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A new experimental colonial pattern and pattern transition observed inE. coli MG1655 swarming cells
grown on semisolid agar are described. We present a reaction-diffusion model that, taking into account the
slime generated by these cells and its influence on the bacterial differentiation and motion, reproduces the
pattern and successfully predicts the observed changes when the colonial collective motility is limited. In spite
of having small nonhyperflagellated swarming cells, under these experimental conditionsE. coli MG1655 can
very rapidly colonize a surface, with a low branching rate, thanks to a strong fluid production and a locally
incremented density of motile, lubricating cells.
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I. INTRODUCTION

The macroscopic pattern exhibited by a bacterial colony
and its dependence on certain environmental parameters can
give us some clues about the coordinated colonization strat-
egy followed by the community of cells. The biological in-
terest in this interdisciplinary area is in pointing out under
controlled laboratory conditions the cooperative mechanisms
sintercellular interactions, motility, and communicationsd that
these bacteria, which are traditionally considered as solitary
life forms, may have developed to adapt to changing envi-
ronments. It is an extremely fertile and interesting area for
close collaboration between physicists and biologists be-
cause it helps both to understand the transition from indi-
vidual sunicellular, a bacteriumd to collectivesmulticellular,
a colonyd behaviorf1g.

Bacterial colony pattern formation on semisolid agar sur-
faces has been studied extensively by microbiologists and
physicistsf1–8g. Through these works undertaken with colo-
nies arising from different species and strains of bacteria, the
following common features have been described. Bacteria
can swim in a liquid medium without difficulty but in envi-
ronments with adverse conditions for swimming motility,
they need to develop mechanisms to become more motile.
On semisolid agar medium, where the viscosity is high and
the motility of short swimmer cells very low, some may dif-
ferentiate into very elongated, multinucleated, and profusely
flagellated swarm cells that can move more easilyf3g. The
initiation of swarm differentiation seems to be strictly corre-
lated with physicochemical factors such as surface contact
and quorum sensing responsescell density sensing mecha-
nismd f4g. Swarming cells have the ability to extract water
from the agar and produce a lubrication fluidsslimed. The
flagellum-driven motility of swarmer cells together with the
extracellular slime helps to overcome the surface frictionf3g.
After some time migrating swarmer cells have been observed
to cease movement, septate, and produce groups of swimmer
cells sdedifferentiation processd f5g. The chemotaxis system

is essential for swarming motility inE. coli f6g. With the
chemotaxis mechanism bacteria can orient their motion in
response to a gradientspositive or negatived of a certain
chemical fieldsa nutrient or a field produced by the bacterial
cells such as chemical signals or apH changed f7g. Based on
these experimental observations great effort has been de-
voted to modeling the cooperative behavior of a cell commu-
nity f9–13g.

Here we describe a new pattern and pattern transitions
observed in a swarming colony ofE. coli MG1655 f14g, a
laboratory domesticated wild type strain that produces a lu-
bricating fluid or slime: when the colonial motility is limited
this colony expands irregularly with few relatively thick,
dense, branches and very rare secondary branches, whereas
for conditions of improved colonial motility the pattern is
compact and round with structures of higher cell densities.
To study the coordinated, self-organized, colonization
scheme of this colony and based on experimental micro-
scopic observations, we will define a mathematical model of
the cooperative behavior of this colony which is able to pre-
dict the pattern transitions when certain control parameters
are changed.

This work is organized as follows. In Sec. II we will
introduce the experimental results and their implications for
the nonexpert reader. Then in Sec. III, our hypothesis for the
collective dynamics will be explained, followed by a math-
ematical formulation. Results of the computer simulation in
comparison with experiments will be given and discussed in
Sec. IV. The summary and conclusions are given in Sec. V.

II. EXPERIMENTAL OBSERVATIONS

The development of anE. coli MG1655 colony on a semi-
solid surfaces0.5% “Difco” agard under certain nutritional
f1% “Difco” tryptone, 0.5% “Difco” yeast extract, 0.5%
NaCl, and 0.5%D-s1d-glucoseg and environmentalsat
37 °C and on average 22% relative humidityd conditions has
been studied in detail with round and square laboratory
plates of 9 and 12 cm, respectively. We inoculated with a
2.5 ml liquid drop of stationary phase bacteria cultivated
overnight sin Luria Bertani f15g at 37 °Cd. The following
experimental observations were made.
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s1d The colony expands on the surface into a compact and
round shape with fewstypically six to eightd wide branches.
The colonization of the plate takes place very rapidly: at
37 °C a plate of 9 cm diameter is colonized in roughly one
day fsee Fig. 1sadg.

s2d It was observed that the fronts of two colonies inocu-
lated on the same plate never merge unless they meet tan-
gentially. Branches do not simply grow radially from their
inoculation point, but avoid this intercolonial demarcation
region fsee Fig. 1sbdg.

s3d The term “swarming” is used in the literature to de-
scribe the active, flagella-dependent surface motility of bac-
teria f3g. To confirm the relevance of flagella in the mecha-
nisms of surface translocation of this colony we have
constructed by P1 transductionf16g a flagella-defective mu-
tant MG1655flhD<Kan f17g. The flhDC operon encodes a
key master regulator of the hierarchical system controlling
the synthesis of the bacterial flagellum inE. coli f18g. Hav-
ing this operon inactivated, the strain MG1655flhD<Kan
can thus not synthesize the bacterial flagella. The wild type
and the flagella-defective mutant were inoculated simulta-
neously. After one day the mutant had initiated expansion
over the surface, due to the combined influence of the expan-
sive forces of bacterial growthspopulation pressured and

fluid production. But, in contrast with the wild type
MG1655, it failed to continue the rapid surface colonization
fsee Fig. 1scdg. The slow passive form of surface transloca-
tion displayed by the mutant is called “spreading”f19g. The
same pattern was also observed when the flagella-defective
mutant was inoculated alone on a plate and for lower agar
concentrationsdata not shownd. Notice also the existence of
a clear asymmetric intercolonial demarcation region which
has been avoided by the fast expanding wild type colony
MG1655. This experiment shows thus that flagella motility is
essential for the surface motility of MG1655 and that we are
dealing with an active process of flagella-dependent swarm-
ing motility that is able toavoid a region.

s4d The macroscopic characteristics of the experimental
patterns are extremely sensitive to humidity which in turn
limits the fluid production. When the fluid production is high
the pattern is almost compact with circular envelope and has
a few wide branches with cell deposits and channel struc-
tures within. When the fluid production is limited the colony
expands irregularly, with long, relatively thick branches with
high cell densitiesfsee Fig. 1sddg, very few secondary
branches, and greater gapsfsee Figs. 5sbd, 5sdd, and 5sfd
belowg.

s5d There is a transparent surrounding envelope of slime
produced by the colonyfsee the lower arrow in Fig. 2sadg and
channel-like structures within the colony surfacefsee the up-
per arrow in Fig. 2sadg.

s6d Along the edge in contact with the slime, one can
observe a thin layer of quiescent cells apparently packed in
an ordered way. See the lighter line of packed swarmer cells
in Fig. 2sbd, pushed by the turbulent collective motion of
groups of swarmer cells in the interior region.

s7d In this swarming pattern we found, both in the center
and at the periphery of the pattern, mononucleated active
cells fsee Fig. 3sadg from 3 to 6mm and also with four to six
flagella fsee Fig. 3sbdg. The swimmer cells ofE. coli
MG1655 found in other patterns with interstitial submerging
are roughly 2mm long with four to six flagellasdata not
shownd. Therefore, under these experimental conditions the
swarmer cells ofE. coli MG1655 do not seem to undergo a
significant change in their cellular characteristics for surface
translocation.

In order to choose an appropriate model certain features
must be emphasized from the experimental observations. In

FIG. 1. sColor onlined sad Surface colonial pattern observed in
E. coli MG1655 strain in semisolid agar.sbd Two colonies grown on
the same plate avoid each other.scd Comparison of the swarming
flagella-dependent surface colonization of the wild type MG1655
inoculated on the left, with the spreading growth of the flagella-
defective mutant MG1655flhD<Kan inoculated on the right. The
fast advancing swarming colony avoids the slowly growing one,
leaving an intercolonial demarcation region.sdd Close viewsbox of
2 cm sided of a ramified pattern when the experimental conditions
are changedsgrown at lower temperature 30 °Cd showing relatively
thick branches with increased cell densities.

FIG. 2. sColor onlined sad Close view of colony edge with sur-
rounding slimeslower arrowd and channel-like structuresupper ar-
rowd. sBar=5 mm.d sbd Swarming cells at the edge of the colony,
bounded with a thin layer of quiescent and packed swarming cells.
sBar=50mm.d
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spite of the small, nonhyperflagellated swarming cells, the
colony expands very rapidly on the agar showing a strong
sensitivity to the surface humidity conditions; we therefore
conclude that the lubricating fluid is relevant for the success-
ful expansion of the colony. Furthermore, we believe that the
channel-like three-dimensional structures are accumulations
of bacteria in regions with higher concentration of fluid. As
for the intercolonial demarcation region, our hypothesis is
that the motion of motile cells is driven by negative chemo-
taxis, avoiding the regions with high concentrations of cells
and the substances produced by them. Notice in particular
the wide intercolonial demarcation zone in Fig. 1scd. Thus
despite the fact that the mutant colony continues to grow
snotice the long bacterial filamentd which indicates the pres-
ence of nutrient in this zone, the swarming wild type colony
avoids this region. This suggests that the demarcation zone
cannot solely be due to nutrient depletion and there must be
some chemotaxis in response to chemical signaling, nutrient
level, pH variations, etc.

There are a few other reported examples of colonial pat-
tern formation in the literature; most of them imply the split-
ting formation of tips and branches but lead to different pat-
terns since the mechanisms of advance and self-organization
are also different. We propose to describe this dynamical
system by means of a reaction-diffusion system, a standard
tool in the field of bacterial colony pattern formation, includ-
ing well known and widely used features such as lubrication
and chemotaxis. The collective diffusion term of the colony
must account for the self-organization mechanisms observed
in our experiments: we have seen that an increased density of
cells and slime in the tips of the colony helps the colony to
advance, being less sensitive to local irregularities and show-
ing thus, in conditions of adverse motility, a poorly branched
pattern.

III. REACTION-DIFFUSION MODELING

Previous studies on pattern formation of other lubricating
bacteria such asP. dendritiformisvar. dendron have con-
firmed that reaction-diffusion models with a lubricating fluid
and chemotactic motion can successfully describe the devel-
opment of branching structuresf13g. However, when the co-

lonial motility is decreased these models predict a pattern
transition from a compact to a highly ramified pattern with
thin branches, which is different from the one observed here.

We will next construct a mathematical model of the
reaction-diffusion type, to describe our experimental obser-
vations. The cells in the colony can be in a normal static
phaseS or in a differentiated motile stateV where the cells
produce liquid and use their flagella to move. LetU be the
nutrient consumed by cells in their reproductionfsee Eq.
s3dg. We include the fluid substanceC that is excreted at a
rateb by motile cells and disappears with time at a ratemc
sbeing reabsorbed into the agar medium or consumed or de-
graded by the cellsd fsee Eq.s4dg. The initial condition is the
circular inoculumswith radiusRd of a drop of liquidC with
bacteriaS in the static state in a plate with nutrientU0. When
the concentration of fluid is sufficiently high, greater than a
thresholdCc, these static cells reproduce at a ratel into more
static cellssin our model their reproduction rate is increased
in liquid mediad fsee Eq.s2dg. When the fluid level is too
low, i.e., drops below the critical valueCc, and bacteria are
in contact with the surface, the swarming behavior is trig-
gered: the new cells are motile cellsV that are able to pro-
duce fluid and movefsee Eq.s1dg. With time, motile cells
return to the static state at a ratem. The diffusion term in Eq.
s1d can be expressed as¹F with F=VvV a flux of motile cells
of densityV and with velocityvV proportional toV, C, and
the gradient ofV. This velocity represents the fact that motile
cells move faster for higher concentrations of motile cellsV
and lubrication fluidC, and that the direction of their motion
is actively defined by negative chemotaxis moving toward
regions of lower motile cell densitiesV and substances pro-
duced by themsthis negative gradient term could alterna-
tively describe a population pressure in the case of passive
translocationd. Let Dv be the diffusion parameter of motile
cells. The nutrient and fluid fields also diffuse with diffusion
constantsDu andDc, respectively. To introduce the local ir-
regularities of the agar we include a local random viscosity
term hsx,yd=j swith j a random number of uniform distri-
bution in the intervalf0, 1gd which is constant in time and
affects the nutrient diffusion. Our adimensional model reads

]V

]t
= + lUSCQsCc−Cd − mV + Dv = · fV2C = Vg, s1d

]S

]t
= + lUSCQsC−Ccd + mV, s2d

]U

]t
= − lUSC+ Duhsx,ydDU, s3d

]C

]t
= + bV − mcC + DcDC, s4d

whereQ is the Heaviside step functionsother thresholding
functions lead to similar resultsd. In swarming experiments a
lag phase is always observed after inoculation when bacteria
proliferate by cell division at the central spot without any
migration. Once the colony has reached some threshold, the
swarming process starts, i.e., rapid surface migration is pre-

FIG. 3. sColor onlined sad MononucleatedE. coli MG1655
swarmer cells, stained by DAPI fluorescence dye and visualized by
phase contrast microscopy.sBar=5 mm.d sbd Flagella of swarming
cells visualized with the Saizawa and Sugawara proceduref3g.
sBar=5 mm.d
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ceded by a cell-density-dependent lag periodf8g. The thresh-
olding condition of our model allows us to describe the bio-
logical colonial switch between the swimming and swarming
states and this aforementioned initial time lag between in-
oculation and colony spreading.

We have solved this system numerically using a finite
difference scheme and an alternating direction technique for
the diffusion term. We integrate inside a circular region of
radius 112.5 and set the initial conditions toUsx,y; t=0d
=U0, Vsx,y; t=0d=0, Csx,y; t=0d=jsx,ydQfR2−sx2+y2dg, and
Ssx,y; t=0d=jsx,ydQfR2−sx2+y2dg with R=5 and j a random
number of uniform distribution in the intervalf0, 1g. We fix
m=0.15, mc=0.5, Dc=0.015,Du=Dv=1.5, andCc=1.5 and
let other parameters vary depending on the experiment.

If we set l=1, U0=2, andb=1.3 we reproduce the ex-
perimental pattern. Figures 4sad and 4scd display the local
bacterial densityV+S at a certain time for one and two in-
ocula, respectively. The color coding ranges between white
for zero density and black for values equal to or higher than
5. The inner black structures correspond to regions where
temporary high concentrations of fluid led to higher repro-
duction rates and an increment in the static bacterial density.
The demarcation region induced by the gradient of the dif-
fusion term can also be distinguished. For the study casesad,
we show the local density of fluidC at the same given time
in Fig. 4sbd. This fluid will disappear with timesit is reab-
sorbed into the agar or used by the bacteria behind the frontd.

IV. NUMERICAL RESULTS AND EXPERIMENTAL
VALIDATION

The model predicts a pattern transition from compact to
branched growth as the colony motility is limited due to a
reduction in any of the factors in the collective diffusion term
in Eq. s1d: Dv, V, or C. For instance if the reproduction rate
sld, the nutrient contentsU0d, or the possibility to produce
slime using water from the agarsbd is decreased separately
the pattern becomes less compact and with an irregular en-
velope, with relatively thick branches and very rare second-
ary branches. These numerical results are shown in Figs.
5sad, 5scd, and 5sed and compared with experimental results
where the collective motility is reduced by lowering the tem-

FIG. 4. Numerical simulations
results of reaction-diffusion
growth with slime, whenl=1,
U0=2, andb=1.3. Local concen-
tration of motile and static cells
V+S: sad pattern from single in-
oculation, shown att=650, sbd
same study case, local density of
fluid C; scd pattern from double
inoculation, shown att=465.

FIG. 5. Numericalsleftd and experimentalsrightd results when
the production of fluid is limited.sad l=0.6, U0=2, b=1.3 at t
=875. sbd sColor onlined Colony of size 636 cm2 approximately,
grown on a square plate with 0.5% glucose at lower temperature
s30 °Cd scd l=1, U0=1.5, b=1.3 at t=600. sdd sColor onlined
Grown with 0.3% glucose at 37 °C.sed l=1, U0=1.5, b=1 at t
=750.sfd sColor onlined Grown with 0.3% glucose at 37 °C, when
the surface lost 1 g of water due to direct heating.
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peraturefFig. 5sbdg, the glucose contentfFig. 5sddg, or the
surface humidityfFig. 5sfdg, respectively. Experimentally the
most critical parameter was the humidity: variations of only
5% of the surface humidity had a significant impact on the
emerging patterns.

Although the simple pattern analogy is not sufficient to
conclude that the model is correct, predicting the behavior
when several control parameters are changed is a good tool
to validate it. Under the circumstances reported here the pa-
rameter that had the strongest impact on the emerging pattern
was indeed the humidity. But under different experimental
conditions other factors, such as local cell densities and quo-
rum sensing or type and quantity of nutrient supply required
for the flagellar synthesis and activation, may be considered
as essential.

V. CONCLUSIONS

Branching is due to the sensitivity of the system to local
irregularities whose small perturbing effect is enlarged due to
the nonlinearity of the diffusion term describing the coopera-
tive spreading of the colony. Branching patterns have also
been seen in other bacteria such asB. subtilisf20g, and inP.
dendritiformisvar. dendronsgenus Paenibacillus forB. sub-
tilisd f13g. In these colonies, when the motility of the colony
is strongly limited, the advancing front is extremely sensitive
to local irregularities and shows very frequent tip splitting
leading to very ramified, thin branches. In some casesslike
the so-called dense branching morphologyd the distribution
of branch lengths is even exponential, suggesting that the tip
splitting of branches takes place at randomf20g.

In our study case when the motility is reduced, the density
of motile lubricating cells in the advancing front is incre-
mented, the fluid level increases also, and the advancing
branches are thick, with low branching rate. This mechanism
of response of the colony to adverse conditions has been
implemented mathematically as follows. A thresholding con-
dition on the fluid level launches the production of lubricat-
ing swarming cellsV and the reproduction rate is increased
in fluid rich regions. Since the collective colonial motility
expressed by the diffusion term shows a strong dependence
on the density of motile cellsV, the very dense branches are
less sensitive to local irregularities and show thus a lower
branching rate.

Studies such as this one are aimed at understanding the
principles underlying self-organized pattern formation pro-
cesses and establishing a systematic correspondence between

the observed macroscopic colonial patterns and the putative
microscopic collective physics. The new biological pattern
has indeed given us some hints about the underlying collec-
tive physical principles or colonial strategy.

This strategy, or part of it, may be common to other bac-
terial patterns. For instance branching patterns have been re-
ported recently on a colony ofB. subtilis where potassium
ions were shown to increase the production of lubricating
fluid with surfactin and thus increment the motility substan-
tially without formation of flagellasnot swarmingd f22g.
When the motility is reduced due to a low fluid production
the colony shows also thick branches with relatively low
branching rate. A fluid preceding each dendritic finger of
growth can be seen. From analysis of this information alone,
we conjecture that a similar mechanism may take place in
this case: under adverse conditions the production of lubri-
cating cells would be increased, reproduction may also be
more effective in fluid-rich regions, and in turn these
branches would have higher density showing again a low
sensitivity to local irregularities and low branching rate. The
population pressure would also induce here a negative gra-
dient term.

Swarming inE. coli has been previously reported on other
strains that swarm due to a differentiation from the swim-
ming state to a swarming-adapted strongly hyperflagellated,
multinucleated statef21g. This present work reports on the
swarming ability of anotherE. coli strain, the wild type
MG1655, that shows a greater variety of patterns. Instead of
cell hyperflagellation, the strategy chosen for colonization is
a strong fluid production and incremented density of motile
cells; the result is a fast advancing colony with low branch-
ing rate. SinceE. coli is a genetically well characterized
organism, the experiments reported here can be used for fur-
ther studies of the genetic expression associated to the col-
lective, self-organized, swarming pattern formation process.
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