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Abstract: Position-dependent gene expression is a critical aspect of the development and behaviour of
multicellular organisms. It requires a complex series of interactions to occur between different cell
types in addition to intracellular signalling cascades. We used Escherichia coli to study the properties
of an artificial signalling system at the interface between two expanding cell populations. We geneti-
cally engineered one population to produce a diffusible acyl-homoserine lactone (AHL) signal, and
another population to respond to it. Our experiments demonstrate how such a signal can be used to
reproducibly generate simple visible patterns with high accuracy in swimming agar. The producing
and responding cassettes of two such signalling systems can be linked to produce a symmetric interface
for bidirectional communication that can be used to visualise molecular logic. Intracellular feedback
between these two cassetteswould then create a framework for self-organised patterning of higher com-
plexity. Adapting the experiments of Basu et al. (Basu et al., 2005) using cell motility, rather than a
differential response to AHL concentrations as a way to define zones of response, we noted how the
interaction of sender and receiver cell populations on a swimming plate could lead to complex
pattern formation. Equipping highly motile strains such as E. coliMC1000 with AHL-mediated auto-
inducing systems based on Vibrio fischeri luxI/luxR and Pseudomonas aeruginosa lasI/lasR cassettes
would allow the amplification of a response to an AHL signal and its propagation. We designed and
synthesised codon-optimised auto-inducing luxI/R and lasI/R cassettes as optimal gene expression
is crucial for the generation of robust patterns. We still have to complete and test the entire genetic cir-
cuitry, although by modelling the system we were able to demonstrate its feasibility.
1 Aims

Our aim was to induce self-organised pattern formation in
free swimming bacteria with techniques of genetic engin-
eering. This was to be done by artificially introducing a
system for bi-directional communication between two bac-
terial populations. Escherichia coli cells would be equipped
with genes derived from independent quorum sensing
systems from Pseudomonas aeruginosa and Vibrio fischeri.
These systems can facilitate both communication between
cell populations and regulated switching between compet-
ing cell fates. The negotiation of cell fates within bacterial
populations can be visualised precisely by expression of
different fluorescent proteins.

2 Proposed system

In our proposed system (Fig. 1), cell type 1 contains a lux
sender cassette for the stable production of 3-oxohexanoyl

# The Institution of Engineering and Technology 2007

doi:10.1049/iet-stb:20070020

Paper first received 26th March 2007

K. Bernhardt, E.J. Carter and N.S. Chand are with the School of Biological
Sciences, University of Cambridge, Cambridge, UK

L. Lee, Y. Xu and X. Zhu are with the School of Technology, University
of Cambridge, Cambridge, UK

D. Rowe and J.W. Ajioka are with the Department of Pathology, University of
Cambridge, Cambridge, UK

J.M. Goncalves is with the Department of Engineering, University of
Cambridge, Cambridge, UK

J. Haseloff is with the Department of Plant Sciences, University of Cambridge,
Cambridge, UK

G. Micklem is with the Department of Genetics and Cambridge Computational
Biology Institute, University of Cambridge, Cambridge, UK

E-mail: jh295@cam.ac.uk
IET Synth. Biol., 2007, 1, (1–2), pp. 29–31
homoserine lactone (OHHL). The background expression
of luxI from the Plux promoter is sufficient for some OHHL
to be synthesised by the luxI protein. This OHHL is then
bound by the luxR protein, which is also expressed. Further
activation of the Plux promoter by OHHL-luxR complexes
ensures that, over time, Plux becomes locked in a fully
active state by this positive feedback mechanism. As a con-
sequence, OHHL is continuously produced and diffuses
away as a signal molecule. The OHHL-receiver cassette of
cell type 2 can thus be induced by such an OHHL signal to
express green fluorescent protein (GFP). This activation is
similar to the positive feedback seen in the OHHL-sender
cassette. The rate of transcriptional activation from Plux can
be markedly increased by complexes of OHHL and luxR
protein, which is also expressed in cell type 2.
At the same time, cell type 2 contains a las sender cassette

for the auto-inductive production of a 3-oxododecanoyl
homoserine lactone (ODHL) signal. The mechanism here is
exactly analogous to the OHHL-sender cassette. ODHL can
diffuse away from type 2 cells and induce transcriptional acti-
vation at the Plas promoter of the ODHL-receiver cassette in
cell type 1. Consequently red fluorescent protein (RFP) is
expressed. The crosstalk between opposite sender and recei-
ver cassettes confers symmetric bi-directionality upon this
signalling interface between both cell types.

3 Modelling

We built models for our proposed genetic system at both
unicellular and multicellular levels. The single-cell model
describes the transcription and translation activities inside
a cell containing either type 1 or type 2 genetic circuitry.
Assuming that both types of cells are similarly efficient in
transcription and translation, the model characterises the
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system by showing stable auto-induction and switching
behaviours and provides a theoretical basis for the feasi-
bility of such a system. The multicellular model aims to
simulate many cell–cell interactions on a swimming agar
plate under the same assumptions as the unicellular model,
and that both cell types are equally responsive to the two
AHL signals, and that no cells die during the process. The
simulation program shows that defined patterns can be gen-
erated via the movements of two types of cells and the diffu-
sion of both AHL compounds. These simulated patterns
furthermore agree with the real patterns that we observed
in our experiments (Fig. 2a).

4 Experiments

We conducted a series of experiments to verify whether the
proposed system would behave according to our predic-
tions. In the first experiment we standardised the swimming
assay for different strains of E. coli and relied on differential
cell motility for pattern generation. We tested a number of
E. coli strains for the swimming assay and found that
MC1000 was the most motile strain with an estimated
maximum rate of movement of 0.5 cm/h. In the second
experiment we transformed different strains of E. coli
with genetic circuits from the MIT Registry of Standard
Biological Parts to induce expression of green, cyan,
yellow and red fluorescent proteins. Experimentally it was
easiest to distinguish green fluorescent strains from red flu-
orescent strains because green and red fluorescent proteins
emit light of relatively high intensity in sufficiently different
spectral regions. Using these fluorescent strains we were
able to generate vivid patterns on a swimming plate

Fig. 1 System schematics. Plac� is a repressible hybrid promoter
consisting of the 235 and 210 boxes from PcI(l) and two lacI
repressor binding sites

rfp: red fluorescent protein
gfp: green fluorescent protein
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(Fig. 2). In the third experiment we equipped E. coli with
biological parts to render them capable of AHL production.
AHL synthesis and diffusion was confirmed by
co-inoculation assays using Chromobacterium violaceum
CVO26 [1]. In the last set of experiments we created two
distinct populations of E. coli MC1000 cells by transform-
ing them with different AHL sender and receiver cassettes
and observed their behaviour in swimming agar. The inter-
actions between these populations can generate defined pat-
terns with high accuracy and remarkable sharpness of its
edges and corners (Fig. 2b).

5 Synthesis of las and lux cassettes

We designed and synthesised codon-optimised las and lux
sender cassettes (Fig. 3) that would allow optimal gene
expression and the generation of robust patterns. It is
important to note that the rate of auto-induction by both
sender devices can be reduced by co-expression of a suit-
able repressor protein. The PcI(l) promoter of the ODHL-
sender cassette in cell type 2 is readily repressible by the
CI repressor from phage l. This promoter is characterised
by a large range of activity between full activation and
full repression. For maximum similarity, the Plac� promoter
was chosen as an equivalent component in the OHHL-
sender cassette of cell type 1. It is a hybrid promoter that
has, in its unrepressed state, the same affinity for RNA poly-
merase as PcI(l), and can be repressed to the same extent by
the LacI protein instead of CI by virtue of two substituted
repressor binding sites. Similarly, both sender cassettes
also bear these two promoters such that the fluorescence
response of each cell type can also be independently
damped by co-expression of the respective repressor. The
LacI and CI repressors can thus be used as the output of a
separate molecular logic. If a secondary genetic circuit
establishes characteristic concentrations of these repressors,
it will be possible to use the fluorescence response as a read-
able output from this logic.

Fig. 3 Auto-inducing lux and las sender cassettes that were syn-
thesised de novo
Fig. 2 Patterns on swimming agar plates
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(left to right)
Furthermore, the presence of unique restriction sites
within the two sender cassettes will allow the replacement
of any gene and promoter in the cassettes. We have sub-
mitted these cassettes to the MIT Registry of Standard
Biological Parts with identifiers BBa_J28031 and
BBa_J28032 (Fig. 3).

6 Conclusions

Our models identify that the proposed system has stable
behaviour at the single-cell level and it is possible to gener-
ate defined zones of gene expression via cell movements
and interactions. In practice the greatest variation was due
to inaccurate inoculations and variations in the density of
the swimming agar, which also affects the rate of move-
ment. The fact that our experiments displayed patterns of
higher precision than our multicellular models were able
to generate is encouraging and may indicate that the
bi-directional AHL-based signalling framework that we
propose, in conjunction with differential cell motility,
holds promise for future applications in directing position-
dependent gene expression and forming patterns of higher
complexity.
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