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Supporting Information

Nonuniform hydrolysis profile approximation

To observe aggregation, cells are starved in a shaking flask with low concentration cAMP pulses for 5

hours. During this period they differentiate and secrete chemicals as a byproduct of the development

process. Phosphodiesterase (PDE) that hydrolyzes the signaling molecule cAMP is secreted at a relatively

constant rate during the preparation duration [1]. The activity of the PDE inhibitor is reduced for our

method of pulsing [2]. Thus we approximate the PDE density as nPDE = ncellsPDET , where ncell is the

cell density, sPDE is the rate of PDE production per cell per unit time (assumed to be constant), and

T = 5 hours is the total preparation time. Once the cells are placed in the y < 0 reservoir they settle

quickly to its bottom surface. After settling is complete the cell surface density is n̄cell = ncellLz, where

Lz = 1 cm is the height of the reservoir [3]. In the 0 ≤ y ≤ Ly region, the dynamics of the enzyme

PDE reaches a steady state in about (Ly/2)
2/DPDE ∼ 4 min. The x− t average of the diffusion equation

describing the dynamics of the PDE concentration C̄PDE is

DPDE
d2

dy2
C̄PDE + sPDEn̄cell = 0 . (SI1)

The vertical thickness of the chamber is very small lz = 5µm. Therefore, within the chamber, the PDE

concentration is considered uniform in this direction. As previously discussed, we assume the boundary

conditions

C̄PDE(0) = 0 , (SI2)

C̄PDE(Ly) = 0 . (SI3)

The solution of Eq. (SI1) subject to the boundary conditions in Eqs. (SI2) and (SI3) is

C̄PDE(y) =
sPDEn̄cell

2DPDE
L2
y

y

Ly

(
1− y

Ly

)
. (SI4)
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Next, to justify (SI2) we argue that C̄PDE(Ly/2) � C̄PDE(0) holds in our experimental setup. The PDE

concentration at y = 0 is estimated by matching it to an estimate of the PDE concentration in the

reservoir at y < 0, which is ncellsPDET . Thus, Eq. (SI2) is valid if (ncellsPDET )lz � sPDEn̄cell

8DPDE
L2
y, where

the factor lz on the left hand side of this inequality results from the fact that C̄PDE is a surface density

rather than a volume density. With n̄cell = ncellLz, the cell density and the unknown PDE production

rate sPDE cancel, and the inequality becomes

T � Lz

lz

L2
y

8DPDE
. (SI5)

Using the dimensions of the experimental setup and an estimate of the diffusivity of the PDE in Eq. (SI5),

we obtain T = 5 hours � 1mm

5µm

9× 104µm2

8× 100µm2/sec
≈ 56 hours. Therefore, the boundary condition assumed

in Eq. (SI2) is reasonable. The other boundary condition Eq. (SI3) is even better justified because: (i)

there are very much fewer cells in the y > Ly reservoir than in the y < 0 reservoir, and (ii) the experiment

time (≈ 1 hour) is shorter than T .

Fokker-Planck equation for aca- mutant cells

In this section we describe the steady state behavior of the model in the continuum approximation. For

the non-interacting aca- cells, the cAMP density gradient always points toward the y > Ly reservoir (i.e.,

∇C/|∇C| = ŷ). Additionally, we set f → 0 for the continuum limit, thus the attractor vector in Eq. (2)

reduces to g = ξxx̂+ (1 + ξy)ŷ. Since |n| = 1, therefore Eq. (2) reduces to

dθ

dt
= −ωθ + ωξx , (SI6)

where θ is the angle between n and the y-axis. The steady state, spatially uniform version of the Fokker-

Planck equation corresponding to (1) and (SI6) is

∂

∂θ

(
ωθρ+

ηω2

2

∂ρ

∂θ

)
= 0 , (SI7)
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where ρ = ρ(x, y, θ; t) is the probability density of the cells in (x, y, θ) space. Multiplying Eq. (SI7) by θ2

and integrating over θ from θ = −π to θ = π with ρ assumed small away from θ ≈ 0 we obtain

〈θ2ρ〉
〈ρ〉

= ηω/2 . (SI8)

Results for uniform degradation scheme

In our model we considered a non-uniform cAMP degradation scheme, which is justified by the boundary

conditions of the setup and the initial conditions determined by the cell preparation. In this section we

show results where we apply uniform cAMP degradation in the 0 < y′ < 1 region. The degradation

for the external cAMP is treated spatially uniform in most of the other chemotaxis and collective cell

migration models [4–7]. We summarize our results for the constant degradation scheme in Fig. S1, where

we show M(y′) and ρ(y′) for ν0 = 3. Compared to the results obtained using the non-uniform cAMP

degradation scheme (Figs. 4B, 4C, 4D, and 5A), results of the uniform cAMP degradation do not differ

qualitatively.

Comparison of density profile measured from experiments

Tracking individual cells within a stream is technically difficult, however, since the depth of the exper-

imental region is approximately the same as the thickness of the cell, we can infer local cell number

from the images. More precisely, we thresholded and binarized the time-lapsed images to determine the

z-projected area of the stream. We estimate this area is proportional to the number of cells within the

stream. Figure S2 shows the local density obtained from experiments and simulations as a function of

distance from the cell reservoir. Overall, both experiment with wild-type cells and simulation show an

increase in density along the gradient direction and a peak density close to the high cAMP reservoir (Figs.

S2A and S2B), with a stronger peak when the external cAMP concentration is low. The experiment and

simulation disagree in the low external cAMP case near the cell reservoir. In the simulation, signal relay

begins when the cells enter the thin gradient chamber. In the experiment, signal relay is not restricted

and in low cAMP regions such as the cell influx well, the cells may begin to form streams. Mutant cells

that do not secrete cAMP have a uniform density in the gradient chamber (Fig. S2C). To match the

experimental density curve for the PDE1- cells, we lowered the cell secretion rate (Fig S2D). This result
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suggests a testable prediction from our studies.
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