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Periodic Reversals in Paenibacillus dendritiformis Swarming

Avraham Be’er,a,b Shinji K. Strain,b* Roberto A. Hernández,b Eshel Ben-Jacob,c,d E.-L. Florinb

The Jacob Blaustein Institutes for Desert Research, Zuckerberg Institute for Water Research, Ben-Gurion University of the Negev, Sede Boqer, Israela; Center for Nonlinear
Dynamics and Department of Physics, University of Texas, Austin, Texas, USAb; School of Physics and Astronomy, Raymond and Beverly Sackler Faculty of Exact Sciences,
Tel Aviv University, Tel Aviv, Israelc; Center for Theoretical Biological Physics, Rice University, Houston, Texas, USAd

Bacterial swarming is a type of motility characterized by a rapid and collective migration of bacteria on surfaces. Most swarming
species form densely packed dynamic clusters in the form of whirls and jets, in which hundreds of rod-shaped rigid cells move in
circular and straight patterns, respectively. Recent studies have suggested that short-range steric interactions may dominate hy-
drodynamic interactions and that geometrical factors, such as a cell’s aspect ratio, play an important role in bacterial swarming.
Typically, the aspect ratio for most swarming species is only up to 5, and a detailed understanding of the role of much larger as-
pect ratios remains an open challenge. Here we study the dynamics of Paenibacillus dendritiformis C morphotype, a very long,
hyperflagellated, straight (rigid), rod-shaped bacterium with an aspect ratio of �20. We find that instead of swarming in whirls
and jets as observed in most species, including the shorter T morphotype of P. dendritiformis, the C morphotype moves in
densely packed straight but thin long lines. Within these lines, all bacteria show periodic reversals, with a typical reversal time of
20 s, which is independent of their neighbors, the initial nutrient level, agar rigidity, surfactant addition, humidity level, temper-
ature, nutrient chemotaxis, oxygen level, illumination intensity or gradient, and cell length. The evolutionary advantage of this
unique back-and-forth surface translocation remains unclear.

Motile bacteria are able to colonize surfaces using various mo-
tility mechanisms (1). One efficient method includes flagel-

lation-based cell motion in conjunction with collective lubrica-
tion (typically by secretion of surfactants) to enable fast expansion
on hard surfaces. This mode of “bacterial swarming” that has been
studied extensively for many species (1–15) enables rapid colony
expansion (up to centimeters per hour). Swarming is often
marked by hundreds of cells moving in a coordinated fashion
while generating whirl and jet patterns.

Studies of the collective dynamics of swarming have examined
multiple aspects of motility. On the macroscopic level, it was dis-
covered that swarming colonies show an advantage over liquid
cultures in that they exhibit an increased resistance to antimicro-
bials (1, 4, 5, 15–20). Studies of collective secretions of signaling
and quorum-sensing molecules have shown how interactions be-
tween cells in swarming colonies are controlled (11) and exposed
the identification of associated genetic manipulations and up-
regulated proteins that control biosurfactant secretions and flagel-
lar behavior. On the single-cell level, attention was given to swarm
cell trajectories and the ways in which these trajectories are deter-
mined by flagellar motion (8, 21–23). A combination of experi-
ments (2, 3, 14, 15, 24–38) and theory (39–43) suggests that hy-
drodynamic interactions play a significant role in this social form
of migration.

Hydrodynamic interactions may not always be the dominant
physical mechanism controlling bacterial motion. During differ-
entiation to the swarming state, the cells of most species elongate
and are thus subjected to strong steric and excluded volume inter-
actions (29, 44, 45). The cells are typically considered self-pro-
pelled rods, having a straight rigid body; i.e., no cell bending is
observed by light microscopy (see Fig. S1 in the supplemental
material). For very long cells, this may affect the self-organization
and change the dynamic patterns. The result is that the very long
straight bacteria may no longer swarm in whirls and jets (45). In a
recent study on collective motion of Bacillus subtilis in liquids
(29), clusters of bacteria with high orientational order have locally

high swimming speeds while orientationally disordered regions
have lower speeds. The body length/width ratio plays an impor-
tant role in the explanations offered for the mode of collective
motion (45), but since most swarmers in nature are self-propelled
straight rods and have a body length/width ratio of up to �5 (�10
for two daughter cells before reproduction is completed), swarm-
ing of longer (e.g., length/width ratio of �20 of a single cell)
straight rods was never studied experimentally. Recently, Tuson et
al. (46) studied the dynamics of Proteus mirabilis, a long (length/
width ratio of �20) swarming species, and observed that it moves
in whirls and jets similarly to short (aspect ratio, �5) and straight
species. However, because these cells are curved and bent during
swarming (they typically look like boiled spaghetti [46]), they do
not fall under the category of self-propelled rods, i.e., straight
(rigid) bacterial cells (45). In our study, we see that the rods do not
bend even during collisions (see Fig. S1 in the supplemental ma-
terial).

In this study, we quantitatively examine the swarming dynam-
ics of very long rods using Paenibacillus dendritiformis morpho-
type C (47). Surprisingly, we find that instead of the standard
dynamic patterns of whirls and jets, observed in shorter species
(e.g., B. subtilis [2]) and, in particular, the shorter morphotype of
P. dendritiformis (morphotype T) (3, 14), P. dendritiformis mor-
photype C forms long tracks in which individual bacteria repeat-
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edly move back and forth along moderately curved lines. Direc-
tion switching is periodic, and each cell reverses (backs up) on
average approximately every 20 s, independently of its neighbors.
The time between switching was found to be independent of initial
nutrient level, agar rigidity, surfactant additions, cell length (a
broad length distribution of �17 � 12 �m and a fixed width of �1
�m are always present in a normal culture), humidity level, tem-
perature, food chemotaxis, and oxygen level. This independence
of reversal times suggests an extraordinary robust internal clock
for reversal events. The observed periodic reversals are different
from those observed for other species, such as Myxococcus xanthus
(48–52), Halobacterium salinarum (53, 54), and Acetobacter xyli-
num (55), in that the motive organelles are different. We thus
report a new behavior for swarming motility: periodic reversals in
very long and rigid hyperflagellated bacteria. This unique behav-
ior is so far limited to P. dendritiformis. The generality of this type
of swarming is yet to be known, as is the general correlation to cell
aspect ratio.

MATERIALS AND METHODS
Strain and growth medium. Paenibacillus dendritiformis (morphotype C;
also known as the chiral morphotype) is a spore-forming, motile bacterial
species (56). Each bacterium is an elongated (filamentous), rigid (seldom
bends by collisions), rod-shaped cell, with a fixed thickness of �1 �m and
a very broad length distribution of �17 � 12 �m. The bacteria were
maintained at �80°C in Luria broth (LB) (Sigma, St. Louis, MO) with
25% (wt/vol) glycerol. Luria broth was inoculated with the frozen stock
and grown for 24 h at 30°C while being shaken; it was subsequently grown
to an optical density at 650 nm (OD650) of 0.8, corresponding to approx-
imately 1 � 107 bacteria/ml (calibrated by counting colonies on agar after
appropriate dilution).

The agar plates were prepared as follows: peptone medium contained
NaCl (5 g/liter), K2HPO4 (5 g/liter), and Bacto Peptone (Becton, Dickin-
son) in the range of 0.5 to 8 g/liter. Either Eiken (Tokyo, Japan) or Difco
(Becton, Dickinson) agar was added at a concentration of 0.7 to 1.5%
(wt/vol). Twelve milliliters of molten agar was poured into 8.8-cm-diam-
eter petri plates, which were dried for 4 days at 25°C in 50% relative
humidity (RH) until the weight decreased by 1 g. Similar plates were
prepared with addition of 0.0006% (wt/vol) Brij 35. At these concentra-
tions, Brij 35 was found to not affect bacterial metabolism; however, it
does reduce the surface tension of the colony, enabling faster colonial
expansion. Nutrient-rich plates were prepared by mixing 2.5% (wt/vol)
Luria broth with agar in the concentrations noted; 25 ml of molten agar
was poured into similar plates and dried for 24 h.

Some peptone plates were used to grow colonies at higher and lower
oxygen levels. The plates were inserted, after inoculation, into plastic bags
filled with pure oxygen or with pure nitrogen. In other cases, the colonies
were exposed to oxygen or nitrogen only at the time of observation by
bounding the microscope stage area with a cell to which the gases were
streamed. This was done because the bacteria can adapt to a certain oxy-
gen level; however, a rapid change of oxygen in the course of observation
might produce a strong effect on the reversal rates and on the speed (57).
Nutrient chemotaxis experiments were performed on plates that were
kept slightly tilted while the agar was cooling.

A motility buffer was used to move cells from the agar into liquid. The
motility buffer was made of 0.067 M sodium chloride, 0.01 M potassium
phosphate (pH 7.0), 0.01 M sodium lactate, 10�4 M EDTA, and 10�6 M
L-methionine.

Colonial expansion. The agar plates were inoculated by placing
5-�l droplets of the culture at the center of the plate. The plates were
mounted on a rotating stage inside a 1-m3 chamber typically main-
tained at 30.0°C � 0.5°C and 90% � 2% RH (58). Some experiments
were performed at other temperatures (25 to 40°C) and humidities (35 to
90% RH). The rotating stage system enabled us to monitor growth devel-

opment of 10 plates simultaneously; the rotation has no influence on any
of the bacterial properties. The stage was controlled by a stepper motor
that stops sequentially for each bacterial colony to be imaged. A rotation
period of 1 h was sufficiently short to capture the growth of the colony.
The reproducibility of positioning of the agar plates was �15 �m, allow-
ing successive images of a given colony to be subtracted to determine
growth patterns. Images were obtained with a 10-megapixel Nikon D200
camera with a 60-mm lens. The camera was placed above the rotating
stage and was programmed to take an image and store the data when a
sample was stationed below it. For plates imaged only at a single point in
time, colonies were stained with 0.1% (wt/vol) Coomassie brilliant blue to
obtain higher-contrast images than those obtained in the sequences of
images.

Microscopic measurements. An optical microscope (Olympus IX50)
equipped with LD 60� phase contrast (PH2) and LD 20� phase contrast
(PHC) objective lenses was used to follow the microscopic motion. The
microscope was placed in a temperature- and humidity-controlled envi-
ronment. A digital camera captured the microscopic motion at a rate of
60 frames per second and a spatial resolution of 1,000 by 1,000 pixels.
Images were taken for 5-min periods, resulting in 18,000 images in a
sequence. Tracking bacterial motion was done manually, using a pro-
gram called Tracker by Douglas Brown (http://www.cabrillo.edu
/�dbrown/tracker/).

Electron microscopy. We used an FEI Tecnai transmission electron
microscope (TEM) operated at 80 kV. The long, rod-shaped cells were
collected from the agar using different methods and placed on 400-mesh
copper carbon grids (Electron Microscopy Sciences). Flagella were lost in
most cases. The best results were obtained by gently stamping the grids on
the live colony at the region of interest for 1 s and then lifting the grid. The
sample was immediately stained with 0.5% (wt/vol) uranyl acetate for
10 s, which fixes the cells and flagella in the state they were in at the time of
contact with the grid.

RESULTS
Growth under canonical conditions. In this section, we describe
the colony developments under intermediate conditions (2 g/liter
peptone, 1% [wt/vol] agar, 30°C, and 90% RH), which are con-
sidered to be the canonical or typical conditions for the develop-
ment of P. dendritiformis chiral morphotype C colonies.

Colony expansion. Colonial development involves the follow-
ing stages: (i) an incubation lag time of 11 h, during which bacteria
reproduce in the center of the inoculation, producing a “mother
colony” (Fig. 1A and B), (ii) sprouting of leading (pioneering)
branches from the mother colony (Fig. 1B), and (iii) colony ex-
pansion. The colony expands on the surface by sending out thin
curved branches (curly branches with well-defined handedness),
forming intricate branched patterns within a well-defined circular
envelope (Fig. 1C to E). Several thin branches, on the rim of the
circle of inoculation, start to stem perpendicularly to the rim and
expand outward. For several hours, the branches continuously
curl clockwise (colony faces up, agar faces down) and with the
same speed grow back toward the circle of the inoculation, ending
at (or crossing) the neighboring curly branch. During this growth,
the branches become wider and newly formed curly branches
stem from both the circle of inoculation and the older branches,
forming a complex pattern (Fig. 1E). The expansion rate was es-
timated by measuring the speed of an imaginary circular envelope
surrounding the colony. The speed of the growing envelope, 0.48
mm/h, is isotropic and constant, as illustrated by the straight line
in Fig. 1F. The time development of such a colony is presented in
Movie S1 in the supplemental material.

Cellular motility. A closer look at the tips of the growing
branches reveals that the long bacteria exhibit a back-and-forth
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swarming (moving back and forth), mostly aligned parallel to
their neighbors due to orientation interactions (47) (see Movie S2
in the supplemental material). However, instead of the classical
pattern of clusters of cells, here each cell was found to move soli-
tarily. At the outer parts of the colony, they form a monolayer in
which roughly 10 bacteria lie next to one another (Fig. 2A). A
typical trajectory of a single bacterium among its neighbors is
shown in Fig. 2B. Data were collected for single bacteria, located at
the middle of the branch, until they exited the field of view. Be-
tween reversal events, a bacterium’s microscopic speed is fairly
constant and remains the same after it reverses direction. We de-
fine the reversal time as the time between switching events, set
between the point in time at which the bacterium begins moving
and the point in time at which it stops and changes direction.
Reversal times for a single bacterium are typically the same, but
statistics for the same bacterium are limited, as they tend to leave
the field of view after fewer than about 6 reversal events. Cells tend
to exit the field of view in the direction of colonial spreading (see
moderate tendency in Fig. 2B). The cells typically rest for a few

seconds (“rest time”) before they start moving in the opposite
direction (Fig. 2B).

Speed and reversal time. To gain a better understanding of
what determines the reversal times, we analyzed 45 bacterial cells
under the same growth conditions (canonical growth conditions
of 2 g/liter peptone and 1% [wt/vol] agar, 30°C, and 90% RH).
About 15 cells were tracked in a field of view, and the experiment
was repeated 3 times. All tracked cells were located at the middle of
the branch. A total of 150 reversal events were observed. The av-
erage value for the bacterial microscopic speed was 2.1 � 0.7
�m/s, and the average reversal time was 20.0 � 11.1 s with a
positive skew. Figure 3A and B show a distribution for micro-
scopic bacterial speeds and reversal times for 150 data points. A
plot of reversal time versus microscopic speed (Fig. 3C) shows no
obvious correlation (P � 0.004), and we conclude that the reversal
time is independent of bacterial microscopic speed. We also found
that the values for both the microscopic speed and the reversal
time are constrained within some fixed boundaries. For instance,
under canonical growth conditions, bacteria never travel slower
than 0.8 �m/s or faster than 4.0 �m/s and never switch direction
sooner than 4.0 s after a previous reversal.

Effect of growth conditions on the reversal time. By varying
the nutrition level and agar concentration, we showed in our ear-
lier work for morphotype T (14) that the colonial expansion rate is
independent of parameters of microscopic motion. Here, for
morphotype C, we grew bacteria at various peptone levels (1 g/li-
ter, 2g/liter, 4 g/liter, and 8 g/liter) and in LB while keeping the
agar concentration (1% [wt/vol]), the temperature (30°C), and
the relative humidity (90%) unchanged. As expected, the expan-
sion rate of the colony increases monotonically with increasing
nutrition levels (Fig. 4A). However, the microscopic speed and the
reversal time seem to be essentially independent of the nutrition
level (Fig. 4B and C), in contrast to morphotype T, for which we
observed a dependence of microscopic speed and nutrition level.

In the next step, we investigated whether the reversal time can
be affected by a gradient of nutrients, namely, whether food che-
motaxis can affect the reversal time. Colonies were inoculated on
agar plates that were kept slightly tilted while the agar was cooling,
enabling the colony to sense different food levels in different di-
rections. The colonies spread faster toward the richer (thicker-
agar) regions; however, the microscopic motion, namely, the bac-
terial speed and the reversal times, were not affected.
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To further check factors which might affect the motility and
reversal time, we tested the effect of surface tension. For this, we
have added to the agar, prior to autoclaving, very low concentra-
tions (0.0006% [wt/vol]) of Brij 35, which is a nonionic detergent
solution that reduces the surface tension of the medium. At these
concentrations, Brij 35 does not affect bacterial metabolism. As
seen in Fig. 4, for a constant nutrient level (2 g/liter), colonial
expansion was much faster due to lower surface tension. However,
the speed and reversal time remained unchanged.

Next, we tested the effect of the surface hardness by varying the
agar concentration (0.7 to 1.5% [wt/vol]) while keeping the nu-
trient level constant (see Fig. S2 in the supplemental material). On
hard (1.3 to 1.4% [wt/vol]) Difco agar, the bacteria grew thick
branches, forming multiple layers. Tracking individual cells was
limited to the branch tips, and statistics were poor. On Eiken agar,
associated with high wettability, the colonies formed monolayers
at concentrations of 0.7 to 1.3% (wt/vol). Macroscopic expansion
was affected by agar concentration in a nonmonotonic way: fast
expansion at intermediate levels of 0.9 to 1.1% (wt/vol) with a
maximum at 1.0% (wt/vol) and slow expansion at high (1.2 to

1.3% [wt/vol]) and low (0.7 to 0.8% [wt/vol]) concentrations. The
microscopic speed and reversal times were not affected and were
similar to those obtained on Difco agar. These results again sug-
gest that the reversal time is a robust parameter, essentially inde-
pendent of any external factor.

Effect of environmental conditions. To further explore other
possible factors which might affect the reversal time, we have per-
formed four additional experiments in which we changed envi-
ronmental conditions that affected both the colonial expansion
and the motility (temperature, humidity, oxygen concentration,
and illumination).

Temperature effect. We have performed experiments at dif-
ferent temperatures in the range of 25 to 40°C (see Fig. S3 in the
supplemental material). At low temperatures (�28°C), the colony
expanded slowly and the microscopic bacterial speed was slow as
well. At high temperatures (�37°C), the colony did not expand at
all and no microscopic motion was detected; loss of motility was
observed at these temperatures in liquid cultures, too, but bacteria
were alive. Between 28 and 37°C, the microscopic bacterial speed
changed in a nonmonotonic way: fastest motion at 32°C and slow-
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est motion at 28°C and 36°C. In the regimes in which motion was
detected (28 to 37°C), the reversal time was not affected.

Humidity effect. We have changed the humidity between 35
and 90% RH; below 35%, no growth was observed. The drier the
air, the slower the colonies expanded and the slower the bacteria
moved at the microscopic level (see Fig. S4 in the supplemental
material). For instance, under intermediate dry growth conditions
(2 g/liter peptone, 1% [wt/vol] agar, 30°C, and 40% RH), the
average colonial expansion rate was 0.5 mm/day (�20 times
slower than that at 90% RH) and the average microscopic speed
was 0.5 �m/s (4 times slower than that at 90% RH). But again, the
reversal time was not affected, and bacteria changed direction ev-
ery �20 s as observed for all other cases.

Oxygen effect. We have grown the colonies at high, medium,
and low oxygen levels. At very low oxygen levels (plastic bags filled
with nitrogen), the expansion rate, the microscopic speed, and the
reversal time were not affected (similar to ambient conditions). At
very high oxygen levels (plastic bags filled with oxygen), no growth
was detected (plates were later placed at ambient conditions for
weeks with no recovery; we were not able to recover cells from the
colony by reinoculating on fresh LB substrates). At medium oxy-
gen levels (plastic bags filled with a mixture of oxygen and ambient
air with no real control of oxygen percentage), the colonies ex-
panded slower and the microscopic motion was slower but the
reversal time remained 20 s on average. In other cases, pure oxy-
gen was added at the time of observation only. In these cases, a
gradual reduction in each bacterial speed was observed, typically
reducing the speeds from �2 �m/s to �0.5 �m/s, until an abrupt
stop. Most cells stopped almost simultaneously after 20 min, and
no motion was detected after 30 min. However, the reversal time
remained �20 s as long as the cells moved.

Illumination effect. Some phototactic bacteria, such as H. sali-
narum, show reversals due to gradients of light. Therefore, we
tested whether P. dendritiformis C morphotype will react to
changes in illumination. Different band pass filters (blue, �480
nm; green, �508 nm; yellow, �560 nm; red, �650 nm) were
applied successively; the microscope light source (Olympus IX50;
standard 30-W halogen light bulb) was turned on and off for dif-
ferent time lengths (between 0.5 s and 1 h), and the motion of the
cells was monitored. No changes in bacterial speed or in the rever-
sal time were detected. We have repeated these experiments by
illuminating colonies from the side. Side illumination was done at
different angles (10°, 20°, and 30° with respect to the surface—this
indirectly created a dark-field effect) by using a goose neck fiber
optic illuminator (150H; Schölly Fiber Optik GmbH, Germany),
creating a gradient in intensity along the xy plane. Illumination
intensity at the sample was �2 W/cm2. Again, no response to light
was detected, suggesting that phototaxis is not a mechanism dic-
tating the reversal events in P. dendritiformis C morphotype bac-
teria.

Effect of neighboring cells. We found that cells reversed their
direction of motion independently of collisions with neighboring
cells. For instance, neighboring cells were tracked to see if they
tended to move in the same or opposite directions and whether
they tended to switch directions upon contact with cells that were
moving in the same or opposite direction. Almost 60% of tracked
cells (1,240 cells) were moving in the direction that their close
(in-contact) neighbors were moving, indicating hydrodynamic
interaction. However, cells were switching direction indepen-
dently of the direction of motion of their neighbors. Out of 380

tracked cells, 184 (48%) switched direction while close neighbors
moved in the opposite direction. Cells that moved in one direction
while having 2 neighboring cells, at both sides, moving to the
opposite direction showed the same results. This demonstrates
that the tendency of switching direction is intrinsic and is inde-
pendent of hydrodynamics.

Additionally, cells located at the outer part of the branches
(having neighbors on one side only) were tracked and found to
reverse their direction every 20 s as well. However, they moved
slightly slower (10% speed reduction), probably due to a shal-
lower liquid film.

Many one-dimensional head-on collisions, with bacteria mov-
ing in opposite directions, were observed, but these incidents did
not lead to reversals. Thus, this back-and-forth swarming differs
from the reversal behavior of swarming Escherichia coli and other
bacteria during collisions. To further verify that collisions did not
play a role in direction switching, cells grown on agar were moved
into a motility liquid medium by placing a small drop of the mo-
tility buffer on the colony, letting bacteria migrate to the drop, and
then moving it to a glass slide. In the drop, the bacterial concen-
tration was much smaller; thus, no collisions were observed. How-
ever, the cells swam in the drop similarly to what was observed on
the agar in that they typically reversed their directions every 20 s.
We also observed that cells which were initially grown in standard
liquid medium, LB (not transferred from the agar), exhibited an
entirely different motion: they swam along nearly straight trajec-
tories with no back-and-forth reversals or run-and-tumble move-
ments. Such cells were monitored for more than 15 min.

Does the C morphotype swarm? To obtain a better under-
standing of the motility of the C morphotype on an agar surface
and clearly define its motion as “swarming,” we have performed
several experiments. First, we have used transmission electron mi-
croscopy (TEM) to find the motive organelle of P. dendritiformis
morphotype C. Possible mechanisms are the S motility of type IV
pulling pili, also known as twitching (e.g., A. xylinum or Pseu-
domonas aeruginosa), a combination of S motility at one pole and
an A motility engine that works in the opposite direction (e.g., M.
xanthus), a single flagellum that can switch rotational direction
from clockwise (CW) to counterclockwise (CCW) (e.g., H. salina-
rum), and motility due to multiple flagella as often seen in swarm-
ing cells (e.g., E. coli). All of these have been previously associated
with run-and-tumble or back-and-forth periodic events. Amphi-
trichous, i.e., two polar flagella, each located at a different pole
(e.g., Spirillum), is another potential configuration that bacteria
can utilize in back-and-forth reversals.

Independent of growth conditions, multiple flagella were ob-
served for cells harvested from agar plates, but bacteria grown on
Eiken agar gave better images (the cells are slightly shorter on the
Eiken agar). The many flagella (�100 for each cell) are
peritrichous—they are uniformly distributed all over the cell
(Fig. 5A and B). A closer look shows that each flagellum is solitarily
connected to the membrane through the basal body (Fig. 5C), and
in most cases, a few flagella formed bundles (Fig. 5D). Many of
these flagellar bundles were found to be distributed in various
places around the cell. All of the flagella have similar physical
features; they are 10 to 20 �m in length and 17 � 1 nm in width
(Fig. 5E). No pili were observed, suggesting that twitching is not
the motility mode of P. dendritiformis morphotype C in these
growth conditions. The images were compared to those obtained
for cells grown in liquid medium, in which a single bundle of 4
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flagella, located at one pole, was observed (Fig. 5F). This suggests
that extracellular conditions had a very large influence on the
number and position of flagella on the cells.

Second, we have used standard flagellar shearing protocols to
shear flagella off the cells. As described above, bacteria were col-
lected from agar plates by placing a small drop of the motility
buffer on the colony, allowing bacteria to migrate to the drop.

Cells that were not sheared moved back and forth in the liquid,
indicating that their motion on the agar was flagellum driven.
Shearing was achieved by repeated pipetting through a narrow
(0.6-mm-diameter) straw. Sheared cells did not swim in the liquid
bulk, and flagella were not observed in TEM. Third, a suspension
of sheared bacteria was placed on an untreated standard glass
slide. After bacteria attached to the surface, they started to rotate

1 µm

17 nm

E

5 µm

A

1 µm

B

100 nm

C D

100 nm

F

1µm

FIG 5 TEM images of P. dendritiformis morphotype C bacteria. (A and B) Low (A) and high (B) magnifications of cells harvested from Eiken agar plates expose
peritrichous flagella; they are uniformly distributed over the cell. Cells grown on Difco agar look similar, but the image quality is poorer due to harvesting
problems. (C and D) A closer look at cells harvested from Eiken agar plates shows the basal bodies (marked with white arrows in panel C); each flagellum is
solitarily connected to the membrane through the basal body. In most cases, groups of few flagella form bundles (the base of the bundle is marked with a black
arrow in panel D), so that many flagellar bundles are distributed all over the cell as seen in panel B. (E) All flagella look similar; they are 10 to 20 �m in length and
17 nm in width. (F) Cells grown in LB liquid medium exhibit a single bundle made of 4 flagella, located at one pole.
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either CW or CCW. Independent of whether they rotated CW or
CCW, they reversed their direction every few seconds, indicating
that the flagellar rotors are still present and active (see Movie S3 in
the supplemental material).

All three results together strongly suggest that flagella are the
motive organelles in the C morphotype and that the spreading of
the C morphotype fulfills the more-stringent definition of swarm-
ing as a flagellum-driven motility on surfaces (1) (the less-strin-
gent definition of swarming is any type of collective bacterial mo-
tion, even if not powered by flagella).

Effect of bacterial length. Our results that the reversal time is
essentially independent of all parameters tested point toward the
existence of a robust internal clock for the timing of reversal
events. It is very likely that the flagella need to be synchronized to
reverse the direction. The way flagella are structured on the cells
raises the possibility that, similarly to other peritrichous flagel-
lated species, large bundles are formed at the poles during motion.
For a reversal event to happen, the signal has to travel through the
cell from one pole to the other, turning on and off the rotation of
the flagellar bundles or switching their direction. If the signal
propagation is the limiting factor for the speed of reversals, one
expects a significant rest time when bacteria change their direction
and that this rest time depends on the length of the bacteria. How-
ever, Fig. 6 shows that the reversal time (Fig. 6A) and the rest time
(Fig. 6B) are independent of bacterial length (P values of 0.076 and
0.068, respectively). The histogram of rest times (Fig. 6C) is
strongly asymmetric, with a maximum around 3 s, many shorter
events, and a minimum rest time of approximately 0.4 s. Also, the
minimum rest time seems to be independent of the bacterial
length, as suggested by Fig. 6B, which points toward another ori-
gin. Similar rest times have been described for B. subtilis (29) and
attributed to flagellar bundle kinetics.

DISCUSSION

Hydrodynamic interaction has been considered the key player in
many cases of collective motion observed in a number of bacterial
species. However, it has been recently suggested that short-range
steric interactions might dominate over hydrodynamic interac-
tion in swarming bacteria. For elongated, rigid, self-propelled par-
ticles, collisions (i.e., short-range steric interactions) seem to re-
sult in the alignment of motion that leads to a particular length
and time correlation and to the formation of the classical swarm-
ing patterns of whirls and jets (2, 3). It is expected that geometrical
factors of cell structure, such as the aspect ratio (length/width), are
important for the type of collective motion. The pioneering work
on P. dendritiformis (47, 59, 60) has shown that morphotype C
colonies exhibit chiral morphology with twisted branches as a

combined result of flagellar chirality and cell-cell orientation in-
teractions. The theoretical models showed that the length of these
motile bacteria plays a major role in the resultant pattern which
limits the average rotation, reducing the chance to form whirls
and jets.

Wensink et al. (45) have recently calculated a non-equilibrium-
phase diagram for various aspect ratios and volume fractions of
self-propelled rods (bacteria), taking into account only steric in-
teraction between the rods; hydrodynamic interaction was ne-
glected. For very long (rigid) rods (aspect ratio of �13) and at
sufficiently high-volume fractions (�0.3), they found that “bac-
teria” tend to assemble in homogeneous long lanes corresponding
to quasismectic regions of polar order. Our results are in agree-
ment with this prediction.

Besides being assembled in homogeneous long lanes, we found
that all cells show periodic reversals with a reversal time that was
robust under all conditions tested. This phenomenon was not
included in recent models (45). Periodic reversals have been ob-
served experimentally in other species, too, but their mechanism,
properties, or function seems to be different. Starting with
peritrichously flagellated bacteria, it was recently shown that CW
flagellar rotation in swarming E. coli cells results in reversal events
(21). These reversals are different from the run-and-tumble
events of swimming bacteria and were found only in a small frac-
tion at the edges of the colonies. The distribution of reversal times
was approximately exponential, corresponding to a constant
probability of changing direction, in contrast to the distribution of
reversal times observed here. Instead of an exponential decay, we
found a broad distribution and a clear maximum at about 12 s,
indicating that the mechanism that drives the reversals might be
different.

Reversals were also observed in B. subtilis. Cisneros et al. (61)
observed reversals of cells in liquid medium (swimming cells)
upon collisions with obstacles, indicating some mechanical sens-
ing. One suggested function of these reversals is that the cells try to
avoid jammed areas. As discussed earlier, reversals in the P. den-
dritiformis C morphotype seem to be spontaneous and indepen-
dent of any mechanical interaction with neighboring cells or any
other object.

Reversals found in the archaeon H. salinarum (53, 54), which
grows in high-salt environments, are a behavioral response to gra-
dients of light or oxygen (phototaxis or aerotaxis, respectively).
No response to food or light gradients was found for the P. den-
dritiformis C morphotype. Finally, reversals were found in pilus-
driven species. For example, A. xylinum bacteria (55) are known
for prolific synthesis of cellulose, in which the motion is pilus
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FIG 6 Effect of bacterial length. (A) Reversal time as a function of bacterial length (2 g/liter peptone, 1% [wt/vol] Difco agar, 30°C, and 90% RH). No correlation
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driven and the microscopic back-and-forth motion is achieved by
attachment to the extruded cellulose ribbon produced. In M. xan-
thus (48–52), the cell movement is propelled by a polar S engine
(pulling type IV pili) at the leading end of the cell and by an A
gliding engine that generates motion in the opposite direction.
Measurements of the expansion rates of M. xanthus mutants have
revealed that the reversal period of wild-type strains is optimized
for fast expansion. It was suggested that the back-and-forth mo-
tion in this case increases the local alignment of cells and reduces
the interference between cellular motions. M. xanthus moves
much slower, switches direction at a much lower rate, and uses a
different motive organelle than the P. dendritiformis C morpho-
type; however, it is still possible that the reversals fulfill a similar
function in P. dendritiformis.

To reverse the direction of motion, flagella at different loca-
tions along the cell body need to be synchronized, which requires
a signal to travel along the cell body. The speed of the signal and
the body length should set a minimum rest time during reversals.
Surprisingly, we observed no dependence of the minimal rest time
(0.35 s) on body length, a finding which indicates that signaling
along the cell body is not the limiting factor for flagellar synchro-
nization. Assuming a rest time of 0.50 s and a cell length of 40 �m,
we can calculate the lower bound for the speed of the signal to be
approximately 60 �m/s. This speed seems to be too fast even for
fast calcium waves (62), and it remains unclear how periodic re-
versals are orchestrated.

P. dendritiformis has two motile morphotypes, the C morpho-
type discussed here and the T morphotype, which is a shorter
(aspect ratio, �5), rod-shaped, motile strain that swarms in whirls
and jets (14). Both have the same 16S rRNA. Colonies of either
morphotype, grown from a single cell, are likely to exhibit spon-
taneous transitions in which small regions of a colony might grow
branches containing cells of the other morphotype. When this
happens, the dynamics of swarming of the bacteria at the transi-
tioned regions is changed as well (see arrow in Fig. 1E). Our ex-
periments suggest that the dramatic change in aspect ratio, a result
of the spontaneous morphological transition, might be correlated
with the different type of collective motion. By now, it is known
that one major difference between morphotypes T and C is a to-
pological defect in cell division which makes C much longer.
However, the study of the differences between the two mor-
photypes is not completed, and concrete conclusions about the
role of aspect ratio in changing the swarming pattern must be
postponed. Patrick et al. (63) showed that topological defects
(	minJ) in cell division (i.e., the formation of longer cells)
create swarming motility defects in B. subtilis. The long hyper-
flagellated and surfactant producer cells form spiraling whorls
on the surface of the medium instead of the classic spreading
pattern formed by the wild type.

To conclude, we have found the periodic reversals to be inde-
pendent of environmental conditions such as initial nutrient level,
agar rigidity, surfactant addition, humidity level, temperature,
nutrient chemotaxis, oxygen level, illumination intensity, and
gradient and additionally independent of cell length and cell den-
sity (collisions with other cells). Together with the fact that the
reversal periodicity is also not correlated with the colony expan-
sion (in contrast to other bacteria), the evolutionary advantage of
this unique back-and-forth swarming remains a mystery.
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