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Abstract

Quorum sensing is a wide-spread mode of cell-cell communication among bacteria in
which cells release a signalling substance at a low rate. The concentration of this substance
allows the bacteria to gain information about population size or spatial confinement. We
consider a model for N cells which communicate with each other via a signalling substance
in a diffusive medium with a background flow. The model consists of an initial boundary
value problem for a parabolic PDE describing the exterior concentration u of the signalling
substance, coupled with N ODEs for the masses a; of the substance within each cell. The
cells are balls of radius R in R?, and under some scaling assumptions we formally derive an
effective system of N ODEs describing the behaviour of the cells. The reduced system is
then used to study the effect of flow on communication in general, and in particular for a
number of geometric configurations.

Keywords: Quorum sensing, parabolic PDE, drift, dimension reduction.

1 Introduction

Communication between bacteria is a rather common phenomenon [23]. The most prominent
example is quorum sensing [22]: by measuring the concentration of certain signals that are re-
leased by all cells at a low, constitutive level, a given bacterium is able to measure the population
density around its location. This explains the name, as the cells are able to decide if a certain
population size, the quorum, is reached. The signalling substance is relatively cheap to produce
and serves as a proxy to decide if it pays to release e.g. exoenzymes. If the diffusive space is
large, and only few bacteria also produce exoenzymes, it will not pay to fabricate these relatively
expensive molecules. They simply diffuse away. If, however, many other cells nearby also start
to generate these exoenzymes, then the concentration may reach levels such that it becomes ef-
ficient to release them. Often (but not always) quorum sensing is used to induce a synchronized
action in a population that only pays if a large number of cells perform this action at the same
time. In [18] it is recognized that not only a high population density but also confined space
leads to a situation where the excretion of exoenzymes is beneficial: quorum sensing becomes
“diffusion sensing”, the bacteria test if substances do or do not diffuse away as a consequence of
the geometry. Hense et al. [11] unified these two interpretations in the term “efficiency sensing”,
as ultimately it is only important if it pays to perform a certain action. It does not matter if this
is the case as a quorum is reached, or because the diffusible space is restricted. In any case, if the
concentration of the signalling substance exceeds a certain threshold, the bacteria change their
life style. The resulting phenotype can be very different: not only exoenzyme production, but
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also biofilm formation, swarming, or becoming virulent is under the control of quorum sensing
for some bacterial species [23].

Quorum sensing gains increasing interest as a promising treatment target e.g. for pathogenic
bacteria [19], requiring an adequate interpretation of its function. As described above, the
interpretation of quorum sensing strongly depends on the spatial properties of the environment: a
confined geometry and a batch culture may lead to completely different ideas about the purposes
of quorum sensing. Most experiments, thought experiments, mathematical experiments, as
well as biological experiments, take place in batch cultures, or stagnant water. However, most
bacteria live — at least temporarily — in running water and lotic habitats. Experiments modelling
runnels [17], or using microfluid devices [14] focus on the effect of flow (see also the review [12] and
citations therein). Mathematical models that take into account flow are described e.g. in [21, 8],
or the book of Eberl et al. [6]. These models, however, are often based on the Navier-Stokes
equations, focus rather on biofilm formation than on cell-cell communication, and often are
complex. They are quite realistic in that they take into account a lot of effects as the influence
of the bacterial growth on the flow itself, but they cannot be treated analytically anymore.
Another draw-back of these models is the fact that they mostly address the population density
in the sense of classical reaction-diffusion-advection equations, and that they do not allow to
reveal the dynamics of single cells and the interdependence of this dynamics via communication.
An exception are models that are at least partially based on single cells, e.g. [1, 4]. These
models are either still rather complex and do not target on analytic insight but on numerical
simulations, or — in the other extreme — simple stochastic particle models and cellular automata
that are used to focus on concepts and not on quantitative results.

In the present work, our interest is at an intermediate scale of complexity. Our model
describes cells with fixed location in a laminar flow with constant velocity. The time evolution
of the internal state of the cells is formulated by ODEs that couple via an outer field of signalling
substances. The dynamics of the outer field is governed by a diffusion-advection equation. Even
this simple model cannot be handled directly. In particular, the solution of the PDE for the outer
field is rather involved, both analytically and numerically. Therefore we adapt the approximation
techniques developed in [15, 16] to approximate the outer field by singularity solutions and thus
reduce the system to a much simpler system of coupled ODEs. Additionally to the full space
geometry we also consider cells in a confined space like a tube. The model thus allows to
address the dynamics of single cells localized in a three dimensional space, and the intercellular
communication, in a quantitative way, and some general rules of the influence of flow on cell-cell
communication can be derived.

2 The model

In [16] we studied a model for communication of bacteria in a diffusive medium via a signalling
substance produced by the cells. We briefly describe the model and extend it to allow for an
external laminar background flow.

We consider N ball-shaped cells centered around z1,--- ,xn. All cells have radius R, s.t.
they cover the regions ©; = {||z — x;|| < R}. The total mass (not concentration) of signalling
substance within cell 7 at time ¢ is denoted by a;(t), the concentration of signalling substance
outside of the cells at location z € @ = R?\ (UY,Q;) and time t by u(z,t). The dynamics of
the model consists of three parts: (1) the production and degradation within the cells, (2) the
diffusion/convection outside of the cells, and (3) the communication between inside and outside.
(1) Internal dynamics. Following the usual approach [5, 16], we do not address any spatial
structure within cells, but assume the substance to be homogeneously distributed. Furthermore,
the regulatory network is collapsed into one ordinary differential equation, e.g. using time scale
arguments. Although it is no problem to handle a system of ODE’s here, for convenience we



treat the scalar case

a; = f(a;).
The function f incorporates the production and internal degradation. Usually, signalling sub-
stance is produced at a constitutive rate ag, and the production is enhanced by a positive
feedback modelled by a Hill function with Hill coefficient n, threshold ainresh, and maximal
increase of the production rate fy; additionally, there is a degradation with rate n. Thus, a
minimal model for the internal regulatory pathway reads

Boa"

fla) =g+ ———
a?hresh +a”

- na. (1)
This model leads to bistablility in suitable parameter ranges: if the concentration of signalling
substance is large enough, the Hill function indicates that the production term is increased, s.t.
the concentration becomes even higher. Decisive for this scenario to happen is in particular the
Hill coefficient. Experiments show that n is in the range between two and three [7]. We find
later that diffusive transport dominates degradation, and thus here we set n = 0.

(2) Diffusion-convection in the outer space. First of all, the signaling substance is assumed to
diffuse at linear rate D. Additional to [16] we now assume a laminar background flow ¢ € R3.
The basic assumptions are that cells stay in place but are so small that they do not perturb the
flow. Obviously this is a rather crude assumption, but appropriate if we think of small cells in
a slow velocity field and not of large colonies and a fast flow. We obtain

u = DAy — ¢!V in Q.

(3) Boundary conditions and communication between inside and outside of the cells. The flow of
the diffusion-convection equation reads j = —DVu + cu, s.t. uy = —V - j in Q. If v is the outer
normal of Q, the diffusion-convection flow j into cell 4 is given by v} ‘ a0, and this must balance

with terms 3 describing the role of the cell. A natural assumption is the proportionality of j to
the outside concentration u|sn, and inside mass a;. Later, we will rescale the radius R, and in
order to minimize the effect of this rescaling, we also rescale the proportionality constants. The
outflow part of j scales with the surface of the cell, i.e. with RZ. To balance this dependency, we
multiply the corresponding proportionality constant ds by R~2. In consequence, ulaq, develops
a pole of first order for R — 0, and hence, we rescale the inflow proportionality constant d; by
1/R. The boundary conditions of the PDE now read

! dlu dgai

VTj‘BQi =vI(=DVu + cu

I

o

and the net flow .J; into the cell 7 is the integral of dyu/R — dsa;/R? over 0€);, i.e.,

dlu dgai
i [ () g,
oo, \ B R?

Altogether, after rearranging the boundary conditions, the extended model takes the form

ug = DAu — ' Vuin Q,  u(x,0) = ug(z), (2a)
d d
Bju = R—Zai(t) on 0F);, where Bju:= |:VT [DVu — cu) + w]

=l (2b)
<d1u _ dgai(t)

= fas() + [

o

7 72 ) do, a;(0) = ao, (2¢)

see Fig. 1 for a sketch.
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Figure 1: Sketch of the model setup for the case of two cells.

The goal is to derive effective (ODE) systems for the masses a; in the limit of small cells
R — 0, and to compare the effect of diffusion with that of transport. We assume that the re-
action resp. regulatory pathway of the cells has a slower time scale than the diffusive transport.
This assumption is in line with observations and heuristic computations [9, 13, 20]. Proceeding
in a similar way as in [16] we find the following result (see Appendix for the computations).

Result 1. Model (2a)-(2c) can be well approximated by effective systems of the form

diM a; T (wy —x;) — el |z — x
a; = f(a;) — M(1+ Ry|c|)a; + R Z\x'—]x~|eXp< ( 3) —lell J‘), (3)
gAY

D+d; 2D
where
A7 Ddy dy
d = 4
4D " 7T DDt @)

The field u can then be reconstructed from

u(w,t) =) [(az’(t) + RBi(1))hi(x — m:) + R20;(t)(¢" V) (z — m3) |, (5)
=1
where
dic| dy Qj (T (wy—i)—|os—aillel)/(2D)
i = Maj, i = P — ! ’ ;
@ “ b 2D(D +d1)“ D+d1.z.|xj—:m|e J ]
i7
/ (6)
0. — dy = oL
172D(d1+2D) ’lify (3]
and where

1 'z —|c||z]
v = e (S ) 7)

is the singularity solution of Lu := DAu — cVu =0, i.e., L) = dy.

Remark 2.1 By “well approximated” we mean the following. For a single cell we set a; =: a
and assume the compatibility condition ug(z) = Ma(0)y. Then, for all t; > 0 there exist Ry > 0
and C > 0 such that for all 0 < R < Ry the following holds: if (u,a) is the solution to (2), and



a is the solution to (3) with initial condition a(0) = a(0), then

sup |a(t) —a(t)] < CR|lallc: (8)

0<t<ty

This result can be proven along the lines of the case ¢ = 0 in [16, Theorem 4 and Corollary
5]; see also [16, Remark 2b)] for comments on the compatibility condition ug(x) = Ma(0)1.
In particular, the reconstructed u from (5) satisfies the the boundary conditions (2b) up to an
O(RY) error, and even though u satisfies the PDE (2a) only up to O(R™!), this turns out to
be sufficient to prove (8) via approximation of (2) by a delay equation as an intermediate step.
The asymptotic result (8) does not rely on a separation of time scales between the internal cell
dynamics a’ = f(a) and diffusive transport. However, the error in (2a) is in fact O(R™'a’) and
thus vanishes in the stationary case. From an application point of view, a slower time scale of
the internal dynamics o’ = f(a) of the cells then reflects in well behaved constants Ry, t1,C in
(8), thus making the result applicable for finite R > 0.

For n > 2 cells, the results from [16] also transfer to ¢ # 0 to give a result similar to (8), if
one also assumes a certain scaling of cell distances. See [16, Theorem 10 and Corollary 11] for
a precise formulation for ¢ = 0.

However, the necessary steps to prove (8) and its analogon for n > 2 are quite technical and
give little additional insight, compared to [16]. Therefore, in Appendix A we only give the formal
derivation of (3), and below focus on the application of (3) to some example configurations. |

Before we present quantitative simulations we state one important qualitative conclusion
from the approximative equations.

Result 2. In the range of validity of the model and the approximation, the flow always has a
damping effect on the production of signalling substance of a single cell and the communication
of cells.

The first statement follows from the first order term —RM~y|cla; in (3). This term indi-
cates that the washout-effect always decreases the chance for a signal molecule once it left
the cell where it has been produced to return to this cell. The second statement holds since

Tl _ ) _ R
exp(c (; $J)2D|CH$Z $J|>

< 1 for the velocity-depending weights in the communication

terms in (3).

3 Simulation results

We assume that the cells live in three-dimensional space, releasing chemical signals, as described
above. We compare the situation without flow (¢ = 0) and that with a moderate flow which
is realistic for experiments in microfluid chambers. The device used in [14] has height 0.4 mm,
width 3.8 mm, and length 17 mm; the flow is given by 2 ml/h resp. |c| = |co| = 3.65-107% (m/s).
The parameters are close to those for the excretion of AHL by Pseudonomas putida (see e.g. [7]).
We only adapt the coefficient modelling the influx rate constant into the cells in order to have
a bistable situation for zero velocity; the situation at hand could be considered to describe a
micro-colony. In this scenario, the results become more clear and pronounced. All parameters
are summarized in Tab. 1.

We start off with one cell. As discussed above, the parameters are adapted in such a way that
a single cell is supercritical (Fig. 2(a)). The efflux terms in the ODE a = f(a) — M (1+ Ry|c|)a,
modelling the washout-effect, become eventually dominant if the velocity is increased. At the
same time, the outer field is deformed by the velocity field (Fig. 2(b),(c)). It is interesting to
estimate the velocity at which the washout-effect breaks the positive feedback loop (Fig. 2(d)).
We find that velocities around four times higher than that used in flow chamber experiments



Parameter | Value Meaning and source

Ve 1.96 - 10719 m3 /cell volume per cell

R 3.6-107" m radius iof a ball with volume V.
D 4.9-1071%m? /s [12]

do 0.008 D/ (47 R?) [16]

dy 55da Ve/R [16]

Qg 6.4 - 10723 mol/(s cell) constitutive AHL expression, [7]
Bo 6.4 - 10722 mol/(s cell) activated AHL expression, [7]

c 3.65-107* m/s assumption, see text and [14]

T 70 n mol/1 ~ 1.37 x 10723 mol/cell | threshold, [7]

n 2.5 Hill-coefficient, [7]

Table 1: Parameters used in the simulations. The parameters are mostly taken from experiments
with Pseudonomas putida [7], and from the paper [16]. The flow is adapted to micro-fluid device
experiments [14]. For the derived parameters we find M ~ 26.38, v = dy/(2D(D+dy)) ~ 1.3-108,
R|c|ly = 0.01715.

will lead to a breakdown: the internal state suddenly jumps from an activated level to a quiet
level. This is due to a saddle-node bifurcation that destroys the activated branch of stationary
points (see also Fig. 2 (a)).
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Figure 2: (a) Effective RHS for one cell, for ¢ = ¢ := 3.65107% m/s, ¢ = 3cg, ¢ = 5cy (top
down). (b),(c) u (level lines) reconstructed from fixed point for ¢ = 0 and ¢ = 3.6510~* m/s,
other parameters as in Table 1. (d) dependence of the final cell state on flow velocity.

Next we investigate the influence of flow on the communication, i.e. on the interaction of
two cells (or micro—colonies). We expect two competing effects: the washout effect, that we
already found to be damping for one cell, and a downstream effect. Two geometrical settings
are of particular interest as they represent two extreme cases: the cells may either be aligned or
perpendicular with the direction of the flow. Figure 3 shows the results of such simulations. For
¢ = 0, both geometrical settings are of course identical. In case of cells aligned with the flow,
the downstream cell receives distinctively more signaling substance (see Fig. 3(b), (e)). If we
investigate the break-down of the positive feedback caused by the flow (Fig. 3(c)), we recognize
that there is almost no upstream communication: the velocity at which the positive feedback
breaks down is very close to the critical velocity in the one-cell case. The downstream cell,
however, is able to stay longer activated as the upstream cell. Even if the upstream cell is in the
quiet state, the little additional amount of signalling substance washed to the downstream cell
helps the latter to stay activated substantially longer. The perpendicular activation breaks down
at a velocity between that of the upstream- and the downstream case (Fig. 3(f)). Obviously,
reciprocal communication is longer possible perpendicular than upstream. However, in summary,
all communication breaks down at rather small velocities due to the washout effect.

The last scenario models confined space. The intuitive idea is that a confined space does
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Figure 3: Two cells at a distance of 2 um, parallel (a), (b), (c) and perpendicular (d), (e), (f)
to the flow. ¢=0 in (a), (d), ¢=3.6510"% m/s in (b), (e); level lines are given at 2-10~7, 1077,
and 0.7 - 1077 mol/m?. (c) and (f) show the internal state a; of the cells. Note that in (d) the
two states are identical for symmetry reasons. Parameters as in Table 1.

not allow the signalling substance to diffuse and in this way the downstream effect should
be strengthened. The very simple scenario considered here consists of a tube with rectangular
profile, a number of cells in the shape of half-spheres sitting on the inner surface of the tube, and
a laminar constant flow directed along the symmetry axis of the tube, see Fig. 4. In particular
we assume perfect slip boundary conditions. This assumption is wrong for any real application,
but this simple setup can be treated via (3) by suitably introducing virtual cells, see §A.3 for
details, and even in this simple setup we find several remarkable results.

Firstly, theory and simulations show that still the washout dominates the downstream effect.
Figure 4(b1) shows the situation for 6 cells and a vanishing small flow (¢ = 1071% m/s), which
we use to simulate the situation without flow (¢ = 0) only for technical reasons, i.e., to remove
some formal divergence, see the comments before (20). Here, each of the cells is activated, with
essentially a1 = ag, a2 = as, a3 = a4 by symmetry, and the middle cells have the largest a. For
c=3.65107° m/s in (b2), the a; increase with 4, i.e., the last cell has the highest a;. However,
even for this small c, 1—10 the reference ¢ from Table 1 and Figures 2 and 3, this is the only
activated cell, but at only about half of its state in (bl), while the 5 upstream cells are quiet.
In (cl), for vanishing small ¢ the middle cells are activated to a slightly larger state than in
(b1). For ¢ = 3.65 107° m/s in (c2), now 5 cells downstream are activated, but for instance the
6th cell shows an almost identical behaviour to the 6th cell in (b2), indicating that upstream
communivation from cells 7,8,9 and 10 to cell 6 is negligible. Thus, the second result is that also
in the present geometry upstream communication is barely possible: A cell only recognizes the
number of cells upstreams, and the number of cells downstream is barely important. We expect
the result to be stable against more realistic geometries and flows, although quantitatively the
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Figure 4: Communication in a tube. The geometry is indicated in (a): a rectangular tube of
10pm width and infinite length is considered. In distance of 250 pm, single cells (indicated by
bullets) are located on the tube’s inner surface. (b) dynamics of the internal states of six cells,
for c = 1071%m/s and ¢ = 3.65 107> m/s, starting with zero initial conditions for all cells. (c)
Analogous to (b) for 10 cells.

model is rather sensitive with respect to, e.g., L. For instance, for ten cells with parameters as
above but with L < 6um all ten cells become activated while for L > 14um all ten cells stay
quiet.

4 Discussion

Intuitively, there are two counteracting effects of a laminar flow: the washout and the down-
stream effect. Signalling substance is washed away, and thus communication is interrupted.
However, cells that are located downstream of other cells should receive more communication
signals. Consider NV cells aligned in a row, and no flow. Assume that this population just reaches
its quorum. If a moderate flow is applied, we expect the first cells to become subcritical due
to the washout effect. On the other hand, if without flow the population is just subcritical, we
expect the last cells to become supercritial if a moderate flow is applied, due to the downstream
effect. However, in our model we found that for the stationary state flow is always damping, i.e.,
the washout always out-competes the downstream effect. This even holds in a confined space like
a tube, though downstream effects are longer visible as the signalling substance cannot diffuse
away in the direction perpendicular to the tube walls.

These seemingly counter-intuitive results are based on the fact, that in a scenario without
flow, the signalling substance is able to accumulate; only diffusive transport counteracts an
unbounded accumulation. In a confined space like a tube this accumulation is even stronger than
in the three dimensional space. In the long run, this increase leads to higher signal concentrations
than the downstream effect is able to create, even if many cells are located upstream.

Our theoretical results are in line with experimental observations [14], where a microfluid
device has been used to study the communication between colonies. It turned out that at no-
flow conditions, the colonies have been activated much earlier than with flow, and that in the
case with flow, a downstream effect has been barely recognizable. These findings indicate that
for realistic settings that incorporate even an intermediate flow, quorum sensing is not able
to create a population—wide communication, contrary to what batch culture experiments and
mathematical models without flow state. An aspect that becomes more prominent in recent time



is that much of cell-cell communication happens in colonies and biofilms [10]. These habitats
are protected against much of the surrounding flow by an extracellular matrix. Interestingly,
a (partial) restriction of communication to single colonies fits to the prediction of theoretical
evolution that fluctuation of (sub)populations through bottlenecks (as new emerging colonies)
may evolutionary stabilize quorum sensing based cooperation against non-contributing cheater
mutants [3]. Meyer et al. [14] thus speculated that between colonies rather competition than
cooperation should be an evolutionary stable strategy. It is likely that often quorum sensing
only is aimed at bacteria within the same colony or within a biofilm, and the signal is not meant
to spread globally as the original interpretation as quorum sensing suggested. In this sense,
quorum sensing is likely to be rather an intra-colony and short-range communication.

A The reduction

Here we give the calculations to approximate the coupled PDE-ODE systems (2) by ODE
systems of the form (3). For simplicity we first consider only one cell. The generalization to
N > 2 cells as in Result 1 then works rather naturally, and finally we explain how to treat the
spatially confined case.

A.1 One cell

Consider a single cell, located in x = 0 with radius R > 0. In lowest order we let u = ay(z)

ith () = — cla—lell] (7), and ch h that the BC
w x _47rD]a:\eXp 5D , ct. , and choose « suc at the
d 1 d
_|,T 1 1 ody
Bu||l,|:R = |:l/ [DVU, - CU] + RU:| ||x\:R = ﬁa (9)
are satisfied to leading order. We have
_ 1 x ¢ z|c| (cTz—|xl|e])/(2D)
Vi(z) _4771)( 2P " 2D 2D]a:\2>e '

Since v = —x/|z|, (9) thus yields

=Y DR R2 ' R2

T
« D ‘C| — % CTLU dl (CT$*R|C|)/(2D) o dga
D ( D——7+ — + e =

As el z=lalle))/(2D) =1+ O(R), we find in leading order (O(R~2))

lz|=R

47 Ddy

oz:MaWithM:D+d1,

(10)

independent of c.
Next, as [ c¢Tzdo =0,

Yoo L 1 / (Talelle)/2D) g, _ Ly _ )
/|sz R DR o= do= = [1—Rle[/(2D) + O(R)], (1)

see however Remark A.2 for remarks on this expansion. Consequently, the already generalized



ansatz u(z) = ap(z) + O(RP) yields flr\=R d”f%(”") do = %o + O(R). Thus, to leading order,

4rrdody

a' = f(a) — 4ndsa + D+ d,

a= f(a) — Ma. (12)

The interaction terms will be of order O(R!), thus we first need to calculate the O(R!)
interaction of a single cell with the environment. A natural ansatz is to assume

u=(a+ RA) ()

and aim to determine a and 3 s.t. the BC are satisfied up O(R™1).
The BC in this case read

daa
Bu=Ti +To+Ts+ Ty = ﬁ,
1 e(cTz—Rlc])/(2D) 1 <|c] - %) e(cTz—Rlc|)/(2D)
n=-—%> """ T = — R
1 4 R2 (CV—FRﬁ), 2 An 9DR (Oé“v_ 6),
CT.f 1 e(ch7R|c|)/(2D) dy 1 T
_ce T (¢Ta—Rlel)/(2D) '
5= "R &b g @R D= mppe (o + RB)

We expand T to Ty to order O(R ) and find
1 1 I
—2) 1 L cr 0
R {47r } {4 87D < R |C|> }+O(R )
1 zTe 1 'z
_ p-1 zc 0 D pl cx 0
=R {8D<|| R> }+(’)(R) T3 =R {47TDR04}+(9(R),
m=r2l g —5 vle | | ap + O(RY)
‘T ArD 87TD2 R ‘

Like before, the R~2 terms yield o« = Ma, and the next order reads

1 dy a dic| di\ 'zl
= - — —) = 1
0= in [B<1+D> D2D+D o) m]E (13)

which cannot be satisfied.

Ty

Remark A.1 The term involving ¢’z yields no O(R) contribution to the differential equation
of a because flz\:R ¢’z do = 0. Thus, already at this point we may set f = ———————

calculate the equation for a. Using (11) we obtain

d? d
¢ =1(0) = Ma+ Rle (= 1)+ O(R) = fla) = M(1+ Bolc)a + O(R?)
with v = %, cf. (4). J

Remark A.2 In the applications above, D ~ 5-107! m? /s and R ~ 3.6-10~"m, i.e., parameters
have quite different magnitudes also relative to R. Thus, expansions like (11) should be taken
with care. For instance, 1 — R|c|/(2D) becomes negative for |c¢| > |c¢*| ~ 0.002778 m/s. In

1
fact, using spherical coordinates and [ sin®9e®?dy = —=e“*? we may as well evaluate

J
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1
/ %do = —R(l — ¢ °R/DY explicitly, and find that the relative error between f\x|=R %do
lz|=R c

and its O(R) Taylor-expansion exceeds 0.4 for |c| > |¢*|/2. For consistency with the Taylor
expansions of the boundary conditions as in (10) we stick to the expansion (11), and keep in
mind considerations as above when applying the results of the expansions to realistic parameter
values. In the simulation in §3 we have |cy| = 3.65-10~%m /s~ |c*|/8 and the error in the Taylor
expansion is negligible. |

To find a consistent approximation of the outer field we now augment our ansatz. The new
ansatz reads

u=(a+ RA)(z) + B0 ("'VY) (). (14)

We first work out V(cI' Vi) (z)), to find

1 cl'z |c|? lc| Tz T
T — _ _ (cha—lalle])/2D) 1
(" VY)(@) 47rD< 2 T 2D 22 © ) hemce

1 c 3z () |c|? z T
T ctz—|xl||c 2D
V() (x) :47@(_ 422D 2 erpren)
! le . lel(T@) @ (crampalie/2D)
1D < "D T DEp ) ¢

Lot (e e Jeletx ( alel) (Totalieh/ep)
8 D? |z[3  2D|z| 2D|z|? || ’

Thus, with v = —z/R, and || = R, we find

1 [—2cx |c|? | T Ty
T T _ - (¢ z—R|c|)/(2D)
vIV(EVE@) = < 7 Ta2prz DR ) ¢
1 e |c? | Tz ' (T z+R|cl)/(2D)
+87TD2(R3+2DR2DR2 &) ‘
1 T 2 T
Furthermore, (VTC)(CTV¢)($) — _4D6Rx< _ C}B: + 2’5)|R _ |261|)CR:§> e(ch—|IHC|)/(2D) and
0
therefore
1 [2c7x 'z
R*B(c"Vip) = R [DV (T V) — e(c?Vip)] + R ("' V) = 0 <R2 - d1R2> + O(R?)
Thus, (13) becomes
_ d dy|c] 'z d dy + 2D
e 1 1 1 1
and (, 6 are uniquely determined to
d1|C| d1
= 1 = ————q. 1
5= b + o)™ 2D(d; +2D)" (16)
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A.2 Several Cells

We localize cells in 1 = 0,.., z, and assume

N

u(z) =Y [(w + RB) iz — ;) + R20;(T' V) (z — ;) (17)

i=1

In leading order only self-interaction is of relevance, hence again «; = Ma;. To calculate the
interaction terms we focus on the cell located in z; = 0 and determine “what’s coming in”. Only
the leading order terms of the other cells play a role and thus we determine By (xz — x;). For
cell one, we again find v = —x/R, and thus, since |z — z;| = O(|z;]) = O(R°),

T P c (@ —xj)lel \ (7 (@—2;)~lcl]le—z;])/(2D)
(va)(x_%)_R47rD<_\$—ﬂUj|3 2D\x—$j’_2D$_xj|2>e J j
=0(R),
d dy el zi=lellz;])/(2D)
T — ) =O(R° Aob(w —x;) = R~1-21 :
viep(x —x;) =O(RY), Rw@ zj) =R 4mD |25 o).

L dy elewilelle)/(2D)

Therefore, Biy)(z —xj) = R~ + O(RY), and (15) is modified to

4r D ||
dl dl CTCL' dl’C| dl C T dl e(CT(xj_xi)_‘C‘lxj_xil)/(QD)
=0; 1+— — Y — Oy — 9 —_— — n
0=0 [ +D] TigpE TR T M2 ol R +#i D |z, — 4] %
Thus, altogether, o; = Ma; and
d elch (wj—zi)—|zj—w||c)/(2D) d
fi= ol Z e aj, b= a, (18)
2D D+d1 D—i—dl |.ch —a:i\ 2D(d1 +2D)

diu
It remains to derive the ODEs for a;,i = 1,..., N from a} = f(a;) — 4ma; + / %da To
Q

i

order O(R) (where it is easy to see that the terms involving 6; do not yet contribute) we find

a; = f(a;) — Andaa; + dy Z Lij, Lij = (o + Rp;) / T,Z)(ac]; mj)do.
j

. 1
Thus, additional to w(wa)do =D [1—R|c|/(2D) —|—(’)(R2)], cf. (11), we need to evaluate
o
V(x — ) 1 e (@it O(R)—x;)~|c||zi+O(R)~x;])/(2D)
—= "V o = do
o0, R ArD Jagq, Rlzi + O(R) — ]
1 R T
— — 7 (e @imzj)=lellwi—z;])/2D | o R2
D |SL‘Z — ZL'j|e + ( )

for i # j. Thus, to O(R),

1 Rlel\ _ 1 R ]
(a +R/81)D< 2D> 5O +D(5 2Daz)
Ilj = LG(CTCTi—aT]‘)—‘CHxi—xj|)/2Daj’ i ;é j’

Dlz; — z;]
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and hence

diR || a; T (p—a)—lellz:—z
a; = f(ai) — Ma; + 3 Bi — op + Z me(c (e lelle=eb/ D) (19)
JFi
where a; = Ma; and $; is given in terms of (ai,...,an) by (18), which yields (3). For ¢ =0
e have B; = — 8-, —%_ hence
we have f3; DT 2oj4i Tri—gy]» hen

(e d1 Q; D Qg
= (2t m e 2 7
oy ’l’l — l’j| oy d1 + D |IL‘1 — CU]" oy dl + D |{El —Zj

and thus
d 1 M a 5

d1+Dj7£i |:U,-—a:j

a = f(a;) — Ma; + R

which recovers the result of [15, 16].

A.3 Confined space: flow through a tube at spatially independent velocity

In this section we consider a tube of rectangular profile. In order to carry over the arguments
from above, we again assume that the flow through the tube is laminar, and the velocity does
not depend on the location. In particular, the velocity does not vanish at the walls of the tube.
On this surface, bacteria are located that are assumed to have the shape of a half-sphere. These
assumptions may be more appropriate if we consider bacterial colonies instead of single bacteria.

To approximate this setup by (3) let us define the scenario more formally. Let Quupe =
{(z,y,2) : 0 < 2,y < L} and ¢ = (0,0,1)T¢y be the tube and the fluid velocity, and let
half-spheres with radius R be located at x1,...,xn € OQiupe. This also means that the cells
have distance > R from the tube edges, and necessarily R < L/2. We define the region Q2 =
Qtube \ UX{|z — ;] < R} and split the boundary of  into n + 1 parts, the wall of the tube
itself, and the surface of each half-sphere, 02 = 9Qp U 0€2; with

OO0 = OVupe \UX {|z — z;| < R}, 0 = {|z — ;| = R} N Qupe.

As usual, v denotes the outer normal of the region 2. The PDE for the signalling substance
reads
u = DAu + ¢"'Vu, Ovulaa, =0, Biulapa, =0

where B; is the boundary value operator introduced in (2b); we furthermore assign for each cell
the “internal” function a;(t), that follows the ODE (2c).

This spatially confined setting can be replaced by a full sphere scenario that fits into the
situation considered above by introducing “virtual” spheres in full space. In a first step, we
mirror the cells via

JJLQ = T, 1’7;71 = diag(—l, 1, 1)1‘1, 1‘7;72 = diag(l, —17 1)1‘1, Ii73 = diag(—L —1, 1)JJZ

where diag(a, b, ¢) indicates a diagonal matrix. Next we extend the points periodically in x and
y direction,

xi k1 = iy +§(2L,0,0)7 + k(0,2 L,0)7, ie{l,.,N}, jkez 1€{0,.,3}

and re-define €Q; ; 1, as full spheres with radius R and centres x; ;. Now we are back to the
model given in (2a)-(2c). Symmetry considerations imply that the solution of this surrogate
configuration satisfies 9,u = 0 on 927. Also due to symmetry reasons, all locations x; ;;; for i

13



given correspond to a single function a;(t), independently of j, k and [, and we identify a; j 5 ; =
a;. Our formal argument shows, that the solution of this system can be well approximated by
(3) and (5), where the sum extends over all sites z; ;5 ;. Since we do not include a degradation
term for the signalling substance, this infinite sum diverges pointwise if ¢ = 0, which is why we
used the vanishing small ¢ = 1071 in the simulation in Fig. 4(b1),(c1).

For the simulation of (3) we conveniently truncate to finitely many virtual cells x; k.,
(j,k) € J C Z?. This also removes the divergence of (3), (5) in case ¢ = 0, and thus we rather
set ¢ = 10719 in the simulations for formal reasons. The system (3) can then be rewritten as

D—|—d1

m=1,...,

~ diM
aé :f(ai)—M(1+R7|c|)ai+RMiai+R ! E Iimam7 1= 17'-‘7N7 (20)
N

where the interaction factor M of a; with its virtual mirrors and the interaction matrix I, with
the other cells can be calculated in advance, namely

Mi = Ddl]\{l Z ; exp (cT(xi — xi,j,k,z)2D]c| |x; — 56z‘,j,k,1|> |
+ ! (.j7k7l)€J><{07’3} |:1:Z - xl,],k’l‘

T
Lipy = 3 1 exp <c (@i — Tijrg) — ] lwi — wm,j,k,l\) .

Ti— Loy i 2D
Gk eT(0,3y 170 Tmakil

In the numerics in Fig. 4 we introduced 2Ny (2Np+3)+1 virtual spheres, Ti ki, J = —No,..., No,
j=—No,...,No+1,j2+k? #0, | = 0, for each original sphere z;, by assuming that the first two
components of each z; are y = 0 and = = L/2, and shifting by L, which makes the [-symmetries
above redundant. Then Ny = 10 turns out to be more than sufficient to satisfy the boundary
conditions 0,u|pqn, with high accuracy.

B The singularity solution

The singularity solution ¥ (x) of 0 = DAu — ¢Vu resembles the well known Gaussian plume,
which is also used to describe the spread of smoke or pollutant plumes originated from a point
source [2]; the only difference is that the standard Gaussian plume neglects the diffusion within
the drift direction. The singularity solution can be computed via

t
uy = DAu — cVu+ 6y, uli=o=up < u(t,z) = Tiug +/ Ti_s00ds
0

ef\xfctfx’|2/(4Dt)

R3 (47TDt)n/2

0o e—\x—ct\2/(4Dt) p D )2 oo 1 ‘x|2 0T ) —n/2d

B o0 1 (| .
— (47 D)""/2 cTac/(QD)/ _ 2 n/2 g4
(47 D) e ; xpy=p |\ +c)*t) ot dt

As this integral is somewhat less standard than the Gauss integral fooo (4rt)—/ 20— /(4D gy —
1/||z|| for n = 3, we now give the calculations to evaluate it explicitly. With w = |z|?/(4Dt) we

f(2")dx'. Thus,

and taking lim; o u(t, ), where T f =
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find

Y(x) =(4nD) "/ 2ec #/(2D) <4D) / w22 e W e (4D)2w dw
0

lef? 2|2

—n/2
_71'4;;/ ech/(QD)‘$|2—n/oo n/2—2 e~V ¢ D2 w dyp
0

Next define h? = |c[*|z|*/(4D)? and I (h) = [;° w2 2e=w=h?w gy,

1 elcTa—lallc))/(2D)

Lemma B.1 I3(h) = /e~ " and thus ¢ (x) = D 7
s x

Proof. The function ((w) = w/2+ h?/(2w) is monotonous in [0, k) and in (h, 00), where ((h) =

h. With w = w(¢) = ¢+ /2 —h2 and w'(¢) = 1 £ ¢//C—h2 = (/2 —h2 + )/ /2 — h2

we obtain

Ia(h) :/ wa/2—2 e—w—h2/w dw
0

h 2 _p2_ oo 2 _p2
o A e A e R e

/ (¢~ m“/“JrH\/WQ/“ 2 dc.
h V(% — h?

Fix o« = 3. Then a/2 —1=1/2,
(- VE=R)2 4+ (c+ VE=R)2)’
VTR 2(C (1) P RE=2(C+h), (21

0o /2 _ _ _ _
and I3(h) = [ fﬁjl K¢ = [ RpedC = [ e dne ™ = T(1/2)e =
Vme 2k, O
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