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Reaction-diffusion model for pattern formation in E. coli swarming colonies with slime
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A new experimental colonial pattern and pattern transition observeel icoli 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 matility is limited. In spite
of having small nonhyperflagellated swarming cells, under these experimental conHiticolsMG1655 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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[. INTRODUCTION is essential for swarming motility if. coli [6]. With the
) o ) chemotaxis mechanism bacteria can orient their motion in

The macroscopic pattern _exh|b|'ged by a bacterial COlonWesponse to a gradierfpositive or negative of a certain
and its dependence on certain environmental parameters c@Remical field(a nutrient or a field produced by the bacterial
give us some clues about the coordinated colonization strakg|s such as chemical signals opid change[7]. Based on
egy followed by the community of cells. The biological in- hese experimental observations great effort has been de-
terest in this interdisciplinary area is in pointing out under,steq to modeling the cooperative behavior of a cell commu-
controlled laboratory conditions the cooperative mechanlsmﬁity [9-13.
(intercellular interactions, motility, and communicatipitsat Here we describe a new pattern and pattern transitions
these bacteria, which are traditionally considered as solitarypserved in a swarming colony & coli MG1655[14], a
life forms, may have developed to adapt to changing enVijaporatory domesticated wild type strain that produces a lu-
ronments. It is an extremely fertile and interesting area folyyicating fluid or slime: when the colonial motility is limited
close collaboration between physicists and biologists begis colony expands irregularly with few relatively thick,
cause it helps both to understand the transition from indiyense, branches and very rare secondary branches, whereas
vidual (umcellulgr, a bacteriumto collective (multicellular,  for conditions of improved colonial motility the pattern is
a colony behavior{1]. , o compact and round with structures of higher cell densities.

Bacterial colony pattern formation on semisolid agar sur-to study the coordinated, self-organized, colonization
faces_ _has been studied extensively by m|crob|olo_g|sts andcheme of this colony and based on experimental micro-
physicists 1-8]. Through these works undertaken with colo- gcqpic observations, we will define a mathematical model of
nies arising from different species and strains of bacteria, thg,e cooperative behavior of this colony which is able to pre-

following common features have been described. Bacterigjct the pattern transitions when certain control parameters
can swim in a liquid medium without difficulty but in envi- 5.0 changed.

ronments with adverse conditions for swimming motility,  This work is organized as follows. In Sec. Il we will

they need to develop mechanisms to become more motilg,oquce the experimental results and their implications for
On semisolid agar medium, where the viscosity is high andpe nonexpert reader. Then in Sec. Il our hypothesis for the
the motility of short swimmer cells very low, some may dif- cojlective dynamics will be explained, followed by a math-

ferentiate into very elongated, multinucleated, and profuselymatical formulation. Results of the computer simulation in
flagellated swarm cells that can move more eas3ly The  comparison with experiments will be given and discussed in

initiation of swarm differentiation seems to be strictly corre- gg¢. v The summary and conclusions are given in Sec. V.
lated with physicochemical factors such as surface contact

and quorum sensing respon&ell density sensing mecha-
nism) [4]. Swarming cells have the ability to extract water Il. EXPERIMENTAL OBSERVATIONS

from the agar and pr'oduce a lubrication fluilime). The The development of aB. coliMG1655 colony on a semi-
flagellum-driven motility of swarmer cells together with the solid surface(0.5% “Difco” aga) under certain nutritional

2)f(tracellular_sllme_help_s to overcome }Ihehsurfat():e fncEt[JBjm E% “Difco” tryptone, 0.5% “Difco” yeast extract, 0.5%
ter some time migrating swarmer cells have been observe aCl, and 0.5%D-(+)-glucos@ and environmental(at

to cease movement, septate, and produce groups of swimmgf °C and on average 22% relative humigitpnditions has
cells (dedifferentiation proce$$5]. The chemotaxis system been studied in detail with round and square laboratory

plates of 9 and 12 cm, respectively. We inoculated with a
2.5 ul liquid drop of stationary phase bacteria cultivated
*Electronic address: zorzanomm@inta.es; URL: http://overnight (in Luria Bertani[15] at 37 °Q. The following
www.cab.inta.es experimental observations were made.
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FIG. 2. (Color onling (a) Close view of colony edge with sur-
rounding slime(lower arrow and channel-like structur@ipper ar-
row). (Bar=5 mm) (b) Swarming cells at the edge of the colony,
bounded with a thin layer of quiescent and packed swarming cells.
(Bar=50um.)

fluid production. But, in contrast with the wild type
MG1655, it failed to continue the rapid surface colonization
[see Fig. 1c)]. The slow passive form of surface transloca-
tion displayed by the mutant is called “spreadind9]. The
same pattern was also observed when the flagella-defective
mutant was inoculated alone on a plate and for lower agar
concentratiorn(data not shown Notice also the existence of
a clear asymmetric intercolonial demarcation region which
FIG. 1. (Color onling (a) Surface colonial pattern observed in has been avoided by the fast expanding wild type colony
E. coliMG1655 strain in semisolid agab) Two colonies grown on  MG1655. This experiment shows thus that flagella motility is
the same plate avoid each oth@r) Comparison of the swarming essential for the surface motility of MG1655 and that we are
flagella-dependent surface colonization of the wild type MG1655dealing with an active process of flagella-dependent swarm-
inoculated on the left, with the spreading growth of the flagella-ing motility that is able toavoid a region.
defective mutant MG1658hD::Kan inoculated on the right. The (4) The macroscopic characteristics of the experimental
fast advancing swarming colony avoids the slowly growing one,patterns are extremely sensitive to humidity which in turn
leaving an intercolonial demarcation regidd) Close view(box of  |imits the fluid production. When the fluid production is high
2 cm side¢ of a ramified pattern when the experimental conditionsthe pattern is almost compact with circular envelope and has
are changedgrown at lower temperature 30 j8howing relatively 5 few wide branches with cell deposits and channel struc-
thick branches with increased cell densities. tures within. When the fluid production is limited the colony
expands irregularly, with long, relatively thick branches with
(1) The colony expands on the surface into a compact antligh cell densities[see Fig. 1d)], very few secondary
round shape with fewitypically six to eighi wide branches. branches, and greater gapsee Figs. &), 5(d), and 5f)
The colonization of the plate takes place very rapidly: atbelow].
37 °C a plate of 9 cm diameter is colonized in roughly one (5) There is a transparent surrounding envelope of slime
day[see Fig. 1a)]. produced by the colonjsee the lower arrow in Fig.(8)] and
(2) It was observed that the fronts of two colonies inocu-channel-like structures within the colony surfdsee the up-
lated on the same plate never merge unless they meet taper arrow in Fig. 2a)].
gentially. Branches do not simply grow radially from their  (6) Along the edge in contact with the slime, one can
inoculation point, but avoid this intercolonial demarcation observe a thin layer of quiescent cells apparently packed in
region[see Fig. )]. an ordered way. See the lighter line of packed swarmer cells
(3) The term “swarming” is used in the literature to de- in Fig. 2(b), pushed by the turbulent collective motion of
scribe the active, flagella-dependent surface motility of bacgroups of swarmer cells in the interior region.
teria[3]. To confirm the relevance of flagella in the mecha-  (7) In this swarming pattern we found, both in the center
nisms of surface translocation of this colony we haveand at the periphery of the pattern, mononucleated active
constructed by P1 transductiph6] a flagella-defective mu- cells[see Fig. 8a)] from 3 to 6 um and also with four to six
tant MG1655flhD::Kan [17]. The flhDC operon encodes a flagella [see Fig. 8)]. The swimmer cells ofE. coli
key master regulator of the hierarchical system controllinglG1655 found in other patterns with interstitial submerging
the synthesis of the bacterial flagellumBn coli [18]. Hav-  are roughly 2um long with four to six flagella(data not
ing this operon inactivated, the strain MG168BD::Kan  shown. Therefore, under these experimental conditions the
can thus not synthesize the bacterial flagella. The wild typeswarmer cells oE. coli MG1655 do not seem to undergo a
and the flagella-defective mutant were inoculated simultasignificant change in their cellular characteristics for surface
neously. After one day the mutant had initiated expansioriranslocation.
over the surface, due to the combined influence of the expan- In order to choose an appropriate model certain features
sive forces of bacterial growtlipopulation pressujeand must be emphasized from the experimental observations. In
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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 staté where the cells
produce liquid and use their flagella to move. ILétbe the
nutrient consumed by cells in their reproductifsee Eq.
(3)]. We include the fluid substand@ that is excreted at a
rate 8 by motile cells and disappears with time at a rate
FIG. 3. (Color online (a) MononucleatedE. coli MG1655  (being reabsorbed into the agar medium or consumed or de-
swarmer cells, stained by DAPI fluorescence dye and visualized bgraded by the cel)dsee Eq(4)]. The initial condition is the
phase contrast microscopyBar=5 um.) (b) Flagella of swarming  circular inoculum(with radiusR) of a drop of liquidC with
cells visualized with the Saizawa and Sugawara procefiBfe  bacteriaSin the static state in a plate with nutriedg. When
(Bar=5um.) the concentration of fluid is sufficiently high, greater than a
thresholdC,, these static cells reproduce at a rai@to more
spite of the small, nonhyperflagellated swarming cells, thestatic cells(in our model their reproduction rate is increased
colony expands very rapidly on the agar showing a strongn liquid media [see Eq.(2)]. When the fluid level is too
sensitivity to the surface humidity conditions; we thereforelow, i.e., drops below the critical valug,, and bacteria are
conclude that the lubricating fluid is relevant for the successin contact with the surface, the swarming behavior is trig-
ful expansion of the colony. Furthermore, we believe that thegered: the new cells are motile celsthat are able to pro-
channel-like three-dimensional structures are accumulatiorduce fluid and movésee Eq.(1)]. With time, motile cells
of bacteria in regions with higher concentration of fluid. As return to the static state at a rate The diffusion term in Eq.
for the intercolonial demarcation region, our hypothesis is(1) can be expressed & with F=Vu,, a flux of motile cells
that the motion of motile cells is driven by negative chemo-of densityV and with velocityv,, proportional toV, C, and
taxis, avoiding the regions with high concentrations of cellsthe gradient o¥. This velocity represents the fact that motile
and the substances produced by them. Notice in particulagells move faster for higher concentrations of motile c¥lls
the wide intercolonial demarcation zone in Figc)l Thus  and lubrication fluidC, and that the direction of their motion
despite the fact that the mutant colony continues to grows actively defined by negative chemotaxis moving toward
(notice the long bacterial filamentvhich indicates the pres- regions of lower motile cell densitie and substances pro-
ence of nutrient in this zone, the swarming wild type colonyduced by them(this negative gradient term could alterna-
avoidsthis region. This suggests that the demarcation zonévely describe a population pressure in the case of passive
cannot solely be due to nutrient depletion and there must banslocatioh Let D, be the diffusion parameter of motile
some chemotaxis in response to chemical signaling, nutrier@ells. The nutrient and fluid fields also diffuse with diffusion
level, pH variations, etc. constantd, and D, respectively. To introduce the local ir-
There are a few other reported examples of colonial patregularities of the agar we include a local random viscosity
tern formation in the literature; most of them imply the split- term 7(x,y)=¢ (with £ a random number of uniform distri-
ting formation of tips and branches but lead to different pat-bution in the interval0O, 1]) which is constant in time and
terns since the mechanisms of advance and self-organizati@ifects the nutrient diffusion. Our adimensional model reads
are also different. We propose to describe this dynamical v
system by means of a reaction-diffusion system, a standard — = +\USOO _¢)-uV+D,V VEcVvV], (1)
tool in the field of bacterial colony pattern formation, includ- a ¢
ing well known and widely used features such as lubrication

and chemotaxis. The collective diffusion term of the colony IS _
must account for the self-organization mechanisms observed a H\USC@(C‘CC) Ml @
in our experiments: we have seen that an increased density of
cells and slime in the tips of the colony helps the colony to oU
advance, being less sensitive to local irregularities and show- i AUSC+Dyn(x,y)AU, ©)
ing thus, in conditions of adverse motility, a poorly branched
pattern. aC
oo TRV eCH DAC, 4)

Ill. REACTION-DIFFUSION MODELING . . . .
where O is the Heaviside step functiofother thresholding

Previous studies on pattern formation of other lubricatingfunctions lead to similar resultsin swarming experiments a
bacteria such a®. dendritiformisvar. dendronhave con- lag phase is always observed after inoculation when bacteria
firmed that reaction-diffusion models with a lubricating fluid proliferate by cell division at the central spot without any
and chemotactic motion can successfully describe the devemigration. Once the colony has reached some threshold, the
opment of branching structur¢$3]. However, when the co- swarming process starts, i.e., rapid surface migration is pre-

031908-3



ZORZANO et al. PHYSICAL REVIEW E 71, 031908(2005

e~ FIG. 4. Numerical simulations
results of  reaction-diffusion
growth with slime, when\=1,
Up=2, andB=1.3. Local concen-
tration of motile and static cells
V+S (a) pattern from single in-
. oculation, shown att=650, (b)
N J same study case, local density of
i fluid C; (c) pattern from double
inoculation, shown at=465.

ceded by a cell-density-dependent lag pefi®fd 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 t&x,y;t=0)
=Up, V(X,y;t=0)=0, C(X,y;t=0)=&(X,y)Ore—(x2+y2, and

S(X,y;t=0)=£&(X,Y)Orz_2+y2 With R=5 and ¢ a random
number of uniform distribution in the intervf0, 1]. We fix
©=0.15, u,=0.5, D,=0.015,D,=D,=1.5, andC,=1.5 and

let other parameters vary depending on the experiment.
If we seta=1, Uy=2, andB3=1.3 we reproduce the ex-
perimental pattern. Figures(@ and 4c) 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- °)
(

(a

fusion term can also be distinguished. For the study ¢ase
we show the local density of flui@ at the same given time
in Fig. 4(b). This fluid will disappear with timeit is reab-
sorbed into the agar or used by the bacteria behind the)front

IV. NUMERICAL RESULTS AND EXPERIMENTAL
VALIDATION

The model predicts a pattern transition from compact to
branched growth as the colony maotility is limited due to a
reduction in any of the factors in the collective diffusion term
in Eq. (1): D‘{’ V, or C. For instance if the.r('aproductlon rate FIG. 5. Numerical(left) and experimentafright) results when
(N), the nutrient contentU,), or the possibility to produce the production of fluid is limited(@) A=0.6, Up=2, B=1.3 att
slime using water from the agép) is decreased separately —g75 (b) (Color onling Colony of size 6< 6 cn? approximately,
the pattern becomes less compact and with an irregular egrown on a square plate with 0.5% glucose at lower temperature
velope, with relatively thick branches and very rare secondt3o °C) (c) =1, Uy=1.5, 8=1.3 att=600. (d) (Color onlin®
ary branches. These numerical results are shown in Fig&rown with 0.3% glucose at 37 °Ge) A=1, Uy=1.5, B=1 att
5(a), 5(c), and Je) and compared with experimental results =750. (f) (Color onliné Grown with 0.3% glucose at 37 °C, when
where the collective motility is reduced by lowering the tem-the surface lost 1 g of water due to direct heating.

)
e) ()
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perature[Fig. 5b)], the glucose conterfFig. 5d)], or the  the observed macroscopic colonial patterns and the putative
surface humidity Fig. 5f)], respectively. Experimentally the microscopic collective physics. The new biological pattern
most critical parameter was the humidity: variations of onlyhas indeed given us some hints about the underlying collec-
5% of the surface humidity had a significant impact on thetive physical principles or colonial strategy.
emerging patterns. This strategy, or part of it, may be common to other bac-
Although the simple pattern analogy is not sufficient toterial patterns. For instance branching patterns have been re-
conclude that the model is correct, predicting the behavioported recently on a colony d. subtiliswhere potassium
when several control parameters are changed is a good tomins were shown to increase the production of lubricating
to validate it. Under the circumstances reported here the pdhuid with surfactin and thus increment the motility substan-
rameter that had the strongest impact on the emerging pattetially without formation of flagella(not swarming [22].
was indeed the humidity. But under different experimentalWhen the motility is reduced due to a low fluid production
conditions other factors, such as local cell densities and qudhe colony shows also thick branches with relatively low
rum sensing or type and quantity of nutrient supply requiredbranching rate. A fluid preceding each dendritic finger of
for the flagellar synthesis and activation, may be consideredrowth can be seen. From analysis of this information alone,
as essential. we conjecture that a similar mechanism may take place in
this case: under adverse conditions the production of lubri-
V. CONCLUSIONS cating cells would be increased, reproduction may also be
o o more effective in fluid-rich regions, and in turn these
~ Branching is due to the sensitivity of the system to localpranches would have higher density showing again a low
irregularities whose small perturbing effect is enlarged due tQensitivity to local irregularities and low branching rate. The
the nonlinearity of the diffusion term describing the cooperapopulation pressure would also induce here a negative gra-
tive spreading of the colony. Branching patterns have als@jient term.
been seen in other bacteria suchBasubtilis[20], and inP. Swarming inE. coli has been previously reported on other
dendritiformisvar. dendron(genus Paenibacillus fd. sub-  gtrains that swarm due to a differentiation from the swim-
tilis) [13]. In these colonies, when the motility of the colony ming state to a swarming-adapted strongly hyperflagellated,
is strongly limited, the advancing front is extremely sensitiveyy tinucleated statg21]. This present work reports on the
to local irregularities and shows very frequent tip splitting swarming ability of anotheiE. coli strain, the wild type
leading to very ramified, thin branches. In some cafiks  \G1655, that shows a greater variety of patterns. Instead of
the so-called dense branching morpholpgye distribution  ce|| hyperflagellation, the strategy chosen for colonization is
of branch lengths is even exponential, suggesting that the tig strong fluid production and incremented density of motile
splitting of branches takes place at randf0]. _cells; the result is a fast advancing colony with low branch-
In our study case when the motility is reduced, the densityng rate. SinceE. coli is a genetically well characterized
of motile lubricating cells in the advancing front is incre- grganism, the experiments reported here can be used for fur-
mented, the fluid level increases also, and the advancingher studies of the genetic expression associated to the col-

branches are thick, with low branching rate. This mechanisnctive, self-organized, swarming pattern formation process.
of response of the colony to adverse conditions has been
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