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Engineered bidirectional communication mediates
a consensus in a microbial biofilm consortium
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Microbial consortia form when multiple species colocalize and
communally generate a function that none is capable of alone.
Consortia abound in nature, and their cooperative metabolic ac-
tivities influence everything from biodiversity in the global food
chain to human weight gain. Here, we present an engineered
consortium in which the microbial members communicate with
each other and exhibit a ““consensus’” gene expression response.
Two colocalized populations of Escherichia coli converse bidirec-
tionally by exchanging acyl-homoserine lactone signals. The con-
sortium generates the gene-expression response if and only if both
populations are present at sufficient cell densities. Because neither
population can respond without the other’s signal, this consensus
function can be considered a logical AND gate in which the inputs
are cell populations. The microbial consensus consortium operates
in diverse growth modes, including in a biofilm, where it sustains
its response for several days.
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M ost bacteria live in heterogeneous surface-bound congre-
gations called biofilms, and vast reaches of the earth are
coated in these living films. In many cases, the microorganisms
composing this ubiquitous coating form complex, interactive
communities (1-5). Despite their abundance, these microbial
communities are poorly understood. Reflecting this relative
ignorance of how bacteria behave in biofilms, efforts to program
biofilm functions are still in their infancy. The ability to manip-
ulate these films, however, would enable controlled studies of
microbial ecosystem dynamics and microscale environmental
manipulation. To begin to explore these possibilities, we have
engineered de novo cellular circuits that control Escherichia coli
behavior in a stable, robust mixed-population biofilm commu-
nity. The populations communicate, come to a consensus, and
respond to each other’s presence with a flexible, combinatory
gene-expression output.

Engineered circuits have been used to control the behavior of
single cells (6—12) and cell populations (8, 11, 13-15) in both time
and space. Cell-cell communication is a prerequisite for coor-
dination of cellular circuit dynamics on the population level.
Engineered communication, via broadcasting and receiving
small-molecule signals, can enable the programming of robust
and predictable population dynamics (13). One-way engineered
cell-cell communication has been used to coordinate biofilm
formation in a single population at a predictable cell density (8)
and to engineer pattern formation in a mixed population (14, 15).
Here, we demonstrate an engineered bidirectional cell-cell
communication network that can coordinate gene expression
from a mixed population. We have characterized the spatial and
temporal behavior of this communication network in liquid,
agar, and biofilm growth systems.

Results and Discussion

Microbial Consensus Consortium (MCC) Design and Implementation.
The MCC signaling network was constructed in E. coli from
components of the Lasl/LasR and RhlI/RhIR quorum sensing
systems (16) found in Pseudomonas aeruginosa, an opportunistic
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pathogen that forms a biofilm in the lungs of cystic fibrosis
patients (Fig. 1). These two systems enable P. aeruginosa cells to
sense their environment and population density and correspond-
ingly regulate hundreds of genes (17-19). Lasl in Consensus
Circuit A and RhlI in Consensus Circuit B catalyze the synthesis
of the small acyl-homoserine lactone (acyl-HSL) signaling mol-
ecules 3-oxododecanoyl-HSL (30C12HSL) and butanoyl-HSL
(C4HSL). The LasR transcriptional regulator in Circuit B is
activated by the 30C12HSL signal emitted by Circuit A, whereas
RhIR in Circuit A is activated by the C4HSL signal emitted by
Circuit B. The acyl-HSL concentrations are low at low cell
densities but rise as the densities of Circuit A and Circuit B cells
increase. When the signal molecules accumulate at high enough
concentrations to activate the R proteins, the active R proteins
can up-regulate target gene expression. Thus, both Circuit A and
Circuit B cells must be present and at sufficient density before
generating a “consortium” response, in this case red and green
fluorescence. The MCC signaling network implements a logical
AND gate in which the two inputs are population levels of cells
containing Circuit A and cells containing Circuit B, and the
output is target gene expression by the two populations (Fig. 1,
lower left corner).

Proper function of the MCC is defined by minimal target gene
expression when the cells grow in isolation (neither can generate
a response without a signal from the other) and high target gene
expression when they are colocalized in sufficient densities to
activate the R proteins. Preventing a single MCC member
population from self-activating in isolation requires minimal
“crosstalk” interactions between the Rhl and Las signaling
systems. This constraint means that the Rhl promoter p(rhl)
must respond specifically to C4HSL, the primary RhlI product
(20), and the Las promoter p(las) must respond specifically to
30C12HSL, the primary Lasl product (18, 21, 22). However,
initial experiments revealed minor crosstalk between these
promoter—activator pairs; particularly, p(rhl) responded to high
levels of 30C12HSL [supporting information (SI) Fig. 6]. Thus,
engineering of the MCC began with modeling to investigate the
effects of this crosstalk and how these effects might be mitigated.
The model was used to choose between circuit designs based on
their ability to minimize the population densities required for
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