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Biocomputing is a broad field of research encompassing any area at the
intersection of computing and biology. Bacterial biocomputing is a
branch of biocomputing focused on generating bacterial strains with useful logical and sensing functions, using chemical, electrical, or physical
input or output signals. Significant advances have been made in the last
decade; however, there are major obstacles, including a complete lack of
programmability and generalizability of all strains created to date. Two
reasons for this problem are: i) the limited variety and function of standard genetic parts; and ii) the static nature of current design strategies. We
propose a top-down genetic engineering approach and in situ genetic
remodeling mechanisms as possible steps to advance bacterial biocomputer designs.
Keywords: Biocomputing, bacteria, genetic circuit, genetic engineering, quorum
sensing, microbial electrochemistry

INTRODUCTION
Biocomputing is a new and quickly expanding field of research. While biocomputing speeds are not expected to rival those of conventional computing,
there are other benefits of computing in biological systems, namely massively
parallel processing and biocompatibility. Because every cell can be considered an independent processor and bacterial cultures contain millions or billions of cells, there may be significant opportunities in biocomputing for
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solving specialized problems requiring highly parallel processing (1). Biocompatibility offers broad benefits to biocomputing, allowing biocomputers
to: i) contain integrated sensors for complex biomolecules; and ii) exist and
function under physiological conditions and possibly even within the human
body as part of a medical device (2). These advantages make biocomputing
attractive for data collection, processing, and decision making within medical
devices and in environmental sensing applications.
Several platforms are being explored for biocomputing, including DNA,
RNA, enzymes, and whole cells. Each platform has its own advantages and
disadvantages; here we will discuss the challenges and benefits of sensing
and computing using whole bacterial cells. The major disadvantages of using
whole bacterial cells include slow response times, necessity to feed and maintain the cells, longer design times, and increased difficulty of implementation. In addition, engineered bacterial cells may not be compatible with
implantable devices or release to the environment because of the risk of
pathogenicity or contamination of wild microbial consortia with engineered
DNA. However, there are also unique benefits of whole bacterial cells as
biocomputers. Unlike nucleic acids and enzymes, bacterial cells are capable
of self-maintenance and replication, a distinct benefit for continuity of the
system, especially under conditions which may be damaging to purified DNA
or enzymes. Further, bacterial hosts not only maintain biocomputing function
over time, but may also improve system function through directed evolution
(3). Finally, whole cells exhibit coordinated behaviors more complex than
anything possible for single molecules, and these behaviors can be co-opted
for use in biocomputing systems, rather than engineered de novo.
Thus far, however, the majority of bacterial biocomputers have not utilized
native bacterial functions or pathways, but rather used a “bottom-up” engineering approach to build genetic circuits from standardized genetic parts.
This approach has been successful in producing a wide variety of logic gates
with lactose or antibiotic inputs and fluorescent protein outputs (4). Other
inputs, such as white and colored light have also been used, but to date the
variety of inputs and outputs has been limited due to the small number of
well-characterized genetic parts. Although the majority of bacterial biocomputing systems produced to date use this bottom-up approach (5-10), some
rely on the native behavior of bacteria, providing a proof-of concept for use
of native pathways in biocomputing (11-13). See our recent perspective for a
thorough review of current bacterial biocomputing systems (4).
CHALLENGES TO APPLICATION
Because of the complexity of whole cell systems, design times are long and
there is much trial and error involved in producing functional genetic circuits
for bacterial biocomputing. The difficulty of implementation is made clear by
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the disparity between proposed genetic circuits and successfully developed
biocomputing strains. For example, genetic circuits for associative memory
have been proposed multiple times, but this behavior has not yet been produced in engineered bacterial strains (14-15). Libraries of genetic parts and
cellular modeling are improving, but these efforts have not yet closed the gap
between desired biocomputing functions and synthetic biology capabilities.
Even as libraries of genetic parts expand, the difficulty of design and
implementation of genetic circuits has encouraged most researchers to work
with the best characterized genetic parts that respond to lactose or antibiotics.
While this is important for development of “proof of concept” strains, it is a
hindrance to practical application of bacterial biocomputers because sensing
of these particular input signals is not useful for most medical or environmental applications. Although bacteria are capable of sensing many other chemical and physical parameters, genetic parts for doing so are not yet characterized
well enough to be integrated in current genetic design strategies. Lu et al. (15)
suggested improving libraries of standard genetic parts; however, there are
major disadvantages of these libraries, such as the registry of standard genetic
parts. First, these libraries are geared toward engineering in Escherichia coli,
and many of the parts will not be functional in other bacterial hosts. Second,
the libraries encourage a very specific strategy for construction of plasmids
and genetic circuits, which can limit the variety of genetic network designs.
Because of these limitations it is also important to consider other design strategies, including utilization of native bacterial pathways with a “top-down”
engineering approach.
Bacterial pathways evolve over long periods of time and become optimized for function in their native host and evolutionary fine-tuning creates
complex systems that current genetic design methods cannot recreate. Rather
than extracting useful bacterial behaviors from their optimized environment,
it may be more practical to use them within their native host, and minimize
genetic engineering changes. This top-down approach could allow production of more versatile biocomputers with less time spent on genetic engineering.
TOP-DOWN ENGINEERING USING NATIVE BACTERIAL
BEHAVIORS
An excellent example of a microbial trait conducive to this approach is the
production of electrical current by electrochemically active bacteria (EAB).
This is a complex behavior, and detailed mechanisms are still only understood for a few bacterial species. Recently, efforts have been made to introduce the current production pathway of Shewanella oneidensis into E. coli,
and while the necessary pathway was successfully transformed, expressed,
and assembled, current production was orders of magnitude lower than for
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wild-type S. oneidensis (16). In contrast, a microbial AND gate using S.
oneidensis to produce an electrical output signal has already been reported
by Arugula et al. (13). In addition, our group had already shown that native
electricity production pathways in Pseudomonas aeruginosa can be logically controlled by external chemical outputs with minimal genetic manipulation (11). This suggests that complex behaviors like current production
may be easier to manipulate in situ than to extract and use in heterologous
host organisms.
Our bacterial biocomputer was a successful proof of concept for an AND
logic gate with chemical input signals and an electrical output signal; however, the adaptability of this system is severely constrained. Because the output was controlled using native genetic pathways of P. aeruginosa with only
two genes knocked out, the options for changing the input signals or logic
behavior of the system are limited to the native pathways that control current
production and are understood well enough to be successfully manipulated.
There is no general rule for changing the programming of this biocomputer,
and while using E. coli would expand the range of options somewhat, the
library of parts is still limited. Because both bottom-up and top-down
approaches have benefits and disadvantages it will be important to consider
all possible methods for engineering genetic circuits as bacterial biocomputing progresses.
Summary of a top-down engineering approach
Exploiting native behavior can be a hindrance because of limited functionality existing in non-engineered strains. However, it is a major benefit in terms
of time and effort required to produce a new biocomputing system, which has
been comprehensively reviewed previously (15). Genetic engineering can be
a long and difficult process, and in the end, only a single, static behavior is
introduced into the organism and “programming” to change input and output
signals or behavior is not possible (15). Here, we propose a strategy to take
one step closer toward generating programmable strains by incorporating
genetic remodeling mechanisms into the genetic circuits.
GENETIC REMODELING MECHANISMS
While most current biocomputing circuits have had a static architecture, bacterial genomes can be remodeled, and one group has taken advantage of this
to create a dynamic genetic circuit, using DNA segments that can be reoriented within the genome (10). Broader application of this dynamic circuit
design would allow production of simple “programmable” bacterial biocomputers that could express different logic or sensing functions without additional genetic modification. The major genetic remodeling pathways are: i)
inversion; ii) movement of transposons; and iii) homologous recombination.
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These pathways allow the genetic rearrangement to occur in situ rather than
requiring tedious plasmid preparation, transformation, and selection for each
biocomputing behavior.
Inversion
Inversion is the simplest mechanism of genetic remodeling and constitutes
the flipping of a DNA sequence between two inverted signal sequences (Figure 1) (17). This activity is accomplished by an invertase enzyme, which
recognizes, and acts on specific DNA signal sequences. The signal sequences
are typically inverted repeats (a recurring motif in DNA remodeling) flanking the sequence to be inverted. Inversion is a useful mechanism, because it
can create permanent switching between functional and nonfunctional, or
two different functional states. For programming-like function in genetic
circuits, the inversion step can be controlled through transient expression of
the invertase, and protease tags can be used to help create discrete switching
steps (10).
Movement of transposons
Transposition is another form of DNA remodeling, which involves movement
of small DNA fragments (transposons) from one position to another in the
genome. Some transposons insert themselves at specific target sequences

FIGURE 1
Graphical representations of common genetic remodeling mechanisms. Here, we show these
mechanisms as three different genetic remodeling pathways: i) inversion; ii) movement of transposons, which we further divide in targeted transposition and non-targeted transposition; and iii)
homologous recombination.

514

M. A. TerAvest and L. T. Angenent

(often inverted repeats), while others may insert randomly in the genome
(Figure 1) (17). Transposons could be used to inactivate genetic circuits in
response to specific signals, or to insert functional genes into a genetic circuit
when they are needed. Targeted transposons could also potentially be used to
disrupt specific native cellular pathways and co-opt them into the synthetic
genetic network in vivo. Engineering transposon specificity to recombine at
specific functional sites (such as promoters) could create an extremely useful
tool for controlling native bacterial behaviors. Combining such semi-specific
transposons with clever selection could potentially yield a high-throughput
method for production of a wide range of sensor-output strains.
Homologous recombination
The third useful DNA remodeling mechanism is homologous DNA recombination. Homologous recombination is a process by which two double stranded
DNA molecules with homologous regions may swap a segment of the
sequence (Figure 1) (17). This mechanism is already an essential tool for
genetic engineering, but it has not been used to regulate functional behavior
of genetic circuits. Homologous recombination can be much more specific
and also move larger regions of DNA than either of the other two mechanisms. With complex genetic networks it may be necessary to move large
portions of the DNA rather than just the transposition or inversion machinery.
Summary of a DNA remodeling approach
DNA remodeling mechanisms are advantageous in that they allow genetic
remodeling to occur only under tightly controlled circumstances. By including inducible promoters or protein sequestered DNA sequences in the homologous regions, recombination could be repressed until controlled conditions
allow the desired genetic rearrangement. This would allow for additional layers of complexity in the design of genetic circuits and open up possibilities
for more applicable functions and simple programming. Integrated genetic
remodeling could make strains with multiple different functions under different conditions possible, thus, relieving some of the need to produce unique
strains for each desired biocomputing function.
OUTLOOK
Even though there has been considerable advancement in the field of bacterial
biocomputing, there is still no approach for the creation of a generalizable
bacterial biocomputing platform. Currently, it is unclear whether this is more
likely to occur through improved synthetic biology technologies or through
better exploitation of existing biological mechanisms. We propose an
increased focus on use of native bacterial pathways, and further, applications
of in situ genetic remodeling mechanisms to alter existing genetic networks.
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Both of these approaches have the potential to improve design, implementation, and performance of bacterial biocomputers using existing technology.
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