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1 Supplementary Methods

1.1 Modeling diffusion through the interaction channel

We assumed that diffusion through the MISTiC interaction channels could be modeled as a one-dimensional
process by discretizing space in the interaction channels into 1 micron regions. The chamber connected
to the main channel with 10 µM fluorescein is the ‘source’ chamber, x1, through which the dye enters the
interaction channel and diffuses across at rate D1. The concentration in the source chamber remains constant
where

ẋ1 = 0. (1)

We assumed that fluorescein degraded at a linear rate due to absorption by PDMS or photobleaching.
The concentration of fluorescein in each region of the interaction channel is

ẋl = D1(xl−1 + xl+1 − 2xl) − γFxl for l = 2, 3, ..., L− 1. (2)

The ‘sink’ chamber, xL is on the opposite side of the interaction channel, through which fluorescein
dilutes into the other main channel at a rate D2. Fluorescein concentrations in the sink chamber are given
by

ẋL = D1(xL−1 − xL) −D2xL − γFxL. (3)

The model parameters (Table S1) were fit to the fluorescence data within the interaction channel using a
nonlinear programming solver (fmincon, MATLAB). For γF = 0, the model exhibits linear chemical gradients
that do not mirror the shape of the experimentally measured gradients (Fig. S1).

Parameter Description Value
D1 Diffusion coefficient of fluorescein across the interaction channel 2.0016 x 105 time−1

γF Degradation rate of fluorescein 7.4466 time−1

Fc Fluorescein concentration in source chamber 0.9135 A.U.
D2 Diffusion coefficient of fluorescein into main channel 1227.8 time−1

Supplementary Table 1: Estimated parameters for the fluorescein experiment.

1.2 Dynamic computational model of inter-strain communication across spatial
distance

An ordinary differential equation model was developed to study quorum-sensing inter-strain communication
across distance. Reflecting our diffusion model, we assumed that diffusion could be modeled as a one-
dimensional process by discretizing space in the interaction channels into 1 micron regions. Dynamical
delays were used to model sequential biochemical reactions, syringe activation, and transport of media from
the inlets into the growth chambers. The model species are listed in Table S2.
The following equations account for the time delay due to arabinose transport and diffusion into the device:

ẇ1 = a1(ara− w1), (4)

ẇi = a1(wi−1 − wi) for i = 2 : N1 − 1, (5)

˙wN1
= D0(wN1−1 − wN1

). (6)

The species wN1
represents the concentration of arabinose in the sender growth channel. The species GFPm

is modeled as

2



Supplementary Information
Species Description

wi, i = 1, 2, ..., N1 Arabinose concentration in different regions of the device
GFPm GFP mRNA

vi, i = 1, ..., N2 GFP protein intermediates
vN2 , GFPp Mature GFP protein
LuxIm LuxI mRNA transcript

ui, i = 1, ..., N3 LuxI protein intermediates
uN3

, LuxIp LuxI protein
xi, i = 1, 2, ..., L− 1 AHL concentration in each region of the interaction channel

xL, AHL AHL concentration within the receiver chamber
LuxRAHL Activated complex of LuxR bound to AHL
RFPm RFP mRNA

zi, i = 1, ..., N4 RFP protein intermediates
zN4

, RFPp RFP protein

Supplementary Table 2: Species descriptions for inter-strain communication model.

˙GFPm = αLuxI

wnLuxI

N1

KnLuxI

LuxI + wnLuxI

N1

− γGFPGFPm. (7)

To account for time delays associated sequential assembly and maturation of GFP, the following delay
equations were used:

v̇1 = a2(GFPm − v1), (8)

v̇j = a2(vj−1 − vj) for j = 2 : N2. (9)

The species vN2
represents concentration of mature GFP protein in the sender strain. The concentration of

LuxIm was modeled as

˙LuxIm = αLuxI

wnLuxI

N1

KnLuxI

LuxI + wnLuxI

N1

− γLuxILuxIm. (10)

Similarly to GFP, we represent delays in translation of LuxI protein using the following equations:

u̇1 = a3(LuxIm − u1), (11)

u̇k = a3(uk−1 − uk) for k = 2 : N3. (12)

The species uN3 denotes the concentration of LuxIp in the sender strain. LuxI synthesizes AHL at a rate
pAHL, which diffuses into the interaction channel with a diffusion coefficient of D1 and into the main channel
with a diffusion coefficient of D2. D2 is significantly lower than D1 since the diffusion rate through the
cells is slower than the diffusion through the media. The equation representing AHL in the sender growth
chamber is

ẋ1 = D1(x2 − x1) −D2x1 + pAHLuN3 − γAHLx1. (13)

The interaction chamber of length L is discretized into approximately 1 µm units, with x2 and xL−1 rep-
resenting the region closest to the sender growth chamber or receiver growth chamber, respectively. The
concentration of AHL in each region of the interaction channel is

ẋl = D1(xl−1 + xl+1 − 2xl) − γAHLxl for l = 2, 3, ..., L− 1. (14)

3



Supplementary Information

The concentration of AHL in the receiver growth chamber is a balance between diffusion from the interaction
channel and diffusion into the main channel and is modeled as

ẋL = D1(xL−1 − xL) −D2xL − γAHLxL. (15)

In the receiver strain, we assume that the binding of AHL to LuxR is significantly faster than the timescales
of transcription and translation. Therefore, based on the quasi-steady-state assumption, the concentration
of activated LuxR is modeled as an algebraic equation

LuxRAHL = LuxRtot
xL

KLuxR + xL
. (16)

The species LuxRAHL activates the expression of RFPm using the following equation

˙RFPm = αRFP
LuxRAHLnRFP

KnRFP

RFP + LuxRAHLnRFP
− γRFPRFPm. (17)

We model time delays associated with translation and maturation of RFPp using the following equation

ż1 = a4(RFPm − z1), (18)

˙zm = a4(zm−1 − zm) for m = 2 : N4. (19)

The species zN4
denotes the concentration of mature RFPp in the receiver strain.

1.3 Model of spatially separated amino-acid cross-feeding in microbial consortia

We constructed an ordinary differential equation model to study the effects of separation distance on amino
acid cross-feeding dependent growth rates of strains in microbial communities. Similar to the quorum-
sensing model, we assume that diffusion is modeled as a one-dimensional process by discretizing space in the
interaction channels into one-micron regions. The diffusion coefficients of methionine (M) and phenylalanine
(F) were set to the values of the inferred diffusion coefficients in the quorum-sensing model since these small
molecules have similar molecular weights (149 − 213 g mol−1).

1.3.1 Intracellular transport of amino acids from the extracellular environment

We compute the intracellular concentrations of M and F based on the extracellular concentration using a
previous method (Perez AM et al. Molecular Systems Biology 2017). The intracellular concentration of M
in the ∆metA strain is given by

[M ]∆metA = UM
[M ]ext

κM + [M ]ext
+ [M ]ext, (20)

where

UM =
Vmax,MPtot

Dc
and κM =

Vmax,M

kM
. (21)

Here, [M ]ext is the concentration of extracellular methionine, Dc is the diffusion coefficient of amino
acid across the outer membrane, Vmax,M is the uptake rate of M, Ptot is the concentration of membrane
transporters, and kM is the binding affinity of M to the transporter. Similarly, the concentration of F in the
∆pheA strain is

[F ]∆pheA = UF
[F ]ext

κF + [F ]ext
+ [F ]ext, (22)

where

UF =
Vmax,FPtot

Dc
and κF =

Vmax,F

kF
. (23)
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Parameter Description Value

ara Arabinose concentration 0.0619 A.U.
a1 Time-varying rate coefficient 1.3187 min−1

N1 Number of delay equations (arabinose) 6
D0 Diffusion coefficient into growth chamber 0.057 min−1

αLuxI LuxIm maximum transcription rate 264.53 A.U. min−1

nLuxI LuxI Hill coefficient 2.02
KLuxI LuxIm half-maximum concentration 33.42 A.U.
γLuxI LuxIm degradation rate 0.046 min−1

N3 Number of delay equations for LuxI translation & maturation 6
γGFP GFP mRNA degradation rate 0.022 min−1

a2 Time-varying rate coefficient 1.2690 min−1

N2 Number of delay equations for GFP translation and maturation 15
a3 Time-varying rate coefficient 0.5607 min−1

D1 Diffusion coefficient for AHL diffusion into interaction channel 7677.8 min−1

D2 Diffusion coefficient for AHL diffusion into main channels 251.0 min−1

pAHL AHL production rate 564.5 min−1

γAHL AHL degradation rate 0.086 min−1

LuxRtot Total concentration of LuxR protein 9.5 A.U.
KLuxR Half-maximum concentration for LuxRAHL 54.2 A.U.
αRFP Maximum transcription rate for RFPm 184 A.U. min−1

nRFP Hill coefficient for RFP transcription 1.04
KRFP Half-maximum concentration for RFPm 101.3 A.U.
γRFP RFPm degradation rate 0.037 min−1

a4 Time-varying rate coefficient 0.9195 min−1

N4 Number of delay equations for RFP translation/maturation 4

Supplementary Table 3: Parameter values for quorum-sensing model. Time delays can be computed
as the ratio of the number of delay equations to the time-varying rate coefficient. This yields 6.0 min for
arabinose transport from the inlets into the sender growth chambers, 11.8 min for GFP translation and
maturation and 4.4 min for RFP translation and maturation.

Species Description
[M ]∆metA Intracellular [M] in ∆metA
[F ]∆pheA Intracellular [F] in ∆pheA

x1,...,L, [M ]ext Extracellular [M] in different regions of the interaction channel or growth chambers
y1,...,L, [F ]ext Extracellular [F] in different regions of the interaction channel or growth chambers

Supplementary Table 4: Species descriptions for auxotroph model.

Here, [F ]ext denotes the extracellular F concentration, Vmax,F is the uptake rate of M, and kF is the
binding affinity of F to its transporter. We assume that Dc and Ptot are equivalent for both strains. The
kinetic parameters Vmax,M , Vmax,F , κM , and κF were derived from Piperno JR and Oxender DL Journal of
Biological Chemistry 1968 (Table S5).

1.3.2 Amino acid limited growth rates of auxotroph strains

We assume that growth of each strain is limited by the concentration of the amino acid that this strain is
deficient to produce. Therefore, the instantaneous normalized growth rate of each strain is a function of the
intracellular concentration of the amino acid. We assume a different non-zero basal growth rate for ∆metA
and ∆pheA in the absence of the rescuing amino acid denoted by rM and rF , respectively. The normalized
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growth rates for ∆metA and ∆pheA are given by the equations

GR∆metA = (1 − rM )
[M ]

bM
∆metA

M bM
EC50 + [M ]

bM
∆metA

+ rM , (24)

GR∆pheA = (1 − rF )
[F ]

bF
∆metA

F bF
EC50 + [F ]

bF
∆pheA

+ rF . (25)

The parameters MEC50 and FEC50 represent the concentrations of M and F required by ∆metA and
∆pheA, respectively, to achieve a half-maximal growth rate. The parameters bM and bF are Hill coefficients
that map the concentration of the amino acid to the growth rate of each strain.

1.3.3 Production and diffusion of amino acids

We model the production and diffusion of the amino acids M and F between growth chambers. The ∆pheA
and ∆metA strains are located in the left and right growth chambers and produce M and F that diffuse
through the interaction channel to the opposite end of the channel. The strains ∆pheA or ∆metA release
and consume M or F. We assume that the amino acid consumption rate cannot be larger than its production
rate. The maximum net production of M and F is represented by αnet,M and αnet,F and is defined as
the maximum difference between the production rate minus the consumption rate of each amino acid. We
model the net production, degradation, and diffusion of M and F. Let xi = [M ] for i = 1, ..., L denote the
concentration of M in the ith unit of the channel.

ẋ1 = D1(x2 − x1) −D2x1 − γMx1 + αM
(GR∆pheA/UF )cM

(GR∆pheA/UF )cM + 1
(26)

ẋi = D1(xi−1 + xi+1 − 2xi) − γMxi for i = 2, 3, . . . , L− 1 (27)

ẋL = D1(xL−1 − xL) −D2xL − γMxL (28)

(29)

Similarly, let yi = [F ] for i = 1, ..., L denote the concentration of F in the ith unit of the channel.

ẏ1 = D(y2 − y1) −D2y1 − γF y1 (30)

ẏk = D(yi−1 + yi+1 − 2yi) − γF yi for i = 2, 3, . . . , L− 1 (31)

ẏL = D(yL−1 − yL) −D2yL − γF yL + αF
1

((GR∆metA/UM )cF + 1)
(32)

(33)

Note that [M ]ext = xL and [F ]ext = y1. The parameters γM and γF denote degradation rates of M and F,
αM and αF are maximum production rates of the amino acids, and cM and cF are Hill coefficients for amino
acid production. Consistent with our metabolite measurements, the net production of M is proportional to
the growth rate of ∆pheA, whereas the net production of F is inversely proportional to the growth rate of
∆metA.
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Parameter Description Value

αM Maximum production of M by ∆pheA 0.045 mM min−1

αF Maximum production of F by ∆metA 0.55 mM min−1

cM Hill coefficient of M production 1.35
cF Hill coefficient of F production 1.63
UM Maximum uptake rate of M by ∆metA 0.022 min−1

UF Maximum uptake rate of F by ∆pheA 4.79 min−1

MEC50 [M] that enables half-maximum growth of ∆metA 0.35 mM
FEC50 [F] that enables half-maximum growth of ∆pheA 0.12 mM
rM Basal growth rate of ∆metA in absence of M 0.073 min−1

rF Basal growth rate of ∆pheA in absence of F 0.21 min−1

γM Degradation rate of methionine 0.073 min−1

γF Degradation rate of phenylalanine 0.044 min−1

bM Hill coefficient of ∆metA growth 1.81
bF Hill coefficient of ∆pheA growth 4.06
D∗

1 Diffusion coefficient through interaction channel 7677.8 µm min−1

D∗
2 Diffusion coefficient from growth chambers to main channels 251.0 µm min−1

V +
max,M Maximum uptake rate of M 0.39

V +
max,F Maximum uptake rate of F 0.75

κ+
M Ratio of uptake rate to transporter binding affinity of M 0.0023 mM
κ+
F Ratio of uptake rate to transporter binding affinity of F 0.00072 mM

Ptot/Dc Diffusion coefficient of amino acid across cell membranes 1

Supplementary Table 5: Parameter values for auxotroph model. The symbols * and + indicates pa-
rameters from the quorum-sensing model or previous literature (Piperno JR and Oxender DL Journal of
Biological Chemistry 1968), respectively.
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2 Supplementary Figures
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Supplementary Figure 1: Fluorescein dye demonstrates chemical gradients established within
MISTiC. Top: Phase contrast and fluorescence microscopy images of the microfluidic device. Fluorescein
and water were continuously administered through separate main channels. The scale bar represents 25 µm.
Bottom: fluorescence intensity in the growth chambers and interaction channels as a function of distance
from the source chamber. Green and red squares represent the average intensity within three independent
replicates of source and sink chambers, respectively. The difference in the average fluorescence intensity
between the 25 µm and 250 µm source channel was not statistically significant (P = 0.7539) based on a two-
sided t-test. The difference in the average fluorescence intensity between the 25 µm and 250 µm sink channels
was statistically significant (P = 0.0083) based on a two-sided t-test. The grey dashed line represents the
mean fluorescence intensity in the source chambers across the different interaction channel lengths. Dashed
lines represent the model fit to the data. Data points represent average fluorescein concentration in 1
µm regions of the interaction channels. Error bars represent one standard deviation from the mean of
three independent replicates in different regions of the device. This experiment was repeated twice using
slightly different protocols, with similar fluorescein gradients observed across the interaction channels in both
experiments.

8



Supplementary Information

ba

E2c_LuxR_RFPA6c_LuxI_GFP

araC

C
m
R

p15a
G
FP

L
u
x
I

R
F
P

LuxR

C
m
R

Sender Receiver

ColE1

Supplementary Figure 2: Plasmid maps for sender-receiver quorum sensing experiments. (a)
Plasmid map for A6c LuxI GFP, which was transformed into the sender E. coli strain BW27783 (Methods).
The arabinose-inducible PBAD promoter activates transcription of the operon containing the synthetase LuxI
and fluorescent reporter GFP. (b) Plasmid map for E2c LuxR RFP that was transformed into the receiver
E. coli strain MG1655z1 (Methods). The key features include the receptor LuxR regulated by the aTc-
inducible PTET promoter and the fluorescent reporter RFP driven by a PLuxI promoter.
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Supplementary Figure 3: Characterization of time delays in quorum-sensing chemical signal
communication. (a) Experimentally measured time delays for the quorum-sensing synthetic community
as a function of the distance separating the sender and receiver strains (Experiment 1, Table 1). The
distributions were computed by bootstrapping the RFP fluorescence as a function of time (1000 resampled
curves) (Methods). For each resampled curve, the time delay was calculated by normalizing the curve
between 0 and 1 and determining the time to reach 0.5. Lines and circles within the boxes represent
the median and mean of the distributions, respectively. Upper and lower box edges represent upper and
lower quartiles, respectively. Upper and lower whiskers represent the 95th and 5th confidence intervals,
respectively. (b) Normalized model simulations of RFPp over time for different distances from the sender
strain. Increasing the distance from 25 µm to 250 µm resulted in a 2.3 min time delay computed as the time
to reach the half-maximum RFPp concentration (dashed line).
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Supplementary Figure 4: Effects of inversion of the positions of the sender and receiver strains
on the dynamic response of inter-strain communication. (a) GFP fluorescence in sender growth
chambers as a function of time for original (dashed line) (Experiment 1, Table 1) and inverted (solid line)
(Experiment 2, Table 1) chamber positions. The vertical orange line indicates the time at which arabinose
was introduced. Shaded regions represent one standard deviation from the mean. Fluorescence intensities are
normalized between 0 and 1 to aid direct comparison between experiments. A two-sided t-test demonstrated
no statistically significant difference between GFP values observed at steady-state (215 min post-induction)
across all separation distances (P > 0.05) between the two experiments (Supplementary Fig. 16). (b)
RFP fluorescence over time in the receiver growth chambers for original (dashed line) (Experiment 1, Table
1) and inverted (solid line) (Experiment 2, Table 1) chamber positions. The vertical orange line indicates
the time at which arabinose was introduced for both experiments. Shaded regions represent one standard
deviation from the mean. Fluorescence intensities are normalized between 0 and 1 to aid direct comparison
between experiments. A two-sided t-test demonstrated no statistically significant difference (P > 0.05)
between RFP values observed at steady-state (215 min post-induction) at 25, 50, and 100 µm distances. A
statistically significant difference was observed (P = 0.01014) between the two experiments at a separation
distance of 250 µm (Supplementary Fig. 16). Potential factors contributing to the difference in steady-
states in the 250 µm condition include minor differences in initial growth conditions or experimental setup.
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Supplementary Figure 5: Parameter dependence of simulated AHL and RFPp. Top row: model
time-responses of AHL (left column) and RFPp (right column) where the degradation rate of AHL in the
interaction channel is set to zero (γAHL = 0). Middle row: model time-responses where the diffusion
constant of AHL away from the growth chambers into the main channel is set to zero (D2 = 0). Bottom
row: model time-responses of AHL and RFPp where D2 = 0 and γAHL = 0.

12



Supplementary Information

a

25 µm

50 µm

100 µm

250 µm
1

5

4

3

2

1 5432
G

F
P

 I
n

te
n

s
it
y
 (

x
1

0
-2

 A
.U

.)
RFP Intensity (x10-2 A.U.)

25 25 25 m25 

50 μm

100 μm

250 μm

25 μm

c

b

Distance (μm)
2501005025

80

120

100

140

160

P
e

ri
o

d
 o

f 
O

s
c
ill

a
ti
o

n
 (

m
in

)

Receivers

Senders

d

T
im

e
 t
o

 h
a

lf
-m

a
x
 (

m
in

)

Distance (μm)

20

30

40

50

25 50 100 250

Activation Decay

20

30

40

50

25 50 100 250

Activation Decay

Distance (μm)

T
im

e
 t
o

 h
a

lf
-m

a
x
 (

m
in

)

**

* **
*

Supplementary Figure 6: Effects of spatial separation on the response of inter-strain commu-
nication to a periodic input. (a) Box plots of the experimentally measured distribution of oscillatory
periods, determined by applying a peak finding algorithm to time-series RFP (receivers) or GFP (senders)
data for all cell growth chambers (Experiment 3, Table 1). The period was measured as a two hour os-
cillation (defined as 1 hr exposed to arabinose and 1 hr in the absence of arabinose) between 304 to 1004
min. Horizontal lines within boxes indicate the median and upper and lower box edges represent the upper
and lower quartiles, respectively. Upper and lower whiskers represent the 95th and 5th confidence intervals,
respectively. A two-sided t-test of oscillatory periods across distance showed no statistical significance (P
> 0.05) (b) Phase plot of RFP vs. GFP for two oscillatory periods from 580 to 700 min for a forced oscillation
experiment with an arabinose period of 2 hr (Experiment 3, Table 1). (c) Activation and decay response
times for GFP (sender strain). Activation response time is defined as the time to reach half-maximum from
the minimum to the maximum of each period. The decay response time is defined as the time to reach half-
minimum from the maximum to the minimum of each period. Error bars represent one standard deviation
from the mean. Horizontal bars with stars indicate a statistically significant difference (P < 0.05) based on
a two-sided t-test. One star (*) indicates P < 0.05, two stars (**) indicate P < 0.01, and three stars (***)
indicate P < 0.001. The P-values for the 25, 50, 100 and 250 µm conditions are 0.0064, 0.0229, 0.0015 and
0.0135, respectively. (d) Activation and decay response times for RFP (receiver strain). Error bars represent
one standard deviation from the mean. A two-sided t-test between activation and decay times showed no
statistical significance (P > 0.05)
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Supplementary Figure 7: Amplitude variation, power spectra, and signal-to-noise ratios for
the sender-receiver periodic input experiments. (a) Relationship between the period of an oscillatory
arabinose (ara) input and the RFPp steady-state amplitude in the model for nRFP = 3 for different distances
from the sender strain. (b) Mean power spectra of GFP (sender strain) in response to a periodic input with
a period of 2 hr (Experiment 3, Table 1). Power spectra were calculated using the Welch method with
a Hamming windowing function at steady-state after 395 min (Methods). The arabinose frequency is
indicated with a dashed red line. The signal bandwidth, denoted by a gray shaded region, is defined as
the frequency range corresponding to 115-125 min. (c) Mean power spectra of GFP (sender strain) for the
forced oscillation experiment input period of 1 hr (Experiment 4, Table 1). Power spectra were calculated
using the Welch method with a Hamming windowing function at steady-state after 500 min (Methods).
The arabinose frequency is represented by a dashed red line. The signal bandwidth is represented by a gray
shaded region and is defined as the frequency range corresponding to 55-65 min. (d) Signal-to-noise (SNR)
ratios based on the power spectra of GFP or RFP (receiver strain) across distance for the forced oscillation
experiment with an input period of 2 hr (Experiment 3, Table 1). Left and right axes denote SNR for GFP
and RFP, respectively. Horizontal lines within boxes denote the median and upper and lower edges represent
the upper and lower quartiles, respectively. Upper and lower whiskers represent the 95th and 5th confidence
intervals, respectively. Horizontal lines with stars (colored green for senders and red for receivers) denote a
statistically significant difference (P < 0.05) based on one-tailed bootstrap hypothesis testing (Methods).
One star (*) indicates P < 0.05, two stars (**) indicate P < 0.01, and three stars (***) indicate P < 0.001
(Supplementary Fig. 16).
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Supplementary Figure 8: Fluorescence intensity over time of dual-feedback oscillators in the
presence of 1 mM IPTG (Experiment 5, Table 1). (a) Normalized CFP (activator) and YFP (repressor)
fluorescence intensity as a function of time for a separation distance of 25 µm. The red dashed line indicates
the time when IPTG was introduced. For each fluorescence reporter, the fluorescence intensity was normal-
ized between the global minimum and maximum excluding the outliers (gray shaded boxes). (b) Normalized
CFP (activator) and YFP (repressor) fluorescence intensity as a function of time for a separation distance
of 50 µm. (c) Normalized CFP (activator) and YFP (repressor) fluorescence intensity as a function of time
for a separation distance of 100 µm. (d) Normalized CFP (activator) and YFP (repressor) fluorescence
intensity as a function of time for a separation distance of 250 µm.
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Supplementary Figure 9: Inter-peak distances and time lags of maximum cross-correlation
for the dual-feedback oscillator consortium. (Experiment 5, Table 1). (a) Box plot denoting time
lags of maximum cross-correlation between CFP (activator) and YFP (repressor) for paired interaction
channels. Horizontal lines within boxes denote the median and upper and lower edges represent the upper
and lower quartiles, respectively. Upper and lower whiskers represent the 95th and 5th confidence intervals,
respectively. Horizontal bars with stars indicate a statistically significant difference (P < 0.05) based on a
two-sided t-test. One star (*) indicates P < 0.05, two stars (**) indicate P < 0.01, and three stars (***)
indicate P < 0.001 (Supplementary Fig. 16). (b) Histogram of inter-peak distances for CFP (activator).
A peak finding algorithm (Python) was used to determine the peaks in the normalized CFP fluorescence
intensity as a function of time. CFP was normalized by subtracting a moving mean. The inter-peak distance
was computed difference in the times corresponding to each peak for all replicates of a given interaction
channel length. (c) Histogram of inter-peak distances for YFP (repressor).
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Supplementary Figure 10: Population dynamics of the ∆metA-∆pheA consortium in batch
culture. (a) Fraction of each strain as a function of time. Marker and line styles correspond to different
initial ratios of ∆metA to ∆pheA. Circles and dotted lines represent 10:1, squares and solid lines represent
1:1, and diamonds and dashed lines represent 1:10. (b) OD600 measurements as a function of time for
a passaging period maintained at 24 hours. (c) OD600 measurements as a function of time for a second
condition where the incubation period after the second passage was extended to 48 hr. The number of cells
counted for each condition ranged between 250-3960.
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Supplementary Figure 11: Fluorescence as a function of time and doubling time distributions
for the +M +F condition. (Experiment 6, Table 1). (a) GFP fluorescence in the ∆metA strain as
a function of time in media supplemented with all amino acids. The dashed line indicates the time of the
media switch from media containing IPTG to media lacking IPTG. Solid lines and shaded regions represent
the mean and one standard deviation from the mean, respectively. (b) RFP fluorescence in the ∆pheA
strain over time in media supplemented with all amino acids. The dashed line represents the media switch
for removal of IPTG. (c) Box plot of cell doubling times for ∆metA at each interaction channel length.
Horizontal lines within boxes depict the median and upper and lower edges represent the upper and lower
quartiles, respectively. Upper and lower whiskers represent the 95th and 5th confidence intervals, respectively.
Differences between the distributions represented in the box plot were not statistically significant based on
one-tailed bootstrap hypothesis testing (Supplementary Fig. 17). (d) Box plot of the ∆pheA doubling
times at each interaction channel length. Horizontal lines within boxes denote the median and upper and
lower edges represent the upper and lower quartiles, respectively. Upper and lower whiskers represent the
95th and 5th confidence intervals, respectively. Differences between the distributions represented in the box
plot were not statistically significant based on one-tailed bootstrap hypothesis testing (Supplementary
Fig. 17).
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Supplementary Figure 12: Fluorescence as a function of time and doubling time distributions
in the absence of F and M. (Experiment 7, Table 1). (a) GFP fluorescence over time in the ∆metA
strain at different distances from the partner strain (∆pheA). The dashed line represents the time when the
media was switched from pre-culture to test conditions. Solid lines and shaded regions represent the mean
and one standard deviation from the mean, respectively. (b) RFP fluorescence over time in the ∆pheA
strain at different distances from the partner strain (∆metA). (c) Box plot of the cell doubling times for
the ∆metA strain. Horizontal lines within boxes denote the median and upper and lower edges represent
the upper and lower quartiles, respectively. Upper and lower whiskers represent the 95th and 5th confidence
intervals, respectively. Differences between the distributions represented in the box plot were not statistically
significant based on one-tailed bootstrap hypothesis testing (Supplementary Fig. 17). (d) Box plot of
the doubling times for ∆pheA strain. Horizontal lines within boxes denote the median and upper and lower
edges represent the upper and lower quartiles, respectively. Upper and lower whiskers represent the 95th and
5th confidence intervals, respectively. Horizontal bars with stars indicate a statistically significant difference
(P < 0.05) based on one-tailed bootstrap hypothesis testing. One star (*) indicates P < 0.05, two stars (**)
indicate P < 0.01, and three stars (***) indicate P < 0.001 (Supplementary Fig. 17).
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Supplementary Figure 13: Quantification of single-cell growth in the mixed auxotroph condi-
tion (Experiment 8, Table 1). (a) Change in cell area as a function of time for ∆metA (n = 937) and
∆pheA (n = 662). The change in cell area is defined as the cumulative change in cross-sectional area of
each cell from its initial value at the time of the media switch. Thin and bold lines represent individual
cells and the strain averages, respectively. (b) Kernel density estimate distribution of ∆metA single cell
growth rates over 14 hr post media switch in the mixed auxotroph experiment for each interaction channel
length. (c) Kernel density estimate distribution of ∆pheA single cell growth rates over 14 hr post media
switch in the mixed auxotroph experiment for each interaction channel length.(d) Total number of ∆metA
and ∆pheA cells in each growth chamber as a function of time. Bold lines represent the average number of
cells for each strain across all growth chambers. (e) Percent of ∆metA or ∆pheA cells dividing as a function
of time. The fraction of dividing cells was computed using a window spanning 60 min starting at each time
point, which was then divided by the average number of ∆metA or ∆pheA cells in the window. (f) Scatter
plot of the correlation between the growth rate and depth position of individual ∆metA (n=165408) and
∆pheA (n=193970) cells in a mixed community (Experiment 8, Table 1). Positions zero and one represent
the outermost and deepest regions of the growth chamber, respectively, relative to the main channels. Solid
bold lines show simple linear regression between maximum growth rate and chamber position. The Pearson
correlation coefficient is 0.0959 (P < 0.001) for ∆metA and 0.0769 (P < 0.001) for ∆pheA.
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Supplementary Figure 14: Characterization of population-level growth rates of amino acid
auxotrophs in the presence of M and absence of F (Experiment 11, Table 1). (a) Rate of change
in GFP fluorescence of ∆metA as a function of time. Solid lines and shaded regions represent the mean
and one standard deviation from the mean, respectively. (b) Rate of change of RFP fluorescence of ∆pheA
over time. (c) Histogram of the number of peaks identified in the rate of change of RFP fluorescence over
time for the 1000 bootstrapped curves using a peak finding algorithm (Methods). The distributions were
normalized to the time of maximum growth rate. (d) Box plot of cell doubling times for the ∆metA strain
at different distances from the ∆pheA strain. Horizontal lines within boxes depict the median and upper
and lower edges represent upper and lower quartiles, respectively. Upper and lower whiskers represent the
95th and 5th confidence intervals, respectively. Differences between the distributions represented in the box
plot were not statistically significant based on one-tailed bootstrap hypothesis testing (Supplementary
Fig. 17). (e) Box plot of cell doubling times for first growth phase corresponding to the maximum growth
rate of the ∆pheA strain. Horizontal lines within boxes denote the median and upper and lower edges
represent the upper and lower quartiles, respectively. Upper and lower whiskers represent the 95th and 5th
confidence intervals, respectively. Differences between the distributions represented in the box plot were not
statistically significant based on one-tailed bootstrap hypothesis testing (Supplementary Fig. 17). (f)
Box plot of the cell doubling times for second growth phase of the ∆pheA strain. Horizontal lines within
boxes denote the median and upper and lower edges represent the upper and lower quartiles, respectively.
Upper and lower whiskers represent the 95th and 5th confidence intervals, respectively. The horizontal bars
denote a statistical significant difference (P < 0.05) based on one-tailed bootstrap hypothesis testing. One
star (*) indicates P < 0.05, two stars (**) indicate P < 0.01, and three stars (***) indicate P < 0.001
(Supplementary Fig. 17).
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Supplementary Figure 15: Population-level growth rates of amino-acid auxotrophs across dif-
ferent concentrations of supplemented amino acids. For all box plots in the figure, horizontal lines
within boxes denote the median and upper and lower edges represent the upper and lower quartiles, respec-
tively. Upper and lower whiskers represent the 95th and 5th confidence intervals, respectively. For all panels
displaying box plots, the horizontal bars denote a statistically significance difference (P < 0.05) based on
one-tailed bootstrap hypothesis testing (Supplementary Fig. 17). (a) Box plot of the doubling times for
the ∆metA strain in Experiment 12 (Table 1). (b) Box plot of the cell doubling times for the ∆pheA strain
for Experiment 12. (c) Box plot of the cell doubling times for the ∆metA strain in Experiment 13. (d) Box
plot of the cell doubling times for the ∆pheA strain in Experiment 13. (e) Box plot of the cell doubling
times for the ∆metA strain in Experiment 14. (f) Box plot of the cell doubling times for the ∆pheA strain
in Experiment 14. (g) Relationship between the fraction of all amino acids and the sensitivity of growth
of ∆metA to spatial separation from ∆pheA (Experiments 6, 12-14 Table 1). The distance-dependent
interaction value is defined as the ratio of the minimum doubling time of each strain in the 25 µm to 250
µm condition (D25D

−1
250) minus 1. Error bars represent one standard deviation from the mean interaction

value. A positive interaction was greater than zero and a negative interaction was less than zero. No data
points showed statistically significant differences (P < 0.05) between D25 and D250, using a two-sided t-test.
(h) Relationship between the fraction of all amino acids and the sensitivity of growth of ∆pheA (interaction
strength) to spatial separation from ∆metA (Experiments 6, 12-14 Table 1). Error bars represent one stan-
dard deviation from the mean interaction value. Three stars (***) indicate P = 0.00040 for the difference in
D25 and D250 using a two-sided t-test. No other data points showed statistically significant differences (P
< 0.05) between D25 and D250.

22



Supplementary Information

Supplementary Figure 16: P-values for quorum-sensing experiments. Two-sided t-tests or boot-
strap hypothesis testing (Methods) were used to compute the P-values for Experiments 1-5 (Table 1).
Highlighted values indicate statistically significant differences (P < 0.05).
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Supplementary Figure 17: P-values for auxotroph experiments. Two-sided t-tests or bootstrap
hypothesis testing (Methods) were used to compute the P-values for auxotroph Experiments 6-7, 11-14 and
M and F amino acid measurements (Table 1). Highlighted values indicate statistically significant differences
(P < 0.05).
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