to increase the effective flagellar 
stiffness and make force generation more efficient in viscous liquids

Nature Reviews | Microbiology
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complex.

by geneticists, and selection against swarming may be 
artificial in favour of small, compact colonies.

Swarming motility generally requires an energy-rich, 
solid medium, but the specific conditions that support 
swarming depend on the organism concerned. Some 
bacteria, such as Bacillus subtilis, swarm on a wide range 
of energy-rich media, whereas other bacteria, such as 
Salmonella enterica and Yersinia entercolitica, require 
the presence of particular supplements (for example,  
glucose)16–18. Swarming is promoted by high growth 
rates, which may account for the requirement for energy-
rich conditions12,19,20. Although some bacteria can swarm 
over almost any agar surface, most swarming bacteria 

require soft agar in a narrow range of concentrations. 
Media that are solidified, with agar concentrations above 
0.3%, exclude swimming motility and force the bacteria 
to move, if possible, over the surface, and agar concen-
trations above 1% prohibit swarming of many bacterial 
species. It is conceivable that the standard 1.5% agar  
that is used to solidify media in the laboratory was  
specifically chosen for swarming inhibition.

When conducting swarming-motility assays, a 
defined set of conditions must be established and rigor-
ously adhered to21. The water content of the medium is 
a crucial factor: too little water results in poor swarming, 
whereas too much water may permit swimming motility. 
To control the water content, swarm plates are poured 
to a standard thickness when the agar is relatively cool 
(~50 ºC), thereby minimizing water loss from conden-
sation on the plate lid. Finally, plates are dried briefly 
(for ~15 minutes), open-faced, in a laminar flow hood 
to remove surface water and minimize the contribution 
of swimming motility to surface movement12,21.

Requirements for swarming motility
Flagella are the most important requirement for swarm-
ing motility, along with an increase in flagellar bio-
synthesis, but this type of movement also requires an 
increase in cell–cell interactions and the presence of  
a surfactant.

Flagella. Flagella may be observed by phase contrast 
microscopy using a simple crystal violet-based stain22, 
by fluorescence microscopy using fluorescent dyes23,24 
or by electron microscopy25,26. The presence of flagellated 
cells at the front of a spreading colony is consistent with, 
but not conclusively demonstrative of, the mechanism 
of swarming motility. To confirm the mechanism of 
swarming, mutants with defects in flagella synthesis or 
function must be used to abolish colony spreading27.

Most bacteria that swarm have a peritrichous arrange-
ment of flagella, in which multiple flagella are distributed 
randomly on the cell surface11,18,25,28–30. Peritrichous flag-
ella bundle together when rotated, to effectively increase 
flagellar stiffness and make force generation more effi-
cient in viscous liquids, a property that may also explain 
their correlation with swarming31–34. Recently, E. coli, 
which is peritrichously flagellated, has been shown to 
swarm between two closely opposed fixed surfaces24,35–37. 
As a single flagellum requires minimal resource invest-
ment and is sufficient for swimming motility, it is 
tempting to speculate that the synthesis of multiple 
peritrichous flagella is a specific adapation to generate 
force in viscous environments and to swarm over and 
between surfaces.

The correlation between peritrichous flagella and 
swarming is not absolute, and some bacteria with 
flagella originating from a single cell pole can swarm. 
Vibrio parahaemolyticus, Rhodosprillum centenum and 
Aeromonas spp. each make a single polar flagellum that 
is sufficient to swim in liquids but must induce peritri-
chous flagella (also called lateral flagella) to swarm over 
surfaces28,30,38–40. The polar and lateral flagella are encoded 
by different genes, powered by separate motors and 

Figure 1 | Bacteria move by a range of mechanisms. 
Swarming is the multicellular movement of bacteria across 
a surface and is powered by rotating helical flagella. 
Swimming is the movement of individual bacteria in liquid, 
also powered by rotating flagella. Twitching is surface 
movement of bacteria that is powered by the extension of 
pili, which then attach to the surface and subsequently 
retract, pulling the cell closer to the site of attachment. 
Gliding is active surface movement that does not require 
flagella or pili and involves focal-adhesion complexes. 
Sliding is passive surface translocation that is powered by 
growth and facilitated by a surfactant. The direction of cell 
movement is indicated by black arrows, and the motors that 
power the movement are indicated by coloured circles.
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a motor for gliding motility. 
When coupled to an internal 
motor, the cell body moves 
relative to the focal-adhesion 
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cells at the front of a spreading colony is consistent with, 
but not conclusively demonstrative of, the mechanism 
of swarming motility. To confirm the mechanism of 
swarming, mutants with defects in flagella synthesis or 
function must be used to abolish colony spreading27.

Most bacteria that swarm have a peritrichous arrange-
ment of flagella, in which multiple flagella are distributed 
randomly on the cell surface11,18,25,28–30. Peritrichous flag-
ella bundle together when rotated, to effectively increase 
flagellar stiffness and make force generation more effi-
cient in viscous liquids, a property that may also explain 
their correlation with swarming31–34. Recently, E. coli, 
which is peritrichously flagellated, has been shown to 
swarm between two closely opposed fixed surfaces24,35–37. 
As a single flagellum requires minimal resource invest-
ment and is sufficient for swimming motility, it is 
tempting to speculate that the synthesis of multiple 
peritrichous flagella is a specific adapation to generate 
force in viscous environments and to swarm over and 
between surfaces.

The correlation between peritrichous flagella and 
swarming is not absolute, and some bacteria with 
flagella originating from a single cell pole can swarm. 
Vibrio parahaemolyticus, Rhodosprillum centenum and 
Aeromonas spp. each make a single polar flagellum that 
is sufficient to swim in liquids but must induce peritri-
chous flagella (also called lateral flagella) to swarm over 
surfaces28,30,38–40. The polar and lateral flagella are encoded 
by different genes, powered by separate motors and 

Figure 1 | Bacteria move by a range of mechanisms. 
Swarming is the multicellular movement of bacteria across 
a surface and is powered by rotating helical flagella. 
Swimming is the movement of individual bacteria in liquid, 
also powered by rotating flagella. Twitching is surface 
movement of bacteria that is powered by the extension of 
pili, which then attach to the surface and subsequently 
retract, pulling the cell closer to the site of attachment. 
Gliding is active surface movement that does not require 
flagella or pili and involves focal-adhesion complexes. 
Sliding is passive surface translocation that is powered by 
growth and facilitated by a surfactant. The direction of cell 
movement is indicated by black arrows, and the motors that 
power the movement are indicated by coloured circles.
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Differentiation of cells in contact with a soft surface (eg. Agar)
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• Swarming behaviour of Proteus 
mirabilis:

• Cycles of vegetative and 
swarming states gives rise to a 
characteristic concentric 
colony morphology

• Cells become longer, 
filamentous due to multi 
nucleation (cessation of 
septation)

• Development of many (~50) 
peritrichous flagella which 
allows better adhesion to 
substratum and motility

Verstraeten N,  et al. Trends in Microbiology 16:496–506 (2008)

Allison, C, and Hughes, C, Science Progress 75: 403-422 (1991)

• Proteus mirabilis: Gram negative 
enterobacteria. 

• Commensal of digestive tract in 
animals

• Present in soil and water
• Responsible of infections of urinary 

tract in humans

John J. Farmer - CDC 
public health image library

Historical origins: swarming in Proteus
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108 WILLIAMS & SCHWARZHOFF 

Figure 3 Swarm cells of P. mirobilis. (0) Very short (3p;m) swarm cell showing about 50 
flagella. Negatively stained with phosphotungstic acid. (b) Scanning electron micrograph of 
a raft of swarm cells encased in a slime cocoon. Slime-covered agar is also visible. Micrograph 
by G. E. VanderMolen. (e) Scanning electron micrograph of a raft of swarm cells clearly 
showing flagella; slime-covered agar (S). and agar without slime (A). Micrograph by S. J. 
Woroch. 
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slime-covered agar (S). and agar without slime (A). Proteus mirabilis
Swarm cell (50 flagella)

F.D. Williams and R.H. Schwarzhoff. Ann. Rev. Microbial. 32:101-22 (1978) 

Historical origins: swarming in Proteus

• Swarming behaviour of Proteus 
mirabilis:

• Cycles of vegetative and 
swarming states gives rise to a 
characteristic concentric 
colony morphology

• Cells become longer, 
filamentous due to multi 
nucleation

• Development of many (~50) 
peritrichous flagella
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Historical origins: swarming in Proteus

SWARMING OF PROTEUS 105 

Figure 1 Swarming of P. mirabilis as viewed with phase contrast optics and a lOOX objective. 
The inoculum consists of small coccoid rods (a) that elongate slightly at the edge of the colony 
for about 3 hr (b. c) at 35°C. The extremely long swarm cells, which have formed just inside 
the colony edge, move out onto the agar surface as groups or rafts (d. e) and subsequently 
divide to form short rods during consolidation (j). From (68). 

A
nn

u.
 R

ev
. M

ic
ro

bi
ol

. 1
97

8.
32

:1
01

-1
38

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lre
vi

ew
s.o

rg
 A

cc
es

s p
ro

vi
de

d 
by

 U
N

IV
ER

SI
TE

 D
E 

LA
 M

ED
IT

ER
R

A
N

EE
 o

n 
11

/2
3/

22
. F

or
 p

er
so

na
l u

se
 o

nl
y.

 

106 WILLIAMS & SCHW ARZHOFF 

Figure 2 The appearance of a plate demonstrating swarming of P. mirabilis after 2 (0), 3 
(b), 4 (c), 8 (d), 12 (e), and 16 hr (f). The medium is Trypticase soy agar incubated at 35°C. 
From (68). 

variant corresponded to Belyavin's C phase, producing a single film of 
swarming cells over the surface of the plate. Broth cultures similarly con­
sisted of motile filaments. The X and W variants were unable to swarm 
under all conditions tested, but they demonstrated at least some degree of 
motility in broth cultures. In population-pressure experiments, Coetzee was 
able to demonstrate conversion of each morphological type to all other 
types, and in a later study he transduced what he claimed was a swarming 
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F.D. Williams and R.H. Schwarzhoff. Ann. Rev. Microbial. 32:101-22 (1978) 

— Cell differentiation associated with swarming behavior
• Formation of multinucleate filaments (long bacteria)
• Growth of multiple flagella (peritrichous)

Consolidation

Cell growth and 
filamentation at the swarm 
edge
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Swarming behaviors in other bacteria

8632 Developmental Biology: Harshey and Matsuyama

precipitate formed just dissolved) was added for 10 min after
which the slide was washed with distilled water. Lastly, the
slide was flooded with a solution of Ziel's Carbol-fuchsin
(Muto Pure Chemicals, Tokyo) for 10 min, washed with
distilled water, and air dried.

Flagellar Filament Isolation. Cells were propagated in nu-
trient broth supplemented with glucose, either as liquid
cultures or on plates (0.5% Eiken agar). Flagellar filaments
were prepared by the method of DePamphilis and Adler (11)
as described (4). Flagellin protein was solubilized and incu-
bated with trypsin [1:1 (wt/wt) ratio of trypsin/flagelin] for
1 h for E. coli and for 2 h for S. typhimurium at 370C as
described (4).

RESULTS
Swarming in E. coli and S. typhinurium. In liquid media, E.

coli and S. typhimurium move in alternating episodes of
smooth swimming produced by counterclockwise flagellar
rotation and of tumbling produced by clockwise (CW) rota-
tion. Swimming motility can also be observed in semisolid
agar (0.2-0.4% agar), where cells swim through water-filled
channels in the agar. Higher agar concentrations inhibit
swimming motility.

We discovered that agar obtained from a Japanese manu-
facturing company (Eiken) enabled both E. coli and S.
typhimurium to carry out classical swarming motility atop the
agar surface. As with other swarming bacteria, a few hours
after inoculation of the center of an agar plate, streams of
cells moved outward, colonizing the entire surface within the
next few hours. Consolidation phases were generally not
evident, although a layered macroscopic appearance was
sometimes observed (Fig. 1 A and B). The swarming colony
often had a glistening, mucoid appearance. Filamentous

FIG. 1. Morphologies of swarm colonies. (A) An E. coli swarm
colony propagated on nutrient broth medium solidified with 0.5%
Eiken agar, photographed after overnight growth at 30° C. (B) A S.
typhimurium swarm colony grown as in A except with 0.8% Difco
agar, photographed after 8 hr at 37° C. (C) Advancing edge of an E.
coli swarm colony growing on LB medium containing 0.5% Eiken
agar, viewed with a x40 long-working-distance objective (10). (D)
Similar view of a S. typhimurium swarm colony growing on Difco
nutrient broth containing glucose and 0.7% Difco agar. Note the
parallel arrays of cells at the edges of both colonies in C and D. (Bar
= 5 ,um.)

(5-20 um long) cells were observed near the periphery of the
colony (Fig. 1 C and D), while in the internal regions of the
colony the cells were shorter. The long cells were multinu-
cleate and generally devoid of the external constrictions that
mark the presence of cell septa (Fig. 2). 4,6-Diamidino-2-
phenylindole (DAPI)-stained nucleoids appeared relatively
evenly distributed along the length of the cell filaments. The
extent of filamentation depended on the composition of the
medium, with the longest filaments (200-300 ,um long) ob-
served on solidified medium prepared with nutrient broth.
Compared with broth-grown cells, swarmer cells showed
increased flagellation (Fig. 3 A and C; 2-3 times as many
filaments were counted per unit area of cell surface). Cells
examined from central regions of the swarm colony had fewer
flagella (Fig. 3B), more typical of swimmer cells.

The source of the agar and the composition of the medium
had profound effects on swarming (Table 1). Eiken agar
consistently evoked a strong swarming response on rich
media with both organisms. For E. coli, the optimal agar
concentration to elicit swarming was 0.5%, whereas for S.
typhimurium (LT2), concentrations of 0.5%-0.8% worked
well. The rate of movement of the swarming bacterial front
varied widely, depending on the temperature, wetness of the
surface (freshly poured plates were better), and batch of the
medium, generally ranging between 2 to 10 um/s at room
temperature, although speeds as fast as 30-50 ,um/s were
sometimes observed with LT2. When compared at 24° C,
30° C, 37° C, and 42° C, swarming was optimum at 30° C for E.
coli, being very much reduced at 37° C; S. typhimurium
swarmed optimally at 37° C. Minimal medium did not gener-
ally support swarming, although the colonies often showed
(see Fig. 4A) a "Dps" phenotype-i.e., under the micro-
scope, active swarming movement was observed only within
the inoculated area. Thus, the bacteria "swarmed in place."
[The Dps phenotype cannot be distinguished by eye from a
"Dis" (defective in swarming; ref. 10) phenotype (Fig. 4B),
in which cells lack all movement, unless observed by micro-
scope (see below).] On LB medium solidified with Difco agar,
E. coli gave a very poor swarming response. This agar

FIG. 2. Arrangement of nucleoids in elongated swarmer cells.
(Left) Phase-contrast micrographs of E. coli (A) and S. typhimurium
(B) swarmer cells propagated on Difco nutrient broth containing
glucose and 0.5% Difco agar and stained with 4,6-diamidino-2-
phenylindole (DAPI) as described earlier (10). (Right) DAPI fluo-
rescence of the same cells under UV excitation. (Bar = 5 pm.)

Proc. Natl. Acad. Sci. USA 91 (1994)
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precipitate formed just dissolved) was added for 10 min after
which the slide was washed with distilled water. Lastly, the
slide was flooded with a solution of Ziel's Carbol-fuchsin
(Muto Pure Chemicals, Tokyo) for 10 min, washed with
distilled water, and air dried.

Flagellar Filament Isolation. Cells were propagated in nu-
trient broth supplemented with glucose, either as liquid
cultures or on plates (0.5% Eiken agar). Flagellar filaments
were prepared by the method of DePamphilis and Adler (11)
as described (4). Flagellin protein was solubilized and incu-
bated with trypsin [1:1 (wt/wt) ratio of trypsin/flagelin] for
1 h for E. coli and for 2 h for S. typhimurium at 370C as
described (4).

RESULTS
Swarming in E. coli and S. typhinurium. In liquid media, E.

coli and S. typhimurium move in alternating episodes of
smooth swimming produced by counterclockwise flagellar
rotation and of tumbling produced by clockwise (CW) rota-
tion. Swimming motility can also be observed in semisolid
agar (0.2-0.4% agar), where cells swim through water-filled
channels in the agar. Higher agar concentrations inhibit
swimming motility.

We discovered that agar obtained from a Japanese manu-
facturing company (Eiken) enabled both E. coli and S.
typhimurium to carry out classical swarming motility atop the
agar surface. As with other swarming bacteria, a few hours
after inoculation of the center of an agar plate, streams of
cells moved outward, colonizing the entire surface within the
next few hours. Consolidation phases were generally not
evident, although a layered macroscopic appearance was
sometimes observed (Fig. 1 A and B). The swarming colony
often had a glistening, mucoid appearance. Filamentous

FIG. 1. Morphologies of swarm colonies. (A) An E. coli swarm
colony propagated on nutrient broth medium solidified with 0.5%
Eiken agar, photographed after overnight growth at 30° C. (B) A S.
typhimurium swarm colony grown as in A except with 0.8% Difco
agar, photographed after 8 hr at 37° C. (C) Advancing edge of an E.
coli swarm colony growing on LB medium containing 0.5% Eiken
agar, viewed with a x40 long-working-distance objective (10). (D)
Similar view of a S. typhimurium swarm colony growing on Difco
nutrient broth containing glucose and 0.7% Difco agar. Note the
parallel arrays of cells at the edges of both colonies in C and D. (Bar
= 5 ,um.)

(5-20 um long) cells were observed near the periphery of the
colony (Fig. 1 C and D), while in the internal regions of the
colony the cells were shorter. The long cells were multinu-
cleate and generally devoid of the external constrictions that
mark the presence of cell septa (Fig. 2). 4,6-Diamidino-2-
phenylindole (DAPI)-stained nucleoids appeared relatively
evenly distributed along the length of the cell filaments. The
extent of filamentation depended on the composition of the
medium, with the longest filaments (200-300 ,um long) ob-
served on solidified medium prepared with nutrient broth.
Compared with broth-grown cells, swarmer cells showed
increased flagellation (Fig. 3 A and C; 2-3 times as many
filaments were counted per unit area of cell surface). Cells
examined from central regions of the swarm colony had fewer
flagella (Fig. 3B), more typical of swimmer cells.

The source of the agar and the composition of the medium
had profound effects on swarming (Table 1). Eiken agar
consistently evoked a strong swarming response on rich
media with both organisms. For E. coli, the optimal agar
concentration to elicit swarming was 0.5%, whereas for S.
typhimurium (LT2), concentrations of 0.5%-0.8% worked
well. The rate of movement of the swarming bacterial front
varied widely, depending on the temperature, wetness of the
surface (freshly poured plates were better), and batch of the
medium, generally ranging between 2 to 10 um/s at room
temperature, although speeds as fast as 30-50 ,um/s were
sometimes observed with LT2. When compared at 24° C,
30° C, 37° C, and 42° C, swarming was optimum at 30° C for E.
coli, being very much reduced at 37° C; S. typhimurium
swarmed optimally at 37° C. Minimal medium did not gener-
ally support swarming, although the colonies often showed
(see Fig. 4A) a "Dps" phenotype-i.e., under the micro-
scope, active swarming movement was observed only within
the inoculated area. Thus, the bacteria "swarmed in place."
[The Dps phenotype cannot be distinguished by eye from a
"Dis" (defective in swarming; ref. 10) phenotype (Fig. 4B),
in which cells lack all movement, unless observed by micro-
scope (see below).] On LB medium solidified with Difco agar,
E. coli gave a very poor swarming response. This agar

FIG. 2. Arrangement of nucleoids in elongated swarmer cells.
(Left) Phase-contrast micrographs of E. coli (A) and S. typhimurium
(B) swarmer cells propagated on Difco nutrient broth containing
glucose and 0.5% Difco agar and stained with 4,6-diamidino-2-
phenylindole (DAPI) as described earlier (10). (Right) DAPI fluo-
rescence of the same cells under UV excitation. (Bar = 5 pm.)
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FIG. 3. Hyperflagellation of E. coli and S. typhimurium swarmer
cells. Bacteria were grown on Eiken nutrient broth containing
glucose and 0.5% Eiken agar. Flagella were visualized by silver
staining (see text) followed by light microscopy. (A) Cells from the
periphery of an E. coli swarm colony. (B) Cells from a central region
of an E. coli swarm colony. (C) Cells from the edge of a S.
typhimurium swarm colony. (Bar = 5 iam.)

supported vigorous swarming of S. typhimurium, however,
provided 0.5% glucose was added. Other sugars that could
substitute for glucose in this medium were mannose, man-
nitol, N-acetylglucosamine, fructose, galactose, and arabi-
nose. Sugars that did not support swarming under these
conditions were sucrose, maltose, ribose, and glycerol.

A number of the sugars that promoted swarming are
transported by the phosphotransferase system (PTS; see ref.
12). Indeed, S. typhimurium mutants defective in the PTS
enzymes were also defective in swarming. Enzyme II mu-
tants were unresponsive to their specific sugars (glucose and
mannose) but could swarm with other PTS sugars, while
mutations in ptsl and the ptsH gene abolished the response
to all PIS sugars (data not shown). In the absence of added
sugars, S. typhimurium showed a Dps phenotype on LB
Difco agar. In the presence of the nonmetabolizable glucose
analog 2-deoxyglucose, which is also transported by the PTS,
Table 1. Effect of medium composition and agar sources
on swarming

Medium E. coli S. typhimurium
LB

+ Eikenagar ++++ ++++
+ Difco agar Dps Dps
+ Difco agar/glucose Dps ++++

Difco nutrient broth
+ Difco agar + +
+ Difco agar/glucose + + ++++

Minimal salts
+ Glucose/Eiken agar -
+ Glucose/Eiken agar/CAA -/Dps Dps/+
Agar concentration was 0.5% throughout. ++++, Complete

colonization (8 cm) of the Petri dish after overnight incubation at
30° C; ++, -4 cm; +, 1-2 cm; -, no movement. Dps denotes a
colony that "swarms in place" (see text). A slash separates two
observed phenotypes. CAA, Casamino acids.

FIG. 4. Dps (defective in progressive swarming; ref. 10) and Dis
(defective in swarming; see below) phenotypes of E. coli swarm
colonies. (A) Wild type E. coli inoculated on minimal medium
supplemented with Casamino acids (see text). Although the colony
remains confined to the inoculated area, cells are seen to actively
move when examined under the microscope. This phenotype is
referred to as Dps. (B) Two che mutants (cheA and cheY) were
inoculated on rich medium. Although indistinguishable from the Dps
phenotype to the unaided eye, under the microscope these mutants
truly do not move. This is the Dis phenotype.

only a Dps response was observed, suggesting that sugar
metabolism is important for swarming.

The Motive Organelle for Swarming. To determine whether
swarming requires the flagella that are used for s g, we
examined mutants lacking various components of the flagel-
lar system. Mutations in the E. coli flagellar filament genefliC
or in the motA or motB gene (the mot genes are required for
flagellar motor rotation) abolished swarming motility (Table
2). In S. typhimurium, either of the two flagellin genes [fljB
(serotype H2) or fliC (serotype HI)] was sufficient for
swarming, whereas the double mutant could not swarm.
These results indicate that a rotating flagellum is essential for
swarming but do not directly address whether the flagella
induced on the swarmer cells are the same as those required
for swimming. Therefore, we compared flagellin protein
profiles of swimmer and swarmer cell flagella from both E.
coli and S. typhimurium (Fig. 5). The molecular weight of the
flagellin protein subunits isolated from both types of fila-
ments is similar, although the protein amounts are different
(compare lane 2 with lane 3 and lane 6 with lane 7), with more
protein isolated from swarmer cells (increase in swarmer-cell
flagellin varied between 2- to 6-fold in different experiments),
consistent with their hyperflagellated phenotype. Further
evidence of the similarity of these two filament protein
subunits is provided by their similar trypsin digestion pat-
terns (compare lanes 4 and 5 and lanes 8 and 9). Any
significant differences in primary, secondary, or tertiary
structure of the two proteins would have been manifest in
such an analysis. These results strongly suggest that the
swimmer and swarmer flagellar filaments are built from the
same protein and that very likely the basal bodies to which
these filaments are attached are also the same.

Importance of the Chemotaxis System in Swarming. To test
whether the chemotactic signaling system plays a role in
swarming motility, various E. coli chemotaxis mutants were
examined (Table 3). Mutants lacking any one of the inner
membrane chemoreceptors (Trg, Tsr, Tar, or Tap) swarmed
normally. However, strains missing three or all four of these
transducers showed no significant swarming movement un-
der the microscope-i.e., showed a Dis phenotype.

E. coli carrying defects in the cheA, -B, -R, -W, -Y, or -Z
genes also exhibited no swarming on rich media (Table 3). All
of these mutants have aberrant flagellar rotation patterns that
might be causally related to their swarming defect. However,
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FIG. 3. Hyperflagellation of E. coli and S. typhimurium swarmer
cells. Bacteria were grown on Eiken nutrient broth containing
glucose and 0.5% Eiken agar. Flagella were visualized by silver
staining (see text) followed by light microscopy. (A) Cells from the
periphery of an E. coli swarm colony. (B) Cells from a central region
of an E. coli swarm colony. (C) Cells from the edge of a S.
typhimurium swarm colony. (Bar = 5 iam.)

supported vigorous swarming of S. typhimurium, however,
provided 0.5% glucose was added. Other sugars that could
substitute for glucose in this medium were mannose, man-
nitol, N-acetylglucosamine, fructose, galactose, and arabi-
nose. Sugars that did not support swarming under these
conditions were sucrose, maltose, ribose, and glycerol.

A number of the sugars that promoted swarming are
transported by the phosphotransferase system (PTS; see ref.
12). Indeed, S. typhimurium mutants defective in the PTS
enzymes were also defective in swarming. Enzyme II mu-
tants were unresponsive to their specific sugars (glucose and
mannose) but could swarm with other PTS sugars, while
mutations in ptsl and the ptsH gene abolished the response
to all PIS sugars (data not shown). In the absence of added
sugars, S. typhimurium showed a Dps phenotype on LB
Difco agar. In the presence of the nonmetabolizable glucose
analog 2-deoxyglucose, which is also transported by the PTS,
Table 1. Effect of medium composition and agar sources
on swarming

Medium E. coli S. typhimurium
LB

+ Eikenagar ++++ ++++
+ Difco agar Dps Dps
+ Difco agar/glucose Dps ++++

Difco nutrient broth
+ Difco agar + +
+ Difco agar/glucose + + ++++

Minimal salts
+ Glucose/Eiken agar -
+ Glucose/Eiken agar/CAA -/Dps Dps/+
Agar concentration was 0.5% throughout. ++++, Complete

colonization (8 cm) of the Petri dish after overnight incubation at
30° C; ++, -4 cm; +, 1-2 cm; -, no movement. Dps denotes a
colony that "swarms in place" (see text). A slash separates two
observed phenotypes. CAA, Casamino acids.

FIG. 4. Dps (defective in progressive swarming; ref. 10) and Dis
(defective in swarming; see below) phenotypes of E. coli swarm
colonies. (A) Wild type E. coli inoculated on minimal medium
supplemented with Casamino acids (see text). Although the colony
remains confined to the inoculated area, cells are seen to actively
move when examined under the microscope. This phenotype is
referred to as Dps. (B) Two che mutants (cheA and cheY) were
inoculated on rich medium. Although indistinguishable from the Dps
phenotype to the unaided eye, under the microscope these mutants
truly do not move. This is the Dis phenotype.

only a Dps response was observed, suggesting that sugar
metabolism is important for swarming.

The Motive Organelle for Swarming. To determine whether
swarming requires the flagella that are used for s g, we
examined mutants lacking various components of the flagel-
lar system. Mutations in the E. coli flagellar filament genefliC
or in the motA or motB gene (the mot genes are required for
flagellar motor rotation) abolished swarming motility (Table
2). In S. typhimurium, either of the two flagellin genes [fljB
(serotype H2) or fliC (serotype HI)] was sufficient for
swarming, whereas the double mutant could not swarm.
These results indicate that a rotating flagellum is essential for
swarming but do not directly address whether the flagella
induced on the swarmer cells are the same as those required
for swimming. Therefore, we compared flagellin protein
profiles of swimmer and swarmer cell flagella from both E.
coli and S. typhimurium (Fig. 5). The molecular weight of the
flagellin protein subunits isolated from both types of fila-
ments is similar, although the protein amounts are different
(compare lane 2 with lane 3 and lane 6 with lane 7), with more
protein isolated from swarmer cells (increase in swarmer-cell
flagellin varied between 2- to 6-fold in different experiments),
consistent with their hyperflagellated phenotype. Further
evidence of the similarity of these two filament protein
subunits is provided by their similar trypsin digestion pat-
terns (compare lanes 4 and 5 and lanes 8 and 9). Any
significant differences in primary, secondary, or tertiary
structure of the two proteins would have been manifest in
such an analysis. These results strongly suggest that the
swimmer and swarmer flagellar filaments are built from the
same protein and that very likely the basal bodies to which
these filaments are attached are also the same.

Importance of the Chemotaxis System in Swarming. To test
whether the chemotactic signaling system plays a role in
swarming motility, various E. coli chemotaxis mutants were
examined (Table 3). Mutants lacking any one of the inner
membrane chemoreceptors (Trg, Tsr, Tar, or Tap) swarmed
normally. However, strains missing three or all four of these
transducers showed no significant swarming movement un-
der the microscope-i.e., showed a Dis phenotype.

E. coli carrying defects in the cheA, -B, -R, -W, -Y, or -Z
genes also exhibited no swarming on rich media (Table 3). All
of these mutants have aberrant flagellar rotation patterns that
might be causally related to their swarming defect. However,
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— Cell differentiation associated with swarming behavior
• Formation of multinucleate filaments (long bacteria)
• Growth of multiple (peritrichous) flagella
• Occurs on soft media (0.5-2% Agar)
• Speed of cell front expansion: 2-10µm/s and up to 30-50µm/s

Nuclear staining
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FIG. 3. Hyperflagellation of E. coli and S. typhimurium swarmer
cells. Bacteria were grown on Eiken nutrient broth containing
glucose and 0.5% Eiken agar. Flagella were visualized by silver
staining (see text) followed by light microscopy. (A) Cells from the
periphery of an E. coli swarm colony. (B) Cells from a central region
of an E. coli swarm colony. (C) Cells from the edge of a S.
typhimurium swarm colony. (Bar = 5 iam.)

supported vigorous swarming of S. typhimurium, however,
provided 0.5% glucose was added. Other sugars that could
substitute for glucose in this medium were mannose, man-
nitol, N-acetylglucosamine, fructose, galactose, and arabi-
nose. Sugars that did not support swarming under these
conditions were sucrose, maltose, ribose, and glycerol.

A number of the sugars that promoted swarming are
transported by the phosphotransferase system (PTS; see ref.
12). Indeed, S. typhimurium mutants defective in the PTS
enzymes were also defective in swarming. Enzyme II mu-
tants were unresponsive to their specific sugars (glucose and
mannose) but could swarm with other PTS sugars, while
mutations in ptsl and the ptsH gene abolished the response
to all PIS sugars (data not shown). In the absence of added
sugars, S. typhimurium showed a Dps phenotype on LB
Difco agar. In the presence of the nonmetabolizable glucose
analog 2-deoxyglucose, which is also transported by the PTS,
Table 1. Effect of medium composition and agar sources
on swarming

Medium E. coli S. typhimurium
LB

+ Eikenagar ++++ ++++
+ Difco agar Dps Dps
+ Difco agar/glucose Dps ++++

Difco nutrient broth
+ Difco agar + +
+ Difco agar/glucose + + ++++

Minimal salts
+ Glucose/Eiken agar -
+ Glucose/Eiken agar/CAA -/Dps Dps/+
Agar concentration was 0.5% throughout. ++++, Complete

colonization (8 cm) of the Petri dish after overnight incubation at
30° C; ++, -4 cm; +, 1-2 cm; -, no movement. Dps denotes a
colony that "swarms in place" (see text). A slash separates two
observed phenotypes. CAA, Casamino acids.

FIG. 4. Dps (defective in progressive swarming; ref. 10) and Dis
(defective in swarming; see below) phenotypes of E. coli swarm
colonies. (A) Wild type E. coli inoculated on minimal medium
supplemented with Casamino acids (see text). Although the colony
remains confined to the inoculated area, cells are seen to actively
move when examined under the microscope. This phenotype is
referred to as Dps. (B) Two che mutants (cheA and cheY) were
inoculated on rich medium. Although indistinguishable from the Dps
phenotype to the unaided eye, under the microscope these mutants
truly do not move. This is the Dis phenotype.

only a Dps response was observed, suggesting that sugar
metabolism is important for swarming.

The Motive Organelle for Swarming. To determine whether
swarming requires the flagella that are used for s g, we
examined mutants lacking various components of the flagel-
lar system. Mutations in the E. coli flagellar filament genefliC
or in the motA or motB gene (the mot genes are required for
flagellar motor rotation) abolished swarming motility (Table
2). In S. typhimurium, either of the two flagellin genes [fljB
(serotype H2) or fliC (serotype HI)] was sufficient for
swarming, whereas the double mutant could not swarm.
These results indicate that a rotating flagellum is essential for
swarming but do not directly address whether the flagella
induced on the swarmer cells are the same as those required
for swimming. Therefore, we compared flagellin protein
profiles of swimmer and swarmer cell flagella from both E.
coli and S. typhimurium (Fig. 5). The molecular weight of the
flagellin protein subunits isolated from both types of fila-
ments is similar, although the protein amounts are different
(compare lane 2 with lane 3 and lane 6 with lane 7), with more
protein isolated from swarmer cells (increase in swarmer-cell
flagellin varied between 2- to 6-fold in different experiments),
consistent with their hyperflagellated phenotype. Further
evidence of the similarity of these two filament protein
subunits is provided by their similar trypsin digestion pat-
terns (compare lanes 4 and 5 and lanes 8 and 9). Any
significant differences in primary, secondary, or tertiary
structure of the two proteins would have been manifest in
such an analysis. These results strongly suggest that the
swimmer and swarmer flagellar filaments are built from the
same protein and that very likely the basal bodies to which
these filaments are attached are also the same.

Importance of the Chemotaxis System in Swarming. To test
whether the chemotactic signaling system plays a role in
swarming motility, various E. coli chemotaxis mutants were
examined (Table 3). Mutants lacking any one of the inner
membrane chemoreceptors (Trg, Tsr, Tar, or Tap) swarmed
normally. However, strains missing three or all four of these
transducers showed no significant swarming movement un-
der the microscope-i.e., showed a Dis phenotype.

E. coli carrying defects in the cheA, -B, -R, -W, -Y, or -Z
genes also exhibited no swarming on rich media (Table 3). All
of these mutants have aberrant flagellar rotation patterns that
might be causally related to their swarming defect. However,
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Diversity of swarming behaviors
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— Cell differentiation associated with swarming behaviour
• Formation of multinucleate filaments (long bacteria)
• Growth of multiple flagella (peritrichous)

Allison, C, and Hughes, C, Science Progress 75: 403-422 (1991)
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Allison, C, and Hughes, C, Science Progress 75: 403-422 (1991)

The macroscopic appearance of a swarm 
colony:

• differs among bacterial species,
• depends on medium 

composition, 
• agar concentration and water 

content, 
• temperature. 
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and proteomic changes when they come into contact 
with a surface, but these changes are mostly related to 
metabolism and stationary phase, and the expression 
of flagellar genes is unaffected117–119. Furthermore, cells 
do not seem to be developmentally ‘committed’ to the 
swarming state and tend to rapidly lose their swarming 
character when transferred to broth80. The swarm lag 
indicates that swimming cells must change in order 
to become swarming proficient, but it is not clear that 
swarm cells constitute a true developmental state.

Swimming in two dimensions? Researchers who study 
swarming are often asked: “How do you know that swarm-
ing is not simply swimming motility constrained in two 
dimensions?” The possibility that swarming is an artefact 
of swimming is difficult to dismiss, as both behaviours 
often require the same flagella, and there are excep-
tions to the swarming requirements discussed above. 
For example, it has been speculated that the apparent 
increase in number of flagellar per cell that occurs dur-
ing swarming is an optical illusion in some bacteria88,117. 
Furthermore, rafting may be a consequence of, rather 
than a requirement for, swarming, because individual 
E. coli cells occasionally move independently of rafts, 
and rafts may arise passively when the movement of 
an individual cell is forced to conform to that of its 

neighbours36. Much of the recent swarming literature 
comes from studies of E. coli and S. enterica, which are 
powerful model systems for swimming motility but 
which have some of the most conditional swarming 
phenotypes. It will be important to determine how the 
swarming of E. coli and S. enterica relates to the swarming  
of other bacteria.

Future directions
For those who are convinced that swarming motility 
is a separate and distinct behaviour, many questions 
remain.What physiological changes take place during 
the swarming lag? Is surface contact a direct stimulus 
and, if so, how is it transduced? Is cell division cou-
pled to swarming and, if so, what is the mechanistic 
connection? How is force generated and coordinated 
in multicellular rafts? How many bacterial species are 
swarming proficient, and how many times has swarm-
ing been bred out of laboratory isolates? Finally, what 
is the ecological relevance of swarming motility? 
Although the perfect surface of a carefully dried agar 
plate is never found in the environment, swarming may 
occur on nutrient-rich, soft substrates such as hydrated 
soils, plant roots and animal tissues, and swarming cells 
enjoy various advantages.

In addition to promoting swarming motility, sur-
factants are potent antimicrobials120–122. Therefore, 
swarming motility may be a take-and-hold strategy, 
in which the same surfactants used to spread across 
the surface of an object also simultaneously prevent 
colonization and growth by competing microorgan-
isms. Surfactants also enhance bioavailability of mol-
ecules by increasing the solubility of hydrocarbons or 
the surface hydrophobicity of hydrocarbon consum-
ers123–125. Hydrophobic compounds are often surface 
associated, and therefore surfactants and swarming 
may aid bacterial nutrition123.

Bacterial movement over surfaces may enable path-
ogenic species to migrate over, adhere to and disperse 
from sites of infection26,39,126,127. Swarming may protect 
pathogens from macrophages, as swarm cells were 
shown to have enhanced resistance to engulfment128. 
In addition, toxin secretion is often co-regulated with 
swarming motility126,129. Furthermore, bacteria of 
diverse species seem to become resistant to a broad 
range of antibiotics when swarming130,131. The mecha-
nism of generalized multidrug resistance seems to be 
unrelated to known active antibiotic-efflux systems and 
is instead likely to be a passive phenomenon resulting 
from rapid spreading of cells at high density118,130,132. 
Nonetheless, some bacteria have specialized sys-
tems to resist their own secreted surfactants52,132,133. 
Cationic peptides like polymyxin B have surfactant 
like structures, and bacteria may express some anti-
biotic-resistance systems to avoid autotoxicity during  
swarming134 (FIG. 4).

The study of swarming motility promises to yield 
novel insights into the physiology of multicellular 
behaviour in bacteria. New swarming-specific genes 
await discovery and investigation. New biochemi-
cal mechanisms are needed to connect swarming 

Figure 7 | Colony pattern formation. Various colony patterns formed by swarming 
bacteria. Uncolonized agar is black and bacterial biomass is white. a | A featureless 
swarm formed by Bacillus subtilis str. 3610. b | The bull’s eye pattern formed by  
Proteus mirabilis str. PM7002. c | Dendrites formed by Pseudomonas aeruginosa str. PA14.  
d | A vortex formed by Paenibacillus vortex str. V. e | A non-swarming mutant isolate  
of B. subtilis str. 3610. f | A non-swarming mutant isolate of B. subtilis str. 3610 with a 
suppressor mutant flare that can be seen above-left of the inoculation site. 
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and proteomic changes when they come into contact 
with a surface, but these changes are mostly related to 
metabolism and stationary phase, and the expression 
of flagellar genes is unaffected117–119. Furthermore, cells 
do not seem to be developmentally ‘committed’ to the 
swarming state and tend to rapidly lose their swarming 
character when transferred to broth80. The swarm lag 
indicates that swimming cells must change in order 
to become swarming proficient, but it is not clear that 
swarm cells constitute a true developmental state.

Swimming in two dimensions? Researchers who study 
swarming are often asked: “How do you know that swarm-
ing is not simply swimming motility constrained in two 
dimensions?” The possibility that swarming is an artefact 
of swimming is difficult to dismiss, as both behaviours 
often require the same flagella, and there are excep-
tions to the swarming requirements discussed above. 
For example, it has been speculated that the apparent 
increase in number of flagellar per cell that occurs dur-
ing swarming is an optical illusion in some bacteria88,117. 
Furthermore, rafting may be a consequence of, rather 
than a requirement for, swarming, because individual 
E. coli cells occasionally move independently of rafts, 
and rafts may arise passively when the movement of 
an individual cell is forced to conform to that of its 

neighbours36. Much of the recent swarming literature 
comes from studies of E. coli and S. enterica, which are 
powerful model systems for swimming motility but 
which have some of the most conditional swarming 
phenotypes. It will be important to determine how the 
swarming of E. coli and S. enterica relates to the swarming  
of other bacteria.

Future directions
For those who are convinced that swarming motility 
is a separate and distinct behaviour, many questions 
remain.What physiological changes take place during 
the swarming lag? Is surface contact a direct stimulus 
and, if so, how is it transduced? Is cell division cou-
pled to swarming and, if so, what is the mechanistic 
connection? How is force generated and coordinated 
in multicellular rafts? How many bacterial species are 
swarming proficient, and how many times has swarm-
ing been bred out of laboratory isolates? Finally, what 
is the ecological relevance of swarming motility? 
Although the perfect surface of a carefully dried agar 
plate is never found in the environment, swarming may 
occur on nutrient-rich, soft substrates such as hydrated 
soils, plant roots and animal tissues, and swarming cells 
enjoy various advantages.

In addition to promoting swarming motility, sur-
factants are potent antimicrobials120–122. Therefore, 
swarming motility may be a take-and-hold strategy, 
in which the same surfactants used to spread across 
the surface of an object also simultaneously prevent 
colonization and growth by competing microorgan-
isms. Surfactants also enhance bioavailability of mol-
ecules by increasing the solubility of hydrocarbons or 
the surface hydrophobicity of hydrocarbon consum-
ers123–125. Hydrophobic compounds are often surface 
associated, and therefore surfactants and swarming 
may aid bacterial nutrition123.

Bacterial movement over surfaces may enable path-
ogenic species to migrate over, adhere to and disperse 
from sites of infection26,39,126,127. Swarming may protect 
pathogens from macrophages, as swarm cells were 
shown to have enhanced resistance to engulfment128. 
In addition, toxin secretion is often co-regulated with 
swarming motility126,129. Furthermore, bacteria of 
diverse species seem to become resistant to a broad 
range of antibiotics when swarming130,131. The mecha-
nism of generalized multidrug resistance seems to be 
unrelated to known active antibiotic-efflux systems and 
is instead likely to be a passive phenomenon resulting 
from rapid spreading of cells at high density118,130,132. 
Nonetheless, some bacteria have specialized sys-
tems to resist their own secreted surfactants52,132,133. 
Cationic peptides like polymyxin B have surfactant 
like structures, and bacteria may express some anti-
biotic-resistance systems to avoid autotoxicity during  
swarming134 (FIG. 4).

The study of swarming motility promises to yield 
novel insights into the physiology of multicellular 
behaviour in bacteria. New swarming-specific genes 
await discovery and investigation. New biochemi-
cal mechanisms are needed to connect swarming 

Figure 7 | Colony pattern formation. Various colony patterns formed by swarming 
bacteria. Uncolonized agar is black and bacterial biomass is white. a | A featureless 
swarm formed by Bacillus subtilis str. 3610. b | The bull’s eye pattern formed by  
Proteus mirabilis str. PM7002. c | Dendrites formed by Pseudomonas aeruginosa str. PA14.  
d | A vortex formed by Paenibacillus vortex str. V. e | A non-swarming mutant isolate  
of B. subtilis str. 3610. f | A non-swarming mutant isolate of B. subtilis str. 3610 with a 
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and proteomic changes when they come into contact 
with a surface, but these changes are mostly related to 
metabolism and stationary phase, and the expression 
of flagellar genes is unaffected117–119. Furthermore, cells 
do not seem to be developmentally ‘committed’ to the 
swarming state and tend to rapidly lose their swarming 
character when transferred to broth80. The swarm lag 
indicates that swimming cells must change in order 
to become swarming proficient, but it is not clear that 
swarm cells constitute a true developmental state.

Swimming in two dimensions? Researchers who study 
swarming are often asked: “How do you know that swarm-
ing is not simply swimming motility constrained in two 
dimensions?” The possibility that swarming is an artefact 
of swimming is difficult to dismiss, as both behaviours 
often require the same flagella, and there are excep-
tions to the swarming requirements discussed above. 
For example, it has been speculated that the apparent 
increase in number of flagellar per cell that occurs dur-
ing swarming is an optical illusion in some bacteria88,117. 
Furthermore, rafting may be a consequence of, rather 
than a requirement for, swarming, because individual 
E. coli cells occasionally move independently of rafts, 
and rafts may arise passively when the movement of 
an individual cell is forced to conform to that of its 

neighbours36. Much of the recent swarming literature 
comes from studies of E. coli and S. enterica, which are 
powerful model systems for swimming motility but 
which have some of the most conditional swarming 
phenotypes. It will be important to determine how the 
swarming of E. coli and S. enterica relates to the swarming  
of other bacteria.

Future directions
For those who are convinced that swarming motility 
is a separate and distinct behaviour, many questions 
remain.What physiological changes take place during 
the swarming lag? Is surface contact a direct stimulus 
and, if so, how is it transduced? Is cell division cou-
pled to swarming and, if so, what is the mechanistic 
connection? How is force generated and coordinated 
in multicellular rafts? How many bacterial species are 
swarming proficient, and how many times has swarm-
ing been bred out of laboratory isolates? Finally, what 
is the ecological relevance of swarming motility? 
Although the perfect surface of a carefully dried agar 
plate is never found in the environment, swarming may 
occur on nutrient-rich, soft substrates such as hydrated 
soils, plant roots and animal tissues, and swarming cells 
enjoy various advantages.

In addition to promoting swarming motility, sur-
factants are potent antimicrobials120–122. Therefore, 
swarming motility may be a take-and-hold strategy, 
in which the same surfactants used to spread across 
the surface of an object also simultaneously prevent 
colonization and growth by competing microorgan-
isms. Surfactants also enhance bioavailability of mol-
ecules by increasing the solubility of hydrocarbons or 
the surface hydrophobicity of hydrocarbon consum-
ers123–125. Hydrophobic compounds are often surface 
associated, and therefore surfactants and swarming 
may aid bacterial nutrition123.

Bacterial movement over surfaces may enable path-
ogenic species to migrate over, adhere to and disperse 
from sites of infection26,39,126,127. Swarming may protect 
pathogens from macrophages, as swarm cells were 
shown to have enhanced resistance to engulfment128. 
In addition, toxin secretion is often co-regulated with 
swarming motility126,129. Furthermore, bacteria of 
diverse species seem to become resistant to a broad 
range of antibiotics when swarming130,131. The mecha-
nism of generalized multidrug resistance seems to be 
unrelated to known active antibiotic-efflux systems and 
is instead likely to be a passive phenomenon resulting 
from rapid spreading of cells at high density118,130,132. 
Nonetheless, some bacteria have specialized sys-
tems to resist their own secreted surfactants52,132,133. 
Cationic peptides like polymyxin B have surfactant 
like structures, and bacteria may express some anti-
biotic-resistance systems to avoid autotoxicity during  
swarming134 (FIG. 4).

The study of swarming motility promises to yield 
novel insights into the physiology of multicellular 
behaviour in bacteria. New swarming-specific genes 
await discovery and investigation. New biochemi-
cal mechanisms are needed to connect swarming 

Figure 7 | Colony pattern formation. Various colony patterns formed by swarming 
bacteria. Uncolonized agar is black and bacterial biomass is white. a | A featureless 
swarm formed by Bacillus subtilis str. 3610. b | The bull’s eye pattern formed by  
Proteus mirabilis str. PM7002. c | Dendrites formed by Pseudomonas aeruginosa str. PA14.  
d | A vortex formed by Paenibacillus vortex str. V. e | A non-swarming mutant isolate  
of B. subtilis str. 3610. f | A non-swarming mutant isolate of B. subtilis str. 3610 with a 
suppressor mutant flare that can be seen above-left of the inoculation site. 
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'swim' agar), and is not to be confused with swarming over
the agar surface (0.5-2% agar or 'swarm' agar) described
here.)

While details of the swarming response vary among
species, the following events are shared (reviewed in Hen-
richsen, 1972; Allison and Hughes, 1991). Cells inoculated
on appropriate solid media grow for several generations as
short, vegetative rods before the morphological character-
istics of differentiated swarmer cells (extensive lateral
flagellation and filamentation) become apparent (Fig. 2).
Extracellular polysaccharides, or 'slime', often encapsu-
late the growing cells. Once differentiated, swarmer cells
migrate rapidly outward until the growth surface is com-
pletely colonized. Isolated swarmer cells barely move,
suggesting that close cell-cell contact facilitates their
movement. Cells in pairwise contact can move in opposite
directions as well as in the same direction. Groups of 2-6
cells aligned in parallel can often be seen to move in uni-
son in the same direction. The rate of surface colonization
equals or often exceeds the rate at which swimmer cells of

Escherichia'
Shigella
Salmonella*
Klebslella
Serratia*
Yersfnia'
Erwinia
Proteus*

• Aeromonas'
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Vibrio', etc.
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-Rhodospirlllum*, Rhizoblum, etc.
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I—Laclobaclllus

Streptococcus
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—Clostrldlum*, etc.

Actinomycetes, etc.

^yanobacterla, Chloroplasts

F)g. 1. Phylogenetic relationships among eubacten'a based on 16S
rRNA sequences (adapted from Ochman and Wilson. 1987), The
asterisks indicate bacterial genera in which swarming motility has
been observed (data on swarming in Yersinia and Aeromorjas are
unpublished). Infonnation on swarming in Rhodospirillum centenum
is from Dr C. Bauer's laboratory, Indiana University, Bloomington,
IN (personal communication).

the same species spread in 'swim' agar. The most active
swarming occurs near the periphery of the colony, where
the longest {5-30 ^m) and most flagellated (2-50-fold
more flagella per unit cell surface, depending on the organ-
ism) cells are found. (Bacteria that can swarm on higher
agar concentrations are more profusely flagellated.) The
swarm front can advance at rates ranging from 2 -
10)jms ^ (according to culture conditions) in different
bacteria, while individual groups of cells often travel faster
than that just behind the migrating front. Cells in the interior
of the colony move less and appear to de-differentiate to a
morphology more typical of broth-grown vegetative or
swimmer cells (shorter with fewer flagella). Transfer of
swarmer cells from the surface of an agar plate to liquid
medium also results in a rapid return to the normal vege-
tative morphology.

The macroscopic appearance of a swarm colony differs
among organisms, depending on medium composition,
agar concentration and water content, and incubation tem-
perature. Some organisms, such as P. mirabilis. swarm in
temporal cycles, others swarm continuously in a thin layer,
whereas still others produce interspersed microcolonies.
The colonies of P. mirabilis have a particularly striking
terraced 'bull's eye' appearance produced by waves of
swarming punctuated by quiescent periods, termed
consolidation', during which the bacteria de-differentiate
back to vegetative cells.

Vibrio is the only genus known to have separate and dis-
tinct organelles for swimming (sheathed polar flagellum)
and swarming (numerous unsheathed lateral flagella)
(see McCarter and Silverman, 1990). Swarmer cells of S.
marcescens (Alberti and Harshey, 1990; O'Rear ef ai.
1992), P. mirabilis {Be]as etai. 1991), and E. co//and S.
typhimurium (Harshey and Matsuyama, 1994) encode
only one type of flageltar organelle for both kinds of motility.

What triggers swarmer cell differentiation?

Pioneering work with V. parahaemolyticus suggests
strongly that the triggering stimulus is physical. The
swarmer-cell phenotype (lateral flagella and cell elonga-
tion) could be induced in this bacterium by increasing the
microviscosity of liquid medium using highly branched
polymers, but not by varying the chemical composition of
the medium (Belas et ai. 1986). The polymers pre-
sumably act by interfering with swimming movement
and not by changing the nutrient content of the medium
(Berg and Turner, 1979). Induction occurred within
30 min of the addition of inducing agents, and dilution of
the viscous media resulted in rapid reversal of the induc-
tion. Lateral flagella could also be induced when cells
were agglutinated with antibody directed against the cell
surface (McCarter ef ai. 1988). The antibody reacted pri-
marily with the sheathed polar flagellum and resulted in

Widespread « invention » of swarming in bacteria lignages

This suggests important selective advantage of swarming behavior to colonize environments

Harshey RM. Molecular Microbiology 13: 389–394. (1994)
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In any event, a helical cell body, especially when thin, 
is able to efficiently move through gel-like media; for 
example, mucus, which lines epithelial surfaces within 
the body, and interstitial fluids of extracellular matrix 
that contain hyaluronic acid and various glycoproteins. 
In the laboratory, gel-like media, which contain long 
unbranched molecular chains, include methyl cellulose 
and polyvinylpyrrolidone. In such media, the solute 
forms a loose network, which is easily penetrated by 
small particles. The macroscopic viscosity of the medium 
in the bulk can be high, while the microscopic viscosity in  
the pores is similar to that of the solvent. The network 
provides a quasi-rigid structure that the helical cell 
can push against, which would not be possible in a 
Newtonian fluid, and thus contributes to thrust81. A slender  
helical cell that rotates about its helical axis ‘screws’ its 
way through the microscopic pores in such a medium.

Surface-associated motility
In nature, bacteria are commonly found attached to biotic 
and abiotic surfaces. Bacteria use a number of motility  
mechanisms to move on or near surfaces. Here we discuss  

the most prominent forms of surface-associated motility 
found in bacteria.

Swarming motility
Broadly defined, swarming is the phenomenon of collec-
tive locomotion observed in various organisms, including 
bacteria, insects, birds, fish and mammals82,83. Bacterial 
swarming motility is observed when flagellated bacteria 
are grown on a moist, nutrient-rich solid surface84–87. 
Under these conditions, vegetative (non-swarming) cells 
often differentiate into the swarmer phenotype, which is 
characterized by an increase in cell length, hyperflagella-
tion or both88–91. Individual swarmer cells begin to move 
collectively (FIG. 2), producing large-scale swirling and 
streaming patterns containing billions of cells86,92. These 
large groups of cells move rapidly over the surface, and 
this motility, combined with cell growth, leads to rapid 
outward expansion of the colony86,93,94. First described in 
the genus Proteus95, swarming has since been reported 
in Escherichia86,90, Salmonella90, Bacillus96, Vibrio88,97, 
Pseudomonas98, Serratia89 and Paenibacillus99,100 species, 
among others. Its widespread prevalence among bac-
teria suggests that swarming has an important role in 
bacterial surface exploration and colonization84,87.

Swarming motility has certain characteristics that 
hint at the underlying physical factors101. Although both 
swimming and swarming are flagellum driven, swarming, 
unlike swimming, occurs in a quasi-2D environment on 
top of the solid surface84–87. As cells can swarm only within 
a fluid, a thin layer of fluid must form atop the agar. This 
requires the presence of either osmolytes or surfactants near 
the front of the colony87. Indeed, many swarming bacteria 
excrete osmolytes, surfactants or both87. Osmolytes cre-
ate an imbalance of osmotic pressure, which draws fluid 
to the surface102. Surfactants do the same by reducing  
the local surface tension, which enables the spreading of the  
fluid film ahead of the swarm front. In laboratory experi-
ments on swarming atop an agar surface, the agar concen-
tration must be low enough so that fluid can move rapidly 
through its pores but high enough so that bacteria cannot 
enter the agar. For most bacteria, the agar concentration 
that supports swarming is between 0.3% and 1%85.

What triggers the differentiation of a vegetative 
cell into a swarmer phenotype? Both physical sig-
nals (for example, surface contact) and chemical  
signals (for example, quorum sensing) are thought to 
be involved, but the specific mechanisms are still poorly 
understood85,87,103. In Vibrio parahaemolyticus and 
Proteus mirabilis, inhibition of the rotation of the polar 
flagellum leads to swarmer cell differentiation, which 
suggests that the flagellum functions as a mechanosen-
sor to initiate swarming97,104. The identity and the precise 
source of the surface-sensing signal remain unknown. 
However, the discovery of mechanosensitive remodel-
ling of the flagellar stator points to the flagellar motor as 
one source of the surface-sensing signal105,106.

It is not fully understood how the morphological 
changes associated with the swarmer phenotype (that 
is, cell elongation and hyperflagellation) contribute 
to effective swarming. Increased aspect ratio aids the 
lengthwise realignment of cells into rafts. Indeed, both 
theoretical and experimental studies demonstrate an 
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Production of osmolytes 
or surfactants
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Swarmer phenotype
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Fig. 2 | Swarming motility on surfaces. a | Phase-contrast image of an Escherichia coli 
swarm moving from left to right, taken at the edge of the swarm86. Cells move collectively 
within a thin film of fluid, propelled by the rotation of flagella, which leads to the rapid 
outward expansion of the colony. b | A group of cells and their flagella at the edge of  
the swarm. The physical factors considered to be important for swarming are indicated. 
These include high cell density, cell elongation, alignment of neighbouring cells along the 
long axis, and osmolyte or surfactant release into the fluid. Some species also undergo 
hyperflagellation during swarming. Flagella originating from alternate cells are labelled 
in red and green, respectively. Panel a adapted with permission from REF.86, Elsevier.

Viscosity
Denoted by either μ or η,  
a parameter indicating the 
magnitude of the force 
required to shear a fluid. Water 
has a relatively small viscosity, 
molasses has a relatively large 
viscosity.

Newtonian fluid
A fluid in which the viscosity 
does not depend on the rate  
of shear (for example, water and 
solutions of Ficoll). Solutions 
containing long unbranched 
chains, such as mucus, 
hyaluronic acid, methyl cellulose 
or polyvinylpyrrolidone, are not 
Newtonian fluids.

Osmolytes
Small organic compounds  
that are synthesized by the  
cell to affect intracellular or 
extracellular osmolarity.
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Transition to swarming state: characteristics 

1. Robust swarmers

• Swarm on hard agar (>1.5% agar)

• Cell elongation

• Hyperflagellation: polar or peritrichous


2. Temperate swarmers

• Swarm on soft agar (0.5-0.8% agar)

• No (or little) cell elongation

• No hyperflagellation


Azospirillum, Rhodospirillum, and Vibrio species , 
and Proteus

E. coli and Bacillus, Pseudomonas, Rhizobium, 
Salmonella, Serratia, and Yersinia species 
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'swim' agar), and is not to be confused with swarming over
the agar surface (0.5-2% agar or 'swarm' agar) described
here.)

While details of the swarming response vary among
species, the following events are shared (reviewed in Hen-
richsen, 1972; Allison and Hughes, 1991). Cells inoculated
on appropriate solid media grow for several generations as
short, vegetative rods before the morphological character-
istics of differentiated swarmer cells (extensive lateral
flagellation and filamentation) become apparent (Fig. 2).
Extracellular polysaccharides, or 'slime', often encapsu-
late the growing cells. Once differentiated, swarmer cells
migrate rapidly outward until the growth surface is com-
pletely colonized. Isolated swarmer cells barely move,
suggesting that close cell-cell contact facilitates their
movement. Cells in pairwise contact can move in opposite
directions as well as in the same direction. Groups of 2-6
cells aligned in parallel can often be seen to move in uni-
son in the same direction. The rate of surface colonization
equals or often exceeds the rate at which swimmer cells of
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F)g. 1. Phylogenetic relationships among eubacten'a based on 16S
rRNA sequences (adapted from Ochman and Wilson. 1987), The
asterisks indicate bacterial genera in which swarming motility has
been observed (data on swarming in Yersinia and Aeromorjas are
unpublished). Infonnation on swarming in Rhodospirillum centenum
is from Dr C. Bauer's laboratory, Indiana University, Bloomington,
IN (personal communication).

the same species spread in 'swim' agar. The most active
swarming occurs near the periphery of the colony, where
the longest {5-30 ^m) and most flagellated (2-50-fold
more flagella per unit cell surface, depending on the organ-
ism) cells are found. (Bacteria that can swarm on higher
agar concentrations are more profusely flagellated.) The
swarm front can advance at rates ranging from 2 -
10)jms ^ (according to culture conditions) in different
bacteria, while individual groups of cells often travel faster
than that just behind the migrating front. Cells in the interior
of the colony move less and appear to de-differentiate to a
morphology more typical of broth-grown vegetative or
swimmer cells (shorter with fewer flagella). Transfer of
swarmer cells from the surface of an agar plate to liquid
medium also results in a rapid return to the normal vege-
tative morphology.

The macroscopic appearance of a swarm colony differs
among organisms, depending on medium composition,
agar concentration and water content, and incubation tem-
perature. Some organisms, such as P. mirabilis. swarm in
temporal cycles, others swarm continuously in a thin layer,
whereas still others produce interspersed microcolonies.
The colonies of P. mirabilis have a particularly striking
terraced 'bull's eye' appearance produced by waves of
swarming punctuated by quiescent periods, termed
consolidation', during which the bacteria de-differentiate
back to vegetative cells.

Vibrio is the only genus known to have separate and dis-
tinct organelles for swimming (sheathed polar flagellum)
and swarming (numerous unsheathed lateral flagella)
(see McCarter and Silverman, 1990). Swarmer cells of S.
marcescens (Alberti and Harshey, 1990; O'Rear ef ai.
1992), P. mirabilis {Be]as etai. 1991), and E. co//and S.
typhimurium (Harshey and Matsuyama, 1994) encode
only one type of flageltar organelle for both kinds of motility.

What triggers swarmer cell differentiation?

Pioneering work with V. parahaemolyticus suggests
strongly that the triggering stimulus is physical. The
swarmer-cell phenotype (lateral flagella and cell elonga-
tion) could be induced in this bacterium by increasing the
microviscosity of liquid medium using highly branched
polymers, but not by varying the chemical composition of
the medium (Belas et ai. 1986). The polymers pre-
sumably act by interfering with swimming movement
and not by changing the nutrient content of the medium
(Berg and Turner, 1979). Induction occurred within
30 min of the addition of inducing agents, and dilution of
the viscous media resulted in rapid reversal of the induc-
tion. Lateral flagella could also be induced when cells
were agglutinated with antibody directed against the cell
surface (McCarter ef ai. 1988). The antibody reacted pri-
marily with the sheathed polar flagellum and resulted in

N Wadhwa and HC. Berg. Nature Rev. Mol. Cell Biol. 20: 161-173 (2022)
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In any event, a helical cell body, especially when thin, 
is able to efficiently move through gel-like media; for 
example, mucus, which lines epithelial surfaces within 
the body, and interstitial fluids of extracellular matrix 
that contain hyaluronic acid and various glycoproteins. 
In the laboratory, gel-like media, which contain long 
unbranched molecular chains, include methyl cellulose 
and polyvinylpyrrolidone. In such media, the solute 
forms a loose network, which is easily penetrated by 
small particles. The macroscopic viscosity of the medium 
in the bulk can be high, while the microscopic viscosity in  
the pores is similar to that of the solvent. The network 
provides a quasi-rigid structure that the helical cell 
can push against, which would not be possible in a 
Newtonian fluid, and thus contributes to thrust81. A slender  
helical cell that rotates about its helical axis ‘screws’ its 
way through the microscopic pores in such a medium.

Surface-associated motility
In nature, bacteria are commonly found attached to biotic 
and abiotic surfaces. Bacteria use a number of motility  
mechanisms to move on or near surfaces. Here we discuss  

the most prominent forms of surface-associated motility 
found in bacteria.

Swarming motility
Broadly defined, swarming is the phenomenon of collec-
tive locomotion observed in various organisms, including 
bacteria, insects, birds, fish and mammals82,83. Bacterial 
swarming motility is observed when flagellated bacteria 
are grown on a moist, nutrient-rich solid surface84–87. 
Under these conditions, vegetative (non-swarming) cells 
often differentiate into the swarmer phenotype, which is 
characterized by an increase in cell length, hyperflagella-
tion or both88–91. Individual swarmer cells begin to move 
collectively (FIG. 2), producing large-scale swirling and 
streaming patterns containing billions of cells86,92. These 
large groups of cells move rapidly over the surface, and 
this motility, combined with cell growth, leads to rapid 
outward expansion of the colony86,93,94. First described in 
the genus Proteus95, swarming has since been reported 
in Escherichia86,90, Salmonella90, Bacillus96, Vibrio88,97, 
Pseudomonas98, Serratia89 and Paenibacillus99,100 species, 
among others. Its widespread prevalence among bac-
teria suggests that swarming has an important role in 
bacterial surface exploration and colonization84,87.

Swarming motility has certain characteristics that 
hint at the underlying physical factors101. Although both 
swimming and swarming are flagellum driven, swarming, 
unlike swimming, occurs in a quasi-2D environment on 
top of the solid surface84–87. As cells can swarm only within 
a fluid, a thin layer of fluid must form atop the agar. This 
requires the presence of either osmolytes or surfactants near 
the front of the colony87. Indeed, many swarming bacteria 
excrete osmolytes, surfactants or both87. Osmolytes cre-
ate an imbalance of osmotic pressure, which draws fluid 
to the surface102. Surfactants do the same by reducing  
the local surface tension, which enables the spreading of the  
fluid film ahead of the swarm front. In laboratory experi-
ments on swarming atop an agar surface, the agar concen-
tration must be low enough so that fluid can move rapidly 
through its pores but high enough so that bacteria cannot 
enter the agar. For most bacteria, the agar concentration 
that supports swarming is between 0.3% and 1%85.

What triggers the differentiation of a vegetative 
cell into a swarmer phenotype? Both physical sig-
nals (for example, surface contact) and chemical  
signals (for example, quorum sensing) are thought to 
be involved, but the specific mechanisms are still poorly 
understood85,87,103. In Vibrio parahaemolyticus and 
Proteus mirabilis, inhibition of the rotation of the polar 
flagellum leads to swarmer cell differentiation, which 
suggests that the flagellum functions as a mechanosen-
sor to initiate swarming97,104. The identity and the precise 
source of the surface-sensing signal remain unknown. 
However, the discovery of mechanosensitive remodel-
ling of the flagellar stator points to the flagellar motor as 
one source of the surface-sensing signal105,106.

It is not fully understood how the morphological 
changes associated with the swarmer phenotype (that 
is, cell elongation and hyperflagellation) contribute 
to effective swarming. Increased aspect ratio aids the 
lengthwise realignment of cells into rafts. Indeed, both 
theoretical and experimental studies demonstrate an 
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Fig. 2 | Swarming motility on surfaces. a | Phase-contrast image of an Escherichia coli 
swarm moving from left to right, taken at the edge of the swarm86. Cells move collectively 
within a thin film of fluid, propelled by the rotation of flagella, which leads to the rapid 
outward expansion of the colony. b | A group of cells and their flagella at the edge of  
the swarm. The physical factors considered to be important for swarming are indicated. 
These include high cell density, cell elongation, alignment of neighbouring cells along the 
long axis, and osmolyte or surfactant release into the fluid. Some species also undergo 
hyperflagellation during swarming. Flagella originating from alternate cells are labelled 
in red and green, respectively. Panel a adapted with permission from REF.86, Elsevier.
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Swarming state: Physical constraints 

1. Maintaining a hydrated, fluid medium

• Osmotic regulation of fluid uptake


2. Reducing and opposing frictional forces

• Substrate interactions

• Propulsion by flagella 

• Cell length and fluid drag


3. Reducing Surface tension: wettability

• Surfactants and other wetting agents

the surfaces and whether they are dry or coated in viscous or in
lubricated fluid (15). Once bacteria are bathed in water/fluid, their
movement will create a viscous drag, which will also offer fric-
tional resistance to movement (16). There are no measurements
currently available for the magnitude of these forces in swarming
bacteria. To overcome frictional resistance, the bacteria must lu-
bricate the cell-surface interface, reduce charge, and/or generate
more thrust by increasing flagellar motor power. This is the sec-
ond critical requirement for swarming. Once bacteria overcome
the first two obstacles and initiate movement, the moving fluid
will encounter surface tension due to the tendency of water to
adhere to itself, impeding wetting of the virgin (uncolonized) ter-
ritory ahead of the advancing colony (17). This third substantial
impediment is overcome either by bacterial production of surfac-
tants or by a substrate with an inherently low surface tension.
Swarming is therefore a daunting proposition compared to swim-
ming. The challenges for surface navigation are summarized in
Fig. 1. The fact that so many bacterial species display this form of
motility in the laboratory, and therefore possess mechanisms to
override surface impediments, argues that swarming must be an
important means of invading more territory in the bacteria’s nat-
ural habitats.

BACTERIAL MECHANISMS FOR ENABLING SURFACE
NAVIGATION
Bacterial adaptations/mechanisms for overcoming surface chal-
lenges are summarized in Fig. 1. The three main challenges shown
are derived from conditions present on an agar surface, the only
substrate on which swarming has been studied. The reader should
be mindful of the possibility that in native swarming habitats, the
rankings reported below may change in importance or be sub-

sumed into each other if swarming occurs on submerged solid-
liquid interfaces or surfaces where frictional forces are minimal.

(i) Attracting water to the surface. When bacteria grown in
liquid media are transferred to the surface of swarm media, they all
exhibit a lag before swarming begins. Reasons for the lag have been
deduced to include expression of swarming-specific functions
and/or attainment of a confluent and dense arrangement of cells
(for specific references, see reference 6 and references cited
therein). The former might include accumulation of osmotic
agents to help extract water from the agar beneath. The extracel-
lular matrix (ECM) of Proteus mirabilis shows the presence of
polysaccharides and the osmolyte glycine betaine, both of which
have been linked to hydration (18). The essential swarming func-
tion of an acidic polysaccharide Cmf (colony migration factor)
secreted by P. mirabilis is also hypothesized to aid colony hydra-
tion (19–21). The gene controlling Cmf production is related to
sugar transferases required for lipopolysaccharide (LPS) core
modification and is located near genes involved in the synthesis of
LPS O side chains, enterobacterial common antigen (ECA), and
other outer polysaccharides (19). The LPS O antigen and ECA are
surmised to serve similar functions during swarming by E. coli and
Salmonella (22, 23). (See alternate explanations for the role of
these molecules in the next section.) Transcriptome analysis of
Salmonella found that irrespective of whether bacteria were prop-
agated on hard (nonswarming) or soft (swarming) agar, a large
number of genes showed surface-specific upregulation, including
those for LPS synthesis (24). Thus, the altered metabolome on a
surface includes increased synthesis of LPS, which the bacteria
might exploit to promote swarming (25). Transcriptome studies
of Proteus and of several other bacteria have not revealed a swarm-

FIG 1 Multiple swarming strategies. See the text for details.
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the surfaces and whether they are dry or coated in viscous or in
lubricated fluid (15). Once bacteria are bathed in water/fluid, their
movement will create a viscous drag, which will also offer fric-
tional resistance to movement (16). There are no measurements
currently available for the magnitude of these forces in swarming
bacteria. To overcome frictional resistance, the bacteria must lu-
bricate the cell-surface interface, reduce charge, and/or generate
more thrust by increasing flagellar motor power. This is the sec-
ond critical requirement for swarming. Once bacteria overcome
the first two obstacles and initiate movement, the moving fluid
will encounter surface tension due to the tendency of water to
adhere to itself, impeding wetting of the virgin (uncolonized) ter-
ritory ahead of the advancing colony (17). This third substantial
impediment is overcome either by bacterial production of surfac-
tants or by a substrate with an inherently low surface tension.
Swarming is therefore a daunting proposition compared to swim-
ming. The challenges for surface navigation are summarized in
Fig. 1. The fact that so many bacterial species display this form of
motility in the laboratory, and therefore possess mechanisms to
override surface impediments, argues that swarming must be an
important means of invading more territory in the bacteria’s nat-
ural habitats.

BACTERIAL MECHANISMS FOR ENABLING SURFACE
NAVIGATION
Bacterial adaptations/mechanisms for overcoming surface chal-
lenges are summarized in Fig. 1. The three main challenges shown
are derived from conditions present on an agar surface, the only
substrate on which swarming has been studied. The reader should
be mindful of the possibility that in native swarming habitats, the
rankings reported below may change in importance or be sub-

sumed into each other if swarming occurs on submerged solid-
liquid interfaces or surfaces where frictional forces are minimal.

(i) Attracting water to the surface. When bacteria grown in
liquid media are transferred to the surface of swarm media, they all
exhibit a lag before swarming begins. Reasons for the lag have been
deduced to include expression of swarming-specific functions
and/or attainment of a confluent and dense arrangement of cells
(for specific references, see reference 6 and references cited
therein). The former might include accumulation of osmotic
agents to help extract water from the agar beneath. The extracel-
lular matrix (ECM) of Proteus mirabilis shows the presence of
polysaccharides and the osmolyte glycine betaine, both of which
have been linked to hydration (18). The essential swarming func-
tion of an acidic polysaccharide Cmf (colony migration factor)
secreted by P. mirabilis is also hypothesized to aid colony hydra-
tion (19–21). The gene controlling Cmf production is related to
sugar transferases required for lipopolysaccharide (LPS) core
modification and is located near genes involved in the synthesis of
LPS O side chains, enterobacterial common antigen (ECA), and
other outer polysaccharides (19). The LPS O antigen and ECA are
surmised to serve similar functions during swarming by E. coli and
Salmonella (22, 23). (See alternate explanations for the role of
these molecules in the next section.) Transcriptome analysis of
Salmonella found that irrespective of whether bacteria were prop-
agated on hard (nonswarming) or soft (swarming) agar, a large
number of genes showed surface-specific upregulation, including
those for LPS synthesis (24). Thus, the altered metabolome on a
surface includes increased synthesis of LPS, which the bacteria
might exploit to promote swarming (25). Transcriptome studies
of Proteus and of several other bacteria have not revealed a swarm-

FIG 1 Multiple swarming strategies. See the text for details.
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the surfaces and whether they are dry or coated in viscous or in
lubricated fluid (15). Once bacteria are bathed in water/fluid, their
movement will create a viscous drag, which will also offer fric-
tional resistance to movement (16). There are no measurements
currently available for the magnitude of these forces in swarming
bacteria. To overcome frictional resistance, the bacteria must lu-
bricate the cell-surface interface, reduce charge, and/or generate
more thrust by increasing flagellar motor power. This is the sec-
ond critical requirement for swarming. Once bacteria overcome
the first two obstacles and initiate movement, the moving fluid
will encounter surface tension due to the tendency of water to
adhere to itself, impeding wetting of the virgin (uncolonized) ter-
ritory ahead of the advancing colony (17). This third substantial
impediment is overcome either by bacterial production of surfac-
tants or by a substrate with an inherently low surface tension.
Swarming is therefore a daunting proposition compared to swim-
ming. The challenges for surface navigation are summarized in
Fig. 1. The fact that so many bacterial species display this form of
motility in the laboratory, and therefore possess mechanisms to
override surface impediments, argues that swarming must be an
important means of invading more territory in the bacteria’s nat-
ural habitats.

BACTERIAL MECHANISMS FOR ENABLING SURFACE
NAVIGATION
Bacterial adaptations/mechanisms for overcoming surface chal-
lenges are summarized in Fig. 1. The three main challenges shown
are derived from conditions present on an agar surface, the only
substrate on which swarming has been studied. The reader should
be mindful of the possibility that in native swarming habitats, the
rankings reported below may change in importance or be sub-

sumed into each other if swarming occurs on submerged solid-
liquid interfaces or surfaces where frictional forces are minimal.

(i) Attracting water to the surface. When bacteria grown in
liquid media are transferred to the surface of swarm media, they all
exhibit a lag before swarming begins. Reasons for the lag have been
deduced to include expression of swarming-specific functions
and/or attainment of a confluent and dense arrangement of cells
(for specific references, see reference 6 and references cited
therein). The former might include accumulation of osmotic
agents to help extract water from the agar beneath. The extracel-
lular matrix (ECM) of Proteus mirabilis shows the presence of
polysaccharides and the osmolyte glycine betaine, both of which
have been linked to hydration (18). The essential swarming func-
tion of an acidic polysaccharide Cmf (colony migration factor)
secreted by P. mirabilis is also hypothesized to aid colony hydra-
tion (19–21). The gene controlling Cmf production is related to
sugar transferases required for lipopolysaccharide (LPS) core
modification and is located near genes involved in the synthesis of
LPS O side chains, enterobacterial common antigen (ECA), and
other outer polysaccharides (19). The LPS O antigen and ECA are
surmised to serve similar functions during swarming by E. coli and
Salmonella (22, 23). (See alternate explanations for the role of
these molecules in the next section.) Transcriptome analysis of
Salmonella found that irrespective of whether bacteria were prop-
agated on hard (nonswarming) or soft (swarming) agar, a large
number of genes showed surface-specific upregulation, including
those for LPS synthesis (24). Thus, the altered metabolome on a
surface includes increased synthesis of LPS, which the bacteria
might exploit to promote swarming (25). Transcriptome studies
of Proteus and of several other bacteria have not revealed a swarm-

FIG 1 Multiple swarming strategies. See the text for details.
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Transition to swarming state: fluidization 

• Secretion of osmolytes by bacteria give rise to water osmotic flow 
from agar to the bacteria media

• This decreases the viscosity of the bacteria swarm and favors motility

Gram negative bacteria secrete osmolytes, polysaccharides to draw 
water from agar into the swarm

• In Proteus mirabilis, there is secretion of extracellular matrix (ECM) composed of 
polysaccharides, the osmolyte glycine betaine, etc.

• Acidic polysaccharide Cmf (colony migration factor) is essential for swarming and 
supposed to increase colony hydration.

• Some swarmers ( P. Aeruginosa) up regulate the osmolytes glutamate and proline.
• Evidence of altered metabolome in bacteria at the surface of agar. This induces 

synthesis and modification of lipopolysaccharides (LPS)

Lahaye E, Aubry T, Fleury V, Sire O.  Does water activity rule P.  
mirabilis periodic swarming? II. Viscoelasticity and water balance during  
swarming. Biomacromolecules 8:1228 –1235. (2007)

Partridge, JD. and Harshey RM. J. Bacteriology 195: 909-918. (2013)

the surfaces and whether they are dry or coated in viscous or in
lubricated fluid (15). Once bacteria are bathed in water/fluid, their
movement will create a viscous drag, which will also offer fric-
tional resistance to movement (16). There are no measurements
currently available for the magnitude of these forces in swarming
bacteria. To overcome frictional resistance, the bacteria must lu-
bricate the cell-surface interface, reduce charge, and/or generate
more thrust by increasing flagellar motor power. This is the sec-
ond critical requirement for swarming. Once bacteria overcome
the first two obstacles and initiate movement, the moving fluid
will encounter surface tension due to the tendency of water to
adhere to itself, impeding wetting of the virgin (uncolonized) ter-
ritory ahead of the advancing colony (17). This third substantial
impediment is overcome either by bacterial production of surfac-
tants or by a substrate with an inherently low surface tension.
Swarming is therefore a daunting proposition compared to swim-
ming. The challenges for surface navigation are summarized in
Fig. 1. The fact that so many bacterial species display this form of
motility in the laboratory, and therefore possess mechanisms to
override surface impediments, argues that swarming must be an
important means of invading more territory in the bacteria’s nat-
ural habitats.

BACTERIAL MECHANISMS FOR ENABLING SURFACE
NAVIGATION
Bacterial adaptations/mechanisms for overcoming surface chal-
lenges are summarized in Fig. 1. The three main challenges shown
are derived from conditions present on an agar surface, the only
substrate on which swarming has been studied. The reader should
be mindful of the possibility that in native swarming habitats, the
rankings reported below may change in importance or be sub-

sumed into each other if swarming occurs on submerged solid-
liquid interfaces or surfaces where frictional forces are minimal.

(i) Attracting water to the surface. When bacteria grown in
liquid media are transferred to the surface of swarm media, they all
exhibit a lag before swarming begins. Reasons for the lag have been
deduced to include expression of swarming-specific functions
and/or attainment of a confluent and dense arrangement of cells
(for specific references, see reference 6 and references cited
therein). The former might include accumulation of osmotic
agents to help extract water from the agar beneath. The extracel-
lular matrix (ECM) of Proteus mirabilis shows the presence of
polysaccharides and the osmolyte glycine betaine, both of which
have been linked to hydration (18). The essential swarming func-
tion of an acidic polysaccharide Cmf (colony migration factor)
secreted by P. mirabilis is also hypothesized to aid colony hydra-
tion (19–21). The gene controlling Cmf production is related to
sugar transferases required for lipopolysaccharide (LPS) core
modification and is located near genes involved in the synthesis of
LPS O side chains, enterobacterial common antigen (ECA), and
other outer polysaccharides (19). The LPS O antigen and ECA are
surmised to serve similar functions during swarming by E. coli and
Salmonella (22, 23). (See alternate explanations for the role of
these molecules in the next section.) Transcriptome analysis of
Salmonella found that irrespective of whether bacteria were prop-
agated on hard (nonswarming) or soft (swarming) agar, a large
number of genes showed surface-specific upregulation, including
those for LPS synthesis (24). Thus, the altered metabolome on a
surface includes increased synthesis of LPS, which the bacteria
might exploit to promote swarming (25). Transcriptome studies
of Proteus and of several other bacteria have not revealed a swarm-

FIG 1 Multiple swarming strategies. See the text for details.
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Thomas LECUIT   2022-2023

Transition to swarming state: fluidization 

Observation of fluid flows at the edge and inside a swarm of E. coli
Prediction of osmotic fluid flows from the agar into the swarm

Wu, Y., and H. C. Berg. Proc. Natl. Acad. Sci. USA. 109:4128–4133. (2012)

region exhibits greater fluctuation in brightness compared to
other regions of the swarm, as shown in the plot of Fig. 1B, allow-
ing us to determine the boundaries of the multilayered region
(see Materials and Methods). Under our experimental conditions,
the width of the multilayered region spans 154! 27 μm
(mean! SD, n ¼ 12). The boundaries of the multilayered region
remain nearly fixed relative to the swarm edge as the swarm
expands.

Microbubbles displayed mostly randommovement in the inter-
ior of the swarm (Movie S1), but when an ensemble of bubble
trajectories was averaged, we found net radial displacements
(i.e., drifts). The direction of drift was either inward (i.e., toward
the center of the swarm) or outward (i.e., toward the edge of the
swarm), depending upon the distance from that edge. As soon
as bubbles entered the cell monolayer at the edge of the swarm,
they drifted inward for approximately 5 s and then outward for
approximately 10 s until overtaken by the cells in the multilayered
region. Fig. 2A is a plot of the mean radial displacement in the
laboratory reference frame of 29 bubbles, shown as a function of
time, hrxðtÞi. The drift speeds, indicated by the initial and final
slopes of this curve (vx, dashed lines) were −1.1! 0.1 μm∕s
and 1.3! 0.1 μm∕s, respectively. These values were determined
by the best linear fits of the hrxðtÞi plot. Although the inward
drift could be an artifact due to the selection of inward moving
bubbles at the beginning of the experiment, the outward drift is
most likely generated by the action of rotating flagella of cells
stuck at the swarm edge that tends to move fluid from thicker
to thinner regions of the swarm (17). The outward drift speed
(1.3! 0.1 μm∕s) is comparable to the average swarm expansion
rate (1.7! 0.3 μm∕s, n ¼ 12).

Once the bubbles reached the multilayered region (Fig. 2B),
hrxðtÞi exhibited a complex and unexpected pattern. The bubbles
moved inward for approximately 20 s (vx ¼ −1.51! 0.05 μm∕s),
wandered around with a weakly outward drift for approximately
40 s (vx ¼ 0.05! 0.04 μm∕s), and then moved outward for the
final 40 s of data acquisition (vx ¼ 0.6! 0.1 μm∕s). Defining
the intersecting points of the linear fits in Fig. 2B as switching
points, switching from inward to outward drift occurred at
t ¼ 20! 1.4 s and hrxðtÞi ¼ −62! 2 μm. Taking account of the
distance the swarm has expanded, the switching point corre-
sponds to a distance from the swarm edge of 96! 7 μm. At the
end of the data acquisition, the bubbles were 208! 32 μm from
the swarm edge. Thus, the data presented in Fig. 2B cover the
entire multilayered region.

To probe the flows beyond the multilayered region, we tracked
bubbles starting at distances of 200 and 300 μm from the swarm
edge. Beginning at 200 μm, bubbles drifted outward at
vx ¼ 0.34! 0.01 μm∕s (Fig. 2C). Taking account of the distance
the swarm has expanded, these bubbles ended up at a distance of
292! 23 μm from the swarm edge. Beginning at 300 μm, the bub-
bles remained driftless, with vx ¼ −0.01! 0.03 μm∕s (Fig. 2D).

A

B

Fig. 1. (A) A phase-contrast image of the region near the edge of a typical
E. coli swarm grown on 0.6% Eiken agar (seeMaterials and Methods). Micro-
bubbles appear as bright spots. Some move in the river that flows clockwise
in front of the swarm (e.g., black arrow), and others move within the body of
the swarm (e.g., white arrow). A monolayer of cells appears at the swarm
edge (to the right of the second vertical dashed line). The area bounded
by the first and second dashed lines looks more porous, but the cells are
multilayered (stacked on top of one another). The swarm is expanding to
the right, as shown by the arrow x. See Movie S1. (B) Normalized brightness
fluctuation of pixels, P, in a direction parallel to the arrow y averaged over
900 consecutive frames of Movie S1, plotted as a function of the distance
from the edge of the swarm. See Materials and Methods.

A B

C D

Fig. 2. Net radial displacement in the laboratory frame
[hrxðtÞi, black solid line] of bubble trajectories at different
regions inside the swarm, shown as a function of time. Lin-
ear fits to hrxðtÞi, indicating radial drift velocities, vx , are
shown by red dashed lines. The gray areas indicate stan-
dard errors in the mean. The insets show typical bubble
tracks in the laboratory frame measured in μm, beginning
at þ and ending at x. Tracking began at distances from the
swarm edge shown on the ordinates at t ¼ 0 and contin-
ued over the time span shown on the abscissas. The num-
bers of tracks analyzed were (A) 29, (B) 35, (C) 43, and
(D) 22. Data analysis was continued until about half of
the trajectories extended beyond the region of interest;
e.g., the cell monolayer, A; the multilayered region, B;
and the regions beyond the multilayered region, C and D.
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Microbubbles fluid 
flow profiles as a 
function of distance 
from the edge of the 
swarm edge

support the view that fluid drift rates in the multilayered region
are caused by cellular metabolic activities.

Discussion
We have studied the motion of fluid near the outer edge (the rim)
of E. coli swarms, using microbubbles as unique flow tracers. The
flows exhibit complex drift patterns that differ in different regions
of the swarm. The fluid beyond the swarm-edge monolayer in the
multilayered region flows inward and outward toward a region
approximately 100 μm from the swarm edge. These flows main-
tain a water reservoir of greater fluid depth extending between
approximately 30 and 200 μm from the swarm edge. In this re-
servoir, fluid flows are more highly agitated.

The Cause of Fluid Drift. The flows within the multilayer region
appear to be driven by cellular metabolic activities (Fig. 5 and
Fig. S1), not by cell motility (Fig. 4). Metabolic activities can
affect water activity in at least two ways. One way is by the in-
crease of cell number (cell volume) per unit area of agar surface.
This requires process water because cells are approximately 80%
water. The other way is by secreting osmolytes, as by-products of
metabolism, raising the osmolarity of the extracellular medium. A
spatial gradient in metabolic activities will then be accompanied
by a gradient in osmolarity, which will drive fluid up the gradient.
The cell-density profile shown in Fig. 5 implies that cells will
move fluid toward the center of the multilayered region, as evi-
denced by the drifts observed toward the region approximately
100 μm from the edge of the swarm. This fluid must be drawn
from the underlying agar: The agar supplies the swarm with fluid
that sustains its expansion.

Fluid Balance Near Swarm Edge. Because the height profile of a
swarm remains constant as the swarm expands, we can derive
a fluid balance equation for the fluid film near the edge of the
swarm. Denoting the net height of swarm fluid at position x and
at time t as hðx; tÞ (excluding the volume occupied by cells), the
change of hðx; tÞ at x due to the drift to the right (at the speed of
swarm expansion, vs) of the entire height profile equals the change
of fluid volume (area in the 2D representation of Fig. S2) due to
the fluid flows within the swarm [vf ðx; tÞ] plus the change in volume
due to the flow from the agar substrate (voðx; tÞ) minus the change
in volume due to fluid taken up by cells for volume increase and
division. For convenience, we set t ¼ 0 and define hðx; 0Þ ≡ HðxÞ.
The following equation is obtained (see SI Results):

voðxÞ ¼ rCðxÞ − vs
dHðxÞ
dx

þ
d½vf ðxÞHðxÞ&

dx
: [1]

Here r is the growth rate of cells (chosen as 1∕1;200 s−1; see SI
Results) and CðxÞ is the cell volume per unit area of agar surface.
CðxÞ is proportional to the normalized fluorescence intensity from
FM 4–64 stained cells measured in Fig. 5. HðxÞ can be inferred
from CðxÞ, and vf ðxÞ can be approximated by fitting the measured
flow speeds in different regions of the swarm (Fig. 2); see Figs. S3
and S4. With CðxÞ, HðxÞ, and vf ðxÞ, Eq. 1 allows us to calculate
voðxÞ as a function of the distance from the swarm edge, as shown
in Fig. 6A. The result suggests that water is drawn from the agar
mostly within approximately 70 μm from the swarm edge, with vo
greater than zero and peaking at approximately 0.15 μm∕s near
approximately 30 μm from the swarm edge (i.e., the boundary be-
tween the multilayered region and the swarm edge monolayer). In
the region between approximately 70 and 200 μm from the swarm
edge, the fluid balance requires that the agar absorbs water from
the swarm (vo < 0). This surprising behavior can be understood if
the osmolarity in the swarm fluid of this region is smaller than that
in the agar underneath.

Proposed Model of Swarm Expansion. To summarize, we suggest a
model for E. coli swarm expansion shown in Fig. 6B. As cellular
metabolic activities in the multilayered region draw water from
the surroundings, a water reservoir is maintained near the swarm
edge (Fig. 6B, solid black profile). In the reference frame of the
laboratory, the fluid in the inner half of the water reservoir (be-
tween the inner edge of the water reservoir and the profile peak)
flows outward, decreasing the fluid depth in this region; the fluid
in the outer half of the water reservoir (between the outer edge of
the water reservoir and the profile peak) flows inward, with water
supplied from the underlying agar, increasing the fluid depth in

Fig. 5. Cell-density profiles of swarms of cells of E. coli strain HCB1668
shown as a function of the distance from the swarm edge. The agar con-
tained a membrane-specific fluorescent dye, FM 4-64. The solid curve is the
average fluorescence intensity profile (n ¼ 5), with the gray area indicating
the standard error of the mean. The dashed lines are best linear fits of the
black solid curve ranging from −200 to −150 μm and from −50 to −30 μm,
with slopes 0.0039' 0.0001 μm−1 and −0.0092' 0.0004 μm−1, respectively.

A

B

Fig. 6. A model of E. coli swarm expansion. (A) The predicted flows in and
out of the agar substrate (vo) computed with Eq. 1. (B) An illustration of fluid
balance of a swarm traveling from left to right. As the swarm fluid spreads,
the height profile of swarm fluid shifts outward (changing from the black
solid line to the red dashed line). Along the direction of swarm expansion,
successive gray dots at the swarm/agar interface denote distances from the
swarm edge of 300, 200, 100, 30, and 0 μm, respectively. Note that the length
scales in the horizontal and vertical directions are different. The observed
drift of swarm fluid in different regions is depicted by the solid arrows, with
the relative length of arrows roughly corresponding to the magnitude of the
measured flow speeds (Fig. 2). The predicted flows in and out of the agar are
illustrated by the open arrows with a dashed boundary, with the relative
height of arrows roughly corresponding to the magnitude of the predicted
flow speeds in A.
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flow speed
swarm speed

growth rate
x cell volume

osmotic flow speed:

x x+dxx-dx

vf(x-dx) vf(x+dx)

vo(x) - rC(x)

h(x)

vs

Fig. S2. Fluid balance in a 2D representation of the swarm fluid, where voðxÞ is the flow from agar into the swarm, and rCðxÞ is the flow of fluid into the cells
during volume increase and division.

Fig. S3. Height profiles of the swarm. The expected height profiles of the swarm cells (black), of the entire swarm (including the cells and the swarm fluid)
(red), and of the swarm fluid only (green) are calculated as described in the supporting text. Note that these are effective-height profiles; cells and fluid in
swarms are mixed together, not separated in layers.

Fig. S4. Approximation of the radial flow speed of swarm fluid (vf ) as a function of distance from the swarm edge. The vf is first represented as a step function
(black) adopting the flow speeds measured from Fig. 2 of the main text: vf ¼ 0.3 μm∕s ð−300 to − 200 μmÞ; vf ¼ 0.6 μm∕s ð−200 to − 150 μmÞ;
vf ¼ 0.1 μm∕s ð−150 to − 100 μmÞ; vf ¼ −1.5 μm∕s ð−100 to − 30 μmÞ; vf ¼ 1.5 μm∕s ð−30 to 0 μmÞ. Then a fourth-order polynomial fit (red) to this step
function is taken as the approximation of vf used in Eq. S4 for the calculation of vo.

Movie S1 Microbubbles moving at the swarm edge and within the swarm. This phase-contrast movie (made at 30 frames per second) is associated with the
image of Fig. 1. The movie is played in real time at three frames per second (with the real elapsed time indicated by the stamp in the movie control bar)—i.e., at
10-frame intervals—to reduce the file size. The swarm expands from left to right at 1.7 μm∕s, and microbubbles appear as bright spots. At 17 s, a bubble with a
diameter of 2.0 μm enters the swarm edge monolayer, and its trajectory is followed by the red trace. The image field of the movie is 220 × 330 μm.

Movie S1 (MOV)

Wu and Berg www.pnas.org/cgi/doi/10.1073/pnas.1118238109 2 of 3
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required for fluid flow

support the view that fluid drift rates in the multilayered region
are caused by cellular metabolic activities.

Discussion
We have studied the motion of fluid near the outer edge (the rim)
of E. coli swarms, using microbubbles as unique flow tracers. The
flows exhibit complex drift patterns that differ in different regions
of the swarm. The fluid beyond the swarm-edge monolayer in the
multilayered region flows inward and outward toward a region
approximately 100 μm from the swarm edge. These flows main-
tain a water reservoir of greater fluid depth extending between
approximately 30 and 200 μm from the swarm edge. In this re-
servoir, fluid flows are more highly agitated.

The Cause of Fluid Drift. The flows within the multilayer region
appear to be driven by cellular metabolic activities (Fig. 5 and
Fig. S1), not by cell motility (Fig. 4). Metabolic activities can
affect water activity in at least two ways. One way is by the in-
crease of cell number (cell volume) per unit area of agar surface.
This requires process water because cells are approximately 80%
water. The other way is by secreting osmolytes, as by-products of
metabolism, raising the osmolarity of the extracellular medium. A
spatial gradient in metabolic activities will then be accompanied
by a gradient in osmolarity, which will drive fluid up the gradient.
The cell-density profile shown in Fig. 5 implies that cells will
move fluid toward the center of the multilayered region, as evi-
denced by the drifts observed toward the region approximately
100 μm from the edge of the swarm. This fluid must be drawn
from the underlying agar: The agar supplies the swarm with fluid
that sustains its expansion.

Fluid Balance Near Swarm Edge. Because the height profile of a
swarm remains constant as the swarm expands, we can derive
a fluid balance equation for the fluid film near the edge of the
swarm. Denoting the net height of swarm fluid at position x and
at time t as hðx; tÞ (excluding the volume occupied by cells), the
change of hðx; tÞ at x due to the drift to the right (at the speed of
swarm expansion, vs) of the entire height profile equals the change
of fluid volume (area in the 2D representation of Fig. S2) due to
the fluid flows within the swarm [vf ðx; tÞ] plus the change in volume
due to the flow from the agar substrate (voðx; tÞ) minus the change
in volume due to fluid taken up by cells for volume increase and
division. For convenience, we set t ¼ 0 and define hðx; 0Þ ≡ HðxÞ.
The following equation is obtained (see SI Results):

voðxÞ ¼ rCðxÞ − vs
dHðxÞ
dx

þ
d½vf ðxÞHðxÞ&

dx
: [1]

Here r is the growth rate of cells (chosen as 1∕1;200 s−1; see SI
Results) and CðxÞ is the cell volume per unit area of agar surface.
CðxÞ is proportional to the normalized fluorescence intensity from
FM 4–64 stained cells measured in Fig. 5. HðxÞ can be inferred
from CðxÞ, and vf ðxÞ can be approximated by fitting the measured
flow speeds in different regions of the swarm (Fig. 2); see Figs. S3
and S4. With CðxÞ, HðxÞ, and vf ðxÞ, Eq. 1 allows us to calculate
voðxÞ as a function of the distance from the swarm edge, as shown
in Fig. 6A. The result suggests that water is drawn from the agar
mostly within approximately 70 μm from the swarm edge, with vo
greater than zero and peaking at approximately 0.15 μm∕s near
approximately 30 μm from the swarm edge (i.e., the boundary be-
tween the multilayered region and the swarm edge monolayer). In
the region between approximately 70 and 200 μm from the swarm
edge, the fluid balance requires that the agar absorbs water from
the swarm (vo < 0). This surprising behavior can be understood if
the osmolarity in the swarm fluid of this region is smaller than that
in the agar underneath.

Proposed Model of Swarm Expansion. To summarize, we suggest a
model for E. coli swarm expansion shown in Fig. 6B. As cellular
metabolic activities in the multilayered region draw water from
the surroundings, a water reservoir is maintained near the swarm
edge (Fig. 6B, solid black profile). In the reference frame of the
laboratory, the fluid in the inner half of the water reservoir (be-
tween the inner edge of the water reservoir and the profile peak)
flows outward, decreasing the fluid depth in this region; the fluid
in the outer half of the water reservoir (between the outer edge of
the water reservoir and the profile peak) flows inward, with water
supplied from the underlying agar, increasing the fluid depth in

Fig. 5. Cell-density profiles of swarms of cells of E. coli strain HCB1668
shown as a function of the distance from the swarm edge. The agar con-
tained a membrane-specific fluorescent dye, FM 4-64. The solid curve is the
average fluorescence intensity profile (n ¼ 5), with the gray area indicating
the standard error of the mean. The dashed lines are best linear fits of the
black solid curve ranging from −200 to −150 μm and from −50 to −30 μm,
with slopes 0.0039' 0.0001 μm−1 and −0.0092' 0.0004 μm−1, respectively.

A

B

Fig. 6. A model of E. coli swarm expansion. (A) The predicted flows in and
out of the agar substrate (vo) computed with Eq. 1. (B) An illustration of fluid
balance of a swarm traveling from left to right. As the swarm fluid spreads,
the height profile of swarm fluid shifts outward (changing from the black
solid line to the red dashed line). Along the direction of swarm expansion,
successive gray dots at the swarm/agar interface denote distances from the
swarm edge of 300, 200, 100, 30, and 0 μm, respectively. Note that the length
scales in the horizontal and vertical directions are different. The observed
drift of swarm fluid in different regions is depicted by the solid arrows, with
the relative length of arrows roughly corresponding to the magnitude of the
measured flow speeds (Fig. 2). The predicted flows in and out of the agar are
illustrated by the open arrows with a dashed boundary, with the relative
height of arrows roughly corresponding to the magnitude of the predicted
flow speeds in A.
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Transition to swarming state: fluidization 

Secretion of osmolytes by bacteria gives rise to water 
osmotic flow from agar to the bacteria media

excitation beam (20 mm in diameter; not shown) was held
fixed while the plate was pushed by a picomotor, so that
the swarm was scanned in its direction of motion, as shown
by the small arrows in Fig. 3. The fast expansion rate of the
swarm on the liposome pad made the swarm spread out, so
that the monolayer and multilayer regions of the swarms
were cleanly separated from their counterparts on the agar
surface (Fig. 3). Because the front of the dispersed mono-
layer was not uniform, we used the position of the mono-
layer/multilayer interface as our reference point (position 0).

To convert measurement time to distance, the speed of the
excitation beam relative to the reference origin is required.
To a first approximation, this is just the swarm speed minus
the plate pushing speed. For a second scan performed on the
same plate, the swarm speed decreased as the dispersed
monolayer approached the far end of the pad, so we linearly
interpolated the swarm speed from 6 mm/s to the respective
swarm expansion rate on agar. The resulting osmolarity
versus distance plots are shown in Fig. 4 A.

The scanning experiment revealed that the multilayer
region of the swarm contained two distinct bands: an outer
high-osmolarity band of 327.1 5 6.5 mOsm and an inner
low-osmolarity band of 302.5 5 5.0 mOsm (Fig. 4 A).
The osmolarity baseline on the agar surface measured with
the fixed liposome spot under identical conditions was
302.1 5 2.3 mOsm (n ¼ 8) (Fig. 4 A, thick solid and thin
dotted lines). The outer band was therefore 25.3 5 7.3
mOsm higher than the baseline and the inner band was
almost isotonic to the agar. Farther inside, there was a stable
plateau that was 11.3 5 3.1 mOsm higher than the baseline.
The osmolarity eventually went down to the interior level,
which was 3.7 5 2.9 mOsm above the baseline. The
dispersed monolayer, a band ~150 mm wide to the right of
position 0, had an osmolarity of 9.2 5 5.3 mOsm above
the baseline.

The osmolarity profile inside a bacterial swarm

To increase stability, we covered the liposomes with polyeth-
ylene glycol, which has certain surface properties (e.g., hy-
drophilicity) that make swarms expand faster on liposome
spots or pads than on virgin agar. In the scanning experi-
ments, different regions of the swarm were fully expanded
and well separated from their counterparts on agar (Fig. 3),
but on the fixed spot, such expansion was restricted
(Fig. S2 B). As a result, we did not see the low-osmolarity
band on spots (the low-osmolarity band is obvious in
Fig. 4 A, but not in Fig. 2 D). Part of the problem was the
low spatial resolution of the fixed-spot method; for example,
if the leading edge of a swarm advances 50 mm over a spot of
diameter 450 mm, the swarm will cover only 6% of the area
of the spot, and 94% of the light reaching the detectors will
come from the cell-free region.

The fixed-spot measurements generated an osmolarity
increment of 2.8 mOsm when the fluid that flowed in front
of the swarms drained into the liposome spots. This is an
underestimate because, as noted above, most liposomes in
the spots were not influenced by this small amount of fluid.
The experimental value was corrected by multiplying by the
ratio of the area of the whole spot to the area of the segment
that was wetted by the flow. The height of this segment was
obtained by assuming that the width of the flow on agar was
expanded 4.5 times. The corrected osmolarity was as high as
the plateau (12.1 mOsm), as shown in Fig. 4 B.

To find the dimensions of swarms on agar from the
dimensions on liposome pads (Fig. 3), we multiplied the di-
mensions on pads by 2.6/6.0, the ratio of the speeds on agar
(2.6 5 1.0 mm/s; n ¼ 15) to those on pads (6.0 51.0 mm/s;
n ¼ 5). The monolayer thus converted spanned 66 mm. The
width of the monolayer in a normal swarm measures 31 mm
on average (10). For comparison with the previous results,
we used this smaller width and set the front of the mono-
layer as the reference origin (Fig. 4 B). The osmolarity of
the monolayer was scaled using the dilution factor of

FIGURE 4 Change of osmolarity inside swarms spreading on liposome
pads revealed by scanning. Position 0 corresponds to the monolayer/multi-
layer interface in (A) or to the leading edge of the swarm in (B). Negative
values are toward the center of the swarms. (A) Means (black line) and stan-
dard deviations (gray areas) from nine scans on seven different plates. The
osmolarity baseline measured on the agar surface is shown by a thick hor-
izontal line and its standard deviation is shown by the thin dotted lines. Note
that each scan was completed in less than 2 min with liposomes submerged
in swarm fluid, so evaporation was not a problem. (B) Osmolarity profile
inside a swarm after subtraction of the baseline value for virgin agar and
conversion of the distance on the liposome pad to that on agar. The gray
open circles are measured values and the black line is the curve that fits
the data. The monolayer was normalized (shrunk to normal size), and
the osmolarity values were corrected for dilution that occurred when the
swarms spread over the liposome pads. The notations monolayer, multi-
layer, falloff, and plateau refer to regions of different surface cell density
as described in Darnton et al. (11).

Biophysical Journal 107(4) 871–878
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osmolarity that supports active swarming under our experi-
mental conditions (~296.8–316.2 mOsm). By changing the
concentrations of NaCl and Eiken agar, we could obtain
swarms that expanded at velocities ranging from 1.0 mm/s
to 4.3 mm/s (Fig. S1 in the Supporting Material). There
was an inverse correlation between swarming speed and
agar osmolarity.

We observed a transient increase of both the green and red
signals when the swarm invaded the liposome spot (Fig. 2
A). The swarm drew water out of the agar and lifted the li-
posomes from the packed state to the suspended state, and
the motionless liposomes began jiggling around when the
bacteria arrived. This process suddenly increased the inter-
liposome space, decreasing the loss of light by absorption
or diffraction. Thereafter, a small number of liposomes
were carried away by the swarm fluid, causing a slow
decrease of both fluorescence signals. However, this process
would not change the G/R ratio. It is the decrease of green
fluorescence caused by self-quenching that is responsible
for the persistent change of the G/R ratio (Fig. 2 B).

After bacterial invasion, the calibration curve measured
on agar would only be applicable to some liposomes within
the excitation field, and the curve in suspension would be
applicable to the other liposomes. The measurements were
corrected for the fraction of liposomes in the packed state
versus those in suspension, and the bona fide osmolarity is
plotted in Fig. 2 C. The distance inside the swarm (negative
toward the swarm center) was determined by multiplying
the time after invasion by the instantaneous velocity of the
swarm front. The location of the leading edge of the swarms
was at position 0.

Before the large increase of osmolarity shown in Fig. 2 C
occurred, a small peak of width 51.0 5 18.3 mm (n ¼ 6) al-
ways appeared (Fig. 2 D, gray arrows). It was followed by a
brief, sharp biphasic dip with recovery. We believe this peak
was due to the arrival of the stream of fluid that flows in a
clockwise sense in front of the swarm (12) (Fig. S2 A).
This small amount of fluid caused an increase of osmolarity
2.8 5 0.9 mOsm. Within ~10 s the bacteria arrived, and a
large amount of fluid flooded the spot.

The actively expanding rim of a swarm can be divided into
four regions (10,11). The outermost region is a monolayer of
cells, many of which are stuck on the agar surface. These
cells are released when the cells of the second multilayer re-
gion, which are vigorously motile and at high density, catch
up. The cell density decreases in the third region, dubbed the
falloff, leading to the plateau, where motility remains at a
relatively low level. When the monolayer cells (and some
from groups in the high-density region) rushed onto the
liposome spot (Fig. S2 A), the cells dispersed into a band
130–150 mm wide and the cell density decreased from
~0.18 cells/mm2, as in the normal swarm monolayer, to
~0.03 cells/mm2. This dispersed monolayer contained the
same number of cells, but covered 4.5 times as large an
area as the monolayer on agar. The front edge of this

dispersed monolayer was irregular in shape, with dynamic
protrusions and invaginations.

The osmolarity increased steadily upon the arrival of the
cells, and then the rate of increase slowed down until an
osmolarity maximum was reached (Fig. 2 D). The rapid in-
crease took ~35 s, whereas the slow increase that followed
was swarm-speed dependent. The whole process of this os-
molarity jump took place within a distance slightly longer
than the diameter of the liposome spot, 480 5 22 mm
(n ¼ 6). The dispersed monolayer and multilayer regions
moved rapidly forward at 6.0 5 1.0 mm/s (n ¼ 5) until
the dispersed monolayer reached the far edge of the lipo-
some spot. The osmolarity jump (i.e., the difference be-
tween the osmolarity maxima and the baseline (Fig. 2 C,
double-headed arrow)) was 11.4 5 5.0 mOsm (n ¼ 15).
The steady level reached at the end of the experiment was
3.7 5 0.6 mOsm (n ¼ 15) higher than the baseline. This
value reflects the osmolarity of the swarm interior. When
the monolayer cells reached the far edge of the liposome
spot, the cells stalled and the multilayer caught up with
decreasing velocity (Fig. S2 A). Eventually, the swarm ran
over the far edge of the liposome spot and continued
advancing on the agar. Because the swarm expanded faster
on the liposome spot than on the adjacent agar, a hump
formed at the swarm front that eventually smoothed out.

Scanning across swarms moving on liposome
pads

The fixed spots did not provide the spatial resolution
required to evaluate the fluid-flow model (10). Therefore,
we performed another set of experiments in which the lipo-
some pads were five times larger in diameter (Fig. 3). The

FIGURE 3 Diagram showing a swarm that has arrived at the center of a
liposome pad 2.3 mm in diameter. Different grayscale values represent
different swarm regions as labeled in the figure. The black dotted line indi-
cates the swarm front. Arrows show the direction of the scan.
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Liposomes are prepared with 2 fluorescent 
dyes: one that self-quenches when liposomes 
shrink (G, green dye calcein) and one that does 
not (R, red dye sulforhodamine-101). 

The G/R ratio reflects the osmolarity of the 
surrounding fluid. 

Measure osmolarity as swarm of E. coli cells spread across 
large liposome (450µm)

Two bands: high osmolarity at the edge (+25mOsm) and 
lower osmolarity behind, isotonic to agar

Agar osmolarity

monolayermultilayer

Leading edge

Ping et al. and HC. Berg. Biophysical Journal 107 :871–878 (2014)

Osmolarity is patterned at the swarm edge consistent with predicted osmotic fluid flow
Wu, Y., and H. C. Berg. Proc. Natl. Acad. Sci. USA. 109:4128–4133. (2012)



Transition to swarming state: Overcoming friction 

Thomas LECUIT   2022-2023

  

— Reducing and opposing frictional forces


• Substrate interactions

• Propulsion by flagella 

• Cell length and fluid drag

the surfaces and whether they are dry or coated in viscous or in
lubricated fluid (15). Once bacteria are bathed in water/fluid, their
movement will create a viscous drag, which will also offer fric-
tional resistance to movement (16). There are no measurements
currently available for the magnitude of these forces in swarming
bacteria. To overcome frictional resistance, the bacteria must lu-
bricate the cell-surface interface, reduce charge, and/or generate
more thrust by increasing flagellar motor power. This is the sec-
ond critical requirement for swarming. Once bacteria overcome
the first two obstacles and initiate movement, the moving fluid
will encounter surface tension due to the tendency of water to
adhere to itself, impeding wetting of the virgin (uncolonized) ter-
ritory ahead of the advancing colony (17). This third substantial
impediment is overcome either by bacterial production of surfac-
tants or by a substrate with an inherently low surface tension.
Swarming is therefore a daunting proposition compared to swim-
ming. The challenges for surface navigation are summarized in
Fig. 1. The fact that so many bacterial species display this form of
motility in the laboratory, and therefore possess mechanisms to
override surface impediments, argues that swarming must be an
important means of invading more territory in the bacteria’s nat-
ural habitats.

BACTERIAL MECHANISMS FOR ENABLING SURFACE
NAVIGATION
Bacterial adaptations/mechanisms for overcoming surface chal-
lenges are summarized in Fig. 1. The three main challenges shown
are derived from conditions present on an agar surface, the only
substrate on which swarming has been studied. The reader should
be mindful of the possibility that in native swarming habitats, the
rankings reported below may change in importance or be sub-

sumed into each other if swarming occurs on submerged solid-
liquid interfaces or surfaces where frictional forces are minimal.

(i) Attracting water to the surface. When bacteria grown in
liquid media are transferred to the surface of swarm media, they all
exhibit a lag before swarming begins. Reasons for the lag have been
deduced to include expression of swarming-specific functions
and/or attainment of a confluent and dense arrangement of cells
(for specific references, see reference 6 and references cited
therein). The former might include accumulation of osmotic
agents to help extract water from the agar beneath. The extracel-
lular matrix (ECM) of Proteus mirabilis shows the presence of
polysaccharides and the osmolyte glycine betaine, both of which
have been linked to hydration (18). The essential swarming func-
tion of an acidic polysaccharide Cmf (colony migration factor)
secreted by P. mirabilis is also hypothesized to aid colony hydra-
tion (19–21). The gene controlling Cmf production is related to
sugar transferases required for lipopolysaccharide (LPS) core
modification and is located near genes involved in the synthesis of
LPS O side chains, enterobacterial common antigen (ECA), and
other outer polysaccharides (19). The LPS O antigen and ECA are
surmised to serve similar functions during swarming by E. coli and
Salmonella (22, 23). (See alternate explanations for the role of
these molecules in the next section.) Transcriptome analysis of
Salmonella found that irrespective of whether bacteria were prop-
agated on hard (nonswarming) or soft (swarming) agar, a large
number of genes showed surface-specific upregulation, including
those for LPS synthesis (24). Thus, the altered metabolome on a
surface includes increased synthesis of LPS, which the bacteria
might exploit to promote swarming (25). Transcriptome studies
of Proteus and of several other bacteria have not revealed a swarm-

FIG 1 Multiple swarming strategies. See the text for details.
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• Substrate interaction: 
— role of charges (could be regulated by LPS)
— biosurfactants are lubricants due to amphipathic (hydrophilic and hydrophobic) structure that could reduce friction.

LPS (gram- bacteria), rhamnolipids (Pseudomonas) and lipopeptides have surfactant properties.

• Propulsion by flagella:
— Hyperflagellation associated with increase in body length. The increased propulsion forces counteract friction
— Specific stator units that increase active torque on rotor/flagella complex
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presumably stalled via the attachment of flagella to the cover-
slip, reported a value two orders of magnitude faster than our
measured ko↵ (�1300). However, this study was performed with
stator units fused to a fluorescent protein, which can cause dif-
ferent behaviors from their wild-type counterparts (10, 41). The
present study reports on the dynamics of wild-type stator units in
otherwise unperturbed motors.

Interestingly, our quantification of the viscous load depen-
dence of stator association and dissociation rates has an impor-
tant consequence for the molecular mechanism responsible for
stator mechanosensitivity in the BFM. We see that an increase in
external viscous load translates into a higher torque exerted by
each stator unit on the rotor (Fig. 2A). Considering the average
single-unit torque and the radius of the rotor [23 nm (42)], we
quantify the mean local force applied by each single unit onto
the rotor (found in the range of few piconewtons; Fig. 3B). We
note that, by reaction, this is also the force with which the unit
simultaneously pulls upon and stretches its connection to the
PG. In Fig. 3 C and D, we show the measured dissociation con-
stant KD and lifetime (1/ko↵ ) of the stator units as a function
of this force. This counterintuitive relationship is the canonical
fingerprint of catch-bond behavior (24–26). While the lifetime of
a conventional slip bond decreases if tension is applied across it,
a catch bond produces a maximum of the lifetime at a nonzero
force. A hook under tension and a children’s finger trap are two
macroscopic analogies of this nontrivial molecular mechanism.
We therefore conclude that the kinetic rates we measure suggest
the existence of a catch bond in the anchoring region of the stator
on the PG. We predict that if a force greater than the maximum
force generated by a single unit could be applied to the anchor of
the stator unit to the PG, the catch-bond behavior will eventually
transform into slip-bond behavior, as observed in other biologi-
cal catch bonds (25, 43).

The interface between the PG and the MotB PG-binding
(PGB) domain, located at the C-terminal of MotB (MotBC ),
is where the force can have an impact on the bonds relevant
for the lifetime of the stator unit around the rotor. While our
data indicate a catch-bond mechanism, they cannot discrimi-
nate any structural detail. However, interestingly, it has been
reported that the putative key PGB residues in the structure of
the PGB dimer of MotB are buried and not readily accessible
(44) and that a substantial structural flexibility of the domain
is considered necessary to mask and unmask them (45). The N-
terminal portion of MotB must perform a large conformational
extension to reach the PG (38, 39). Recently, a conformational
change upon binding has also been hypothesized in the PG-
associated C-terminal of the closely related Outer Membrane
protein OmpA (46). These facts suggest a possible catch-bond
mechanism in which tension across the PG–MotBC interface can
promote either conformational rearrangements or a positional
shift of the PGB within the PGB pocket which lead to further
exposure of binding residues to the PG, increasing the strength of
the bond and the lifetime of the stator unit within the BFM com-
plex (as sketched in Fig. 4). While multiple multidimensional and
one-dimensional phenomenological models exist to explain catch
bonds, further knowledge of the structure or multidimensional
energy landscape of the unbinding pathway will be required to
extract physically relevant parameters describing the MotBC –PG
interaction (47).

As single-molecule spectroscopy techniques continue to
develop, the prevalence of experimental data demonstrating bio-
logical catch bonds grows. Catch bonds have already been shown
to play an important role for two other molecular motors, myosin
(48) and dynein (49, 50). Here, we suggest that the mechanosen-
sitivity of the BFM may also be explained by a catch-bond mech-
anism within the stator. This feature potentially allows the cell
to replace damaged stator units, adapt to the prevailing envi-
ronmental viscosity, and avoid wasting energy during flagellar
growth, and may also play a role in behaviors which require
surface-sensing, such as swarming motility and biofilm forma-
tion. The wild-type E. coli motor is bidirectional, and previous

Fig. 4. Cartoon of a proposed catch-bond mechanism. The average force
produced by the stator upon the rotor (blue arrow) stretches the stator
anchoring point at the PG, inducing either conformational changes or a
positional shift of the PGB within the PGB pocket that increase the bond
strength and lifetime. The average force is higher for a larger viscous load
(Right), with respect to a low viscous load (Left), as shown in Fig. 2A,
and consistent with previously published torque–speed curves. IM, inner
membrane.

results show that stator assembly is dependent upon load for
both counterclockwise- and clockwise-locked motors (17, 18).
While catch bonds are often directional or asymmetrically direc-
tional (51), the catch-bond behavior of the stator may prove to
be symmetrically bidirectional. Finally, FliL is a membrane pro-
tein which associates with the stator and rotor, although its exact
function is still poorly defined (17, 52–54). The potential role of
FliL with respect to the stator’s mechanosensitivity remains to be
discovered.

Materials and Methods
Extended materials and methods are included in SI Materials and Methods.

Bacteria and Experimental Configuration. We use E. coli strain MTB32, which
has a biotinylated hook (27), and we additionally genetically delete CheY.
Frozen aliquots of cells are grown in Terrific Broth at 33 �C for 5 h, shaking
at 200 rpm, to a final OD600 of 0.5–0.6. Cells are immobilized to a poly-L-
lysine–coated coverslip in custom-made flow slides. Streptavidin superpara-
magnetic beads are allowed to spontaneously attach to the biotinylated
hooks. Experiments are performed in motility buffer at 22 �C.

Rotating beads are imaged onto a CMOS camera at 1,000 Hz and localized
by using cross-correlation analysis (28, 55). An ellipse is fit to the bead posi-
tions to yield the angular positions. An example trajectory is shown in Fig.
1 B, Inset. Speed traces are median-filtered by using a window of 0.5 s. Two
magnets are mounted onto a linear motor above the sample plane (56).

Motor Torque Calculation and Fitting. The torque of the BFM is calculated as
⌧motor = �!, where � is the rotational viscous drag coefficient of the bead
(57), and ! is the measured rotational velocity. Torque traces are assumed
to be noisy piecewise constant signals, and a minimization of the L1-Potts
functional is used to fit both the prestall and poststall motor torque traces.
This is done via the PottsLab toolbox (Version 0.42) in Matlab (31, 58). An
example torque trace and its fit is shown in Fig. 1C.

12956 | www.pnas.org/cgi/doi/10.1073/pnas.1716002114 Nord et al.
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P. aeruginosa has five stator 
proteins (MotAB, MotCD, 
and MotY), which likely 
associate into two sets of 
stators, whereas only two 
such proteins (MotAB) drive 
swimming motility in E. coli 
and Salmonella. 



• Bacteria contact with a soft surface is associated with induction of hyper flagellation

—Induction of flagellar genes and increase in number of flagella per cell
Flagella cover the entire cell (peritrichous flagella), eg. From 5 to 50 flagella. 

Nature Reviews | Microbiology

Flagellum

Pilus retraction

Focal-adhesion complexes

Spreading by growth

Swarming

Twitching

Gliding

Sliding

Swimming

Flagellum

Focal-adhesion complex
A putative cell surface- 
associated complex that 
anchors a bacterium to a 
substrate and might act as  
a motor for gliding motility. 
When coupled to an internal 
motor, the cell body moves 
relative to the focal-adhesion 
complex.

by geneticists, and selection against swarming may be 
artificial in favour of small, compact colonies.

Swarming motility generally requires an energy-rich, 
solid medium, but the specific conditions that support 
swarming depend on the organism concerned. Some 
bacteria, such as Bacillus subtilis, swarm on a wide range 
of energy-rich media, whereas other bacteria, such as 
Salmonella enterica and Yersinia entercolitica, require 
the presence of particular supplements (for example,  
glucose)16–18. Swarming is promoted by high growth 
rates, which may account for the requirement for energy-
rich conditions12,19,20. Although some bacteria can swarm 
over almost any agar surface, most swarming bacteria 

require soft agar in a narrow range of concentrations. 
Media that are solidified, with agar concentrations above 
0.3%, exclude swimming motility and force the bacteria 
to move, if possible, over the surface, and agar concen-
trations above 1% prohibit swarming of many bacterial 
species. It is conceivable that the standard 1.5% agar  
that is used to solidify media in the laboratory was  
specifically chosen for swarming inhibition.

When conducting swarming-motility assays, a 
defined set of conditions must be established and rigor-
ously adhered to21. The water content of the medium is 
a crucial factor: too little water results in poor swarming, 
whereas too much water may permit swimming motility. 
To control the water content, swarm plates are poured 
to a standard thickness when the agar is relatively cool 
(~50 ºC), thereby minimizing water loss from conden-
sation on the plate lid. Finally, plates are dried briefly 
(for ~15 minutes), open-faced, in a laminar flow hood 
to remove surface water and minimize the contribution 
of swimming motility to surface movement12,21.

Requirements for swarming motility
Flagella are the most important requirement for swarm-
ing motility, along with an increase in flagellar bio-
synthesis, but this type of movement also requires an 
increase in cell–cell interactions and the presence of  
a surfactant.

Flagella. Flagella may be observed by phase contrast 
microscopy using a simple crystal violet-based stain22, 
by fluorescence microscopy using fluorescent dyes23,24 
or by electron microscopy25,26. The presence of flagellated 
cells at the front of a spreading colony is consistent with, 
but not conclusively demonstrative of, the mechanism 
of swarming motility. To confirm the mechanism of 
swarming, mutants with defects in flagella synthesis or 
function must be used to abolish colony spreading27.

Most bacteria that swarm have a peritrichous arrange-
ment of flagella, in which multiple flagella are distributed 
randomly on the cell surface11,18,25,28–30. Peritrichous flag-
ella bundle together when rotated, to effectively increase 
flagellar stiffness and make force generation more effi-
cient in viscous liquids, a property that may also explain 
their correlation with swarming31–34. Recently, E. coli, 
which is peritrichously flagellated, has been shown to 
swarm between two closely opposed fixed surfaces24,35–37. 
As a single flagellum requires minimal resource invest-
ment and is sufficient for swimming motility, it is 
tempting to speculate that the synthesis of multiple 
peritrichous flagella is a specific adapation to generate 
force in viscous environments and to swarm over and 
between surfaces.

The correlation between peritrichous flagella and 
swarming is not absolute, and some bacteria with 
flagella originating from a single cell pole can swarm. 
Vibrio parahaemolyticus, Rhodosprillum centenum and 
Aeromonas spp. each make a single polar flagellum that 
is sufficient to swim in liquids but must induce peritri-
chous flagella (also called lateral flagella) to swarm over 
surfaces28,30,38–40. The polar and lateral flagella are encoded 
by different genes, powered by separate motors and 

Figure 1 | Bacteria move by a range of mechanisms. 
Swarming is the multicellular movement of bacteria across 
a surface and is powered by rotating helical flagella. 
Swimming is the movement of individual bacteria in liquid, 
also powered by rotating flagella. Twitching is surface 
movement of bacteria that is powered by the extension of 
pili, which then attach to the surface and subsequently 
retract, pulling the cell closer to the site of attachment. 
Gliding is active surface movement that does not require 
flagella or pili and involves focal-adhesion complexes. 
Sliding is passive surface translocation that is powered by 
growth and facilitated by a surfactant. The direction of cell 
movement is indicated by black arrows, and the motors that 
power the movement are indicated by coloured circles.
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artificial in favour of small, compact colonies.
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swarming depend on the organism concerned. Some 
bacteria, such as Bacillus subtilis, swarm on a wide range 
of energy-rich media, whereas other bacteria, such as 
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whereas too much water may permit swimming motility. 
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microscopy using a simple crystal violet-based stain22, 
by fluorescence microscopy using fluorescent dyes23,24 
or by electron microscopy25,26. The presence of flagellated 
cells at the front of a spreading colony is consistent with, 
but not conclusively demonstrative of, the mechanism 
of swarming motility. To confirm the mechanism of 
swarming, mutants with defects in flagella synthesis or 
function must be used to abolish colony spreading27.

Most bacteria that swarm have a peritrichous arrange-
ment of flagella, in which multiple flagella are distributed 
randomly on the cell surface11,18,25,28–30. Peritrichous flag-
ella bundle together when rotated, to effectively increase 
flagellar stiffness and make force generation more effi-
cient in viscous liquids, a property that may also explain 
their correlation with swarming31–34. Recently, E. coli, 
which is peritrichously flagellated, has been shown to 
swarm between two closely opposed fixed surfaces24,35–37. 
As a single flagellum requires minimal resource invest-
ment and is sufficient for swimming motility, it is 
tempting to speculate that the synthesis of multiple 
peritrichous flagella is a specific adapation to generate 
force in viscous environments and to swarm over and 
between surfaces.

The correlation between peritrichous flagella and 
swarming is not absolute, and some bacteria with 
flagella originating from a single cell pole can swarm. 
Vibrio parahaemolyticus, Rhodosprillum centenum and 
Aeromonas spp. each make a single polar flagellum that 
is sufficient to swim in liquids but must induce peritri-
chous flagella (also called lateral flagella) to swarm over 
surfaces28,30,38–40. The polar and lateral flagella are encoded 
by different genes, powered by separate motors and 

Figure 1 | Bacteria move by a range of mechanisms. 
Swarming is the multicellular movement of bacteria across 
a surface and is powered by rotating helical flagella. 
Swimming is the movement of individual bacteria in liquid, 
also powered by rotating flagella. Twitching is surface 
movement of bacteria that is powered by the extension of 
pili, which then attach to the surface and subsequently 
retract, pulling the cell closer to the site of attachment. 
Gliding is active surface movement that does not require 
flagella or pili and involves focal-adhesion complexes. 
Sliding is passive surface translocation that is powered by 
growth and facilitated by a surfactant. The direction of cell 
movement is indicated by black arrows, and the motors that 
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Figure 1. Electron Micrographs of Wild-Type V. parahaemolyticus 
(A) Wild-type strain 8822 grown in 2216 broth. (B) Wild-type strain 
8822 grown on a 2216 agar plate. Final magnification is 11,000x. 

high microviscosity (Berg and Turner, 1979). However, 
Ficoll did not induce laf gene expression in an earlier test 
(Belas et al., 1966). After extensive dialysis to remove sub- 
stances inhibitory to growth, we found media with Ficoll 
to be as effective at inducing lef expression as solutions 
with greater macroviscosity. For example, a solution of 
16% (wh) Ficoll400 in 2216 medium (15 CP at 2PC) was 
comparable to a solution of 10% (w/v) polyvinylpyrrolidone 
(PVP-360) in 2216 medium (34 CP at 2PC) at inducing the 
bioluminescence of /ef:::/ux fusion strain RS313. Both vis- 
cous solutions were more effective at inducing laf tran- 
scription than growth on the surface of an agar medium 
(Figure 2A). The particular effectiveness of Ficoll sup- 
ports the idea. that V. parahaemolyticus senses the 
microviscosity of the environment. 

Expression of lateral flagella genes could also be in- 
duced by antibody raised to the surface of V. parahae 
molyticus. This polyclonal antibody reacted primarily with 
the sheath of the polar flagellum (as judged by colloidal 
gold staining; data not shown) and at low concentrations 
(1500) formed rosettes of a few cells and bouquets of 
many cells bound together at one pole. The cell bodies 
were often observed to rapidly rotate around the point of 
attachment, an indication of the generation of torque by 
the flagellar motor. Addition of antibody, but not preim- 
mune serum, to a growing culture of RS313 caused induc- 
tion of bioluminescence (Figure 28). The magnitude and 
timing of laf induction was similar with antibody or PVP- 
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Figure 2. Induction of Luminescence in a /af::lux Fusion Strain by Vis- 
cosity (A) and Antibody Agglutination (B) 
An overnight culture of strain RS313 was diluted 1:250 in 2216 broth 
and grown with aeration at 3CPC to an ODBoo of 0.05. Cultures (5 ul) 
were inoculated on agar cores, or into 100 pl of 2216 broth, or into 2216 
broth amended with viscosity-increasing agents or antisera in 
microcentrifuge tubes. Tubes were placed in the scintillation counter 
and cycled continuously to measure chemiluminescence at IO min in- 
tervals. Growth conditions in (A) were: broth (A); 10% PVP-360 (A); 
16% Ficoll (a); 9% Ficull (0); 4.5% Ficoll (0); and agar (0). In (B): 
broth (A); 10% PVP-360 (A); preimmune antiserum (I:10 dilution) (0); 
Antibody #I30 (1:lO) (0); Antibody #I30 (1:25) (m); and Antibody #I30 
(1:lOO) (0). Luminescence is reported as total light units, which is scin- 
tillation counts per minute obtained for each sample. 

360. However, a higher concentration of antibody (1:lO) 
was required for induction than for tethering of cells by 
their polar structures. Since considerable cell agglutination 
was observed at higher concentrations of antibody, effec- 
tive induction of the /af::lux fusion may require extensive 
cross-linking, which constrains the movement of the cell 
body relative to the polar flagellum. V. parahaemolyticus 
appears to sense and respond to forces that restrict its 
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Figure 3. SDS-PAGE of Purified Flagella of Wild-Type and Mutant 
Strains 
Flagella were prepared from the following strains grown in 2216 broth 
or on 2216 agar as indicated: 6822 (Wild Type; broth), LM1005 (FIti-; 
broth), LM1006 (FlaB-; broth), LM899 (FlaC-; broth), LM915 (FlaA-B-; 
broth) LM959 (FlaC-D-; broth), LM918 (FlaKB-C-; broth), LM989 
(FlaKB-C-D-; broth), and 8822 (Wild Type; agar). Molecular sizes of 
the flagellin subunits are indicated at left in kilodaltons. 

movement or, more specifically, the motion of its polar 
flagellum. If the polar flagellum functions as asensor con- 
trolling swarmer cell differentiation, then the introduction 
of defects into f/a genes should affect the regulation of the 
differentiation process. 

Mutants in the Polar Flagellar Filament 
The subunit composition of the polar flagellar filament is 
complex. Four polar flagellin subunits have been identi- 
fied: FlaA, FlaC, and FlaD of molecular weight 45,500 and 
FlaB of molecular weight 44,500. The genes encoding 
these flagellins have been cloned and map to two distinct 
regions of the chromosome, one containing flaA and f/a6 
and another containing f/aC and f/aD. Cloned flagellin 
genes were used to construct mutants of V. parahae- 
molyticus with well-defined f/a gene defects. The details 
of cloning, mapping, and gene replacement mutagenesis 
of the multiple flagellin genes will be reported elsewhere 
(McCarter, Showalter, and Silverman, unpublished data), 
but, briefly, flagellin genes were mutated with transposon 
TnphoA (Gutierrez et al., 1987) or by deletion and inser- 
tion of restriction fragments to produce strains with the fol- 
lowing defects: f/aAl::TnphoA (LM1005), flaB7::TnphoA 

Figure 4. Electron Micrographs of Mutants with Flagellin Gene 
Defects 
(A) Mutant strain LM915 (df/aA82) grown in 2216 broth. (B) Mutant 
strain LM899 (fleC7::kan) grown in 2216 broth. Final magnification is 
9.100x. 

(LM1006), flaC7::kan (LM899), Af/aABP (LM915), and 
AflaCD2::kan (LM959). Strains with combinations of these 
defects were also constructed: AfleAB2 flaC1::kan 
(LM918) and AflaAl32 AflaCDP::kan (LM989). 

Purified flagella preparations from wild-type and mutant 
strains were analyzed using sodium dodecyl sulfate- 
polyacrylamide gel electrophoresis (SDS-PAGE; Figure 
3). Strains defective in f/aB produced no FlaB flagellin, but 
the flagella preparations of strains with defects in f/aA, 
f/aC, or f/aD were masked by the presence of comigrating 
flagellin subunits that could be resolved only by two- 
dimensional PAGE (data not shown). As expected, the 
strain LM989 with AffaAB2 and AflaCD2 defects produced 
no flagellin. Lateral flagellar filaments are assembled from 
a single protein considerably smaller than the flagellins 
that make up the polar filament. This protein is present in 
the flagella preparations displayed in Figure 3. It is clear 
that regulation of lateral flagella production was released 
from surface dependence in all mutants with f/aC defects, 
i.e., strains with mutations in f/aC produced lateral flagella 
in a liquid medium. 

The motility in liquid media of mutants with lesions in 
f/aA and/or flaB was indistinguishable from the wild type, 
i.e., rapid runs and brief reversals of motion. Electron 
micrographs of these mutants were identical in appear- 
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Fig. 4. Model for swarmer cell differentiation. The working model for
surface-induced expression of the swarmer cell gene system {laf)
hypothesizes that performance of the polar flagetlum represses swarmer
cell differentiation. Physical constraint cf polar flagellar rotation, e.g. by
grovrth on a surface or in high viscosity, and antibody agglutination, or
genetic interference with polar flagellar function, leads tc expression of
lat genes.

the pathogenicity of a variety of organisms. An example is
the variation in expression of cell surface proteins
observed for pathogenic strains of Staphyioccccus
aureus grown on solid and liquid media (Cheung and
Fischetti, 1988).

Chemotactic control of the two flagellar systems

Bacteria swim by rotation of flagellar filaments. Rotation is
reversible and the direction of rotation is co-ordinated by
the chemotaxis system (Macnab, 1987). Microorganisms
like E. coli swim in stretches of smooth runs interrupted by
intervals of chaotic motion called 'tumbling'. Smooth
swimming and tumbling correspond to opposite direc-
tions of flagellar rotation. When bacteria swim up a
gradient of attractant, the period of smooth swimming is
extended, thereby allowing the bactehum to make pro-
gress in the direction of higher concentration of attractant.
Exam'mat'fon oi the chemotaxis system of V. parahaemoly-
ticus is complicated by the existence of two distinct types
of motitity. Analysis of the two systems was simplified by
using mutants capable of only one mode of motility: Fla*
Laf" (swimming only) and Fla" Laf"̂  (swarming only) strains
(Sar et ai, 1990). Thus, the two systems could be
evaluated separately. Chemotaxis of swimming bacteria
was analysed using the capillary system of AdIer (1973). In
order to measure chemotaxis of swarming bacteria, the
viscosity of the assay medium was increased with 5%
polyvlnylpyrrolidone-360. The flagellar systems res-
ponded similarly with respect to attractant compounds

and the concentrations that elicited the chemotactic
responses, V. parahaemotyticus responds to serine and
other attractants that in E, coti are recognized by the Tsr
receptor. A locus required for chemotaxis In a swimmer-
only strain of V. parahaemotyticus was cloned and
mutated with Tn5 in E ccti. The transposon-generated
defects were transferred to Fla+ La f and Fla" Laf "̂  strains.
Introduction of che mutations prevented chemotaxis into
capillary tubes and greatly diminished movement over
surfaces of swarming plates and through semi-solid
swimming media. Thus, the two flagellar systems, which
consist of distinct motor-propeller organelles, are directed
by a common chemosensory control system. It is not
known if the entire chemotaxis machinery is shared: there
may be Laf- and Fla-specific components.

What is the mechanism which couples polar flagellar
performance to /af transcription?

The polar f lagellum acts as a tactile sensor that informs the
bacterium of its contact with a surface. By measuring
forces that obstruct its movement, the polar flagellum
appears to function as a dynamometer. As depicted in Fig.
4, the signal for surface recognition results from forces
that restrict rotation of the polar flagellum. How this
physical information is processed to affect gene expres-
sion is not yet known. Because the mutants with defects in
the polar motility system are constitutive rather than
uninducible with respect to laf gene expression, it appears
that the polar system works negatively to repress the
lateral system. One model for the mechanism of coupling
is that a flagellin subunit, FlaC, acts as a repressor of taf
gene transcnption since all mutants with flaC defects
produce lateral flagella in liquid. Forces on the flagellum
might affect formation or polymerization of the filament,
and hence the concentration of the internal pool of
unpolymerized subunit or of some other structural
component of the flagellar propeller could be affected. For
E. coli, structural components in the fla system operate
negatively to regulate fla expression (Macnab, 1987).
Moreover, resistance to movement can influence the
structure of a flagellum. Okino and colleagues (1989) have
observed that forces such as high viscosity destabilize the
flagella (propeller plus basal body) of Salmonelta typhi-
murium. They have analysed a particular mutant strain that
swims well in liquid, but loses its flagella in semi-solid
motility agar or liquid media of high viscosity. To test the
repressor hypothesis, ftaC is being aligned with an exo-
genous, regulatable promoter to see if overproduction of
FlaC represses swarmer cell differentiation.

The chemosensory apparatus appears to be a point of
overlap between the two systems, and another possibility
is that a component of the chemotaxis system acts as a
regulator of the swarmer cell system. Perhaps the polar
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— The agar substrates is partially hydrophobic.
— Need of wetting agents, eg. amphipathic molecules. 
—Lipopeptides and rhamnolipids produced by Serratia, Bacillus, Pseudomonas etc
— Cyclic lipopeptides: Surfactin produced by B. subtilis  and serrawetin produced by S. 
marcescens. 
— Surfactant deficient bacteria loose swarming behavior. This can be rescued by adding 
exogenous surfactant.

Transition to swarming state: surfactants and wetting 

Reducing Surface tension: wettability
• Surfactants and other wetting agents
• Hypothesis: Gradient in wetting agents generates 

Marangoni stresses and capillary flows that drive 
swarm expansion.

the surfaces and whether they are dry or coated in viscous or in
lubricated fluid (15). Once bacteria are bathed in water/fluid, their
movement will create a viscous drag, which will also offer fric-
tional resistance to movement (16). There are no measurements
currently available for the magnitude of these forces in swarming
bacteria. To overcome frictional resistance, the bacteria must lu-
bricate the cell-surface interface, reduce charge, and/or generate
more thrust by increasing flagellar motor power. This is the sec-
ond critical requirement for swarming. Once bacteria overcome
the first two obstacles and initiate movement, the moving fluid
will encounter surface tension due to the tendency of water to
adhere to itself, impeding wetting of the virgin (uncolonized) ter-
ritory ahead of the advancing colony (17). This third substantial
impediment is overcome either by bacterial production of surfac-
tants or by a substrate with an inherently low surface tension.
Swarming is therefore a daunting proposition compared to swim-
ming. The challenges for surface navigation are summarized in
Fig. 1. The fact that so many bacterial species display this form of
motility in the laboratory, and therefore possess mechanisms to
override surface impediments, argues that swarming must be an
important means of invading more territory in the bacteria’s nat-
ural habitats.

BACTERIAL MECHANISMS FOR ENABLING SURFACE
NAVIGATION
Bacterial adaptations/mechanisms for overcoming surface chal-
lenges are summarized in Fig. 1. The three main challenges shown
are derived from conditions present on an agar surface, the only
substrate on which swarming has been studied. The reader should
be mindful of the possibility that in native swarming habitats, the
rankings reported below may change in importance or be sub-

sumed into each other if swarming occurs on submerged solid-
liquid interfaces or surfaces where frictional forces are minimal.

(i) Attracting water to the surface. When bacteria grown in
liquid media are transferred to the surface of swarm media, they all
exhibit a lag before swarming begins. Reasons for the lag have been
deduced to include expression of swarming-specific functions
and/or attainment of a confluent and dense arrangement of cells
(for specific references, see reference 6 and references cited
therein). The former might include accumulation of osmotic
agents to help extract water from the agar beneath. The extracel-
lular matrix (ECM) of Proteus mirabilis shows the presence of
polysaccharides and the osmolyte glycine betaine, both of which
have been linked to hydration (18). The essential swarming func-
tion of an acidic polysaccharide Cmf (colony migration factor)
secreted by P. mirabilis is also hypothesized to aid colony hydra-
tion (19–21). The gene controlling Cmf production is related to
sugar transferases required for lipopolysaccharide (LPS) core
modification and is located near genes involved in the synthesis of
LPS O side chains, enterobacterial common antigen (ECA), and
other outer polysaccharides (19). The LPS O antigen and ECA are
surmised to serve similar functions during swarming by E. coli and
Salmonella (22, 23). (See alternate explanations for the role of
these molecules in the next section.) Transcriptome analysis of
Salmonella found that irrespective of whether bacteria were prop-
agated on hard (nonswarming) or soft (swarming) agar, a large
number of genes showed surface-specific upregulation, including
those for LPS synthesis (24). Thus, the altered metabolome on a
surface includes increased synthesis of LPS, which the bacteria
might exploit to promote swarming (25). Transcriptome studies
of Proteus and of several other bacteria have not revealed a swarm-

FIG 1 Multiple swarming strategies. See the text for details.

Minireview

910 jb.asm.org Journal of Bacteriology

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.a

sm
.o

rg
/jo

ur
na

l/j
b 

on
 2

4 
N

ov
em

be
r 2

02
2 

by
 1

93
.5

4.
11

0.
55

.

FLUID AFLUID B

VAA

VBB
VAB

rhamnolipid



Thomas LECUIT   2022-2023

(Seminara et al., 2012) and V. cholerae (Yan et al., 2017) biofilm colonies. However, EPS synthesis

is not homogeneous, and depends on the local nutrient concentration and environmental heteroge-

neities experienced by cells within the same biofilm (Vlamakis et al., 2008; Berk et al., 2012).

Recently, it was shown that the EPS matrix production is localized to cells in the propagating front of

B. subtilis biofilms (Srinivasan et al., 2018). In Figure 1F–1J, we show the results of repeating these

experiments, but now focusing on a peripheral region of a biofilm colony using a B. subtilis strain

(MTC832) that harbors the PtapA ! cfp construct as a reporter for matrix production activity

(Wang et al., 2016; Srinivasan et al., 2018). This highlights a ~ 1 mm zone of matrix production

activity at the periphery, seen in Figure 1G and H; indeed plots of averaged matrix production

reporter intensity exhibit a distinct peak at the periphery, as shown in Figure 1J. The dynamics of

radial expansion shows the existence of an initial acceleration regime followed by a transition to a

second regime characterized by a monotonic decrease in expansion velocity, as plotted in Figure 1I.

This transient mode of biofilm spreading driven by EPS production and swelling is quite different

from that of bacterial swarming, and suggests that we might need a fundamentally different way to

address its origins. However, if we now consider the EPS matrix and fluid as distinct phases

(Cogan and Keener, 2004; Cogan and Keener, 2005; Winstanley et al., 2011; Seminara et al.,

2012), with the bacterial population being relatively small, we are again led to a multiphase descrip-

tion of the system, but with a different dominant balance relative to that seen in bacterial swarms,

which we now turn to.

Theoretical framework
Recent theoretical approaches have considered specific physical factors such as the wettability of

the biofilm (Trinschek et al., 2016; Trinschek et al., 2017), osmotic pressure in the EPS matrix

(Winstanley et al., 2011; Seminara et al., 2012), or Marangoni stresses associated with the swarm

fluid (Fauvart et al., 2012), as reviewed by Allen and Waclaw (2019). However, a description that

captures the experimental observations described in Figure 1 remains lacking. Here, given the simi-

larities between the bacterial swarming and biofilm systems, we provide a unified description of their

spreading dynamics by recognizing that in both cases we need to consider large slender microbial

colonies with H=R" 1, where H is the colony thickness and R is the radius. This approximation

results in a quasi-2-dimensional, two-phase model (assuming axisymmetry) of a colony that spreads

along the x-axis, with a varying thickness, as shown in Figure 2. The subscript i = (1,2) denotes the

actively growing phase and passive phase, respectively. Within the swarm colonies, the highly motile

cells constitute the actively growing phase whereas the fluid comprises the passive phase. Similarly,

in biofilms, the EPS matrix constitutes the active phase, and the aqueous fluid is the passive phase.
In both cases, colony growth occurs over a semipermeable soft gel substrate, as shown in Fig-

ure 2. We develop a continuous description of colony expansion in terms of variables which are

coarse-grained depth integrated averages (Drew, 1983; Ishii and Hibiki, 2011), The averaged

height of the colony interface is hðx; tÞ, the volume fraction of the active phase (i.e., swarmer cells or

polymer matrix) is f1 ¼ fðx; tÞ and the volume fraction of the fluid phase is f2 ¼ 1! fðx; tÞ. The 1-D

substrate depth-averaged nutrient concentration field within the substrate is cðx; tÞ. As detailed in

Appendix 2, combining mass and momentum balances yields the following generalized set of partial

differential equations that governs the dynamics of both expanding swarms and biofilms,

ðhfÞð Þtþ Q1ðxÞð Þx¼ g1ðh;f;cÞ; (1)

hð1!fÞð Þtþ Q2ðxÞð Þx¼ ð1!fÞV0ðxÞ; (2)

ct !Dcxx ¼ g2ðh;f;cÞ: (3)

where, 'ð Þx¼ q 'ð Þ=qx, etc. Here, Q1ðxÞ is the horizontal flux in the active phase, Q2ðxÞ is the horizontal

flux in the fluid phase and V0ðxÞ is the osmotically-driven net vertical fluid influx per unit length across

the permeable substrate. Furthermore, g1ðh;c;fÞ is the depth integrated active phase growth rate

within the bacterial colony, and g2ðh;c;fÞ is the depth integrated nutrient uptake rate. The dynamics

of swarms and biofilms differ in the details of the expressions for Q1;Q2, V0, which are provided in
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A theoretical model of swarming

Table 1. While a full derivation of each term is provided in Appendix 2, a direct comparison of the
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Figure 2. Geometry and variables governing colony expansion in (A) microbial swarms, and (B) bacterial biofilms, respectively. In both cases, the total

thickness of the microbial colony is hðx; tÞ, the averaged nutrient concentration field is cðx; tÞ, the volume fraction of the active phase is fðx; tÞ, the
volume fraction of the fluid phase is 1# fðx; tÞ, and the fluid influx across the agar/colony interface is denoted by V0ðx; tÞ. As shown on the bottom

panel, the active phase constitutes swarmer cells in the microbial swarm, and secreted EPS polymer matrix in the biofilm. The pressure in the fluid

phase is pf and the effective averaged pressure in the active phase is P. In the swarm cell phase, P ¼ pf , while the EPS phase effective pressure is

P ¼ pf þ f!ðfÞ, where !ðfÞ is the swelling pressure and is related to Flory-Huggins osmotic polymer stress (see Equation A28). The momentum

exchange between the two phases is denoted by M, which includes the sum of an interfacial drag term and an interphase term as detailed in

Equation (A11) in the Appendix.

DOI: https://doi.org/10.7554/eLife.42697.005

Table 1. Definitions of fluxes for swarms and films
Definitions of the active phase horizontal flux Q1, the fluid phase horizontal flux Q2, active phase
growth term g1ðh;f; cÞ, osmotic influx term V0ðxÞ, and nutrient consumption term g2ðh;f; cÞ for bacte-
rial swarms and films in the generalized thin film evolution equations described by Equations (1–
3). Here, !1 is the biofilm viscosity, !2 is the fluid viscosity, pf is the fluid phase pressure, P is the

effective pressure in the active phase, g0 is effective swarmer cell growth rate, G is the EPS production
rate, G is the nutrient consumption rate per unit concentration, K is the nutrient half-velocity constant
and d is the thickness of the substrate. For swarms, the active phase corresponds to the swarmer cell
phase, and for biofilms, the active phase is the EPS polymer matrix.

Variables Swarms Biofilms

Flux (Phase I) Q1ðxÞ # h3

3!2
f

1#f
qpf
qx
# hf

z

qpf
qx

# h3

3!1
qP
qx

Flux (Phase II)
Q2ðxÞ # h3

3!2

qpf
qx # h3

3!1
1#f
f

qP
qx
# h

z
ð1#fÞ2

f

qpf
qx

Osmotic influx
V0ðxÞ Q0

f
1#f#

f0

1#f0

! "

Q0 f3 # f3

0

# $

Growth term
g1ðh; c;fÞ g0hf 1# hf

Hf0

! "

Ghf c
Kþc 1# hf

Hf0

! "

Nutrient uptake g2ðh; c;fÞ - Gfh
d

c
Kþc
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Q1(x) is the horizontal flux in the active phase, Q2(x) 
is the horizontal flux in the fluid phase and V0(x) is 
the osmotically-driven net vertical fluid influx per 
unit length across the permeable substrate 

g1(h;c;   ) is the depth integrated 
active phase growth rate within the 
bacterial colony, and g2(h;c;   ) is the 
depth integrated nutrient uptake 
rate 

(Seminara et al., 2012) and V. cholerae (Yan et al., 2017) biofilm colonies. However, EPS synthesis

is not homogeneous, and depends on the local nutrient concentration and environmental heteroge-

neities experienced by cells within the same biofilm (Vlamakis et al., 2008; Berk et al., 2012).

Recently, it was shown that the EPS matrix production is localized to cells in the propagating front of

B. subtilis biofilms (Srinivasan et al., 2018). In Figure 1F–1J, we show the results of repeating these

experiments, but now focusing on a peripheral region of a biofilm colony using a B. subtilis strain

(MTC832) that harbors the PtapA ! cfp construct as a reporter for matrix production activity

(Wang et al., 2016; Srinivasan et al., 2018). This highlights a ~ 1 mm zone of matrix production

activity at the periphery, seen in Figure 1G and H; indeed plots of averaged matrix production

reporter intensity exhibit a distinct peak at the periphery, as shown in Figure 1J. The dynamics of

radial expansion shows the existence of an initial acceleration regime followed by a transition to a

second regime characterized by a monotonic decrease in expansion velocity, as plotted in Figure 1I.

This transient mode of biofilm spreading driven by EPS production and swelling is quite different

from that of bacterial swarming, and suggests that we might need a fundamentally different way to

address its origins. However, if we now consider the EPS matrix and fluid as distinct phases

(Cogan and Keener, 2004; Cogan and Keener, 2005; Winstanley et al., 2011; Seminara et al.,

2012), with the bacterial population being relatively small, we are again led to a multiphase descrip-

tion of the system, but with a different dominant balance relative to that seen in bacterial swarms,

which we now turn to.

Theoretical framework
Recent theoretical approaches have considered specific physical factors such as the wettability of

the biofilm (Trinschek et al., 2016; Trinschek et al., 2017), osmotic pressure in the EPS matrix

(Winstanley et al., 2011; Seminara et al., 2012), or Marangoni stresses associated with the swarm

fluid (Fauvart et al., 2012), as reviewed by Allen and Waclaw (2019). However, a description that

captures the experimental observations described in Figure 1 remains lacking. Here, given the simi-

larities between the bacterial swarming and biofilm systems, we provide a unified description of their

spreading dynamics by recognizing that in both cases we need to consider large slender microbial

colonies with H=R" 1, where H is the colony thickness and R is the radius. This approximation

results in a quasi-2-dimensional, two-phase model (assuming axisymmetry) of a colony that spreads

along the x-axis, with a varying thickness, as shown in Figure 2. The subscript i = (1,2) denotes the

actively growing phase and passive phase, respectively. Within the swarm colonies, the highly motile

cells constitute the actively growing phase whereas the fluid comprises the passive phase. Similarly,

in biofilms, the EPS matrix constitutes the active phase, and the aqueous fluid is the passive phase.
In both cases, colony growth occurs over a semipermeable soft gel substrate, as shown in Fig-

ure 2. We develop a continuous description of colony expansion in terms of variables which are

coarse-grained depth integrated averages (Drew, 1983; Ishii and Hibiki, 2011), The averaged

height of the colony interface is hðx; tÞ, the volume fraction of the active phase (i.e., swarmer cells or

polymer matrix) is f1 ¼ fðx; tÞ and the volume fraction of the fluid phase is f2 ¼ 1! fðx; tÞ. The 1-D

substrate depth-averaged nutrient concentration field within the substrate is cðx; tÞ. As detailed in

Appendix 2, combining mass and momentum balances yields the following generalized set of partial

differential equations that governs the dynamics of both expanding swarms and biofilms,

ðhfÞð Þtþ Q1ðxÞð Þx¼ g1ðh;f;cÞ; (1)

hð1!fÞð Þtþ Q2ðxÞð Þx¼ ð1!fÞV0ðxÞ; (2)

ct !Dcxx ¼ g2ðh;f;cÞ: (3)

where, 'ð Þx¼ q 'ð Þ=qx, etc. Here, Q1ðxÞ is the horizontal flux in the active phase, Q2ðxÞ is the horizontal

flux in the fluid phase and V0ðxÞ is the osmotically-driven net vertical fluid influx per unit length across

the permeable substrate. Furthermore, g1ðh;c;fÞ is the depth integrated active phase growth rate

within the bacterial colony, and g2ðh;c;fÞ is the depth integrated nutrient uptake rate. The dynamics

of swarms and biofilms differ in the details of the expressions for Q1;Q2, V0, which are provided in
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(Seminara et al., 2012) and V. cholerae (Yan et al., 2017) biofilm colonies. However, EPS synthesis

is not homogeneous, and depends on the local nutrient concentration and environmental heteroge-

neities experienced by cells within the same biofilm (Vlamakis et al., 2008; Berk et al., 2012).

Recently, it was shown that the EPS matrix production is localized to cells in the propagating front of

B. subtilis biofilms (Srinivasan et al., 2018). In Figure 1F–1J, we show the results of repeating these

experiments, but now focusing on a peripheral region of a biofilm colony using a B. subtilis strain

(MTC832) that harbors the PtapA ! cfp construct as a reporter for matrix production activity

(Wang et al., 2016; Srinivasan et al., 2018). This highlights a ~ 1 mm zone of matrix production

activity at the periphery, seen in Figure 1G and H; indeed plots of averaged matrix production

reporter intensity exhibit a distinct peak at the periphery, as shown in Figure 1J. The dynamics of

radial expansion shows the existence of an initial acceleration regime followed by a transition to a

second regime characterized by a monotonic decrease in expansion velocity, as plotted in Figure 1I.

This transient mode of biofilm spreading driven by EPS production and swelling is quite different

from that of bacterial swarming, and suggests that we might need a fundamentally different way to

address its origins. However, if we now consider the EPS matrix and fluid as distinct phases

(Cogan and Keener, 2004; Cogan and Keener, 2005; Winstanley et al., 2011; Seminara et al.,

2012), with the bacterial population being relatively small, we are again led to a multiphase descrip-

tion of the system, but with a different dominant balance relative to that seen in bacterial swarms,

which we now turn to.

Theoretical framework
Recent theoretical approaches have considered specific physical factors such as the wettability of

the biofilm (Trinschek et al., 2016; Trinschek et al., 2017), osmotic pressure in the EPS matrix

(Winstanley et al., 2011; Seminara et al., 2012), or Marangoni stresses associated with the swarm

fluid (Fauvart et al., 2012), as reviewed by Allen and Waclaw (2019). However, a description that

captures the experimental observations described in Figure 1 remains lacking. Here, given the simi-

larities between the bacterial swarming and biofilm systems, we provide a unified description of their

spreading dynamics by recognizing that in both cases we need to consider large slender microbial

colonies with H=R" 1, where H is the colony thickness and R is the radius. This approximation

results in a quasi-2-dimensional, two-phase model (assuming axisymmetry) of a colony that spreads

along the x-axis, with a varying thickness, as shown in Figure 2. The subscript i = (1,2) denotes the

actively growing phase and passive phase, respectively. Within the swarm colonies, the highly motile

cells constitute the actively growing phase whereas the fluid comprises the passive phase. Similarly,

in biofilms, the EPS matrix constitutes the active phase, and the aqueous fluid is the passive phase.
In both cases, colony growth occurs over a semipermeable soft gel substrate, as shown in Fig-

ure 2. We develop a continuous description of colony expansion in terms of variables which are

coarse-grained depth integrated averages (Drew, 1983; Ishii and Hibiki, 2011), The averaged

height of the colony interface is hðx; tÞ, the volume fraction of the active phase (i.e., swarmer cells or

polymer matrix) is f1 ¼ fðx; tÞ and the volume fraction of the fluid phase is f2 ¼ 1! fðx; tÞ. The 1-D

substrate depth-averaged nutrient concentration field within the substrate is cðx; tÞ. As detailed in

Appendix 2, combining mass and momentum balances yields the following generalized set of partial

differential equations that governs the dynamics of both expanding swarms and biofilms,

ðhfÞð Þtþ Q1ðxÞð Þx¼ g1ðh;f;cÞ; (1)

hð1!fÞð Þtþ Q2ðxÞð Þx¼ ð1!fÞV0ðxÞ; (2)

ct !Dcxx ¼ g2ðh;f;cÞ: (3)

where, 'ð Þx¼ q 'ð Þ=qx, etc. Here, Q1ðxÞ is the horizontal flux in the active phase, Q2ðxÞ is the horizontal

flux in the fluid phase and V0ðxÞ is the osmotically-driven net vertical fluid influx per unit length across

the permeable substrate. Furthermore, g1ðh;c;fÞ is the depth integrated active phase growth rate

within the bacterial colony, and g2ðh;c;fÞ is the depth integrated nutrient uptake rate. The dynamics

of swarms and biofilms differ in the details of the expressions for Q1;Q2, V0, which are provided in
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(Seminara et al., 2012) and V. cholerae (Yan et al., 2017) biofilm colonies. However, EPS synthesis

is not homogeneous, and depends on the local nutrient concentration and environmental heteroge-

neities experienced by cells within the same biofilm (Vlamakis et al., 2008; Berk et al., 2012).

Recently, it was shown that the EPS matrix production is localized to cells in the propagating front of

B. subtilis biofilms (Srinivasan et al., 2018). In Figure 1F–1J, we show the results of repeating these

experiments, but now focusing on a peripheral region of a biofilm colony using a B. subtilis strain

(MTC832) that harbors the PtapA ! cfp construct as a reporter for matrix production activity

(Wang et al., 2016; Srinivasan et al., 2018). This highlights a ~ 1 mm zone of matrix production

activity at the periphery, seen in Figure 1G and H; indeed plots of averaged matrix production

reporter intensity exhibit a distinct peak at the periphery, as shown in Figure 1J. The dynamics of

radial expansion shows the existence of an initial acceleration regime followed by a transition to a

second regime characterized by a monotonic decrease in expansion velocity, as plotted in Figure 1I.

This transient mode of biofilm spreading driven by EPS production and swelling is quite different

from that of bacterial swarming, and suggests that we might need a fundamentally different way to

address its origins. However, if we now consider the EPS matrix and fluid as distinct phases

(Cogan and Keener, 2004; Cogan and Keener, 2005; Winstanley et al., 2011; Seminara et al.,

2012), with the bacterial population being relatively small, we are again led to a multiphase descrip-

tion of the system, but with a different dominant balance relative to that seen in bacterial swarms,

which we now turn to.

Theoretical framework
Recent theoretical approaches have considered specific physical factors such as the wettability of

the biofilm (Trinschek et al., 2016; Trinschek et al., 2017), osmotic pressure in the EPS matrix

(Winstanley et al., 2011; Seminara et al., 2012), or Marangoni stresses associated with the swarm

fluid (Fauvart et al., 2012), as reviewed by Allen and Waclaw (2019). However, a description that

captures the experimental observations described in Figure 1 remains lacking. Here, given the simi-

larities between the bacterial swarming and biofilm systems, we provide a unified description of their

spreading dynamics by recognizing that in both cases we need to consider large slender microbial

colonies with H=R" 1, where H is the colony thickness and R is the radius. This approximation

results in a quasi-2-dimensional, two-phase model (assuming axisymmetry) of a colony that spreads

along the x-axis, with a varying thickness, as shown in Figure 2. The subscript i = (1,2) denotes the

actively growing phase and passive phase, respectively. Within the swarm colonies, the highly motile

cells constitute the actively growing phase whereas the fluid comprises the passive phase. Similarly,

in biofilms, the EPS matrix constitutes the active phase, and the aqueous fluid is the passive phase.
In both cases, colony growth occurs over a semipermeable soft gel substrate, as shown in Fig-

ure 2. We develop a continuous description of colony expansion in terms of variables which are

coarse-grained depth integrated averages (Drew, 1983; Ishii and Hibiki, 2011), The averaged

height of the colony interface is hðx; tÞ, the volume fraction of the active phase (i.e., swarmer cells or

polymer matrix) is f1 ¼ fðx; tÞ and the volume fraction of the fluid phase is f2 ¼ 1! fðx; tÞ. The 1-D

substrate depth-averaged nutrient concentration field within the substrate is cðx; tÞ. As detailed in

Appendix 2, combining mass and momentum balances yields the following generalized set of partial

differential equations that governs the dynamics of both expanding swarms and biofilms,

ðhfÞð Þtþ Q1ðxÞð Þx¼ g1ðh;f;cÞ; (1)

hð1!fÞð Þtþ Q2ðxÞð Þx¼ ð1!fÞV0ðxÞ; (2)

ct !Dcxx ¼ g2ðh;f;cÞ: (3)

where, 'ð Þx¼ q 'ð Þ=qx, etc. Here, Q1ðxÞ is the horizontal flux in the active phase, Q2ðxÞ is the horizontal

flux in the fluid phase and V0ðxÞ is the osmotically-driven net vertical fluid influx per unit length across

the permeable substrate. Furthermore, g1ðh;c;fÞ is the depth integrated active phase growth rate

within the bacterial colony, and g2ðh;c;fÞ is the depth integrated nutrient uptake rate. The dynamics

of swarms and biofilms differ in the details of the expressions for Q1;Q2, V0, which are provided in

Srinivasan et al. eLife 2019;8:e42697. DOI: https://doi.org/10.7554/eLife.42697 4 of 28
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is the active (cell) phase

active phase passive phase

the surfaces and whether they are dry or coated in viscous or in
lubricated fluid (15). Once bacteria are bathed in water/fluid, their
movement will create a viscous drag, which will also offer fric-
tional resistance to movement (16). There are no measurements
currently available for the magnitude of these forces in swarming
bacteria. To overcome frictional resistance, the bacteria must lu-
bricate the cell-surface interface, reduce charge, and/or generate
more thrust by increasing flagellar motor power. This is the sec-
ond critical requirement for swarming. Once bacteria overcome
the first two obstacles and initiate movement, the moving fluid
will encounter surface tension due to the tendency of water to
adhere to itself, impeding wetting of the virgin (uncolonized) ter-
ritory ahead of the advancing colony (17). This third substantial
impediment is overcome either by bacterial production of surfac-
tants or by a substrate with an inherently low surface tension.
Swarming is therefore a daunting proposition compared to swim-
ming. The challenges for surface navigation are summarized in
Fig. 1. The fact that so many bacterial species display this form of
motility in the laboratory, and therefore possess mechanisms to
override surface impediments, argues that swarming must be an
important means of invading more territory in the bacteria’s nat-
ural habitats.

BACTERIAL MECHANISMS FOR ENABLING SURFACE
NAVIGATION
Bacterial adaptations/mechanisms for overcoming surface chal-
lenges are summarized in Fig. 1. The three main challenges shown
are derived from conditions present on an agar surface, the only
substrate on which swarming has been studied. The reader should
be mindful of the possibility that in native swarming habitats, the
rankings reported below may change in importance or be sub-

sumed into each other if swarming occurs on submerged solid-
liquid interfaces or surfaces where frictional forces are minimal.

(i) Attracting water to the surface. When bacteria grown in
liquid media are transferred to the surface of swarm media, they all
exhibit a lag before swarming begins. Reasons for the lag have been
deduced to include expression of swarming-specific functions
and/or attainment of a confluent and dense arrangement of cells
(for specific references, see reference 6 and references cited
therein). The former might include accumulation of osmotic
agents to help extract water from the agar beneath. The extracel-
lular matrix (ECM) of Proteus mirabilis shows the presence of
polysaccharides and the osmolyte glycine betaine, both of which
have been linked to hydration (18). The essential swarming func-
tion of an acidic polysaccharide Cmf (colony migration factor)
secreted by P. mirabilis is also hypothesized to aid colony hydra-
tion (19–21). The gene controlling Cmf production is related to
sugar transferases required for lipopolysaccharide (LPS) core
modification and is located near genes involved in the synthesis of
LPS O side chains, enterobacterial common antigen (ECA), and
other outer polysaccharides (19). The LPS O antigen and ECA are
surmised to serve similar functions during swarming by E. coli and
Salmonella (22, 23). (See alternate explanations for the role of
these molecules in the next section.) Transcriptome analysis of
Salmonella found that irrespective of whether bacteria were prop-
agated on hard (nonswarming) or soft (swarming) agar, a large
number of genes showed surface-specific upregulation, including
those for LPS synthesis (24). Thus, the altered metabolome on a
surface includes increased synthesis of LPS, which the bacteria
might exploit to promote swarming (25). Transcriptome studies
of Proteus and of several other bacteria have not revealed a swarm-

FIG 1 Multiple swarming strategies. See the text for details.
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the surfaces and whether they are dry or coated in viscous or in
lubricated fluid (15). Once bacteria are bathed in water/fluid, their
movement will create a viscous drag, which will also offer fric-
tional resistance to movement (16). There are no measurements
currently available for the magnitude of these forces in swarming
bacteria. To overcome frictional resistance, the bacteria must lu-
bricate the cell-surface interface, reduce charge, and/or generate
more thrust by increasing flagellar motor power. This is the sec-
ond critical requirement for swarming. Once bacteria overcome
the first two obstacles and initiate movement, the moving fluid
will encounter surface tension due to the tendency of water to
adhere to itself, impeding wetting of the virgin (uncolonized) ter-
ritory ahead of the advancing colony (17). This third substantial
impediment is overcome either by bacterial production of surfac-
tants or by a substrate with an inherently low surface tension.
Swarming is therefore a daunting proposition compared to swim-
ming. The challenges for surface navigation are summarized in
Fig. 1. The fact that so many bacterial species display this form of
motility in the laboratory, and therefore possess mechanisms to
override surface impediments, argues that swarming must be an
important means of invading more territory in the bacteria’s nat-
ural habitats.

BACTERIAL MECHANISMS FOR ENABLING SURFACE
NAVIGATION
Bacterial adaptations/mechanisms for overcoming surface chal-
lenges are summarized in Fig. 1. The three main challenges shown
are derived from conditions present on an agar surface, the only
substrate on which swarming has been studied. The reader should
be mindful of the possibility that in native swarming habitats, the
rankings reported below may change in importance or be sub-

sumed into each other if swarming occurs on submerged solid-
liquid interfaces or surfaces where frictional forces are minimal.

(i) Attracting water to the surface. When bacteria grown in
liquid media are transferred to the surface of swarm media, they all
exhibit a lag before swarming begins. Reasons for the lag have been
deduced to include expression of swarming-specific functions
and/or attainment of a confluent and dense arrangement of cells
(for specific references, see reference 6 and references cited
therein). The former might include accumulation of osmotic
agents to help extract water from the agar beneath. The extracel-
lular matrix (ECM) of Proteus mirabilis shows the presence of
polysaccharides and the osmolyte glycine betaine, both of which
have been linked to hydration (18). The essential swarming func-
tion of an acidic polysaccharide Cmf (colony migration factor)
secreted by P. mirabilis is also hypothesized to aid colony hydra-
tion (19–21). The gene controlling Cmf production is related to
sugar transferases required for lipopolysaccharide (LPS) core
modification and is located near genes involved in the synthesis of
LPS O side chains, enterobacterial common antigen (ECA), and
other outer polysaccharides (19). The LPS O antigen and ECA are
surmised to serve similar functions during swarming by E. coli and
Salmonella (22, 23). (See alternate explanations for the role of
these molecules in the next section.) Transcriptome analysis of
Salmonella found that irrespective of whether bacteria were prop-
agated on hard (nonswarming) or soft (swarming) agar, a large
number of genes showed surface-specific upregulation, including
those for LPS synthesis (24). Thus, the altered metabolome on a
surface includes increased synthesis of LPS, which the bacteria
might exploit to promote swarming (25). Transcriptome studies
of Proteus and of several other bacteria have not revealed a swarm-

FIG 1 Multiple swarming strategies. See the text for details.
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the surfaces and whether they are dry or coated in viscous or in
lubricated fluid (15). Once bacteria are bathed in water/fluid, their
movement will create a viscous drag, which will also offer fric-
tional resistance to movement (16). There are no measurements
currently available for the magnitude of these forces in swarming
bacteria. To overcome frictional resistance, the bacteria must lu-
bricate the cell-surface interface, reduce charge, and/or generate
more thrust by increasing flagellar motor power. This is the sec-
ond critical requirement for swarming. Once bacteria overcome
the first two obstacles and initiate movement, the moving fluid
will encounter surface tension due to the tendency of water to
adhere to itself, impeding wetting of the virgin (uncolonized) ter-
ritory ahead of the advancing colony (17). This third substantial
impediment is overcome either by bacterial production of surfac-
tants or by a substrate with an inherently low surface tension.
Swarming is therefore a daunting proposition compared to swim-
ming. The challenges for surface navigation are summarized in
Fig. 1. The fact that so many bacterial species display this form of
motility in the laboratory, and therefore possess mechanisms to
override surface impediments, argues that swarming must be an
important means of invading more territory in the bacteria’s nat-
ural habitats.

BACTERIAL MECHANISMS FOR ENABLING SURFACE
NAVIGATION
Bacterial adaptations/mechanisms for overcoming surface chal-
lenges are summarized in Fig. 1. The three main challenges shown
are derived from conditions present on an agar surface, the only
substrate on which swarming has been studied. The reader should
be mindful of the possibility that in native swarming habitats, the
rankings reported below may change in importance or be sub-

sumed into each other if swarming occurs on submerged solid-
liquid interfaces or surfaces where frictional forces are minimal.

(i) Attracting water to the surface. When bacteria grown in
liquid media are transferred to the surface of swarm media, they all
exhibit a lag before swarming begins. Reasons for the lag have been
deduced to include expression of swarming-specific functions
and/or attainment of a confluent and dense arrangement of cells
(for specific references, see reference 6 and references cited
therein). The former might include accumulation of osmotic
agents to help extract water from the agar beneath. The extracel-
lular matrix (ECM) of Proteus mirabilis shows the presence of
polysaccharides and the osmolyte glycine betaine, both of which
have been linked to hydration (18). The essential swarming func-
tion of an acidic polysaccharide Cmf (colony migration factor)
secreted by P. mirabilis is also hypothesized to aid colony hydra-
tion (19–21). The gene controlling Cmf production is related to
sugar transferases required for lipopolysaccharide (LPS) core
modification and is located near genes involved in the synthesis of
LPS O side chains, enterobacterial common antigen (ECA), and
other outer polysaccharides (19). The LPS O antigen and ECA are
surmised to serve similar functions during swarming by E. coli and
Salmonella (22, 23). (See alternate explanations for the role of
these molecules in the next section.) Transcriptome analysis of
Salmonella found that irrespective of whether bacteria were prop-
agated on hard (nonswarming) or soft (swarming) agar, a large
number of genes showed surface-specific upregulation, including
those for LPS synthesis (24). Thus, the altered metabolome on a
surface includes increased synthesis of LPS, which the bacteria
might exploit to promote swarming (25). Transcriptome studies
of Proteus and of several other bacteria have not revealed a swarm-

FIG 1 Multiple swarming strategies. See the text for details.
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Governing equations based on mass and momentum conservation:
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In any event, a helical cell body, especially when thin, 
is able to efficiently move through gel-like media; for 
example, mucus, which lines epithelial surfaces within 
the body, and interstitial fluids of extracellular matrix 
that contain hyaluronic acid and various glycoproteins. 
In the laboratory, gel-like media, which contain long 
unbranched molecular chains, include methyl cellulose 
and polyvinylpyrrolidone. In such media, the solute 
forms a loose network, which is easily penetrated by 
small particles. The macroscopic viscosity of the medium 
in the bulk can be high, while the microscopic viscosity in  
the pores is similar to that of the solvent. The network 
provides a quasi-rigid structure that the helical cell 
can push against, which would not be possible in a 
Newtonian fluid, and thus contributes to thrust81. A slender  
helical cell that rotates about its helical axis ‘screws’ its 
way through the microscopic pores in such a medium.

Surface-associated motility
In nature, bacteria are commonly found attached to biotic 
and abiotic surfaces. Bacteria use a number of motility  
mechanisms to move on or near surfaces. Here we discuss  

the most prominent forms of surface-associated motility 
found in bacteria.

Swarming motility
Broadly defined, swarming is the phenomenon of collec-
tive locomotion observed in various organisms, including 
bacteria, insects, birds, fish and mammals82,83. Bacterial 
swarming motility is observed when flagellated bacteria 
are grown on a moist, nutrient-rich solid surface84–87. 
Under these conditions, vegetative (non-swarming) cells 
often differentiate into the swarmer phenotype, which is 
characterized by an increase in cell length, hyperflagella-
tion or both88–91. Individual swarmer cells begin to move 
collectively (FIG. 2), producing large-scale swirling and 
streaming patterns containing billions of cells86,92. These 
large groups of cells move rapidly over the surface, and 
this motility, combined with cell growth, leads to rapid 
outward expansion of the colony86,93,94. First described in 
the genus Proteus95, swarming has since been reported 
in Escherichia86,90, Salmonella90, Bacillus96, Vibrio88,97, 
Pseudomonas98, Serratia89 and Paenibacillus99,100 species, 
among others. Its widespread prevalence among bac-
teria suggests that swarming has an important role in 
bacterial surface exploration and colonization84,87.

Swarming motility has certain characteristics that 
hint at the underlying physical factors101. Although both 
swimming and swarming are flagellum driven, swarming, 
unlike swimming, occurs in a quasi-2D environment on 
top of the solid surface84–87. As cells can swarm only within 
a fluid, a thin layer of fluid must form atop the agar. This 
requires the presence of either osmolytes or surfactants near 
the front of the colony87. Indeed, many swarming bacteria 
excrete osmolytes, surfactants or both87. Osmolytes cre-
ate an imbalance of osmotic pressure, which draws fluid 
to the surface102. Surfactants do the same by reducing  
the local surface tension, which enables the spreading of the  
fluid film ahead of the swarm front. In laboratory experi-
ments on swarming atop an agar surface, the agar concen-
tration must be low enough so that fluid can move rapidly 
through its pores but high enough so that bacteria cannot 
enter the agar. For most bacteria, the agar concentration 
that supports swarming is between 0.3% and 1%85.

What triggers the differentiation of a vegetative 
cell into a swarmer phenotype? Both physical sig-
nals (for example, surface contact) and chemical  
signals (for example, quorum sensing) are thought to 
be involved, but the specific mechanisms are still poorly 
understood85,87,103. In Vibrio parahaemolyticus and 
Proteus mirabilis, inhibition of the rotation of the polar 
flagellum leads to swarmer cell differentiation, which 
suggests that the flagellum functions as a mechanosen-
sor to initiate swarming97,104. The identity and the precise 
source of the surface-sensing signal remain unknown. 
However, the discovery of mechanosensitive remodel-
ling of the flagellar stator points to the flagellar motor as 
one source of the surface-sensing signal105,106.

It is not fully understood how the morphological 
changes associated with the swarmer phenotype (that 
is, cell elongation and hyperflagellation) contribute 
to effective swarming. Increased aspect ratio aids the 
lengthwise realignment of cells into rafts. Indeed, both 
theoretical and experimental studies demonstrate an 

a

b

Increased cell density

Cell alignment

Cell elongation

Production of osmolytes 
or surfactants

*[RGTȯCIGNNCVKQP�
(in some bacteria)

���ŞO

Swarmer phenotype

Collective movement and colony expansion outwards

Fig. 2 | Swarming motility on surfaces. a | Phase-contrast image of an Escherichia coli 
swarm moving from left to right, taken at the edge of the swarm86. Cells move collectively 
within a thin film of fluid, propelled by the rotation of flagella, which leads to the rapid 
outward expansion of the colony. b | A group of cells and their flagella at the edge of  
the swarm. The physical factors considered to be important for swarming are indicated. 
These include high cell density, cell elongation, alignment of neighbouring cells along the 
long axis, and osmolyte or surfactant release into the fluid. Some species also undergo 
hyperflagellation during swarming. Flagella originating from alternate cells are labelled 
in red and green, respectively. Panel a adapted with permission from REF.86, Elsevier.

Viscosity
Denoted by either μ or η,  
a parameter indicating the 
magnitude of the force 
required to shear a fluid. Water 
has a relatively small viscosity, 
molasses has a relatively large 
viscosity.

Newtonian fluid
A fluid in which the viscosity 
does not depend on the rate  
of shear (for example, water and 
solutions of Ficoll). Solutions 
containing long unbranched 
chains, such as mucus, 
hyaluronic acid, methyl cellulose 
or polyvinylpyrrolidone, are not 
Newtonian fluids.

Osmolytes
Small organic compounds  
that are synthesized by the  
cell to affect intracellular or 
extracellular osmolarity.
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points on a circular arc corresponding to a radius R and cell speed v.
The curvature is 51/R, with positive curvature assigned to clockwise

motion. Short trajectories were difficult to fit reliably, so we required

the five data points to span a 3-mm arc; this effectively restricted us to

speeds >18 mm/s for curvature measurements. In addition, we also
required that the root mean-square difference between measured and fit

positions be R0.5 mm.

RESULTS

Swarm structure overview

Most HCB1668 swarms had a similar structure, with cells
spreading as far as 10 cm from the site of inoculation after
overnight growth at 30!C. At the periphery of the colony,
the advancing edge was a highly motile cell monolayer
exhibiting classic wolf-pack style motility. The width of
this monolayer varied from plate to plate and was usually
<1 cm; however, it could be as large as 2–3 cm. Sometimes
a narrow multilayer band formed immediately behind the
edge, between the edge and the bulk monolayer. Farther
from the edge, nearer the point of inoculation, the cells
swirled in CW and CCW vortices, in stacks many cell layers
deep. This swirling region extended over 3–4 cm. Toward
the colony center, cell density slowly increased and the cells
gradually lost the swarmer phenotype, becoming shorter and
less motile, with complete loss of motility near the point of
inoculation. Because the multilayer region was too dense
for the motion of individual cells to be followed, we investi-
gated the monolayer region, with particular emphasis on its
leading edge.

Swarm monolayer

We videotaped seven HCB1668 swarms at 30!C (the incuba-
tion temperature) as the bacteria moved past a fixed micro-
scope objective. Expansion rates tended to be higher for
swarm fronts of higher densities (Table 1). The first two of
these swarms were subjected to detailed analysis, but as
the results were similar for both swarms, here we only report
the results for swarm one. We selected five regions, as indi-
cated by the closed symbols in Fig. 1, for tracking. Fig. 2
shows one video frame from each of these areas. Based on

the average cell size (5.2 mm " 1 mm) a close-packed mono-
layer would contain ~0.18 cells/mm2. Within 100 mm of the
swarm edge the observed cell density peaked at ~2/3 of
the close-packed density and then fell by about half to the
plateau (Fig. 1).

Swarm cell tracking

Swarms one and two were analyzed by tracking the bacteria
in a 30-frame (1-s) interval starting with the frames depicted
in Fig. 2. Examples of the source video and tracking visual-
ization are available as Supporting Material. Our goal was to
understand how a typical swarm cell moves and how the
motion of one cell is related to that of its neighbors. We cal-
culated several measures of individual cell motility: cell
length, speed and propulsion angle, and the curvature of
the cell’s trajectory. We also calculated several collective
measures that relate different cells’ motions: pairwise corre-
lations between cells’ orientations and velocities as a function
of the cells’ relative distance.

We examined all five areas (edge, peak, falloff, plateau 1,
and plateau 2) separately, but for simplicity in presentation in
Fig. 3, the peak and falloff areas are grouped together, as are
the two plateaus.

Length

The cell bodies were of uniform width (~1 mm) but of
varying length, with 90% falling between 3.0 and 7.6 mm.
The mean cell length was 5.2 mm and did not vary over
the range of positions studied (%1000 mm from the swarm
edge) (Fig. 3 A). This length is about twice the mean length
of cells from a swimming culture (our observation), as
expected for a swarm phenotype in E. coli. Using cell length
as the measure of differentiation, we saw no variation in
phenotype within the outer 1000 mm studied here.

Speed

The mean cell speed (40 mm/s) was comparable to the
velocity of cells grown in T-broth and tracked in motility

TABLE 1 Data for seven swarms of strain HCB1668
supplemented with arabinose

Expansion
rate (mm/s)

Maximum density
(cells/mm2)

Plateau density
(cells/mm2)

3.7 0.118 0.050

2.6 0.072 0.028
5.2 0.121 0.048

4.4 0.129 0.065

4.5 0.149 0.076

2.4 0.106 0.044
3.7 0.067 0.034

3.8 5 1.0* 0.109 5 0.030* 0.049 5 0.017*

*Average over all seven individually measured swarms.
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FIGURE 1 Swarm density profile. Cell-density profile for the first swarm

from Table 1 (open symbols). Cells were counted in each video frame
collected at 5-s intervals for a total of 300 s. Solid symbols denote the

regions selected for further study, in the order (left to right) edge, peak,

falloff, plateau 1, and plateau 2.
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medium at 32!C (36.4 5 8.9 mm/s (48)). There was consid-
erable variation in the average cell speeds of different
swarms. Within each swarm, the speed distributions were
very broad (Fig. 3 B), especially when compared with speed
distributions for swimming cells: as judged by the normal-
ized width (SD/mean), the width of the swarm cells’ speed
distribution was ~60%, whereas that of a typical swimming
culture is ~25% (48). Although we only tracked cells for 1 s,
within that limited time frame each cell sped up or slowed
down considerably. That is, the width of the population
speed distribution arose from variation in the speeds of
individual cells over the course of the 1-s acquisition time,
not from sampling over a heterogeneous population where
each cell has a narrowly defined speed. All speed distribu-
tions showed a certain fraction of slow motion (<20 mm/s)
as well as a large population of broadly distributed and sig-
nificantly faster motion. As expected, because cells within
a few body lengths of the edge are frequently stalled, the
speed distribution near the edge showed an overabundance
of slow cells; apart from this effect, within a swarm the
mean speed decreased slightly with increasing distance
from the edge.

Propulsion angle

Most propulsion angles were small (Fig. 3 C): the average
was 0.7! and >50% fell within 520!. This means that
a cell tends to move in the same direction as its body axis.

The typical cell moved in the straight-ahead direction, devi-
ating now to the left, how to the right; that is, the population
was not divided between left- and right-propelled cells.
Propulsion-angle distributions were slightly flatter at the
swarm edge, probably because of the large number of stalled
cells at the edge subject to the jamming effect (see Correla-
tions, below). Propulsion angle distributions were quite sim-
ilar everywhere in the swarm interior. For a small fraction of
cells, the propulsion angle was greater than 90!; these are
cells that were caught in the process of reversing direction
by exchanging the roles of head and tail. Though this
phenomenon is infrequent, it uniquely allows cells to reverse
away from jammed areas, as has been observed in Bacillus
subtilis (49). By observing fluorescently labeled flagella in
a swarmlike preparation, we find that when several flagellar
motors reverse direction the cell body can back up, within
a substantially intact bundle, until the leading end of the
cell body becomes the lagging end; this phenomenon is ad-
dressed in detail in another publication (50).

Curvature

The majority of cells’ paths had no appreciable left- or right-
ward curvature (Fig. 3 D). Of all the 0.17-s-long trajectories
that were measured, ~50% had a curvature of <0.01 mm"1

or, equivalently, a radius >100 mm. We cannot reliably
resolve larger radii in our limited field of view (~50 mm
square). Trajectories were broadly distributed between

FIGURE 2 Snapshots of an advancing swarm. Images of cells in regions corresponding to the solid symbols in Fig. 1. The field of view is (42 mm) #
(57 mm). Scale bar ¼ 10 mm. The cells are shown in the order and orientation appropriate for swarms moving from left to right.
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FIGURE 3 Population distributions. Distributions of body length, speed, propulsion angle, and curvature, each grouped by the location of the cells in the

swarm: at the edge (solid blue), in the peak and falloff regions (dashed red), and in the two lower-density plateau regions (dotted green). Distributions of each
type are normalized to the same area. Vertical lines on the speed distribution indicate mean values. The peaks at zero in the curvature distributions are truncated:

they are 5# larger than pictured and contain ~50% of the total distribution. Note that ~40% of all measured trajectories were omitted from the curvature distri-

bution because they failed to fit to an arc of a circle. See Methods for details.
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medium at 32!C (36.4 5 8.9 mm/s (48)). There was consid-
erable variation in the average cell speeds of different
swarms. Within each swarm, the speed distributions were
very broad (Fig. 3 B), especially when compared with speed
distributions for swimming cells: as judged by the normal-
ized width (SD/mean), the width of the swarm cells’ speed
distribution was ~60%, whereas that of a typical swimming
culture is ~25% (48). Although we only tracked cells for 1 s,
within that limited time frame each cell sped up or slowed
down considerably. That is, the width of the population
speed distribution arose from variation in the speeds of
individual cells over the course of the 1-s acquisition time,
not from sampling over a heterogeneous population where
each cell has a narrowly defined speed. All speed distribu-
tions showed a certain fraction of slow motion (<20 mm/s)
as well as a large population of broadly distributed and sig-
nificantly faster motion. As expected, because cells within
a few body lengths of the edge are frequently stalled, the
speed distribution near the edge showed an overabundance
of slow cells; apart from this effect, within a swarm the
mean speed decreased slightly with increasing distance
from the edge.

Propulsion angle

Most propulsion angles were small (Fig. 3 C): the average
was 0.7! and >50% fell within 520!. This means that
a cell tends to move in the same direction as its body axis.

The typical cell moved in the straight-ahead direction, devi-
ating now to the left, how to the right; that is, the population
was not divided between left- and right-propelled cells.
Propulsion-angle distributions were slightly flatter at the
swarm edge, probably because of the large number of stalled
cells at the edge subject to the jamming effect (see Correla-
tions, below). Propulsion angle distributions were quite sim-
ilar everywhere in the swarm interior. For a small fraction of
cells, the propulsion angle was greater than 90!; these are
cells that were caught in the process of reversing direction
by exchanging the roles of head and tail. Though this
phenomenon is infrequent, it uniquely allows cells to reverse
away from jammed areas, as has been observed in Bacillus
subtilis (49). By observing fluorescently labeled flagella in
a swarmlike preparation, we find that when several flagellar
motors reverse direction the cell body can back up, within
a substantially intact bundle, until the leading end of the
cell body becomes the lagging end; this phenomenon is ad-
dressed in detail in another publication (50).

Curvature

The majority of cells’ paths had no appreciable left- or right-
ward curvature (Fig. 3 D). Of all the 0.17-s-long trajectories
that were measured, ~50% had a curvature of <0.01 mm"1

or, equivalently, a radius >100 mm. We cannot reliably
resolve larger radii in our limited field of view (~50 mm
square). Trajectories were broadly distributed between

FIGURE 2 Snapshots of an advancing swarm. Images of cells in regions corresponding to the solid symbols in Fig. 1. The field of view is (42 mm) #
(57 mm). Scale bar ¼ 10 mm. The cells are shown in the order and orientation appropriate for swarms moving from left to right.
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FIGURE 3 Population distributions. Distributions of body length, speed, propulsion angle, and curvature, each grouped by the location of the cells in the
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type are normalized to the same area. Vertical lines on the speed distribution indicate mean values. The peaks at zero in the curvature distributions are truncated:
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medium at 32!C (36.4 5 8.9 mm/s (48)). There was consid-
erable variation in the average cell speeds of different
swarms. Within each swarm, the speed distributions were
very broad (Fig. 3 B), especially when compared with speed
distributions for swimming cells: as judged by the normal-
ized width (SD/mean), the width of the swarm cells’ speed
distribution was ~60%, whereas that of a typical swimming
culture is ~25% (48). Although we only tracked cells for 1 s,
within that limited time frame each cell sped up or slowed
down considerably. That is, the width of the population
speed distribution arose from variation in the speeds of
individual cells over the course of the 1-s acquisition time,
not from sampling over a heterogeneous population where
each cell has a narrowly defined speed. All speed distribu-
tions showed a certain fraction of slow motion (<20 mm/s)
as well as a large population of broadly distributed and sig-
nificantly faster motion. As expected, because cells within
a few body lengths of the edge are frequently stalled, the
speed distribution near the edge showed an overabundance
of slow cells; apart from this effect, within a swarm the
mean speed decreased slightly with increasing distance
from the edge.

Propulsion angle

Most propulsion angles were small (Fig. 3 C): the average
was 0.7! and >50% fell within 520!. This means that
a cell tends to move in the same direction as its body axis.

The typical cell moved in the straight-ahead direction, devi-
ating now to the left, how to the right; that is, the population
was not divided between left- and right-propelled cells.
Propulsion-angle distributions were slightly flatter at the
swarm edge, probably because of the large number of stalled
cells at the edge subject to the jamming effect (see Correla-
tions, below). Propulsion angle distributions were quite sim-
ilar everywhere in the swarm interior. For a small fraction of
cells, the propulsion angle was greater than 90!; these are
cells that were caught in the process of reversing direction
by exchanging the roles of head and tail. Though this
phenomenon is infrequent, it uniquely allows cells to reverse
away from jammed areas, as has been observed in Bacillus
subtilis (49). By observing fluorescently labeled flagella in
a swarmlike preparation, we find that when several flagellar
motors reverse direction the cell body can back up, within
a substantially intact bundle, until the leading end of the
cell body becomes the lagging end; this phenomenon is ad-
dressed in detail in another publication (50).

Curvature

The majority of cells’ paths had no appreciable left- or right-
ward curvature (Fig. 3 D). Of all the 0.17-s-long trajectories
that were measured, ~50% had a curvature of <0.01 mm"1

or, equivalently, a radius >100 mm. We cannot reliably
resolve larger radii in our limited field of view (~50 mm
square). Trajectories were broadly distributed between

FIGURE 2 Snapshots of an advancing swarm. Images of cells in regions corresponding to the solid symbols in Fig. 1. The field of view is (42 mm) #
(57 mm). Scale bar ¼ 10 mm. The cells are shown in the order and orientation appropriate for swarms moving from left to right.
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FIGURE 3 Population distributions. Distributions of body length, speed, propulsion angle, and curvature, each grouped by the location of the cells in the

swarm: at the edge (solid blue), in the peak and falloff regions (dashed red), and in the two lower-density plateau regions (dotted green). Distributions of each
type are normalized to the same area. Vertical lines on the speed distribution indicate mean values. The peaks at zero in the curvature distributions are truncated:

they are 5# larger than pictured and contain ~50% of the total distribution. Note that ~40% of all measured trajectories were omitted from the curvature distri-
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medium at 32!C (36.4 5 8.9 mm/s (48)). There was consid-
erable variation in the average cell speeds of different
swarms. Within each swarm, the speed distributions were
very broad (Fig. 3 B), especially when compared with speed
distributions for swimming cells: as judged by the normal-
ized width (SD/mean), the width of the swarm cells’ speed
distribution was ~60%, whereas that of a typical swimming
culture is ~25% (48). Although we only tracked cells for 1 s,
within that limited time frame each cell sped up or slowed
down considerably. That is, the width of the population
speed distribution arose from variation in the speeds of
individual cells over the course of the 1-s acquisition time,
not from sampling over a heterogeneous population where
each cell has a narrowly defined speed. All speed distribu-
tions showed a certain fraction of slow motion (<20 mm/s)
as well as a large population of broadly distributed and sig-
nificantly faster motion. As expected, because cells within
a few body lengths of the edge are frequently stalled, the
speed distribution near the edge showed an overabundance
of slow cells; apart from this effect, within a swarm the
mean speed decreased slightly with increasing distance
from the edge.

Propulsion angle

Most propulsion angles were small (Fig. 3 C): the average
was 0.7! and >50% fell within 520!. This means that
a cell tends to move in the same direction as its body axis.

The typical cell moved in the straight-ahead direction, devi-
ating now to the left, how to the right; that is, the population
was not divided between left- and right-propelled cells.
Propulsion-angle distributions were slightly flatter at the
swarm edge, probably because of the large number of stalled
cells at the edge subject to the jamming effect (see Correla-
tions, below). Propulsion angle distributions were quite sim-
ilar everywhere in the swarm interior. For a small fraction of
cells, the propulsion angle was greater than 90!; these are
cells that were caught in the process of reversing direction
by exchanging the roles of head and tail. Though this
phenomenon is infrequent, it uniquely allows cells to reverse
away from jammed areas, as has been observed in Bacillus
subtilis (49). By observing fluorescently labeled flagella in
a swarmlike preparation, we find that when several flagellar
motors reverse direction the cell body can back up, within
a substantially intact bundle, until the leading end of the
cell body becomes the lagging end; this phenomenon is ad-
dressed in detail in another publication (50).

Curvature

The majority of cells’ paths had no appreciable left- or right-
ward curvature (Fig. 3 D). Of all the 0.17-s-long trajectories
that were measured, ~50% had a curvature of <0.01 mm"1

or, equivalently, a radius >100 mm. We cannot reliably
resolve larger radii in our limited field of view (~50 mm
square). Trajectories were broadly distributed between

FIGURE 2 Snapshots of an advancing swarm. Images of cells in regions corresponding to the solid symbols in Fig. 1. The field of view is (42 mm) #
(57 mm). Scale bar ¼ 10 mm. The cells are shown in the order and orientation appropriate for swarms moving from left to right.
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FIGURE 3 Population distributions. Distributions of body length, speed, propulsion angle, and curvature, each grouped by the location of the cells in the

swarm: at the edge (solid blue), in the peak and falloff regions (dashed red), and in the two lower-density plateau regions (dotted green). Distributions of each
type are normalized to the same area. Vertical lines on the speed distribution indicate mean values. The peaks at zero in the curvature distributions are truncated:
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mediumat32!C(36.458.9mm/s(48)).Therewasconsid-
erablevariationintheaveragecellspeedsofdifferent
swarms.Withineachswarm,thespeeddistributionswere
verybroad(Fig.3B),especiallywhencomparedwithspeed
distributionsforswimmingcells:asjudgedbythenormal-
izedwidth(SD/mean),thewidthoftheswarmcells’speed
distributionwas~60%,whereasthatofatypicalswimming
cultureis~25%(48).Althoughweonlytrackedcellsfor1s,
withinthatlimitedtimeframeeachcellspeduporslowed
downconsiderably.Thatis,thewidthofthepopulation
speeddistributionarosefromvariationinthespeedsof
individualcellsoverthecourseofthe1-sacquisitiontime,
notfromsamplingoveraheterogeneouspopulationwhere
eachcellhasanarrowlydefinedspeed.Allspeeddistribu-
tionsshowedacertainfractionofslowmotion(<20mm/s)
aswellasalargepopulationofbroadlydistributedandsig-
nificantlyfastermotion.Asexpected,becausecellswithin
afewbodylengthsoftheedgearefrequentlystalled,the
speeddistributionneartheedgeshowedanoverabundance
ofslowcells;apartfromthiseffect,withinaswarmthe
meanspeeddecreasedslightlywithincreasingdistance
fromtheedge.

Propulsionangle

Mostpropulsionanglesweresmall(Fig.3C):theaverage
was0.7!and>50%fellwithin520!.Thismeansthat
acelltendstomoveinthesamedirectionasitsbodyaxis.

Thetypicalcellmovedinthestraight-aheaddirection,devi-
atingnowtotheleft,howtotheright;thatis,thepopulation
wasnotdividedbetweenleft-andright-propelledcells.
Propulsion-angledistributionswereslightlyflatteratthe
swarmedge,probablybecauseofthelargenumberofstalled
cellsattheedgesubjecttothejammingeffect(seeCorrela-
tions,below).Propulsionangledistributionswerequitesim-
ilareverywhereintheswarminterior.Forasmallfractionof
cells,thepropulsionanglewasgreaterthan90!;theseare
cellsthatwerecaughtintheprocessofreversingdirection
byexchangingtherolesofheadandtail.Thoughthis
phenomenonisinfrequent,ituniquelyallowscellstoreverse
awayfromjammedareas,ashasbeenobservedinBacillus
subtilis(49).Byobservingfluorescentlylabeledflagellain
aswarmlikepreparation,wefindthatwhenseveralflagellar
motorsreversedirectionthecellbodycanbackup,within
asubstantiallyintactbundle,untiltheleadingendofthe
cellbodybecomesthelaggingend;thisphenomenonisad-
dressedindetailinanotherpublication(50).

Curvature

Themajorityofcells’pathshadnoappreciableleft-orright-
wardcurvature(Fig.3D).Ofallthe0.17-s-longtrajectories
thatweremeasured,~50%hadacurvatureof<0.01mm"1

or,equivalently,aradius>100mm.Wecannotreliably
resolvelargerradiiinourlimitedfieldofview(~50mm
square).Trajectorieswerebroadlydistributedbetween

FIGURE2Snapshotsofanadvancingswarm.ImagesofcellsinregionscorrespondingtothesolidsymbolsinFig.1.Thefieldofviewis(42mm)#
(57mm).Scalebar¼10mm.Thecellsareshownintheorderandorientationappropriateforswarmsmovingfromlefttoright.
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medium at 32!C (36.4 5 8.9 mm/s (48)). There was consid-
erable variation in the average cell speeds of different
swarms. Within each swarm, the speed distributions were
very broad (Fig. 3 B), especially when compared with speed
distributions for swimming cells: as judged by the normal-
ized width (SD/mean), the width of the swarm cells’ speed
distribution was ~60%, whereas that of a typical swimming
culture is ~25% (48). Although we only tracked cells for 1 s,
within that limited time frame each cell sped up or slowed
down considerably. That is, the width of the population
speed distribution arose from variation in the speeds of
individual cells over the course of the 1-s acquisition time,
not from sampling over a heterogeneous population where
each cell has a narrowly defined speed. All speed distribu-
tions showed a certain fraction of slow motion (<20 mm/s)
as well as a large population of broadly distributed and sig-
nificantly faster motion. As expected, because cells within
a few body lengths of the edge are frequently stalled, the
speed distribution near the edge showed an overabundance
of slow cells; apart from this effect, within a swarm the
mean speed decreased slightly with increasing distance
from the edge.

Propulsion angle

Most propulsion angles were small (Fig. 3 C): the average
was 0.7! and >50% fell within 520!. This means that
a cell tends to move in the same direction as its body axis.

The typical cell moved in the straight-ahead direction, devi-
ating now to the left, how to the right; that is, the population
was not divided between left- and right-propelled cells.
Propulsion-angle distributions were slightly flatter at the
swarm edge, probably because of the large number of stalled
cells at the edge subject to the jamming effect (see Correla-
tions, below). Propulsion angle distributions were quite sim-
ilar everywhere in the swarm interior. For a small fraction of
cells, the propulsion angle was greater than 90!; these are
cells that were caught in the process of reversing direction
by exchanging the roles of head and tail. Though this
phenomenon is infrequent, it uniquely allows cells to reverse
away from jammed areas, as has been observed in Bacillus
subtilis (49). By observing fluorescently labeled flagella in
a swarmlike preparation, we find that when several flagellar
motors reverse direction the cell body can back up, within
a substantially intact bundle, until the leading end of the
cell body becomes the lagging end; this phenomenon is ad-
dressed in detail in another publication (50).

Curvature

The majority of cells’ paths had no appreciable left- or right-
ward curvature (Fig. 3 D). Of all the 0.17-s-long trajectories
that were measured, ~50% had a curvature of <0.01 mm"1

or, equivalently, a radius >100 mm. We cannot reliably
resolve larger radii in our limited field of view (~50 mm
square). Trajectories were broadly distributed between

FIGURE 2 Snapshots of an advancing swarm. Images of cells in regions corresponding to the solid symbols in Fig. 1. The field of view is (42 mm) #
(57 mm). Scale bar ¼ 10 mm. The cells are shown in the order and orientation appropriate for swarms moving from left to right.
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FIGURE 3 Population distributions. Distributions of body length, speed, propulsion angle, and curvature, each grouped by the location of the cells in the

swarm: at the edge (solid blue), in the peak and falloff regions (dashed red), and in the two lower-density plateau regions (dotted green). Distributions of each
type are normalized to the same area. Vertical lines on the speed distribution indicate mean values. The peaks at zero in the curvature distributions are truncated:

they are 5# larger than pictured and contain ~50% of the total distribution. Note that ~40% of all measured trajectories were omitted from the curvature distri-

bution because they failed to fit to an arc of a circle. See Methods for details.
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• The density profile of E. 
coli cells in the swarm 
varies with distance 
from the edge. 
 
Highest density is just 
behind the edge

• Cells at highest density 
region have higher 
motility and motility is 
broadly distributed 
(compared also to 
swimming bacteria)

• Speed is the same as in 
swimming bacteria

• Cell movement is 
mostly linear (low 
curvature) with a 
narrow propulsion angle 
compared to swimming 
bacteria that undergo 
tumbling and nearly 
random reorientation

—The swarm monolayer acts like a 2D gas of self- propelled, polar particles. 

N. Darnton et al and H. Berg. Biophysical Journal 98(10) 2082–2090  (2010)
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direction) is similar. To quantify this observation, we exam-
ined the correlation between different cells as a function of
the cells’ separation. Fig. 5 A shows the correlation between
cells’ velocities as a function of the relative (vector) position
of the cells. As expected, the correlation is left-right sym-
metric and extends over a few body lengths. The correlation
extends significantly further behind the cell than in front of
the cell: the cells behind the target cell were more likely to
be moving in the same direction as the target cell than
were the cells in front. Because the velocity of a cell is well
aligned with its body, the body-body and body-velocity cor-
relation (data not shown) are similar to the velocity-velocity
correlation. The basic phenomenon—anisotropic objects
forced into alignment due to high packing density—is also
responsible for order in nematic liquid crystals and in
flocking theory (55). However, a nematic liquid crystal is
head-tail symmetric, whereas we see a difference in cor-
relation lengths in front of and behind the swarm cell.
We suspect that the fundamentally symmetrical collisional
interaction between cells results in an asymmetrical correla-
tion function because the history of the cells interactions is
asymmetric. Because the cell is emerging from the region
of the swarm behind it, it has had a greater opportunity to
interact with cells in that area, and consequently it is more
highly aligned with those cells. This is a simple mechanism
to convert spatially symmetric collisional interactions into an
effectively asymmetric correlation.

An alternative explanation for the head-tail asymmetry in
the velocity-velocity correlation function is that the flagellar
bundle, which usually trails behind the cell, influences neigh-
bors in the cell’s wake. We tend to disfavor this explanation
because of the shape of the pair distribution function (Fig. 5 B).
We see a symmetrical excess population to the left and
right of the cell due to side-by-side packing of cells. The
fore-aft distribution is not symmetric, however: there is
a hole in front of the cell. This vacancy is what allows the
cell to move forward. If the flagella were interacting signif-
icantly with the cells in the aft direction, we would also
expect to see an excluded region there; on the contrary, we

see an excess probability of cells in the rear, indicating that
on average the flagellar bundle does not sterically hinder
other cells.

Groups of cells

One of the striking features of a swarm of cells, clearly
visible by eye, is the continuous formation and dissolution
of groups of cells that tend to move together. This phenom-
enon proved difficult to define algorithmically, so we identi-
fied by eye groups of cells traveling in packs, drawn from the
existing tracked-cell data. Comparing the behavior of cells in
and out of groups, we found that cells were slightly closer
together and more closely aligned when moving within
a group but that their mean speeds were the same. The major
difference was that cells in groups tended to swim in a given
direction ~3 times longer: the velocity-velocity temporal
autocorrelation function declined linearly for short times
with a time constant of 0.46 s for cells within groups versus
0.14 s for cells outside of groups. We conclude that cells in
groups are not particularly fast, but the group as a whole
travels more consistently in a straight line. This lesser rate
of randomization of the cells’ trajectories is presumably
what is visible by eye when one observes a swarm.

Swarm edge

Cells encountering the swarm boundary (the junction of
solid, fluid, and gas) moved in a distinctive way. A typical
cell slowed as it neared the edge, stalled, and after a brief
pause, moved away from the edge, either by completely
reversing or by deflecting at a shallow angle, sometimes after
traveling along the edge for some distance. We examined 66
such cells more closely, tracking them for a longer time (150
frames or 5 s). The majority (45/66) reversed their direction
of motion and swam directly away from the edge back into
the swarm, after spending an average of 1.21 s stalled at the
edge. This probably underestimates the mean dwell time of a
cell at the swarm edge, because some cells (11/66) remained
at the edge for longer than our 5-s tracking time and others
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Motility properties of swarming cells

• Microscopic properties of the 
« bacterial atoms of this 2D gas », 
such as speed distributions and 
correlation functions.

• Cells move in coordinated packs

• Cells tend to align laterally but less 
so at front/back

—The swarm monolayer acts like a 2D gas of self- propelled, polar particles. 

N. Darnton et al and H. Berg. Biophysical Journal 98(10) 2082–2090  (2010)
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Motility of swarming cells

• Forward motion

• Bundles of flagella are aligned 
with long axis of the cell and 
propel it forward at the same 
speed as free swimmers in 3D 
(few 10 µm/s)

• Reversals
axis of the cell body, and the direction of motion all aligned, as
shown in Fig. 2A and 3A. A cell can reverse (back up) when the
cell body changes its direction of motion !180°, with the head
(as defined at the beginning of the track) now following rather
than leading, as shown in Fig. 2B and 3B (note that at the end
of this track, the blue line lags behind the green one [Fig. 2B]).
A cell can move laterally, with a propulsion angle of "35°.
Usually, this is caused by collisions with other cells; sometimes
it is caused by a motor reversal. When lateral motion results
from collisions, the flagellar bundle and body axis are no longer
aligned with the trajectory, as shown in Fig. 2C and 3C. De-
pending upon the points of impact, the cell body translates
sideways (Fig. 2A and B, at the end of the track) or pivots (Fig.
2C, near the middle of the track). When lateral motion results
from a motor reversal (Fig. 3D, inset), the flagellar bundle and
body axis remain aligned with the trajectory, as shown in Fig.
2D and 3D. Under the crowded conditions of a swarm, it is
impossible to distinguish between collisions and a motor re-
versal without imaging the bundle, unless the motor reversal
causes the cell to back up (compare Fig. 2C and D to Fig. 2B).
Collisions are common and involve several cells in complex
ways, as shown in Fig. 4. All of the cells in this figure were
flagellated and motile, but only the flagella on the green cell
were labeled.

Reversal (Fig. 2B and 3B) is unique to constrained environ-
ments. It occurs in swarms and when cells swim in gel-like
media (e.g., in high concentrations of methylcellulose) or in
narrow constrictions (e.g., see reference 30). However, the
flagella have been visualized only in swarms. Reversals of this
kind are not seen when cells swim in bulk aqueous media (e.g.,
see references 4, 14, and 39). When a cell backs up, all of its
motors reverse, the flagellar filaments change chirality, and the
cell body moves back through the center of the bundle, as
shown in Fig. 5. The cell body is pushed through the center of
the bundle by the curly section of the filament, either via the
propagation of the polymorphic transformation (with the nor-
mal ends of the filaments unable to translate) or because the
curly section, turning CW, generates thrust. This mode contin-
ues until the cell body completes its transit through the bundle,
whereupon the curly filaments form a bundle that pushes the
cell forward, in the opposite direction from which it started.
When the motors again spin CCW, the filaments transform
back to the normal form, and the normal bundle continues to
push the cell in the new direction. In this phase of the process,
one does not see acute angles between normal and curly sec-
tions of the filaments; the curly filaments simply transform
back to normal and re-form a normal bundle. The filament
structure has directionality: curly proximal-normal distal junc-
tions and normal proximal-curly distal junctions are not iden-
tical; they appear with acute and obtuse angles, respectively.

For any given cell, reversals occurred, on average, every 1.5 s
and lasted !0.09 s, times comparable with those obtained for

FIG. 2. Representative tracks shown within a 42-#m by 57-#m
frame. The beginning of each track is indicated by a black dot. The
traces of the head, center, and tail (defined at the beginning of the
track) are plotted in blue, red, and green, respectively, and the axis of
the cell body is shown in magenta (dotted). Frame numbers are indi-
cated at the leading end of the cell. (A) A cell that moved forward for
the first 35 frames and then was pushed sideways (exhibited lateral
translational movement) for the last 10 frames. (B) A cell that moved
forward for the first 13 frames, reversed during the next 8 frames, and
finally was pushed sideways (exhibited lateral translational movement)
for the last 13 frames. Note that at the end of this track, the blue line
lags behind the green line. (C) A cell that moved forward for the first
8 frames, was pushed sideways (exhibited lateral rotational movement)
for the next 8 frames, and then continued forward. (D) A cell with two
deflections due to motor reversals. The cell moved forward during the
first 17 frames (increasing its propulsion angle at frame 10), reoriented
its cell body during the next 7 frames in response to the first motor
reversal, moved forward for another 10 frames, and then moved lat-
erally during the last 3 frames in response to a second motor reversal.
At this point, the cell left the field of view. The frames are 1/30 s apart.

FIG. 3. Flagellar bundles of cells whose tracks are shown in Fig. 2,
labeled with the same letters. The images show the maximum bright-
ness at each pixel over all of the video frames as the cell moved
through the field of view. The cells were labeled with Alexa Fluor 488,
and the cell bodies are not visible. The inset in panel D is a single video
frame (frame 16) showing the curly polymorphic form at the distal end
of a normal filament, indicating that a motor has resumed CCW
rotation after CW rotation (a motor reversal). The frames are 1/30 s
apart. Inset magnification, $1.3.
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axis of the cell body, and the direction of motion all aligned, as
shown in Fig. 2A and 3A. A cell can reverse (back up) when the
cell body changes its direction of motion !180°, with the head
(as defined at the beginning of the track) now following rather
than leading, as shown in Fig. 2B and 3B (note that at the end
of this track, the blue line lags behind the green one [Fig. 2B]).
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it is caused by a motor reversal. When lateral motion results
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aligned with the trajectory, as shown in Fig. 2C and 3C. De-
pending upon the points of impact, the cell body translates
sideways (Fig. 2A and B, at the end of the track) or pivots (Fig.
2C, near the middle of the track). When lateral motion results
from a motor reversal (Fig. 3D, inset), the flagellar bundle and
body axis remain aligned with the trajectory, as shown in Fig.
2D and 3D. Under the crowded conditions of a swarm, it is
impossible to distinguish between collisions and a motor re-
versal without imaging the bundle, unless the motor reversal
causes the cell to back up (compare Fig. 2C and D to Fig. 2B).
Collisions are common and involve several cells in complex
ways, as shown in Fig. 4. All of the cells in this figure were
flagellated and motile, but only the flagella on the green cell
were labeled.

Reversal (Fig. 2B and 3B) is unique to constrained environ-
ments. It occurs in swarms and when cells swim in gel-like
media (e.g., in high concentrations of methylcellulose) or in
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motors reverse, the flagellar filaments change chirality, and the
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shown in Fig. 5. The cell body is pushed through the center of
the bundle by the curly section of the filament, either via the
propagation of the polymorphic transformation (with the nor-
mal ends of the filaments unable to translate) or because the
curly section, turning CW, generates thrust. This mode contin-
ues until the cell body completes its transit through the bundle,
whereupon the curly filaments form a bundle that pushes the
cell forward, in the opposite direction from which it started.
When the motors again spin CCW, the filaments transform
back to the normal form, and the normal bundle continues to
push the cell in the new direction. In this phase of the process,
one does not see acute angles between normal and curly sec-
tions of the filaments; the curly filaments simply transform
back to normal and re-form a normal bundle. The filament
structure has directionality: curly proximal-normal distal junc-
tions and normal proximal-curly distal junctions are not iden-
tical; they appear with acute and obtuse angles, respectively.

For any given cell, reversals occurred, on average, every 1.5 s
and lasted !0.09 s, times comparable with those obtained for

FIG. 2. Representative tracks shown within a 42-#m by 57-#m
frame. The beginning of each track is indicated by a black dot. The
traces of the head, center, and tail (defined at the beginning of the
track) are plotted in blue, red, and green, respectively, and the axis of
the cell body is shown in magenta (dotted). Frame numbers are indi-
cated at the leading end of the cell. (A) A cell that moved forward for
the first 35 frames and then was pushed sideways (exhibited lateral
translational movement) for the last 10 frames. (B) A cell that moved
forward for the first 13 frames, reversed during the next 8 frames, and
finally was pushed sideways (exhibited lateral translational movement)
for the last 13 frames. Note that at the end of this track, the blue line
lags behind the green line. (C) A cell that moved forward for the first
8 frames, was pushed sideways (exhibited lateral rotational movement)
for the next 8 frames, and then continued forward. (D) A cell with two
deflections due to motor reversals. The cell moved forward during the
first 17 frames (increasing its propulsion angle at frame 10), reoriented
its cell body during the next 7 frames in response to the first motor
reversal, moved forward for another 10 frames, and then moved lat-
erally during the last 3 frames in response to a second motor reversal.
At this point, the cell left the field of view. The frames are 1/30 s apart.

FIG. 3. Flagellar bundles of cells whose tracks are shown in Fig. 2,
labeled with the same letters. The images show the maximum bright-
ness at each pixel over all of the video frames as the cell moved
through the field of view. The cells were labeled with Alexa Fluor 488,
and the cell bodies are not visible. The inset in panel D is a single video
frame (frame 16) showing the curly polymorphic form at the distal end
of a normal filament, indicating that a motor has resumed CCW
rotation after CW rotation (a motor reversal). The frames are 1/30 s
apart. Inset magnification, $1.3.

3262 TURNER ET AL. J. BACTERIOL.

run and tumble intervals of free-swimming cells (4). The dis-
tribution of reversal durations (not shown) was approximately
exponential, as found earlier for tumbles. The distribution of
reversal angles is shown in Fig. 6. In each event, the head
became the tail (at least once). For an angle change of 0°, the
cell exhibited successive reversals; this was rare. For an angle
change of 180°, the cell backed up without changing the ori-
entation of its long axis (the head became the tail), retracing its
earlier path; this was common. The mean change in angle was
128°.

Stalls occurred most frequently at the swarm edge. As de-
scribed earlier (13), a cell slows as it nears the edge and then
stalls, and after a brief pause, it moves away from the edge,
either by completely reversing, as shown in Fig. 7A, or by
deflecting at a shallow angle, sometimes after traveling along

the edge for some distance, as shown in Fig. 7B. Since the
majority of cells at the swarm edge reversed their head-tail
orientation (13), it is likely that flagellar motion aids in swarm
expansion: at the boundary, as cells prepare to swim back into
the swarm, their flagella extend out onto the virgin agar (Fig.
7A and B); the rotation of these flagella must pump fluid
outward from the colony, aiding in swarm expansion.

In combined fluorescence and phase-contrast video images,
we looked for cells that used their flagella to actively reorient
themselves. From the phase-contrast images, we measured the
cell speed before and after reorientation and the angular
change in direction that occurred. From the fluorescence im-
ages, we noted the total number of filaments on the cell and
the number of filaments that came out of the bundle during the
reorientation. There was no change in cell speed. A plot of the
change in direction versus the fraction of filaments that came
out of the bundle is shown in Fig. 8. If one-half or fewer of the
filaments came out of the bundle, then the mean change in
direction was 47° ! 28°, similar to the 38° ! 26° found for
swimming cells (calculated for Fig. 13 in reference 39). How-
ever, when reorientation involved more than half of the
filaments, the mean change in direction was 127° ! 37° for

FIG. 4. Collisions. A bacterium labeled with Alexa Fluor 488
(green) collides with several other bacteria. (A) Orientations of cells
before the collision. The unlabeled cells are highlighted in white, red,
yellow, and pink, with each leading end indicated by a dot. The labeled
bacterium is highlighted in green. (B) The labeled bacterium collides
with the white and red cells, and this reorients the red cell. (B and C)
The pink cell collides first with the white one and then with the labeled
cell and reorients by "90°. (C) The labeled bacterium’s flagellum
shows evidence of a motor reversal; one filament has separated from
the bundle and lies along the upper surface of the white bacterium.
(D) The red cell has reoriented by "90° after having moved along the
flagellar bundle of the labeled bacterium. The yellow and white cells
have aligned and are now moving along the flagellar bundle of the
labeled bacterium. The images of other cells in the preparation appear
dark.

FIG. 6. Distribution of reversal angles. In each event, the head
became the tail (at least once). For an angle change of 0°, the cell
continued in its original direction; this was rare. For an angle change
of 180°, the cell backed up without changing the orientation of its long
axis, retracing its earlier path; this was common.

FIG. 5. Typical swarm-cell reversal. A cell labeled with Alexa Fluor 488 is shown to change its direction by backing up. (A) The cell moves
downwards and starts the reversal process. (B) The flagellar motors have reversed, and the bright green dots are the filament transformation points
between normal (left-handed) and curly (right-handed) forms. The cell body has changed its direction of motion. (C) The loosened bundle appears
folded, and the cell body has moved through the center of the loosened bundle to extend past the filaments’ distal tips. Thus, the cell has backed
up without changing its orientation. (D) The bundle has reformed with curly filaments, and the cell now swims upwards. This maneuver is depicted
schematically in the right panel. Eventually, the flagellar motors switch back to CCW operation, and the filaments transform to normal (not shown).
The cell body is highlighted in gray to aid the eye, and the phase-contrast images of other cells in the background appear dark. The frames are
1/10 s apart.
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run and tumble intervals of free-swimming cells (4). The dis-
tribution of reversal durations (not shown) was approximately
exponential, as found earlier for tumbles. The distribution of
reversal angles is shown in Fig. 6. In each event, the head
became the tail (at least once). For an angle change of 0°, the
cell exhibited successive reversals; this was rare. For an angle
change of 180°, the cell backed up without changing the ori-
entation of its long axis (the head became the tail), retracing its
earlier path; this was common. The mean change in angle was
128°.

Stalls occurred most frequently at the swarm edge. As de-
scribed earlier (13), a cell slows as it nears the edge and then
stalls, and after a brief pause, it moves away from the edge,
either by completely reversing, as shown in Fig. 7A, or by
deflecting at a shallow angle, sometimes after traveling along

the edge for some distance, as shown in Fig. 7B. Since the
majority of cells at the swarm edge reversed their head-tail
orientation (13), it is likely that flagellar motion aids in swarm
expansion: at the boundary, as cells prepare to swim back into
the swarm, their flagella extend out onto the virgin agar (Fig.
7A and B); the rotation of these flagella must pump fluid
outward from the colony, aiding in swarm expansion.

In combined fluorescence and phase-contrast video images,
we looked for cells that used their flagella to actively reorient
themselves. From the phase-contrast images, we measured the
cell speed before and after reorientation and the angular
change in direction that occurred. From the fluorescence im-
ages, we noted the total number of filaments on the cell and
the number of filaments that came out of the bundle during the
reorientation. There was no change in cell speed. A plot of the
change in direction versus the fraction of filaments that came
out of the bundle is shown in Fig. 8. If one-half or fewer of the
filaments came out of the bundle, then the mean change in
direction was 47° ! 28°, similar to the 38° ! 26° found for
swimming cells (calculated for Fig. 13 in reference 39). How-
ever, when reorientation involved more than half of the
filaments, the mean change in direction was 127° ! 37° for

FIG. 4. Collisions. A bacterium labeled with Alexa Fluor 488
(green) collides with several other bacteria. (A) Orientations of cells
before the collision. The unlabeled cells are highlighted in white, red,
yellow, and pink, with each leading end indicated by a dot. The labeled
bacterium is highlighted in green. (B) The labeled bacterium collides
with the white and red cells, and this reorients the red cell. (B and C)
The pink cell collides first with the white one and then with the labeled
cell and reorients by "90°. (C) The labeled bacterium’s flagellum
shows evidence of a motor reversal; one filament has separated from
the bundle and lies along the upper surface of the white bacterium.
(D) The red cell has reoriented by "90° after having moved along the
flagellar bundle of the labeled bacterium. The yellow and white cells
have aligned and are now moving along the flagellar bundle of the
labeled bacterium. The images of other cells in the preparation appear
dark.

FIG. 6. Distribution of reversal angles. In each event, the head
became the tail (at least once). For an angle change of 0°, the cell
continued in its original direction; this was rare. For an angle change
of 180°, the cell backed up without changing the orientation of its long
axis, retracing its earlier path; this was common.

FIG. 5. Typical swarm-cell reversal. A cell labeled with Alexa Fluor 488 is shown to change its direction by backing up. (A) The cell moves
downwards and starts the reversal process. (B) The flagellar motors have reversed, and the bright green dots are the filament transformation points
between normal (left-handed) and curly (right-handed) forms. The cell body has changed its direction of motion. (C) The loosened bundle appears
folded, and the cell body has moved through the center of the loosened bundle to extend past the filaments’ distal tips. Thus, the cell has backed
up without changing its orientation. (D) The bundle has reformed with curly filaments, and the cell now swims upwards. This maneuver is depicted
schematically in the right panel. Eventually, the flagellar motors switch back to CCW operation, and the filaments transform to normal (not shown).
The cell body is highlighted in gray to aid the eye, and the phase-contrast images of other cells in the background appear dark. The frames are
1/10 s apart.
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Cell body: head (blue), tail (green), middle (red)

Flagella (light blue)

• Cells reorganize the flagella as they stop, and rebundle them in the opposite 
orientation so change in direction is mostly a reversal

L. Turner et al and H. Berg. Journal of Bacteriology, 192: 3259–3267 (2010)
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Motility of swarming cells

• Lateral motion and Collisions

run and tumble intervals of free-swimming cells (4). The dis-
tribution of reversal durations (not shown) was approximately
exponential, as found earlier for tumbles. The distribution of
reversal angles is shown in Fig. 6. In each event, the head
became the tail (at least once). For an angle change of 0°, the
cell exhibited successive reversals; this was rare. For an angle
change of 180°, the cell backed up without changing the ori-
entation of its long axis (the head became the tail), retracing its
earlier path; this was common. The mean change in angle was
128°.

Stalls occurred most frequently at the swarm edge. As de-
scribed earlier (13), a cell slows as it nears the edge and then
stalls, and after a brief pause, it moves away from the edge,
either by completely reversing, as shown in Fig. 7A, or by
deflecting at a shallow angle, sometimes after traveling along

the edge for some distance, as shown in Fig. 7B. Since the
majority of cells at the swarm edge reversed their head-tail
orientation (13), it is likely that flagellar motion aids in swarm
expansion: at the boundary, as cells prepare to swim back into
the swarm, their flagella extend out onto the virgin agar (Fig.
7A and B); the rotation of these flagella must pump fluid
outward from the colony, aiding in swarm expansion.

In combined fluorescence and phase-contrast video images,
we looked for cells that used their flagella to actively reorient
themselves. From the phase-contrast images, we measured the
cell speed before and after reorientation and the angular
change in direction that occurred. From the fluorescence im-
ages, we noted the total number of filaments on the cell and
the number of filaments that came out of the bundle during the
reorientation. There was no change in cell speed. A plot of the
change in direction versus the fraction of filaments that came
out of the bundle is shown in Fig. 8. If one-half or fewer of the
filaments came out of the bundle, then the mean change in
direction was 47° ! 28°, similar to the 38° ! 26° found for
swimming cells (calculated for Fig. 13 in reference 39). How-
ever, when reorientation involved more than half of the
filaments, the mean change in direction was 127° ! 37° for

FIG. 4. Collisions. A bacterium labeled with Alexa Fluor 488
(green) collides with several other bacteria. (A) Orientations of cells
before the collision. The unlabeled cells are highlighted in white, red,
yellow, and pink, with each leading end indicated by a dot. The labeled
bacterium is highlighted in green. (B) The labeled bacterium collides
with the white and red cells, and this reorients the red cell. (B and C)
The pink cell collides first with the white one and then with the labeled
cell and reorients by "90°. (C) The labeled bacterium’s flagellum
shows evidence of a motor reversal; one filament has separated from
the bundle and lies along the upper surface of the white bacterium.
(D) The red cell has reoriented by "90° after having moved along the
flagellar bundle of the labeled bacterium. The yellow and white cells
have aligned and are now moving along the flagellar bundle of the
labeled bacterium. The images of other cells in the preparation appear
dark.

FIG. 6. Distribution of reversal angles. In each event, the head
became the tail (at least once). For an angle change of 0°, the cell
continued in its original direction; this was rare. For an angle change
of 180°, the cell backed up without changing the orientation of its long
axis, retracing its earlier path; this was common.

FIG. 5. Typical swarm-cell reversal. A cell labeled with Alexa Fluor 488 is shown to change its direction by backing up. (A) The cell moves
downwards and starts the reversal process. (B) The flagellar motors have reversed, and the bright green dots are the filament transformation points
between normal (left-handed) and curly (right-handed) forms. The cell body has changed its direction of motion. (C) The loosened bundle appears
folded, and the cell body has moved through the center of the loosened bundle to extend past the filaments’ distal tips. Thus, the cell has backed
up without changing its orientation. (D) The bundle has reformed with curly filaments, and the cell now swims upwards. This maneuver is depicted
schematically in the right panel. Eventually, the flagellar motors switch back to CCW operation, and the filaments transform to normal (not shown).
The cell body is highlighted in gray to aid the eye, and the phase-contrast images of other cells in the background appear dark. The frames are
1/10 s apart.
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and tumble behavior is not observed (13). In light of this, we
wondered whether flagellar filaments play any role other than
driving cells forward. Motor reversals are believed to enhance
wetness; however, a functional chemotaxis system is not re-
quired (6, 31). What do swarm trajectories look like? How
might they be affected by motor reversals? We identified four
kinds of tracks and found a novel role for motor reversals.

Stalls. Stalls occurred mostly at the swarm edge. Cells
paused, but their flagella continued to spin and thus pump fluid
over the agar in front of the swarm. A similar observation was
made by Copeland et al. (9). By measuring diffusion coeffi-
cients of small particles suspended in the surfactant monolayer
on top of the swarm, we found that the fluid in front of the
swarm became more shallow as one moved away from the
swarm edge, over distances ranging from 10 to 20 !m (44).
Pumping is also evident in bulk when large numbers of flagel-
lated cells are adsorbed to glass or PDMS (12, 29). Stalls also
occurred briefly when cells backed up (see below).

Reversals. Cell reversals were easy to spot by eye and were
evident in the phase-contrast tracking data. These are dramatic
events, but as noted earlier, they do not have a large impact on
the average cell behavior, which is dominated by collisions
between adjacent cells (13). Reversals occurred, on average,
every 1.5 s and required about 0.1 s for completion. They were
triggered when motors switched from CCW to CW rotation.
Viewed by fluorescence microscopy, the maneuver is exquisite:
the bundle that normally pushes the cell forward is loosened by
filament transformation to the curly polymorphic form, and the
cell body moves backwards along the central axis of the bundle,
emerging with a curly bundle behind, as shown in the cartoon
that accompanies Fig. 5. This bundle soon relaxes to normal,
and the cell continues to swim backwards. Thus, the cell body
begins with a normal bundle behind and ends with a normal
bundle behind, but swimming in the opposite direction. In the
process, the flagellar filaments remain close to the sides of the
cell; more often than not, the cell body retains the orientation
of its long axis (Fig. 6). This is an ingenious way to escape from
confined environments, e.g., from packs of nearby cells aligned

in parallel, or from narrow constrictions (30). Given the switch-
ing rates measured for motors spinning at speeds observed
with swimming cells (14, 43), we do not understand how most
or all of the flagellar motors on a given cell manage to switch
from CCW to CW rotation at the same time. Reversals of the
cell body have also been seen when E. coli tries to swim in 1%
methylcellulose (observations made by H.C.B. in 1970, in col-
laboration with Scott Ramsey and Julius Adler) and with other
peritrichously flagellated bacteria, e.g., Bacillus subtilis, en-
countering obstacles (8). The hallmark of this maneuver, which
is evident without flagellar visualization, is that the cell sud-
denly swims backwards at the same speed at which it was
swimming forwards, without changing the orientation of its cell
body. It is possible that this maneuver was not seen by Cope-
land et al. (9) because their cells were swimming in a glass-
agar-glass sandwich and might have been oxygen deprived,
while our cells were swimming between glass and a thin film of
PDMS, which is oxygen permeable.

Lateral motion. Tracks with propulsion angles of "35° arose
primarily from cell collisions but also from motor reversals.
Because all of the filaments in a given field could not be
imaged at the same time, it was difficult to determine the
extent to which each contributed to randomizing cell direc-
tions. In a swarm, cells are confined within a thin fluid layer,
between a fixed surfactant monolayer above and an agar sur-
face below (44), which limits the ways in which cells can re-
spond when motors reverse. For example, end-over-end mo-
tion that can scramble a swimming cell’s head-tail orientation
(5) does not occur. The flagellar bundle tends to maintain its
orientation relative to the cell body during swarming but it
appears to bend at times, as shown in Fig. 4B and D (also see
reference 9). An important exception is the reversal, as de-
scribed above. However, when lateral deflections are caused by
collisions, the flagellar bundle tends to be deflected as well,
retaining its orientation relative to the long axis of the cell, as

FIG. 10. Bundles in phase. (A to C) Two bacteria with normal
bundles, one labeled with Alexa Fluor 532 (orange) and the other
labeled with Alexa Fluor 488 (green), traveled together and then
moved apart. The bundles were in phase but were not wrapped around
each other. (D) The bundles moved apart without unraveling. The
images of cells in the background appear dark. The frames are 1/15 s
apart.

FIG. 11. Cell alignment. (A) Orientation of cell bodies prior to
parallel alignment. An unlabeled cell is highlighted in pink, and la-
beled cells are highlighted in white, green, aqua, and blue. (B) The
filaments of the white cell move over the pink cell. (C) The pink cell
nestles between the white cell’s filament and its body, pushing the
filament away from the cell body at an angle of about 60°. (D) The
green cell pushes between the pink and the white cells. The white cell’s
filament is moved further from the cell body, now at an angle of #90°.
This filament then bends about the pink cell as the 3 cells align. In
subsequent images, the green cell moves ahead and the aqua cell
moves into the vacated space. The cell paths then diverge. The images
of other cell bodies in the preparation appear dark. The frames are
1/15 s apart.
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• Cell alignement

• Cell collisions are responsible 
for lateral motion of cells and for 
the wide distribution of 
velocities

• Cells tend to align, most likely via 
entrainement due to motion, 
interactions among flagella, and 
the cell elongation (long aspect 
ratio of cells).

• Not due to co-bundling of flagella

L. Turner et al and H. Berg. Journal of Bacteriology, 192: 3259–3267 (2010)
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Motility of swarming cells

• Comparison of swimmers and swarmers:

• Chemotaxis is essential for swimmers but dispensable for swarmers. 

• Cells run, stall and re-run in both cases and this is due to a 
transition from bundled to « curly » flagella presumably due to a 
transition from CCW to CW rotation

• In bot cases, run are powered by bundled flagella.

• Swimmers have a random walk in 3D 

• Swarmers have a constrained movement in 2D.

• Tumbling is frequent in swimmers but rare in swarmers.

• Contrary to swimmers, swarmer cells are not free to change 
direction at random after they stall/stumble and undergo a new 
run.

• Rather cells tend to align and to reverse in the opposite 
direction. This is due to the high density of cells.

L. Turner et al and H. Berg. Journal of Bacteriology, 192: 3259–3267 (2010)

Similarities

Differences
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'swim' agar), and is not to be confused with swarming over
the agar surface (0.5-2% agar or 'swarm' agar) described
here.)

While details of the swarming response vary among
species, the following events are shared (reviewed in Hen-
richsen, 1972; Allison and Hughes, 1991). Cells inoculated
on appropriate solid media grow for several generations as
short, vegetative rods before the morphological character-
istics of differentiated swarmer cells (extensive lateral
flagellation and filamentation) become apparent (Fig. 2).
Extracellular polysaccharides, or 'slime', often encapsu-
late the growing cells. Once differentiated, swarmer cells
migrate rapidly outward until the growth surface is com-
pletely colonized. Isolated swarmer cells barely move,
suggesting that close cell-cell contact facilitates their
movement. Cells in pairwise contact can move in opposite
directions as well as in the same direction. Groups of 2-6
cells aligned in parallel can often be seen to move in uni-
son in the same direction. The rate of surface colonization
equals or often exceeds the rate at which swimmer cells of

Escherichia'
Shigella
Salmonella*
Klebslella
Serratia*
Yersfnia'
Erwinia
Proteus*

• Aeromonas'
' Pasleureila

Vibrio', etc.

-Pseudomonas

-Oceanosplrlllum

Pseudomonas

-Pseudomonas

-Rhodospirlllum*, Rhizoblum, etc.

Mitochondria

I—Laclobaclllus

Streptococcus

— Bacillus*

—Clostrldlum*, etc.

Actinomycetes, etc.

^yanobacterla, Chloroplasts

F)g. 1. Phylogenetic relationships among eubacten'a based on 16S
rRNA sequences (adapted from Ochman and Wilson. 1987), The
asterisks indicate bacterial genera in which swarming motility has
been observed (data on swarming in Yersinia and Aeromorjas are
unpublished). Infonnation on swarming in Rhodospirillum centenum
is from Dr C. Bauer's laboratory, Indiana University, Bloomington,
IN (personal communication).

the same species spread in 'swim' agar. The most active
swarming occurs near the periphery of the colony, where
the longest {5-30 ^m) and most flagellated (2-50-fold
more flagella per unit cell surface, depending on the organ-
ism) cells are found. (Bacteria that can swarm on higher
agar concentrations are more profusely flagellated.) The
swarm front can advance at rates ranging from 2 -
10)jms ^ (according to culture conditions) in different
bacteria, while individual groups of cells often travel faster
than that just behind the migrating front. Cells in the interior
of the colony move less and appear to de-differentiate to a
morphology more typical of broth-grown vegetative or
swimmer cells (shorter with fewer flagella). Transfer of
swarmer cells from the surface of an agar plate to liquid
medium also results in a rapid return to the normal vege-
tative morphology.

The macroscopic appearance of a swarm colony differs
among organisms, depending on medium composition,
agar concentration and water content, and incubation tem-
perature. Some organisms, such as P. mirabilis. swarm in
temporal cycles, others swarm continuously in a thin layer,
whereas still others produce interspersed microcolonies.
The colonies of P. mirabilis have a particularly striking
terraced 'bull's eye' appearance produced by waves of
swarming punctuated by quiescent periods, termed
consolidation', during which the bacteria de-differentiate
back to vegetative cells.

Vibrio is the only genus known to have separate and dis-
tinct organelles for swimming (sheathed polar flagellum)
and swarming (numerous unsheathed lateral flagella)
(see McCarter and Silverman, 1990). Swarmer cells of S.
marcescens (Alberti and Harshey, 1990; O'Rear ef ai.
1992), P. mirabilis {Be]as etai. 1991), and E. co//and S.
typhimurium (Harshey and Matsuyama, 1994) encode
only one type of flageltar organelle for both kinds of motility.

What triggers swarmer cell differentiation?

Pioneering work with V. parahaemolyticus suggests
strongly that the triggering stimulus is physical. The
swarmer-cell phenotype (lateral flagella and cell elonga-
tion) could be induced in this bacterium by increasing the
microviscosity of liquid medium using highly branched
polymers, but not by varying the chemical composition of
the medium (Belas et ai. 1986). The polymers pre-
sumably act by interfering with swimming movement
and not by changing the nutrient content of the medium
(Berg and Turner, 1979). Induction occurred within
30 min of the addition of inducing agents, and dilution of
the viscous media resulted in rapid reversal of the induc-
tion. Lateral flagella could also be induced when cells
were agglutinated with antibody directed against the cell
surface (McCarter ef ai. 1988). The antibody reacted pri-
marily with the sheathed polar flagellum and resulted in

Other modalities of swarming…

Harshey RM. Molecular Microbiology 13: 389–394. (1994)
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TABLE 1 Main features of various types of surface motility
Colony

Types of Motive Cell expansion Bacterial
motility organelles differentiation rates (µµm/s) Function generaa

Swarming Flagella Yes 2–10 Surface colonization Aeromonas, Azospirillum,
Bacillus, Clostridium,
Escherichia, Proteus,
Pseudomonas, Rhodospirillum,
Salmonella, Serratia, Vibrio,
Yersinia

Twitching/ Type IV pili No 0.06–0.3 Surface colonization, Aeromonas, Acinetobacter,
social biofilm formation, Azoarcus, Bacteroides,
gliding/ fruiting body Branhamella, Comomonas,
retractile development, Dichelobacter, Eikenella,
motility bphage infection, Kingella, Legionella,

transformation, Moraxella, Myxococcus,
conjugation Neisseria, Pasteurella,

Pseudomonas, Ralstonia,
Shewanella, Streptococcus,
Suttonella, Synechocystis,
Vibrio, Wolinella

Gliding/ Not known No 0.025–10 Surface colonization Anabaena, Cytophaga,
adventurous Flavobacterium, Flexibacter,
gliding Mycoplasma, Myxococcus,

Phormidium, Saprospira,
Stigmatella

Sliding/ None No 0.03–6 Surface colonization Acinetobacter, Alcaligenes,
spreading Bacillus, Escherichia,

Flavobacterium, Mycobacterium,
Serratia, Streptococcus, Vibrio

aNot all species in a genera display the indicated motility. See review articles cited in text.
bType IV pili function, and not twitching motility per se, is required for phage infection, transformation and conjugation.

called the hook, and a basal body consisting of a central rod and several rings.
The basal body is embedded in the cell surface, whereas the hook and filament
are external to the cell. The flagellar filament is normally a left-handed helix of
variable length (typically 5 to 10 µm), with a diameter of 20 nm. Motor rotation in
the counterclockwise (CCW) sense causes a helical wave to travel from proximal
to distal and to exert a pushing motion on the cell. Mechanical and hydrodynamic
forces cause the flagellar filaments to coalesce into a bundle, usually around the
long axis of the cell body. The concerted action of the flagellar bundle results
in “running” or “smooth swimming,” pushing the bacterium along relatively lin-
ear trajectories at speeds of up to 40 µm/s. When motors rotate in the clockwise
(CW) sense, the filaments are placed under a right-handed torsional load, which
initiates a polymorphic transition to a right-handed waveform. This transition re-
sults in “tumbling” because the flagellar filaments now have a poorly defined
orientation, causing the cell to reorient its travel direction more or less randomly.
The chemotaxis signal transduction network modulates the switch between the
CCW and CW modes (88). In a constant environment a cell typically moves in
a random walk of runs of approximately 1 s interspersed by tumbles of 0.1 s.

A
nn

u.
 R

ev
. M

ic
ro

bi
ol

. 2
00

3.
57

:2
49

-2
73

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lre
vi

ew
s.o

rg
 A

cc
es

s p
ro

vi
de

d 
by

 U
N

IV
ER

SI
TE

 D
E 

LA
 M

ED
IT

ER
R

A
N

EE
 o

n 
11

/2
3/

22
. F

or
 p

er
so

na
l u

se
 o

nl
y.

 

R. Harshey Annu. Rev. Microbiol.57:249-273 (2003)



40
Thomas LECUIT   2022-2023

Bacteria: Myxococcus xanthus: l = 5µm

A. Pelling et al. PNAS, 102: 6484–6489 (2005) 

https://www.youtube.com/watch?v=iHg15E414lk

speed: 2-4 µm/min

M
or

ph
ol

og
y

of
G

lid
in

g
Ce

lls
.A

sid
e

fr
om

th
e

ul
tr

as
tr

uc
tu

re
im

ag
in

g,
so

m
e

un
iq

ue
ce

ll
m

or
ph

ol
og

y
w

as
al

so
ob

se
rv

ed
.A

ss
ho

w
n

in
Fi

g.
2A

,M
.x

an
th

us
ce

lls
w

er
e

oc
ca

sio
na

lly
se

en
cu

rli
ng

th
ei

rc
el

lb
od

ie
s

an
d

tw
ist

in
g

ab
ou

te
ac

h
ot

he
r,

le
ad

in
g

to
a

br
ai

d-
lik

e
m

or
ph

ol
og

y.
B

en
di

ng
an

d
fl

ex
in

g
of

th
e

ce
ll

bo
dy

w
as

of
te

n
se

en
in

M
.x

an
th

us
ce

lls
an

d
w

as
be

lie
ve

d
to

be
a

m
ea

ns
fo

rd
ire

ct
io

na
lc

ha
ng

e
du

rin
g

gl
id

in
g

(3
4)

.T
he

fo
rm

at
io

n
ob

se
rv

ed
he

re
su

gg
es

te
d

th
at

ad
ja

ce
nt

ce
lls

ca
n

so
m

eh
ow

co
or

di
na

te
th

ei
r

fl
ex

in
g

to
tw

ist
ar

ou
nd

ea
ch

ot
he

r.
In

te
re

st
in

gl
y,

w
he

n
ex

am
in

ed
at

a
hi

gh
er

re
so

lu
tio

n,
ex

te
nd

-
in

g
pi

li
co

ul
d

be
se

en
at

th
e

sa
m

e
ce

ll
po

le
of

bo
th

tw
ist

ed
ce

lls
(F

ig
.

2B
),

de
m

on
st

ra
tin

g
ag

ai
n

th
at

pi
li

on
ad

ja
ce

nt
ce

lls
te

nd
to

sh
oo

t
fr

om
th

e
sa

m
e

ce
ll

en
ds

.
A

no
th

er
no

te
w

or
th

y
ob

se
rv

at
io

n
in

vo
lv

es
in

di
vi

du
al

ce
ll

m
or

-
ph

ol
og

y.
E

ar
lie

r
st

ud
ie

s
us

in
g

sh
oc

k-
fr

ee
zi

ng
an

d
SE

M
re

ve
al

ed
m

ot
ili

ty
-a

ss
oc

ia
te

d
su

rf
ac

e
pa

tte
rn

si
n

gl
id

in
g

M
.x

an
th

us
(3

5)
.T

he
ce

lls
ap

pe
ar

ed
to

be
‘‘r

ot
at

ed
’’

al
on

g
th

e
lo

ng
ax

is
of

th
e

ce
ll,

an
d

th
e

ro
ta

tio
n

pa
tte

rn
s

w
er

e
lo

st
in

so
di

um
-a

zi
de

-tr
ea

te
d

ce
lls

,s
ug

-
ge

st
in

g
th

at
th

e
ro

ta
tio

n
w

as
as

so
ci

at
ed

w
ith

ac
tiv

e
gl

id
in

g
(3

5)
.

U
nd

er
A

FM
,s

im
ila

r
pa

tte
rn

s
w

er
e

ob
se

rv
ed

(F
ig

.2
C

).
In

di
vi

du
al

ce
lls

w
er

e
se

en
to

be
tw

ist
ed

al
on

g
th

ei
r

lo
ng

ax
is,

w
ith

a
he

lic
al

su
rf

ac
e

fo
ld

ru
nn

in
g

th
ro

ug
h

th
e

ce
ll

bo
dy

.A
he

ig
ht

pr
of

ile
of

th
e

tw
ist

ed
ce

ll
bo

dy
re

ve
al

ed
!

25
-

to
10

0-
nm

‘‘p
ea

ks
’’

se
pa

ra
te

d
by

!
50

0-
nm

‘‘v
al

le
ys

’’
on

th
e

he
lic

al
pa

tte
rn

s
al

on
g

th
e

ce
ll

ax
is

(F
ig

.
2C

),
co

m
pa

ra
bl

e
to

th
e

pa
tte

rn
s

ob
ta

in
ed

by
Lu

ns
do

rf
et

al
.(

35
)

(6
00

-
to

1,
00

0-
nm

se
pa

ra
tio

ns
).

W
he

n
th

e
ce

lls
w

er
e

tr
ea

te
d

w
ith

0.
02

%
so

di
um

az
id

e
fo

r
10

m
in

,n
o

tw
ist

in
g

w
as

se
en

in
th

e
en

tir
e

sa
m

pl
e

(d
at

a
no

ts
ho

w
n)

,d
em

on
st

ra
tin

g
th

at
th

es
e

m
or

ph
ol

og
ic

al
ch

an
ge

sw
er

e
co

rr
el

at
ed

w
ith

ac
tiv

e
gl

id
in

g,
ra

th
er

th
an

re
pr

es
en

t-
in

g
a

dr
yi

ng
ar

tif
ac

t.

Lo
ca

l
El

as
ti

ci
ty

of
Li

ve
M

.
xa

nt
hu

s
Ce

lls
in

Fl
ui

d.
T

he
ab

ili
ty

of
M

.
xa

nt
hu

s
to

fl
ex

an
d

tw
ist

its
ce

ll
bo

dy
su

gg
es

ts
th

e
hi

gh
le

ve
l

of
fl

ex
ib

ili
ty

in
liv

e
M

.x
an

th
us

ce
lls

.B
ec

au
se

of
its

fo
rc

e-
sp

ec
tr

os
co

py
ca

pa
ci

ty
,A

FM
al

lo
w

s
th

e
in

ve
st

ig
at

io
n

of
ce

ll
lo

ca
l

fl
ex

ib
ili

ty
or

el
as

tic
ity

th
at

is
un

at
ta

in
ab

le
w

ith
an

y
ot

he
r

im
ag

in
g

to
ol

s.
W

ild
-

ty
pe

M
.

xa
nt

hu
s

ce
lls

w
er

e
im

m
ob

ili
ze

d
on

a
gl

as
s

co
ve

rs
lip

,
su

bm
er

ge
d

in
fl

ui
d

(s
ee

M
at

er
ia

ls
an

d
M

et
ho

ds
),

an
d

pr
ob

ed
w

ith
A

FM
.I

n
co

nt
ra

st
to

im
ag

in
g

in
ai

r,
th

e
sc

an
ni

ng
of

th
e

A
FM

tip
in

fl
ui

d
ca

us
ed

sli
gh

tm
ov

em
en

ts
of

th
e

ce
ll

bo
di

es
th

at
co

m
pr

om
ise

d
im

ag
e

qu
al

ity
(s

ee
Fi

g.
5,

w
hi

ch
is

pu
bl

ish
ed

as
su

pp
or

tin
g

in
fo

r-
m

at
io

n
on

th
e

PN
A

S
w

eb
sit

e)
.H

ow
ev

er
,t

he
se

ce
lls

w
er

e
st

ab
le

en
ou

gh
to

be
iso

la
te

d
an

d
us

ed
fo

r
th

e
de

te
rm

in
at

io
n

of
th

e
lo

ca
l

ce
ll-

w
al

le
la

st
ic

ity
or

‘‘s
tif

fn
es

s’’
(Y

ou
ng

’s
m

od
ul

us
,E

)b
ym

ea
su

rin
g

fo
rc

e
cu

rv
es

(F
ig

.
3A

an
d

Su
pp

or
tin

g
Te

xt
)

on
th

e
ce

ll
(3

6)
.

A
s

de
ta

ile
d

in
Su

pp
or

tin
g

Te
xt

,
E

ca
n

be
de

te
rm

in
ed

by
co

nv
er

tin
g

fo
rc

e–
di

sp
la

ce
m

en
tc

ur
ve

s(
Fi

g.
3A

)i
nt

o
fo

rc
e–

in
de

nt
at

io
n

cu
rv

es
ob

ta
in

ed
on

st
ab

le
ar

ea
so

fc
el

ls
ur

fa
ce

s(
Fi

g.
6,

w
hi

ch
is

pu
bl

ish
ed

as
su

pp
or

tin
g

in
fo

rm
at

io
n

on
th

e
PN

A
S

w
eb

sit
e)

.B
as

ed
on

th
es

e
cu

rv
es

,w
ild

-t
yp

e
ce

lls
w

er
e

fo
un

d
to

ha
ve

a
lo

ca
lY

ou
ng

’s
m

od
ul

us
of

0.
25

"
0.

18
m

ill
io

n
pa

sc
al

s
(M

Pa
)

(s
ee

Su
pp

or
tin

g
Te

xt
fo

r
ca

lc
ul

at
io

n
de

ta
ils

).
A

ft
er

gl
ut

ar
al

de
hy

de
fix

at
io

n
(s

ee
M

at
er

ia
ls

an
d

M
et

ho
ds

),
w

ild
-t

yp
e

ce
lls

di
sp

la
ye

d
an

E
of

1.
34

"
0.

66
M

Pa
,

de
m

on
st

ra
tin

g
a

sig
ni

fic
an

t
ch

an
ge

in
ce

ll-
su

rf
ac

e
el

as
tic

ity
up

on
gl

ut
ar

al
de

hy
de

tr
ea

tm
en

t.
A

lth
ou

gh
m

ea
su

re
m

en
ts

of
ba

ct
er

ia
lt

ur
go

r
pr

es
su

re
an

d
lo

ca
l

sp
rin

g
co

ns
ta

nt
s

ha
ve

be
en

re
po

rt
ed

in
re

fs
.3

7–
39

,v
er

y
lit

tle
is

kn
ow

n
ab

ou
tt

he
Y

ou
ng

’s
m

od
ul

us
of

ba
ct

er
ia

lc
el

lw
al

ls,
an

d
th

e
A

FM
m

ea
su

re
m

en
to

fE
on

a
liv

in
g

ba
ct

er
iu

m
in

aq
ue

ou
s

co
nd

i-
tio

ns
ha

s
no

t
be

en
pr

ev
io

us
ly

re
po

rt
ed

.
St

ud
ie

s
us

in
g

‘‘b
ac

te
ria

th
re

ad
s’’

ha
ve

es
tim

at
ed

E
on

‘‘w
et

’’
B

ac
ill

us
su

bt
ili

s
at

!
30

M
Pa

(4
0)

,1
00

tim
es

hi
gh

er
th

at
th

e
va

lu
es

w
e

ob
ta

in
ed

w
ith

A
FM

on
un

fix
ed

M
.x

an
th

us
in

aq
ue

ou
s

co
nd

iti
on

s.
A

FM
ha

s
be

en
us

ed
to

m
ea

su
re

th
e

Y
ou

ng
’s

m
od

ul
us

on
ye

as
tc

el
ls

(a
ve

ra
gi

ng
!

1
M

Pa
)

(3
6,

41
)

an
d

m
am

m
al

ia
n

ce
lls

,
w

hi
ch

ha
ve

hi
gh

ly
va

ria
bl

e
an

d
sp

at
ia

lly
de

pe
nd

en
tE

,a
nd

us
ua

lly
fa

lls
in

th
e

1-
to

20
0-

kP
a

ra
ng

e
(4

2–
45

).
T

he
E

va
lu

e
w

e
ob

ta
in

ed
on

w
ild

-t
yp

e
M

.x
an

th
us

ce
lls

th
er

ef
or

e
re

fl
ec

ts
th

e
re

la
tiv

e
st

iff
ne

ss
of

th
e

M
.x

an
th

us
ce

ll
w

al
la

s
co

m
pa

re
d

w
ith

ot
he

r
or

ga
ni

sm
s.

In
Vi

vo
Fo

rc
e

Sp
ec

tr
os

co
py

of
Ex

tr
ac

el
lu

la
r

Fi
br

ils
on

th
e

M
.x

an
th

us
Ce

ll
Su

rf
ac

e.
C

on
ta

ct
-m

ed
ia

te
d

ce
ll–

ce
ll

in
te

ra
ct

io
ns

ar
e

an
im

po
r-

ta
nt

as
pe

ct
of

th
e

so
ci

al
be

ha
vi

or
of

M
.x

an
th

us
an

d
ar

e
fa

ci
lit

at
ed

by
ex

tr
ac

el
lu

la
rf

ib
ril

m
at

er
ia

lt
ha

te
xi

st
so

n
th

e
su

rf
ac

e
of

th
e

ce
lls

(1
7,

23
,2

4)
.T

he
fo

rc
e-

sp
ec

tr
os

co
py

ca
pa

ci
ty

of
A

FM
al

lo
w

s
us

to
in

ve
st

ig
at

e
th

e
na

no
m

ec
ha

ni
ca

lp
ro

pe
rt

ie
so

ft
he

M
.x

an
th

us
su

rf
ac

e
ad

he
siv

e
m

ol
ec

ul
es

.
W

ild
-t

yp
e

ce
lls

w
er

e
im

m
ob

ili
ze

d
in

liq
ui

d
as

de
sc

rib
ed

ab
ov

e,
an

d
fo

rc
e–

di
sp

la
ce

m
en

t
cu

rv
es

w
er

e
m

ea
su

re
d

on
th

e
ce

ll
by

lo
w

er
in

g
th

e
tip

an
d

pr
es

sin
g

it
ag

ai
ns

tt
he

ce
ll

su
rf

ac
e

w
ith

a
fo

rc
e

of
!

10
nN

.
U

po
n

tip
re

tr
ac

tio
n,

a
se

qu
en

ce
of

ru
pt

ur
e

ev
en

ts
oc

cu
rr

ed
at

di
st

an
ce

s
of

1–
3

!
m

,
pr

es
um

ab
ly

ar
isi

ng
fr

om
th

e
br

ea
ka

ge
of

m
ul

tip
le

ad
he

sio
ns

be
tw

ee
n

th
e

A
FM

tip
an

d
th

e
ce

ll-
su

rf
ac

e
su

bs
ta

nc
es

(F
ig

.
3A

).
T

he
ca

nt
ile

ve
r

di
sp

la
ce

m
en

t
al

w
ay

sr
et

ur
ne

d
to

its
in

iti
al

ze
ro

po
sit

io
n

af
te

rt
he

se
rie

so
fr

up
tu

re
ev

en
ts

.
Si

m
ila

r
re

tr
ac

tio
n

cu
rv

es
ha

ve
be

en
re

po
rt

ed
fo

r
ot

he
r

ad
he

siv
e

po
ly

m
er

s
(D

N
A

,p
ro

te
in

s,
an

d
po

ly
sa

cc
ha

rid
es

)
(4

6–
49

),
su

gg
es

tin
g

th
at

th
e

ad
he

siv
e

su
bs

ta
nc

es
on

th
e

M
.

xa
nt

hu
s

ce
ll

su
rf

ac
e

w
er

e
ex

tr
ac

el
lu

la
r

po
ly

m
er

ic
m

ol
ec

ul
es

.
W

ild
-t

yp
e

ce
lls

fix
ed

w
ith

gl
ut

ar
al

de
hy

de
,w

hi
ch

cr
os

s-
lin

ks
th

e
ex

tr
ac

el
lu

la
r

po
ly

-

Fi
g.

2.
Th

e
tw

is
ti

ng
m

or
ph

ol
og

y
of

M
.x

an
th

us
ce

lls
.(

A
)

Tw
o

ce
lls

tw
is

te
d

ar
ou

nd
ea

ch
ot

he
r.

(S
ca

le
ba

r,
2.

5
!

m
.)

(B
)A

hi
gh

er
-r

es
ol

ut
io

n
im

ag
e

of
th

e
ce

lls
in

A
,s

ho
w

in
g

pi
li

at
th

e
sa

m
e

ce
ll

po
le

s
of

bo
th

ce
lls

.(
Sc

al
e

ba
r,

1
!

m
in

bo
th

B
an

d
C.

)(
C)

H
el

ic
al

tw
is

ts
in

a
si

ng
le

ce
ll

an
d

a
he

ig
ht

pr
ofi

le
of

th
e

lo
ng

ax
is

of
th

e
ce

ll
bo

dy
,

re
ve

al
in

g
di

st
in

ct
25

-
to

20
0-

nm
bu

m
ps

se
pa

ra
te

d
by

!
50

0-
nm

‘‘v
al

le
ys

.’’

Pe
lli

ng
et

al
.

PN
A

S
!

M
ay

3,
20

05
!

vo
l.

10
2

!
no

.1
8

!
64

87

MICROBIOLOGY

Downloaded from https://www.pnas.org by 83.240.189.74 on October 17, 2022 from IP address 83.240.189.74.

Nevertheless, several structural features could be noticed on the
AFM images. (i) The cell surfaces appeared rather ‘‘rough,’’ as
shown in Fig. 1D, and (ii) slime-like structures were often seen
covering or extending from the cell body, as shown in Fig. 1E. The
dif mutant, however, appeared much ‘‘smoother’’ (Fig. 1G). To
quantify the visual differences, a roughness analysis of the cellular
surfaces was carried out. As detailed in Supporting Text, which is
published as supporting information on the PNAS web site, we
define roughness (R) as the standard deviation of the height values
(h) away from the mean height (h0) of a given scan line over the cell
surface (see Fig. 4, which is published as supporting information on
the PNAS web site). The Rrms for the wild-type and pilA cells were
determined to be 4.30 ! 1.09 nm and 3.43 ! 0.91 nm, respec-
tively. However, the dif mutant displayed much less roughness
(2.54 ! 0.77 nm).

The M. xanthus stk mutants are known to have constitutively high
polysaccharide production and a higher-than-normal level of fibril
material (28, 32). When this mutant (DK3088) was examined under
AFM, an excessive amount of slime-like substances were seen on
the cell surface, and long filamentous structures were often found
extending from the cell body (Fig. 1H). The stk mutants were known
to exhibit a variety of properties including the clumping of cells
during growth in liquid culture, rapid agglutination, and the for-

mation of colonies in which cells adhere tightly to each other and
the agar surface (28). The striking amount of extracellular sub-
stances observed under physiological conditions provided the struc-
tural basis for these phenotypes. The surface roughness of the stk
mutant was also measured and averaged 7.16 ! 2.74 nm, signifi-
cantly higher than that of wild-type cells (4.30 ! 1.09 nm).

Another important type of extracellular polysaccharide in M.
xanthus is LPS. M. xanthus LPS is typical of Gram-negative bacteria
and consists of lipid A, which forms the outer leaflet of the outer
membrane bilayer; core, which is a chain of carbohydrates attached
to lipid A; and O antigen, which contains a variable number of
repeating oligosaccharide units and extends outward from the core
(33). Genetic studies showed that the wzm wzt wbgA genes in the
sasA locus of M. xanthus encode LPS O antigen biogenesis proteins,
and the LPS O antigen mutant (HK1324, "wzm wzt wbgA) was
defective in S motility (18). When this mutant was imaged with
AFM, it exhibited a relatively ‘‘clean’’ cell surface (Fig. 1I) as
compared with wild type. The cell-surface roughness of the mutant
was quantified and averaged 4.05 ! 1.42 nm, comparable to that of
wild-type cell surface. This finding is expected because LPS O
antigen mutants exhibit a wild-type level of extracellular fibril
material (18), which presumably masks the cell wall and contributes
to a wild-type-like cell-surface roughness.

Fig. 1. AFM deflection-mode images of large social groups and individual M. xanthus cells in air. (A) A 100-!m2 scan of large mounds of wild-type cells. (B)
A higher-resolution scan of the marked area in A reveals cellular ordering along the edge of the social group in domains of #10 cells. (C) A further,
higher-resolution scan of the area marked in B reveals the presence of pili at the cell poles. (D–I) Individual cells of M. xanthus mutants. (Scale bar, 2 !m.) (D)
Wild-type DK1622, showing polar pili. (E) Wild-type DK1622 cells displaying slime-like substances (*) and extruding blebs (arrow). (F) pilA mutant DK10407,
showing the absence of pili at the cell pole. (G) dif mutant SW504, showing the presence of long pili that bend toward the cell body. (H) stk mutant DK3088,
displaying an excess of extracellular substances in the form of filaments with variable diameters from 15 to 65 nm. (I) The LPS O antigen mutant HK1324.

6486 ! www.pnas.org"cgi"doi"10.1073"pnas.0501207102 Pelling et al.
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Gliding motility: helicoidal rotation and adhesion
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adhesin involved in coupling the M. xanthus gliding 
machinery to the substrate was recently identified180. 
An outstanding question concerning M. xanthus 
gliding motility is how motor proteins embedded in the  
inner membrane propel the adhesins located on 
the outer membrane without disrupting the integrity of 
the peptidoglycan layer.

Other forms of motility
Although flagellum-driven motility is the predominant 
mechanism used by bacteria to swim through bulk fluids,  
examples exist of bacteria that move without flagella, 

sometimes through mechanisms that are currently not 
well understood5. These examples include members of 
the genus Synechococcus, which swim without flagella 
or pili, possibly by propagating surface deformations 
down the cell body, mediated by the cell-surface pro-
teins SwmA and SwmB181–183; members of the genus 
Spiroplasma, which are thin, helical, wall-less bacteria 
~3 μm long that swim by propagating kinks that change 
body helicity184; and some bacterial pathogens, such as 
Listeria and Rickettsia species, that enter eukaryotic cells 
and are propelled by inducing the polymerization of the 
eukaryotic cytoskeletal protein actin185–187.

a  Flavobacterium johnsoniae gliding motility
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Fig. 4 | Gliding motility over surfaces. a | Gliding motility in Flavobacterium 
johnsoniae. Cell-surface adhesins move from the front of the cell to the back 
over a helical track. When the adhesins attach to the surface, they propel 
the cell forward. The adhesins reside on a tread that is propelled over the 
helical track by rotary motors embedded in the cell wall. b | The gliding 
machinery of F. johnsoniae. A proton-powered gliding motor (GldL–GldM) is 
thought to power the rotation of a pinion (GldKN) which moves the tread 
(probably including GldJ) on which the adhesin SprB is located. SprA is a 
gated channel through which gliding-associated proteins (such as SprB) are 
secreted to the outer membrane. c | When F. johnsoniae cells are sheared 
(to disrupt the tread) and then attached to glass via anti-SprB antibody, 
the tethered cells rotate at ~3 Hz, confirming the rotary nature of the 

gliding motor. The axis of rotation of the cell shown is marked with a white 
cross. d | Gliding motility in Myxococcus xanthus. Motor complexes move 
within the inner cell membrane in a helical path (indicated by an arrow). 
When these motors become tethered within an adhesion complex, they 
push the cell forward. e | The core gliding machinery of M. xanthus. Proton 
flow through the AglRQS complex powers motion in GltG–GltJ, which is 
thought to interact with the outer membrane-embedded GltABH complex. 
The precise mechanism of force generation and transduction remains 
unknown. f | Immobilization of the motor complex (indicated by the dashed 
rectangle) near the substrate powers cell motility. Panel c adapted with 
permission from REF.169, Elsevier. Panel f adapted from REF.178, Springer 
Nature Limited.

NATURE REVIEWS | MICROBIOLOGY

R E V I E W S

  VOLUME 20 | MARCH 2022 | 169

N Wadhwa and HC. Berg. Nature Rev. Mol. Cell Biol. 20: 161-173 (2022)

Myxococcus xanthus

L. Faure et al, and T. Mignot Nature, 539:530-535 (2016)

Focal 
adhesion



42
Thomas LECUIT   2022-2023

www.youtube.com/watch?v=tstc6doiNCU

Treuner-Lange, MPI Marburg

A. Pelling et al. PNAS, 102: 6484–6489 (2005) 

https://www.youtube.com/watch?v=iHg15E414lk

speed: 2-4 µm/min
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Nevertheless, several structural features could be noticed on the
AFM images. (i) The cell surfaces appeared rather ‘‘rough,’’ as
shown in Fig. 1D, and (ii) slime-like structures were often seen
covering or extending from the cell body, as shown in Fig. 1E. The
dif mutant, however, appeared much ‘‘smoother’’ (Fig. 1G). To
quantify the visual differences, a roughness analysis of the cellular
surfaces was carried out. As detailed in Supporting Text, which is
published as supporting information on the PNAS web site, we
define roughness (R) as the standard deviation of the height values
(h) away from the mean height (h0) of a given scan line over the cell
surface (see Fig. 4, which is published as supporting information on
the PNAS web site). The Rrms for the wild-type and pilA cells were
determined to be 4.30 ! 1.09 nm and 3.43 ! 0.91 nm, respec-
tively. However, the dif mutant displayed much less roughness
(2.54 ! 0.77 nm).

The M. xanthus stk mutants are known to have constitutively high
polysaccharide production and a higher-than-normal level of fibril
material (28, 32). When this mutant (DK3088) was examined under
AFM, an excessive amount of slime-like substances were seen on
the cell surface, and long filamentous structures were often found
extending from the cell body (Fig. 1H). The stk mutants were known
to exhibit a variety of properties including the clumping of cells
during growth in liquid culture, rapid agglutination, and the for-

mation of colonies in which cells adhere tightly to each other and
the agar surface (28). The striking amount of extracellular sub-
stances observed under physiological conditions provided the struc-
tural basis for these phenotypes. The surface roughness of the stk
mutant was also measured and averaged 7.16 ! 2.74 nm, signifi-
cantly higher than that of wild-type cells (4.30 ! 1.09 nm).

Another important type of extracellular polysaccharide in M.
xanthus is LPS. M. xanthus LPS is typical of Gram-negative bacteria
and consists of lipid A, which forms the outer leaflet of the outer
membrane bilayer; core, which is a chain of carbohydrates attached
to lipid A; and O antigen, which contains a variable number of
repeating oligosaccharide units and extends outward from the core
(33). Genetic studies showed that the wzm wzt wbgA genes in the
sasA locus of M. xanthus encode LPS O antigen biogenesis proteins,
and the LPS O antigen mutant (HK1324, "wzm wzt wbgA) was
defective in S motility (18). When this mutant was imaged with
AFM, it exhibited a relatively ‘‘clean’’ cell surface (Fig. 1I) as
compared with wild type. The cell-surface roughness of the mutant
was quantified and averaged 4.05 ! 1.42 nm, comparable to that of
wild-type cell surface. This finding is expected because LPS O
antigen mutants exhibit a wild-type level of extracellular fibril
material (18), which presumably masks the cell wall and contributes
to a wild-type-like cell-surface roughness.

Fig. 1. AFM deflection-mode images of large social groups and individual M. xanthus cells in air. (A) A 100-!m2 scan of large mounds of wild-type cells. (B)
A higher-resolution scan of the marked area in A reveals cellular ordering along the edge of the social group in domains of #10 cells. (C) A further,
higher-resolution scan of the area marked in B reveals the presence of pili at the cell poles. (D–I) Individual cells of M. xanthus mutants. (Scale bar, 2 !m.) (D)
Wild-type DK1622, showing polar pili. (E) Wild-type DK1622 cells displaying slime-like substances (*) and extruding blebs (arrow). (F) pilA mutant DK10407,
showing the absence of pili at the cell pole. (G) dif mutant SW504, showing the presence of long pili that bend toward the cell body. (H) stk mutant DK3088,
displaying an excess of extracellular substances in the form of filaments with variable diameters from 15 to 65 nm. (I) The LPS O antigen mutant HK1324.

6486 ! www.pnas.org"cgi"doi"10.1073"pnas.0501207102 Pelling et al.
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genes. First, S-motility is itself driven by sensory appendages
known as Type-IV pili (Tfps) that, assembled at the bacterial
cell pole, polymerize protein filaments that extend and pull
cells forward as they retract [8] (figure 2). Tfps are thought
to provide bacterial cells with a sense of touch, triggering cel-
lular responses as they adhere to extracellular surfaces [9,10].
For example, in Myxococcus, Tfps activity is genetically linked
to cellular secretion of an extracellular poly-saccharide (EPS)
matrix, which creates EPS tracks across surfaces. These tracks
are thought to form channels, funnelling cells into large
streams and tightening cell–cell interactions, potentially pro-
viding spatial cues over long distances—a process known as
stigmergy [4,11,12]. Interestingly, Tfps activate EPS secretion
via a signalling pathway called Dif, which has typical fea-
tures of bacterial chemotaxis pathways [13–16]. Chemotaxis
allows cells to move in a directed manner towards a chemical
source. In bacteria, these pathways allow single cells to

precisely detect a wide range of nutrient gradients, owing
to sophisticated properties of the receptors (so-called
methyl-accepting proteins) allowing signal amplification
and adaptation [17–20], which in animal cognition are typi-
cally referred to as sensitization and habituation. However,
while the Dif system contains a predicted methyl-accepting
protein, it is not currently understood how Tfps connect to
Dif and how Dif further activates EPS secretion. Thus,
while there is clearly a sensory potential in this pathway,
we will not discuss it further in this review.

In general, whether chemotaxis plays a role in Myxococcus
life cycle remains unclear despite the large number of
chemotaxis-like pathways encoded by the genome [3,13,16].
In particular, one pathway named Frz (see below), which
will be at the core of this discussion, is required for cells to
steer their motility via a process called directional reversals.
These reversals involve cells switching direction by 180° by

myxospore

3

4

2

1

fruiting body

swarming and predation

prey

rippling

prey
colony

M. xanthus
colony

ge
rm

in
at

io
n

social behaviour

starvationaggregation

coordinated
behaviour

Figure 1. Myxococcus xanthus social life cycle (adapted from [5]). Middle left: picture of a M. xanthus colony (left) preying on Escherichia coli (right) on agar.
1. Predation front: M. xanthus swarms towards the prey colony. Upper right: cartoon representation of an M. xanthus swarm (light brown cells) moving in a
coordinated manner towards the prey colony (cyan cells). Lysed prey cells are in light blue. 2. Rippling patterns. Middle right: a zoomed-in picture of the macro-
scopic travelling waves (ripples) observed during predation and starvation. Bottom right: a cartoon representation of two M. xanthus rippling waves colliding.
Myxococcus xanthus cells are in light brown, intact prey cells are in cyan and lysed prey cells in light blue. 3. In a nutrient-poor environment (i.e. absence of
prey), starving M. xanthus cells aggregate and form macroscopic structures called fruiting bodies. Upper left: a fruiting body is a multicellular structure containing
differentiated cells such as peripheral rods (in light brown), cells undergoing programmed cell death (in light green) and myxospores (in dark pink). 4. When
conditions are favourable, myxospores (dark pink circle) can germinate. After germination, vegetative cells (in light brown) can form a new community.
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Myxococcus xanthus, Pseudomonas aeruginosa. And many more

Travelling waves

Collective motility of un-flagellated bacteria
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TYPE IV PILI

Elongated hair-like structures
extending from the surface of
Gram-negative cells that are
independent of flagella, and
which can retract and pull the
cell forward.
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swim. Social gliding is closely related to twitching, and
both depend on TYPE IV PILI (BOX 2). Microscopically, gliding
is a smooth movement without rotation, in the direction
of the long axis of the cell14. From time to time, gliding
cells stop and reverse direction. To reverse, they seldom
make ‘U-turns’; instead, they undergo a reversal of
polarity in which the head becomes the tail, and the tail
the head (see Online Movie).

The isolation of motility mutants15,16 revealed that
there are two different gliding engines, referred to as

other13. Recent genetic studies have been facilitated by
the availability of gene sequences, and completion of the
9.1-Mb genome sequence of M. xanthus is scheduled
for the end of 2003 (see TIGR in Online links).

Gliding motility: two engines
Cell movement on surfaces is necessary for swarming and
fruiting-body development. To move on surfaces, includ-
ing the surfaces of their sibling cells, myxobacteria use
gliding motility, as they have no flagella and are unable to

Box 1 | Proposed developmental cycle for myxobacteria

During vegetative growth, myxobacteria form multicellular swarms that feed cooperatively, and that can prey on other
bacteria as a nutrient source (microcolony swarming). Under starvation conditions however, the myxobacteria initiate a
complex developmental cycle to sporulate, during which they use a cell-contact-dependent signal (the C-signal) to
coordinate their movements. I would like to propose the following scheme for the Myxococcus xanthus developmental
cycle, which is in line with experimental observations. The first organized pattern of movement that is seen in a
developing myxococcal culture is the appearance of organized waves of cells. If two waves of cells travelling in opposite
directions collide at an area of high-cell density at the culture edge, then the cells are effectively in a ‘traffic jam’ and
stationary aggregates of cells are formed (aggregate). Meanwhile, travelling waves of cells will wash over the aggregates,
both depositing and removing cells; consequently, some aggregates increase in size whereas others can shrink and
disappear altogether. In a submerged agar culture system, the aggregates can be stationary for a long period of time then
suddenly, adjacent aggregates that are less than one wavelength apart begin to fuse together to form larger mounds of
cells. Fusion is spontaneous, but at present, its mechanism is unknown. At this time in the developmental cycle, the cells
in the aggregates become motile again, and are streaming in cycles within the mounds. As the mounds increase in size
they eventually form fruiting bodies, which can contain up to 105 cells. Streaming cells in the mounds have many 
end-to-end contacts with each other, and the C-signal is transmitted with each contact. Through the positive feedback
mechanism discussed in the text, the number of C-signal molecules on the cell surface increases, eventually reaching the
threshold that is required for sporulation. In agreement with this mechanism, only cells inside the fruiting body are
capable of becoming myxospores. When nutrients become available, the myxospores germinate, and the vegetative
growth cycle begins again. Micrographs are reproduced with permission from REFS 15,59  (1979, 1982) Springer–Verlag
and American Society for Microbiology, respectively.
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Rippling waves in Myxococcus swarms

Tâm Mignot lab

Collective motility of un-flagellated bacteria

• Rippling waves are made of 
multilayered stacks of bacteria.

• Waves propagate, collide and 
reflect, in spite of their apparent 
persistent motion

• Individual bacteria do not follow 
the apparent dynamics of waves: 
they exhibit oscillatory motion 
on the substrate
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Oscillatory dynamics of un-flagellated swarming bacteria
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Layer formation in bacteria colonies: Topological defects484CHAPTER 19. ORDER AND SINGULARITIES IN FIELDS: CELL ALIGNMENT ANDNEMATIC DYNAMICS
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Figure 19.17: Dynamics of layer formation in colonies of the motile bacterium
Myxococcus xanthus. (A) A snapshot of a dynamic colony of Myxococcus xan-
thus. (B) Close up of the boxed region in (A) showing the local orientations
of the bacteria. (C) Height of the layers as a function of position for the en-
tire image shown in (A). (D) Coarse-graining of the image into discrete heights.
Adapted from Copenhagen, K, Alert, R, Wingreen, NS and Shaevitz, JW (2021)
Nature Phys., 17, 211-215.
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Figure 19.18: Defining the nematic ordering of layers of Myxococcus xanthus.
(A) Coloring of the image from Figure 19.17 reveals the local nematic ordering of
di↵erent parts of the dynamical colony. (B) Close up of the boxed region in part
(A) reveals the presence of two topological defects. Adapted from Copenhagen,
K, Alert, R, Wingreen, NS and Shaevitz, JW (2021) Nature Phys., 17, 211-215.
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Figure 19.19: Layer dynamics and topological defects. (A) Map of the positions
of topological defects with charge m = 1/2 (red) and charge m = �1/2 (blue).
(B) Dynamics of the height of the colony in the vicinity of a m = 1/2 defect. (C)
Measurements of the laser light reflectance as a function of time for a m = 1/2
defect. (D) Dynamics of the height of the colony in the vicinity of a m = �1/2
defect. (E) Reflectance measurements as a function of time for a m = �1/2
defect. The results show that layer formation events are more likely to occur
near m = 1/2 defects and hold formation events are more likely to occur near
m = �1/2 defects. Adapted from Copenhagen, K, Alert, R, Wingreen, NS and
Shaevitz, JW (2021) Nature Phys., 17, 211-215.
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Figure 19.19: Layer dynamics and topological defects. (A) Map of the positions
of topological defects with charge m = 1/2 (red) and charge m = �1/2 (blue).
(B) Dynamics of the height of the colony in the vicinity of a m = 1/2 defect. (C)
Measurements of the laser light reflectance as a function of time for a m = 1/2
defect. (D) Dynamics of the height of the colony in the vicinity of a m = �1/2
defect. (E) Reflectance measurements as a function of time for a m = �1/2
defect. The results show that layer formation events are more likely to occur
near m = 1/2 defects and hold formation events are more likely to occur near
m = �1/2 defects. Adapted from Copenhagen, K, Alert, R, Wingreen, NS and
Shaevitz, JW (2021) Nature Phys., 17, 211-215.
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swimming in passive liquid crystals29,30 and in mesenchymal cell 
monolayers20,31,32, cells were found to accumulate around the posi-
tive defects and deplete from negative defects. In chaining bac-
terial biofilms, stress accumulation at −1/2 defects was found to 
induce a buckling instability leading to sporulation25. Further, in 

epithelial monolayers, increased pressure around +1/2 defects 
was found to induce cell apoptosis and extrusion21. In mesen-
chymal monolayers, compressive stress around integer defects 
triggered cell differentiation33. Finally, topological defects in the 
nematic order of supracellular actin fibres have been recently 
found to organize Hydra morphogenesis34.

Here we find that topological defects play an important role in 
the developmental cycle of M. xanthus: they promote the layering 
process that leads to fruiting body formation. We observed new 
layers forming stochastically throughout the colony. However, by 
identifying and tracking topological defects (Fig. 3a, Supplementary 
Video 6 and Methods), we found many events in which new cell lay-
ers form close to +1/2 defects (Fig. 3b,c) and new holes open close 
to −1/2 defects (Fig. 3d,e). To quantify this relationship, we mea-
sured the distribution of distances between defects of either sign 
and the locations where new layers and new holes appear. These 
measurements indicate that it is ~200 times more likely for a new 
layer to form close to a +1/2 defect than away from it (Fig. 3f), and 
~80 times more likely for a new hole to open at a −1/2 defect than 
away from it (Fig. 3g). Unlike in growing biofilms, where pressure 
induces layering and verticalization transitions at a critical colony 
size25,35–40, we observe local migration-induced layering events inde-
pendent of the colony size.

To understand the association between topological defects and 
layering, we modelled the cell colony as a thin film of active nem-
atic fluid (Section I of the Supplementary Note). We describe the 
cell alignment in terms of the nematic-order-parameter tensor field 
Qαβ(r), which is assumed to rapidly relax to its equilibrium con-
figuration. Here, Greek indices indicate spatial components. As 
cells migrate along the alignment axis, they mechanically interact 
with neighbouring cells, which induces an anisotropic active stress 
σa
αβ

I
 = −ζQαβ in the colony. The coefficient ζ is positive (negative) 

for extensile (contractile) stresses. The distortions in cell alignment 
found around topological defects induce a non-zero active force 
density f aα ¼ ∂β σa

αβ

I
, which drives cell flows, v(r). The active forces 

are balanced by viscous friction forces ξαβvβ arising from cell–sub-
strate interactions:

ξαβvβ ¼ f aα : ð1Þ

Like the active stresses, we assume that friction forces are anisotro-
pic. Following ref. 20, we account for friction anisotropy via a friction 
coefficient matrix, ξαβ ¼ ξ0 δαβ " ϵQαβ

! "

I
, where the first term cor-

responds to isotropic friction with coefficient ξ0, and ϵ is the friction 
anisotropy along the local alignment axis. Previous measurements 
of the mechanical response of cell–substrate focal adhesions in  
M. xanthus41 suggest that friction is smaller along the cell-alignment 
axis than perpendicular to it, that is, ϵ > 0.

Assuming equilibrium solutions for the order parameter Qαβ(r) 
around topological defects, we solved equation (1) to predict the 
cell flow fields around +1/2 and −1/2 defects (Section II of the 
Supplementary Note and Supplementary equations (11) and (13)). 
The results show that +1/2 defects exhibit net self-driven motion 
along their axis of symmetry (Fig. 4a)—a well-known feature of 
active nematic fluids8,14,15,42–44. Moreover, cells in front of the defect 
are aligned perpendicularly to the flow, thus experiencing stronger 
friction than the cells behind the defect. Therefore, due to the posi-
tive friction anisotropy (ϵ > 0), the inflow towards the defect core 
is stronger than the outflow (Fig. 4a). As a result, cells accumulate 
at +1/2 defects, and they are eventually extruded vertically to form 
new cell layers (Fig. 3b,c). For −1/2 defects, anisotropic friction 
induces a stronger outflow than inflow (Fig. 4b), which explains the 
opening of holes at these defects (Fig. 3d,e). Were friction isotro-
pic, the velocity field around defects would be symmetric, implying 
no cell accumulation or depletion and hence no preferential layer  
formation or hole opening at the defects.
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Asymmetric cell flows around topological defects 
explain the formation of new layers and holes. 
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Un-flagellated bacteria swarm via twitching motility 
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Pseudomonas aeruginosa move forward and reverse by twitching

Kühn, M. J. et al.  and A. Persat. PNAS 118, e2101759118 (2021).  

• Bidirectional (oscillatory) motion in the bulk
• More directional motion at the edge
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to calculate rates. If the motion was discontinuous, e.g., if a pilus
retracted, attached at its tip, came free, and then continued to
retract, the rate was computed as the average over successive
intervals. Filament straightness was judged by eye and straight-
edge with enlarged prints. The mean velocity of a cell was
determined from measurements of displacements of its body
made over at least 10 consecutive intervals.

Results
Twitching motility in P. aeruginosa occurs efficiently at either a
plastic–agar or glass–agar interface, where single cells can move
at speeds up to 0.2 !m s!1 (4). Using a nonflagellate strain, we
monitored pilus function at a quartz–water interface, which
simplified imaging. When cells of this strain were labeled with
Cy3, they showed filaments emerging from the poles, usually at
one end only. No filaments were observed on a pilA mutant,
demonstrating that the filaments were type IV pili. Filaments
attached to a cell body could extend and retract, and if free at
their distal tips, exhibit thermal fluctuations in shape (Fig. 1
A–C). When a filament attached to the quartz surface at its distal
tip, it was pulled straight. After release of the tip, it could
continue to retract. Alternatively, the cell body was pulled
forward (Fig. 1 D and E).

Pili on individual cells changed their lengths independently.
For example, in Fig. 1 A for t " 0 to 30 s, filament a remained
extended and taut, whereas filament c retracted. Filament d
extended during the first 6 s and then retracted, disappearing by
t " 12 s. Filament c attached briefly at its distal tip at about t "

24 s. Between t " 30 and 104 s (not shown), filaments a and b
remained the same length, whereas filament c continued to
shorten. At t " 104 s, filament c attached at its tip. At t " 110 s,
filament a let go and began to retract. Between t " 122 and 128 s,
filament c let go and retracted.

Alternations between extension and retraction could be quite
abrupt. For example, one filament in Fig. 1B (tip marked by
arrow) extended during the first 8 s and retracted during the next
8 s. Also, when pili emerged from the cell body they looked as
bright as pili that already had extended. This is shown by filament
d in Fig. 1A. These results imply that fluorescent subunits are
recycled, consistent with current models of pilus assembly that
use a membrane pool of pilin subunits (23–25). However, the cell
bodies were so highly fluorescent that we were not able to tell
where this pool might be located.

Pili that were broken off of cells exhibited thermal f luctu-
ations in shape but never changed their length, as shown in Fig.
2. Computation of the cosine correlation function for this
filament gave a persistence length of about 5 !m, similar to
that of actin (26).

We determined the extension and retraction rates for indi-
vidual pili found on 29 different cells, obtaining the results shown
in Fig. 3. The mean extension rate was 0.50 # 0.18 !m s!1 (mean
# SD; n " 17) and the mean retraction rate was 0.48 # 0.18 !m
s!1 (n " 57). The two distributions had similar shapes.

Cells moved by extending pili, letting them attach at their
distal ends, and retracting them. Extension did not seem to cause
any cell movement; pili probably are too flexible to push a cell

Fig. 1. Visualization of Cy3-labeled pili on nonflagellate cells of P. aeruginosa. (A and B) Filament extension and retraction. (C) Filaments under tension. (D
and E) Cell movement. Elapsed time (t) in s. (Bars " 2 !m.)
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to calculate rates. If the motion was discontinuous, e.g., if a pilus
retracted, attached at its tip, came free, and then continued to
retract, the rate was computed as the average over successive
intervals. Filament straightness was judged by eye and straight-
edge with enlarged prints. The mean velocity of a cell was
determined from measurements of displacements of its body
made over at least 10 consecutive intervals.

Results
Twitching motility in P. aeruginosa occurs efficiently at either a
plastic–agar or glass–agar interface, where single cells can move
at speeds up to 0.2 !m s!1 (4). Using a nonflagellate strain, we
monitored pilus function at a quartz–water interface, which
simplified imaging. When cells of this strain were labeled with
Cy3, they showed filaments emerging from the poles, usually at
one end only. No filaments were observed on a pilA mutant,
demonstrating that the filaments were type IV pili. Filaments
attached to a cell body could extend and retract, and if free at
their distal tips, exhibit thermal fluctuations in shape (Fig. 1
A–C). When a filament attached to the quartz surface at its distal
tip, it was pulled straight. After release of the tip, it could
continue to retract. Alternatively, the cell body was pulled
forward (Fig. 1 D and E).

Pili on individual cells changed their lengths independently.
For example, in Fig. 1A for t " 0 to 30 s, filament a remained
extended and taut, whereas filament c retracted. Filament d
extended during the first 6 s and then retracted, disappearing by
t " 12 s. Filament c attached briefly at its distal tip at about t "

24 s. Between t " 30 and 104 s (not shown), filaments a and b
remained the same length, whereas filament c continued to
shorten. At t " 104 s, filament c attached at its tip. At t " 110 s,
filament a let go and began to retract. Between t " 122 and 128 s,
filament c let go and retracted.

Alternations between extension and retraction could be quite
abrupt. For example, one filament in Fig. 1B (tip marked by
arrow) extended during the first 8 s and retracted during the next
8 s. Also, when pili emerged from the cell body they looked as
bright as pili that already had extended. This is shown by filament
d in Fig. 1A. These results imply that fluorescent subunits are
recycled, consistent with current models of pilus assembly that
use a membrane pool of pilin subunits (23–25). However, the cell
bodies were so highly fluorescent that we were not able to tell
where this pool might be located.

Pili that were broken off of cells exhibited thermal f luctu-
ations in shape but never changed their length, as shown in Fig.
2. Computation of the cosine correlation function for this
filament gave a persistence length of about 5 !m, similar to
that of actin (26).

We determined the extension and retraction rates for indi-
vidual pili found on 29 different cells, obtaining the results shown
in Fig. 3. The mean extension rate was 0.50 # 0.18 !m s!1 (mean
# SD; n " 17) and the mean retraction rate was 0.48 # 0.18 !m
s!1 (n " 57). The two distributions had similar shapes.

Cells moved by extending pili, letting them attach at their
distal ends, and retracting them. Extension did not seem to cause
any cell movement; pili probably are too flexible to push a cell

Fig. 1. Visualization of Cy3-labeled pili on nonflagellate cells of P. aeruginosa. (A and B) Filament extension and retraction. (C) Filaments under tension. (D
and E) Cell movement. Elapsed time (t) in s. (Bars " 2 !m.)
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forward. Retraction, however, generated motion that was dis-
continuous. Motion of the cell body occurred in excursions of
about 1–6 !m. The velocity for 11 such events was 0.31 ! 0.21
!m s"1 (mean ! SD), which is similar to the speed observed for
twitching motility (3, 6). Examples are shown in Fig. 1 D and E.
In Fig. 1D, filaments a and b both shortened while remaining
attached at their tips. Filaments c and d were initially free but
then attached and pulled the cell forward. Filaments b and e
retracted fully, disappearing from view. In Fig. 1E, a single
filament (arrow) pulled the cell forward. Because the cell began
by moving to the right rather than downwards to the right, a
second filament must have been involved early on. We do not
know whether the differences in retraction rates of free and
attached pili are significant; however, we would expect retraction
rates to be smaller under load. The load depends, in turn, on how
the cell body interacts with the substratum. Because most cells
failed to move at all, the interaction with quartz must be
relatively strong.

Evidently, the distal tip of a pilus serves as a nonspecific
adhesin. Broken pili often attached to quartz at one end, as
shown by the filament in Fig. 2. Pili that protruded from cells also
attached to quartz, but only at their distal ends (Fig. 1 A and
C–E). Lee et al. (27) have demonstrated that the C-terminal
disulfide loop region of the pilin subunit of P. aeruginosa is
exposed at the distal tip of the filament and can bind certain
glycosphingolipids.

We estimated the retraction force by examining the lateral
displacements of filaments at their midpoints, assuming that they
are flexible, like threads. This displacement, caused by thermal
motion, is smaller the higher the tension. If a thread of length,
L, is put under tension, F, and then is pulled sideways in the
middle a small distance, "y, the restoring force is (4F!L)"y. The
thread behaves like a spring with spring constant (4F!L). The
energy stored in this spring for total displacement y is (2F!L)y2.
By equipartition, the mean value of this energy is equal to kT!2,
where k is Boltzmann’s constant and T is the absolute temper-
ature (28). Therefore, F # kTL!(4$y2%), where $y2% is the
mean-square displacement. None of the attached filaments
seemed to flex. Assuming that we could have seen displacements
of one-fourth of the width of the image of a filament (y # 0.05
!m), we obtain for the filament of greatest length (L # 25 !m;

Fig. 1C) F & 10 pN. This estimate is lower than forces observed
for some retraction events in N. gonorrhoeae of 80 pN or more
(18). However, those experiments were done by measuring the
retraction force between an immobilized cell and a 1-!m bead
coated with anti-pilin mAb held by an optical trap. Therefore,
more than one pilus might have been involved. Unambiguous
results could be obtained by combining our techniques, i.e., by
pulling beads attached to single fluorescent pili.

Discussion
Pilus retraction was first proposed by Marvin and Hohn (29)
to account for the disappearance of F pili after infection with
bacteriophage and for the association of mating cells during
conjugation. According to their model, adsorption of phage to
the side or tip of a pilus, or binding of an F" cell to the tip,
triggers retraction. Subsequent studies in Escherichia coli (30,
31), P. aeruginosa (32–34), and Caulobacter crescentus (35, 36)
strengthened the hypothesis that pilus retraction plays a role
in the translocation of pili-specific phage to the cell surface.
The role of pilus retraction in cell motility was first proposed
by Bradley (3). Our experiments leave little doubt that twitch-
ing motility in P. aeruginosa is driven by type IV pilus
retraction. We expect our method of visualizing bacterial pili
to be widely applicable. Using f luorescent labels, one now
should be able to visualize movement of both phages and pili
during infection, or of cells and pili during conjugation. It
should also be possible to look at extension and retraction of
pili in M. xanthus to test the hypothesis that cells glide forward
and backward by activating pili at opposite ends of the cell (19).
Similar experiments could be done with P. aeruginosa. Finally,
we can learn whether groups of cells glide or twitch by
extending pili from one to another (10).

Movie files are available at http:!!www.rowland.org.
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• Type IV pili undergo cycles of 
rapid extension and retraction 
at rates of ~0.5-1 μm s−1 

• Pseudomonas aeruginosa presents 
multiples thin filaments called pili at 
one pole of the bacterium.

Mechanisms of twitching motility: mechanics 

N Wadhwa and HC. Berg. Nature Rev. Mol. Cell Biol. 20: 161-173 (2022)

Cycles of pili extension and retraction, adhesion to a self-secreted 
matrix, drive forward and reverse movement

The pilus functions as a grappling hook
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Mechanisms of twitching motility: mechanics 

D. Kaiser. Nature Rev. Microbiol. 1: 45-53 (2003)

Cycles of pili extension and retraction, adhesion to a self-secreted 
matrix, drive forward and reverse movement
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1. Introduction

The ability of numerous bacterial species to move and change
location is a fundamental physiological characteristic that strongly
promotes the survival of a given strain in biotic and abiotic environ-
ments. Bacterial motility can lead to the detection of food sources in
liquid and solid settings, active avoidance of harmful stimuli, spore
formation for strain preservation, and for pathogens, infection of
host systems. Multiple methods of bacterial motility have arisen
over evolutionary time, with each conferring different abilities to
suit a particular environment and/or lifestyle. As such, motility
systems and associated regulation systems are present in nearly
all bacterial clades. Historically, bacterial motility has largely been
investigated in the context of swimming in viscous environments
through the rotation of flagellar appendages, while cell migration
on surfaces has been much less studied. As such, this review will
discuss bacterial motility on surfaces.

1.1. Bacterial motility on surfaces

Arguably, the most extensively-studied prokaryotic motility
apparatus has been the bacterial flagellum, a rotary machine found
in both Gram-negative and Gram-positive bacterial species. The
rotation of flagella (which can be reversed) is powered by an inner
(cellular) membrane (IM) motor energized via an ion gradient
across the IM.  Additional components reside in the peptidogly-
can for both Gram-positive and Gram-negative cells, and also in
the outer membrane (OM) for the latter. Flagella allow individual
bacteria to swim and swarm collectively on moist surfaces [1–4],
but as they have been extensively discussed in numerous review
articles, they will not be discussed herein.

Often referred to as “twitching”, motility mediated by Type IV
pili (T4P) has also been broadly studied. This type of surface motil-
ity involves the extension, adhesion, and retraction of an extruded
polar filament in both Gram-negative and Gram-positive cells. As
with the flagellum, multiple proteins in each subcellular compart-
ment constitute the T4P machinery [5,6]. T4P have been adapted
for roles in motility, virulence, acquisition of DNA, electrical con-
ductance, secretion of protein substrates, biofilm formation, and
attachment to a wide range of surfaces; however, as with flagella,
T4P have also been extensively reviewed in the literature [6,7] and
will not be discussed in detail herein.

Intriguingly, numerous bacteria have also been shown to move
across surfaces in the absence of detectable appendages such
as flagella and/or T4P [8,9]; this phenomenon has been broadly
termed “gliding” motility and has been observed in a range of
phylogenetically-distinct bacterial phyla and/or classes including
the Deltaproteobacteria, Cyanobacteria, Mollicutes, and Bacteroidetes
[10]. Incidentally, studies reveal that distinct gliding mechanisms
appear to operate among these different types of bacteria [8,9].
Moreover, certain eukaryotic cell types such as the Apicomplexa
move by yet an entirely different mechanism of gliding motility

unrelated  to any of the known bacterial mechanisms [11], fur-
ther illustrating the diversity of gliding systems. In this review, we
will focus on synthesizing current knowledge and recent advances
towards understanding the mechanism of bacterial gliding motility
in the Gram-negative bacterium Myxococcus xanthus.

1.2.  Myxococcus xanthus

Much  progress has recently been made regarding the elucida-
tion of motility in the Gram-negative rod-shaped model gliding
bacterium M. xanthus (order: Myxococcales; class: Deltaproteobac-
teria). M.  xanthus as well as most other identified myxobacteria
have been isolated from soils and are not known to be pathogenic.
However, a novel tick-borne myxobacterium has recently been
identified as the etiologic agent of epizootic bovine abortion
(foothill abortion) in pregnant cattle [12,13], illustrating a largely
unexplored potential for myxobacteria and disease.

M.  xanthus is often referred to as a social bacterium as it dis-
plays coordinated behaviours of individual cells in a swarm group
(Fig. 1A). When nutrients are scarce, the bacteria can engage in
predatory behaviour, resulting in the killing of a range of Gram-
positive and Gram-negative prey bacteria and saprophytic usage of
the degradation products. In addition, under conditions of nutrient
limitation, an alternative developmental cycle is initiated wherein
cells aggregate to form fruiting body structures (Fig. 1B), which
eventually mature to contain myxospores. Once nutrient condi-
tions ameliorate, these myxospores have the capacity to germinate
and form new vegetative cells [14].

1.2.1. M.  xanthus social (S) motility
The collective motility of swarms, as well as the motility of

single cells, are central to the aforementioned phenotypes, and are
mediated by distinct motility systems. On soft surfaces (e.g. 0.5%

Fig. 1. (A) Micrograph of wild-type M.  xanthus DZ2 population displaying both T4P-
mediated S-motility of cell aggregates (black arrow) and Agl–Glt motor complex-
mediated  gliding A-motility of single cells on agar (1.5%), with some following a
previously-deposited slime trail (white arrow). Scale bar: 50 !m.  (B) Fruiting body
formation after 72 h on starvation medium. Scale bar: 4 mm.
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slime polysaccharide have recently been identified by
transposon-insertion mutagenesis (R. Yu, unpublished
observations). The fact that the trails are visible indicates
that the slime trail has a different refractive index from
that of 1% agar. Moreover, cell speed depends on the
agar concentration39. Pili are not necessary to make a
slime trail because the trails of a pili-less mutant look
much like those of a wild-type strain40.

Electron microscopy revealed the presence of more
than 200 thick-walled rings clustered at both ends of
M. xanthus cells, but only a few rings in the mid-section
of the cells40 (FIG. 4). These rings are thought to be the
jets that are used for slime secretion, as they cannot be
secretin complexes because they are present in pilQ
deletion mutants40, and they resemble the junctional
pore complexes that are used to secrete propulsive slime
by the cyanobacterium Phormidium uncinatum40,41.
Several elementary strands of slime are secreted
through each of these rings, which associate laterally to
form ribbons of slime gel and are deposited as the slime
trail.Although the rings are present at both ends of a cell,
in vivo slime is seen emerging from only one end at a
time40 (FIGS 2,4), indicating that myxobacterial cells restrict
their slime secretion to one end of the cell at a time.

Elasticotaxis. A+S+ cells swarm outwards rapidly from
the edge of a colony, moving equally in all directions.
Stanier discovered that, when swarming on stretched or
compressed agar, the swarm disc becomes asymmetri-
cally elongated42 and he called this effect elasticotaxis.
More recently, Fontes has shown that the A-engine is
responsible for this asymmetry because elasticotaxis
does not occur in an A– mutant43, and it has also been
shown that elasticotaxis is diminished in a weak A–

mutant, in proportion to the decrease in the swarming
rate (R.Yu, unpublished observations).

Fontes also linked elasticotaxis to the re-orientation
of individual cells, which respond within minutes to the
orientating effect of compressed agar43. It is attractive to
think that gliding on compressed (or stretched) agar is

FIBRILS29–31, which consist of almost equal amounts of the
monosaccharides galactose, glucosamine, glucose,
rhamnose and xylose, and several proteins, which can be
distinguished by their antigens. The fibrils are linked
together in a network that joins neighbouring cells in a
cluster32,33. S-motility is not observed among cells that
are more than one pilus-length apart34. Together, these
observations indicate that the pilus extends ahead of an
M. xanthus cell, adheres to the fibrils on the cells ahead
of it and then retracts, pulling the leading end of the
piliated cell forward.

Bowden and Kaplan have reported that mutants
defective in lipopolysaccharide (LPS) O-ANTIGEN bio-
synthesis lack S-motility, but do have pili35. These LPS
mutants have many more pilus filaments than are found
in wild-type cells. In a separate study, it was shown that
M. xanthus pilT mutants that also lack fibrils have more
pili than wild-type cells because the pili do not retract;
additionally, it was shown that the addition of fibril
material rescued the mutants36. Bowden and Kaplan’s
data could be explained if the O-antigen mutants are also
deficient in pilus retraction. This explanation is plausible
because chains of the O-antigen completely cover the cell
surface.As a retracting pilus slides through this covering,
it would interact repeatedly with the O-antigen chains.

A-motility: slime production
Gliding myxobacteria leave a trail of slime behind them
on the agar surface, which is thought to indicate the
mechanism of A-motility. FIG. 3 shows a magnified view
(relative to FIG. 1) of the edge of an A+S– swarm. Each cell
has left a slime trail, evident as a phase-bright line.
Clusters of cells leave a wide trail and single cells leave a
narrow trail. In several time-lapse motion-picture
series, Reichenbach first showed that myxobacteria tend
to follow a pre-existing trail (see REFS 37,38 for examples).
When a cell begins to cross an existing trail, it turns,
probably through the acute angle of intersection, to fol-
low the trail. Cells are often observed to move in both
directions on the same trail. Owing to its stickiness,
myxococcal slime has proved difficult to isolate, but
some A– mutants that can change the composition of a

FIBRILS

Filamentous extracellular matrix
material comprising
polysaccharides and protein.

O-ANTIGEN

A heat-stable antigen that is
associated with Gram-negative
bacteria and which comprises
chains of identical
oligosaccharide units that can
vary in length.

Slime 
ribbons
push by
secretion

Pili pull by
disassembly

S-engine A-engineDirection of cell gliding

Figure 2 | The two engines of myxobacteria. Both engines
are unipolar, multi-protein devices. The slime-secreting A-engine
is a ‘pusher’, whereas the pilus-retracting S-engine is a ‘puller’.
The high rate of A+S+ swarm expansion indicates that when a
cell reverses, both engines coordinately move to their opposite
poles. Slime-secretion pores are always visible at both ends of
each cell, and yet only one end secretes slime40. Similarly,
many of the basal pilus proteins are present at both cell ends,
but pili are assembled at only one end18. In the case of pili, it
has been shown that, at any instant, only one end has the Tgl
lipoprotein, a necessary pilus-assembly factor
(E. Nudleman, manuscript in preparation).

Figure 3 | Slime trails at the edge of a Myxococcus xanthus
A+S— swarm. A side-by-side cluster of cells leaves a trail that
is the same width as the cluster. Most M. xanthus cells are
found near the middle of a trail, not at the end, indicating that
these cells have reversed on the trail. The scale bar is 50 µm. 
A time-lapse movie shows cells reversing on their own trail 
(see Online Movie).
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development that results in the formation of spore-filled
fruiting bodies. At different stages of fruiting-body
development, different patterns of organized cell move-
ment, including wave formation and aggregation, are
seen. M. xanthus cells move using gliding motility, and
their movement is controlled by the two polar motility
engines described earlier. The different patterns of cell
movement are controlled by systematic regulation of the
reversal of these motility engines.

Swarming. Swarming is a cooperative process, as shown
by the fact that the swarm rate increases with increasing
initial cell density, which indicates that individual cells
help each other to move outwards. There is evidence
that the two engines are located at opposite poles of the
cell as the S-engine ‘pulls’ whereas the A-engine ‘pushes’
(FIG. 2), and as the maximum swarming rate of an A+S+

strain is 1.6 µm min–1 whereas the sum of the maxi-
mum rates of the two engines acting alone is only 
1.0 µm min–1 [0.4 (A–S+) + 0.6 (A+S–)]34,45. This syner-
gism also indicates that polarity reversal of one engine is
correlated with reversal of the other engine. In a movie
of cells gliding on agar, cells reversing and laying down a
slime trail can be seen (see Online Movie).

C-signal transduction and movement in myxococci.
Myxococcus uses two cell-to-cell signals that have been
chemically identified: the A- and C-signals. The A-signal
is a QUORUM SENSOR for an early stage of development. The
C-signal is a 17-kDa cell-surface protein, and is only
transmitted by end-to-end contact with another
cell13,46,47. The C-signal is found on the surface of
myxobacterial cells and is processed from the protein
product of csgA by a cell-surface protease12. It is neither
observed, nor expected, to be diffusible. The C-signal
orchestrates morphogenesis of the fruiting body, not by
chemotaxis, but by modifying the movement behaviour
of cells. Finally, the C-signal induces the cells to differ-
entiate spores. The proteins of the act operon respond

much like following a slime trail, which would also help
to explain why A-motile swarming is faster on concen-
trated agar than on dilute agar39. Oriented agarose chains
in compressed agar, or oriented slime polymer chains in
a trail, could have similar orientating effects on an A-
motile cell. It is thought that cells turn onto a trail
because this alignment maximizes the number of cohe-
sive interactions between the filaments of its newly
secreted slime and the filaments laid down earlier in the
slime trail. Similar interactions might be expected to
occur between the newly secreted slime and oriented
agarose chains, and this is supported by the correlation
between swarm rate and elasticotaxis.

Elasticotaxis helps myxobacteria locate bacterial
colonies on which to feed. That Myxococcus detects, and
swarms directly towards, a nearby colony of potential
prey on which it can feed has been shown experimen-
tally44 (FIG. 5). When a Myxococcus swarm passes near the
prey, a branch of the swarm is extended directly towards
it. This directed extension had been observed earlier, and
was initially interpreted as chemotaxis towards the prey.
However, Dworkin showed that Myxococcus also extends
a swarm branch directly towards a colony-sized plastic
bead that contains no organic material and found that an
A– mutant failed to attack a colony or a bead, whereas 
an S– mutant retained the ability to attack — paralleling
the observations of Fontes (FIG. 5). Most likely, a colony of
prey bacteria (or a bead) produces elastic stress in the
gelatinous substratum on which the colony (or bead)
rests, with stress lines radial to the colony. Myxococcus
cells orient and move in the direction of these stress lines,
so heading directly towards the prey colony.

Movement patterns: reversing the engines
The movement patterns of myxobacterial cells change
during the developmental cycle. In the presence of nutri-
ents, the bacteria swarm to facilitate cooperative feeding.
At high cell density, in the absence of nutrients and on 
a solid surface, the bacteria undergo a programme of

QUORUM SENSOR

An extracellular signal molecule,
the concentration of which is
proportional to the cell
concentration, and which is used
by many bacteria to detect cell
density

50 nm 0.2 µm

a b 

Figure 4 | Electron micrograph of the sacculus of a Myxococcus xanthus cell. a | The thick-walled rings (white arrow) near the
end of the cell can be seen. The inset shows the rings at higher magnification; note the scale bar. Some 80% of the rings were found
at the ends of cells; the remainder were found in the long mid-section. These rings are believed to be an end view of slime-secretion
jets, as explained in REF. 40. b | An electron micrograph of a negatively stained cell showing the emergence of several ribbons of
slime (white arrow). Reproduced with permission from REF. 40  (2002) Elsevier Science.
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In t roduc t ion .  

Nombreux sort  les Termites qui construisent des nids en terre ou en car- 
ton stercoral. Les uns ~l~vent leurs ~difices au-dessus du sol, les autres les 
laissent enfouis dans la profondeur. 

Certaines de leurs constructions passent par une succession de stades cor- 
respondant aux degr~s du d6veloppement de la soci~t~ ; tel est le cas de 
Bellicositermes natalensis, d'Acanthotermes acanthothorax et probabtement 
de bien d'autres (Grass~ et Noirot, i95i,  c). 

I~SECTES SOClAUX, TOME u  n o 1, i959. 
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critique ; les situations des ouvriers, sur Fun et sur l 'autre, sont identiques : 
ils sont soumis ~ la double stimulation du pilier qui les porte et du pilier 
voisin. L 'un incite ~ d@oser la boulette sur le bord du sommet du pilier 
support, l 'autre ~ l'orienter vers l'autre pilier. Bien que les travaux soient 
accomplis par des ou~riers qui changent d tout instant, qui n 'oat  pas de 
rapports entre eux, du fair m~me de la qualit6 des stimuli, les construe- 
tions, areeaux ou lames, convergent exactement Fun vers l'autre. La 
mat~rialit~ des faits est tr~s ais6e ~ v~rifier et l 'ajustement des lames et 
des arceaux s'effectue avec precision et apparemment sans difficult~ 
(voir notamment la planehe VII). 

La consgquence de ce type de stimulation est de rdgler automatiquement la 
marche de l'ou~rage. 

La coordination des tfiehes, la r~gulation des constructions ne d@endent 
pus directement des ouvriers, mais des constructions elles-m~mes. L'ou~rier 
ne dirige pas son travail, il est guidg par lui. C'est h cette stimulation d'un 
type particulier que nous donnons le nora de STIGMERGIE (stigma, piqfire ; 
ergon, travail, oeuvre=oeuvre stimulante). 

Ce qui complique les choses, mais conditionne la construction et la 
reconstruction du nid dans le cadre d'un complet automatisme, c'est bien 
l'influence simultange de plusieurs stimuli significatifs. Nous en avons 
montr6 deux jouant ensemble et nous sommes stir qu'il y e n  a parfois 
davantage ~ agir, au m~me instant, sur l'ouvrier. 

Une autre preuve ~ l'appui de notre explication par la stigmergie du 
comportement bfitisseur a ~t6 fournie par l'observation de la conduite 
individuelle des ouvriers magons. Elle nous a rd~dld, sans contestation 
possible, que ceux-ci ne bdtissent pus en constituant dquipes. L'ouvrier 
se contente de r@ondre individuellement et automatiquement aux stimuli 
qui s'exercent sur lui. 

L'influence de deux stimuli a parfois des consequences inattendues. 
Soient deux piliers voisins, Fun est ~difi~ sur une surface plane horizontale, 
l 'autre au sommet d'un monticule d'humus (eette circonstance se pr~sente 
souvent dans nos boites d'exp~rience). Lorsque ces deux piliers ont atteint 
la hauteur critique normale, leurs sommets se situent h des niveaux bien 
diff~rents. Dans ce cas, la mont~e du pilier sur le monticule s'arr~te, tandis 
que celle du pilier ~rig6 sur le plan se poursuit. La construction des arceaux 
sur le pilier du bas ne se fera que lorsque celui-ci aura atteint une hauteur 
faiblement inf~rieure ~ celle du pilier du haut. Dans une telle ~ventualit~, 
est-on autoris~ ~ parler de r~gulation ? Nous ne le pensons pas: selon nous, 
il n 'y  a qu'une influence pr6pond~rante de Faction orientante (forme- 
odeur, voir p. 66) du pilier voisin ; Ie stimulus daas ce cas l'emporte sur 
l'arr~t de la construction en hauteur et du d@St lateral des boulettes. Tout 
tient aux propri~t~s stimulantes des constructions mais non ~ l 'adaptation 
des Termites ~ une situation particuli~re. L~ encore l'observation de la 
confection de tels piliers sur~lev~s par des ouvriers se met tant  au travail 
seulement quand la hauteur critique ~tait atteinte montre qu'il s'agit 
de r@onses automatiques aux deux stimuli consid~r6s ici. 
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• The environment thereby guides the 
bacteria: concept of stigmergy 

  (PP. Grassé, Insectes sociaux 1959)
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• Type IV pilus machinery is closely related to 
the type II secretion system of Gram-negative 
bacteria and the archaeal flagellar machinery 

• Type IV pili are ubiquitous in bacteria and 
archaea and mediate adhesion, DNA uptake, 
predation, virulence, phototaxis, chemotaxis and 
surface sensing.
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Some Mycoplasma species (a group of wall-less bac-
teria that belong to the class Mollicutes) also move over 
surfaces without the aid of flagella or pili, a process that 
has been termed ‘gliding’ but uses an entirely differ-
ent mechanism than the canonical gliding motility of 
Bacteroidetes or myxobacteria2. Mycoplasma mobile is 
a fish pathogen ~1 μm long that glides at ~2–4.5 μm s−1 
on sialylated oligosaccharides. Mycoplasma pneumoniae 
also glides on surfaces, at ~1 μm s−1. Gliding in M. mobile 
is driven by three large surface proteins that function 
as ‘legs’ and perform back-and-forth motion reminis-
cent of walking. The legs are energized by hydrolysis 
of ATP in an internal complex which contains proteins 
(MMOB1660 and MMOB1670) that are paralogues of 
the α-subunit and the β-subunit of F-ATPase, which 
suggests that gliding of M. mobile is also powered by a 
rotary motor188. Interestingly, despite belonging to the 
same genus, M. mobile and M. pneumoniae use different 
molecular machinery for motility; however, the gliding 
mechanism of M. pneumoniae is not yet clear189.

Sliding, originally defined as such by Henrichsen6, 
is a form of mobility in which cells in a colony are 
pushed outwards due to the pressure exerted by colony 
growth190. Multiplication of cells in the interior of a col-
ony drives this motion, aided by the release of surfactants 
which reduce friction. Exopolysaccharide production 
has also been shown to aid sliding, likely through the 
generation of osmotic pressure gradients191,192. Sliding 
has been reported in numerous species of bacteria, and 
it can result in elaborate colony morphologies even in 
the absence of pili and flagella193–195.

Adaptive advantages
Given the enormous diversity in the motility mech-
anisms used by bacteria, it is natural to ask about the 
adaptive benefits of the different motility mechanisms. 
For swimming in bulk media, rotation of slender heli-
ces, be it the flagellar filaments or the helical cell bodies, 
seems to be the most effective mechanism that also satis-
fies the biophysical constraints of low Reynolds number 
swimming7,196. Nevertheless, there is a large diversity 
in specific traits such as the number and positioning 

of flagella, the shape of the cell body and the motility 
pattern (see earlier). This diversity is a representative of 
the distinct ecological niches occupied by different bac-
teria. Although the precise adaptive advantages of the 
various strategies remain unclear, we can form testable 
hypothesis based on known patterns. For example, mul-
tiple flagella may be an adaptation to living in crowded 
environments, where the requirement for thrust forces 
is high. For instance, E. coli and B. subtilis, both of which 
are peritrichous, spend at least some parts of their life 
cycle in crowded conditions (gut microbiota and soil, 
respectively)24,29. Consistent with this idea, increased 
flagellation is also associated with swarming, which 
is another case of a crowded environment85. Similarly, 
helical cell bodies found in spirochaetes (many of 
which are pathogenic) may be an adaptation to life in 
gel-like environments such as the extracellular matrix 
of animals. Diversity in motility patterns is likely to be 
a necessary by-product of the morphological diversity; 
run-and-tumble motility, for instance, is possible only in 
cells with multiple external flagella.

In contrast to free swimming within fluids, which 
is predominantly powered by flagella, motility on sur-
faces is often enabled by adhesive appendages that either 
extend and retract (as in the case of twitching) or move 
along the length of the cell (as in the case of gliding). 
Of these, twitching is the most widespread and likely 
to be the most ancient mechanism126. The evolutionary 
success of twitching is likely to stem from its generality; 
it can be used by cells with diverse morphologies and on 
substrates with differing properties. By contrast, gliding 
is limited to fewer classes of bacteria, and even those use 
distinct molecular mechanisms158. Furthermore, glid-
ing requires directional transport of adhesins from one 
pole to another, making it most effective in rod-shaped 
bacteria with long cell bodies.

It is challenging to connect specific motility modes 
with different environments because the specific 
adaptive advantages are not immediately apparent. In 
addition to laboratory experiments, biophysical sim-
ulations can be used to investigate the effect of traits, 
such as the number and location of flagella, the shape 

Table 1 | Force-generation mechanisms in bacterial motility

Motor Exemplar bacterial 
species

Force-generating 
proteins

Type of motor Associated 
secretion 
system

Energy 
source

Flagellar motor Escherichia coli MotA–MotB Rotary T3SS Proton or ion 
motive force

Type IV pilus Myxococcus xanthus PilB and PilT Rotary T2SS ATP

Bacteroidetes gliding 
motor

Flavobacterium 
johnsoniae

GldL–GldM Rotary T9SS Proton 
motive force

Myxobacterium gliding 
motor

Myxococcus xanthus AglRQS Rotary Unknown Proton 
motive force

Synechococcus motor Synechococcus 
WH8102

SwmA and SwmB Probably rotarya Unknown Proton 
motive force

Mycoplasma mobile 
gliding motor

Mycoplasma mobile MMOB1660 and 
MMOB1670

Probably rotaryb Unknown ATP

T2SS, type II secretion system; T3SS, type III secretion system; T9SS, type IX secretion system. aMutants lacking SwmA are 
non-motile, but when attached to a slide, they rotate about the point of attachment182. bAs suggested by the homology between  
M. mobile motor proteins and α- and β-subunits of the rotary F-ATPase188.
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• Single pili are polymers of PilA, or Pilin monomers 
assembled from the cytoplasmic side.

• PilT and PilB at hexameric motors that induce assembly 
and disassembly of PilA, and thereby elongation and 
retraction of the pili.

• The is an energy consuming (ATP dependent) active 
process.

Pili extension and retraction

Mechanisms of twitching motility: mechanics 
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Twitching and social gliding motility allow many Gram negative
bacteria to crawl along surfaces, and are implicated in a wide
range of biological functions1. Type IV pili (Tfp) are required for
twitching and social gliding, but the mechanism by which these
filaments promote motility has remained enigmatic1–4. Here we
use laser tweezers5 to show that Tfp forcefully retract. Neisseria
gonorrhoeae cells that produce Tfp actively crawl on a glass
surface and form adherent microcolonies. When laser tweezers
are used to place and hold cells near a microcolony, retractile
forces pull the cells toward the microcolony. In quantitative
experiments, the Tfp of immobilized bacteria bind to latex
beads and retract, pulling beads from the tweezers at forces that
can exceed 80 pN. Episodes of retraction terminate with release or
breakage of the Tfp tether. Both motility and retraction mediated
by Tfp occur at about 1 $m s⌧1 and require protein synthesis and
function of the PilT protein. Our experiments establish that Tfp
filaments retract, generate substantial force and directly mediate
cell movement.

Type IV pili are implicated in motility1–3,6, biofilm formation7,
virulence8–11 and all three modes of prokaryotic horizontal genetic
transfer (transformation12,13, conjugation14 and transduction15,16).
The Tfp fibre, a helical polymer of the pilin protein, is 6 nm in

diameter and up to several micrometres in length17,18. Type IV pilus
biosynthesis occurs through the type II protein translocation path-
way and requires several accessory proteins in addition to the pilin
subunit1. The PilT protein is dispensable for Tfp biosynthesis but is
essential for both Tfp-mediated motility3,19,20 and for the DNA
uptake step of genetic transformation13,20. PilT belongs to a highly
conserved family of presumed ATPases, which partition to the inner
membrane and cytosol and are thought to energize type II and IV
protein translocation systems1,13,19,21. Two proteins of this family
form hexameric rings strikingly similar to the rings formed by many
AAA-type ATP-dependent chaperones and proteases22. Electron-
microscope studies of pilT mutants led to the hypothesis that Tfp
promote cellular motility by retracting3,15, perhaps through PilT-
mediated filament disassembly1,4,19. Indirect evidence further sug-
gests that other bacterial surface filaments might retract, including
the conjugative F pili of Escherichia coli23 and a type III export
filament of Salmonella enteriditis associated with cell contact24.
However, filament retraction has been neither observed directly
nor proven to power motility in any prokaryotic system.

N. gonorrhoeae, the causative agent of gonorrhoea, provides an
excellent model for studies of twitching motility. It lacks rotary
flagella and components for type III export, and it produces only
one known fimbrial structure, the Tfp. When we suspended Tfp-
producing N. gonorrhoeae cells at low density in liquid medium,
they attached to and crawled over the surface of a glass coverslip
(Fig. 1). Under optimal conditions (see Methods), over half of the
bacteria on the coverslip were motile. Figure 1b depicts the path of a
crawling diplococcus (a joined pair of cells is the neisserial func-
tional unit). Although most movements were short and directional
changes occurred frequently, many directed movements of 2–5 $m
were observed. Cells crawled at !1 $m s⌧1 (Fig. 1c, d). This motility
was not due to passive diffusion. Motile cells consistently crawled
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Figure 1 Piliated N. gonorrhoeae cells crawl on an inert surface. a, Cells crawling on a
glass coverslip. This is the first frame of the sequence analysed in b–d, and the tracked
diplococcus is circled. Note that most cells are present as diplococci. b, Tracking of the
diplococcus indicated in a during an interval of 140 s. Small circles show the position of
the tracked diplococcus at intervals of 67 ms. Large circle indicates the start point. c, Plot
of velocity against time for the same track. d, Histogram of the velocities shown in c.
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• Neisseria gonorrhoeae are spherical ~1µm 
long bacteria that undergo twitching 
motility via pili. 

• Cells form small swarms

• Cells move at a speed of ~1µm/s.

Pili retraction powers bacterial twitching motility: evidence
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out of a laser-tweezers trap strong enough to firmly arrest sus-
pended cells or 1-!m latex beads (20 pN at 100 nm displacement).
Cells crawled at temperatures from 20 to 42 !C. Motility ceased
!10 min after the addition of chloramphenicol or tetracycline and
resumed upon drug washout, indicating a requirement for protein
synthesis (Table 1). Similarly, bacteria were non-motile and unable
to grow in defined medium lacking L-glutamine and pyruvate, and
became motile upon addition of these nutrients. As expected, non-
piliated pilE and pilF mutants were completely non-motile. Three
piliated pilT mutants also failed to undergo large movements
(" 1 !m) and never crawled out of the laser trap (Table 1).
N. gonorrhoeae cells thus can crawl over surfaces at rates of
!1 !m s⌧1 by an active process requiring protein synthesis, Tfp
biogenesis and PilT3,19,20.

Tfp-producing N. gonorrhoeae cells not only crawl but aggregate
into microcolonies that contain twitching or writhing cells. Cells
within 1–5 !m of a microcolony often move into the colony,
whereas cells within a microcolony move out of the colony2,6–8. To
determine whether retractile forces would pull dispersed cells
together, we used laser tweezers to position isolated cells 1–5 !m
(1–2 pilus lengths) away from microcolonies attached to a coverslip
(Fig. 2). The trapped cells were repeatedly pulled from the laser trap
toward the microcolonies, directly showing that there are retractile
forces between cells (Fig. 2a). The cells were pulled towards the
microcolonies at speeds of !1 !m s⌧1, the same rate at which cells
crawled on coverslips (Figs 1 and 2a). Cells pulled from the laser trap
sometimes bound irreversibly to the microcolonies, but more often
were released back into the laser trap (Fig. 2a). Upon release, the
tethers between cells were broken, as trapped cells could be moved
freely away from the microcolony using the laser tweezers. When
released cells were moved !10 !m away and then placed near the
opposite side of the same microcolony, they were again pulled out of
the trap toward the microcolony (Fig. 2b). Retraction and tethering
are therefore transient and can be re-established. In contrast, when
we carried out identical manipulations using piliated, non-motile
pilT mutants, cells were never pulled from the trap (Table 1),
although nonretractile static tethers between the trapped cells and
the microcolonies sometimes formed (data not shown). Together
these experiments show that episodes of PilT-dependent Tfp retrac-
tion pull bacterial cells towards one another over distances of up to
5 !m at speeds of !1 !m s⌧1.

Quantitative analyses of Tfp retraction are impeded by variations
in cell morphology and by experimental geometries in which two
groups of cells pull toward one another. We therefore developed a
bead-based assay for Tfp retraction (Fig. 3a). Individual diplococci
were immobilized on 3-!m latex beads that had first been coated
with anti-N. gonorrhoeae antiserum and anchored to the coverslip.
Smaller 1-!m beads, coated with a monoclonal antibody that
recognizes a surface-exposed epitope on the Tfp fibre, were intro-
duced into the sample chamber. Laser tweezers were then used to
hold the 1-!m beads near the immobilized diplococci so that the
beads could interact with Tfp.

When anti-pilus 1-!m beads were placed within 1–3 !m of
immobilized cells, the beads became dynamically tethered and
were repeatedly pulled towards the immobilized cells (Fig. 3b).
The mean speed of retraction was 1.17 # 0.49 !m s⌧1 (mean # s.d; n
= 713), and was independent of the distance traversed by the beads
(Fig. 3c). Retraction events were separated by intervals of 1–20 s.
One-micrometre beads lacking the anti-pilin monoclonal antibody
did not bind to pili as frequently as anti-pilin beads; but when they
bound, they also were pulled toward immobilized bacteria. Type IV
pili therefore exert retractile force through both nonspecific and
specific binding interactions, consistent with our finding that Tfp
facilitate bacterial motility on inert substrates (Fig. 1). Retraction
ceased !10 min after the addition of chloramphenicol or tetra-
cycline and resumed after drug washout, again indicating a require-
ment for protein synthesis.

The restoring force of the laser tweezers increases with radial
displacement from the trap centre, and can be calibrated for
homogeneous particles using laminar flow (see Methods). Figure
3c shows a trace of displacement against time, with force shown on
the displacement axis. Isolated, immobilized diplococci were often
able to exert forces of 80 pN or more on trapped 1-!m beads. By
comparison, !20 pN is the force needed to extract an integral
membrane protein from a lipid bilayer25, and !30 pN of tensile
force is sufficient to elongate a microvillus on a host cell26.

Retraction usually terminated with release or breakage of the
pilus tether and bead movement back into the laser trap (Fig. 3b, c).
Transitions from retraction to release usually occurred in less than
67 ms. The velocities of bead movement back into the trap (Fig. 3c)
were much more variable than retraction speeds and were propor-
tional to the distance displaced before release (4.34 # 3.48 !m s⌧1;

Table 1 Motility and retraction phenotypes of N. gonorrhoeae strains

Crawling Cell–cell retraction Cell–bead retraction
.............................................................................................................................................................................
MS11 N400 Yes Yes n.d.
MS11 GT102 pilTDQSL No No n.d.
MS11 GT103 pilT::mTnEGNS No No n.d.

MS11 AM92 Yes Yes Yes
MS11 AM92T1 pilT::mTnEGNS No No No

MS11 AM92
+ Tetracycline No n.d. No
+ Chloramphenicol No n.d. No
⌧L-glutamine and pyruvate No n.d. n.d.
20 !C (cell-division block) Yes n.d. Yes

.............................................................................................................................................................................
n.d., not determined.
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Figure 2 Optical tweezers reveal retractile forces between piliated N. gonorrhoeae cells.
a, Cell–microcolony assay. A diplococcus held in the laser-tweezers trap (indicated by
arrowheads) was repeatedly pulled toward a microcolony attached to the coverslip.
Micrographs (separated by !1-s intervals) show one retraction event from the sequence
used to generate the trace. Traces indicate radial displacement of the trapped diplococcus
from the centre of the laser trap. The top trace shows a time-magnified portion of the
bottom trace. Note that retraction occurs at !1 !m s⌧1. b, Retraction and tethering are
transient and can be re-established. A diplococcus was trapped and positioned next to a
microcolony as in a. The diplococcus was pulled from the trap towards the microcolony
and then released back into the trap (first three panels). Next, the trap and trapped
diplococcus were moved more than 10 !m away from the microcolony, then repositioned
on the opposite side of the same microcolony, where the diplococcus was again pulled
from the trap towards the microcolony (last three panels).
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n = 171). Release events could result from force-regulated release of
the fibre at a threshold tension level, from breakage of the retracting
fibre or the basal body, or from dissociation of the retracting fibre
from the 1-!m bead. More detailed analyses of many traces made at
laser power levels of 400 and 800 mW (Fig. 3e) indicated that bead
release is dependent on force, and is not solely a function of linear
displacement. Histograms of the forces reached before bead release
show small peaks at about 40, 60 and 90 pN (Fig. 3e, arrows).
Studies of other motor-dependent movements have also revealed
peaks in displacement histograms. These peaks have been inter-
preted as multiples of the critical force generated by the motors27.
The peaks observed in our study may reflect the presence of multiple
retracting fibres or multiple motor units on a single fibre; however,
we stress that additional, more refined measurements will be
required to establish the unit critical force of the Tfp retraction
machinery.

As in the cell–microcolony assays, pilT mutant cells were unable
to generate retractile forces but could sometimes form static tethers
to laser-trapped 1-!m beads. When a tethered bead was held in a
stationary laser-tweezers trap, movement of the microscope stage

(and hence the immobilized bacterium) within a defined radius did
not displace the tethered 1-!m bead out of the trap, but movement
outside this radius displaced the tethered bead from the trap centre
(Fig. 3f). The static character of the tether was tested by placing
the tethered bead under tension, 0.2 !m from the centre of the trap.
No further displacements of the bead (" 25 nm) occurred over of
a period of more than 120 s, indicating that the tether was static
(Fig. 3f). These results confirm that PilT is essential for Tfp
retraction.

What is the mechanism of Tfp retraction? The available evidence
is most consistent with molecular ratchet models28 in which
retractile force is generated by filament disassembly into the inner
membrane. Genetic analyses suggest that PilT promotes pilus
disassembly, pilin degradation, or both4,19. PilT, like the closely
related ATPases thought to energize Tfp assembly and type II and IV
secretion, localizes to the cytoplasm and inner membrane1,13,19,21.
Unassembled pilin is a type II integral inner membrane protein29.
Upon assembly, the membrane-spanning domain of pilin moves
into a hydrophobic coiled-coil at the core of the polymeric fibre17,18.
These observations support models in which cytoplasmic ATPases

Figure 3 Quantitative type IV pili retraction assay. a, Experimental geometry. The cartoon
shows a side view; the micrograph shows the assay in progress from above, with scale
indicated by the beads (1 and 3 !m). b, Direction of displacements. Trace from a
recording of a single immobilized diplococcus that shows the locations of the 1-!m bead
centroid in the plane parallel to the coverslip surface. The centre of the laser trap is
indicated (arrowheads). The immobilized diplococcus is in the same position relative to the
laser trap as in the micrograph in a. c, Velocity, timing and force of retraction. Top trace,
radial displacement of the 1-!m bead versus time, and calibrated restoring force
imposed by the laser-tweezers trap. Bottom trace, velocities of retraction and release from
the same recording. Positive velocities denote displacement away from the trap centre
(toward the immobilized cells), and negative velocities denote release into the trap centre
d, Plot of retraction velocity versus displacement, showing pooled data from recordings of

14 different immobilized diplococci. Note that for displacements of 100 nm or more,
retraction velocities are relatively constant at !1 !m s⌧1. e, Histograms of forces reached
prior to bead release at 400 and 800 mW input laser power. f, Static tethering of 1-!m
beads by immobilized pilT mutant cells. Cartoons show interpretation of the traces. The
Tfp could not be seen, but their state (slack or under tension) was inferred from
movements of the 1-!m bead relative to the trap. Arrowheads denote the position of the
laser trap (filled for the cartoons, open for the trace), which was stationary throughout the
experiment. The 3-!m bead was attached to the coverslip on the microscope stage, and
was moved using a stage motor. Traces show the displacements of the 1-!m and 3-!m
beads relative to the laser trap plotted against time. Breaks in the traces denote an interval
of more than 120 s in which there were no movements more than 25 nm of the 1-!m
bead.
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fibre or the basal body, or from dissociation of the retracting fibre
from the 1-!m bead. More detailed analyses of many traces made at
laser power levels of 400 and 800 mW (Fig. 3e) indicated that bead
release is dependent on force, and is not solely a function of linear
displacement. Histograms of the forces reached before bead release
show small peaks at about 40, 60 and 90 pN (Fig. 3e, arrows).
Studies of other motor-dependent movements have also revealed
peaks in displacement histograms. These peaks have been inter-
preted as multiples of the critical force generated by the motors27.
The peaks observed in our study may reflect the presence of multiple
retracting fibres or multiple motor units on a single fibre; however,
we stress that additional, more refined measurements will be
required to establish the unit critical force of the Tfp retraction
machinery.

As in the cell–microcolony assays, pilT mutant cells were unable
to generate retractile forces but could sometimes form static tethers
to laser-trapped 1-!m beads. When a tethered bead was held in a
stationary laser-tweezers trap, movement of the microscope stage

(and hence the immobilized bacterium) within a defined radius did
not displace the tethered 1-!m bead out of the trap, but movement
outside this radius displaced the tethered bead from the trap centre
(Fig. 3f). The static character of the tether was tested by placing
the tethered bead under tension, 0.2 !m from the centre of the trap.
No further displacements of the bead (" 25 nm) occurred over of
a period of more than 120 s, indicating that the tether was static
(Fig. 3f). These results confirm that PilT is essential for Tfp
retraction.

What is the mechanism of Tfp retraction? The available evidence
is most consistent with molecular ratchet models28 in which
retractile force is generated by filament disassembly into the inner
membrane. Genetic analyses suggest that PilT promotes pilus
disassembly, pilin degradation, or both4,19. PilT, like the closely
related ATPases thought to energize Tfp assembly and type II and IV
secretion, localizes to the cytoplasm and inner membrane1,13,19,21.
Unassembled pilin is a type II integral inner membrane protein29.
Upon assembly, the membrane-spanning domain of pilin moves
into a hydrophobic coiled-coil at the core of the polymeric fibre17,18.
These observations support models in which cytoplasmic ATPases

Figure 3 Quantitative type IV pili retraction assay. a, Experimental geometry. The cartoon
shows a side view; the micrograph shows the assay in progress from above, with scale
indicated by the beads (1 and 3 !m). b, Direction of displacements. Trace from a
recording of a single immobilized diplococcus that shows the locations of the 1-!m bead
centroid in the plane parallel to the coverslip surface. The centre of the laser trap is
indicated (arrowheads). The immobilized diplococcus is in the same position relative to the
laser trap as in the micrograph in a. c, Velocity, timing and force of retraction. Top trace,
radial displacement of the 1-!m bead versus time, and calibrated restoring force
imposed by the laser-tweezers trap. Bottom trace, velocities of retraction and release from
the same recording. Positive velocities denote displacement away from the trap centre
(toward the immobilized cells), and negative velocities denote release into the trap centre
d, Plot of retraction velocity versus displacement, showing pooled data from recordings of

14 different immobilized diplococci. Note that for displacements of 100 nm or more,
retraction velocities are relatively constant at !1 !m s⌧1. e, Histograms of forces reached
prior to bead release at 400 and 800 mW input laser power. f, Static tethering of 1-!m
beads by immobilized pilT mutant cells. Cartoons show interpretation of the traces. The
Tfp could not be seen, but their state (slack or under tension) was inferred from
movements of the 1-!m bead relative to the trap. Arrowheads denote the position of the
laser trap (filled for the cartoons, open for the trace), which was stationary throughout the
experiment. The 3-!m bead was attached to the coverslip on the microscope stage, and
was moved using a stage motor. Traces show the displacements of the 1-!m and 3-!m
beads relative to the laser trap plotted against time. Breaks in the traces denote an interval
of more than 120 s in which there were no movements more than 25 nm of the 1-!m
bead.
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Pili retraction powers bacterial twitching motility: evidence

• Use optical tweezer to hold a cell at the 
edge of a small colony

• The cell moves towards the colony and 
escapes the trap revealing retractile forces 
between cells. 
Cells usually move back towards the trap 
revealing the transient nature of retractile 
force

• Cells immobilized on a bead 
anchored to the substrate:

• An optical tweezer was used to 
hold a cell a few microns away 
and measured the retractile 
forces

• Retractile forces are in the range 
of 100pN
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Mechanisms of twitching motility: regulation 

• P. aeruginosa shows oscillatory dynamics but exhibit 
biased direction.

Kühn, M. J. et al.  and A. Persat. PNAS 118, e2101759118 (2021).  

Chemoattractant

hard to interpret (11). In addition, unlike homologs from the well-
studied canonical E. coli Che system, the Chp methyl-accepting
chemotaxis protein called PilJ has no clear chemical ligand (13,
14). Several chemical compounds bias collective or single-cell
twitching migration in a Chp-dependent manner (15–18). For
example, single P. aeruginosa cells twitch up strong gradients of
dimethyl sulfoxide (17). Because most Chp mutants have strong
piliation defects, it remains unclear whether chemical gradients
passively bias twitching displacements or actively guide motility via
chemosignaling.
We previously demonstrated that P. aeruginosa up-regulates

genes coding for virulence factors upon surface contact in a T4P-
and Chp-dependent manner (13, 19). However, how Chp controls

motility independently of transcription remains unresolved (11,
13, 20). The homology between Chp and Che systems suggests a
tactic function for Chp. As a result, we rigorously tested the hy-
pothesis that Chp regulates twitching motility of single cells in
response to T4P mechanical input at short timescales.

Results
The canonical Che system regulates bacterial swimming by
transducing an input chemical signal into a motility response via
flagellar rotation control (21). By analogy, we hypothesized that
the chemotaxis-like Chp system regulates the trajectory of single
twitching cells (13). Chp mutants twitch aberrantly in the tradi-
tional stab assay (SI Appendix, Fig. S1 A and B) (12, 20). These
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Fig. 1. The Chp system regulates the twitching trajectories of individual P. aeruginosa cells. (A) Schematic representation of the major components of the T4P
and Chp system. (B) Phase contrast snapshots of forward and reverse migration of twitching cells.~t is a unit vector oriented along the cell body in the initial
direction of motion. ~d is the unit displacement vector. δ is the dot product ~d.~t, which quantifies displacements relative to the initial direction of motility. The
red triangle indicates the initial leading pole of the bacterium. (Scale bar, 2 μm.) (C) Graphs of cumulative net displacement as a function of time, highlighting
the forward and reverse twitching behavior of Chp mutants. Each curve corresponds to an individual cell trajectory. Tracks of reversing WT cells are high-
lighted in black. At any given time, a curve oriented toward the top right corresponds to a cell moving forward, while a curve oriented toward top left
corresponds to reverse movement (cf. Inset). ΔpilGcpdA constantly reverses twitching direction, while ΔpilH cells persistently move forward.
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hard to interpret (11). In addition, unlike homologs from the well-
studied canonical E. coli Che system, the Chp methyl-accepting
chemotaxis protein called PilJ has no clear chemical ligand (13,
14). Several chemical compounds bias collective or single-cell
twitching migration in a Chp-dependent manner (15–18). For
example, single P. aeruginosa cells twitch up strong gradients of
dimethyl sulfoxide (17). Because most Chp mutants have strong
piliation defects, it remains unclear whether chemical gradients
passively bias twitching displacements or actively guide motility via
chemosignaling.
We previously demonstrated that P. aeruginosa up-regulates

genes coding for virulence factors upon surface contact in a T4P-
and Chp-dependent manner (13, 19). However, how Chp controls

motility independently of transcription remains unresolved (11,
13, 20). The homology between Chp and Che systems suggests a
tactic function for Chp. As a result, we rigorously tested the hy-
pothesis that Chp regulates twitching motility of single cells in
response to T4P mechanical input at short timescales.

Results
The canonical Che system regulates bacterial swimming by
transducing an input chemical signal into a motility response via
flagellar rotation control (21). By analogy, we hypothesized that
the chemotaxis-like Chp system regulates the trajectory of single
twitching cells (13). Chp mutants twitch aberrantly in the tradi-
tional stab assay (SI Appendix, Fig. S1 A and B) (12, 20). These
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Fig. 1. The Chp system regulates the twitching trajectories of individual P. aeruginosa cells. (A) Schematic representation of the major components of the T4P
and Chp system. (B) Phase contrast snapshots of forward and reverse migration of twitching cells.~t is a unit vector oriented along the cell body in the initial
direction of motion. ~d is the unit displacement vector. δ is the dot product ~d.~t, which quantifies displacements relative to the initial direction of motility. The
red triangle indicates the initial leading pole of the bacterium. (Scale bar, 2 μm.) (C) Graphs of cumulative net displacement as a function of time, highlighting
the forward and reverse twitching behavior of Chp mutants. Each curve corresponds to an individual cell trajectory. Tracks of reversing WT cells are high-
lighted in black. At any given time, a curve oriented toward the top right corresponds to a cell moving forward, while a curve oriented toward top left
corresponds to reverse movement (cf. Inset). ΔpilGcpdA constantly reverses twitching direction, while ΔpilH cells persistently move forward.

2 of 9 | PNAS Kühn et al.
https://doi.org/10.1073/pnas.2101759118 Mechanotaxis directs Pseudomonas aeruginosa twitching motility

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//w

w
w

.p
na

s.o
rg

 b
y 

13
9.

12
4.

8.
21

9 
on

 D
ec

em
be

r 7
, 2

02
2 

fr
om

 IP
 a

dd
re

ss
 1

39
.1

24
.8

.2
19

.

• Oscillatory dynamics of twitching cells
hard to interpret (11). In addition, unlike homologs from the well-
studied canonical E. coli Che system, the Chp methyl-accepting
chemotaxis protein called PilJ has no clear chemical ligand (13,
14). Several chemical compounds bias collective or single-cell
twitching migration in a Chp-dependent manner (15–18). For
example, single P. aeruginosa cells twitch up strong gradients of
dimethyl sulfoxide (17). Because most Chp mutants have strong
piliation defects, it remains unclear whether chemical gradients
passively bias twitching displacements or actively guide motility via
chemosignaling.
We previously demonstrated that P. aeruginosa up-regulates

genes coding for virulence factors upon surface contact in a T4P-
and Chp-dependent manner (13, 19). However, how Chp controls

motility independently of transcription remains unresolved (11,
13, 20). The homology between Chp and Che systems suggests a
tactic function for Chp. As a result, we rigorously tested the hy-
pothesis that Chp regulates twitching motility of single cells in
response to T4P mechanical input at short timescales.

Results
The canonical Che system regulates bacterial swimming by
transducing an input chemical signal into a motility response via
flagellar rotation control (21). By analogy, we hypothesized that
the chemotaxis-like Chp system regulates the trajectory of single
twitching cells (13). Chp mutants twitch aberrantly in the tradi-
tional stab assay (SI Appendix, Fig. S1 A and B) (12, 20). These
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Fig. 1. The Chp system regulates the twitching trajectories of individual P. aeruginosa cells. (A) Schematic representation of the major components of the T4P
and Chp system. (B) Phase contrast snapshots of forward and reverse migration of twitching cells.~t is a unit vector oriented along the cell body in the initial
direction of motion. ~d is the unit displacement vector. δ is the dot product ~d.~t, which quantifies displacements relative to the initial direction of motility. The
red triangle indicates the initial leading pole of the bacterium. (Scale bar, 2 μm.) (C) Graphs of cumulative net displacement as a function of time, highlighting
the forward and reverse twitching behavior of Chp mutants. Each curve corresponds to an individual cell trajectory. Tracks of reversing WT cells are high-
lighted in black. At any given time, a curve oriented toward the top right corresponds to a cell moving forward, while a curve oriented toward top left
corresponds to reverse movement (cf. Inset). ΔpilGcpdA constantly reverses twitching direction, while ΔpilH cells persistently move forward.
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PilG mutant

• This involves in part chemotaxis.

• The ChpA (Chemosensory protein A) sensory system is 
similar to the CheA/Y system (in E. coli) and is likewise 
involved in chemotaxis 



Thomas LECUIT   2022-2023

• Twitching cells detect collisions and reverse motility

• The ChpA/PilG/PilH sensory system is required for 
the detection of collision

Chemoattractant

hard to interpret (11). In addition, unlike homologs from the well-
studied canonical E. coli Che system, the Chp methyl-accepting
chemotaxis protein called PilJ has no clear chemical ligand (13,
14). Several chemical compounds bias collective or single-cell
twitching migration in a Chp-dependent manner (15–18). For
example, single P. aeruginosa cells twitch up strong gradients of
dimethyl sulfoxide (17). Because most Chp mutants have strong
piliation defects, it remains unclear whether chemical gradients
passively bias twitching displacements or actively guide motility via
chemosignaling.
We previously demonstrated that P. aeruginosa up-regulates

genes coding for virulence factors upon surface contact in a T4P-
and Chp-dependent manner (13, 19). However, how Chp controls

motility independently of transcription remains unresolved (11,
13, 20). The homology between Chp and Che systems suggests a
tactic function for Chp. As a result, we rigorously tested the hy-
pothesis that Chp regulates twitching motility of single cells in
response to T4P mechanical input at short timescales.

Results
The canonical Che system regulates bacterial swimming by
transducing an input chemical signal into a motility response via
flagellar rotation control (21). By analogy, we hypothesized that
the chemotaxis-like Chp system regulates the trajectory of single
twitching cells (13). Chp mutants twitch aberrantly in the tradi-
tional stab assay (SI Appendix, Fig. S1 A and B) (12, 20). These
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Fig. 1. The Chp system regulates the twitching trajectories of individual P. aeruginosa cells. (A) Schematic representation of the major components of the T4P
and Chp system. (B) Phase contrast snapshots of forward and reverse migration of twitching cells.~t is a unit vector oriented along the cell body in the initial
direction of motion. ~d is the unit displacement vector. δ is the dot product ~d.~t, which quantifies displacements relative to the initial direction of motility. The
red triangle indicates the initial leading pole of the bacterium. (Scale bar, 2 μm.) (C) Graphs of cumulative net displacement as a function of time, highlighting
the forward and reverse twitching behavior of Chp mutants. Each curve corresponds to an individual cell trajectory. Tracks of reversing WT cells are high-
lighted in black. At any given time, a curve oriented toward the top right corresponds to a cell moving forward, while a curve oriented toward top left
corresponds to reverse movement (cf. Inset). ΔpilGcpdA constantly reverses twitching direction, while ΔpilH cells persistently move forward.
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Surface sensing

Mechanisms of twitching motility: regulation 

control PilH mutant

Kühn, M. J. et al.  and A. Persat. PNAS 118, e2101759118 (2021).  

compared with nonmoving cells (Fig. 3D). In addition, both fusion
proteins changed localization and polarity during reversals (SI
Appendix, Fig. S6 and Movie S8) (25). In contrast, the localization
of mNG-PilT and mNG-PilU was largely symmetric across the
population, without marked symmetry differences between non-
moving and moving cells. Since PilB and FimX polarize in moving
cells, we computed the correlation between the twitching direction
and fusion protein polarization (i.e., the localization of their
brightest polar spot). We found that more than 90% of cells moved
in the direction of the bright PilB and FimX pole (Fig. 3E). Thus,
PilB polarization correlates more strongly with motility than with
T4P number (Fig. 3C). While we measure twitching for minutes
over nearly 100 T4P extension and retraction events (29),

correlative iSCAT gives a snapshot of the T4P distribution in a
given cell, explaining the discrepancy between conditions. Alto-
gether, our data shows that polarized extension and constitutive
retraction controls P. aeruginosa twitching direction.
The Chp system regulates T4P distribution, which itself is

under the control of the PilB polarization. Since T4P and Chp
mediate surface sensing to regulate transcription, we hypothesize
that mechanosensing also regulates the subsequent extension of
additional T4P (19). As a result, we tested whether T4P activity
itself regulates PilB polarization. We reasoned that the longer a
cell resides on a surface, the more likely it is to experience me-
chanical stimuli from T4P. We thus compared polarization of cell
populations immediately after contact (10 min) with populations
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Fig. 2. The Chp system controls reversals of twitching P. aeruginosa cells. (A) Quantification of reversal rates in Chp and cAMP mutants. ΔpilGcpdA has
highest reversal frequency. ΔpilH has a twofold lower reversal frequency than ΔcpdA. Circles correspond to biological replicates, and black bars represent
their mean. (B) Snapshots of WT reversing upon collision with another cell (Left). The same sequence for a ΔpilH cell, failing to reverse upon collision (Right).
The red triangle indicates the initial leading pole of the bacterium. (Scale bar, 2 μm.) (C) Fraction of cells reversing upon collision with another cell. About half
of WT cells reverse after collision, ΔpilH almost never reserves after collision, and ΔpilGcpdA almost always reverses. Circles correspond to biological repli-
cates, and black bars represent their mean. (D) Phase contrast image sequence of WT cells reversing upon collision with glass microfibers and other cells. The
dashed lines indicate the position of the fiber. (Scale bar, 2 μm.) (E) Fraction of WT cells reversing upon collision with another cell and with a glass microfiber.
A total of 60% of cells reverse after collision, irrespective of the type of obstacle. Circles correspond to biological replicates, and black bars represent their
mean. (F) While WT is able to move efficiently at high density, the reduced ability of ΔpilH to reverse upon collision leads to cell jamming and clustering.
(Scale bar, 50 μm.) Background strain: PAO1 ΔfliC.
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compared with nonmoving cells (Fig. 3D). In addition, both fusion
proteins changed localization and polarity during reversals (SI
Appendix, Fig. S6 and Movie S8) (25). In contrast, the localization
of mNG-PilT and mNG-PilU was largely symmetric across the
population, without marked symmetry differences between non-
moving and moving cells. Since PilB and FimX polarize in moving
cells, we computed the correlation between the twitching direction
and fusion protein polarization (i.e., the localization of their
brightest polar spot). We found that more than 90% of cells moved
in the direction of the bright PilB and FimX pole (Fig. 3E). Thus,
PilB polarization correlates more strongly with motility than with
T4P number (Fig. 3C). While we measure twitching for minutes
over nearly 100 T4P extension and retraction events (29),

correlative iSCAT gives a snapshot of the T4P distribution in a
given cell, explaining the discrepancy between conditions. Alto-
gether, our data shows that polarized extension and constitutive
retraction controls P. aeruginosa twitching direction.
The Chp system regulates T4P distribution, which itself is

under the control of the PilB polarization. Since T4P and Chp
mediate surface sensing to regulate transcription, we hypothesize
that mechanosensing also regulates the subsequent extension of
additional T4P (19). As a result, we tested whether T4P activity
itself regulates PilB polarization. We reasoned that the longer a
cell resides on a surface, the more likely it is to experience me-
chanical stimuli from T4P. We thus compared polarization of cell
populations immediately after contact (10 min) with populations
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Fig. 2. The Chp system controls reversals of twitching P. aeruginosa cells. (A) Quantification of reversal rates in Chp and cAMP mutants. ΔpilGcpdA has
highest reversal frequency. ΔpilH has a twofold lower reversal frequency than ΔcpdA. Circles correspond to biological replicates, and black bars represent
their mean. (B) Snapshots of WT reversing upon collision with another cell (Left). The same sequence for a ΔpilH cell, failing to reverse upon collision (Right).
The red triangle indicates the initial leading pole of the bacterium. (Scale bar, 2 μm.) (C) Fraction of cells reversing upon collision with another cell. About half
of WT cells reverse after collision, ΔpilH almost never reserves after collision, and ΔpilGcpdA almost always reverses. Circles correspond to biological repli-
cates, and black bars represent their mean. (D) Phase contrast image sequence of WT cells reversing upon collision with glass microfibers and other cells. The
dashed lines indicate the position of the fiber. (Scale bar, 2 μm.) (E) Fraction of WT cells reversing upon collision with another cell and with a glass microfiber.
A total of 60% of cells reverse after collision, irrespective of the type of obstacle. Circles correspond to biological replicates, and black bars represent their
mean. (F) While WT is able to move efficiently at high density, the reduced ability of ΔpilH to reverse upon collision leads to cell jamming and clustering.
(Scale bar, 50 μm.) Background strain: PAO1 ΔfliC.
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compared with nonmoving cells (Fig. 3D). In addition, both fusion
proteins changed localization and polarity during reversals (SI
Appendix, Fig. S6 and Movie S8) (25). In contrast, the localization
of mNG-PilT and mNG-PilU was largely symmetric across the
population, without marked symmetry differences between non-
moving and moving cells. Since PilB and FimX polarize in moving
cells, we computed the correlation between the twitching direction
and fusion protein polarization (i.e., the localization of their
brightest polar spot). We found that more than 90% of cells moved
in the direction of the bright PilB and FimX pole (Fig. 3E). Thus,
PilB polarization correlates more strongly with motility than with
T4P number (Fig. 3C). While we measure twitching for minutes
over nearly 100 T4P extension and retraction events (29),

correlative iSCAT gives a snapshot of the T4P distribution in a
given cell, explaining the discrepancy between conditions. Alto-
gether, our data shows that polarized extension and constitutive
retraction controls P. aeruginosa twitching direction.
The Chp system regulates T4P distribution, which itself is

under the control of the PilB polarization. Since T4P and Chp
mediate surface sensing to regulate transcription, we hypothesize
that mechanosensing also regulates the subsequent extension of
additional T4P (19). As a result, we tested whether T4P activity
itself regulates PilB polarization. We reasoned that the longer a
cell resides on a surface, the more likely it is to experience me-
chanical stimuli from T4P. We thus compared polarization of cell
populations immediately after contact (10 min) with populations
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Fig. 2. The Chp system controls reversals of twitching P. aeruginosa cells. (A) Quantification of reversal rates in Chp and cAMP mutants. ΔpilGcpdA has
highest reversal frequency. ΔpilH has a twofold lower reversal frequency than ΔcpdA. Circles correspond to biological replicates, and black bars represent
their mean. (B) Snapshots of WT reversing upon collision with another cell (Left). The same sequence for a ΔpilH cell, failing to reverse upon collision (Right).
The red triangle indicates the initial leading pole of the bacterium. (Scale bar, 2 μm.) (C) Fraction of cells reversing upon collision with another cell. About half
of WT cells reverse after collision, ΔpilH almost never reserves after collision, and ΔpilGcpdA almost always reverses. Circles correspond to biological repli-
cates, and black bars represent their mean. (D) Phase contrast image sequence of WT cells reversing upon collision with glass microfibers and other cells. The
dashed lines indicate the position of the fiber. (Scale bar, 2 μm.) (E) Fraction of WT cells reversing upon collision with another cell and with a glass microfiber.
A total of 60% of cells reverse after collision, irrespective of the type of obstacle. Circles correspond to biological replicates, and black bars represent their
mean. (F) While WT is able to move efficiently at high density, the reduced ability of ΔpilH to reverse upon collision leads to cell jamming and clustering.
(Scale bar, 50 μm.) Background strain: PAO1 ΔfliC.
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• Cells detect a synthetic fiber: consistent with 
mechanotaxis instead of chemotaxis

compared with nonmoving cells (Fig. 3D). In addition, both fusion
proteins changed localization and polarity during reversals (SI
Appendix, Fig. S6 and Movie S8) (25). In contrast, the localization
of mNG-PilT and mNG-PilU was largely symmetric across the
population, without marked symmetry differences between non-
moving and moving cells. Since PilB and FimX polarize in moving
cells, we computed the correlation between the twitching direction
and fusion protein polarization (i.e., the localization of their
brightest polar spot). We found that more than 90% of cells moved
in the direction of the bright PilB and FimX pole (Fig. 3E). Thus,
PilB polarization correlates more strongly with motility than with
T4P number (Fig. 3C). While we measure twitching for minutes
over nearly 100 T4P extension and retraction events (29),

correlative iSCAT gives a snapshot of the T4P distribution in a
given cell, explaining the discrepancy between conditions. Alto-
gether, our data shows that polarized extension and constitutive
retraction controls P. aeruginosa twitching direction.
The Chp system regulates T4P distribution, which itself is

under the control of the PilB polarization. Since T4P and Chp
mediate surface sensing to regulate transcription, we hypothesize
that mechanosensing also regulates the subsequent extension of
additional T4P (19). As a result, we tested whether T4P activity
itself regulates PilB polarization. We reasoned that the longer a
cell resides on a surface, the more likely it is to experience me-
chanical stimuli from T4P. We thus compared polarization of cell
populations immediately after contact (10 min) with populations
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compared with nonmoving cells (Fig. 3D). In addition, both fusion
proteins changed localization and polarity during reversals (SI
Appendix, Fig. S6 and Movie S8) (25). In contrast, the localization
of mNG-PilT and mNG-PilU was largely symmetric across the
population, without marked symmetry differences between non-
moving and moving cells. Since PilB and FimX polarize in moving
cells, we computed the correlation between the twitching direction
and fusion protein polarization (i.e., the localization of their
brightest polar spot). We found that more than 90% of cells moved
in the direction of the bright PilB and FimX pole (Fig. 3E). Thus,
PilB polarization correlates more strongly with motility than with
T4P number (Fig. 3C). While we measure twitching for minutes
over nearly 100 T4P extension and retraction events (29),

correlative iSCAT gives a snapshot of the T4P distribution in a
given cell, explaining the discrepancy between conditions. Alto-
gether, our data shows that polarized extension and constitutive
retraction controls P. aeruginosa twitching direction.
The Chp system regulates T4P distribution, which itself is

under the control of the PilB polarization. Since T4P and Chp
mediate surface sensing to regulate transcription, we hypothesize
that mechanosensing also regulates the subsequent extension of
additional T4P (19). As a result, we tested whether T4P activity
itself regulates PilB polarization. We reasoned that the longer a
cell resides on a surface, the more likely it is to experience me-
chanical stimuli from T4P. We thus compared polarization of cell
populations immediately after contact (10 min) with populations
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cates, and black bars represent their mean. (D) Phase contrast image sequence of WT cells reversing upon collision with glass microfibers and other cells. The
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• Detection of collision allows uniform spreading and 
density of bacteria in swarms.
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that were associated with the surface for longer times (60 min).
We focused on the dynamic localization of mNG-FimX. First, we
found that in many cells, polar mNG-FimX foci relocated from
pole to pole within a short timeframe after surface contact as if
they were oscillating (Fig. 4A and Movie S9). These observations
were reminiscent of oscillations in the twitching and gliding reg-
ulators observed inM. xanthus (23, 30, 31). The proportion of cells
exhibiting these oscillations became smaller after prolonged sur-
face contact (Fig. 4B and SI Appendix, Fig. S7A), suggesting that
surface sensing inhibits mNG-FimX oscillations and stabilizes
polarization. To test whether mechanosensing with T4P induces
polarization of the extension machinery, we visualized mNG-
FimX in a ΔpilA mutant background, which also displayed oscil-
lations (Fig. 4C and Movie S10). We found that the fraction of
ΔpilA cells that showed mNG-FimX oscillations 10 and 60 min
after surface contact were equal, near 90% (Fig. 4D). The distri-
butions of oscillation frequencies between these two states were
also indistinguishable (SI Appendix, Fig. S7B). Altogether, our
results demonstrate that T4P-mediated mechanosensing at one
pole locally recruits and stabilizes extension motors, thereby in-
ducing a positive feedback onto their own activity. While several
exogenous molecular compounds bias collective or single-cell
twitching migration (15–18), our data shows chemical gradients
are not necessary for the active regulation of twitching.
PilB polarization sets the twitching direction of single cells,

and PilG and PilH regulate T4P polarization to control reversals.
We therefore investigated how the Chp system regulates PilB
localization to control a cell’s direction of motion. We compared

the mean localization profiles of PilB-mNG and mNG-FimX in
WT, ΔpilG, and ΔpilH backgrounds (Fig. 5 A and B and SI
Appendix, Fig. S8A). Both fusion proteins had greater polar
fluorescent signal in ΔpilH and lower polar signal in ΔpilG
compared with WT (Fig. 5 C and D). We computed a polar lo-
calization index, which measures the proportion of the signal
localized at the poles relative to the total fluorescence (SI Ap-
pendix, Fig. S8B). About 50% of the mNG-FimX and PilB-mNG
signal is found at the poles for WT, 70% of the signal is polar in
ΔpilH, and most of the signal is diffuse in ΔpilG (Fig. 5 E andG).
We next computed a symmetry index that quantifies the extent of
signal polarization, that is, how bright a pole is compared with
the other, with a value of 0.5 being completely symmetric (SI
Appendix, Fig. S8B). WT cells grown in liquid had a mNG-FimX
and PilB-mNG symmetry index of about 0.6 (Fig. 5 F and H). In
contrast, ΔpilH cells were more polarized, with a symmetry index
close to 0.75. Compared with WT, mNG-FimX was more sym-
metric in a ΔpilG background (Fig. 5H). We verified that the
increase in expression levels in the different Chp mutants did not
exacerbate PilB and FimX localization and polarization (SI
Appendix, Fig. S9). In summary, we showed that PilG promotes
polar recruitment and polarization of PilB and its regulator
FimX, which is counteracted by PilH.
We then wondered how P. aeruginosa orchestrates two response

regulators with opposing functions. Yeast and amoebae control cell
polarization in response to environmental cues using spatially
structured positive and negative feedback (32). By analogy, we
considered a model wherein PilG and PilH segregate to implement
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Fig. 3. The localization of the extension motor PilB sets the direction of twitching and the polarization of T4P activity. (A) Snapshot of chromosomal
fluorescent protein fusions to the extension motor PilB, its regulator FimX, and the retraction motors PilT and PilU. (Scale bars, 5 μm.) (B) Simultaneous
imaging of PilB-mNG and T4P by correlative iSCAT fluorescence. White arrowheads indicate T4P. (Scale bar, 5 μm.) (C) Fraction of cells with more T4P at bright
versus dim fluorescent pole. Most cells have more T4P at the bright PilB-mNG pole. We could not distinguish a T4P depletion at the bright retraction motor
poles. Each circle is the mean fraction for one biological replicate. Black bars correspond to their mean across replicates. (D) Comparison of the symmetry of
polar fluorescence between moving and nonmoving cells. PilB and FimX signal is more asymmetric in moving cells, which is not the case for PilT and PilU. (E)
Fraction of cells twitching in the direction of their brightest pole. Circles correspond the fraction of each biological replicate, and black bars represent
their mean.
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PiliB presents a polarized distribution at the poles of P. aeruginosa.
PilB is concentrated at the pole where Type 4 Pili are also concentrated

extension motor PilB retraction motor PilT

Mechanisms of twitching motility: regulation 

Kühn, M. J. et al.  and A. Persat. PNAS 118, e2101759118 (2021).  

Pili: T4P

Regulators

Pili

• PilB and Pili tend to concentrate at the same cell pole
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Mechanisms of twitching motility: regulation 

Kühn, M. J. et al.  and A. Persat. PNAS 118, e2101759118 (2021).  

90% of cells move towards PilB pole

The localization of the extension motor PilB sets the direction of twitching and the polarization of Pili activity 
The retraction motor PilT has no biased distribution

• PilB and Pili concentrate at the leading, forward moving cellular pole

that were associated with the surface for longer times (60 min).
We focused on the dynamic localization of mNG-FimX. First, we
found that in many cells, polar mNG-FimX foci relocated from
pole to pole within a short timeframe after surface contact as if
they were oscillating (Fig. 4A and Movie S9). These observations
were reminiscent of oscillations in the twitching and gliding reg-
ulators observed inM. xanthus (23, 30, 31). The proportion of cells
exhibiting these oscillations became smaller after prolonged sur-
face contact (Fig. 4B and SI Appendix, Fig. S7A), suggesting that
surface sensing inhibits mNG-FimX oscillations and stabilizes
polarization. To test whether mechanosensing with T4P induces
polarization of the extension machinery, we visualized mNG-
FimX in a ΔpilA mutant background, which also displayed oscil-
lations (Fig. 4C and Movie S10). We found that the fraction of
ΔpilA cells that showed mNG-FimX oscillations 10 and 60 min
after surface contact were equal, near 90% (Fig. 4D). The distri-
butions of oscillation frequencies between these two states were
also indistinguishable (SI Appendix, Fig. S7B). Altogether, our
results demonstrate that T4P-mediated mechanosensing at one
pole locally recruits and stabilizes extension motors, thereby in-
ducing a positive feedback onto their own activity. While several
exogenous molecular compounds bias collective or single-cell
twitching migration (15–18), our data shows chemical gradients
are not necessary for the active regulation of twitching.
PilB polarization sets the twitching direction of single cells,

and PilG and PilH regulate T4P polarization to control reversals.
We therefore investigated how the Chp system regulates PilB
localization to control a cell’s direction of motion. We compared

the mean localization profiles of PilB-mNG and mNG-FimX in
WT, ΔpilG, and ΔpilH backgrounds (Fig. 5 A and B and SI
Appendix, Fig. S8A). Both fusion proteins had greater polar
fluorescent signal in ΔpilH and lower polar signal in ΔpilG
compared with WT (Fig. 5 C and D). We computed a polar lo-
calization index, which measures the proportion of the signal
localized at the poles relative to the total fluorescence (SI Ap-
pendix, Fig. S8B). About 50% of the mNG-FimX and PilB-mNG
signal is found at the poles for WT, 70% of the signal is polar in
ΔpilH, and most of the signal is diffuse in ΔpilG (Fig. 5 E andG).
We next computed a symmetry index that quantifies the extent of
signal polarization, that is, how bright a pole is compared with
the other, with a value of 0.5 being completely symmetric (SI
Appendix, Fig. S8B). WT cells grown in liquid had a mNG-FimX
and PilB-mNG symmetry index of about 0.6 (Fig. 5 F and H). In
contrast, ΔpilH cells were more polarized, with a symmetry index
close to 0.75. Compared with WT, mNG-FimX was more sym-
metric in a ΔpilG background (Fig. 5H). We verified that the
increase in expression levels in the different Chp mutants did not
exacerbate PilB and FimX localization and polarization (SI
Appendix, Fig. S9). In summary, we showed that PilG promotes
polar recruitment and polarization of PilB and its regulator
FimX, which is counteracted by PilH.
We then wondered how P. aeruginosa orchestrates two response

regulators with opposing functions. Yeast and amoebae control cell
polarization in response to environmental cues using spatially
structured positive and negative feedback (32). By analogy, we
considered a model wherein PilG and PilH segregate to implement
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Fig. 3. The localization of the extension motor PilB sets the direction of twitching and the polarization of T4P activity. (A) Snapshot of chromosomal
fluorescent protein fusions to the extension motor PilB, its regulator FimX, and the retraction motors PilT and PilU. (Scale bars, 5 μm.) (B) Simultaneous
imaging of PilB-mNG and T4P by correlative iSCAT fluorescence. White arrowheads indicate T4P. (Scale bar, 5 μm.) (C) Fraction of cells with more T4P at bright
versus dim fluorescent pole. Most cells have more T4P at the bright PilB-mNG pole. We could not distinguish a T4P depletion at the bright retraction motor
poles. Each circle is the mean fraction for one biological replicate. Black bars correspond to their mean across replicates. (D) Comparison of the symmetry of
polar fluorescence between moving and nonmoving cells. PilB and FimX signal is more asymmetric in moving cells, which is not the case for PilT and PilU. (E)
Fraction of cells twitching in the direction of their brightest pole. Circles correspond the fraction of each biological replicate, and black bars represent
their mean.
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that were associated with the surface for longer times (60 min).
We focused on the dynamic localization of mNG-FimX. First, we
found that in many cells, polar mNG-FimX foci relocated from
pole to pole within a short timeframe after surface contact as if
they were oscillating (Fig. 4A and Movie S9). These observations
were reminiscent of oscillations in the twitching and gliding reg-
ulators observed inM. xanthus (23, 30, 31). The proportion of cells
exhibiting these oscillations became smaller after prolonged sur-
face contact (Fig. 4B and SI Appendix, Fig. S7A), suggesting that
surface sensing inhibits mNG-FimX oscillations and stabilizes
polarization. To test whether mechanosensing with T4P induces
polarization of the extension machinery, we visualized mNG-
FimX in a ΔpilA mutant background, which also displayed oscil-
lations (Fig. 4C and Movie S10). We found that the fraction of
ΔpilA cells that showed mNG-FimX oscillations 10 and 60 min
after surface contact were equal, near 90% (Fig. 4D). The distri-
butions of oscillation frequencies between these two states were
also indistinguishable (SI Appendix, Fig. S7B). Altogether, our
results demonstrate that T4P-mediated mechanosensing at one
pole locally recruits and stabilizes extension motors, thereby in-
ducing a positive feedback onto their own activity. While several
exogenous molecular compounds bias collective or single-cell
twitching migration (15–18), our data shows chemical gradients
are not necessary for the active regulation of twitching.
PilB polarization sets the twitching direction of single cells,

and PilG and PilH regulate T4P polarization to control reversals.
We therefore investigated how the Chp system regulates PilB
localization to control a cell’s direction of motion. We compared

the mean localization profiles of PilB-mNG and mNG-FimX in
WT, ΔpilG, and ΔpilH backgrounds (Fig. 5 A and B and SI
Appendix, Fig. S8A). Both fusion proteins had greater polar
fluorescent signal in ΔpilH and lower polar signal in ΔpilG
compared with WT (Fig. 5 C and D). We computed a polar lo-
calization index, which measures the proportion of the signal
localized at the poles relative to the total fluorescence (SI Ap-
pendix, Fig. S8B). About 50% of the mNG-FimX and PilB-mNG
signal is found at the poles for WT, 70% of the signal is polar in
ΔpilH, and most of the signal is diffuse in ΔpilG (Fig. 5 E andG).
We next computed a symmetry index that quantifies the extent of
signal polarization, that is, how bright a pole is compared with
the other, with a value of 0.5 being completely symmetric (SI
Appendix, Fig. S8B). WT cells grown in liquid had a mNG-FimX
and PilB-mNG symmetry index of about 0.6 (Fig. 5 F and H). In
contrast, ΔpilH cells were more polarized, with a symmetry index
close to 0.75. Compared with WT, mNG-FimX was more sym-
metric in a ΔpilG background (Fig. 5H). We verified that the
increase in expression levels in the different Chp mutants did not
exacerbate PilB and FimX localization and polarization (SI
Appendix, Fig. S9). In summary, we showed that PilG promotes
polar recruitment and polarization of PilB and its regulator
FimX, which is counteracted by PilH.
We then wondered how P. aeruginosa orchestrates two response

regulators with opposing functions. Yeast and amoebae control cell
polarization in response to environmental cues using spatially
structured positive and negative feedback (32). By analogy, we
considered a model wherein PilG and PilH segregate to implement
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fluorescent protein fusions to the extension motor PilB, its regulator FimX, and the retraction motors PilT and PilU. (Scale bars, 5 μm.) (B) Simultaneous
imaging of PilB-mNG and T4P by correlative iSCAT fluorescence. White arrowheads indicate T4P. (Scale bar, 5 μm.) (C) Fraction of cells with more T4P at bright
versus dim fluorescent pole. Most cells have more T4P at the bright PilB-mNG pole. We could not distinguish a T4P depletion at the bright retraction motor
poles. Each circle is the mean fraction for one biological replicate. Black bars correspond to their mean across replicates. (D) Comparison of the symmetry of
polar fluorescence between moving and nonmoving cells. PilB and FimX signal is more asymmetric in moving cells, which is not the case for PilT and PilU. (E)
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APO NA 1.45 phase contrast oil objective and Semrock YFP-2427B or
TxRed-A-Basic-NTE filters were used as needed.

Experimental Procedures and Analysis.An extended description of experimental
procedures and analysis methods, including analysis of twitching motility and
localization of fluorescent protein fusions, are given in detail in SI Appendix.

Data Availability. All data and ImageJ, Python, and MATLAB codes are
available on GitHub under the following repository: https://github.com/

PersatLab/Mechanotaxis.git. Raw images are available from the corre-
sponding authors upon request.
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Fig. 6. PilG and PilH dynamic localization establish a local-excitation, global-inhibition signaling landscape. (A) Snapshots of mNG-PilG and mNG-PilH
fluorescence. (Scale bar, 5 μm.) (B) Comparison of mNG-PilG and mNG-PilH normalized mean fluorescent profiles. (C) The polar localization index of mNG-
PilG is relatively large showing PilG is mostly polar. In contrast, mNG-PilH has a low polar localization index and is thus mostly cytoplasmic. Circles represent
the median of each biological replicate. Black bars represent the (vertical) mean and (horizontal) SD across biological replicates. (D) Protein polarization
relative to the twitching direction. Cells predominantly move toward the brighter mNG-PilG pole. The fraction for mNG-PilH is close to 50%, corresponding to
a random polarization relative to the direction of motion. Black bars represent the mean across biological replicates. (E) Comparison of the symmetry of the
polar fluorescent foci of moving cells with nonmoving cells for mNG-PilG and mNG-PilH fusion proteins. There is an enrichment for mNG-PilG polar asymmetry
in moving cells but no differences in mNG-PilH. Black bars represent the mean across biological replicates. (F) Fraction of cells with more T4P at bright versus
dim mNG-PilG fluorescent pole. Most cells have more T4P at the bright mNG-PilG pole, similar to PilB (data from Fig. 3C in gray as reference). Each circle is the
mean fraction for one biological replicate. Black bars correspond to their mean across replicates.

8 of 9 | PNAS Kühn et al.
https://doi.org/10.1073/pnas.2101759118 Mechanotaxis directs Pseudomonas aeruginosa twitching motility

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//w

w
w

.p
na

s.o
rg

 b
y 

13
9.

12
4.

8.
21

9 
on

 D
ec

em
be

r 7
, 2

02
2 

fr
om

 IP
 a

dd
re

ss
 1

39
.1

24
.8

.2
19

.

Thomas LECUIT   2022-2023

 
 

21 
 

 
 

Fig. S14. Mechanotaxis model: After initial contact a cell explores its surrounding with random T4P 
distribution at both poles. Upon T4P tip attachment, Chp mechanosensing induces a positive feedback 
on T4P motors to favor extension at the same pole leading to polarization of the cell and persistent 
forward motion. After collision (or loss of T4P attachment/retraction) at the leading pole, a negative 
feedback down regulates T4P activity. T4P at the opposite pole can then attach and generate a positive 
feedback that reverses cell polarization and lead to persistent reverse twitching.  

Mechanisms of twitching motility: regulation 

• Chp mechanosensing 
induces a positive 
feedback on T4P motors 
to favor extension at the 
same pole leading to 
polarization of the cell and 
persistent forward motion 

• After collision (or loss of T4P 
attachment/retraction) at the leading 
pole, a negative feedback down 
regulates T4P activity. T4P at the 
opposite pole can then attach and 
generate a positive feedback that 
reverses cell polarization and lead to 
persistent reverse twitching. 

• Model of mechanotaxis in P. aeruginosa

Kühn, M. J. et al.  and A. Persat. PNAS 118, e2101759118 (2021).  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Implications for swarming dynamics in P. aeruginosa

• Hypothesis:

• Chemotaxis:

• The swarm expands towards a 
chemoattractant that lowers the 
frequency of reversal. Persistant 
random walk in 1D/2D.

• Mechanotaxis:

• The density of collisions is expected 
to be lower at the edge of  the 
swarm and favors persistent 
twitching down the density gradient

• In the bulk of the swarm, reversals 
are more frequent and collision 
detection causes a more uniform 
density distribution.
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Oscillatory dynamics of twitching Myxococcus

[14,15]. This organism has the ability to prey on other
microorganisms and to form spores embedded in fruiting
bodies when nutrients are scarce in its environment [16,17].
M. xanthus has been extensively studied for its social
behavior, its complex life cycle and its motility strategies
[18]. M. xanthus cells can indeed adopt a ‘social’ motility
(S-motility) or an ‘adventurous’ motility (A-motility). Dur-
ing S-motility, large groups of cells move in a coordinated
manner, using a form of bacterial ‘twitching’ motility
involving the so-called Type-IVa pili (T4aP) that assem-
bles at the bacterial leading pole (Figure 2). In this process,
the pili are polymerized by a multiprotein apparatus and
bind like ‘grappling hooks’ to a self-secreted exopolysac-
charide. After adhesion, the pili retract by depolymeriza-
tion, pulling the cell forward [19,20!!].

During A-motility (also known as gliding motility), single
cells move at the colony periphery, exploring their envi-
ronment for food. Unlike S-motility, A-motility is not
T4aP dependent but, instead, involves a motility machin-
ery named Agl-Glt. This protein complex assembles at

the leading pole of the cell and traffics directionally
toward the lagging cell pole, attaching to the substratum
thus powering the forward movement of the cell. Aglt-Glt
disassembles when it reaches the lagging pole (Figure 2)
[20!!,21].

Therefore, M. xanthus presents a front-rear polarity, with
the leading pole corresponding to the pole where the
T4aP and gliding motility apparatus assemble.

A striking feature of M. xanthus motility is the presence of
periodic directional reversals, where cells switch direction
by 180" due to the inversion of cell polarity and thus
redirection of pili and Agl-Glt assembly to the opposite
cell pole. Regulated reversals are essential for the forma-
tion of multicellular patterns, the formation of so-called
rippling waves and fruiting bodies [17,22–25].

MglA, MglB and RomR form a biochemical
oscillator
A reversal provokes the activation of the two M. xanthus
motility machineries at the new leading pole which is
orchestrated by the small Ras-like GTPase protein MglA.
MglA binds to the leading pole in its active GTP-bound
form and presumably recruits key proteins of each motil-
ity systems to be assembled/activated (the exact activa-
tion mechanisms are only partially characterized and not
the topic of this review) [26–29]. The polarity of MglA is
controlled by two protein complexes, the newly identified
RomRX system (formed by two proteins, RomR and
RomX) and MglB [26,29,30!!,31]. During reversals, the
RomRX complex recruits MglA to the new leading pole,
apparently acting as a Guanine nucleotide Exchange
Factor (GEF) and thus allowing MglA-GTP to bind polar
effectors of the motility complexes [30!!]. On the other
hand, binding to the lagging pole is prevented by MglB, a
GTPase activating protein present at the opposite pole
that converts MglA-GTP to the inactive GDP-bound
state. MglA-GDP is diffuse in the cytoplasm and cannot
interact with the poles [20!!]. Thus, MglA, RomRX and
MglB define a polarity axis that controls the direction of
movement. During reversals, MglA relocalizes to the
opposite pole, switching the polarity axis, and allowing
the cells to move in the opposite direction. As further
discussed below, this switch operates due to the
combined action of oscillating RomRX and signal trans-
duction (Figure 3a and b).

Following a reversal and the targeting of MglA-GTP to
the new leading pole (and hence activation of motility
from this pole), RomRX slowly dissociates from the pole
and accumulates at the lagging pole as RomR also appears
to directly interact with MglB [30!!,31,32]. Remarkably,
this gradual accumulation is driven by the slow dissocia-
tion of RomR, which acts as a slow pendulum for the
oscillation and thus defines a typical relaxation step for
the system (Figure 3a and b) [33!!]. The dynamics of

56 Cell architecture
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Motility systems in Myxococcus xanthus.
MglA activates two motility systems at the bacterial cell pole. The
S-motility system (otherwise known as twitching motility) is involved in
the movement of cells in groups and involves retractile Type-IV pili
that pull cells forward like grappling hooks. The A-motility system
(otherwise known as gliding motility) requires the Agl-Glt complex that
assembles at the leading cell pole and moves directionally toward the
lagging cell pole. Propulsion is produced when moving complexes
adhere to the underlying surface. Active Aglt-Glt complexes are
disassembled by MglB.

Current Opinion in Cell Biology 2020, 62:54–60 www.sciencedirect.com

• Cell polarity: 

MglA, a Ras family GTPase, is localized in the leading 
pole and MglB in the lagging pole.

• A module of cell polarization driving motility

RomR does not appear to be regulated by signal
transduction and operates at the same rate, independent
of the genetic background or the environmental condi-
tions. The system reaches steady state when RomRX
molecules are fully relocalized to the lagging pole, ready
to recruit MglA-GTP at this pole. However and most
importantly, MglA-GTP cannot readily relocalize to this
pole, likely because the GAP activity of MglB predomi-
nates and must be inhibited for MglA to be recruited
effectively by RomRX. In this situation, the GATE is
closed and its opening requires a signal, which is provided
by the so-called Frz system.

The Frz system activates the polarity switch
The Frz chemosensory pathway is essential to trigger the
polarity switch. Frz mutants are perfectly motile but are
unable to reverse and consequently are blocked in rip-
pling and fruiting body formation. The Frz system is
constituted of a chemosensory-like apparatus, centrally
formed by a receptor-type methyl accepting protein
(FrzCD) and a cognate CheA-type histidine kinase
(FrzE) [20!!,32,34–39]. The connection between Frz
and MglA has long remained unclear but recently, two
direct FrzE-substrate response regulators (named FrzX
and FrzZ) have been shown to interact with the MglAB
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A gated relaxation oscillator controls cell polarity switch in M. xanthus. (a) Before a reversal, MglA-GTP is localized at the leading pole. MglB and
RomRX localize to the lagging cell pole. The cell does not reverse because the GATE is closed. When FrzE becomes active, FrzX"P accumulates
at the lagging cell pole and opens the GATE. The RomRX GEF complex then recruit MglA to the new leading pole and provoke a reversal.
Following the reversal, RomRX slowly dissociates from the pole and accumulates at the lagging pole interacting directly with MglB. This slow
process defines the relaxation step for the system and introduces a refractory period during which no new reversal can be activated. FrzZ"P,
which also accumulates when FrzE is active, acts to limit the length of this refractory period set by RomR.
(b) Simulated profiles of MglA, MglB, RomR and FrzX"P during the reversal cycle (adapted from Guzzo et al. [33!!]). Note that the simulation show
that reversals only occur when requirements for both RomR and FrzX"P are fulfilled at the lagging cell pole. Therefore, if the [FrzX"P] is limiting
the cell is primed and in an excitable state. On the contrary, if [FrzX"P] is high the slow dynamics of RomR set the reversal period and the cell
oscillates. The dashed lines indicate the time of parity of the MglB levels.
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RomR does not appear to be regulated by signal
transduction and operates at the same rate, independent
of the genetic background or the environmental condi-
tions. The system reaches steady state when RomRX
molecules are fully relocalized to the lagging pole, ready
to recruit MglA-GTP at this pole. However and most
importantly, MglA-GTP cannot readily relocalize to this
pole, likely because the GAP activity of MglB predomi-
nates and must be inhibited for MglA to be recruited
effectively by RomRX. In this situation, the GATE is
closed and its opening requires a signal, which is provided
by the so-called Frz system.

The Frz system activates the polarity switch
The Frz chemosensory pathway is essential to trigger the
polarity switch. Frz mutants are perfectly motile but are
unable to reverse and consequently are blocked in rip-
pling and fruiting body formation. The Frz system is
constituted of a chemosensory-like apparatus, centrally
formed by a receptor-type methyl accepting protein
(FrzCD) and a cognate CheA-type histidine kinase
(FrzE) [20!!,32,34–39]. The connection between Frz
and MglA has long remained unclear but recently, two
direct FrzE-substrate response regulators (named FrzX
and FrzZ) have been shown to interact with the MglAB
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A gated relaxation oscillator controls cell polarity switch in M. xanthus. (a) Before a reversal, MglA-GTP is localized at the leading pole. MglB and
RomRX localize to the lagging cell pole. The cell does not reverse because the GATE is closed. When FrzE becomes active, FrzX"P accumulates
at the lagging cell pole and opens the GATE. The RomRX GEF complex then recruit MglA to the new leading pole and provoke a reversal.
Following the reversal, RomRX slowly dissociates from the pole and accumulates at the lagging pole interacting directly with MglB. This slow
process defines the relaxation step for the system and introduces a refractory period during which no new reversal can be activated. FrzZ"P,
which also accumulates when FrzE is active, acts to limit the length of this refractory period set by RomR.
(b) Simulated profiles of MglA, MglB, RomR and FrzX"P during the reversal cycle (adapted from Guzzo et al. [33!!]). Note that the simulation show
that reversals only occur when requirements for both RomR and FrzX"P are fulfilled at the lagging cell pole. Therefore, if the [FrzX"P] is limiting
the cell is primed and in an excitable state. On the contrary, if [FrzX"P] is high the slow dynamics of RomR set the reversal period and the cell
oscillates. The dashed lines indicate the time of parity of the MglB levels.
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RomR does not appear to be regulated by signal
transduction and operates at the same rate, independent
of the genetic background or the environmental condi-
tions. The system reaches steady state when RomRX
molecules are fully relocalized to the lagging pole, ready
to recruit MglA-GTP at this pole. However and most
importantly, MglA-GTP cannot readily relocalize to this
pole, likely because the GAP activity of MglB predomi-
nates and must be inhibited for MglA to be recruited
effectively by RomRX. In this situation, the GATE is
closed and its opening requires a signal, which is provided
by the so-called Frz system.

The Frz system activates the polarity switch
The Frz chemosensory pathway is essential to trigger the
polarity switch. Frz mutants are perfectly motile but are
unable to reverse and consequently are blocked in rip-
pling and fruiting body formation. The Frz system is
constituted of a chemosensory-like apparatus, centrally
formed by a receptor-type methyl accepting protein
(FrzCD) and a cognate CheA-type histidine kinase
(FrzE) [20!!,32,34–39]. The connection between Frz
and MglA has long remained unclear but recently, two
direct FrzE-substrate response regulators (named FrzX
and FrzZ) have been shown to interact with the MglAB
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A gated relaxation oscillator controls cell polarity switch in M. xanthus. (a) Before a reversal, MglA-GTP is localized at the leading pole. MglB and
RomRX localize to the lagging cell pole. The cell does not reverse because the GATE is closed. When FrzE becomes active, FrzX"P accumulates
at the lagging cell pole and opens the GATE. The RomRX GEF complex then recruit MglA to the new leading pole and provoke a reversal.
Following the reversal, RomRX slowly dissociates from the pole and accumulates at the lagging pole interacting directly with MglB. This slow
process defines the relaxation step for the system and introduces a refractory period during which no new reversal can be activated. FrzZ"P,
which also accumulates when FrzE is active, acts to limit the length of this refractory period set by RomR.
(b) Simulated profiles of MglA, MglB, RomR and FrzX"P during the reversal cycle (adapted from Guzzo et al. [33!!]). Note that the simulation show
that reversals only occur when requirements for both RomR and FrzX"P are fulfilled at the lagging cell pole. Therefore, if the [FrzX"P] is limiting
the cell is primed and in an excitable state. On the contrary, if [FrzX"P] is high the slow dynamics of RomR set the reversal period and the cell
oscillates. The dashed lines indicate the time of parity of the MglB levels.
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RomR does not appear to be regulated by signal
transduction and operates at the same rate, independent
of the genetic background or the environmental condi-
tions. The system reaches steady state when RomRX
molecules are fully relocalized to the lagging pole, ready
to recruit MglA-GTP at this pole. However and most
importantly, MglA-GTP cannot readily relocalize to this
pole, likely because the GAP activity of MglB predomi-
nates and must be inhibited for MglA to be recruited
effectively by RomRX. In this situation, the GATE is
closed and its opening requires a signal, which is provided
by the so-called Frz system.

The Frz system activates the polarity switch
The Frz chemosensory pathway is essential to trigger the
polarity switch. Frz mutants are perfectly motile but are
unable to reverse and consequently are blocked in rip-
pling and fruiting body formation. The Frz system is
constituted of a chemosensory-like apparatus, centrally
formed by a receptor-type methyl accepting protein
(FrzCD) and a cognate CheA-type histidine kinase
(FrzE) [20!!,32,34–39]. The connection between Frz
and MglA has long remained unclear but recently, two
direct FrzE-substrate response regulators (named FrzX
and FrzZ) have been shown to interact with the MglAB
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A gated relaxation oscillator controls cell polarity switch in M. xanthus. (a) Before a reversal, MglA-GTP is localized at the leading pole. MglB and
RomRX localize to the lagging cell pole. The cell does not reverse because the GATE is closed. When FrzE becomes active, FrzX"P accumulates
at the lagging cell pole and opens the GATE. The RomRX GEF complex then recruit MglA to the new leading pole and provoke a reversal.
Following the reversal, RomRX slowly dissociates from the pole and accumulates at the lagging pole interacting directly with MglB. This slow
process defines the relaxation step for the system and introduces a refractory period during which no new reversal can be activated. FrzZ"P,
which also accumulates when FrzE is active, acts to limit the length of this refractory period set by RomR.
(b) Simulated profiles of MglA, MglB, RomR and FrzX"P during the reversal cycle (adapted from Guzzo et al. [33!!]). Note that the simulation show
that reversals only occur when requirements for both RomR and FrzX"P are fulfilled at the lagging cell pole. Therefore, if the [FrzX"P] is limiting
the cell is primed and in an excitable state. On the contrary, if [FrzX"P] is high the slow dynamics of RomR set the reversal period and the cell
oscillates. The dashed lines indicate the time of parity of the MglB levels.
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• Control: 
Accumulation of MglA at the leading pole is controlled by:

• The RomRX complex which works as a GEF, that 
produces MglA-GTP and allows its polar 
recruitment

• and by MglB which works as a GAP and inhibits 
MglA

• MglA, RomRX and MglB define a polarity module that 
controls the direction of movement. 

• During reversal, MglA relocalizes to the opposite pole, 
switching the polarity axis

• This allows the cells to move in the opposite direction. 

Guzzo M, et al. and M. Howard, T. Mignot  Nat Microbiol 3:948-959 (2018)
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RomR does not appear to be regulated by signal
transduction and operates at the same rate, independent
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nates and must be inhibited for MglA to be recruited
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closed and its opening requires a signal, which is provided
by the so-called Frz system.
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that reversals only occur when requirements for both RomR and FrzX"P are fulfilled at the lagging cell pole. Therefore, if the [FrzX"P] is limiting
the cell is primed and in an excitable state. On the contrary, if [FrzX"P] is high the slow dynamics of RomR set the reversal period and the cell
oscillates. The dashed lines indicate the time of parity of the MglB levels.
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A gated relaxation oscillator controls cell polarity switch in M. xanthus. (a) Before a reversal, MglA-GTP is localized at the leading pole. MglB and
RomRX localize to the lagging cell pole. The cell does not reverse because the GATE is closed. When FrzE becomes active, FrzX"P accumulates
at the lagging cell pole and opens the GATE. The RomRX GEF complex then recruit MglA to the new leading pole and provoke a reversal.
Following the reversal, RomRX slowly dissociates from the pole and accumulates at the lagging pole interacting directly with MglB. This slow
process defines the relaxation step for the system and introduces a refractory period during which no new reversal can be activated. FrzZ"P,
which also accumulates when FrzE is active, acts to limit the length of this refractory period set by RomR.
(b) Simulated profiles of MglA, MglB, RomR and FrzX"P during the reversal cycle (adapted from Guzzo et al. [33!!]). Note that the simulation show
that reversals only occur when requirements for both RomR and FrzX"P are fulfilled at the lagging cell pole. Therefore, if the [FrzX"P] is limiting
the cell is primed and in an excitable state. On the contrary, if [FrzX"P] is high the slow dynamics of RomR set the reversal period and the cell
oscillates. The dashed lines indicate the time of parity of the MglB levels.
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• MglA, and MglB are relocalized at opposite poles during reversal.

• Yet, RomR:GFP relocalization does not coincide strictly with 
reversal, suggesting another signal to trigger reversal.
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at the same pole. The Frz chemosensory system is proposed to modulate the timescale of RomR dynamics, possibly by direct phosphorylation (blunt-
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RomR does not appear to be regulated by signal
transduction and operates at the same rate, independent
of the genetic background or the environmental condi-
tions. The system reaches steady state when RomRX
molecules are fully relocalized to the lagging pole, ready
to recruit MglA-GTP at this pole. However and most
importantly, MglA-GTP cannot readily relocalize to this
pole, likely because the GAP activity of MglB predomi-
nates and must be inhibited for MglA to be recruited
effectively by RomRX. In this situation, the GATE is
closed and its opening requires a signal, which is provided
by the so-called Frz system.

The Frz system activates the polarity switch
The Frz chemosensory pathway is essential to trigger the
polarity switch. Frz mutants are perfectly motile but are
unable to reverse and consequently are blocked in rip-
pling and fruiting body formation. The Frz system is
constituted of a chemosensory-like apparatus, centrally
formed by a receptor-type methyl accepting protein
(FrzCD) and a cognate CheA-type histidine kinase
(FrzE) [20!!,32,34–39]. The connection between Frz
and MglA has long remained unclear but recently, two
direct FrzE-substrate response regulators (named FrzX
and FrzZ) have been shown to interact with the MglAB
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A gated relaxation oscillator controls cell polarity switch in M. xanthus. (a) Before a reversal, MglA-GTP is localized at the leading pole. MglB and
RomRX localize to the lagging cell pole. The cell does not reverse because the GATE is closed. When FrzE becomes active, FrzX"P accumulates
at the lagging cell pole and opens the GATE. The RomRX GEF complex then recruit MglA to the new leading pole and provoke a reversal.
Following the reversal, RomRX slowly dissociates from the pole and accumulates at the lagging pole interacting directly with MglB. This slow
process defines the relaxation step for the system and introduces a refractory period during which no new reversal can be activated. FrzZ"P,
which also accumulates when FrzE is active, acts to limit the length of this refractory period set by RomR.
(b) Simulated profiles of MglA, MglB, RomR and FrzX"P during the reversal cycle (adapted from Guzzo et al. [33!!]). Note that the simulation show
that reversals only occur when requirements for both RomR and FrzX"P are fulfilled at the lagging cell pole. Therefore, if the [FrzX"P] is limiting
the cell is primed and in an excitable state. On the contrary, if [FrzX"P] is high the slow dynamics of RomR set the reversal period and the cell
oscillates. The dashed lines indicate the time of parity of the MglB levels.
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RomR does not appear to be regulated by signal
transduction and operates at the same rate, independent
of the genetic background or the environmental condi-
tions. The system reaches steady state when RomRX
molecules are fully relocalized to the lagging pole, ready
to recruit MglA-GTP at this pole. However and most
importantly, MglA-GTP cannot readily relocalize to this
pole, likely because the GAP activity of MglB predomi-
nates and must be inhibited for MglA to be recruited
effectively by RomRX. In this situation, the GATE is
closed and its opening requires a signal, which is provided
by the so-called Frz system.
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The Frz chemosensory pathway is essential to trigger the
polarity switch. Frz mutants are perfectly motile but are
unable to reverse and consequently are blocked in rip-
pling and fruiting body formation. The Frz system is
constituted of a chemosensory-like apparatus, centrally
formed by a receptor-type methyl accepting protein
(FrzCD) and a cognate CheA-type histidine kinase
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A gated relaxation oscillator controls cell polarity switch in M. xanthus. (a) Before a reversal, MglA-GTP is localized at the leading pole. MglB and
RomRX localize to the lagging cell pole. The cell does not reverse because the GATE is closed. When FrzE becomes active, FrzX"P accumulates
at the lagging cell pole and opens the GATE. The RomRX GEF complex then recruit MglA to the new leading pole and provoke a reversal.
Following the reversal, RomRX slowly dissociates from the pole and accumulates at the lagging pole interacting directly with MglB. This slow
process defines the relaxation step for the system and introduces a refractory period during which no new reversal can be activated. FrzZ"P,
which also accumulates when FrzE is active, acts to limit the length of this refractory period set by RomR.
(b) Simulated profiles of MglA, MglB, RomR and FrzX"P during the reversal cycle (adapted from Guzzo et al. [33!!]). Note that the simulation show
that reversals only occur when requirements for both RomR and FrzX"P are fulfilled at the lagging cell pole. Therefore, if the [FrzX"P] is limiting
the cell is primed and in an excitable state. On the contrary, if [FrzX"P] is high the slow dynamics of RomR set the reversal period and the cell
oscillates. The dashed lines indicate the time of parity of the MglB levels.
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RomR does not appear to be regulated by signal
transduction and operates at the same rate, independent
of the genetic background or the environmental condi-
tions. The system reaches steady state when RomRX
molecules are fully relocalized to the lagging pole, ready
to recruit MglA-GTP at this pole. However and most
importantly, MglA-GTP cannot readily relocalize to this
pole, likely because the GAP activity of MglB predomi-
nates and must be inhibited for MglA to be recruited
effectively by RomRX. In this situation, the GATE is
closed and its opening requires a signal, which is provided
by the so-called Frz system.

The Frz system activates the polarity switch
The Frz chemosensory pathway is essential to trigger the
polarity switch. Frz mutants are perfectly motile but are
unable to reverse and consequently are blocked in rip-
pling and fruiting body formation. The Frz system is
constituted of a chemosensory-like apparatus, centrally
formed by a receptor-type methyl accepting protein
(FrzCD) and a cognate CheA-type histidine kinase
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direct FrzE-substrate response regulators (named FrzX
and FrzZ) have been shown to interact with the MglAB
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A gated relaxation oscillator controls cell polarity switch in M. xanthus. (a) Before a reversal, MglA-GTP is localized at the leading pole. MglB and
RomRX localize to the lagging cell pole. The cell does not reverse because the GATE is closed. When FrzE becomes active, FrzX"P accumulates
at the lagging cell pole and opens the GATE. The RomRX GEF complex then recruit MglA to the new leading pole and provoke a reversal.
Following the reversal, RomRX slowly dissociates from the pole and accumulates at the lagging pole interacting directly with MglB. This slow
process defines the relaxation step for the system and introduces a refractory period during which no new reversal can be activated. FrzZ"P,
which also accumulates when FrzE is active, acts to limit the length of this refractory period set by RomR.
(b) Simulated profiles of MglA, MglB, RomR and FrzX"P during the reversal cycle (adapted from Guzzo et al. [33!!]). Note that the simulation show
that reversals only occur when requirements for both RomR and FrzX"P are fulfilled at the lagging cell pole. Therefore, if the [FrzX"P] is limiting
the cell is primed and in an excitable state. On the contrary, if [FrzX"P] is high the slow dynamics of RomR set the reversal period and the cell
oscillates. The dashed lines indicate the time of parity of the MglB levels.
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• This depends on RomRX oscillations: 
• RomRX recruits MglA to leading pole and subsequently dissociates
• RomRX relocalises to and primes the lagging pole

• Oscillatory dynamics based on delayed negative feedback. 
The refractory period is set by the time scale of RomRX relocalization
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RomR does not appear to be regulated by signal
transduction and operates at the same rate, independent
of the genetic background or the environmental condi-
tions. The system reaches steady state when RomRX
molecules are fully relocalized to the lagging pole, ready
to recruit MglA-GTP at this pole. However and most
importantly, MglA-GTP cannot readily relocalize to this
pole, likely because the GAP activity of MglB predomi-
nates and must be inhibited for MglA to be recruited
effectively by RomRX. In this situation, the GATE is
closed and its opening requires a signal, which is provided
by the so-called Frz system.

The Frz system activates the polarity switch
The Frz chemosensory pathway is essential to trigger the
polarity switch. Frz mutants are perfectly motile but are
unable to reverse and consequently are blocked in rip-
pling and fruiting body formation. The Frz system is
constituted of a chemosensory-like apparatus, centrally
formed by a receptor-type methyl accepting protein
(FrzCD) and a cognate CheA-type histidine kinase
(FrzE) [20!!,32,34–39]. The connection between Frz
and MglA has long remained unclear but recently, two
direct FrzE-substrate response regulators (named FrzX
and FrzZ) have been shown to interact with the MglAB
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A gated relaxation oscillator controls cell polarity switch in M. xanthus. (a) Before a reversal, MglA-GTP is localized at the leading pole. MglB and
RomRX localize to the lagging cell pole. The cell does not reverse because the GATE is closed. When FrzE becomes active, FrzX"P accumulates
at the lagging cell pole and opens the GATE. The RomRX GEF complex then recruit MglA to the new leading pole and provoke a reversal.
Following the reversal, RomRX slowly dissociates from the pole and accumulates at the lagging pole interacting directly with MglB. This slow
process defines the relaxation step for the system and introduces a refractory period during which no new reversal can be activated. FrzZ"P,
which also accumulates when FrzE is active, acts to limit the length of this refractory period set by RomR.
(b) Simulated profiles of MglA, MglB, RomR and FrzX"P during the reversal cycle (adapted from Guzzo et al. [33!!]). Note that the simulation show
that reversals only occur when requirements for both RomR and FrzX"P are fulfilled at the lagging cell pole. Therefore, if the [FrzX"P] is limiting
the cell is primed and in an excitable state. On the contrary, if [FrzX"P] is high the slow dynamics of RomR set the reversal period and the cell
oscillates. The dashed lines indicate the time of parity of the MglB levels.
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Oscillatory dynamics of twitching Myxococcus

• A gated relaxation oscillator: a switch and an oscillator

• FrzX inhibits MglB and 
works as a SWITCH

• Once RomRX is in lagging 
pole, the lagging pole is 
primed for activation by 
FrzX, which inhibits MglB 
and allows MglA to be 
recruited, thereby causing 
reversal

• FrzX reduces the RomR 
threshold and the effective 
refractory period for 
reversal

Primed 
state

Switch

Guzzo M, et al. and M. Howard, T. Mignot  Nat Microbiol 3:948-959 (2018)
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Potential implications for swarming Myxococcus

Hypothesis:
Potential implications for swarming dynamics:

• Each cell has an intrinsic oscillator that induces reversals
• This oscillator is gated by a signal (FrzX)
• Presumably collisions induce/activate FrzX and thereby 

collisions could bias the oscillatory dynamics of twitching 
cells

• The frequency of collisions would bias the direction of 
movement.

• Rippling waves are associated with reflection of cells via this 
mechanism

• On the edge of a swarm where cell density is lower, cells 
could be biased down the density gradient towards regions 
with fewer cells, allowing expansion of the swarm (similarities 
with Pseudomonas)

Tâm Mignot lab
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Similarities between Pseudomonas and Myxococcus

• Identical Mechanical system 
• T4Pili dynamics underlies twitching 
• PilB and PilT ATP dependent motors 
• Cell reversal induced by collisions.

• Similar regulation
• ChpA is a homologue of FrzE
• They regulate PilG/PilH, response regulators 

similar to FrzZ/FrzE (CheY type)
• PilG controls the motors (PilB) in 

Pseudomonas, while  FrzZ/X control MglA/B 
in Myxococcus

• MglA controls Pili via other proteins

Chemoattractant

hard to interpret (11). In addition, unlike homologs from the well-
studied canonical E. coli Che system, the Chp methyl-accepting
chemotaxis protein called PilJ has no clear chemical ligand (13,
14). Several chemical compounds bias collective or single-cell
twitching migration in a Chp-dependent manner (15–18). For
example, single P. aeruginosa cells twitch up strong gradients of
dimethyl sulfoxide (17). Because most Chp mutants have strong
piliation defects, it remains unclear whether chemical gradients
passively bias twitching displacements or actively guide motility via
chemosignaling.
We previously demonstrated that P. aeruginosa up-regulates

genes coding for virulence factors upon surface contact in a T4P-
and Chp-dependent manner (13, 19). However, how Chp controls

motility independently of transcription remains unresolved (11,
13, 20). The homology between Chp and Che systems suggests a
tactic function for Chp. As a result, we rigorously tested the hy-
pothesis that Chp regulates twitching motility of single cells in
response to T4P mechanical input at short timescales.

Results
The canonical Che system regulates bacterial swimming by
transducing an input chemical signal into a motility response via
flagellar rotation control (21). By analogy, we hypothesized that
the chemotaxis-like Chp system regulates the trajectory of single
twitching cells (13). Chp mutants twitch aberrantly in the tradi-
tional stab assay (SI Appendix, Fig. S1 A and B) (12, 20). These
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Fig. 1. The Chp system regulates the twitching trajectories of individual P. aeruginosa cells. (A) Schematic representation of the major components of the T4P
and Chp system. (B) Phase contrast snapshots of forward and reverse migration of twitching cells.~t is a unit vector oriented along the cell body in the initial
direction of motion. ~d is the unit displacement vector. δ is the dot product ~d.~t, which quantifies displacements relative to the initial direction of motility. The
red triangle indicates the initial leading pole of the bacterium. (Scale bar, 2 μm.) (C) Graphs of cumulative net displacement as a function of time, highlighting
the forward and reverse twitching behavior of Chp mutants. Each curve corresponds to an individual cell trajectory. Tracks of reversing WT cells are high-
lighted in black. At any given time, a curve oriented toward the top right corresponds to a cell moving forward, while a curve oriented toward top left
corresponds to reverse movement (cf. Inset). ΔpilGcpdA constantly reverses twitching direction, while ΔpilH cells persistently move forward.
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Emergence of collective dynamics 

in swarms of confluent cells

65
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• Jamming


Confluent MDCK cell monolayer
D. Cohen et al PNAS  113: 14698–14703 (2016) 

Hi Chi Minh city - Vietnam
www.youtube.com/watch?v=1ZupwFOhjl4

• Collective dynamics


Bacillus subtilis swarm

Slowed 2.5x

Partridge, JD. and Harshey RM. J. Bacteriology 195: 909-918. (2013)
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Comparisons between eucaryotes & procaryotes

• Eukaryotes: 
• Following collisions, cells reorganize their polarities to 

induce local ordering 
• high density induces mechano-chemical coupling that 

allows global symmetry breaking (leaders) or local 
symmetry breaking (boundary and leader free). 

• Positive density-dependent regulation of motility: 
coordination of velocity (see Toner Tu model course #1)

• Prokaryotes: 
• Following collisions, cells move in opposite directions
• Density dependent biased random (oscillatory) 1D walk
• Negative density-dependent regulation of motility?
• But collisions and possible lateral adhesion to promote 

local ordering?
• Lateral alignement based on morphology of rigid body

• Mechanotaxis: stiffness
• Chemotaxis


