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Most of life on Earth exists at the micro scale. In many
respects, these microscopic bacteria are an ideal design
platform for synthetic biology – hardy, inexpensive, quick
to reproduce, and existing in a vast array of species with
unique properties. An expanding future landscape of inte-
grated synthetic biology will utilize the native networks of
diverse microbial species in concert with our own engi-
neered gene circuits to execute novel biotechnology [1,2].
To utilize the rich diversity of the microbial world, we must
bridge the gap between the microscopic and the macro-
scopic, designing biological function at all scales.

Through a process known as self-assembly, local inter-
actions (biological or otherwise) lead to complex structure
much beyond the length scales of individual components
[3]. As single-cell organisms, bacteria display a surprising
degree of multicellularity through similar means, with one
clear example being the biofilm [4,5]. Here, individual
bacteria collaborate to produce macroscopic behavior rem-
iniscent of higher organisms – division of labor, spatial
localization of metabolism, and protection against inva-
sion. These complex structures continue to evolve in re-
sponse to changes in the environment through cell–cell
signaling, disassembling when the cost to maintain them is
no longer justified.
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Figure 1. Synthetic biology at all scales. (A) A variety of microfabrication technologies, s
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Critically, this spatial arrangement enables the genetic circuit to execute its synchroniz
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With an expanding list of microfabrication technologies,
we are following the leadoff Nature provides in engineering
spatial structure in bacterial communities. Perhaps even
further, we can cultivate a snapshot of the community in a
desired state – cell density, spatial arrangement, or species
composition can be specified using technologies like micro-
fluidics, patterning, scaffolding, and soon perhaps 3D
printing – that may otherwise be unstable due to growth
or migration. This advantage is significant because it
allows us to provide constraints in the spatial dimension
distinct from that experienced during normal community
development.

In a recent example, a liquid crystal display (LCD)-like
array of bacterial ‘biopixels’ was used to sense arsenic by
synchronizing genetic oscillations across centimeter dis-
tances – about 10 000 times the length of an individual cell
(Figure 1) [6]. The key to bridging length scales was the
combination of spatially ordered microcolonies, or biopix-
els, and two synergistic modes of communication: quorum
sensing (correlated to population density within a colony)
that can produce N-acyl homoserine lactones (AHLs) as
signaling molecules, and redox signaling (H2O2 vapor)
between colonies. The synergy hinges on the issue of scale.
As a dissolved species, AHL moves slowly and strongly
(B)
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uch as the microfluidic device pictured, can be utilized to pattern microbial species

rray, genetic synchronization is achieved at all scales – single-cell, colony, and

vidual cell – by arranging thousands of bacterial microcolonies in close proximity.

ation program.
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affects transcription, yet it does not reach very far. H2O2

vapor moves quickly and only weakly affects transcription,
yet it can travel much longer distances. Together, locally
initiated bacterial sensing can be propagated across great
distances.

In trying to engineer biology, it is often important to stay
close to what biology does best – self-assembly via local
sensing and response. The previous study rewired quorum
sensing, probably the most common form of bacterial cell–
cell signaling, to generate spontaneous colony-level oscil-
lations once enough cells have accumulated within a bio-
pixel. Furthermore, by controlling the spacing between
biopixels, multicolony synchronization was achieved via
the stress response network – one of the fastest, most
intricate, and highly adapted response modules in the cell
– through the diffusion of H2O2 vapor produced by adjacent
biopixels.

In addition to sensors, metabolic networks have
emerged as a key target for spatial ordering. At the intra-
cellular scale, these organelle-inspired technologies are
serving to increase reaction efficiencies by sequestering
toxic intermediates and avoiding unwanted side reactions
[7,8]. The emergence of next-generation sequencing tech-
nologies – particularly through a focus on the human
microbiome – may push future technology development
toward the intercellular ordering of multiple species; often
described as synthetic ecology or microbial consortia [9].
Recent examples of multicellular studies involving spatial
arrangement have thus far included the stabilization of
multispecies ecosystems, multicellular computation across
chemical ‘wires’, and the emergence of antibiotic resistance
in ordered microenvironments [10–12].

Although still preliminary, these approaches populate
the exciting frontier of our ability to engineer biological
systems by manipulating their spatial arrangement. In the
future, distributed manufacturing by microbial assembly
lines may leverage sequential metabolic operations by
different species. In the inverse process, microbial disas-
sembly lines might be designed to break down complex
608
input molecules for bioremediation or energy harvesting.
Although one goal may be to scale-up synthetic biology;
perhaps equally appealing is the ability of the microscopic
to serve as a tractable model for complex, macroscopic
phenomena such as community-level evolution and drug
resistance. Central to these efforts is the dream of using
natural substrates to design new biological function –
exploring the biology that could be [1].

Acknowledgments
I would like to thank Chris Rivera, Roy Wollman, Bart Borek, and Meng
Jin for enjoyable discussions and Brooks Taylor and Lev Tsimring for
their beautiful illustrations. This work was supported by the National
Defense Science and Engineering Fellowship Program (NDSEG).

References
1 Nandagopal, N. and Elowitz, M.B. (2011) Synthetic biology: integrated

gene circuits. Science 333, 1244–1248
2 Prindle, A. et al. (2012) Genetic circuits in Salmonella typhimurium.

ACS Synth. Biol. 1, 458–464
3 Whitesides, G.M. and Grzybowski, B. (2002) Self-assembly at all scales.

Science 295, 2418–2421
4 Shapiro, J.A. (1998) Thinking about bacterial populations as

multicellular organisms. Annu. Rev. Microbiol. 52, 81–104
5 Watnick, P. and Kolter, R. (2000) Biofilm, city of microbes. J. Bacteriol.

182, 2675–2679
6 Prindle, A. et al. (2012) A sensing array of radically coupled genetic

‘biopixels’. Nature 481, 39–44
7 Dueber, J.E. et al. (2009) Synthetic protein scaffolds provide modular

control over metabolic flux. Nat. Biotechnol. 27, 753–759
8 Delebecque, C.J. et al. (2011) Organization of intracellular reactions

with rationally designed RNA assemblies. Science 333, 470–474
9 Brenner, K. et al. (2008) Engineering microbial consortia: a new

frontier in synthetic biology. Trends Biotechnol. 26, 483–489
10 Kim, H.J. et al. (2008) Defined spatial structure stabilizes a synthetic

multispecies bacterial community. Proc. Natl. Acad. Sci. U.S.A. 105,
18188–18193

11 Tamsir, A. et al. (2011) Robust multicellular computing using
genetically encoded NOR gates and chemical ‘wires’. Nature 469,
212–215

12 Zhang, Q. et al. (2011) Acceleration of emergence of bacterial antibiotic
resistance in connected microenvironments. Science 333, 1764–1767

0167-7799/$ – see front matter � 2013 Elsevier Ltd. All rights reserved.

http://dx.doi.org/10.1016/j.tibtech.2013.08.004 Trends in Biotechnology, November 2013,

Vol. 31, No. 11

http://refhub.elsevier.com/S0167-7799(13)00183-2/sbref0005
http://refhub.elsevier.com/S0167-7799(13)00183-2/sbref0005
http://refhub.elsevier.com/S0167-7799(13)00183-2/sbref0010
http://refhub.elsevier.com/S0167-7799(13)00183-2/sbref0010
http://refhub.elsevier.com/S0167-7799(13)00183-2/sbref0015
http://refhub.elsevier.com/S0167-7799(13)00183-2/sbref0015
http://refhub.elsevier.com/S0167-7799(13)00183-2/sbref0020
http://refhub.elsevier.com/S0167-7799(13)00183-2/sbref0020
http://refhub.elsevier.com/S0167-7799(13)00183-2/sbref0025
http://refhub.elsevier.com/S0167-7799(13)00183-2/sbref0025
http://refhub.elsevier.com/S0167-7799(13)00183-2/sbref0030
http://refhub.elsevier.com/S0167-7799(13)00183-2/sbref0030
http://refhub.elsevier.com/S0167-7799(13)00183-2/sbref0035
http://refhub.elsevier.com/S0167-7799(13)00183-2/sbref0035
http://refhub.elsevier.com/S0167-7799(13)00183-2/sbref0040
http://refhub.elsevier.com/S0167-7799(13)00183-2/sbref0040
http://refhub.elsevier.com/S0167-7799(13)00183-2/sbref0045
http://refhub.elsevier.com/S0167-7799(13)00183-2/sbref0045
http://refhub.elsevier.com/S0167-7799(13)00183-2/sbref0050
http://refhub.elsevier.com/S0167-7799(13)00183-2/sbref0050
http://refhub.elsevier.com/S0167-7799(13)00183-2/sbref0050
http://refhub.elsevier.com/S0167-7799(13)00183-2/sbref0055
http://refhub.elsevier.com/S0167-7799(13)00183-2/sbref0055
http://refhub.elsevier.com/S0167-7799(13)00183-2/sbref0055
http://refhub.elsevier.com/S0167-7799(13)00183-2/sbref0060
http://refhub.elsevier.com/S0167-7799(13)00183-2/sbref0060
http://dx.doi.org/10.1016/j.tibtech.2013.08.004

	Synthetic biology at all scales
	Acknowledgments
	References


