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Formation of complex bacterial colonies via self-generated vortices
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Depending on the environmental conditions bacterial colonies growing on agar surfaces carceriytx
colony formationand various types ofollective motion Experimental results are presented concerning the
hydrodynamicgvortices, migration of bacteria in clustgmnd colony formation of a morphotype Bacillus
subtilis Some of these features are not specific to this morphotype but also have been observed in several other
bacterial strains, suggesting the presence of universal effects. A simple model of self-propelled particles is
proposed, which is capable of describing the hydrodynamics on the intermediate level, including the experi-
mentally observed rotating disks of bacteria. The colony formation is captured by a complex generic model
taking into account nutrient diffusion, reproduction, and sporulation of bacteria, extracellular slime deposition,
chemoregulation, and inhomogeneous population. Our model also sheds light on some possible biological
benefits of this “multicellular behavior.[S1063-651X96)04408-X

PACS numbdis): 87.10+€, 87.22:-q, 05.60+w

I. INTRODUCTION organisms provides an important clue into the mechanisms

of their communication and survival strategies. We believe

Recently great efforts have been devoted to the undeithat the experimentally observed behavior is a response to
standing of biological regulation pathways in various organ-the hostile environment such as diffusion limited growth

isms, and in many cases the corresponding mechanisms hatenditions and/or hard agar substrate. In general, as growth

been identified at the molecular level. However, facing ac°nditions worsen, a more complex global structure is ob-

complex network of regulation systems on the intermediaté.erved together with a higher micro!eve;l organization. Effi-
scale of the interactions among groups of cells, we usuall)?'en.t adap'_[atlon requires self-organlzat_lon on all levels. .TO
lack powerful biological experimental methods. The study ofaCh'eVe this, bacteria developed sophl_sncated communica-
bacterial coloniesan yield interesting insight into the inter- tion c.hannels on all Ie\(els._from @rec(by cont_ac}
actions in such self-organized structures, since these coloni&? ctenum-bactengm physm_al Interaction, through !nd|rect
represent perhaps th@mplestbiological systems showing png-range chemical §|gnallng, to genetic communication
collective behaviof1-6]. In this case we can hope that the via exchange of genetic material.

interactions are still simple enough to be captured by math- S the phenomena studied are extremely rich, we cannot

ematical models and exploring the collective behavior need§XPeCt 10 understand them by building as simple algorithmic

feasible computational power. Indeed, the study of bacteria'TnOdeIS as diffusion-limited aggregatiqal] or the Eden

colonies and mathematical models incorporating the correm()dl?l[ztz]' Hoyt\)/ltaver, Ws canfs.tutdyun;mal mo?jelsmth th;a ¢
sponding physical knowledge and biological dgta16] has smallest possible number of Interactions and parameters 1o

revealed the importance of various effects, such as diffymimic the experimental behavior fearious external condi-
sional instabilities(see, e.g., Ref17,18)) in tr;e control of tions[14,15,23. EXP'O“’.‘Q the p_arameter space one can te_st
colony formation ' ' ' whether the proposed interactions are sufficient to describe

In this paper we focus on a fascinating phenomenon in:[he observed phenomena. This approach is an application of

cluding the development ofomplex patternsand various the. methods common In statistical phys[@—zq'to bio- .
types ofcollective motiorin bacterial colonies. In particular, Iogpal_systems pon3|st|ng_ of many, relatively simple units
several observations have been made on the rotation of disqz(h'b'tmg coIIe_ct|ve behawor. )

shaped aggregates, migration of groups of bacteria, or their | '€ Paper is organized as follows: A summary of our

peculiar motion along ring shaped trajectories. AIthough?Xpe”memal results is presented in Sec. Il. In Sec. Il we

such types of motion have commonly been associated Witwtroduce f’} modeﬂl of self-prope'lled particles explaining the
Bacillus circulans similar phenomena have been seen inobserved ~exatic hydrodynamlcs to some extent on _the
colonies ofArchangium violanceum, Chondromyces apicu|a_mesos_copuimtermedle_lté scale. In Sec._IV this mo<_1|e| W'I.I
tus, Clostridium tetanf19], and recently in our experiments be reflneq toa b|qlog|cally more plausible mo_del including
with a morphotypd 20] of Bacillus subtilis Such collective chemotaxis S|gna}l|ng. In Sec. V our model is further ex-
rotation of many bacteria has represented a long standin anded to describe colony formation on the macroscopic
guestion without any explanation so far. Here we propose flzlvel'
solution to this puzzle using models based on the assumption
that the motion of bacteria is determined by a few relevant
effects. Bacterial colonies grown under favorablestandard
Understanding this self-organized motion of micro- growth conditions usually do not exhibit a high level of or-

Il. EXPERIMENTAL OBSERVATIONS
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FIG. 1. A typical colony formed by therortex morphotype.
Each branch is formed by a rotating droplet of many bacteria mov-
ing together in a correlated manner at the tips of the branches.

ganization. However, recent experimental results indicate
that under certain hostile environmental conditiofesg., e IR DA
when the available amount of nutrients is limited by diffu- : (b) R e S m i

sion, or the hard agar surface inhibits the motion of bacteria ) s S NI

..... ” }'zaz—-—»-»-‘\\\

W e w

the colony may behave as a “multicellular organisi?]: ot BRS¢
cell differentiation appears, andlong-range information g g me s e 313 8
transmissioroccurs via diffusing chemicals. : ; { z Y AN : .
In our experiments we investigated a morphotypamed SEISEEER A b s P
vortex derived from the straiBacillus subtilis 16§ 9]. The NN s j v
colonies were grown in standard (88 mmplastic Petri 4 : el crmnLEE At
dishes, on hard agar substrates containing pep{Baeto- : :::::::::::::::?5‘; g

Peptone; Difcp as nutrient source. Thus, the concentration BN N X DD

of agar and peptone played the role of control parameters. SRS S

The colonies were incubated in a closed incubator at a tem- -~ - - -0 X

perature of 351.5°C and 30% humidity. Growth was

started with a 5ul droplet (containing about 10bacteria e ¢ e
inoculation placed at the center of the Petri dishes. Micro@ Magnification of 508 (a) and the corresponding velocity field
scopic observations were performed using a bright field op2Pt2ined by digitizing our video recordings).

tical microscopdOlympus BH2-UMA with ultralong range correlation. A typical flow field of a leading vortepFig.

objectives allowing a total magnification of 580 As no (@] is shown in Fig. Z), which has been obtained by digi-

immersion liquid was needed, these long working distance:’ . ; . : .
objectives enabled us to observe the undisturbed motion ing the video micrograph recordings and numerically ana-
yzing the data(see Appendix A for detai)s

the micro-organismen the agar surfaceFor more details of e . .
The above, and numerous other similar observations, in-

the experiments see, e.g., R4} and[14]. dicate the presence of such unusual flow patterns even in

In Fig. 1 an example of the colonies formed by Wartex relatively simple biological systems. As we show in the next
morphotype is shown. The colonies spread via leading drop- y P 9 Y :

lets (the darker dots leaving a clearly observable trail filled .SeCtIOI’.],.thIS IS dL.‘e to the fact that unlike most abiotic ob-
with bacteria behind. Each droplet consists of many bacteriéeCts’ I|V|ng ordg?nlsmfs a(;sglf—propelrlled.thely can transll;(_)rhm |
rotating around a common centgrence the name vortgat Ienergyr/] gaine hrom oﬁ _mto mechanical energy, which ai-
typical velocities of 1Qum/s. Depending on the growth con- ows them to change their position.

ditions and the location inside of the colony, the number of

bacteria in a single vortex can vary from a couple of hundred IIl. SELF-PROPELLED PARTICLES

to many thousand, and the vortex can consist of both single 1ha motion of bacteria is determined by various effects

and multiple layers of _bacteria. Usually, th? “pioneering” g ,ch a5 the driving force of their flagella, the viscosity of the
droplets are larger, while the smaller ones fill the empty ary,, ;o ynding fluid(extracellular slimg and the elastic and

eas left behind by the advancing front. Within a single ;nemical properties of the cell-cell contact. Many of these
colony, both clockwise and anticlockwise rotating vortices|q4 interactions can be incorporated intpkenomenologi-

can be observed. _ cal mode) where bacteria are represented as moving and
These patterns are formed oioh (=5 g/l peptong and interacting particles.

hard (=20 g/l agay media, where the colony formation of
the other morphotypel®,13,14 is strongly hindered as the
individual bacteria can hardly move. In our case the motion
is performed in a collective manner: bacteria form groups In the simplest model of collective bacterial movement,
and the motion of individual cells shows a very high level of each particle’s velocity is set to a fixed magnituderesult-

FIG. 2. Bright field micrograph of a single rotating droplet with

A. Description of the model
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ing from the driving force of the flagellar motor of the bac- e e s T o
teria. The interaction changes only the direction of motion: = vij;gb»—-g;gg” -
the particles tend to align their orientation to the local aver- (a) ::%{‘»» == “;!%‘;;» e
age velocity[27]. This effect can be originate¢t least in o sﬁé’;g};ﬁ_,% S e
part from geometrical constraints: steric repulsion between e jgj,;}f_;—;&f —= =
rodlike particles, similar to the interactions in nematic liquid ’“‘”ﬁ_ =T g :;,34-2»
crystals, see, e.g., R4R8]. Z, a2 T = = = =
Thus, let us consider a system of particles moving on the é;ij”” =,
plane with an(averagée density . Each particle is charac- = == T TR T
terized by its locatiorx;(t) and orjentationﬂi(t) indicating Bl o _;:)»»“l’ =
the direction of motion3;(t) = ®[v;(t) ], where the function - - = =
2\ i s
®(r) gives the angle between the argument vector and a . = o= =
selected directiorie.g.,x coordinate axis The time evolu- e = g
tion of the orientation is given by the following equation ’”1}) e A
describing thecoalignment interactiorof the ith particle: Z)—*'ff;‘ 7 e .f—xag::)”;
dd; 1
H:;Kﬁ(t»i,e_ﬂi(t)]"‘gn N
M= \
where { represents an uncorrelated noigeg., accounting (b) ‘”A W@W Ygie v\v
for the Brownian character of the motion of the bactesiad = 7t Y d 4 3
(9(t)); . denotes the average direction of motion of the par- 7 \\ WEE, =
t!cles in the neighborhoo@vithin a radiuse) of theith par- :;N % X Z
ticle as AP TA Ny
g‘ N - %W
> - SN A,
(PO =P 2 D). 3] 71’9(} i ¥ Z
oL s~ M A
[Xi—Xi|<e€ - s
N e
The relaxation timer in Eq. (1) is related to the bacterial ;ﬁ“ = T By N
length to width ratio: for longer bacteria the interaction is ARE i
more pronounced. <~
In this system the total momentum is not conserved, as PR \g\ - v
| LN

can be demonstrated by the interaction of two particles,
where the total momentum is increasing as they tend to move
along parallel trajectories. Thus, the flow field emerging in
the model(and also in bact_erlal Col_onl)esan considerably played for various values of density and noise. Betual velocity
differ from the us_ual behaylor of fluids. of a particle is indicated by a small arrow, while its trajectory for

. To gxplore this behavior, We_performgd M,Ome ,Carlothe last 20 time steps is shown by a short continuous curve. The
S|mulat|9ns. Instead of Eq1) a S'mplfer’ tlme—d|§cretlzed number of particles wabl=300 in each case and the velocity
expression was used that was valid if the rotational relaxyas set to equal to 0.04. For comparison, the range of the interac-
ation process is fast compared to the change of the locationgn (¢=1) is displayed as a bar. At high densities and small noise
(r<v Y\ o): (L=5 and%=0.1) the motion becomes orderé. For small den-

sities and noise (=25 and »=0.1) the particles tend to form
Fi(t+ AD=(H(V))i + ¢, (3 groups moving coherently in random directicfts.

FIG. 3. The velocities of the self-propelled particles are dis-

where the nois€ is a random variable with uniform distri-
bution in the interval — %/2,7/2]. The positions of the par-
ticles were updated using Eulerian discretization,

phaseemergedFig. 3@]: all particles move in the same
direction over length scales much longer than the range of
the interaction §).

At low density and small noise amplitude several clusters
are formedFig. 3(b)]. Such a cluster is held together due to
the parallel velocities of the particles in the group. The col-
|Iision of the clusters usually creates a larger cluster, which
later breaks into parts due to the inherent weak randomness
of the velocities.

Increasing the amplitude of the noise for a fixed density,
at a critical value ofy the net flow disappears following a
transition that is reminiscent afecond-order phase transi-

In the various simulationg27,29 two control parameters tionsin equilibrium physical system30,31 (Fig. 4). Thus
(» and @) were changed, while was kept constant in the our model is a transport related, nonequilibrium analog of
v<<elAt regime. For smally and high density amrdered the ferromagnetic type of model: The Hamiltonian tending to

Xi(t+A)=X;(t) +v;(1)At. )

The simulations were performed in a square of dizelL
and a periodic boundary condition was applied. As the initia
condition the position and the direction of motion of the
particles were distributed randomly.

B. Collective migration
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O N=40 i
+ N=100
0.8 x N=400 .
_ i A N=4000 |
p < N=10000
06F
0.4
0.2k (a) ' FIG. 5. Schematic illustration of the model with both hard-core
: +'H— Ly g . . R . -
| Koo PR interaction and ferromagneticlike coupling of the velocities. The
L Sssecec figure shows the position and velocitgrrows of the particles at
00 1.0 2.0 3.0 4.0 5.0 time t (a), t+ At (b), andt+2At (C) The range of the hard-core

repulsion €*) is represented as a filled circle. The dashed circle in
n (a) indicates the range of velocity coupling)(for particleD. In the

collision at timet+ At A, B, andC particles repel each other, while

the new velocity of particldd was determined by the average di-

T T T T TTTTT T T T TTTL]

0O N=40
+ N=100
x N=400
_ m A N=4000
P 051 < N=10000

1.0r

slope = 0.45 |

(b)

[N ! I ]

02 X

0.01 0.03 0.1 0.3 1

rection of motion ofB, C, and D. At time t+2At no collision
occurs, each particle is moving approximately with the local aver-
age velocity.

] and the direction of their motion will be given by the follow-
ing expression instead of E¢B):

Fi(t+AD=0 — > Nx(O-x(t)|, (5
j#i

‘;j*)zi|<é*

whereN(u) denotesu/|ul; see Fig. 5.
In agreement with the results of very recent molecular

dynamical simulations of related self-propelled systems
[nc(L) — 77]/770(L) [25,26], in the high density, low noise regime correlated ro-

tation can be observedFig. 6). The direction of the rotation

is selected by spontaneous symmetry breaking, thus both

clockwise and anticlockwise spinning “vortices” emerge.

FIG. 4. (8 The total momentum of the system versus the
noise 7 in systems of various sizes with a fixed density The
symbols denote the followindJ : N=40, L=3.1; + : N=100,
L=5; X : N=400, L=10; A : N=4000, L=316. ¢
N=10 000, L=50. (b) Dependence op on the reduced noise
[7—n(L)]/ (L) on a double logarithmic plot. The slope of the
line fitted to the data indicates critical scaling behavior.

align the spins in the same direction in the case of equilib-
rium ferromagnets is replaced by the rule of aligning the
direction of motion of the particles. Th@ormalized mag-
nitude of the total momentum of the system can be consid-
ered as arorder parameterand the critical noisey. as an
analog of thecritical temperature For more details about
this transition see Ref27].

C. Hard-core repulsion

To gain additional insight into the properties of the model,
we carried out the numerical simulations of a slightly modi-
fied system: The boundary conditions were changed to
reflective circular walls and to avoid singular behavior at
the boundariegaggregation of particles in a narrow zona
short range “hard-core” repulsionwas also incorporated

As this example shows, appropriate boundary conditions
can lead to spontaneous rotation in a system of locally inter-
acting self-propelled particles. However, in bacterial colonies
numerous vortices can be observed far from the boundary of
the colony, thus the confinement of the bactéwhich was
an externally posed boundary in the above exajnplast be
the result of some interaction of the organisms. To incorpo-

FIG. 6. Stationary state of the model represented in Fig. 5. The

into the model. If the distance between the bacteria is smallesoundary conditions are reflective wallR£10, €*=0.1, e=1,

thane* (the size of a single bacteriynthey repel each other 7»=0.1).
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rate such an interaction into the model, first we refine thixcase the chemotaxis is a response of a group of bacteria

simple model of collective bacterial motion. (often called raft or cohorsgl]): We assume that the indi-
vidual bacteria slightly change the propulsion force of their
IV. VORTEX FORMATION flagella depending on the local concentration of the attrac-

. . ) tant, which results in a torque acting on the group. This
_ Although locally the bacteria move with a uniform veloc- effect creates a local vorticity in the following manner, if we
ity, on a larger scale one can clearly observe groups movingssume for simplicity that the total driving for¢eence the
with various velocities. The velocity field measurements of 3magnitude of the velocityof the group does not change.
rotating vortex also show that the simple representation of | et ys consider a raftgroup of bacteria moving in a
the bacteria as particles with a fixed _velocity must be reﬁ”‘?dconcentration fieldc,. Supposing that the raft is held to-
~We replace our former assumption of constant velocityyether by intercellular bonds, we treat it as a rigid body of
with an assumption of constafitesultant propulsion force  gjzed. In a linear approximation the velocity difference at

F being parallel to the actual velocity. Now the magnitude ofpe opposite sides of the raft is proportional to the compo-
the velocity is determined via the balance of this drivingnent ofvc, being orthogonal to the velocity:

force on one hand and friction with the substrate and a drag

force produced by the mean velocity of the surrounding bac- d. .

teria on the other hand. Moreover, the interaction among AU”;|U><VCA|- )
bacteria still includes a hard-core force, which is assumed to

be proportional to-Ve, whereg denotes the local density e change in the direction of the velocith ¢) during an
(number of particles in a unit argaln large (multilayen jqfinitesimal time intervalAt can be expressed s /d, thus
vortices this expression can be originated from the hydrodyg,e term describing attractive chemotactic response in the

namic termVp assuming that the mechanical pressure isequation of motion can be written in the form of
proportional to the number of layers, hence to the density. In

small (single-layey vortices this term may be considered as -
O . . - dv 1. L o
an approximation for the hard-core interaction. Combining — ~— ZuX(vXVcyu). (8
these terms we obtain the following equation of motion for dt v
theith particle:
To indicate the special nature of this chemotactic response
v . . . v R R we denote it asotor chemotaxisn the following. Including
ar ~ Al vl o —kVe+ L (6)  this chemotaxis tern{using the “sensitivity” coefficient
! xa) to the full equation of motion yields
The u, v, and « coefficients are parameters of the model,
which characterize the various types of bacteria. In principle dJi - - - vj -
u, v, andF depend also on the local amount of extracellular H:MKU%,E_UJ_ vui+ Fv_i_ kVe
slime deposited.
What is needed to turn a collective migration into spon- As - -
taneously formed vortices? In Sec. Ill we showed that geo- - v_ivix(UiXVCA)"'g- ©)
metrical constraints of circular reflecting boundaries lead to a

circular collective movement. This result suggests that a ra- The time evolution of the chemoattractant field is de-

dial inward force can lead to vortex formation. Motivated by scriped by the following equation if we neglect the convec-
the demonstrated role of chemoattractants in other coloniege transport caused by the motion of bacteria:

[4,6,14,32 and our expectation about universalf§2], we
propose that an emission of a kind of chemoattractant can aCcA

provide the needed effect. = DAVZCA+T A0 —AaCa. (10

- -

>

A. Collective “chemotaxis” The first and the third terms represent the diffusion and the

Usually chemotaxi§33] means that the motion of the constant rate X,) decay, respectively, while the second
organisms is influenced by chemical fields, e.g., bacteria in ésource term assumes that all bacteria are under stress con-
liquid culture perform a biased random walk towards theditions and continuously produce the chemoattractant with a
nutrients[34]. In this paper we use the words “chemotaxis” rate ofI'4. This is a useful assumption if we investigate the
and “chemoattractant” in a broad sense, the particular reformation of a single vortex, but must be refined when we
sponse we consider can result from “passive” physicalalso intend to describe the colony morphogenesis.
forces, such as surface tension or the changing efficiency of
the flagellar motors as a function of the amount and quality
of the extracellular slime deposited. In contrast, in the usual ) . ]
(active chemotactic response specific biochemical The simulation of the above model was carried out
machinery—membrane receptors and intracellular regulator{fifough the numerical integration of Eq&) and (10). To
pathways—are involved. discretize the flelds,i arlde atrLangliIar latticewas defined

Since collectively migrating bacteria do not tumble on thewith lattice vectorse,,e,, ... e (J&]=a, see Fig. 7. ¢
agar surface, they clearly had to develop a different mechawas calculated as the number of particles in the lattice cells.
nism of chemotactic response. Here we propose that in thishe differential operators were calculated as

B. Numerical results
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<<<<<<

FIG. 7. Schematic illustration of the chemoregulated model. The
diffusing (_:hemoattragtant is calculat_ed in the grid points of a trian-  Fig 8. A typical result of the chemoregulated model for vortex
gular lattice (open circles The lattice vectors are denoted by formation. The positive feedback of the chemoattractant breaks the
1,6, ... & The particlegfilled circles move off lattice, and are  originally homogeneous density and aggregates with high density
reflected at the boundafhick line). To calculate the average flow are created. The flow field is represented by arrows of a magnitude
(J}ivf for the particle in lattice celh, we average over all particle in  proportional with the local velocity. The inset shows the concentra-
the cellsA-G. tion distribution of the chemoattractani €0.1, v=0.1, F=0.3,
k=0.1, xa=0.2, 7=0.2,D,=0.1,\ ,=0.01).

a.c(r)~ , (11)  cal vortices formed in our model are shown in Fig. 8, being
2a in good agreement with experimental observatidfig. 2).
o o o o For different parameter values the model yields rotating
- c(r+tep)tc(r+ey,)—c(r+es)—c(r+eg) rings reported also in experimendSig. 9). The qualitative
dyc(r)~ : i i ;
y results discussed here turned out to be robust against chang
2./3a : . : . ,
(12) ing the form of Eq.(9) until a cohesive force with coalign-
ment interaction is represented.
38, olF+8)-6c(F
. g Zi=1C(r+e)—6c(r) V. COLONY FORMATION
Vc(r)~= . . (13 . . . o
3 a The model introduced in the previous section is able to

describe and explain many experimentally observed features
The particles moved off lattice, but for computational effi- on the intermediate scale, such as collective migration of

ciency the(v); . local average velocity was approximated by groups, and formation of rotating dense aggregates in which
averaging over all particles in the lattice cell containing thethe direction of the spinning was selected by spontaneous
ith particle, and also over the particles occupying the neighsymmetry breaking. However, that model is far from being
boring cells. This is consistent with the choice @¢3a/2.  complete, since it cannot describe colony formation on the
Particles could move in an area bounded by reflective boundhacroscopic level, which is certainly a needed step in under-
aries. However, in contrast with the simulations described irftanding the possibl@volutionary benefits of this behavior.
Sec. I, here we obtained vortex formation onsmaller ~ TO expand the model to describe colony morphogenesis, fur-
scalethan the system size, thus in this case the boundaridber details must be considered: extracellular slime influenc-
had negligible effects. Again, as an initial condition we ap-ing the motion of the organisms, and nutrient diffusion and
plied c,=0 and random configuration of the particles. consumption determining the growth rate of the colony and
The positive feedbackf the attractive chemotaxis breaks additional chemical regulation of the movement of the indi-
the originally homogeneous spatial distribution of the par-vidual vortices.
ticles and creates dense aggregates: If a fluctuation increases
the density locally, then the emission of chemoattractants A. Extracellular fluid

(being Eroportional toe) is also increased, and this in- According to microscopic observations, there is a well
creasedv c, attracts even more particles to the aggregate. Aglefinedboundaryof the colony dividing the substrate into

a consequence of thealignmentterm, rotation develops in parts where bacteria can and cannot move. In order to mi-
a spontaneously selected direction. In such an aggregate tgeate on a solid agar surface bacteria have twet’ the
difference of theV ¢ term and the attractive force of chemo- surface either by drawing water from the substrate or by
taxis provides the appropriate centripetal acceleration. Typiproducing some extracellular slime. This assumption is sup-
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- of the particles. We considé&t; as a generic parameter of the
(a) P3N cell-cycle (referring approximately to the cell volume in the
o e /,’;';’5 ﬂ_éﬁ =~ case of real b:_:\cteljiawhich affects the activity of the par-
AR Ny T *’"s‘ W ticles as described below.
2 A NG # The particles lose “energy”(e.g., due to dissipative
. ","\e . . Lpn - metabolic processgat a constant rate. To increaseE; the
NG L ":.:\% model bacteria consume nutrients at a rate proportional to the
T e L lage Y available concentration and independent of the number of
wed - ?%ﬁ, r - bacteria in the surroundings. This approximation is valid for

small nutrient concentrations and bacterium density.

When there is not enough food for an interval of time
causingE; to drop to zero, the bacteria become stationary
(e.g., sporulatg. At this stage of the model sporulation is
irreversible: there is no recovery of activity if the nutrient
concentration is increased. As the spores do not move, they
are characterized by their densitgumber of spores in a
lattice cel) o only.

When nutrients are available in a sufficient amout,
increases and when it reaches some thresBbdidthe model
particledivides into two During the division process a given
amount of energy€*) is dissipated and the remaining en-
ergy is shared equally among the two offspring. Thus the
time evolution ofE; is given by

dE; - E* +e*
W—rcc(xi)—e— 2

S(E;—E*). (14)

FIG. 9. In the same model as shown in Fig. 8, but for a different T h€ nutrient is diffusing and consumed by the bacteria:
value of the parameter (providing stronger velocity-velocity in-

teraction, u=0.3), rotating rings develop in the simulatiofa. Jc s
This phenomenon was also reported in H&g] (b). i DVec—rcco. (19

ported by many reports on swarmer strains sucP@8eus g4 ation(15) is discretized and solved on the same lattice as
[35,36 and also by our microscopic observatidisf|: the c, andw.

boundary of the colony propagates as bacteria deposit lubriz®
cation fluid at “unoccupied” positions.
We will assume in the model that particles can move only C. Response to chemorepellent

at sites Wherea the deposited amount of extracellular slime peveloped colonies of the vortex morphotype exhibit fas-

[denoted byw(r)] is larger than a threshold valWg: if they  cinating patterns, which shows complex self-organization of
encounter a drop ofv to w(r’) <W during the step to the the vortices. Even the most complex patterns are not random
lattice cellr”, they will be reflected from the boundary sepa- @"d inoculations under the same growth conditions lead to
rating the two cells. To ensure the displacement of thd€Producible observations. Clearly, a high level of regulatory

boundary we assume that with each attempt to move into awechanlsms must be operative durlng the colony develop-
unoccupied site, the particles deposit the amount of fluidnent. Wh!Ch must be capable of moving ea_ch vortex as a
they carried §;) to the outer side of the boundary into the single unit. Keeping again our notion of universalihe

unoccupied lattice cell. More precisely, bacteria deposit fluicEXIstence of similar phenomena_l in other bact_erl_al Stjares
it the surface is dryw(F’)<W’ where the thresholtV’ is propose that long range repulsive chemotaxis is the regulat-

I h he detailed iorncludi ducti ing mechanism.
arger thanW. The detailed equatioréncluding production Each of the stationary particlésr alternatively, bacteria
and decayare presented in Appendix B.

that have been exposed to low level of nutri¢msoduces a

diffusing repellent chemical at a fixed rate 10§,
B. Nutrient consumption

. . . JCr
So far, the investigated hydrodynamical phenomena were —R —DRrV2cr+ TR0~ ARCr) (16)

fast compared to the multiplication of bacteria. When study- at

ing the colony formation, however, we cannot ignore nutri-

ent consumption, multiplication, and sporulation. To de-wherecg and ¢4 denote the concentration of the repellent

scribe these effects, we adopt the model introduced in Refnd the density of the stationary bacteria, respectively, while
[14] with slight modifications of the equations. We denote by) , gives the decay rate. The effect of the chemical on the
c(r) the concentration of thgrowth limiting nutrientin the ~ movement of the bacteria is given by the rotor chemotaxis
medium, and byE; the metabolic stat€* internal energy ) (8) term coupled with the coefficiengg as
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fluid). Under diffusion-limited conditions the faster propaga-
tion increases the inflow of nutrienthence the available
amount of energy thus increasing the fitness of the colony.

The strategy reducing the rate of multiplication and using
the energy for colonizing surfaces is not a unique feature of
vortex forming bacteria. In the case of swarmer strains simi-
lar behavior was reportefil]: the differentiated swarmer
cells are specialized to expand the colony, and many of their
metabolic pathwaysincluding the multiplication processes
are repressed.

Another possible benefit suggested by our model that can
balance the energy spent on maintaining the rotation is the
more efficient transport of the extracellular fluid inside the

. . . . . vortices.
FIG. 10. Typical colony obtained from numerical simulations of

the model incorporating nutrient diffusion, reproduction, and sporu-
lation of bacteria, chemotactic regulation, velocity-velocity interac- VI. CONCLUSIONS

tion, and extracellular fluid deposition. The simulation is performed A . . ;
. . . eneric phenomenological model for the collective mo-
in a 600x 600 system with ca. 100 000 particles. In excellent agree-, 9 P 9

: : : ~ ~~tion of bacteria on a solid agar surface has been presented
ment with the experimental observations, the colony grows via ro-

tating droplets at the tips of the branches. Smaller vortices r:ﬂsg?ased on a ferromagnetlcllke c_:oupllng of the velocities O_f
emerge inside the colony, sometimes giving rise to a new sidS€lf-propelled particles. Numerical results showed that this

branch. model can be completed with different biologically moti-
vated interactions to capture many of the experimentally ob-
4o b served features in ba_lcterial colonies, wherg self-organized
d_tI:’U“[(J>i'5_ Ji]_,,lji+|:v_'_,(v*(9+gs) transport develops with spontaneous breaking of the rota-
|

tional or translational symmetry.
1. R ) ) Based on this dynamics, a complex model has been con-
—;vix[vix(XAVcA—XRVcR)Hg. (17) structed to explain both the hydrodynamics on the meso-
: scopic level and the colony formation on the macroscopic
L ) ) level. The minimal set ofmicroscopicinteractions we had to
. .TO get reahst_lc results fr(_)m the simulations, only one ad-;qgjger is the following: ferromagneticlike coupling of the
ditional feature is needed: in the present stage of the mOd?)elocities and a hard-core interacti¢ag., due to geometri-

the P*”.‘“'C'es cannot leave the aggregat_es, in contrast with thceal constraintg response to a “chemoattractant” to hold the
experiments where somgusually inactive but not sporu-

lated bacteria are always left behind the vortices. In thedroUPS of bacteria tc_)ge'ther; nutrient co_nsumption, ‘.““'“p”'
framework of the model this means thadt all the bacteria catlon,. _and sporulation; gxtracellular slime pro<_juct|on and
have the same sensitivity to the chemoregulatemne of deposmqn; chemore.gulatllon to control the' motion of rafts
them must respond less to the gradiefets)., because thejr 2nd vortices; and “diversity” of the populatiofparameters
receptors are saturated or being in an inactive phage  Providing that the particles are not completely equivalent
model this we assumed that in each time step partitles ~ Thus, we cannot identify a single dominant effect being re-
off’ the receptors with a probability &, and “turn on” sponsible for the observed behavior, but we have to deal with
with a probability of P;. In this case sometimes groups of & Set of interactions, each of them having the same level of
particles leave the aggregates, move behind and form #nportance. The schematic representation of the generic fea-
smaller new vortex, which may create a new side bragek  tures of the model is given in Fig. 11.
Fig. 10. The equations governing the full model are summa- _The question of theobustnes®f the approach presented
rized in Appendix B. arises in a natural way. First, the experimental data for vari-
ous external conditions and organization levétanging
from the possible microscopic interactions through the me-
soscopic flow field to features of the movement to colony
To understand the possible benefits of vortex formationformation yield strict constraints for the model. Moreover,
let us investigate a vortex in a colony grown under diffusion-some of the generic features such as nutrient consumption,
limited conditions. As beyond the vortdinside the colony  multiplication, sporulation, and chemoregulation are success-
the nutrient concentration is rather sméhis plausible as- fully adopted in other models as well. Second, a broad range
sumption is supported also by the numerical results of oupof parameters yields the same behaviwe did not have to
mode), vortices are exposed to a nutrient field with a strongperform a specific “fine tuning” to obtain the results pre-
gradient. sented with similar insensitivity to the specific functional
Our calculationgAppendix Q show that in this case the form of the interactions. Thus, our results suggest the poten-
rotation of the aggregates reduces émergy dissipation rate tial power of the generic modeling approach in understand-
of the reproductive and sporulation processes, thus the wholag complex biological systems.
aggregate of bacteria can spend more energy to enhance theOne of the main messages of our work is that it is possible
speed of the propagatide.g., by producing more lubrication to interpret the experimentally observed complgeametimes

D. Increase of fitness
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new frame and calculate its overldp with the original im-
age for each possible position,)) as

dZ(ig.jo.i.j)= 2 [hy(ig+m,jo+n)
|m,n|<L
_ht+At(i+maj+n)]2- (A2)

The new location is identified as the position that gikressi-
mal overlap.

The efficiency of the method described above is sensitive
to both At andL. On one hand. and At should be small
enough to reduce the effects of the flow inhomogeneity and

M"“’“"L chemotaxis the rotation of the image. On the other hand with increasing
L the traced image contains more information allowing
FIG. 11. Schematic flow diagram of the model. The solid andeasier identification. The typical value bfwe used is 20.
dashed arrows indicate material transfer and regulatory connections,
respectively. The central rectangle represents the particles with in-
ternal parameter@illed boxes and production of various chemicals
(filled circles. The chemical concentration fields describe the envi-  Variables describing the state of a model bacterium are as

ronment of the particle. follows: x;, location;v;, velocity; E;, “internal energy”;

. . ) s;, amount of lubrication fluid carried(;, state of activity.
puzzling behavior of the ensemble of bacteria throughQizo,l represents states differing in the sensitivity to

many-parf[igle-type simulation_incorpor_ating realistic rUIeS'chemotaxis, whileQ), =2 represents an inactive bacterium:
In our opinion, our approach is novel in the sense that the white noise with an amplitude of

more traditional simulations eithgi) are based on much 4 ) o ) -
simpler assumption@ggregation, cellular automata, tor Fields describing the environment are as followgr),
(i) involve biological details, but are numerically very dif- concentration of the growth limiting nutrierg(r), concen-

ferent and their application to cases with complicated envitration of the emitted chemoattractas(r), concentration
ronment or geometry is not feasible. of the chemorepellentp(r), density of the bacteriag(r),

density of the sporesN(F), amount of extracellular fluid
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APPENDIX B: SUMMARY OF THE MODEL

with probability 1-Pg

Scientific Research and Development, and by the Program (4 1)= 1-0Q;(t)  with probabilityPq (B1)
for Alternative Thinking at Tel-Aviv University. ' 2 ifE(1)<0
] ’
APPENDIX A: IMAGE PROCESSING

To determine the velocity field of the colonies using the % (t+ Af)= Xi(t) +viAt if w(§)>W 82)
consecutive frames of a video recording the following pro- ! B X(D)—viAt if W(&)<W,
cedure was performed: First, to reduce the digitization noise, ' ' '
we applied a simple high-frequency filttsmoothing on the AL -
i Uj > > - Uj >
mages as a1 =W vil— v+ F = —«V(e+ey)

At ’ Uj
h(i)—35 X h(+mj+n),  (A] 1. . ,
P-1dmn=1 _;UiX[UiX(XAVCA_XRVCR)]JF§, (B3)
|

where we denoted the gray scale level of pixgi) on the .
frame corresponding to timeby h,(i,j). AE; Eite

To reconstruct the flow field from the digitized video At €T O(E-E), (B4)
records, we tracked various small details on the consecutive
frames. Let us consider a small image of linear siig 2 As; . s
which was centered ai{,j,) at timet and moved to the EZFS—T(&)—Z —— A\, (B5)
position (,j) on the frame corresponding te- At. In this 1% £Si
case the velocity;t(io,jo) at (ig,)o) is given approximately
by [(i—ig)/At,(j —jo)/At]. To locate the selected image on T(r)=min z 568 W' —w(r) ], (B6)

I

the new frame, we scan a window of linear side @ver the



1800 CZIR()K, BEN-JACOB, COHEN, AND VICSEK 54

0.12 . . . . : :

NG

0.4
gfe,

FIG. 12. Numerically calculated concentration field of the nutri-

ent in the neighborhood of a disk shaped group of bactejyiand
the calculated)(c) density function(b). In the case of the rotating
vortex (dashed ling the distribution is sharper yielding a reduced
dissipation of energy in comparison with the nonrotating ¢aeid
line).

Ac )

EZDV c—r.co, (B7)
Acgr )
A_t = DRV CR_)\RCR"F FRQS' (88)
Acp )
E:DAV CA_)\ACA+FAQI (Bg)

Aw(r) . .
At =T(r)—N\gw(r), (B10)

where ®(x) denotes the Heaviside functiof®@(x)=0 for
x=<0 and®(x)=1 for x>0, andéi denotes the lattice cell
containingx; + v;At.

Coupling and rate coefficients are as follows:
D,D,,Dg, diffusion coefficients\,Ag,\s, decay coeffi-
cients;r., rate of nutrient consumptiord;,,I'g,['s, emis-
sion rate of chemicalsy,v, friction coefficients; x,xr,
sensitivity to the chemoregulatorE;, driving force of the

bacteria;e, minimal rate of “internal energy” consumption;
e*, energy dissipation at divisiof£* , threshold for division;
W,W’, thresholds for extracellular fluid deposition; and
Pq,P, transition probabilities between states 0 and 1.

APPENDIX C: EFFECTS OF VORTEX FORMATION
ON MULTIPLICATION

To mimic a vortex aggregate in the diffusion-limited
colony, let us consider a disk of bacteria with a fixed radius
of R and fixed density, as

Q(rid)):QO@(R_r)! (Cl)

and a diffusing nutrient that is consumed by the bacteria
according to Eq(16). The presence of a nonzero gradient is
forced by the boundary condition for the nutrient concentra-
tion c:

sing+1
2 L

c(R",¢)=co (C2

whereR’ >R is the boundary of the field. If no bacteria were
present, this boundary condition would yield a stationary
field with a constant gradient:

rsing+R’
c(r¢)=Co——5g - (C3

Now let us focus on the reproduction of the bacteria. Ac-
cording to our model, bacteria divide when the “internal
energy” accumulated exceed&f+¢e*)/2, the amount of
energy loss at division. This condition determinBs the
time elapsed between two consecutive multiplication of the
ith bacterium in an implicit manner,

E* +e*
2

T _
=C,J c(xj(t))dt—T,e=T,(r.ci—e), (C4
0

where the overbar denotes averaging over the path of a given
particle during its “cell cycle”: z,= 1/Tifgiz[>?i(t)]dt. Ex-
pressing the growth rate;=1/T; yields

=m(r£— e). (CH

A
If the rotation is fast compared 6 (being the case in both
the  experiments and the  simulatipns then
ci~ fc(ri,¢)d¢, where the_position of the particle is ex-
pressed in polar coordinates;=(r;, ;). We should com-
pare this_situation with the case when rotation is missing:
ci~c(ri, o).

Let us denote byP(\)dA the probability of finding a
particle with a growth rate in the interv\,A +d\]. This
probability density can be calculated by relaxing numerically
Eq. (16) with the boundary condition$C2). If c(r,¢) is
known, thenQ(c) (the density distribution o) can be re-
lated toP(\) as
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2 . 2r. The energy inflow E;c;) is determined by the diffusion
PMAN=Q| zx o+ (1e€i—€) | gagr dc (CO  of the nutrient, hence being the same in both cases consid-
ered. When the vortex is rotating thate of energy dissipa-

Figure 1Za) shows the calculated stationary concentrationtion by multiplication éf?P(Mdk:e*ercQ(C_)dc_is re-

gglr(\js,itf/de(c_l):I?c;r tﬁ)h ?rr]]gvrvc?tatt?r?g ?;&eﬁgspti;?ngL?;Z'“g’sduced: bacteria can spend more energy to enhance the speed

we could expect, when the vortex is rotating the distributionﬁfbtrhceatporgpﬁ ggtlo%](;f lesie?ml:gef'gtt.)gnpmdhqg;]ng g;orneot

is sharper(there are less starving and fast reproducing bac-Prcal X u'_ . P _p g_ lon—whi W

teria) due to the averaging. This also means that a laeger capt_ured in this S|mplt_a calculation—increases th_e inflow of

(and a reduced total growth ratean be maintained for the nutrients(hence the aviable amount of eneygihus increas-

bacteria forming the rotating disk. ing the fitness of the colony.
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