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We present theoretical and experimental studies of bacterial growth patterns in the presence of
imposed anisotropy. The role of chemotactic signaling in the cooperative response of the bacteria is
demonstrated. In the presence of sixfold symmetry, patterns with a tantalizing similarity to those of
snowflakes are formed. Transitions from concave to convex shaped envelope as a function of peptone
level are observed in the presence of fourfold lattice anisotropy.
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I. INTRODUCTION

Many natural phenomena, in living and nonliving sys-
tems alike, display the spontaneous emergence of pat-
terns; growth of snowflakes, aggregation of soot parti-
cles, solidification of metals, formation of corals, growth
of bacterial colonies, and cell differentiation during em-
bryonic development are just a few. The exciting de-
velopments of the past decade in the understanding of
diffusive patterning in nonliving systems [1-4] contain
a promise for a unified theoretical framework (for non-
living systems) that might also pave the road toward a
new understanding of processes in living systems.

In nature bacterial colonies must regularly cope with
hostile environmental conditions [5,6]. We produced hos-
tile conditions in a Petri dish by using a very low level of
nutrients, a hard surface (high concentration of agar), or
both, together with a new element — imposed anisotropy.
Drawing on the analogy with diffusive patterning in non-
living systems, complex patterns are expected. The bac-
terial reproduction rate, which determines the growth
rate of the colony, is limited by the nutrient concentra-
tion. The latter is limited by the diffusion of nutrients
towards the colony. Hence the growth of colonies ap-
pears to resemble diffusion limited growth in nonliving
systems, such as solidification from a supersaturated so-
lution, electrochemical deposition, etc. [3,4]. Indeed, bac-
terial colonies do develop patterns reminiscent of those
observed during growth in nonliving systems [7-12]. Still,
one should not conclude that complex patterning of bac-
terial colonies is yet another example (albeit more in-
volved) of spontaneous emergence of patterns, which may
be explained according to the theory of patterning in non-
living systems.

The bacteria present an inherent additional level of
complexity compared to nonliving systems [7,9,10,13-15].
The building blocks of the colony are themselves living
systems, each with its own autonomous self-interest and
internal degrees of freedom. At the same time, efficient
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adaptation of the colony to adverse growth conditions
requires self-organization on all levels — which can be
achieved only via cooperative behavior of the bacteria
[11,16,17]. To do so, the bacteria have developed so-
phisticated communication channels on all levels [18-23]:
Those include direct (by contact) bacterium-bacterium
physical interaction and chemical interaction, and indi-
rect physical and chemical interactions via marks left
on the agar surface and chemical signaling (chemotac-
tic). For researchers in the pattern formation field, the
above communication regulation and control mechanisms
present a new class of challenging problems [15,16,24,25].

An essential part of the new understanding of diffusive
patterning in nonliving systems has to do with the role
of anisotropy [1-4]. The latter is responsible for the ap-
pearance of dendritic growth rather than a cascade of tip
splitting. What would be the response of a colony grown
under diffusion limited conditions to imposed anisotropy
or to a local broken symmetry in the growth conditions?
From the lesson learned from nonliving systems we ex-
pect the imposed modulation to act as a singular pertur-
bation: a qualitative change in the shape of the colony
even for minute perturbation. Hence the tip-splitting
growth will turn into a dendritic growth characterized
by a stable leading tip with a parabolic shape, as indeed
is demonstrated in Fig. 1.

Here we study both experimentally and theoretically
— using the communicating walkers model — the ef-
fect of two types of imposed anisotropy. The first is a
six-fold line anisotropy, in which the surface is modu-
lated along three intersecting lines (the diagonals of a
hexagon). The second is a fourfold lattice anisotropy, in
which the surface is modulated along two sets of parallel
lines, where the sets are perpendicular to each other and
form a fourfold lattice. In both cases we study theoret-
ically the effect of repulsive chemotaxis. For the sixfold
line anisotropy we show that the effect of the anisotropy
fades away at low peptone levels unless chemorepulsion
is included in the model. In the case of fourfold lattice
anisotropy we show a concave to convex transition (as a
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function of peptone level) when repulsive chemotaxis is
included in the model. We emphasize that the qualita-
tive differences between the two cases of anisotropies are
not due to the degree of symmetry. Rather, they result
from the fact that the first case is a line anisotropy and
in the second case a lattice is imposed.

FIG. 1. The effect of imposed anisotropy. (a) Fractal
growth in the absence of anisotropy on 2.25% agar (1% is
1 g per 100 ml) and 1 g/1 peptone level. (b) Dendritic growth
in the presence of imposed fourfold lattice anisotropy. The
anisotropy is introduced using the “stamping” method de-
scribed in the text. The growth is for 0.25 g/1 peptone level
and 1.75% agar concentration. Note the dramatic effect of
the imposed anisotropy and the tantalizing similarity to so-
lidification patterns and patterns produced in Hele-Shaw ex-
periments. (c) “Bacterial snowflake,” the same as (b) but in
the presence of sixfold anisotropy.
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II. THE “COMMUNICATING WALKERS?”
MODEL

For the theoretical investigations we have employed the
“communicating walkers” model [15]. The communicat-
ing walkers model is a hybridization of the “continuous”
and “atomistic” approaches used in the study of nonliv-
ing systems [26]. The diffusion of the chemicals is han-
dled by solving a continuous diffusion equation (including
sources and sinks) on a triangular lattice, while bacte-
ria are represented by walkers allowing a more detailed
description. In a typical experiment there are 10°-10'°
bacteria in a Petri dish at the end of the growth. Hence
it is impractical to incorporate into the model each and
every bacterium; instead, each of the walkers represents
about 10%-10°% bacteria, so that we work with 10%-108
walkers in one run.

The walkers perform random walks on a plane within
an envelope representing the boundary of the wetting
fluid. This envelope is defined on the same triangular
lattice where the diffusion equations are solved. To in-
corporate the swimming of the bacteria into the model,
at each time step each of the active walkers (motile and
metabolizing, as described below) moves a step of size d
at a random angle ©. Starting from location 73, it moves

te) (d)

FIG. 2. Patterns produced by the “communicating walk-
ers” model in the presence of imposed sixfold anisotropy. The
simulations are for N.=10. (a)—(d) are for P=50, 20, 10, and
5, respectively. At high peptone levels the pattern is dense
and the sixfold modulation is weak. At intermediate values of
peptone level the anisotropy is most pronounced. At very low
peptone the patterns are ramified and the sixfold symmetry
is lost.
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to a new location 'rz given by
rz = 7; + d(cos®;sin®) . (1)

If r_z is outside the envelope, the walker does not move. A
counter on the segment of the envelope which would have
been crossed by the movement 7; — 1:3 is increased by 1.
When the segment counter reaches a specified number
of hits N., the envelope propagates one lattice step and
an additional lattice cell is added to the colony. This
requirement of N, hits represents the colony propagation
as the bacteria push the wetting fluid. Note that N, is
related to the agar concentration, as more wetting fluid
must be produced (more “collisions” are needed) to push
the envelope on a harder substrate.

We represent the metabolic state of the ith walker by
an “internal energy” E;. The rate of change of the inter-
nal energy is given by

dE; E
L= Cconsume - = ) 2
dt r d TR ( )

where k is a conversion factor from food to internal en-
ergy (k = 5 x 103 cal/g) and E,, represents the total
energy loss for all processes over the reproduction time
TR, excluding energy loss for cell division. Cconsumed is

Consumed = min (QC’ Q,C) ’ (3)

where Q¢ is the maximal rate of food consumption if
enough food is available. Otherwise the walker consumes
food at a rate Q which is the maximal rate of food
consumption as limited by the locally available food [27].

When sufficient food is available, F; increases until it
reaches a threshold energy. Upon reaching this threshold,
the walker divides into two. When food is deficient for an
interval of time, causing E; to drop to zero, the walker
“freezes.”

Although the food source in our experiments is pep-
tone (and not a single carbon source), we represent the
diffusion of nutrients by solving the diffusion equation for
a single agent whose concentration is denoted by C(7,t):

68—(5 = DCV20 — O'Ccansumed ) (4)

(a) (b)

FIG. 3. The effect of repulsive chemotaxis. (a) and (b) are
the same as Fig. 2(d) but with repulsive chemotaxis [stronger
in (b)]. The pattern becomes dense and the anisotropy is
retained.
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where the last term includes the consumption of food by
the walkers (o is their density). The equation is solved on
the triangular lattice. We start the simulation with a uni-
form distribution C, (denoted in the figures by P for pep-
tone; P = 10 corresponds approximately to 1g/l). The
diffusion constant D¢ is typically (depending on agar
dryness) 1074-107% cm?/sec.

We have proposed that chemotaxis signaling plays a
crucial role in the cooperative formation of complex bac-
terial patterns [15,27-29]. Generally, chemotaxis means
a change in the movement of the bacteria in response to
a gradient of certain chemical field [23,30,31]. The move-
ment is biased along the gradient either in the gradient
direction or in the opposite direction. Usually, a chemo-
tactic response means a response to an externally pro-
duced field as in the case of food chemotaxis. However,
the chemotactic response may also be to a field produced
directly or indirectly by the bacteria. We will refer to this
as chemotaxis signaling. As we will show, it provides an
effective means for self-organization of the colony.

In Refs. [27,32] it is proposed that the wealth of ob-
served bacterial patterns is attained by varying the rel-
ative strength of three kinds of chemotactic signaling
[28]: a long-range nutrient chemotaxis, a long-range re-
pulsive signaling chemotaxis, and a short-range autocat-
alytic chemoattraction. The interplay between the three
kinds of chemosignaling provides the colony with means

FIG. 4. Patterns produced by the “communicating walk-
ers” model in the presence of lattice fourfold anisotropy and
with chemotaxis signaling. The simulations are for N.=20.
(a)—(d) are for P=75, 35, 15, and 10, respectively. Note that
the envelope shows a transition from concave to convex shape
envelope.



1838

for self-organization, at both short and long range. The
balance is tuned by the bacteria in response to the envi-
ronmental conditions. Here we focus on the behavior at
low peptone levels so we include only the chemorepulsive
signaling.

We assume [15] that the stressed bacteria inside the
colony emit a chemorepellent. That is, under starva-
tion bacteria emit a material (either purposely or as a
by-product of an adaptation process) that causes other
bacteria to move away.

The equation describing the concentration field R(7,t)
of the chemorepellent is

%?— = DszR + O'*PR - Rconsum€d7 (5)

where o* denotes the density of stressed walkers, and

Reonsumed 18 given by min (Q RO, R) expressing that the

decomposition of R is limited by a maximal rate Qp.

III. THE EFFECT OF IMPOSED ANISOTROPY

We turn now to study the effect of imposed anisotropy,
using the communicating walkers model. To introduce
sixfold line anisotropy we simply set lower N. values
along six specified stripes. Results of numerical simula-
tions of the model in the presence of anisotropy are shown
in Fig. 2. The patterns show a tantalizing similarity to
the shape of snowflakes. There is a pronounced sixfold
symmetry with leading dendritic tips, from which side
branches are emitted, forming a denser pattern for high
peptone levels. At very low peptone the sixfold symmetry
is lost and the patterns become very ramified. However,
when repulsive chemotaxis signaling is included, the pat-
terns at low peptone level become dense and the sixfold
symmetry is retained as is shown in Fig. 3.
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Next, we have studied the effect of imposed fourfold
lattice anisotropy. In nonliving systems, the individual
stems of the growing patterns are organized to form a
well defined shape-preserving envelope which propagates
at a constant velocity. Shochet et al. [26,33] have demon-
strated that there is a concave-to-convex transition in
the shape of the envelope as we vary the driving force
(supersaturation or undercooling for solidification), indi-
cating the existence of a morphology selection principle.
Would a similar transition be observed during growth of
bacterial colonies? In Fig. 4 we show simulations of the
communicating walkers model in the presence of four-
fold lattice anisotropy. The anisotropy is included via a
four-fold net of lines along which N, is of lower value.
The results show a clear concave-to-convex transition as
a function of peptone level. Chemotaxis signaling has
been included in the simulations shown in Fig. 4. In the
absence of such signaling, the concave-to-convex transi-
tion fades away.

IV. “BACTERIAL SNOWFLAKES”

To test the above predictions, we have looked for a
method to impose controlled weak broken symmetry on
the agar surface of bacteria grown in Petri dishes (the
experimental procedure is described in Refs. [9,10]). Pre-
viously [9] we have observed dendritic growth in response
to uncontrolled (spontaneous) anisotropy which is formed
during drying of the agar. We looked for controlled
anisotropy, one that can be mimicked in the model’s sim-
ulations. In the case of solidification, the anisotropy is
provided by the symmetry of the crystalline structure
of the growing phase (the solid). In Hele-Shaw experi-
ments, anisotropy was imposed via grooved channels on
one of the plates [34,35]. In other Hele-Shaw experi-
ments, anisotropy was imposed locally at the growing

FIG. 5. Close-up picture of the imposed
anisotropy (x 50 magnification) showing the
marks left on the agar. (a) Imposed sixfold
anisotropy. A segment of one of the six lines
is shown. In this case the agar was stamped
with wide channels (about 0.6 mm) leading
to the growth of parity-broken dendrites (see
text). (b) Imposed fourfold mesh anisotropy.



53 RESPONSE OF BACTERIAL COLONIES TO IMPOSED ANISOTROPY

tip via small droplets [36] or by inserting a string in the
fluid [37].

After experimenting with various approaches, we have
found the following method of “agar stamping” to be
most efficient. The stamp is a cylindrical Plexiglas bar
(7 cm in diameter and 7 cm in height). On one face of
the cylinder we groove six channels 0.8 mm wide and 0.5
mm deep. The agar is stamped after it has been dried
for three days, losing 8% of its weight. The stamping
is performed by placing the Petri dish face down on the
stamp and placing another Plexiglas bar on the back of
the Petri dish for 10 sec. This process induces modulation
on the agar surface (Fig. 5). Each of the stamp’s channels
leaves a weak range of elevated agar (less than 0.1 mm).
The agar is softer along the top of the ridges. This effect
(which is the analog of anisotropy in surface tension) is
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captured by the model (variations in N.). There is also
an imposed curvature along the two sides of the ridges.
This effect, which is the analog of anisotropy in surface
kinetics, is not included in the model at present. It leads
(as we will show elsewhere) to growth of parity-broken
dendrites for wide ridges.

In Fig. 6 we show typical growth patterns ob-
served during growth in the presence of imposed sixfold
anisotropy. The patterns exhibit a tantalizing similar-
ity to the shapes of real snowflakes. Each morphology
consists of six main arms with either (according to the
growth conditions) parabolic tips similar to that of or-
dinary dendrites [1-4,38] [Fig. 7(a)] or half parabolic
tips similar to that of parity-broken dendrites [39-42]
[Fig. 7(b)]. At high peptone levels, the patterns are
denser and the effect of the anisotropy fades away. At

FIG. 6. Patterns observed during growth
in the presence of sixfold anisotropy on 1.5%
agar concentration and for 10, 2, 1.3, 1.0,
0.01, and 0.01 g/l peptone levels for (a), (b),
(c), (d), (e), and (f), respectively. Note that
the patterns become denser again at very
low peptone levels. The patterns in (e) and
(f) (both for the same growth conditions)
demonstrate the reproducibility of our results
when a strict protocol is followed.
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very low peptone levels, the patterns become denser
again and maintain the sixfold symmetry, in agreement
with the simulations when repulsive chemotaxis is in-
cluded.

The observations demonstrate that singular perturba-
tion does play a role during growth of bacterial colonies.
The modulations on the agar surface break the symme-
try in the dynamics over just a small regime of the ad-
vancing front in the immediate vicinity of the ridge. Yet
this broken symmetry is sufficient to change the origi-
nal tip-splitting growth into dendritic growth. Moreover,
the observed dense structure at very low peptone levels
provides additional support for the hypothesis that a re-
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FIG. 7. Close-up look (x 50 magnifica-
tion) at dendritic growth. (a) Ordinary
dendrite with parabolic tip (growth in the
presence of twofold anisotropy). (b) Par-
ity-broken dendrite (in the presence of sixfold
anisotropy). Note that it appears as “half’
of an ordinary dendrite.

pulsive chemotactic signaling is employed by the bacteria
for better adaptation to the growth conditions.

V. “BACTERIAL CRYSTALS”

Next, we present observations of growth in the pres-
ence of fourfold lattice anisotropy. Here we stamp the
agar with a Plexiglas cylinder on which a set of parallel
channels is grooved. The agar is stamped twice, while
the Plexiglas cylinder is rotated by 90° between the two
stamps, to produce the lattice mesh shown in Figs. 5 and
8. In Fig. 9 we show the level of reproducibility which is
obtained when a strict protocol of stamping the agar is
followed. The growth pattern is sensitive to the nature of

an

FIG. 8. “Bacterial crystals”: growth in
the presence of fourfold anisotropy. Note
the well defined envelope of the growth. (b)
Shows a close look at a segment of (a).
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FIG. 9. Demonstration of the repro-
ducibility in the observations. (a), (b), and
(c) are for 1.75% agar concentration and 0.25
g/1 peptone level. The differences in size are
an artifact of the photography. The actual
size is the same in all three cases. Note the
transient effects near the center of the growth
which are due to the initial inoculation (by
picking in the center).

FIG. 10. The effect of the nature of the im-
posed anisotropy. (a) In this case, the stamp-
ings of the agar in the two perpendicular di-
rections were of different durations, leading
to a quasitwofold anisotropy. (b) The agar
was stamped with squares (seen in the pic-
ture) leading to a branching growth.
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(c

the imposed anisotropy. In Fig. 10(a) we show the effect
when the anisotropy in one direction is more pronounced
and in Fig. 10(b) we show the effect of a fourfold lattice
of squares.

Following the theoretical predictions we have studied
the growth as a function of peptone level (Fig. 11). A
clear’concave-to-convex transition is observed. The quali-
tative agreement with the model predictions indicates the
predictive power of the communicating walkers model as
well as the need to include repulsive chemotaxis signal-
ing to capture the observed phenomena. The results also
suggest that morphology transitions occur and hence a
morphology selection principle acts during growth of the
bacterial colonies.

FIG. 11. Patterns observed during growth
in the presence of imposed four-
fold anisotropy for 1.5% agar. (a), (b), (c),
and (d) are for peptone levels 15, 10, 4, and
1.4 g/l, respectively. Note the similarity to
the model predictions shown in Fig. 4.
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FIG. 1. The effect of imposed anisotropy. (a) Fractal
growth in the absence of anisotropy on 2.25% agar (1% is
1 g per 100 ml) and 1 g/l peptone level. (b) Dendritic growth
in the presence of imposed fourfold lattice anisotropy. The
anisotropy is introduced using the “stamping” method de-
scribed in the text. The growth is for 0.25 g/1 peptone level
and 1.75% agar concentration. Note the dramatic effect of
the imposed anisotropy and the tantalizing similarity to so-
lidification patterns and patterns produced in Hele-Shaw ex-
periments. (c) “Bacterial snowflake,” the same as (b) but in
the presence of sixfold anisotropy.



FIG. 10. The effect of the nature of the im-
posed anisotropy. (a) In this case, the stamp-
ings of the agar in the two perpendicular di-
rections were of different durations, leading
to a quasitwofold anisotropy. (b) The agar
was stamped with squares (seen in the pic-
ture) leading to a branching growth.



FIG. 11. Patterns observed during growth
in the presence of imposed four-
fold anisotropy for 1.5% agar. (a), (b), (¢),
and (d) are for peptone levels 15, 10, 4, and
1.4 g/l, respectively. Note the similarity to
the model predictions shown in Fig. 4.



(b)

FIG. 3. The effect of repulsive chemotaxis. (a) and (b) are
the same as Fig. 2(d) but with repulsive chemotaxis [stronger
in (b)]. The pattern becomes dense and the anisotropy is
retained.
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FIG. 4. Patterns produced by the “communicating walk-
ers” model in the presence of lattice fourfold anisotropy and
with chemotaxis signaling. The simulations are for N.=20.
(a)—(d) are for P=75, 35, 15, and 10, respectively. Note that
the envelope shows a transition from concave to convex shape
envelope.
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FIG. 5. Close-up picture of the imposed
anisotropy (x 50 magnification) showing the
marks left on the agar. (a) Imposed sixfold
anisotropy. A segment of one of the six lines
is shown. In this case the agar was stamped
with wide channels (about 0.6 mm) leading
to the growth of parity-broken dendrites (see
text). (b) Imposed fourfold mesh anisotropy.



FIG. 6. Patterns observed during growth
in the presence of sixfold anisotropy on 1.5%
agar concentration and for 10, 2, 1.3, 1.0,
0.01, and 0.01 g/1 peptone levels for (a), (b),
(c), (d), (e), and (f), respectively. Note that
the patterns become denser again at very
low peptone levels. The patterns in (e) and
(f) (both for the same growth conditions)
demonstrate the reproducibility of our results
when a strict protocol is followed.



FIG. 7. Close-up look (x 50 magnifica-
tion) at dendritic growth. (a) Ordinary
dendrite with parabolic tip (growth in the
presence of twofold anisotropy). (b) Par-
ity-broken dendrite (in the presence of sixfold
anisotropy). Note that it appears as “half”
of an ordinary dendrite.



FIG. 8. “Bacterial crystals”: growth in
the presence of fourfold anisotropy. Note
the well defined envelope of the growth. (b)
Shows a close look at a segment of (a).
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FIG. 9. Demonstration of the repro-
ducibility in the observations. (a), (b), and
(c) are for 1.75% agar concentration and 0.25
g/1 peptone level. The differences in size are
an artifact of the photography. The actual
size is the same in all three cases. Note the
transient effects near the center of the growth
which are due to the initial inoculation (by
picking in the center).



