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Collective Motion of Spherical Bacteria
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Abstract

A large variety of motile bacterial species exhibit collective motions while inhabiting liquids or colonizing surfaces. These
collective motions are often characterized by coherent dynamic clusters, where hundreds of cells move in correlated whirls
and jets. Previously, all species that were known to form such motion had a rod-shaped structure, which enhances the order
through steric and hydrodynamic interactions. Here we show that the spherical motile bacteria Serratia marcescens exhibit
robust collective dynamics and correlated coherent motion while grown in suspensions. As cells migrate to the upper
surface of a drop, they form a monolayer, and move collectively in whirls and jets. At all concentrations, the distribution of
the bacterial speed was approximately Rayleigh with an average that depends on concentration in a non-monotonic way.
Other dynamical parameters such as vorticity and correlation functions are also analyzed and compared to rod-shaped
bacteria from the same strain. Our results demonstrate that self-propelled spherical objects do form complex ordered
collective motion. This opens a door for a new perspective on the role of cell aspect ratio and alignment of cells with

regards to collective motion in nature.
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Introduction

Motile bacteria exhibit a large variety of motility mechanisms,
among which some require cooperation between thousands of
cells. Recent interest has been particularly given to such collective
types of motilities, which were observed either in suspensions [1-8], or
during migration and colonization of soft and hard surfaces [9-35].
Past work shows a growing body of research on many bacterial species
including, Serratia marcescens [ 13—15), Bacillus subtilis [14—18), Escherichia
coli [19-21], Salmonella typhimurium [21-22], Paentbacillus dendritiformis
[23-26], Paenibacillus vortex (27, Proteus mirabilis 28), Myxococcus xanthus
[29-32] and Pseudomonas aeruginosa [34-35]; all utilize different
methods of motion such as swarming, twitching (social gliding), and
ZBN swimming (collective motion at extreme cell densities). Common
to all is the elongated, rod-like shape of the cells.

Cell elongation is one of the prominent qualities of bacterial
swarming [9-11] - the most rapid surface migration mechanism.
Swarming generally involves an organized, hyperflagellated-based,
cell motion and a collective secretion of surfactants that decrease
surface tension, thus enabling fast expansion. This motion has
been studied extensively for different species [9-28] where some
colonies can cover an entire Petri dish (8.8 ¢cm in diameter) within
a few hours. During such fast expansion bacteria move in whirls
and jets in which hundreds of rod-shaped cells move in semi-
circular patterns. Theoretically, there is no consensus whether cell
elongation is necessary for collective motion. Recent work on "self
propelled rods" suggests that the aligning interaction between the
elongated 7od-like shaped bacterial cells consists of hydrodynamic
[1-8,17,23,24,25,36-38] and steric interactions [17,39-43]. Both
types of interaction depend on the aspect ratio of swarmers (or
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collectively swimming bacteria), which is not present in spherical
cells. On the other hand, some models [5,38,44] predict that
collective motion of spherical bacteria is feasible. Since swarming
was never observed in sphere-like bacteria, collective motion of
such cells was questioned.

Collective bacterial motion is not limited to surfaces and may
occur in liquids, but the physical and biological mechanisms
involved in such processes may differ. Dombrowski et al. [2] found
that highly dense suspensions (20-100 times more crowded than
spontaneous overnight cultures) of B. subtilis, a rod-shaped
bacterial species, swimming in sessile drops, show collective
motion and flow patterns not found in control experiments with
inert microspheres. Cisneros et al. [6] studied bacterial motion (B.
subtilis) as a function of cell density and showed a transition to high
speeds and directional order at high concentrations. Sokolov et al.
[4] presented experimental studies of collective bacterial swim-
ming (B. subtilis) in thin fluid films (1 pm), where the dynamics was
essentially two-dimensional and the concentration could be
adjusted continuously. At concentrations near the maximum
allowed by steric repulsion, swimming bacteria formed a dynamic
state exhibiting extended spatiotemporal coherence.

The reported collective bacterial motion in liquids has been
limited for B. subtilis, a rod-shaped bacterial species. Since
experiments were preformed at extremely high concentrations,
geometrical restrictions arising from the aspect-ratio of the cells
played a significant part in the explanations offered for the
collective motion. Supporting this approach, two recent theoretical
studies argued that spherical cells will not exhibit collective
motion if only steric interactions will be considered. Wensink
et al. [42] showed that for spherical cells, motion can be either
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free-swimming at low densities, or a jammed state at medium to
high densities. Peruani et al. [43] showed that the transition to
dynamic clustering (group behavior) depends on both the density
and the cell aspect ratio, with no clustering for spherical cells. In
particular, there is no transition to directional order with spherical
bacteria. A key question to be discussed later is what exactly is a
spherical bacterium — just the cell body or the entire bacterium
with flagella combined.

In this work, we show that sphere-like bacteria do exhibit robust
collective dynamics and correlated coherent motion while grown
in suspensions. The I um in diameter spherical cells of an
overnight suspension of S. marcescens, swimming in a sessile drop,
migrate to the upper surface of the drop, form a monolayer, and
swirl in whirls and jets. The motion was found to strongly depend
on cell density having a non-monotonic relationship between the
mean cell swimming speed and cell concentration. Our results are
essentially different from those obtained by others such as
Dombrowski et al. [2] in several aspects: (1) The shape of the
cells, which is spherical, (if) Motion is restricted to a two-
dimensional monolayer, (i) A natural formation of cell density (no
sample manipulation such as concentration by 20 fold), (iv)
Gravity and buoyancy do not play a role. Our results demonstrate
that, in contrast to previous hypotheses, the rod-like bacterial
shape (aspect ratio >3) is not required for collective bacterial
motion in liquids.

Materials and Methods

Strain and growth media

The wild type (W) Serratia marcescens 274 is a Gram-negative
motile bacterial species [13]. During the exponential growth phase
(in broth), and at low densities (<1 x 107), the cells have a rod-like
shape (I1x3 um) and they swim in the volume at speeds of the
order of 15 um/s (run-and-tumble). In overnight cultures, at the
stationary phase (18 h), the cells reach densities of 2 X 10°and
shrink to the shape of spheres (possibly due to starvation [45]). The
bacteria were maintained at —80°C. in Luria Broth (LB) (Sigma, St.
Louis, MO) with 25% [wt/vol] glycerol. LB broth was inoculated
with the frozen stock and grown for 18 h at 30 °C while shaking
(3 ml LB in a 15 ml plastic tube; at 200 RPM). It was subsequently
grown to an ODgs of 2.0, corresponding to approximately 2 x 10°
bacteria/ml, calibrated by counting colonies on agar after
appropriate dilution. The counting-agar-plates were filled with
2% Difco agar from Becton Dickinson, supplemented with LB;
culture dilution yielded 200%=20 (after 5 independent repetitions)
tiny colonies on each plate. OD measurements were done by using
a basic spectrophotometer (Novaspec III), and standard 1 ml
cuvettes; the suspensions were first diluted 1:10 in LB to obtain a
more reliable result. Experiments with rod-shaped cells, of aspect
ratio of ~3, were performed by diluting the 18 h old sphere-cells
culture (100 pl into 3 ml of fresh LB), and growing them for 2
more hours in shaking.

Other S. marcescens strains used in this study are RH1041, which
is a serrawettin mutant of S. marcescens 274 (no surfactant
production (SMu 13a)), RH1037 which is an immotile mutant of
S. marcescens 274 (flagella minus (Hag::Cm)), and S. marcescens strain
A [15] which is a WT that produces much more surfactant than
the WT 274 strain. To obtain supernatants, cultures were
centrifuged at 5000 x g for 3 min (high speed limits the amount
of remaining cells), then the liquid was harvested. For mixing of
centrifuged cells with supernatant, the cells were centrifuged at
500 x g for 1 min (low speed prevents damage to the centrifuged
cells), their supernatant was removed, and the desired supernatant
was added by careful pipette mixing.
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Microscopic measurements

An optical microscope (Zeiss Axio Imager Z2) equipped with a
LD 60X Phase Contrast objective lens was used to follow the
microscopic motion. The microscope was placed in a temperature
and humidity controlled environment. A digital camera (GX 1050,
Allied Vision Technologies) captured the microscopic motion at a
rate of 100 frames per second and a spatial resolution of
1024 %1024 pixels. Movies were taken for 20 min periods,
streamed directly to the hard drive, resulting in 120,000 images
In a sequence.

The fraction of area occupied by bacteria, p, was calculated by
measuring the number of black pixels covering the frame, then
divided by the entire number of pixels (1024 x 1024). See Fig. S1
for additional details.

Flow analysis

Recorded movies were converted to a sequence of single-frame
images. Following standard pre-processing for noise reduction, the
optical flow between each two consecutive frames was obtained
using the Horn-Schunk method [46]. Vector fields were reduced
to a 64 x64 grid by simple averaging, generating an approximated
velocity field v=(vx(x,y),v,(x,y)). In order to characterize the
observed flow patterns, several other dynamical variables were
calculated

(i)  The vorticity field w(x,y)defined as the z-component of the
curl of v.

(i)  Spatial correlation functions

S =2 [ YO ey = VO = VOV ey

where £ is a normalization constant such that f;,(0)=1, W(x) is a
given field and {}|,_,|—, denotes averaging over all pairs of grid
points x and yp separated by r and over all frames with
concentration in a given range.

(i) Temporal correlation functions

gy()=
VAR RO GO ) VPNIERCT( Y IREPNIPR T (30 ) Y

where £ is a normalization constant such that g,(0)=1, () is a
given field and <-}, _, -, denotes averaging over all grid points
and times ¢ and #y such that t; —ty=t¢.

In particular, we are interested in correlations in directions
V¥ =7/|v| denoted f4i; and correlations in vorticity ¥ =® denoted
Jfvort. Similar notations are used for temporal correlation functions,
gair and gyort, respectively. Averages at fixed concentrations are
taken over all spatial positions and all frames within the 5 seconds
corresponding to the specific concentration.

Results

Observation of collective dynamics
A 5-ul drop of an overnight (18 h) WT S. marcescens 274 culture
was placed on a glass slide and observed in upright light
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microscopy (phase contrast). Bacterial density (per volume) for
such a culture was 2 x 10° cells/ml. All cells were spherical with an
aspect ratio smaller than 1.1 (some were slightly oval because of
pre-splitting due to reproduction) (Fig. 1A), and were constantly
swimming from the bulk to the upper surface of the drop. The cells
remained at the upper surface, thus continuously increasing the
surface cell density (Fig. 1B). Increment of surface density from
minimal to maximal lasted approximately 20 min. On the surface,
cells formed a monolayer and were swirling in dynamic whirls and
jets (Movie S1). The motion was found to be independent of either
the material from which the surface was made or the size of the
drop; it was also independent of the droplet’s surface shape, either
concave, nearly flat or convex. For control, some drops were
placed on the glass, then tilted upside-down and viewed by an
inverted microscope to see the effects of gravity and buoyancy. No
change was observed. For quantitative measurements the drop was
constrained by a super-hydrophobic ring printed on the glass
(polytetrafluoroethylene (PTTE) printed glass slides (63429-04)
Electron Microscopy Sciences, Hatfield, PA) in order to prevent
wetting and spreading, which may affect the dynamics of the
bacteria or cause drifting. To prevent both evaporation and the
blowing of air on the sample the drop was enclosed in a small
chamber, the top and bottom of which comprised of thin glass
coverslips, while the surrounding wall was a metallic ring attached
to the glass with vacuum grease (Fig. S2).

Scaling of the bacterial dynamics

To quantify the dynamics of the sphere-like collectively
swimming bacteria, we calculated a velocity field for each two
consecutive frames. A typical raw movie lasts ~20 min; the data
was taken from 5 similar experiments, ending up with about
600,000 analyzed frames. Each movie was divided into 5-second
segments, in which the bacterial density was approximately
constant. Figure 2A depicts a typical velocity field, showing the
velocity field at a typical bacterial concentration p =0.67. See also
Movie S2. Figure 2B shows the average bacterial speed as a
function of the bacterial concentration in each 5-second segment;
At low densities, the mean speed is an increasing function,
reaching a maximum at p =0.64. At higher densities, the mean
speed decreases sharply to a jammed high-concentrated phase.
Figure 2C shows the distribution of speeds at 5 concentrations
(p=10.28, 0.46, 0.67, 0.74 and 0.87), also denoted in Fig. 2B as red
dots. Interestingly, all speed distributions are well approximated by

A\

B [
.
t

Spherical Bacteria

a Rayleigh distribution (see inset in Fig. 2C) with probability
density xa~2 exp (—x?/20?), where ¢>0 is a parameter indicat-
ing the point in which the maximum of the density is obtained (the
mode). The mean of the Rayleigh distribution is \/71?_/20' and the

standard-deviation is /(4 —m)/20. Thus all Rayleigh distribution
collapse to a master curve with 6=1 upon rescaling by ¢. The
Rayleigh distribution is a consequence of the fact that projections
of velocities on the principal axes are approximately independent
normal distributions with zero mean and variance ¢ (Fig. 2D).
We demonstrate this scaling by showing that the standard
deviation of the speed distribution grows linearly with the average

speed with a slope of approximately /4/n—1 (~0.52).

The vorticity field o(x,y)shows a similar scaling with p. Figure
3A shows the vorticity field at the same typical concentration
p=0.67. See also Movie S3. Figure 3B shows the average absolute
value of vorticity as a function of the bacterial concentration (note
the similarity to Fig. 2B). Figure 3C shows the distribution of the
vorticity at 5 concentrations (p =0.28, 0.46, 0.67, 0.74 and 0.87)
denoted in Fig. 3B as red dots. It is approximately normal. At a
fixed concentration, speed and vorticity are uncorrelated (0.02 at
p=0.67, see Fig. 4A). Figure 4B shows that the distribution of
speeds at three different vorticity ranges (terciles) is the same,
implying that cells that move in jets, and cells that move in whirls
have same speed distribution. However, the standard deviation in
the normal vorticity distribution (and therefore also the average
absolute vorticity) depends on concentration (and therefore on &
and the mean speed). Figure 4C shows the average speed as a
function of the average absolute value of the vorticity. The two are
highly correlated (0.65 at p=0.67) with a slope of 8.8.

Both the spatial and temporal correlation functions were found
to decay exponentially, thus defining a characteristic decay length
Ay and time 7. Figures 5A-B depict the spatial and temporal
correlation functions, respectively, at p = 0.67. Figures 5C-D show
the correlation lengths and times as a function of bacterial density.
While the average speed changes dramatically, both 4, and 1y
remain fairly constant; Ag;, and tg4;, diverge at very large bacterial
concentrations where the speed is small and the dynamics is
jammed. The vorticity correlation function fyort(r) becomes
negative around the characteristic size of the whirls, which is
approximately 20 um. The vorticity correlation time is about 0.15
s, indicating very short-lived vortices.

The scaling described above suggests that the bacterial
dynamics is the same at all concentrations up to a single

7 culture drop

dense monolayer I

glass

culture drop

glass

Figure 1. Observation of the collective dynamics of WT S. marcescens 274 bacteria, swirling in a drop. (A) A snapshot of an overnight (18
h) culture-drop placed on a glass slide; image taken by an upright phase contrast microscopy. All cells are spherical and are located on the upper
surface of the drop. Bacterial density (fraction of area occupied by bacteria) p =0.67. Scale bar equals 10 um. (B) A schematic side view, illustrating
how cells swim from a homogeneously dense volume to the upper surface of the drop, forming a dense monolayer and an extremely sparse bulk.

doi:10.1371/journal.pone.0083760.g001
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Figure 2. Velocity field analysis. (A) The velocity field at p =0.67. Length of arrows represents a local speed, also manifested by color: <20 um/s
green, >20 and <40 um/s pink, and >40 um/s red. Scale bar equals 10 um. (B) The average bacterial speed as a function of bacterial concentration
p. The speed reaches a maximum at p = 0.64. Red large dots represent 5 different concentrations discussed in (C). (C) Probability density histogram for
5 different bacterial concentrations p =0.28 red, 0.46 blue, 0.67 green, 0.74 brown and 0.87 pink; the y-axis is normalized so that the area below each
curve equals 1. Inset - All speed distributions are well approximated by a Rayleigh distribution, the black solid line. (D) The probability density of
velocity projections on the principal axes are approximately independent normal distributions with zero mean; x-axis blue, y-axis red; dots represent
experimental data and solid line is the Normal distribution. Inset - the standard deviation of the speed grows linearly with the average speed with a
slope of approximately 0.52 (axes are inum/s).

doi:10.1371/journal.pone.0083760.g002
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Figure 3. Vorticity field analysis. (A) The vorticity field at p =0.67. Colors indicate the z-component (the magnitude) of the curl of the velocity
field - the "strength" of the vorticity. Values on the bar are in rad/s. Negative values (blue) means clock-wise motion and positive values (red) means
counter clock-wise motion. Scale bar equals 10 um. (B) The average absolute value of vorticity as a function of bacterial concentration p. The red
large dots represent the 5 different concentrations discussed in (C). (C) Probability density histogram for 5 different bacterial concentrations p =0.28
red, 0.46 blue, 0.67 green, 0.74 brown and 0.87 pink; the y-axis is normalized so that the area below each curve equals 1. All speed distributions are
well approximated by a Normal distribution.

doi:10.1371/journal.pone.0083760.g003
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doi:10.1371/journal.pone.0083760.9g004
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correlation length (blue for velocity and red for vorticity) as a function of bacterial concentration. (D) The correlation time (blue for velocity and red
for vorticity) as a function of bacterial concentration.

doi:10.1371/journal.pone.0083760.g005
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Figure 6. Rod-shaped cells. (A) Probability density of speeds shows a much faster speed compared with those obtained for spherical cells (Fig.
2C). The y-axis is normalized so that the area below the curve equals 1. (B) Same data as in (A) now normalized vs. a Rayleigh distribution, the black

solid line.
doi:10.1371/journal.pone.0083760.g006

multiplicative constant ¢. The scaling extends from the lowest
measured concentration p=0.18 up to the jammed phase
observed for p =0.87.

Comparing spherical and rod-like bacteria

So far we have shown that sphere-like bacteria exhibit strong
collective dynamics. But how different is this motion if compared
to rod-shaped cells of the same species? We have thus repeated the
entire experiment with similar, but longer cells (aspect ratio of ~3;
see Material and Methods). For the long cells the mean speed and
vorticity were significantly larger (+35%) (Fig. 6A), while
correlation lengths and times were the same. A striking result
was that the long cells did not show the Rayleigh speed
distribution observed for the spherical cells (Fig. 6B). Instead, the
long cells showed a narrower distribution with a faster decaying
tail (analyzing the dynamics of B. subtilis, a rod-shaped bacterial
species with an aspect ratio of approximately 4.8, Wensink et al.
[42] found that projections of the bacterial velocity of the principal
axes is roughly Gaussian, pertaining to a Rayleigh speed
distribution). These differences support the idea that the long
cells do benefit from large hydrodynamic and/or steric interac-
tions that lead to a much faster motion, and to a more
concentrated speed distribution. Also it shows that the bacterial
shape does not dictate the correlation time and length (4 and 1) as
suggested for B. subtilis by Sokolov and Aranson [8].

Role of chemical signaling and surfactants

Collective swirling of the cells may be triggered or enabled by
secretion of surfactants or other compounds unique to . marcescens,
thus modifying of the physical properties of the drop. For example,
it was shown [15] that the mobility of the upper surface of
surfactant producing bacterial swarms is significantly different
from those of non-surfactant producers. In order to test the origin
of the motion in this experiment, we have used different strains of
S. marcescens: (i) a motile strain that does not produce surfactants
(RH1041), (i) a motile strain (strain A) that produces larger
amounts of surfactant (compared to WT 274) and (iii) an immotile
strain that produces surfactant (RH1037). The results showed that
immotile bacteria did not migrate to the surface and did not show
collective motion. Furthermore, they did not show individual
swimming, but Brownian motion was evident. The two motile
strains, one that does not produce surfactants and the other that
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produces large amounts of surfactants, both showed the same
collective motion as the WT 274. We thus suggest that collective
motion is independent of surfactant production and that, instead,
it stems from the intrinsic motility properties of each cell.

Next, we moved motile cells into supernatant of immotile cells,
and immotile cells into supernatant of motile cells. The motile cells
swirled in the immotile supernatant and the immotile cells did not
move in the motile supernatant (beside Brownian motion). When
we moved the motile cells into fresh LB broth they did not show
the swirling pattern; some cells were swimming individually. We
thus suggest that the collective swirling behavior is a result of both
self propulsion, and the presence of some molecule that is not a
motility-associated material.

Discussion

Alignment of individuals within a group was found to play a
significant role in the dynamics of many species and artificial
agents [47]. Naturally, the geometry of objects plays an important
role in the effective aligning interaction. For example, steric
interaction between inanimate rod-shaped particles (e.g., rice
seeds) can lead to non-equilibrium and collective behavior [48—
50]. However, no ordered phase was found in inanimate vibrating
round particles, both in experiments and simulation [50].

The question of whether motile spherical bacteria can form
collective motion is undecided. Recently, two theoretical models
did not find any ordered phase in systems of self-propelled
spherical particles [42—43] and concluded that the transition to
collective behavior strongly depends on the aspect ratio of the
particles. On the other hand, it may be argued that even spherical
motile cells cannot be considered spherical because of the long
flagella at their poles. Indeed, several models simplify the complex
shape of bacteria as a sphere attached to a thin rod, or a force
dipole representing the flagellar bundle [5,51]. However, several
experimental works have shown that the flagella do not behave like a
rod attached to a sphere, and that flagella are easily deformed;
hence, self-propelled spherical cells are effectively spherical and
not rods. By using fluorescently labeled flagella, Turner et al. [52]
visualized the flagellar filaments of planktonic bacteria and showed
that the bundle does not behave as a rigid rod hooked to the cell
body. Both Turner et al. [53] and Copeland et al. [20] have found
that the bundles of flagella on swarmer cells periodically splay
apart, leading to the reorientation of the cell. In addition,
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Copeland et al. [20] observed that flagella make transient contact
with flagella on adjacent cells. More importantly, it was found that
swarmer cells spend a considerable amount of their time in the
community in a passive state responding to the motion of adjacent
cells. We thus suggest that the description of a bacterial cell to be
composed of a sphere attached to a rod, may not necessarily be
relevant to our experiment, as flagella cannot be considered an
extension of the spherical body that makes it cylindrical-like. Non-
the-less, it may be responsible for creating small asymmetries
which may assist in the creation of collective motion. We stress
that such asymmetries cannot explain the quantitative flow
analysis of collective motion observed in experiments since the
speed distribution of elongated bacteria was found to be
fundamentally different than that of spherical ones.

Our experimental results suggest that spherical bacteria may
form a collective state after all. Collective motion strongly depends
on the concentration (Fig. 2B and Fig. 3B). The speed distribution
of the cells followed a Rayleigh distribution (stemming from the
fact that projections of velocities on the principal axes are
approximately independent normal distributions) at all bacterial
concentrations (Fig. 2C). This observation is particularly impor-
tant since models of granular material show that at high densities,
the speed distribution of granular gases in which particles interact
inelastically decays exponentially. Hence, a Gaussian speed
distribution for spherical bacteria can serve a benchmark test for
different swarming or collective swimming models (e.g., [44,51]).

In addition, vorticity depends on concentration but is indepen-
dent of speed (Figs. 4A-B). In particular, collective behavior was
evident at even low concentrations, where the distance between
cells 1s large, reducing the contribution of steric and short-range
hydrodynamic interactions. On the other hand, rod-shaped bacteria
moved much faster and showed a different speed distribution (Fig.
6), other than Rayleigh. These results suggest that there are
fundamental differences between rods and spheres, possibly due to
the added rotational symmetry of spheres. In addition, the
relatively constant correlation lengths and times, which are also
similar for spheres and rods (Figs. 5C-D), suggest that the main
factors responsible for the appearance of collective motion may be
the physical properties of the medium, such as viscosity, and the
diffusion properties of signaling molecules, rather than the
geometry of the cells.

Indeed, testing the role of chemical signaling, we found it is
plausible that a non-motility-associated chemical exists in the
culture from early stages. However, we cannot conclude whether
such a chemical generates the collective behavior, or simply
enables it, acting like a trigger. The results of this work open a
door for a new perspective on the role of cell aspect ratio and
alignment of cells with regards to collective motion in nature.

Supporting Information

Figure S1 Calculating the bacterial density p. (A) The raw
image. (B-C) An intensity histogram for each frame was plotted.

References

1. Sokolov A, Aranson IS (2009) Reduction of viscosity in suspension of swimming
bacteria. Phys Rev Lett 103: 148101.

2. Dombrowski C, Cisneros L, Chatkaew S, Goldstein RE, Kessler JO (2004) Self-
concentration and large-scale coherence in bacterial dynamics. Phys Rev Lett
93: 098103.

3. Tuval I, Cisneros L, Dombrowsky C, Wolgemuth CW, Kessler JO, et al. (2005)
Bacterial swimming and oxygen transport near contact lines. Proc Natl Acad Sci
U S A 102: 2277-2282.

4. Sokolov A, Aranson IS, Kessler JO, Goldstein RE (2007) Concentration
dependence of the collective dynamics of swimming bacteria. Phys Rev Lett 98:
158102.

PLOS ONE | www.plosone.org

Spherical Bacteria

Two maxima were always obtained indicating the grey level for
the cells and for the background. Threshold was determined based
on the minima. (D-F) The uncertainty in determining the
threshold was *1 grey level, which led to the maximal uncertainty
in p of £0.03.

(PDF)

Figure S2 The sample holder. (A) Side-view schematics of
the bacterial monolayer at the surface of a drop. (B) The drop is
enclosed in a small chamber, the top and bottom of which
comprised thin glass coverslips, while the surrounding wall is a
metallic ring attached to the glass with vacuum grease. (C) and (D)
Side and top views of the setup, showing the hydrophobic ring
(brown) stamped on the bottom piece of glass to prevent the drop
from spreading.

(PDF)

Movie S1 A raw (compressed), real time movie of wild
type S. marcescens 274 bacteria, swirling on the upper
surface of an overnight culture drop. Frame size equals
60 pum. Each cell is approximately 1 pm in diameter. Average
(over time) bacterial concentration p = 0.67.

(AVI])

Movie S2 The velocity field of WT S. marcescens 274
bacteria, swirling on the upper surface of an overnight
culture drop. Bacterial concentration p =0.67. Length of arrows
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wise motion (up to ~3 rad/s). Frame size equals 100 um. Length
of movie in real time is 2 s.

(WMV)

Acknowledgments

We thank Rasika M. Harshey for providing the strains, and for many useful
discussions. We also thank Eshel Ben-Jacob for useful suggestions.

Author Contributions

Conceived and designed the experiments: AR GA AB. Performed the
experiments: AR GA AB. Analyzed the data: AR GA AB. Contributed
reagents/materials/analysis tools: AR GA AB. Wrote the paper: AR GA
AB.

5. Cisneros LH, Cortez R, Dombrowski C, Goldstein RE, Kessler JO (2007) Fluid
dynamics of self-propelled microorganisms, from individuals to concentrated
populations. Exp Fluids 43: 737-753.

6. Cisneros LH, Kessler JO, Ganguly S, Goldstein RE (2011) Dynamics of
swimming bacteria: Transition to directional order at high concentration. Phys
Rev E 83: 061907.

7. Sokolov A, Apodaca MM, Grzybowski BA, Aranson IS (2010) Swimming
bacteria power microscopic gears. Proc Natl Acad Sci U S A 107: 969-974.

8. Sokolov A, Aranson IS (2012) Physical Properties of Collective Motion in
Suspensions of Bacteria. Phys Rev Lett 109: 248109.

December 2013 | Volume 8 | Issue 12 | e83760



20.

21.

29.

30.

. Harshey RM (2003) Bacterial motility on a surface: Many ways to a common

goal. Annu Rev Microbiol 57: 249-273.

. Partridge JD, Harshey RM (2013) Swarming: Flexible Roaming Plans. J

Bacteriol 195: 909-918.

. Kearns DB (2010) A field guide to bacterial swarming motility. Nat Rev

Microbiol 8: 634—644.

. Daniels R, Reynaert S, Hoekstra H, Verreth C, Janssens J, et al. (2006) Quorum

signal molecules as biosurfactants affecting swarming in Rhizobium etli. Proc Natl
Acad Sci U S A 103: 14965-14970.

. Matsuyama T, Kaneda K, Nakagawa Y, Isa K, Hara-Hotta H, et al. (1992) A

novel extracellular cyclic lipopeptide which promotes flagellum-dependent and -
independent spreading growth of Seratia marcescens. J Bacteriol 174: 1769-1776.

. Butler MT, Wang Q, Harshey RM (2010) Cell density and mobility protect

swarming bacteria against antibiotics. Proc Natl Acad Sci U S A 107: 3776—
3781.

. Be’er A, Harshey RM (2011) Collective motion of surfactant-producing bacteria

imparts superdiffusivity to their upper surface. Biophys J 101: 1017-1024.

. Kearns DB, Losick R (2003) Swarming motility in undomesticated Bacillus

subtilis. Mol Microbiol 49: 581-590.

. Zhang HP, Be’er A, Florin E-L, Swinney HL (2010) Collective motion and

density fluctuations in bacterial colonies. Proc Natl Acad Sci U S A 107: 13626~
13630.

. Kearns DB, Losick R (2003) Swarming motility in undomesticated Bacullus

subtilis. Mol Microbiol 49: 581-590.

. Wu Y, Hosua BG, Berg HC (2011) Microbubbles reveal chiral fluid flows in

bacterial swarms. Proc Natl Acad Sci U S A 108: 4147-4151.

Copeland MF, Flickinger ST, Tuson HH, Weibel DB (2010) Studying the
Dynamics of Flagella in Multicellular Communities of Escherichia coli by Using
Biarsenical Dyes. Appl Environ Microbiol 76: 1241-1250.

Harshey RM, Matsuyama T (1994) Dimorphic transition in Escherichia coli and
Salmonella  typhimurium: Surface-induced differentiation into hyperflagellate
swarmer cells. Proc Natl Acad Sci U S A 91: 8631-8635.

. Wang Q, Frye JG, McClelland M, Harshey RM (2004) Gene expression

patterns during swarming in Salmonella typhimurium: Genes specific to surface
growth and putative new motility and pathogenicity genes. Mol Microbiol 52:
169-187.

. Zhang HP, Be’er A, Smith RS, Florin E-L, Swinney HL (2010) Swarming

dynamics in bacterial colonies. Europhys Lett 87: 48011.

. Be’er A, Smith RS, Zhang HP, Florin E-L, Payne SM, et al. (2009) Paenibacillus

dendritiformis bacterial colony growth depends on surfactant but not on bacterial
motion. J Bacteriol 191: 5758-5764.

. Ben-Jacob E, Becker I, Shapira Y, Levine H (2004) Bacterial linguistic

communication and social intelligence. Trends Microbiol 12: 366-372.

5. Ben-Jacob E, Cohen I, Gutnick DL (1998) Cooperative organization of bacterial

colonies: from genotype to morphotype. Annu Rev Microbiol 52: 779-806.

. Ingham CJ, Ben-Jacob E (2008) Swarming and complex pattern formation in

Paenibacillus vortex studied by imaging and tracking cells. BMC Microbiol 8: 36.

. Tuson HH, Copeland MF, Carey S, Sacotte R, Weibel DB (2013) Flagellum

Density Regulates Proteus mirabilis Swarmer Cell Motility in Viscous
Environments. J Bacteriol 195: 368-377.

Wu Y, Kaiser AD, Jiang Y, Alber SA (2009) Periodic reversal of direction allows
Myxobacteria to swarm. Proc Natl Acad Sci U S A 106: 1222-1227.

Yu R, Kaiser D (2007) Gliding motility and polarized slime secretion. Mol
Microbiol 63: 454-467.

PLOS ONE | www.plosone.org

31.

32.

38.

39.

40.

41.

43.

44.

46.

47.
48.

49.

50.

51.

52.

53.

Spherical Bacteria

Blackhart BD, Zusman DR (1985) “Frizzy” genes of Myxococcus xanthus are
involved in control of frequency of reversal of gliding motility. Proc Natl Acad
Sci U S A 82: 8767-8770.

Igoshin OA, Welch R, Kaiser D, Oster G (2004) Waves and aggregation
patterns in myxobacteria. Proc Natl Acad Sci U S A 101: 4256-4261.

. Mauriello EMF, Mignot T, Yang Z, Zusman DR (2010) Gliding Motility

Revisited: How do the myxobacteria move without flagella? Microbiol Mol Biol
Rev 74: 229-249.

Kamatkar NGhttp://www.plosone.org/article/info%3Adoi%2F10.
1371%2Fjournal.pone.0020888 - affl, Shrout JD (2011) Surface hardness
impairment of quorum sensing and swarming for Pseudomonas aeruginosa. PLoS

One 6: ¢20888.

. Burrows LL (2012) Pseudomonas aeruginosa T'witching Motility: Type IV Pili in

action. Annu Rev Microbiol 66: 493-520.

. Baskaran A, Marchetti MC (2008) Enhanced diffusion and ordering of self-

propelled rods. Phys Rev Lett 101: 268101.

. Copeland MF, Weibel DB (2009) Bacterial swarming: A model system for

studying dynamic self-assembly. Soft Matter 5: 1174-1187.

Gyrya V, Aranson IS, Berlyand LV, Karpeev D (2010) A model of
hydrodynamic interaction between swimming bacteria. Bull Math Biol 72:
148-183.

Chen X, Dong X, Be’er A, Swinney HL, Zhang HP (2012) Scale-Invariant
Correlations in Dynamic Bacterial Clusters. Phys Rev Lett 108: 148101.

Be’er A, Strain SK, Hernandez RA, Ben-Jacob E, Florin E-L (2013) Periodic
reversals in Paenibacillus dendritiformis swarming. J Bacteriol 195: 2709-2717.
Hernandez-Ortiz JP, Stoltz CG, Graham MD (2005) Transport and collective
dynamics in suspensions of confined swimming particles. Phys Rev Lett 95:

204501.

. Wensink HH, Dunkel J, Heidenreich S, Drescher K, Goldstein RE, et al. (2012)

Meso-scale turbulence in living fluids. Proc Natl Acad Sci U S A 109: 14308—
14313.

Peruani F, Deutsch A, Bar M (2006) Nonequilibrium clustering of self-propelled
rods. Phys Rev E 74: 030904R.

Grossman D, Aranson IS, Ben-Jacob E (2008) Emergence of agent swarm
migration and vortex formation through inelastic collisions. New ] Phys 10:

023036.

. Young KD (2006) The selective value of bacterial shape. Microbiol Mol Biol

Rev 70: 660-703.

Horn BKP, Schunck BG (1981) Determining optical flow. Artif Intell 17: 185—
203.

Vicsek T, Zafeiris A (2012) Collective motion. Phys Rep 517: 71-140.
Narayan V, Ramaswamy S, Menon N (2007) Long-lived giant number
fluctuations in a swarming granular nematic. Science 317: 105-108.

Aranson IS, Snezhko A, Olafsen JS, Urbach JS (2008) Comment on “long-lived
giant number fluctuations in a swarming granular nematic”. Science 320: 612.
Kudrolli A, Lumay G, Volfson D, Tsimring LS (2008) Swarming and swirling in
self-propelled polar granular rods. Phys Rev Lett 100: 058001.

Gyrya VT, Aranson IS, Karpeev DA (2010) A model of hydrodynamic
interaction between swimming bacteria. Bull Math Biol 72: 148-183.

Turner L, Ryu WS, Berg HC (2000) Real-Time Imaging of Fluorescent
Flagellar Filaments. J Bacteriol 182: 2793-2801.

Turner L, Zhang R, Darnton NC, Berg HC (2010) Visualization of flagella
during bacterial swarming. J Bacteriol 192: 3259-3267.

December 2013 | Volume 8 | Issue 12 | e83760



