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Abstract

Spatially-distributed populations of various types of bacteria often display intricate spatial patterns
that are thought to result from the cellular response to gradients of nutrients or other attractants. In
the past decade a great deal has been learned about signal transduction, metabolism and movement
in E. coli and other bacteria, but translating the individual-level behavior into population-level
dynamics is still a challenging problem. However, this is a necessary step because it is
computationally impractical to use a strictly cell-based model to understand patterning in growing
populations, since the total number of cells may reach 1012 - 1014 in some experiments. In the past
phenomenological equations such as the Patlak-Keller-Segel equations have been used in modeling
the cell movement that is involved in the formation of such patterns, but the question remains as to
how the microscopic behavior can be correctly described by a macroscopic equation. Significant
progress has been made for bacterial species that employ a “run-and-tumble” strategy of movement,
in that macroscopic equations based on simplified schemes for signal transduction and turning
behavior have been derived [14,15]. Here we extend previous work in a number of directions: (i) we
allow for time-dependent signals, which extends the applicability of the equations to natural
environments, (ii) we use a more general turning rate function that better describes the biological
behavior, and (iii) we incorporate the effect of hydrodynamic forces that arise when cells swim in
close proximity to a surface. We also develop a new approach to solving the moment equations
derived from the transport equation that does not involve closure assumptions. Numerical examples
show that the solution of the lowest-order macroscopic equation agrees well with the solution
obtained from a Monte Carlo simulation of cell movement under a variety of temporal protocols for
the signal. We also apply the method to derive equations of chemotactic movement that are governed
by multiple chemotactic signals.

Keywords

chemotaxis equations; diffusion approximation; pattern formation; transport equations; velocity-
jump processes

1. Introduction

New techniques in cell and molecular biology have produced huge advances in our
understanding of signal transduction and cellular response in many systems, and this has led
to better cell-level models for problems ranging from biofilm formation to embryonic
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development. However, many problems involve large numbers of cells (0(1012 h 1014)) and
detailed cell-based descriptions are computationally prohibitive at present. Thus rational
techniques for incorporating cell-level knowledge into macroscopic equations are needed for
these problems. One such problem arises when large numbers of individuals collectively
organize into spatial patterns, as for instance in bacterial pattern formation and biofilms. In
these systems the collective organization involves response to spatial gradients of attractants
or repellents. When cells move toward (away from) favorable (unfavorable) conditions, the
movement is called positive (negative) taxis if they adjust the direction of movement in
response to the signal, and kinesis if the frequency of directional changes or the speed of
movement is changed. If the active movement is in response to the gradient of a chemical we
call it chemotaxis or chemokinesis. In this paper we focus on bacterial chemokinesis, which
has been studied extensively in the bacterium Escherichia coli. Despite the clear difference in
the type of response, both taxis and kinesis are lumped together in the literature, and we do not
distinguish between them here.

Escherichia coli is a cylindrical enteric bacterium ~ 1-2 um long, that swims using a run-and-
tumble strategy [4,5,38]. Each cell has 5-8 helical flagella that are several body lengths long,
and each flagellum is rotated by a basal rotary motor embedded in the cell membrane. When
all are rotated counterclockwise (CCW) the flagella form a bundle and propel the cell forward
in a smooth “run” at a speed s = 10-30 um/s; when rotated clockwise (CW) the bundle flies
apart, the cell stops essentially instantaneously because of its low Reynolds number, and it
begins to “tumble” in place. After a random time the cell picks a new run direction with a slight
bias in the direction of the previous run [6]. The alternation of runs and tumbles comprises the
“run-and-tumble” random movement of the cell. In the absence of a signal gradient the run and
tumble times are exponentially distributed with means of 1 s and 0.1 s, respectively, but when
exposed to a signal gradient, the run time is extended when the cell moves up (down) a
chemoattractant (chemorepellent) gradient [6]. The molecular basis of signal transduction and
motor control will be described in Section 2.

Under certain conditions, the collective population-level response to attractants produces
intricate spatial patterns, even though each individual executes the simple run-and-tumble
strategy. For instance, in Adler's capillary assay E. coli cells move up the gradient of a nutrient
(an attractant), and the population forms moving bands or rings [1]. More recently, Budrene
and Berg found that when E. coli move up the gradient of a nutrient, they can also release
another stronger chemoattractant. They studied the patterns in two experimental
configurations, one in which a small inoculant of cells is introduced at the center of a semi-
solid agar layer containing a single carbon source, such as succinate or other highly-oxidized
intermediates of the TCA cycle. In this case the colony grows as it consumes the nutrients,
cells secret the chemoattractant aspartate, and a variety of spatial patterns of cell density
develops during a two-day period, including outward-moving concentric rings, and symmetric
arrays of spots and stripes. In the second type of experiment, wherein cells are grown in a thin
layer of liquid medium with the same carbon source, a network-like pattern of high cell density
forms from the uniform cell density, but this subsequently breaks into aggregates in 5-15
minutes. The formation of these patterns involves intercellular communication between
millions of cells through the secreted chemoattractant aspartate, and thus detailed cell-based
models of signal transduction, attractant release, and cell movement would be computationally
expensive.

Heretofore, models of these and similar patterns have employed the classical Patlak-Keller-
Segel (PKS) description of chemotactic movement [2,35,37,36,31]. Additional mechanisms
assumed in these models include nonlinearity in the chemotactic coefficient, loss of motility
under starvation conditions, or a second repellent or waste field. To understand the patterns
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formed in the soft agar, Brenner et al. [8] coupled the PKS chemotaxis equation with reaction-
diffusion equations for both the attractant and nutrient, and proposed a minimal mechanism
for the swarm ring and aggregate formation. They suggest that the motion of the swarm ring
is driven by local nutrient depletion, with the integrity resulting from the high concentration
of the attractant at the location of the ring; in contrast, the aggregates formed in the ring results
from fluctuations near the unstable uniform cell density. However, the question of how to
justify the chemotaxis equation from a microscopic description is not addressed in any of the
foregoing analyses. In [12] it was assumed ab initio that the cell density satisfies the chemotaxis
equation, and a formula for the sensitivity was obtained, but the use of the chemotaxis equation
was not justified, nor were any of the known biochemical steps in signal transduction and
response incorporated.

Recently significant progress has been made toward incorporating characteristics of the cell-
level behavior into the classical description of chemotaxis [14,15]. Using a simplified
description of signal transduction, these authors studied the parabolic limit of a velocity-jump
process that models the run-and-tumble behavior of bacteria, and showed that the cell density
n evolves according to the parabolic equation

2 2, ~
a—n:V~ 'S—Vn— bs'taG (5) nVS |.
ot NAy NAg (1+1,20) (1+1,10) (1.1

Here S is the attractant concentration; N is the space dimension, s is the speed of the cells, Ag
is the reciprocal of the mean run time in the absence of a signal, b reflects the sensitivity of the
motor, tg and t, are the excitation and adaptation time scales, and G(S) models the signal
detection and transduction via receptors. The authors assumed that (a) the signal function G(S
(x)) is time-independent, (b) the gradient of the signal as measured by

G ($)VS v ~ O(e) secis shallow, (c) the turning rate depends linearly on the internal state
of the cell (A =g - by1), and (d) the quasi-steady-state approximation for intracellular dynamics
is valid in estimating the higher order moments in the moment closure step. However,

assumption (a) is often unrealistic in the context of bacterial pattern formation, and assumption

(c) imposes additional restrictions on yisie.,y <2, in order to guarantee the positivity of the
turning rate. Assumption (b) was used to jUStIfy the neglect of the higher order moments, and
while analysis showed that (b) can alternatively be replaced by (d) in order to allow larger
signal gradients, (b) is implicitly required in the perturbation analysis on the diffusion time and
space scales, as will be shown in Section 3.

In this paper we remove some of these restrictions. In Section 3 we relax the assumptions (a)
and (c) in order to allow time-dependent signals and a general dependence of the turning
frequency on the internal state of the cells, and show that when (b) is violated, diffusion time
and space scales are inapplicable. There we also develop a new method for solving the infinite
system of the moment equations, which allows elimination of (d). The method involves
systematic application of a solvability theorem to a perturbation expansion of the solution. In
Section 4 we compare the solution of the macroscopic chemotaxis equation and a stochastic
simulation of chemotactic cell movement under a variety of temporal dynamics of the signal.
In Section 5 we extend the method to allow for external force terms in the transport equation.
We illustrate the use of the resulting equation with an application to the model of spiral stream
formation in Proteus mirabilis colonies [39], where a biasing force is generated during cell
movement. Finally, we explore macroscopic chemotaxis equations for bacterial populations
when exposed to several chemosignals in Section 6. Before introducing the details of the
analysis, we describe the cell-based model of bacterial pattern formation used in [39], which
is based on a cartoon description of signal transduction introduced in [28]. The equations we
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derive incorporate measurable characteristics of signal transduction and thus are amenable to
experimental verification.

2. The cell-based model

Bacterial cells are small; the swimmers we study here are typically 1-2 pm long. Therefore,
we characterize their movement by their position x € R" and velocity v € V € R" as functions

i i i is 0 (10%) mi™!
of time t. In the experiments of Budrene and Berg [9], the cell density is , thus the

-4
average volume fraction of the cell population in the substrate is 0(10 ) Even if in an
aggregate cells are 100 times more crowded than average, the volume fraction would still be

as small as 0 ( 10 2). Therefore, it is plausible to assume that cells are well separated, and there
is no mechanical interaction between them. This means that we can treat the movement of
different cells as independent processes. In E. coli the cell speed is more or less constant
throughout the movement, so we assume that only the direction of the velocity changes during
atumble. In addition, since the mean tumbling time (~ 0.1 s) is much shorter than the run time
(~ 1s), we here neglect the tumbling time and assume that cells reorient immediately. In
addition, we neglect the rotational diffusion of cells during a run. Therefore, movement of cells
can be characterized by independent velocity-jump processes of the type introduced in [26]
and later used in [18,27,14,15].

The velocity-jump process is determined by a turning rate A, and a turning kernel T(v, Vv',...)
which gives the probability density of turning from v’ to v after making the decision to turn.
The dots indicate that T may depend on the signal or intracellular variables which are
independent of cell velocity v. Since T is a probability density it must satisfy

f‘/T(v,v,, s .)dvzl,

which means that no cells are lost during the reorientation. A generalization can be made to
include the tumbling of cells as a separate resting phase [26]. In that case, the stochastic process
would be determined by three parameters: the transition rate from the moving phase to the
resting phase A, the transition rate from the resting phase to the next moving phase denoted as
u, and the turning kernel T. It has been shown, in the absence of internal dynamics, that inclusion
of a resting phase results in a re-scaling of the diffusion rate and the chemotactic sensitivity in
the resulting macroscopic equation, which is essentially a re-scaling of time [27].

When there is no signal gradient, the turning rate A is a constant, while in the presence of a
signal gradient, X depends on the current state of the flagella motor, which in turn is determined
as the output of the underlying signal transduction network that transduces the extracellular
signal into a change in rotational state.

Signal transduction in E. coli isa very complicated input-output process (Figure 2.1). Attractant
binding to a receptor reduces the autokinase activity of the associated CheA, and therefore
reduces the level of phosphorylated CheY,, which is the output of the transduction network,
on a fast time scale (~ 0.1 s). This constitutes the excitation component. Changes in the
methylation level of the receptor by CheR and CheB restores the activity of the receptor
complex to its pre-stimulus level on a slow time scale (seconds to minutes), which is called
adaptation. Adaptation allows the cell to respond to further signals. The output CheY in turn
changes the rotational bias of the flagellar motors, and thus changes the run-and-tumble
behavior [22, 38, 7].
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Several detailed mathematical models have been proposed to model the entire signal
transduction network [34,33,24,32]. In the deterministic models, the state of a cell can be

described by a set of intracellular variables Y= (Yuyz, w3 ,yq) € RY and different models can
be described by systems of the form

d_ilzf(S (x(®),1),y)

d (2.1)

with different f, where S(x(t), t) is the extracellular signal and x(t) is the position of the cell at
time t. In this article we adopt a simplified cartoon description, which is minimal (q = 2) yet
captures the essential excitation and adaptation components:

dy_G(S) = (i+y)

dt te (2.2)
@:G S)-»m
dt Iy ’ (2.3)

Here t; and t, with t, << t; are the excitation and adaptation time scales, x is the current spatial
position of the cell, and G(S) is a functional of the signal detected by the receptors. If we assume
that there is no cooperative binding and the binding reaction

k-
S+R 2SR
=
equilibrates rapidly, then G is given by
S
G(S) :Go( )
K,+S (2.4)

with the binding coefficient Kp = k'/k*. Here R denotes the unbound receptor and g » denotes
the receptor-signal complex. G(S) is bounded by G since the receptors will be saturated at
large concentrations of the attractant. The cartoon model has been shown to predict the input-
output behavior of the full model [34] in response to step changes in the signal [14].

We may identify y; as the negative of the deviation of CheY/, from its steady state, and
therefore, we assume the turning rate of each cell depends only on yy, i.e.,

A=A (y1).

In addition, we assume that the turning kernel T has no explicit space dependence and is
independent of the internal state y: therefore

’
T:T(v,v )
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It has been shown experimentally that after a tumble, a cell has slight tendency to continue its
previous direction of movement [4], and this will be included later.

Finally, the above description of cell movement can be coupled with components of cell
metabolism and cell division, and with reaction-diffusion equations for the nutrient and
attractant. We note that the description of cell movement used here comes directly from the
biological observations, and by using reaction-diffusion equations for the chemicals, as in
Section 4, convection of the chemicals in the fluid flow is implicitly neglected. This
approximation is valid here because the flow is very slow as a result of the small Reynolds
number and low volume fraction of the cell population.

A Monte Carlo scheme can be used to simulate the model, but stochastic simulation can become
extremely expensive because of cell division. Suppose that cells double in 2 hours, and that
the entire experimental process can last 2 days. Assuming that 10°-107 cells are introduced
into the petri dish initially, there would be 224x(105-107) ~ 1012 - 1014 cells after two days;
thus we need a higher level description. In the next section we introduce a new method to
embed the cell-level behavior in the population-level description, so as to derive an evolution
equation for the cell density n(x, t) from the transport equation.

3. The transport equation and its diffusion limit absent external forces

9,

0 ’ ’ ’
—[)+Vx ~(vp)+Vy - (fp) = — A(y) p+fv/l (y) T(v, v ,y) p (x,v .Y, l) dv .

-(vp)+Vy - (fp)=— A(y) p+fv/l )T (v, v/, y) p (x, v/, Y, t) dv,+r(c) -

Let p(x, v, y, t) be the density of cells having position x € Q c R", velocity ve V c RV, and
internal states ¥ € R? at time t >0, where V is a compact subset of R" and symmetric about the
origin. Then the velocity-jump process used previously [26,14,15] leads to the following
transport equation when there is no cell growth

(3.1)

Here the left hand side of the equation describes the change of the population density due to
the cell runs and the evolution of internal states, while the right hand side models the
reorientation during the tumbles. The backward equation corresponding to the transport
equation without internal variables was derived from the underlying stochastic process in
[30]. A fundamental assumption in using a velocity-jump process to model the run-and-tumble
movement is that jumps occur instantaneously, and therefore the forces are Dirac functions.
This approximation is appropriate for swimming bacteria since the Reynolds number is so
small that inertial effects are negligible.

In [27], a resting phase has been introduced to incorporate cell birth and death. While in some
organisms it is true that cells stop to divide or give birth, the swimming bacterium E. coli has
been observed to divide while swimming smoothly [3]. Thus the resting phase introduced is
not necessary here. Therefore, by assuming that the growth rate r is a function of the local
nutrient level c(x, t), the transport equation with cell growth reads

(3.2)

When cells grow in the exponential phase in a rich medium, r is a constant. By defining
p= P " and observing that p, satisfies equation (3.1), we can derive the equation for

n= f P dx and therefore n= n " For this reason we begin with the transport equation (3.1) in
the following derivation.
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Define

21=y1,20=y2 — G (S),

then from the equations (2.2, 2.3) for yy, y», we obtain the system

(I[ — 1—32
(i’ e ¥ 4
{ L =-2-G (S&x@®.n0) (VS -v+2) 3.3)

and the turning rate becomes A(z1) = M(y1). The transport equation in the new internal variables
(z1, 2p) reads

F+Va-(vp) i [(42) pl
+i[(———G $)(VS - v+ p]
= Aeopra ) [T (v v)p(v')dv- 3.4)

This change of variables for the internal state makes the following analysis much simpler.

In the remainder of this section we relax a number of assumptions used in [14,15] and present
a new method to derive the chemotaxis equation in the diffusion limit of the transport equation
(3.4). We first list the assumptions on the turning kernel and turning rate.

3.1. Assumptions on the turning kernel and turning rate

T2 ) :fVT (v, v/)g (v,) dv,, (T7g)(v) :fVT (v,, v) g (v,) dv,.

In our analysis we adopt the assumptions of the turning kernel T in [18,27,15]. The notation
used here coincides with that in [27,15].

Define operator 7~ and its adjoint 77+ : L2(V) — L2(V) as follows:
(3.5)

2 B 2
Denote by % to be the non-negative cone of =~ (V) K= {g eL"Mlg2 0}

on the turning kernel T € L2(V x V) are

Al
T (V, v,) >0, fVT (V, V,)dv=fvT (v,, v) dV=1.

A2 There are functions y, ¢, y € K with the property ug, ¢ > 0 a.e. such that
uy (v) ¢ (v,) <T (V, v,) < ugy(v) ;h(v,)'

. The assumptions

From these assumptions, one can prove [18] that (a) 7 is a compact operator on L2(V), with
spectral radius 1; (b) 1 is a simple eigenvalue with normalized eigenfunction g(v) = 1.

Next define the operators
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A=-1+T, A= —1+T". (3.6)

Note that the operator £ defined in [27] is AA here; in our derivation we use A instead of £
because A is independent of y. One can easily prove that A has the following properties:

i A2,
N (@0 =N () = (1), R(A) =R (A=) = () ={g € 2 (V)| g(¥)dv=0)
iii. Y with positive real part, Y/ — A is invertible.

For the turning rate, we introduce a more general form than used in [14,15]. We assume A can
be expanded to a Taylor series

2 3
A=Ay —a1z1+az] — azzj+- -

with a radius of convergence at least max{Gg, 1}, which implies that

(o)
Zlak|<oo.
k=1

(3.7)

The negative signs in the expansion of A are introduced for the convenience of later analysis.
The form A =X - by used in [14,15] is a special case of this general form with a; = b positive
and ag =0 forall k > 1.

3.2. The parabolic scaling

To simplify the exposition we assume at first that excitation is much faster than other processes,
thatis, t, = 0, zq =-z,. The general result is simply stated later. Therefore the transport equation
becomes

TV op (-2 -6 ©)(VS v i) p)

ot

- (/10+0122+0ng+ _ ) (—p+fvT (v, v,) p (v,)dv’) .

(3.8)
Since the total cell mass is conserved, we denote
No=[o[ [ pdz2dvax, 39
and scale p by setting,
P
No (3.10)

The mean run time of E. coli is T ~ 1 s, the speed is 10 ~ 30 um/s [4], and a self-organized
aggregate of cells has spatial dimension of 150-250 pm [25]. Thus, let sg = 10 um/s, L =1 mm,
and re-scale the variables by setting,
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T wx =t TV
V= 50 ’ xX= L’ t_ Tp ’ V_ 50 ’
=0T, TG=aqT, 1,=%, e=12=001, T,=%.

Therefore, v,X,7,, 10, @ ~ O (1). We also re-scale

.S EE\r(T A ( ’)
& G)=6FK,). T[EF)=4"7(v),

where Kp is the binding constant defined earlier.

In these variables equation (3.8) becomes, after dropping the hats,

62';’3_11’+er : (Vp)+0% (_ﬁ G (S)(eVS .V+62%)p)

= (/l()+611Z2+a222+ ... ) (_p+fvT (v, v’) p(v,)dv’). 3.12)

2
Here the space and time variation of S enters at O (€) and 0 (6 ) respectively.

The goal of the moment closure method is to derive an approximating evolution equation for
the cell density n(x,t) from the transport equation (3.12). To do that, we have to integrate (3.12)
with respect to both z, and v 1 There are two places that one can apply the perturbation
expansion: (a) to the partial moments, viz, the zo-moments or v-moments; or (b) to the complete
moments which are obtained by integrating with respect to both z, and v. The latter will be
used in Section 5 where there are external forces acting on the cells . However, in this section,

we show that because the zo-moment Mg is independent of v, applying the perturbation method
to the zo-moments directly can lead to the approximating equation for n(x, t) with minimal
assumptions.

3.3. The z,-moment equations
Define the moments of z, as follows:

Mj=[2pd,¥j=0,1,2,3,...,  M=(Mo, My, M;,...). (319

By multiplying equation (3.12) by 1, zé/j for j > 1 and integrating, we obtain the moment
equations in the following compact form:

d
€2 — AM+ev - V,AM=e"BM+eCM+DM.
ot (3.14)

Here

Lin the case that the signal function depends on n(x, t), i.e., S = S(n, X, t), we can approximate S by S(nO, X, t), where nO is defined in the

expansion n = n0 + enl + £2n2 + -, This approximation introduces a term of O (€) into the transport equation (3.12), and thus won't
change the equation derived later for no.
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’ oS

B=-G (S)—=—J,
) 61’] (3.15)
’/ T
C=-G ($)(VS - W T, (3.16)
and
1
D=— —diag{0, 1, 1, } +AA (Aol+a J+a J+ - - ),

ta (3.17)

o (12 oo (12
where A is the operator defined in (3.6),’\‘[ (L (V))_’l (L (V))

L700 2 00 2
operator A=diag {1, 1,1, 1,---}» and J:l (L (V))_’l (L (V))
ones on the upper diagonal entries:

is a diagonal scaling

is the shift operator that has

010
0 0 1
J=lo o0 o0
: ' (3.18)
One can easily prove that J has the following properties:
p— —_ DY ,
1302y =1 ker () =<(1,0,0,0,--)'>, 619
{0} cker(J) Cker () c -+ c ker (J¥) ¢ - c 17 (L2 (V) (3.20)
| Jxer (3%) = (22 (v)).
k=1 (3.21)

Therefore, B and C are bounded linear operators on I1°(L2(V)). One can also easily prove that
D is a bounded linear operator on I°(L2(V)) under the assumptions on the turning kernel and
turning rate introduced in Section 3.1.

Since we are interested in the long-time dynamics, we will apply the regular perturbation
method to solve the system (3.14). We explore two sets of assumptions. In the first, we assume

—~ [~ e B oy VG . .
that G (S) % and G (S) VS - ¥ are of O (1) on the parabolic scale, which corresponds to

’
G ) s 0(62) secland G (S)VS v~ O(e) sec'in the original variables. We show in
Section 3.5 that this assumption leads to the same chemotaxis equation as in [15]. In the second,

we relax the first set of assumptions to allow G (S)Ztobe o(1) 0r G (5) % ~ O(e) sec™
This assumption means that a cell doesn't experience a significant change in the fraction of
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receptors bound during an average run time. If the gradient is very large, this assumption may
be violated and the characteristic space and time scale may be very different from those of the
diffusion process. Therefore, the solution of the diffusion-limit chemotaxis equation may not
be a good approximation of the underlying velocity-jump process at the location where sharp
spikes of the attractant arise. For this set of assumptions, we show in Section 3.7 that the
equation for the first order approximation n of the cell density remains the same, but the
equation for higher order terms ni depends on is. First however we prove a solvability theorem
that will be used in the asymptotic analysis.

3.4. A solvability theorem

For k > 1, we introduce sub-matrix operators of D defined by partitioning D as follows

[ Ex F
D—[ ’ Gk].

Here Ey is the upper-left kxk submatrix of D, Fy is the upper-right k x co submatrix, and Gy is
the lower-right remainder. Written out,

Ei=[10A], Fi=Ala,ar,---1,

and for k> 1,
/1().7‘ alﬂ . ak_lﬂ ay A+ 1 7%
1
E= 0 Ao A — RS Ay A F=A - Ay Qpsl ’
A 1 1 a 1y
0 0 Olﬂ Tl I\ITll k-1 l\‘—l
forany k> 1,

1 1 1

1 1
Gi=— —I+Adiag{ -, —, —. -+ ¢ (ol )= - AN,
: Ia " lag{k k+1 k+2 }( ob+aiJ+ar )"+ ) la T

with Ag:=diag {1, L7, & ...}and ® = Jol+a J+ar )P+ - -

k+2°
Since components of D are operators on the space L2(V), Ey is an operator on (L2(V))K. Also
by the assumption on the turning rate (3.7), Fy : 1°(L2(V)) — (LA(V))K, Gy : I° (L3(V)) —
I°(L2(V)). In the following theorem we prove that for any k, the operators Gy, are bounded and

invertible. We denote the I°(L2(V)) norm by Il - Il and the corresponding operator norm by
-1

Theorem 3.1. For any k> 1, we have that

i o
Gyis bounded with | Gl 1< £+ 11 A, (40+ > )
Gy s invertible, i.e.GiW=0, W € I (L (V)) = W=0,

YW € [® (L2 (V))

Proof. (i) , We have

SIAM J Appl Math. Author manuscript; available in PMC 2009 September 25.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

XUE and OTHMER

Page 12

| OW || =i | Wit Xa;Wis 1<l W ~(Mo|+ zl|aj|),
= Jj= j=

—max|—L 1< 1
I AW | _rf,l:dlxlkﬂ',] Wil < % I W I,
I AW lI< | AL, - I W I

Therefore, @, A, and A are bounded operators on 1°(L2(V)). Since Gi= — LI+AN, D, We have

/l()+Z|aj|].
Jj=1

1 1 1
NGl o+l A, 1A 91l 40l AL

(i) For k> 15 [l All ,, I |9 [I, we have || |1, AAD| || <1. Therefore Gy is invertible with
Gyl=— 52‘:) (Lo AND) ,ie., GyW=0 = W=0,

Fork <t | All ,, @l find ;>0 s.2. k+m > 1, | A |||l @ |- Since G is upper triangular, we
get W;=0,Vj > m by observing Gy, is invertible; we then apply Gaussian elimination to the
first m - 1 equations in GyW = 0 from the (m - 1)th row back to the 1st row to get Wj =0, j <
m. Property (iii) of the operator A guarantees that Gaussian elimination applies. This completes
the proof.

3.5. The asymptotic analysis of (3.14)

Write M as an expansion in powers of € as

M=M"+eM' +&M*+ - -- (3.22)
or
My M) M} M
M, ME M| M;
1 2
My || My el My 1y2) My |y
M; MY M) M;
(3.23)

The subscript indicates the order of the z)-moment and the superscript indicates the order of
the term in the expansion.

After substituting (3.22) into the evolution equation (3.14) and comparing terms we find that
o (EO).

DMP=0.

By Theorem 3.1, we have

0_ 0_ :
AM=0 & Mj_o, v j>0. (3.24)
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i 0; ; 0_ 140 O(el).
By property (ii) of A, we have M, independent of v, i.e., My=M,, (x,1). Then at :

v V,AM=CM’+DM',

or by using (3.24)

v VM)
G’(S)VS-VMg
0 _ 1_ EZ F2 1
0 —DM—[ 0 G JM

Again, by Theorem 3.1, we have M} =0, VvV j>1 and the problem reduces to solving

V- ViM) =0 AMy+ai AM],
G/ (S)VS-vM) =(aA-L)M].

By property (iii) of #, 1,% — L is invertible, and thus,

-1
M{=(0A- L) G'($)VS - vM,
AMy=5V - VaMy) — WL At A0 A~ 1)7' G’ (S) VS - VMY,

By property (ii) of A, 0 is a simple eigenvalue, and we can define a pseudo-inverse operator
-1
of Aas 3=(ﬂl<1>l) . Therefore, we obtain the representation,

1

1
Mé:B/l—OV-Vng -

—L(t, 0 A~ 1)7'G7 (S)VS - vMY+Py,
Ao (3.25)

where p, e (1), i.e.,P1 = P1(x, t), is arbitrary. Notice that n1=f‘,M(')dV=P1IVI; thus n! can be
o(€)

determined once P4 is known. At

9
EAMO+V - V4 AM!'=BM’+CM' +DM?.

The first equation of the system implies that

%Mgwx VM € R(A).

By property (ii) of A,

J . 5o )
I, (EMOW : VxMo)dv:O.

SIAM J Appl Math. Author manuscript; available in PMC 2009 September 25.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

XUE and OTHMER

Page 14
Using (3.25), we get an equation for Mg
VIGMO+ 3 Vx- [ vBv - VxM{dv
—4Ly - [ (VtadoA - 171G (S) VS - vM) dv=0. 3.9
By defining
: [veBv d
h=———| V v A%
" VY (3.27)
and
ailg -1
S)=—-——G’(S V® (A A - 1) vdv,
X(8)=~15a-G'( ) [V ® (tadoA ~ 1) 528
we can rewrite equation (3.26) as
9. 0_ 0 0
2 M=V (DaVxMy - x (S) MgV,S). 329

The cell density n(x, t) is defined as

n :f‘,fzp(x, v,22,1)dz) dV:va() (x,v,1)dv
=[, (MJ+eMj+&MZ+--- ) dv.

0

By expanding n=n"+en'+e*n’+ - - -, we find that

n'=[ My dv, ¥ i>0.

In particular, n=|V|Mj), thus n=|V|M{+O (¢), and therefore we obtain the chemotaxis equation

Qnozvx - (DnVsn® = x ($)n"V,S)

ot (3.30)

with a general tensor form of the diffusion rate (3.27) and the chemotaxis sensitivity (3.28).

Our standing assumption is that the cell speed is constant, and thus V is the sphere of radius

s=7VV-vin 3-D. In the case that cells change direction of movement purely randomly, the
turning kernel is given by the uniform density

1
T (v,v)=—.
VI (3.31)

In this case, the tensors Dy, and X (S) can be reduced to diagonal matrices, and thus scalars,
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2 2
Ky ’ ay s,
Dy=—1I, $)=G ) ——F—.
N X N2 (1+1,0) (3.3
As a result, we obtain the classical chemotaxis equation for n°
aJ s 0 ’ a1s*t, 0
—n'=Vy | =—Vn" =G (§) ——n"' VS |.
o X\ Nag " ()N/lo(1+taxlo)n * (3.33)

It is observed experimentally that the movement of E. coli shows directional persistence, and
the turning kernel only depends on the angle 6 between the old direction v’ and the new direction
v [6,23], i.e.,

T (v, v,) =h(0). (3.39)

In this case, 7 is a symmetric operator, the average velocity §, after reorientation

v :fvT(v,v’)vdv

is parallel to the previous velocity v, and thus the diffusion rate and the chemotaxis sensitivity
are isotropic tensors (cf. [18], Theorem 3.5). As a result, one finds that Av= — (1 — y,) v and

§2 ’
n= —1, S)=G (S
N = v x(S) (S)

alszla
Nag(1+ (1 = ¥a) taA0)’ (3.35)

D

where

-/

U=y e [=1,1]
) ’ (3.36)

is the index of directional persistence introduced in [26]. We note that yg4 can not be 1 in order
to satisfy Assumption 2 on the turning kernel, andygq has been reported to be about 0.33 in the
wild-type E. coli [4]. From (3.35), we can see that the larger vy is, the larger D, and y are, and
therefore the larger the macroscopic chemotaxis velocity u, =y (S) VS. The increase of ug to
the persistence has also been analyzed in [21], where weak chemotaxis coupled with rotational
diffusion was analyzed.

3.6. Macroscopic equations for higher order terms and a finite excitation rate

In order to obtain equations for higher order approximations of the cell density n(x, t), we can

2
repeat the above calculation. The full equation system at 0(6 ) is
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2 MY+v - VM, A AMG+ai AMT +a AM3+ - - -
V-ViMI4G (S) (B M+ (VS -v) M) (10A - L) Mi+a AMG+ - --
G (5)Vs -vM! = (pA- )M+
: (-

By reasoning as before, we find that M,2-=0, Yj>3and

2 2\ 1
M5=2 /lofﬂ—’— G (S)(VS -v)M;,

a

-1
1
Mlz:(/loﬂ — I—) (v VMG (S) aa—fMngG' (S)(VS -v) ML — a1 AM2),

a

B
M=y .V M - Zp2 - Zp24p,.
Ao Ao Ao

Here, the term (8/40) (0/01M8) in M is absorbed into the v-independent term P;. By
considering the solvability condition of equations at the next order of ¢, the equation for Py,

and therefore, for ,'=p, |V, can be obtained. Calculation reveals that the equation for nlis the
same as nY in case that v is an eigenfunction of 77, in particular for the turning kernel (3.34),

ag S21a

(9 1
N 1+ (1 = Ug) tado)

2
i v [—5S v1_4
8ln Vi (N(l—l//d)/lovxn G (S)

1VXS).

If we force n to satisfy the initial and boundary conditions of those for the cell density n, the
higher order terms nl, j > 0 should satisfy homogeneous initial and boundary conditions, and

€)

=0
the zero mean constraint. Therefore, we conclude that n! = 0, and thus, =" +0(

By allowing a finite excitation time in the cartoon model, one can show that the chemotaxis
sensitivity tensor becomes

ayty -1 -1
)= G ()| v®{edpA - 1) (140 A - 1) vdv,
X [VIdo Jyr® s v (3.37)
as in [15], and using the turning kernel (3.34), the chemotaxis equation becomes
’
9 0-y. L @516 _(5) Vs |.
ot N1 = a) Ao NAo (1+ (1 = ¥q) taA0) (1+ (1 = ¢rg) 1. A0) (3.38)

SIAM J Appl Math. Author manuscript; available in PMC 2009 September 25.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

XUE and OTHMER

Page 17

From this equation we can see that: (a) directional persistence increases both the diffusion rate
and the macroscopic chemotactic velocity, as analyzed in [21]; (b) inclusion of the non-
instantaneous excitation results in re-scaled chemotaxis sensitivity. The only difference by
using the full cartoon model is, that instead of using matrix representations of M and operators
B, C, D, block matrices should be used. A similar version of Theorem 3.1 can be proved without
difficulty. One can also show that inclusion of a resting phase due to tumbling would result in
a diffusion rate and chemotaxis sensitivity rescaled by the fraction of time spent running.

3.7. A weaker assumption on the extracellular signal

In the above derivation we assumed that G’ ($) & ~ O (1) on the parabolic (diffusion) time
scale. However, when cells contribute to the signal field by secretion (example 4.2),

G () can become large when the cell density is large. Here we relax the assumption to

allow (S) % ~ (L) on the parabolic time scale, which is O (€) sec”!in the dimensional
variables. Under this assumption, we need to regroup the terms in the z,-moment equation

(3.14). We define §,=Ea,d_§ ~0(1), B =€B ~ O(1), then equation (3.14) can be rewritten as

(9 _
&2 AMev- VX./\M:e(B +C)M+DM.

(3.39)
In this case, the equations at O (€) are
V-V AM = (é +C)M°+DM1,
from which one finds that
-1
1 1 4 p 0
Ml:(/loﬂ— —) G (S)(S,+VS -v) MY,
% (3.40)
Ml=g 1 0 _Gila -1 0
1=B—v. VMO — 224 (1, 0A - 1)1 G’ (S)VS - vMO+P,.
Ao Ao (3.41)

In the representation of M{} (3.41), the term (1,40 A — 167 ($) S.M) is absorbed by P, since
it is independent of v. Therefore the equation for n? remains the same, i.e., (3.30). However,
if we continue the calculation for higher order terms, we obtain

a

2 2\ Pz 1
m=2(pA-=) G (S)(S,+VS v)mi,

1
1 ey
Mf:(/loﬂ - I—) (v VMG ($) (8,475 - v) My - AM),

a
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B a a
M="v. VM) - M2 - Z M2+ P,
Ao Ao Ao

Here ay, ap, VS, S, n® and Vr" enter the expression of M2, and by considering the solvability
3
condition at O(E )

9 1 2
/, 2 MoV - VxMgdv=0,

we obtain an equation for nl,

0 5% ’ ay s
=Vy-|——Vn' =G (S) a
o Y |Np( -y " Ny (141,40 (1 = ¥a))

'V, S +/1(a1,a2,vs,§,,n0,vn°,--~).

(3.42)

The first-order term nO enters into the equation for n! through the function h which is linear in
n0. In particular, for the turning kernel (3.34), h has the form

’ 2
ul:},x?v(a (S)S,n")
h= V- | ey
ol = ’
+ ait,s°G (S)S, v _ait,n°G (S)VS
N (L+t,A0(1=0)) | do(T=tha) — AT+, do(1=ta))

2 2.2 /
a1,(1-¢2) a ) 4252°G (S)S,VS

+(/k;(1+/lofu(l—l//l/))+£ N Aot U0 L+ ActaT=02) | -

In this case, the solution of the nl-equation is generally nonzero, and therefore

0, 1 2\ ) )
n=n"+en'+0 (€ ) in contrast with the previous case.

4. Numerical comparisons

According to the above perturbation analysis, the bacterial cell-based model in Section 2 can
be approximated by the solution of the chemotaxis equation (3.38) when coupled with an
equation for the signal. In this section we first present two examples in 1-D to illustrate how
accurate the approximation is. In both examples, we assume no cell growth and fast excitation,
i.e., to = 0; thus the equations for the internal dynamics become

dyr _G(S(x0) =y
dt la ’ (4.1)

1=G(S) - y. (4.2)

with G(S) defined by (2.4). We also assume no persistence (yq = 0), and the turning rate
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24 b
A=Ay — “Dian™! (M)
n 22 (4.3)
which has the Taylor expansion,
A=Ay —by1+' ce
In this case, we compare with the stochastic simulation with the solution of
J 5 0 ’ b5, 0
—n'=Vy | =—Vin" =G (§) ———n" VxS |.
(91” X N2y X 5) NAy (1+la/l())n X (4.4)

We then apply the 2-D version of both the continuum model and the cell-based model to the
network-aggregate formation in E. coli colonies in Section 4.3. The numerical method used in
implementing the cell-based model is described in detail in Appendix A.

4.1. Aggregation and dispersion in one space dimension

In this example we analyze the motion of a bacterial population in response to a diffusing
attractant on a periodic domain 4 mm long. The dynamics of the attractant are described by
the diffusion equation

aS
—=DAS,
o (4.5)

with the initial condition

S (x,0)=80(1—1—x). (4.6)

Here, we use a nondimensional signal S. We suppose that initially the cells are uniformly
distributed in the domain at a density n(x,0) = ng mm.

In Figure 4.1 we compare the stochastic simulation of the cell-based model with the solution
of the macroscopic equations (4.4, 4.5, 4.6). For the stochastic simulation, cell density is
computed as the linear interpolation of the histogram for the positions of the cells. Figure 4.1
shows that in the first few minutes, an aggregate of cells forms because of the initial attractant
gradient, but later on the aggregate tends to be dispersed because diffusion smoothes out the
attractant gradient. In this regime the attractant concentration, cell density and cumulative cell
density agree very well between the two models. We also notice that in this example

G’ ($)VS - v becomes as large as 15 € secl, but the solution of the chemotaxis equation (4.4)
still provides a good approximation of the results of the cell-based model. This means that the
chemotaxis equation may also be a good approximation of the underlying velocity-jump
process for a slightly weaker assumption than we used. For this example, equation (3.42) is
also solved together with (4.4, 4.5, 4.6) to construct the higher order approximation of n, and

both n® and n® + en! are plotted in Figure 4.1. However, it turns out that 7' < O (€) and the
curves for n% and n%+en! become indistinguishable.
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4.2. Self-organized aggregation in one dimensional space

In this example we investigate the motion of bacterial cells driven by the attractant that they
produce. Thus the attractant dynamics is governed by

oS
—=D;AS+yn — uS.
o ° m-H (4.7)

We assume initially no attractant is added to the domain,

S (x,0)=0. (4.8)

Periodic boundary conditions and the same parameters as in the first example are used. We set
the initial cell density to be

n(x,0)=ng (1+£ (x)) mm ™", (4.9

where &(x) is a small random term of zero mean.

Figure 4.2 compares the stochastic simulation of the cell-based model with the attractant
dynamics (4.7, 4.8) and the solution of the continuum model (4.4, 4.9, 4.7, 4.8). There we used
u=1/3x1072/s,y=1/6 x 10~ /nys~" per cell. A linear stability analysis (see Appendix B) of
the continuum model around the uniform steady state (USS) (n, S) = (ng, yno/w) shows that

there are three unstable modes k:eik%.v, k=1, 2, 3 with exponential growth rates 0.1439,
0.1954, 0.0904. Thus, we expect that instabilities develop around the uniform steady state and
nonuniform peaks appear in the cell density profiles. The system (4.4, 4.7) has no solutions
that blow up in finite time [10], therefore a nonuniform steady state develops finally.

Figures 4.2 A - D show that in both models, the state of the system first evolves towards the
unstable uniform steady state (green curve), then small perturbations finally lead the system
to the stable nonuniform steady state (cyan curve). Because the perturbations in the two models
are random and the periodic boundary condition allows for translation of solutions, we cannot
expect the peaks to appear at the same x coordinate. Therefore neither averaging over different
stochastic simulations of the cell-based model nor a point-wise comparison of the solutions of
the two models is appropriate. Instead we compare the Fourier coefficients wy of different

modes (¢k)j:gk%f, k,j=0,1,... Ny—1(Figures 4.2 E and F) in single realizations. We see
that in both models, the Oth mode amplitude wg of n is constant because of the conservation of
the total number of cells, and the Oth mode amplitude wg of S increases to its value at the USS
yno/p and remains there. Initially the amplitudes of the linearly-unstable modes w1, w, of n
increase exponentially, and the amplitudes of the other stable modes decrease exponentially.
Thereafter due to the nonlinearity of the system, energy in the stable modes (for both n and
S) transfers to other modes, and coefficients wy increase until the system reaches the
nonuniform steady state.

We observed that in numerical calculations the exact time for the unstable modes to amplify
sharply (around t = 70 min~ 100 min in this realization) depends strongly on the spectrum of
the initial noise of the continuum model and the intrinsic noise of the cell-based model. Once
the Fourier coefficients of the unstable modes exceeds a threshold (about 0.1 in this example),
they start to grow faster than exponential. The amplitude of the most rapidly-varying modes
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of the cell-based model was observed to be much more noisy than that of the continuum model,
because of the intrinsic time-dependent noise of the stochastic simulation.

To compare the two models in the case of multi-aggregate formation, we enlarge the domain
from 4 mm to 8 mm to allow for more unstable modes. To match the number and location of
the peaks in the early dynamics, we choose an initial cell density with a sinusoidal perturbation
plus noise

n(x,0)=nop (1 +nsin (S—Rx) +& (x)) .
4 (4.10)

In order to focus on the development of the instability, we set the signal at the uniform steady
state initially

S (x0y=X.
7 (4.11)

The numerical results for n = 0.5 are shown in Figure 4.3. We observe that aggregates form at
the locations with maximum initial cell density (20 min, 40 min). Then, due to the instability
of the multi-aggregate steady state, unevenness among different aggregates develops (180 min)
and leads to merging of aggregates. Finally the single-aggregate, stable steady state is reached
(not shown). At t = 20 min, the different origin of noise in the two models is not significant,
and the continuum model agrees well with the cell-based model (Figure 4.3 B). However, at
t =40 min and 180 min, the noise driven instability becomes important (Figures 4.3 C, D), and
there one cannot directly compare the exact value of the solution of the two models.

From Figures 4.2 and 4.3 we conclude that the dynamics of both models agree very well except
for the location of the peaks which is sensitive to noise, and some difference in the amplitude.
This difference in amplitudes is reflective of the fact that the signal gradients exceed the
magnitudes assumed in the derivation of the macroscopic equation. In the next section, we
apply both models in the context of network and aggregate formation in the E. coli liquid assay.

4.3. Bacterial pattern formation: E. coli network and aggregate formation in liquid culture

When E. coli cells are suspended in a well-stirred liquid medium with succinate as the nutrient,
they secrete the attractant aspartate and initially self-organize into a thread-like network, which
quickly breaks into aggregates. The network-aggregate pattern appears on a time scale of 10
min. Since excess succinate is provided, cells grow in the exponential phase, and nutrient
depletion is not involved. In this example, we model the above dynamics in 2-D by both the
hybrid cell-based approach and the macroscopic PDE approach, and compare the results.

The dynamics of the attractant is governed by the reaction-diffusion equation (4.7). The total
cell number in the domain is Ng and the average cell density ng. We use no-flux boundary
conditions since there is no material exchange of the system with the environment. The uniform
steady state of the continuum model (3.33, 4.7) is (n, S) = (ng, yno/w). A linear analysis (see
Appendix B) around the uniform steady state explains the pattern formation as the result of the
amplification of the unstable modes of the fluctuations. To focus on the dynamics during pattern
formation, we start from the uniform steady state with a small perturbation as the initial values,

n=ng (1+small random noise) mm_z, (4.12)
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S (x,y,0) =yno/u. (4.13)

In Figure 4.4, we compare the numerical results of the continuum model (4.4, 4.7, 4.12, 4.13)
with one realization of the stochastic simulation of the cell-based model. We used COMSOL
Multiphysics to solve the 2-D continuum model (with 15648 triangles, using Lagrange
elements), and the numerical algorithm given by Appendix A to simulate the cell-based model.
The initial values for the continuum model are obtained by interpolating from the initial values
of the cell-based model. Although the exact details of the transient dynamics can be different
because of different noise in the two models, we note that both models predict comparable
temporal and spatial features of the dynamical evolution from the network to aggregate
formation.

5. Chemotactic movement in external fields

ap
ot

L Vs (V) +Vx - (@p) +Vy - (Ep) =~ AW p+ [ AW T (v, v, y) p (x, vy, 1) av.

Bacterial cells can swim in more complicated environments with external forces acting on
them. For example, when the cell density becomes large, there may be mechanical interactions
between cells, which may affect their swimming speed and direction. Another example arises
when gravity becomes important. During the formation of bio-convection patterns reported in
[11], aerotaxis drives the cells toward the top of the medium, while gravity acts downward.
Therefore, the above analysis should be generalized to incorporate both forces between cells
and forces due to external fields. The transport equation with external forces has the form

(5.1)

Previous results have been obtained for crawling cells [16], where the active force generation
is incorporated by a simple description, and the velocity jumps model random polarization of
cells when no signal gradient is detected. Because the internal state of each cell varies spatially,
further dimension reduction is needed in that analysis.

Here we extend the analysis in Section 3 to include external forces and consider a particular
case in which bacteria swim close to a surface. In three dimensional space, bacterial cells swim
in straight “runs”, but are subject to rotational diffusion. However, when they move near a
surface, the “runs” display a consistent clockwise bias when observed from above [17,13]. The
bias can be explained by the interaction between the surface and the cell [20]. During a run,
the cell body rotates clockwise while the flagella rotate counterclockwise when observed from
behind. Therefore, when a cell swims parallel to a surface a larger viscous force is exerted on
the bottom of the cell (closer to the surface) than that on the top of the cell, and thus net forces
arise on both the cell body and the flagella. These net forces induce the bias in the motion.

In the patterns formed in P. mirabilis colonies in [39], cells swim in a thin fluid-like slime layer
on top of the hard surface, and therefore the runs are biased. By incorporating a constant
swimming bias to each cell's right, a two dimensional cell-based model predicts the chirality
of spiral stream formation in P. mirabilis colonies [39]. In this section, we derive a
corresponding macroscopic chemotaxis equation from the cell-based model with swimming
bias. We also incorporate persistence in the motion and thus assume the form of the turning
kernel given by (3.34). The resulting equation enables us to see the interplay of chemotaxis
and the swimming bias.

Let wg be the constant angular velocity during a run. Then the acceleration has the form a =
gV X v, where v is the normal vector of the surface pointing to the fluid side, i.e., a = (wgVvy,
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-mqVv1)- Let p(x, v, zp, t) be the cell density function. After nondimensionalization, the transport
equation reads,

20p )

0 J 0 J
€ 5 teq Np) +e5- (vap) — woge- (2p) = wogz- (Vi)

0 (L2 _¢' (s 9S 4oy O L 208
+f( 2 G (.S)(evla\_l+6\72a\_2+6 0r)p)

= (/lo+alz:+azz§+ s -)(—p+f\vT (V, V,)p (v/)dv/) .

By multiplying 1, zé/j, J = 1,and integrating with respect to z,, we obtain a system of equations
for the zo-moments M(t, x, v), where M is defined as in (3.13),

0 0 0 0 7]
€ —Am+ev) — Am+ev, — Am+woy a—Am — woVi a—Am:ezBM+ECM+DM
Vi %)

ot 0xy 0x) (5.2)

If we apply the perturbation method directly to equation (5.2), there is no easy way to derive
an approximating equation of the cell density, since Mg is no longer independent of v, and thus

there is no simple relation between the cell density n and Mg. Instead, we choose to proceed
by multiplying (5.2) by 1, v1 and vy, and integrating with respect to v to get the complete
moment equations.

We define the density moments

n(x,0)=[Modv,n; (x,1)=[M;dv, j=1,2,--- ,n=(n,ny,n3,-+ ),

and the velocity flux moments

Jik (%0 =[viM;av, j=0,1,2,-+ . Je=Jok: 1k Joks ) k=12,
Jik %0 = [veviM;dv, j=0,1,2,--,  Ju= o Jogs o+ ) ko 1=1,2.

The subscript j is the index of the order of the z,-moment, and subscripts k, | are the indices of
the velocity moment. We decompose C defined at (3.16) into C = Cq + Cy, where

’ oS . .
Ci=-G (§) —diag{0,1,1,---}J, k=1,2.
a-x/( (5.3)

Here J is the matrix operator defined in (3.18), but now acting on ™ (R), We also define matrix
operators

11 1 >
D1:—diag{0,—,—,—,---}, Dy=— A AoT+ ) aidi |(1 = ) +D.
la la la p (5.4)

To obtain the complete moment equations, we have to calculate [y DMdv and J, viDMdv.
Notice that, by property (ii) of A, for any f(v),
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[Afav={ ( [=per (v, v’)dv) f(v’)dv':O,

therefore Jy DMdv = D4n. Assuming the turning kernel (3.34) and considering that

fvade=fv (fv -vf(v)+vT (v, V/)dV)f(V,)dV,= -1 =y fvf(v)dv,

we obtain

’ 4 /
[ viDMav=[ ‘,Dzka(V )dv —DoJi. k=12,

Therefore the complete moment equations are
) 0 0 0
€ a—An+66—AJ1+€a—AJ2 =€ BH+EC1J1+€C2J2+D1H
X1 X2

) 0
(;IAJ|+€ AJ1|+6 Ale—woAJz €BJi+€C1J11+€CaJ 1+Da ]y,

0 0
62 AJ2+6? AJ12+6,)—/\J22+0)0/\J1 =€’ BJ,+€C1J12+€CoJn+DaJs.

Page 24

(5.5

(5.6)

(5.7)

Here B is defined by (3.15). To close the moment equations, we follow [15] and assume the

second velocity moments are isotropic, which is exact in 1-D:

§2 &2
Jo.k1=?n5k1, Jju—znﬁu, k,1=1,2.

Then the moment equations reduce to

8 A +ea—AJ1+eaiAJ2 €Bn+eC,J;+€CoJo+Dn,
X1

d (s ’ 5
€ —AJ +e— EAn — woAJr=¢"BJ+€C; ?

o Il) +DyJy,

2

2 0 d (s 2 s
e—Ar+e— | =An| - woAJi=€"BJr+€C) | —
ot 2 2

G n) +DyJ>.
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Assuming the regular perturbation expansions, with superscript indicating the order of
expansion,

n=n"+en'+&&n+-- -, J]\:J2+EJ,1(+62J,%+---, k=1,2,

substituting into the moment equations (5.9-5.11), and comparing terms of equal orders of ¢,
0
we obtain, 0(6 ):

D n’=0, (5.12)
D)= - woAJ), (5.13)
D> J=woAl, (5.14)
0(61)
0 0
— A +—AJ)=C1J)+C2J9+Dn',
0x1 0x) (5.15)
2 2
s 0 K
A 0_ A 1=_C 0+D 1,
20x, T o=y Cinbad; (5.16)
£ 9 a0y AJ! 2 ConsD J!
y$ o0 w -5 ,
2 0xy 0T 22 (5.17)
o(e).
d, o, 0 1, 9 1 0 1 1 2
—An'+—AJ +— =Bn"+CJ,+C>J,+Dn".
ot ax1 I ﬁsz‘]z ! J1+C2dy D1 (5.18)

From equation (5.12) we get 7)=0, ¥, > 1,0r n® = (n%, 0, 0, -+-)t. From equations (5.13, 5.14),

_ 2 _ 2 . A _ 2
we see that (A™'D2) 0= - w3, (A'D,) 39= - w}J3. Since all the eigenvalues of (A" D»)
are positive, it follows that J9=J5=0.

Therefore equation (5.15) reduces to D,n'=0, which means that n}-=0, j=1ornl=(nlo0,
0, --)t. Applying a similar argument to the 3rd and higher components of the equations (5.16,

5.17) gives -1}_1=-7},2=0, ¥j =2, Thus the first two components of (5.16, 5.17) become
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2
A (9 0 1 1 1
——n —woly,=— A1 =)y, —ar (1 =) Js 4,
2 ox1 00,2 0 Ya)Jy —a Ya) Jy (5.19)

s 1 . 0 1
~wylt} = - =G (S)—no—l/i (I —ya)+—|J],
02T axy ot =+ (5.20)
f—noeroJI == (1 =) T, —ar (1 - ¥g) J|
2 dxs 0,1 0,2 1,2 (5.21)
P26 6 B0 | g - g+ L]
wolp == 3 P ol —¥a)+Jio (5.22)
From equations (5.20, 5.22), we find that
l 26 0 Ao (1 = g +1 w
[’u]:— - +2wg[ o T O |vs.
1) 2(0 (1 —up+h) —wo Aoy, (5.23)
From equations (5.19, 5.21), we obtain
2 2
(/&.l]z_ 2; +w(2)[ Ao (1 = Ya) v ][“—vnhal(l —l//d)[’i-l)).
i) A0 -y —wo o(I1-va) |\ 2 a (5.24)
The first component of equation (5.18) is
o 0 4 9
—n+—J +—Jl =0.
o x0T gy 02 (5.25)
Substituting Jé_l, J(l)g by equations (5.24) gives the final chemotaxis equation,
9 9 0 [ ’ 0 L)
—n’=D,An" -V -|G (S Vs VS~ |,
o " ($)n° (roVS +0 (V) (5.26)
where
Dy= S2 I
200 (1 = ¥a) + 351 (5.27)
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15> (1 =) [ A0 (1 = ) (A0 (1 = ) +1) =

2((/10(1 — ) +L) 40}

X0= (45 (1 = ) +e3,

(5.28)

5 woar s* (1 - vg) (2/10(1 —¥q) +%)
0:
2((00 i+ 1) 3

(451 = va)” +3,

(5.29)

and

Sl
Sl

3 -1

x)

>

-

From the forms of Dy, yp and Bo, we notice that when mg = 0, (5.26) reduces to the chemotaxis
equation we derived in Section 3.5 in a two-dimensional space. (5.26) can also be derived by
using the assumptions in Section 3.7. The macroscopic chemotactic velocity in (5.26) is given

by

] (VS)l:I 0 (l)]vs.

&

/
u, =G (S)(XOVS +Bo (VS)*. (5.30)

The magnitude of ug is

/
lug I =11G (S)VS || \Jx3+B3

’ 2(1—
=1G (VS |- e
2\/((/l()(lfwd)+,‘%)_+u)3)(/l:—)(lﬂl,d)2 er;’_)

’ 2
=G VS Il i 1 ;

=0 ola) 2 FEER
1+ 0 1+—52
\/[ (/10(17%,)+$) [ 3(1-uy) (5.31)

The angle between ug and VS is

wo (2/10 (G 7)) +,L)
(1= va) (A (1 =) +1) - (5.32)

0 -1

us.vs —

tan

which, surprisingly, is independent of VS and a;.

5.1. Numerical comparison of the macroscopic chemotaxis velocity

The analytical prediction of the macroscopic chemotaxis velocity (5.30) is shown to agree very
well with statistics from the cell-based model at different signal gradients and bias levels og

’
in Figure 5.1. Even for the large signal gradientll VG (S) | =15 (j.e., G (S)VS -v=30€s™),
the difference is still within 10%.
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In Figure 5.1, the macroscopic chemotaxis velocity from the cell-based model is computed in
the following way. For a given combination of VG(S) and wg, we used G(S) = S, and a time-
independent signal S = Rx, in order to guarantee VG(S) to be constant R in the whole path of
a cell. Other parameters used remain the same as in previous examples. For each parameter
combination, 6 x 103 cells are put at the same location x = 0 with random initial velocity and
zero initial y,. The positions of each cell are recorded every 1 min for a 30 min period. The
position vector x' at time tj = i min is computed by averaging all the cell positions. Then the
macroscopic velocity vector is computed by applying the least square method to the averaged

; 2
position, i.e., by finding v that minimizes Zi(xj - ijf) ,Where j =1, 2 is the index of the space
direction.

6. Chemotaxis induced by multiple signals

Single chemical induced chemotactic movement has been studied experimentally for various
types of cells and modeled mathematically both microscopically and macroscopically [22,38,
19]. However, many cell types are known to have multiple receptor types and thus can respond
to many different chemicals. For instance, E. coli has five major types of receptors for various
nutrients, oxygen, etc. [38]. How these signals are integrated inside the cell is not generally
known and may depend on the cell type. Macroscopic phenomenological chemotaxis equations
have been proposed in [29]. In this section, we derive chemotaxis equations from a modified
cell-based model by allowing multiple chemosignals.

In the case of E. coli, the signalling pathways for different chemicals share the same
downstream phosphorl-relaying network (including reactions of CheA, CheW, CheY, CheB,
CheR, CheZ etc.), the only difference is the upstream transmembrane receptor. In the cell-
based model in Section 2, G(S) describes detection of the signal, and y describes the state of
proteins within the cell. When there are multiple signals, G is generally a function of all possible
signals, G = G(Sy, Sy, -, S). By performing the standard procedure in Section 3, a chemotaxis
equation for multiple signals can be derived that has the following form

0 oG oG
—n=V - DV, — xon| —VS 1+ +—VS ||,
o [ s Xon(asl : OS m 1)] 6.1)
where
B a|S21a
M= N 0+ (= Yg) 1d0) 0+ (1 — Uig) 1e0) 6.2)

The functional form of G depends on the binding of the signal molecules to the receptors.
Consider for example, the case of two attractants, and assume that all the binding is non-
cooperative, and the two attractants S, S, competitively bind to the same receptor R as follows

Ko Ko
S|+R 2SR, S»+R 2SHR .
Ky ks (6.3)

Then according to the law of mass action, we have
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ds : - ¢
d_{l: - kl+5 1R+kl b [{e,
BUR_ kS IR-k; SR,
L= — KSaR+K; SoR,
BR_V KSRk S2R, )
R~ — kIS |R+ky S|R —kiS,R+k; SR . (6.4)

If we further assume that the total number of receptors Rg is conserved, then

R+ SR + S2R =R

-2
Since the time scale of ligand binding is typically ~ 0 (10 )S, which is small compared to the
excitation and adaptation time, we may approximate the number of bound receptors by the
quasi-steady state value,

R()KQS 1 - R0K1S2

SR = , SiR= ,
N T K Kt KrS 1+K1S2” 2 K Ko+ KrS 1+ K1 S5

and G can be written as

- = Ry (K K
ng(SlR+SzR)=g( 0 (K>S 1+K1S>) )

K\ K>)+K>S1+K1S»

If the two signals bind to different receptors, then a similar argument leads to the form,
- - RipS1 | RS

sz(s Ri + SaR )=: Cc [ L1

8|S 1R 2R ‘{‘(K1+Sl K245,

In E. coli, the functioning units of chemoreceptors are observed to be trimers of dimers, and
different types of receptors can form hetero-trimers in vivo; thus the form of the function of
G actually can be even more complicated.

7. Discussion

In this paper we developed a new method for deriving macroscopic equations for the evolution
of cell density from cell-level descriptions of chemotactic movement in bacterial pattern
formation. The method involves solving the infinite y-moment equations systematically by
applying regular perturbation methods. It allows us to treat more general signal fields and cell-
level descriptions than those used earlier [14,15]. These generalizations include, allowing (a)
time-dependent signal functions, (b) nonlinear turning frequency A(y1) and (c) external force
fields acting on cells. We also note that although we adopted the cartoon description of
excitation and adaptation in their paper, the method proposed can manage autonomous ODE
models with polynomial right-hand-sides, as long as the time scales of intracellular reactions
can be separated from the diffusion time scale of cells. Another advantage of the method is
that it doesn't require unnecessary quasi-steady-state assumptions on the internal dynamics for
closing the moments. The work is focused on studying run-and-tumble chemotactic movement
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because it is the most understood biological system. However, the derivation method can also
be applied to other systems with minor change, but the limiting macroscopic equation may be
different depending on the details of the specific internal dynamics.

In the derivation of equation 3.33 we assumed that the signal detected by the cell in one “run”
doesn't change significantly. This assumption is satisfied in most cases, but it may be violated
in self-organized aggregates. In this case, using a diffusion time and space scale may not be
appropriate, and therefore a chemotaxis equation is not guaranteed to be a good approximation.
However, in the numerical examples, we showed that the chemotaxis equation still captures
the main dynamics of the cell-based model, although it seems to over-predict the amplitude
and sharpness of the aggregates.

To derive macroscopic equations applicable for large signal gradients, a more detailed
description of the internal dynamics is needed. The adaptation time t; can range from a few
seconds for small signals to minutes for large signals [34]. To handle the case of a large signal
one must incorporate the dependence of the adaptation time on the signal strength, and this can
be done by incorporating the fact that chemoreceptors have multiple methylation sites into the
cartoon description used here. When the adaptation time is large the time scale for the
intracellular response may be comparable to macroscopic time scales, and different balances
of the component processes may arise. To treat such cases new moment closure techniques
may be needed, and this may lead to other types of macroscopic equations than the classical
chemotaxis equation. Finally, in the cell-based model we assumed that cell density is low
enough so that there is no mechanical interaction between cells. However, in some cases, the
cell density can be high, and direct interaction between cells through the fluid, or more directly,
through their flagella, can not be neglected.
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Appendix A. Numerical algorithm of the cell-based model

In the implementation of the cell-based model, cell motion is simulated by a standard Monte
Carlo method in the whole domain, while the equations for extracellular chemicals are solved
by an alternating direction method (Crank-Nicolson in 1-D) on a set of rectangular grid points
(Figure A.1, left). In this appendix, we present the numerical algorithm in a two-dimensional
domain with only one chemical - the attractant - involved (as in Section 4.3). Each cell is

described by its position (X'., X’z), internal variables (y'l,Y'z), direction of movement 6 and age
T' (the superscript i is the index of the cell). Concentration of the attractant is described by a
discrete function defined on the grid for the finite difference method (Figure A.1, left). We
denote the time step by k, the space steps by hy and h,. Since two components of the model
live in different spaces, two interpolating operators are needed in the algorithm. 7. is used to

evaluate the attractant concentration that a cell senses. For a cell at (X’lx’z) inside the square
with vertex indices (n- 1, m - 1), (n, m - 1), (n - 1, m) and (n, m), 7 ¢c (X'IX'z) is defined by the
bi-linear function:

Ay Az Ay Al
_S n—lm—1+1 _S nm—1+ _Sn—l.m+ _Sn.m

Tee (¥1032) = A A A A (A1)
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where A = hihy and Aj, j = 1, 2, 3, 4 are the area fractions (Figure A.1, right). On the other
hand, the attractant secreted by cells is interpolated as increments at the grid points by 7,.

Suppose during one time step k, a cell staying at (X'i, X'z) secretes A amount of attractant, we
then interpolate the increment of the attractant concentration at the neighboring grid points as
follows:

%, p,q)=(n—1,m-1),
. j\(a;A (p,g)=(n,m—-1),
Teo (Xiprq) =1 22, (p.)=(n—1,m),
4A 0 (p,9)=(n,m),
0, otherwise. (A.2)

We consider here a periodic boundary condition. The detailed computing procedure is
summarized as follows.

S1 Initialization.
a. Initialize the chemical fields.

b. Initialize the list of swimmer cells. Each cell is putin the domain with random position,
moving direction and age. y' is set to be 0.

S2 For time step | (= 1 initially), update the data of each cell.
a. Determine the direction of movement 6! by equation (3.34).
i. Generate a random number r € UJ0, 1];
i If r<1 — "%, update 6 with a new random direction.

b. (x'i’xé), &= (xll , xé),_l i (Sk cos ¢, sk sin Hi). Apply periodic boundary condition to

make sure (X'i, X'z) inside the domain,
¢ (Ti), = (T")H +k |F (Ti), 22 hours, then divide the cell into two daughter cells. This
step is only considered when cell growth is considered.
Update (y"l,yé) by equations (4.1, 4.2).

i. . , i
Determine the attractant concentration before the cell moves (5 '),_l and after

the cell moves (S); by using the interpolating operator T gc-
ii. Estimate the attractant level during the movement by

S (1) :(S")H ';J+(S")["Q¢ and integrate equation (4.1) to get (yg)[,
(), = G- (),

S3 Compute the source term of the attractant f~1—§ due to the secretion by the cells using the
interpolator 7,

[i?/%zz (TCQ ((Xi)[_% Ny q) s

l
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where A = yk.

S4 Apply the alternating direction implicit method to the equation of the attractant (4.5):

=1/2_¢gl-1 =1/2 _Agl-1/2 ¢l-1/2
Spa " =Spq _ D Spiig2Spa +S, 0
k/2 S h?
U _ygl-l gl o gl-12 1
+D S g1 ™28 pg ¥ g1 . SpatSpa +f1'*5
s 2 Y Pq >
I g2 112 _ngl-1/2, l-1/2
Spa=Spa -D Spiig2Spa S, 0y
k/2 S h?
ol gl gl -2, Gl L
+D S par1 ™28 pg+S pgn Spa *Spq | -3
s 2 Y54 o

For the boundary grid points, use the periodic scheme.

S51 « [+1. If Ik < Ty, repeat S2-S4; otherwise, return.

Appendix B. linear analysis on the stability of the uniform steady state of the
continuum model

Linear analysis of the classical chemotaxis equation system has been done in the literature. For
readers' convenience, we include it here. Consider the system

=V . (DyVy —x(S)nVS),
Z=D;AS+yn — . ®B.1)

ar

The uniform steady state is (n,S) = (n(), gno), where ng is the averaged cell density. Without
loss of generality, we assume a one-dimensional domain [0, L] with periodic boundary
conditions, as in the example 4.1 and 4.2. The analysis can be extended without difficulty in
the two dimensional case of example 4.3.

Letu=n-ng,v=S-Sywith So=1ng By linearizing around the uniform steady state, we get

the system
{ Z)—’,’:I),,Au —x (So) npAv,
Sr=DsAy+yu — pv. (B.2)
Assume

U= 0g (O €0%,  v=1) gy (et

q#0 q#0

with w,=2qgn/L. The system can thus be reduced to

= 2 2
(%,) :Aq (‘Fq) with Aq: ( D”wq X (S 0);0(1)‘{ )
l/lq t Y —Dswq —M

/l]

(B.3)

for any ¢ € Z,q # 0, The uniform steady state of the nonlinear system is unstable if the
linearized system (B.2) has exponentially growing non-homogeneous modes, which means
that there exists a wave number g such that Aq has a positive eigenvalue.
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Simple calculation leads to
* (Aq) = — (Dy+Dy) W} — u<0
Det (A,) =w} (DpDswi+1uDy = yx (So) no)
d 2 2
Tr(A;) —4Det (A,) :[(DS = D,,)w§+u] +4ywly (S 0) ng>0,
Therefore A is simple with eigenvalues
2
Tr(Aq) = \[Tr(A;) —4Det(A,)
A= .
q 2 (B.4)
A, is always negative and approaches -oo as n,m — o, A, can be positive when
Det (Aq) =4,4, <0, Thus, the instability condition—ofeothe uniform steady state is,
3, #0,5.0.Det (A7) <0 &> W} (DuDywl+uD, = yx (S ono) <0,
which is equivalent to
472D, +12 (u ~ wx (y/ung) no) <0
Dy, (B.5)

. The growth rate of an unstable mode in the linear system is given by /l;.

From the instability analysis, we can also see that if the gth mode is unstable, the lower modes
are always unstable. This leads to multiple nonuniform steady states of the nonlinear system
(B.1), but only the one with a single high peak is stable.

REFERENCES

[1]. Adler J. Chemotaxis in bacteria. Science 1966;153:708-716. [PubMed: 4957395]

[2]. Ben-Jacob E, Cohen I, Shochet O, Aranson |, Levine H. Complex bacterial patterns. Nature
1995;373:566-557. [PubMed: 7854411]

[3]. Berg, HC. http://webmac.rowland.org/labs/bacteria/movies/others/http://webmac.rowland.org/labs/
bacteria/movies/others/

[4]. Berg, HC. Random Walks in Biology. Princeton University Press; 41 William Street, Princeton, New
Jersey 08540: 1983.

[5]. Berg HC. Motile behavior of bacteria. Physics Today 2000;53:24-29.

[6]. Berg HC, Brown D. Chemotaxis in Escherichia Coli analyzed by three-dimensional tracking. Nature
1972;239:502-507.

[7]. Bourret R, Borkovich K, Simon M. Signal transduction pathways involving protein phosphorylation
in prokaryotes. Annu. Rev. Biochemistry 1991;60:401-441.

[8]. Brenner M, Levitov L, Budrene E. Physical mechanisms for chemotactic pattern formation by
bacteria. Biophys J 1998;74:1677-1693. [PubMed: 9545032]

[9]. Budrene EO, Berg HC. Dynamics of formation of symmetrical patterns by chemotactic bacteria.
Nature 1995;376:49-53. [PubMed: 7596432]

[10]. Childress S, Percus JK. Nonlinear aspects of chemotaxis. Math. Biosci 1981;56:217-237.

SIAM J Appl Math. Author manuscript; available in PMC 2009 September 25.


http://webmac.rowland.org/labs/bacteria/movies/others/
http://webmac.rowland.org/labs/bacteria/movies/others/

1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

XUE and OTHMER

[11].
[12].
[13].
[14].
[15].
[16].
[17].
[18].
[19].
[20].
[21].
[22].
[23].
[24].
[25].
[26].
[27].
[28].
[29].
[30].
[31].
[32].
[33].
[34].
[35].

[36].

Page 34

Czirdk A, Janosi IM, Kessler JO. Bioconvective dynamics: dependence on organism behaviour. J.
Exp. Biol 2000;203:3345-3354. [PubMed: 11023854]

de Gennes PG. Chemotaxis: the role of internal delays. Eur. Biophys. J 2004;33:691-693. [PubMed:
15257424]

DiLuzio WR, Turner L, Mayer M, Garstecki P, Weibel DB, Berg HC, Whitesides GM. Escherichia
coli swim on the right-hand side. Nature 2005;435:1271-1274. [PubMed: 15988531]

Erban R, Othmer HG. From individual to collective behavior in bacterial chemotaxis. SIAM J. Appl.
Math 2004;65:361-391.

Erban R, Othmer HG. From signal transduction to spatial pattern formation in E. Coli: A paradigm
for multiscale modeling in biology. Multiscale Model. Simul 2005;3:362-394.

Erban R, Othmer HG. Taxis equations for amoeboid cells. J. Math. Biol 2007;54:847-885.
[PubMed: 17273880]

Frymier PD, Ford RM, Berg HC, Cummings PT. Three-dimensional tracking of motile bacteria
near a solid planar surface. PNAS 1995;92:6195-6199. [PubMed: 7597100]

Hillen T, Othmer HG. The diffusion limit of transport equations derived from velocity-jump
processes. SIAM J. Appl. Math 2000;61:751-775.

Horstmann D. From 1970 until present: the Keller-Segel model in chemotaxis and its consequences
1. Jahresbericht der DMV 2003;105:103-165.

Lauga E, DiLuzio WR, Whitesides GM, Stone HA. Swimming in circles: Motion of bacteria near
solid boundaries. Biophys. J 2006;90:400—-412. [PubMed: 16239332]

Locsei JT. Persistence of direction increases the drift velocity of run and tumble chemotaxis. J.
Math. Biol 2007;55:41-60. [PubMed: 17354016]

Lux R, Shi W. Chemotaxis-guided movements in bacteria. Crit. Rev. Oral. Biol. Med 2004;15:207—
20. [PubMed: 15284186]

Macnab, RM. Sensing the environment: Bacterial chemotaxis. In: Goldberg, R., editor. Biological
Regulation and Development. Plenum Press; New York: 1980. p. 377-412.

Mello BA, Tu Y. Quantitative modeling of sensitivity in bacterial chemotaxis: the role of coupling
among different chemoreceptor species. PNAS 2003;100:8223-8228. [PubMed: 12826616]
Mittal N, Budrene EO, Brenner MP, Oudenaarden A. Motility of Escherichia coli cells in clusters
formed by chemotactic aggregation. PNAS 2003;100:13259-63. [PubMed: 14597724]

Othmer HG, Dunbar SR, Alt W. Models of dispersal in biological systems. J. Math. Biol
1988;26:263-298. [PubMed: 3411255]

Othmer HG, Hillen T. The diffusion limit of transport equations I1: chemotaxis equations. SIAM J.
Appl. Math 2002;62:1222-1250.

Othmer HG, Schaap P. Oscillatory cAMP signaling in the development of Dictyostelium
discoideum. Comments on Theoretical Biology 1998;5:175-282.

Painter KJ, Maini PK, Othmer HG. Development and applications of a model for cellular response
to multiple chemotactic cues. J. Math. Biol 2000;41:285-314. [PubMed: 11103868]
Papanicolaou GC. Asymptotic analysis of transport processes. Bulletin of the American
Mathematical Society 1975;81:330-393.

Polezhaev AA, Pashkov RA, Lobanov Al, Petrov IB. Spatial patterns formed by chemotactic
bacteria Escherichia coli. Int. J. Dev. Biol 2006;50:311-338.

Rao CV, Kirby JR, Arkin AP. Design and diversity in bacterial chemotaxis: A comparative study
in Escherichia coli and bacillus subtilis. PLoS Biol 2004;2:E49. [PubMed: 14966542]

Shimizu TS, Aksenov SV, Bray D. A spatially extended stochastic model of the bacterial chemotaxis
signalling pathway. J. Mol. Biol 2003;329:291-309. [PubMed: 12758077]

Spiro PA, Parkinson JS, Othmer HG. A model of excitation and adaptation in bacterial chemotaxis.
PNAS 1997;94:7263-7268. [PubMed: 9207079]

Tsimring L, Levine H, A. I, Ben-Jacob E, Cohen I, Shochet O, Reynolds WN. Aggregation patterns
in stressed bacteria. J. Phys. Rev. Let 1995;75:1859-1862.

Tyson R, Lubkin SR, Murray JD. A minimal mechanism for bacterial pattern formation. Proc. R.
Soc. Lond. B 1999;266:299-304.

SIAM J Appl Math. Author manuscript; available in PMC 2009 September 25.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

XUE and OTHMER

Page 35

[37]. Tyson R, Lubkin SR, Murray JD. Model and analysis of chemotactic bacterial patterns in a liquid
medium. J. Math. Biol 1999;38:359-375. [PubMed: 10326253]

[38]. Wadhams G, Armitage J. Making sense of it all: bacterial chemotaxis. Nat. Rev. Mol. Cell Biol
2004;5:1024-37. [PubMed: 15573139]

[39]. Xue, C.; Budrene-Kac, EO.; Othmer, HG. Radial and spiral stream formation in bacterium Proteus
mirabilis colonies. 2007. preprint

SIAM J Appl Math. Author manuscript; available in PMC 2009 September 25.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

XUE and OTHMER Page 36

A i s

[ ]
Pl ._,"" 2 Ay‘/_ +A'|T
I'. - l
a_ P ATT ____,,V

Wl W = w
4 V‘/ e ]‘\

l "CF$ | cw
o ) P/
( A ? R, CH; o
S /O i W
ATP , ATP [ ADP 1 l' z|
/lﬂ\\/ B 7 'I \\h____/' "/4 \“ Y ) \ P
Fig. 2.1.

The signal transduction pathway for E. coli chemotaxis. Chemoreceptors (MCPs) span the
cytoplasmic membrane (hatched lines), with a ligand-binding domain on the periplasmic side
and a signaling domain on the cytoplasmic side. The cytoplasmic signaling proteins are
represented by single letters, e.g., A = CheA. (From [34] with permission.)
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Aggregation and dispersion in a time-dependent signal field
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. First order and second order

approximations of the cell density n% and n% + en® computed from equation (4.4, 3.42) (smooth
line) are compared with stochastic simulation of the cell based model when coupled with the
attractant dynamics (4.5, 4.6). The left, center and right columns are the attractant concentration
scaled by Kp, the cell density and cumulative cell density scaled by the average cell density

ngatt=2,5,30and 90 min. G(S), A and T(v, V') are given by equations (2.4, 4.3, 3.31). 4 x

103 cells are used for the Monte Carlo simulation (ng = 103). Other parameters used are Aq =
1s 1 b=1s1t,=2s,5=20um/s, Kp =200, Gg = 200, Dg = 8 x 1074 mm?/s.

SIAM J Appl Math. Author manuscript; available in PMC 2009 September 25.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duosnuey Joyiny vd-HIN

XUE and OTHMER Page 38
A Stochastic Simulation B Stochastic Simulation
20 " 0.1 .
0.08¢
15
0.06}
o [m]
£ 10 x
< 9 0.04
5/ 0.02¢
0 e 0 ,
0 2 3 0 1 2 3 4
x/L (L=1 mm) x/L (L=1 mm)
C Solution of the PDE D Solution of the PDE
20 T " 0.1 : : T
CO
<
0, n L 1 L
0 1 2 3 4 0 1 2 3 4
x/L (L=1 mm) x/L (L=1 mm)
E DFT of n/n0 F DFT of S/KD
1.2 ‘ . . 0.03 :
[2] [2]
c c @,
KT © 0.025/
QO QO
€ b=
0.8 S 0.02
o o ®
2o, 20.015 T
=} 3
g g
P 0. P 0.01; o
o o 2
5 0. 9 0.005 "o, ]
a _ a : wj
00 50 © 100 150 00 50 100 150 -~ 200
t (min) t (min)
Fig. 4.2.

Self-organized aggregation in bacterial colonies. (A)-(D): the solution of system (4.4, 4.9, 4.7,
4.8) is compared with one realization of the stochastic simulation of the cell based model
coupled with the attractant dynamics given by equation (4.7, 4.8). The blue, green, red and
cyan curves represent profiles taken at t = 0, 20, 40, 180 min. (resp.) (E), (F): comparisons of
the amplitudes of the first 4 Fourier modes of the solutions. Smooth lines: solution for the PDE
system:; dotted lines: stochastic simulation. 4 x 103 cells are used for the Monte Carlo simulation
(ng=103). n=1/3x 10251, y=1/6 x 104571 per cell. Other parameters used are the same as
in Figure 4.1.
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Multi-aggregate formation in bacterial colonies. In the top four plots, the time-lapse shots of
the cell density obtained from the continuum model (red line) is compared with one realization
of the stochastic simulation of the cell based model (blue line) with initial conditions (4.10,
4.11). In the bottom two plots, the amplitude of the first 4 Fourier modes of the solutions are
compared. Smooth lines: solution of the PDE system; dotted lines: stochastic simulation. 8 x
103 cells are used for the Monte Carlo simulation (ng = 103). The same parameters are used as
in Figure 4.2.
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E. coli network and aggregate formation. (A), (B): the cell density from the continuum model
(A: t="7min, B: t = 13min); (C), (D): the positions of the cells calculated from the cell-based
model at the same time points; (E), (F): the interpolated cell density from (C) and (D).
Parameters used include A\g =151, b=5s"1 t8=25,5=20 um/s, kg = 40, Dg = 8 x 10"
mm?2/s, u=1/3 x 10251, y = 1/6 x 10"Y/ng s, ng = 400, L = 1mm.
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Comparison of the macroscopic velocity from equation (5.30, 5.32) with statistics from the
cell-based model. In the first three plots, we compare (ug, Vs) = (Us - VS ug - (VS)+) as a
function of VG(S) for g = 0.02x, 0.04x, 0.067. Solid lines are computed from equation (5.30),
dots are computed from the cell-based model; upper lines and dots are for ug , lower lines and
dots are for vs. The fourth plot is a comparison of the predicted angle 6,5 vs by equation (5.32)
with simulation at different parameters. All other parameters are the same as the previous

examples.
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Fig. A.1.

Left: a schematic figure of the domains. The reaction-diffusion equations are solved on the
grid, while the cells can move around the whole domain. Right: the area fractions used in
defining the interpolators (A.1, A.2).
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