
TRENDS in Biotechnology  Vol.19 No.8  August 2001

http://tibtech.trends.com      0167-7799/01/$ – see front matter © 2001 Elsevier Science Ltd. All rights reserved.   PII: S0167-7799(01)01691-2

317Review

Michael L. Simpson*

The Oak Ridge National
Laboratory, PO Box 2008,
MS 6006, Oak Ridge, TN
37831-6006, USA.
*e-mail: simpson@
icsun1.ic.ornl.gov

Gary S. Sayler

James T. Fleming

University of Tennessee,
Dept of Microbiology and
Center for Environmental
Biotechnology, 676
Dabrey Hall, Knoxville, TN
37996-1605, USA.

Bruce Applegate

Food Science Dept,
Purdue University, West
Layfette, IN 47907–1160,
USA.

Microorganisms survive in a wide variety of harsh
environments by processing information and arriving
at ‘decisions’ (what to metabolize, what to transport
into the cell, where to locate or attach, etc.) that are
conducive to cell survival. Even in simple cells, this is
a tremendously complex operation that involves
memory, sensing and feedback, and communication.
Even a casual glance at the information processing
density of prokaryotic cells produces a real
appreciation for the advanced state of the cell’s
capabilities. A bacterial cell, such as Escherichia coli
(~2 µm2 cross-sectional area) with a 4.6 million base-
pair chromosome, has the equivalent of a 9.2 megabit
memory. The cell uses a portion of this memory to
code for as many as 4300 different polypeptides under
the inducible control of several hundred different
promoters. This cell queries an extremely complex
environment in a continuous and parallel manner
and adapts its processing, sensing and actuating
machinery to the needs at hand. In effect, these cells
solve a complex information extraction problem on a
time scale of minutes.

Compare this with the silicon semiconductor
situation as described in the International
Technology Roadmap for Semiconductors
(http://www.sematech.org). This roadmap predicts
that by the year 2014, memory density will reach
24.5 Gbits cm−2, and logic transistor density will reach
664 M cm−2. If we assume just four transistors per
logic function, then 2 µm2 of silicon (Si) could contain
a 490-bit memory or approximately three simple logic
gates. Even this level of functionality depends on an
unsure path of technology development that will
require breakthroughs in lithography, materials,
processing, defect detection, as well as many other
areas of technology. Obviously, silicon technology will
not approach bacterial-scale integration within the
foreseeable future.

Furthermore, microorganisms have some qualities
that are desirable for sensing, information processing
and actuating devices and systems. They are relatively
rugged ‘devices’ that subsist in such diverse
environments as deep-sea thermal vents, sub-zero
arctic seawaters, hypersaline solutions, water
saturated with organic solvents, contaminated soils
and industrial wastes. The ability of organisms to
survive in such harsh environments is a consequence
of their capacity to sense and adjust to changing
environmental conditions, that is, process information.
Furthermore, prokaryotic cells are relatively easy to
manipulate genetically and they have a diverse set of
gene regulation systems. Consequently, there are
several strategies to pursue to develop processing
algorithms. In addition these cells can easily be
incorporated into a 3D structure (i.e. 3D integration)
instead of the 2D structure of integrated circuits (ICs).
And cells self-replicate and self-assemble into groups
(e.g. biofilms) and therefore are easy to manufacture
and require no lithography, mask alignment or other
technologically challenging processing steps to
produce highly functional units or systems.

Using biological material in devices and systems
is not a new concept. Significant progress has been
made using nucleic acids1, enzymes2 and whole
cells3–10 as sensing and, in some cases, computing
elements. Some approaches use living
microorganisms or sections of organs or tissues as the
biological element3. Many whole-cell biosensors used
electrochemical transducers to detect the activity of
growing cells11. More recently, molecular biological
techniques have been used to produce cells or
bioreporter strains that have much greater
selectivity. One such device, the bioluminescent
bioreporter integrated circuit (BBIC), combines the
information processing capabilities of genetically
engineered whole cells and the functionality,
ruggedness and inexpensive fabrication of integrated
circuits4–8. This biosensor accesses a small portion of
the information processing capabilities of the cells by
accepting a chemical or physical input, addressing a
small part of the cell’s DNA memory by interacting
with a particular promoter, generating outputs in the
form of a few polypeptides and communicating with a
physical transducer through bioluminescent means.
Devices with much greater functionality can be
contemplated with more comprehensive use of the
information processing capabilities of the cells.

Information processing by wild-type microorganisms

As mentioned previously, wild-type microorganisms
perform complex operations. Before proceeding on a
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path of engineered functionality, it is instructive to
consider the sensing, information processing and
actuation that occur in nature, both by individual
cells, and the more complex behavior of groups of
cells. Here, we present three examples.

Individual cells are capable of performing
extremely complex tasks. Consider directed motility,
many microorganisms in aqueous environments are
motile in an active search for nutrients. Although the
direction of travel might be random, some bacteria
are capable of a tactic response to various chemical
(chemotaxis) and physical (e.g. phototaxis) stimuli.
Bacterial magnetotactic behavior (i.e. travel directed
by magnetic field lines) was discovered more than
25 years ago12. Through the examination of motile
aquatic bacteria, it was shown that a magnetic field
comparable to the geomagnetic field is enough to
control the direction of travel13.

Magnetotactic bacteria contain magnetic mineral
nanoparticles enclosed in membranes
(magnetosomes)14. The bacteria fabricate these
nanoparticles of magnetite (Fe3O4; Refs 15–19) or
greigite (Fe3S4; Refs 20–23) and assemble them into
linear arrays. This linear array of magnetosome
nanoparticles constitutes a permanent magnetic
dipole fixed within the bacterium13 that is large
enough to force orientation (and therefore travel)
along geomagnetic field lines.

Sensing, information processing and actuation by
microorganisms might involve communication with
higher organisms. Such symbiotic relationships are
usually formed through a process in which a host
becomes colonized by specific microorganisms from
the surrounding environment. The mutual benefits
derived from these associations by host and
symbionts are well documented. However, the
mechanisms by which the partners make contact and
establish a symbiosis have been described only
recently. This process often requires complex sensing,
communication, information processing and
actuation from the microorganisms.

For example, consider the inoculation of the
Hawaiian squid, Euprymna scolopes, with the
luminescent bacteria Vibrio fischeri. E. scolopes has a
light-emitting organ that only functions when
colonized by V. fischeri within its mantle cavity.
During the inoculation process, the squid ventilates
1.3 µl of seawater, which on average contains only one
V. fischeri cell, through the mantle cavity every
0.5 seconds (Ref. 24). If inoculation occurred only by
random processes, during this 0.5-second period the
V. fischeri would have to find their way to one of only
six 10-µm pores that lead into the light organ24.
However, experiments performed by Nyholm et al.,
provide evidence that two-way communication
between V. fischeri and E. scolopes mediates
accumulation of V. fischeri and promotes the
colonization of the light organ24. To enhance the
symbiotic relationship, V. fischeri exhibit a loss of
flagellation, reduction in cell size, decrease in growth

rate and enhancement of luminescence soon after
inoculation25. These events are apparently catalyzed
by V. fischeri, which senses the light organ
environment and processes this information through
changes in gene expression26.

The sensing, information processing and
actuation behavior of groups of microorganisms
might be even more complex than that found in the
formation of a symbiotic relation. It is now
understood that many bacteria use molecular
signaling to initiate group behavior that is
significantly more complex than single organism
behavior. These systems employ small, diffusible
molecules to accomplish cell-to-cell communication
that leads to group behavior such as the formation of
biofilms or group bioluminescence. Biofilms form
when bacteria adhere to surfaces in aqueous
environments and begin to excrete a polymeric
matrix that can anchor them to a variety of
materials. Bacterial biofilms consist of small
colonies (microcolonies27) on a surface where the
member bacteria have developed into heterogeneous
organized communities.

The group nature of biofilms provides protection
for individual cells, allowing survival in a hostile
environment. For example, members of the biofilm
enjoy some protection from phage28,29, biocides28,29 or
potent antibiotics30. Furthermore, the members of the
biofilm community cooperate to promote survival of
the colony. Each cell in the community provides
specialized functionality in a complex community
that has primitive homeostasis, a primitive
circulatory system and cooperative metabolic
activity31. The formation of these complex structures
and the resultant complex functionality has led to the
analogy of biofilms to tissues of higher organisms31.

These three examples illustrate the significant
abilities of cells to sense, communicate, navigate,
cooperate and even to fabricate synthetic nanoscopic
materials. Indeed, nature is replete with examples of
these and other whole-cell capabilities much coveted
by designers of artificial systems. In natural systems,
these capabilities are under the control of complex
genetic regulatory circuits and are not readily
accessible for use in engineered systems. Here, we
focus on efforts to mimic the functionality of
man-made information processing devices and
systems within the genetic machinery of whole cells.
Placing cell capabilities under the control of these
addressable devices might provide the necessary
bi-directional link between cells and synthetic systems
that will lead to an entirely new class of sensing,
information processing and actuating devices.

Engineered whole-cell information processing: the

‘silicon mimetic’ approach

Silicon semiconductor technology is the
overwhelming choice for the realization of man-
made information processing devices and systems.
In such devices, information is represented by
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voltages and currents and is communicated through
the controlled transport of electrons. Here, we
describe an approach, which we have coined the
‘silicon mimetic’ approach, in which engineered
genetic regulatory functions of whole cells are made
to emulate the functionality of these silicon
semiconductor devices.

The fundamental silicon device for information
processing is the transistor, which is a three-
terminal component where the current flow between
two terminals is controlled by the voltage on the
third terminal (Fig. 1a). Hiratsuka and coworkers
proposed the realization of transistor-like circuits
and interconnections using enzyme-catalyzed
reactions and diffusion of the products32,33. Their
proposed fundamental device would be roughly
analogous to a bipolar junction transistor with
current flow represented by the enzymatic
conversion of a substrate into a product as controlled
by effectors (Fig. 1b). These researchers propose to
couple multiple enzyme transistors to form a
network of biochemical reactions defined by the
molecular selectivity of enzyme transistors. All of
the information would be coded into molecular
agents and then discriminated by the selectivity of
the enzyme transistor. In direct contrast to the ten

levels of lithographically-defined interconnects
called for by the year 2014 for solid-state circuits,
hardwire interconnects would not be needed in this
strategy.

Figure 2 shows the biochemical reactions
responsible for light production in the prokaryotic
lux system that we use in the bioreporters of our
bioluminescent bioreporter integrated circuit (BBIC)
devices4–8. As Fig. 2 shows, this reaction implements
the enzyme transistor with myristyl aldehyde as the
substrate, FMNH2 and O2 as co-effectors, and light,
FMN and myristic acid as products. The entire
reaction shows that there are several interconnected
enzyme transistors at work. Furthermore, because
the production of the enzymes that catalyze these
reactions is controlled by the expression of the lux
genes, genetic regulatory functions involving
inducers, regulatory proteins and promoters are part
of the circuit.

Manipulation of this complexity to produce highly
functional devices is the eventual goal. However, for
now, the approach is to simplify all of these
interconnected enzyme transistors into a single
device to create whole-cell biosensors. As an
example, consider the lux system once again. If the
concentration of the many effectors internal to the
bioluminescent biochemical reaction can be
maintained at a sufficiently high level, then the
entire lux genetic regulatory system and
biochemical reaction can be considered a single
enzyme–genetic transistor. The oxidation of
myristyl aldehyde and the production of light are
the analogues of the transistor current, and the
concentration of the inducer is the analogue of the
controlling terminal. This enzyme–genetic
transistor is the whole-cell circuit device employed
in the BBIC (Refs 4–8; Fig. 3).

Although the transistor-like devices described
above are useful for biosensors, whole-cell circuits
with more use are required to realize highly
functional whole-cell sensing, information 
processing and actuating devices. Staying with 
the silicon mimetic approach, we now describe 
efforts to realize logic gates within the genetic
machinery of whole cells.

Logic gates are devices that compute Boolean
algebraic functions. The inputs and outputs are logic
levels (i.e. true–false or one–zero) and the outputs
are derived from the inputs through the application
of a set of simple rules. For example, consider the
AND, OR and XOR gates shown in Fig. 4: the output
of an AND gate is true only if both of its inputs are
true. Likewise, the output of an OR gate is true if
either of its inputs are true, whereas an XOR gate
has a true output if one, but not both, of its inputs
are true. Although each of these gates provides
modest computational power, as demonstrated by
silicon integrated circuit technology, the
interconnection of these devices can lead to
exceptional functionality.
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Fig. 1. A three-terminal
device in which transport
between two terminals is
controlled by the third
terminal. (a) A
semiconductor transistor
controls the flow of
current between two of its
terminals with the voltage
on the third terminal.
(b) An enzyme transistor
sets the rate of conversion
of a substrate into a
product through control
of the flux of effectors.
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Our recent work has centred on constructing gene
transcription modules to create biochemical devices
that can be combined to create logic circuits (also see
the work of Knight’s group9,10). The transcriptional
unit consists of a promoter that is inducible or
controllable and a gene. The gene product can be a
regulator or an enzyme. The inputs are molecular
signals that control gene expression, transcription or
translation, whereas the output of the logic gate can
be the enzyme itself or the activity of the enzyme
(e.g. bioluminescence). At present we are working on
the realization of AND, OR and XOR gates. In this
article, we present our results with the OR gate.

There are at least two strategies for
implementing the OR gate: (1) use two promoters
that have identical gene transcriptional effects but
respond to two different inducers; or (2) use a single
promoter that responds in a similar manner to two
different inducers. We implemented the latter
strategy using a tod-lux fusion in Pseudomonas
putida TVA8. This operon is similarly induced by
both trichloroethylene (TCE) and toluene34. The
result is the production of bioluminescence if either
inducer is present. Figure 5 shows that this
construct implements the logical OR function.

Although combinations of the AND, OR and XOR
functions described can implement any
combinatorial logic function, these components
cannot be used to implement sequential circuits that
require memory of past logic states and clock signals
for synchronization. However, Gardner, Cantor and
Collins have demonstrated a two-state genetic latch
in E. coli that implements a one-bit memory using
two repressible promoters arranged in a mutually
inhibitory network35. A significant challenge still
remains to develop genetic circuits that make more
efficient use of the memory capacity of the cell’s DNA.
Likewise, Elowitz and Leibler have implemented a
genetic clock circuit in E. coli with a typical period of
hours36. Such genetic constructs might eventually be
useful for clocking simple sequential circuits in whole
cells. However, for now this clock displays noise and
cell-to-cell variations that make its use in functional
logic circuits problematic.

Interconnectivity

Realizing functional whole-cell logic gates, memory
circuits and clocks, is only part of the challenge. To
construct systems of even moderate complexity

requires the interconnection of devices.
Interconnectivity, or communication of signals
between whole-cell devices, can be accomplished by
exploiting the naturally occurring signals used by
microbial cells to coordinate population level
processes. Communication via small molecular
intermediates has been demonstrated to regulate
several diverse processes in bacteria including
development, conjugation, pathogenesis, antibiotic
production, symbiosis, competence and
bioluminescence. Evidence for cell-to-cell
communication in bacteria was first obtained for the
process of quorum sensing, a mechanism by which
bacteria self-evaluate their population size. 
Bacteria employ small signal molecules N-acyl
homoseine lactones (AHLs) for this purpose. In this
system, diffusible AHLs enter the cells and interact
with intracellular effectors. This process leads to the
transcriptional activation of a particular subset of
genes. For example, in luminescent bacteria
V. fisheri, two genes are involved; luxI, which
encodes the AHL synthase; and luxR, which encodes
the AHL-dependent transcriptional activator.
Bacterial cells are permeable to the AHL, which
accumulates as the cell population increases. When a
sufficient concentration of AHL accrues, binding to
the LuxR activator occurs and the luminescence
genes are transcribed.

The primary considerations for molecular
interconnection schemes are the number of different
molecules available and the level of cross talk
between the different molecular species. Research
over the last ten years has demonstrated that AHL
signaling is widespread among Gram-negative
bacteria having been reported in more that
29 species of the α, β and γsubdivisions of the
proteobacteria37. Twenty-three individual LuxI
homologs have been reported and the regulatory
components are conserved at the genetic level. All of
the AHLs characterized to date vary primarily in the
length and hydrophobicity of their acyl side chains38.
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Fig. 3. The whole-cell
enzyme–genetic
transistor used in the
bioluminescent
bioreporter integrated
circuit (BBIC; Refs 4–8).
(a) A schematic
representation showing
the control of
bioluminescence by the
inducer concentration.
The bioluminescence is
the link between the cells
and the physical
transducer. (b) A
photograph of BBICs with
induced cells. The cells
produced all the light for
this photograph. The
exposure time was
45 minutes.

TRENDS in Biotechnology

(a) (b)

I1
OAND

OOR

OXOR

O
A

N
D

O
O

R

I 1 I 2 O
X

O
R

I2

I1

I2

I1

I2

F F F F F

F T F T T

T F F T T

T T T T F

Fig. 4. AND, OR and XOR logic gates. In a semiconductor realization
the inputs (I1, I2) and the outputs (OAND, OOR, OXOR) are voltages or
currents. In a whole-cell realization the inputs are molecular signals that
influence gene expression, transcription, or translation, whereas the
outputs are enzymes, enzyme activity (e.g. bioluminescence), or small
diffusible molecules that serve as inputs to subsequent logic gates.



TRENDS in Biotechnology  Vol.19 No.8  August 2001

http://tibtech.trends.com

321ReviewReview

Experimental evidence suggests a high degree of
specificity between the AHL and it’s cognate
transcriptional activator. The V. fisheri LuxR
showed no activity in the presence of the
P. aeruginosa AHL and, similarly, the P. aeruginosa
luxR homolog, LasR, showed no activity in the
presence of the V. fisheri AHL (Ref. 39).

However, more recently, evidence for cross-species
communication has begun to appear in the literature.
In one study in which several species of bacteria were
tested for production of extracellular AHL-like
activities using V. harveyi sensor mutants, V. cholerae
and V. parahaemolyticus were shown to exhibit such
activities40. Also, V. harveyi was found to have two
independent systems, one highly species specific and
another species nonspecific40. Using the a V. harveyi
sensor mutant it was shown that several strains of
E. coli and S. typhimurium produced AHL-like
molecules41. It appears that the species-specific
system monitors the environment for other V. harveyi,
whereas the nonspecific system monitors for other
species of bacteria42.

The variety of independent AHL-like signaling
processes might permit massively parallel
interconnection between whole-cell information
processing devices. A species-specific AHL could be
produced that would diffuse throughout population
of cells, and yet only react with a single target cell or
some sub-set of the total population. Similarly, a
species nonspecific AHL could be used to coordinate
processes in an entire population of cells.

Input–output

Regardless of the technology involved, transporting
signals in and out of information processing systems
is a primary concern. Gene expression control with
electrical current or voltage would be ideal for hybrid
whole-cell-microelectronic devices. A recent review

summarizes the theoretical considerations and
physiological effects of EMF and electric current
pulses in living cells but little data is available on
such effects at the level of gene expression43. With the
objective of identifying promoters for use in
genetically engineered electrically controllable
biochemical devices, we performed a preliminary
search for current-inducible promoters in E. coli. In
this experiment, all expressed genes in E. coli were
screened for putative current inducible genes. E. coli
cells were grown to log phase, placed in 14.6 mm
dialysis bags and subjected to a current of 36 mA for a
period of 30 minutes. An identical volume of cells was
collected into a dialysis bag and placed in buffer
without electric current exposure. Simultaneously,
cells were diluted and plated on nutrient agar plates
to ascertain if the current had any lethal effects on
cells. After current exposure, the induced and
untreated cells were lysed and the RNA component
isolated and quantified. Both RNA preparations were
reverse transcribed incorporating 33P-dATP to make
the labeled cDNA, which was hybridized against two
identical commercial E. coli gene arrays (Genosys
Panorama, The Woodlands, TX, USA). These arrays
permit the gene expression of all 4290 genes within
the E. coli genome to be quantitatively assayed
simultaneously. None of the cells in the three
treatment groups showed signs of lethality compared
with controls. Of the 1521 genes initially surveyed,
eight genes were induced >40-fold and 42 were
repressed >40-fold (Fig. 6).

Genetic circuits: noise and simulation

Similar to circuits realized in other technologies, the
genetic circuits described here are subject to
stochastic processes that lead to a variability in
response to seemingly identical stimuli. Biochemical
reactions do not occur as isolated processes but
instead function as components in highly organized
and regulated networks. At the first level within these
networks, cellular signals control the transcriptional
events that lead eventually to translation of these
genes into proteins. Some of these proteins will be
regulatory and, as such, will affect the transcription
of additional genes. All these molecules have a
dynamic half-life that determines the time of their
effectiveness within the network. The response
interval between these cellular events is determined
by the time required for concentrations of each
component in the network to increase or decrease to
their respective effective concentration ranges. In
other words, a finite period of time is required for an
effector to reach an operational concentration and,
likewise, a certain period of time is required for that
effector to decay below the operational
concentration44.

Experimental evidence of variability both in
molecular concentrations and this response time
interval suggests a degree of random fluctuation at
the macro level characteristic of the processes that
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occur in all chemical reactions at the micro level. The
result at the macro level is that the outcomes of
genetic networks are not deterministic45. A corollary
to this is that population–averaged variations in gene
expression are owing to changes in the frequency of
full gene induction in individual cells rather than to
uniform variations in gene expression across the
entire population. The term ‘stochastic’has been
applied to these fluctuations to imply statistical
variability44. These stochastic processes produce
noise in the genetic circuits discussed here. In linear
circuits, this could result in nothing worse than small
predictable variations from average responses.
However, in more complex, non-linear circuits
involving genetic pathway bifurcation with
considerably different final conditions, this could lead
to probabilistic outcomes considerably different from
the simple Boolean logic rules.

Computational methods to aid the design of these
genetic circuits and possible circuit architectures
that increase stability46, must account for these
random processes. Solutions to the stochastic
formulation of coupled reactions can be computed
using the Monte Carlo procedure described by
Gillespie47. This algorithm calculates a stochastic
description of the temporal behavior of the coupled
reactions by calculating the probabilistic outcome of
each discrete chemical event and the resulting
changes in the number of each molecular species. By

accumulating the results for all reactions over 
time, the statistics of the inherent fluctuations 
in the reaction products over time can be estimated44.
Such approaches might lead to computational
analysis tools for genetic circuits analogous to 
the SPICE software used for simulating
semiconductor circuits48.

Future prospects

The potential for whole-cell biocomputing is
represented by a remarkable coalescence of
interdisciplinary scientific advances. Fundamental to
these advances is rapidly growing insight into sensing
of the cell’s immediate environment and the signal
transduction cascades that interconnect both enzyme
activity and gene expression. It is now not uncommon
to conceptualize these interactions in the form of
information or electronic logic. An excellent example
is the description of the WASP protein interaction
with guanosine triphosphase (Cdc42) and
phosphotidylinositol 4,5 bisphosphase as a functional
‘AND’gate49. The sequence of events associated with
signal transduction can also be visualized at the level
of gene expression through the power of whole
genome sequence analysis and gene expression array
technology. Predictive induction and repression of
coordinated gene networks can be tested, as well as
the elucidation of unknown interacting genes, to
provide information essential to developing high
fidelity biocomputing capacity. Such tools can also
provide experimental evidence for mechanistic
control of gene expression that might be developed
using approaches, such as alteration of membrane
fluidity, photoactive gene expression or as previously
discussed electronic control of gene expression. In the
broad applications of reporter gene technology50,
which are crucial to gene-expression-linked
biocomputing, bioluminescent reporters continue to
show exceptional promise. Genome wide
bioluminescent gene expression profiling has been
demonstrated51 and suggests an analytical path for
utilizing optical sensing of interconnectivity and
large-scale information processing capabilities of
living cells.
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Review

EPO overturns PCR

Swiss pharmaceutical company Roche has had its
patent covering the Polymerase Chain Reaction

(PCR) revoked by the European Patent Office (EPO)
in Munich, Germany (Chemistry and Industry, 18

June). The patent, which covers the process of DNA
amplification by PCR and which is used literally

millions of times in laboratories around the world
each year, was revoked after the EPO ruled that it
did not meet the requirements of novelty under

patent law. (M.J.Davies@greenwich.ac.uk)

National biomanufacturing center to

be set up in UK

A new National Biomanufacturing Center (NBC) is to
be set up in Merseyside, UK to manufacture

biopharmaceuticals for early-stage clinical trials.
Biopharmaceuticals account for ~10% of the world

pharmaceutical market and this is expected to
increase to 50% by 2010. This new facility will

overcome the current bottleneck in commercial
biotechnology development and makes the North

West of England a very attractive location for
growing biotechnology businesses. The

development is on course to be operational within
two years.


