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I
n natural environments, bacteria 
are most likely to be found on 
surfaces in closely packed com-
munities‚ for example in soil or 
within tissues of a host organism. In 
these natural conditions, motility, 

intercellular communications (chemi-
cal signalling) and other behavioural 
characteristics, not useful in liquid 
cultures, are vitally important. Peter 
Greenberg (University of Iowa) has 
coined the term ‘sociomicrobiology’ 
to cover this new discipline, which, 
of course, includes the medically and 
industrially important biofi lms. A most 
remarkable, but poorly understood, 
mechanism of biofi lm formation is the 
phenomenon of swarming. This is 
the rapid, mass migration of bacteria 
over a surface, such as nutrient agar, to 
establish a large community. Bacterial 

swarming requires fl agella and a thin fi lm of surface water, 
most easily achieved in the laboratory with the use of 0.7 to 
approximately 1.5 % agar.
 One of the most dramatic examples of swarming is 
manifested by Bacillus subtilis, which forms exquisitely 
ramifi ed patterns (Figs 1 and 2). Following inoculation 
of a few cells, or even one cell, at the centre of a plate, a 
necessary quorum is required before swarming starts (Fig. 2).
 Then, large masses of cells fi rst congregate at the edge of 
the inoculum in the form of ‘buds’. These eventually break 
away, but remain connected to the base community by an 
irregular tail of stragglers (Fig. 3). This nascent dendrite 
then picks up speed, thickens and branches, advancing at 
up to 1 cm per hour, depending on the conditions. After 
2–3 cm, the dendrites disassemble, dispersing as individual 
cells, followed, equally abruptly, approximately 1 cm further 
out, by the reappearance of nascent tips (Fig. 4). These 
apparently reform as dendrites reconnecting to the interior of 
the community, while also commencing to advance forwards 
again. This effectively produces a new wave of swarming, 
which repeats several times, if the plate is large enough.

Cell differentiation
These early stages of the swarming process, which in our 
view constitutes a carefully choreographed developmental 
programme, involves the spreading of a monolayer of cells,
spearheaded by rows of tightly packed cells at the tips of den-
drites. Subsequent multiplication of the cells builds multi-
layered dendrites and, remarkably, this process of maturation 
involves differentiation into separate cell types. The upper 
layers contain very long septated cells, while the base of the 
dendrite is composed of a monolayer of normal-sized bac-
teria, organized in rafts (5–6 aligned cells), in a closely packed, 
semi-crystalline structure, which we assume serves to anchor 
the dendrite. Finally, in an unpredictable way, swarming stops, 
accompanied by yet another morphological differentiation. 
These are fl oret-like expansions of the tips of the outermost 
dendrites (Fig. 5).

The role of surfactin
Throughout the entire swarming process, the advancing 
bacteria are preceded by a secreted, 3–5 mm zone of surfactin, 
bounded by a distinct ‘ring’ (Fig. 6). Surfactin, a cyclic lipo-
peptide, (synthesized non-ribosomally), is used extensively 
in industry for its spreading properties and potent capacity 
to reduce surface tension. Surfactin also fi nds uses for its very 
broad spectrum antimicrobial and cytotoxic properties and 
probably functions in B. subtilis to eliminate competitors in the 
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 Fig. 1. A 28 h swarm (false-coloured) of 
Bacillus subtilis on a synthetic medium. 
Bar, 1 cm.

 Fig. 2. Setting up a swarming plate. The 
plate was inoculated at 0 h.

 Fig. 3. Initiation of swarming. Top and middle panels, from buds to 
the fi rst dendrites; bottom panel, abortive bud due to absence of 
surfactin. 

 Fig. 4. Dendrites merge and then reassemble from nascent tips 
between swarms. The surfactin zone is coloured blue.
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path of advancing swarms. Surfactin 
is essential for dendritic pattern forma-
tion, presumably through appropriate 
‘preparation’ of the terrain ahead of the 
swarming cells. Swarming indeed repre-
sents a fascinating interface between 
physics and biology and the challenge 
now is to disentangle the relative import-
ance of the physical properties of surf-
actin and genetic systems. The latter 
include those forming a complex web 
of controls for surfactin synthesis, 
known to operate in liquid cultures.

Riding the wave
Assuming that the height of the surface 
water layer is crucial for swarming 
behaviour on agar, we can now envis-
age different possible modes of action 
for surfactin. The reduction of surface 
tension, as surfactin spreads over a sur- 
face water fi lm, effectively induces a 
‘tidal wave’ of the surface fl uid, power-
ed by so-called Marangoni forces. The 
bacteria might exploit the resulting 
increase in depth of the surface fl uid for 
more productive swimming or by simply 
being pulled along by the moving wave. 
Curiously, the spreading of surfactants,
including surfactin, under certain con-
ditions, is accompanied by the develop-
ment of instabilities at the leading edge. 
This produces a variety of dendritic pat-
terns (dependent on conditions) as the 
surfactant layer fragments. An attractive
possibility is that surfactin also  produces 
a dendritic matrix that constrains the 
bacteria into the patterns observed.

Working together
Cooperative behaviour is the presumed 
advantage of bacterial growth in ‘multi-
cellular’ communities. As an example 
of this, we have observed ‘packs’ of 
bacteria, potential swarmers or ‘leaders’, 
involved at the tips of advancing den-
drites (Fig. 7). Cooperation in this case 
might refl ect coordinated secretion by 
several cells, producing a local surfactin 
concentration, optimal for swarming, 
or that packs of cells can somehow 
deploy their combined complement of 
fl agella for faster swimming movement. 
In fact, in Salmonella and Vibrio, fl agella 

are apparently also used to sense the 
wetness or viscosity of surface layers, 
respectively, while in Proteus mirabilis
lateral bundles of interlocking fl agella 
are used to lash together rafts of cells 
during swarming.
 Highly branching cellular patterns, 
such as those observed with B. subtilis, 
are fascinating for biologists and 
physicists alike. Such patterns at one 
extreme may be considered purely 
dependent on physical parameters, or 
in contrast entirely based on genetic 
circuits and signalling with the truth 
probably somewhere in between. At 
its simplest, B. subtilis may be smart 
enough to secrete controlled amounts 
of surfactin, and then benefi t from its 
power and pattern-forming charac-
teristics that are generated, allowing 
effi cient occupation of a large area of 
hostile landscape. Our recent studies
do indicate important roles for several 
genes in swarming, although classical 
chemotaxis is not involved. However, 
many physical and signalling aspects of 
this extraordinary phenomenon remain 
to be elucidated. A multidisciplinary 
approach to these problems, involving 
physicists and mathematicians, illustr-
ates the direction biology is now taking.
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 Fig. 5. Cessation of swarming is signalled 
by formation of ‘fl orets’ at the ends of 
dendrites.

 Fig. 6. Swarming requires surfactin.

 Fig. 7. Packs of fast moving cells at tips of 
dendrites act as ‘leaders’ or swarmers.

 All images courtesy I. Barry Holland, Daria 
Julkowska, Kassem Hamze & Simone J. Séror
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