
Supplementary Information for Emergent Pattern

Formation in a Synthetic Bacterial Population

1 Plasmid construction

Our patterning circuit design was implemented by partitioning the system into two plasmids, namely

pFNK-512 (Fig. S1a) and pFNK-804-LacO-LacI (Fig. S1b), corresponding to the upper and lower

parts of the circuit diagram in Fig. 1b of the main text. pFNK-512 was constructed by inserting

two identical divergent copies of the hybrid promoter PLas−OR1 as well as the genes lasI(LVA), rhlI,

dsRed, and lasR into the pPROTet.E vector (ColE1 ori and Cm resistance, Clontech). The promoter

PLas−OR1 was constructed by fusing a mutant CI binding domain OR1-mut4 [1] to a wildtype Las

promoter in P. aeruginosa (PAO1 strain) [2]. The hybrid promoter sequence is shown in Fig. S1g. A

Las regulatory gene lasR was placed downstream of one copy of the hybrid promoter. 3OC12HSL and

C4HSL synthase genes lasI(LVA) and rhlI were inserted downstream of the other PLas−OR1 promoter

followed by a red fluorescence reporter gene dsRed-exp (from Clontech plasmid pDsRed-Exp). RBSII

was used for all ribosome binding sites in this plasmid [1].

pFNK-804-LacO-LacI was constructed starting from the pPROLar.A vector (ColE1 ori and Kan

resistance, Clontech) and integrating the promoters pLacIq, λP(R−O1), and PRhl−lacO and the genes

lacI, rhlR, cI, and GFP(LVA) [3]. Promoter pLacIq, ribosome binding site RBSII, and lacI gene were

inserted into the vector for constitutive expression of LacI [1]. A mutant rhlR was placed under control

of a CI-regulated promoter λP(R−O1) and the ribosome binding site RBSH [2, 3, 4]. Hybrid promoter

PRhl−lacO was constructed by adding a LacO operator binding site to a wildtype RhlR promoter in

P. aeruginosa (Fig. S1g). Genes cI and GFP(LVA) were placed under transcriptional control of the

hybrid promoter PRhl−lacO. Ribosome binding sites RBSH and RBSII were used for cI and GFP

respectively [1, 3].
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Plasmid pFNK-806 (Fig. S1c) was derived from pFNK-804-LacO-LacI. It was constructed by

replacing promoter λP(R−O1) in pFNK-804-LacO-LacI with the constitutive promoter pLacIq, and re-

placing the corresponding ribosome binding site RBSII with RBSG [1]. This provided a plasmid

without the inhibition of RhlR production by CI.

Plasmid pTOG-1 (Fig. S1d) was created from toggle switch plasmid pIKE-107 (ColE1 ori and

Amp resistance) [5]. We inserted a red fluorescence gene mCherry into the original plasmid down-

stream of the lacI gene that is regulated by promoter pLtetO−1. RBSII was used as the ribosome

binding site for mCherry [1].

Plasmids pINV-5 and pASK-201 were used for the negative controls in Fig. 2b in the main text.

The pINV-5 plasmid expresses lacI from the constitutive promoter pLacIq and expresses GFP(LVA)

from the LacI-regulated promoter pLac on a p15A plasmid with kanamycin resistance (Fig. S1e) [6].

Plasmid pASK-201 is identical to pINV-5 except that gfp(lva) was replaced by a red fluorescence

gene dsRed-Exp (Fig. S1f).

All plasmids were constructed using standard molecular biology cloning techniques. Restriction

enzymes were obtained from New England BioLabs Inc, and PCR primers were ordered from Inte-

grated DNA Technologies, Inc.

2 Diffusion experiments and mathematical modeling

A requirement for Turing pattern formation is two morphogens that have distinct diffusion rates.

Specifically, the activator species 3OC12HSL should diffuse more slowly than the inhibitor C4HSL.

To quantify the differenceO between the diffusion rates, we performed dosage response experiments,

solid-phase diffusion experiments, mathematical modeling, and parameter estimation.

AHL response threshold

To conduct the diffusion assays, we first needed to calibrate the morphogen response thresholds. We

individually transformed plasmids pFNK202-qsc119 and pFNK503-qscrsaL into strain MG1655 to

serve as reporter cells for C4HSL and 3OC12HSL respectively [7]. Reporter cells inoculated from

overnight cultures were grown in M9 media for 3 hours and then induced with various levels of AHL

for 6 hours. Single cell fluorescence data were subsequently collected using a Beckman Coulter Altra

flow cytometer equipped with a 488-nm argon excitation laser and a 515-545 nm emission filter.
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Figure S2 shows the dosage response curves for C4HSL and 3OC12HSL receiver cells. The half

activation thresholds are approximately 3× 10−3µM for 3OC12HSL and 3× 100µM for C4HSL.

This information allows us to correlate fluorescence activation with AHL concentration in our solid-

phase diffusion experiments.

Diffusion experiment

We performed solid-phase diffusion experiments in 2% M9 agar plates as described in Methods.

Reporter cells picked from single colonies were cultured in liquid LB media overnight and diluted

1000:1 into fresh media the next day. When culture OD’s reached 0.1−0.3, cells were concentrated

and resuspended in M9 media to final OD of 2.0. 1.5mL of the concentrated cells were plated onto

80×15mm M9 agar Petri dishes for the diffusion experiments. To correspond with the environmental

conditions of our patterning experiments, plates with the cells were first incubated at 30oC for 12

hours. Afterwards, 3µL AHL droplets with an appropriate concentration (10mM for C4HSL, and

0.01mM for 3OC12HSL) were added at the center of the plates for each type of reporter cell. We

chose these concentrations based on the AHL’s half activation thresholds so that the AHL’s activate

cells around the center but not close to the edge of the Petri dishes. Fluorescence images were taken at

hours 0, 2.5, 5, and 8.75 using a Bio-rad Molecular Imager ChemiDoc XRS+ System. An XcitaBlue

conversion screen was used for capturing GFP intensities.

Every image obtained from this experiment has a fluorescence radial gradient centered around the

position where the AHL droplet was added. Figure S3a-b shows representative fluorescence intensity

lines crossing the image centers for different time points for the two AHL diffusion experiments. The

image exposure times for C4HSL and 3OC12HSL are 0.1s and 0.2s respectively. Raw images were

processed to remove exposure bias in the field of view by background subtraction of reference frames.

Modeling and parameter estimation

To estimate experimental diffusion coefficients for the signaling species, we developed the following

reaction-diffusion model:

dS
dt

= Ds∇
2S− γsS (1)

dF
dt

= α f N
S

Ks +S
− γ f F (2)

dN
dt

= αnN (1−N/Nl) (3)
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where S, F , and N refer to AHL concentration, fluorescence reporter concentration, and cell density

respectively. γs and γ f are the degradation rates for AHL and the fluorescence reporter, Ds is the AHL

diffusion coefficient, Ks is the AHL half-activation threshold, α f is the fluorescence reporter produc-

tion rate and αn is the cell growth rate. In this model, cell density is assumed to grow logistically [8].

According to our experimental setup, the initial conditions of the equations include F(x, t)|t=0 = 0,

N(x, t)|t=0 = N0 and S(x, t)|t=0 = S0H[x+x0](1−H[x−x0]), where H[x] is the Heaviside step function

and x0 is the radius of the initial AHL droplet. The signal’s initial condition was chosen as above to

simulate the localized addition of AHL droplets onto the plate. The boundary conditions of the system

are ∂S/∂x|x=±4 = 0, ∂F/∂x|x=±4 = 0, and ∂N/∂x|x=±4 = 0. Since the fluorescence observed in our

experiment consists of the fluorescence reporter and cell autofluorescence, the total fluorescence is

indicated by Ftotal = F +β f N.

From the literature [9], we use degradation rates of γs=c12 = 0.002 hr−1 for 3OC12HSL and

γs=c4 = 0.02 hr−1 for C4HSL. The degradation rate of the fluorescent protein is γ f = 0.04 hr−1.

We choose β f = 0.5 for C4HSL (0.1s exposure time) and β f = 1.0 for 3OC12HSL (0.2s exposure

time). From the dosage response experiment, we obtained half activation thresholds for the two AHLs

of Ks=c12 = 0.003 µM and Ks=c4 = 3 µM. By parameter estimation using the fluorescence intensities

of cells far away from the center in the model with the experimental setup, we obtained a cellular

growth rate of αn = 0.15 hr−1 and saturation cell density of Nl = 5.0 (N0 = 1.0). Then, by param-

eter estimation of the fluorescence wave profile over time, we estimate the diffusion coefficients to

be Dc12 = 0.002 cm2/hr for 3OC12HSL and Dc4 = 0.065 cm2/hr for C4HSL. The corresponding

simulation results are shown in Fig. S3c-d. These experiments suggest that the diffusion coefficient

for the activator is approximately 21.6 fold slower than that of the inhibitor, qualitatively consistent

with a previous study [10]. One possible explanation for why the ratio of diffusion rates is so high

is that hydrophobic nature of 3OC12HSL causes it to partition in the cell membrane, thus essentially

slowing down its diffusion from cell to cell [10].

3 Competitive inhibition experiment

A typical quorum sensing pathway in gram negative prokaryotes often consists of a signaling species,

a regulatory protein bound by the signaling molecule, and promoters that respond to the regulatory

protein [11]. A regulatory protein is paired with a specific signaling species to form a complex. The
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complex binds select promoters and activates downstream genes. For each quorum sensing pathway,

the signaling molecule and regulatory protein are highly specific to insure unique communication.

Crosstalk between different quorum sensing pathways are typically minimized due to this high speci-

ficity.

However, interactions between different pathways do exist and are even beneficial [12]. In P.

aeruginosa, 3OC12HSL and C4HSL are the two signaling molecules of the Las and Rhl quorum

sensing pathways: 3OC12HSL and LasR are responsible for activation of the pLas promoter while

C4HSL and RhlR regulate the pRhl promoter. Using E. coli cells that harbor a plasmid (pFNK202-

qsc119) with constitutively expressed RhlR and a pRhl promoter regulating a GFP(LVA) reporter [7],

we performed crosstalk experiments. We induced the engineered cells with different combinations of

the AHLs. Our experiments along with previous results [7] confirm that the Rhl pathway is activated

by C4HSL but not by 3OC12HSL in the presence of RhlR (Fig. S4a). However, these results do

not indicate whether 3OC12HSL is an inhibitor of the Rhl pathway. To explore this possibility, we

induced rhl receiver cells with different levels of 3OC12HSL (0 to 30 µM) while C4HSL was kept

high (3µM). Figure S4b shows that the fluorescence level of single cells monotonically decreases

with 3OC12HSL. This experiment suggests that 3OC12HSL binds RhlR, the regulatory protein for

C4HSL, but the corresponding complex does not activate the promoter pRhl. The competitive bind-

ing of 3OC12HSL to RhlR thus reduces RhlR/C4HSL complex formation and, as a result, inhibits

pRhl activation from C4HSL. In wildtype P. aeruginosa, this competitive inhibition may provide an

alternative mechanism for temporal control of the activation of transcriptional factors by delaying the

induction of genes regulated by the rhl quorum sensing pathway [12].

4 Time evolution of patterns

We performed a 32-hour experiment to gain a better understanding of the dynamics of pattern emer-

gence. A lawn of cells was prepared as described in Methods, placed in a microscope chamber and

incubated at 30oC. Fluorescence images of the same region were captured once every 30 minutes.

Figure S5 shows images at 4 hours intervals (0-, 4-, 8-, 12-, 16-, 20-, 24-, 28-, and 32-hour). There

is no fluorescence initially until hour 16 when tiny spots emerge. These tiny spots grow quickly and

new spots continue appearing and growing during the following few hours. By hour 24, spots have

emerged with typical sizes much larger than that of a single cell. The spot pattern remains roughly
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the same from hour 24 to hour 32.

5 Mathematical models and simulations

A deterministic reaction-diffusion model

Our synthetic system consists of biochemical reactions involving promoters, mRNA, and proteins as

well as signal diffusion, with rate constants that span multiple time-scales. To obtain a manageable

model, we make the following commonly used simplifying assumptions:

• Operator states of a promoter fluctuate much faster than protein degradation rates.

• mRNA half-life is much shorter than protein half-life.

These assumptions allow us to eliminate operator fluctuation and mRNA kinetics and model the

system at the communication signals and protein levels as

dU
dt

= αuIu− γuU +Du∇
2U (4)

dV
dt

= αvIv− γvV +Dv∇
2V (5)

dIu

dt
= αiuF1(X1,C)− γiuIu (6)

dIv

dt
= αivF1(X1,C)− γivIv (7)

dC
dt

= αcF2(X2,L)− γcC (8)

where U and V are the concentrations of the two diffusible morphogens 3OC12HSL and C4HSL, Iu

and Iv are the concentrations of corresponding AHL synthases, and C refers to CI.

We model the hybrid promoters using the following Hill functions:

F1(X1,C) =
[1+ f1( X1

Kd1
)θ1][1+ f−1

2 ( C
Kd2

)θ2]

[1+( X1
Kd1

)θ1][1+( C
Kd2

)θ2]
(9)

F2(X2,L) =
[1+ f3( X2

Kd3
)θ3][1+ f−1

4 ( L
Kd4

)θ4]

[1+( X2
Kd3

)θ3][1+( L
Kd4

)θ4]
(10)

where F1(X1,C) and F2(X2,L) are the production rates of the promoters PLas−OR1and PRhl−lacO, X1

and X2 are the LasR-3OC12HSL complex and the RhlR-C4HSL complex respectively, and L is the
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concentration of unbound LacI protein. We use the definitions

X1 = RuU (11)

X2 =
RvV

(1+U/Kc3)
(12)

L = λl

(
1+ f−1

6 (I/Kd6)
θ6

1+(I/Kd6)
θ6

)
(13)

where I is the IPTG concentration, Ru and Rv are the regulatory proteins LasR and RhlR:

Ru = λuIu (14)

Rv = λv

(
1+ f−1

5 (C/Kd5)θ5

1+(C/Kd5)θ5

)
(15)

A summary of the variables used in our model is available in Table 1 and definitions of the rate

constants in Tables 2-3. Hill functions employed in this model have a shared form of Y = 1+ f (X/K)θ

1+(X/K)θ ,

where X and Y correspond to the input and output of the function, K is the dissociation constant, θ is

the Hill coefficient and f is the fold change of Y upon full induction by X .

To study patterning using our model, we divide a cellular lawn into a mesoscopic M×M grid

(M = 64 in our simulation). As is common for deterministic Turing simulations, we introduce small

variation into the initial concentrations of the molecules for initial symmetry breaking. All the vari-

ables (species) were initially assigned low values (random values obeying a Gaussian distribution that

has a mean of 1.0 and a variance of 0.05) to approximate the initial condition in our experimental

setup. We numerically integrate the partial differential equations over time to simulate spontaneous

pattern formation. We also perform numerical simulations with a range of IPTG concentrations (from

10−6 to 10−2 M) to explore modulation of pattern formation. Sizes of simulated patterns are de-

termined in terms of relative fluorescence intensities rather than absolute values to match our image

processing procedures for the experimental data.

A stochastic model

Our deterministic model correlates well with several characteristics of our experimental observations

including pattern modulation by inducer IPTG. However, the deterministically simulated patterns

have a uniform distribution of spot size, fluorescence intensity, and separation, whereas the experi-

mental results display large variability in these attributes. We developed a stochastic spatiotempo-

ral model to improve the correlation with the experimental observations. The patterning process is
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modeled with exactly the same biochemical reactions used in our deterministic model but simulated

stochastically using an efficient tau-leaping stochastic algorithm [13, 14]. To speed up this large scale

spatiotemporal simulation, we employ a hybrid technique where all intracellular chemical reactions

are stochastic but signal diffusion is deterministic since the diffusion time scales are typically much

faster than the intracellular reactions considered in our model.

6 Moran’s I of our simulated patterns

Moran’s I was developed to measure spatial autocorrelation and indicates whether adjacent observa-

tions of the same phenomenon are correlated. Moran’s I was proposed as follows [15]

I =
N

∑
N
i=1 ∑

N
j=1 wi j

∑
N
i=1 ∑

N
j=1 wi j(xi− x̄)(x j− x̄)

∑
N
i=1(xi− x̄)2

(16)

where N is the total number of pixels, x is the variable of interest (red fluorescence level here), x̄ is

the mean of x, and wi j a weight matrix of pixels. We employ a simple form of the weight matrix

as follows: wi j = 1 if two pixels are directly adjacent and wi j = 0 otherwise. Moran’s I values

typically range from +1, representing complete positive spatial autocorrelation, to−1, corresponding

to complete negative spatial autocorrelation.

Figure S6 shows Moran’s I for the patterns from our deterministic simulations. The results are

qualitatively consistent with the analysis of our experimental patterns shown in Fig. 4g of the main

text.
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Symbol Molecule

U 3OC12HSL

V C4HSL

Iu LasI

Iv RhlI

C CI

Ru LasR

Rv RhlR

L free LacI

X1 LasR-3OC12HSL complex

X2 RhlR-C4HSL complex

Table 1: Variables used in the model.
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Parameter Description Value Unit

αu 3OC12HSL production rate 3.0×101 hr−1

γu 3OC12HSL degradation rate 1.0 hr−1

Du 3OC12HSL diffusion coefficient 5.0×10−1 grid2/hr

αv C4HSL production rate 3.0×101 hr−1

γv C4HSL degradation rate 1.0 hr−1

Dv C4HSL diffusion coefficient 5.0×101 grid2/hr

αiu Basal production rate of LasI 1.0×101 molecules/hr

γiu Degradation rate of LasI 1.0 hr−1

αiv Basal production rate of RhlI 3.0 molecules/hr

γiv Degradation rate of RhlI 1.0 hr−1

αc Basal production rate of CI 1.0×101 molecules/hr

γc CI degradation rate 1.0 hr−1

λu Ratio between LasR and LasI 1.0 �

λv Steady state level of RhlR by λP(R−O1) w/o CI regulation 1.0×103 molecules

λl Steady state level of LacI from placq expression 1.5×102 molecules

Kc3 3OC12HSL-RhlR dissociation constant 1.5×102 molecules

I IPTG concentration 1.0×10−6∼−2 M

Table 2: Definitions and values for the rate constants used in our mathematical model.
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Parameter Description Value Unit

θ1 Hill coeff. for LasR-3OC12HSL complex activation of PLas−OR1 1.0 �

Kd1 Disso. constant of LasR-3OC12HSL complex with PLas−OR1 1.0×103 molecules

f1 Fold change for full induction of PLas−OR1 1.0×103 �

θ2 Hill coeff. for CI activation of PLas−OR1 2.0 �

Kd2 Disso. constant of CI with PLas−OR1 1.0×101 molecules

f2 Fold change for full inhibition of PLas−OR1 1.0×105 �

θ3 Hill coeff. for RhlR-C4HSL complex activation of PLas−OR1 1.0 �

Kd3 Disso. constant of RhlR-C4HSL complex with PLas−OR1 1.0×105 molecules

f3 Fold change for full induction of PLas−OR1 1.0×103 �

θ4 Hill coeff. for the LacI activation of PLas−OR1 4.0 �

Kd4 Disso. constant of LacI with PLas−OR1 1.0×102 molecules

f4 Fold change for full inhibition of PLas−OR1 1.0×103 �

θ5 Hill coeff. for the CI activation of λP(R−O1) 2.0 �

Kd5 Disso. constant of CI with λP(R−O1) 1.0×103 molecules

f5 Fold change for full induction of λP(R−O1) 1.0×105 �

θ6 Hill coeff. for the IPTG binding to LacI 1.0 �

Kd6 Disso. constant of IPTG with LacI 1.0×10−3 M

f6 Fold change of LacI activity for IPTG full induction 1.0×105 �

Table 3: Additional definitions and values for the rate constants used in our mathematical model.
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Captions

Figure S1: Plasmids used in our patterning and control experiments. a, Plasmid pFNK-512 imple-

ments activation of 3OC12HSL and C4HSL. It corresponds to the upper part of the circuit diagram in

Figure 1b in the main text. b, Plasmid pFNK-804-LacO-LacI corresponds the lower part of the circuit

diagram. It implements inhibition of both signals. c, Plasmid pFNK806 is derived from pFNK804-

LacO-LacI and provides better contrast between green and red fluorescence intensities. d, Plasmid

pTOG-1 is a two-color bistable toggle switch. It is used to explore the role of collective commitment

in pattern formation. e-f, pINV-5 and pASK-201 are IPTG-inducible plasmids that produce GFP

and RFP correspondingly. Both are used in our control experiments. g, Sequences for the hybrid

promoters PLas−OR1 and PRhl−lacO.

Figure S2: Liquid AHL dosage response curves for the reporter cells. The red curve is the 3OC12HSL

response of cells harboring pFNK-503-qscrsaL, a 3OC12HSL detector plasmid. The blue curve is the

C4HSL response of cells harboring the receiver plasmid pFNK-202-qsc119.

Figure S3: Comparison of our experimental data with modeling results. a-b, Fluorescence intensity

of receiver cells in response to AHL gradients in 2% M9 agar plates. In both panels, the four curves

correspond to hours 0, 2.5, 5, and 8.75. c-d, Fluorescence intensity simulation results using our

mathematical model. The estimated diffusion coefficient for 3OC12HSL is 0.065 cm2/hr and for

C4HSL is 0.003 cm2/hr.

Figure S4: Competitive binding of 3OC12HSL to RhlR inhibits activation of promoter pRhl by

C4HSL. a, GFP expression from pRhl promoter is induced by C4HSL (blue bar) but is not induced by

3OC12HSL (red bar). b, GFP expression from pRhl promoter decreases with 3OC12HSL for a fixed

concentration of C4HSL.

Figure S5: Emergence of patterns over time. Snapshots of red fluorescence were taken every 30

minutes for 32 hours. Shown are images in 4-hour intervals. Scale bar, 100µm.

Figure S6: Moran’s I of the patterns from our deterministic simulations.
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