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ABSTRACT Engineering microbial systems allows the generation of new technologies having signiﬁcant impact in the biotechnological industry and on human
health. In the past few years, several synthetic biology approaches have been implemented in bacteria to allow precise engineering of novel regulatory circuits for
several applications. The advent of high-throughput technologies and clustered regularly interspaced short palindromic repeat (CRISPR)/Cas9-based DNA editing techniques have been pivotal in this process. Yet, despite the tremendous advances experienced recently, there are still a number of bottlenecks that need to be overcome
in order to generate high-performance redesigned living machines, and the use of
novel computer-aided approaches would be essential for this task. In this perspective, we discuss some of the main advances in the ﬁeld of microbial engineering
and the new technologies and approaches that should allow the construction of on
demand synthetic microbial factories through the redesign of regulatory complexity.
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M

icroorganisms play a central role in human life, not only because they cause many
diseases but also because they are used in several industrial processes. In addition
to their critical importance for humankind, their fast growth in laboratory conditions
and relatively easy genetic manipulation have allowed us to gather a tremendous
amount of information regarding the molecular details of cell physiology and about the
way microorganisms process information. In particular, the collection of this information in well-curated data banks and the advent of genomic and postgenomic approaches permitted the ﬁeld of synthetic biology to emerge, initially based on microbial
engineering (1). In the main workﬂow of synthetic biology, living cells are treated
analogous to electronic devices, and cell engineering is executed through design-buildtest cycles (1). In this sense, synthetic biology approaches are directed to modify the
regulatory network of the cell, enabling organisms to perform novel molecular functions, with applications ranging from biosensing toxic or dangerous compounds, to
searching for and killing pathogens and cancer cells, or producing compounds of
interest, among many others (2). In this context, it is critical that the gene regulatory
system of the target organism is modiﬁed to perform precise and reliable computations
based on a set of inputs of interest, and for this, the analogy to logic gates is very useful
(3, 4). Over the years, a considerable amount of effort has been dedicated toward the
construction of reliable logic circuits, particularly in bacteria. For this, features such as
noise in gene expression (5), composability of the biological parts used (6), signal
detection range, and speciﬁcity of the circuits have been of special interest (2, 7). Thus,
signiﬁcant advancement has been experienced in the ﬁeld, and along with it, our basic
understanding of the molecular mechanisms related to the control of gene expression
through the many cellular regulatory networks of interest has increased dramatically.
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Most of the progress experienced in the ﬁeld has been possible due to both
technological and methodological improvements achieved in recent years. Of note are
a number of high-throughput technologies (ranging from deep DNA sequencing
techniques, microﬂuidics, automatization of molecular biology platforms, new DNA
synthesis procedures, etc.) which have allowed not only large-scale analyses of genes
and genomes but also the fast and precise, simultaneous construction and testing of
several variants of synthetic circuits in living cells (6, 8). On the other hand, the recent
rise of novel DNA editing techniques, with the indubitable central role of the clustered
regularly interspaced short palindromic repeat (CRISPR)/Cas9-based approach, have
allowed the enhanced modiﬁcation of native organisms, either to add minor changes
in its regulatory networks or to introduce entirely new synthetic circuits (9). In addition
to DNA editing, the CRISPR/Cas9 technologies have permitted editing-independent
activation or repression of genes based on the usage of Cas9 mutant variants not able
to perform DNA cleavage. In these methods, the guide RNA (gRNA) is designed to
target the promoter of the gene of interest, allowing either the recruitment of the RNA
polymerase (RNAP) for activation of the target promoter or the blockage of binding of
the RNAP, leading to gene repression (10). This type of approach is revolutionary, since
it allows easy targeting of the gene of interest without the necessity of laborious
engineering of the binding speciﬁcities of transcriptional factors (TFs) by amino acid
mutagenesis.
Despite the remarkable improvement undergone in the ﬁeld of synthetic biology, a
number of bottlenecks are emerging. First, most of the engineered circuits are limited
to one or few inputs, and usually the construction of more-complex circuits requires
several TFs and cognate promoters, leading to ﬁnal circuits composed of several
kilobases of DNA fragments. For example, a recently engineered synthetic circuit
allowing Escherichia coli to sense and respond to three wavelengths of light (red, green,
and blue) required the engineering of around 48 kb of rewired genetic material (11).
This feature strongly limits the complexity of the circuit that can be engineered and
implemented in the host cell. Second, most of the synthetic biology work has focused
on model organisms such as E. coli and Saccharomyces cerevisiae for which there are
well-established genetic tools. Yet, many applications relevant to biotechnology or with
biomedical signiﬁcance require a different type of host (or chassis), more adapted to
the ﬁnal environment of interest. For instance, bacteria engineered to invade cancer
cells focus on the usage of Salmonella enterica serotype Typhimurium (12), while a more
metabolically robust bacterium such as Pseudomonas putida would be required for
industrial applications with process-speciﬁc parameters (13). Finally, the number of
biological parts well characterized for synthetic biology applications is very limited, and
more variants have to be mined from different sources.
Regarding the ﬁrst bottleneck, one potential solution would be the generation of
novel technologies allowing the compression of as many regulatory interactions in the
shortest DNA fragment as possible. In this “logic compression” approach, many different TFs would recognize the same promoter, and the result of their interaction would
deﬁne the expression level and expression dynamics of the gene of interest. It is worth
mentioning that this approach is completely different from the synthetic circuits based
on cascade of TFs. In fact, some recent progress has been made in this direction. By
using genetic algorithms based on the recognition of patterns of well-known TFs, it has
been possible to engineer synthetic promoters simultaneously recognized by two or
three TFs, demonstrating the potential of computer models to generate functional, new
(new to nature), regulatory elements in bacteria (14, 15). While these initial works have
focused on overlapping binding sites for different TFs, the construction of promoters
with arrays of binding sites would potentially generate very complex regulatory patterns. In order to understand the regulatory rules necessary for the construction of
these complex promoters, we recently characterized several synthetic complex promoters in E. coli. By using this approach, we unexpectedly found that complex promoters containing arrays of binding sites for different TFs are prone to emergent
properties, in which the combination of simple TF-binding sites generates an expresmsystems.asm.org 2
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sion behavior that cannot be predicted on the basis of the individual behaviors (16).
This ﬁnding has strong implications not only for the engineering of complexity in
bacteria but also for our understanding in how gene regulation operates in response to
multiple signals in natural systems (17).
As discussed before, the main limitation in the use of alternative hosts for synthetic
biology is the lack of suitable genetic tools for genetic manipulation of these organisms. In this context, there has been tremendous progress in the development of novel
genetic tools for the engineering of nonmodel and biotechnologically relevant organisms such as the cyanobacterium Synechococcus sp. strain PCC 7002 (18), the Grampositive bacterium Streptomyces venezuelae (19), the yeast Pichia pastoris (20), as well as
many phylogenetically unrelated Gram-negative bacteria (21). The list of organisms
for which new-generation genetic tools are available is growing at an impressive speed
every year, and use of these new tools would allow the construction of even more
complex circuits in several organisms of interest. Finally, as the number of wellcharacterized biological parts is very limited, a potential solution could be searching for
new parts in microbial genomes or metagenomes, thus allowing the expansion of the
portfolio of applications that could be performed in the ﬁeld (22). Attempts to overcome this bottleneck include the use of synthetic circuits to identify new functional
biological parts, such as small-metabolite transporters (23) or regulatory sequences
capable of inducing gene expression in response to compounds of interest (24–26).
These types of approaches are quite interesting, since synthetic circuits can be used to
mine functional elements that in turn can be used to construct novel engineered
strains.
In summary, we propose that major efforts in the ﬁeld should be directed to the
development of novel approaches focused toward engineering of complex regulatory
logic in shorter DNA fragments, either by assembling arrays of CRISPR/Cas9 regulatory
modules or by constructing TF-based complex promoters. Consequently, this approach
should reduce the limitations of handling large DNA constructions and shortcomings
due to the propagation of expression noise in cascades of TFs. Additionally, increasing
the diversity of microbial chassis using novel genetic tools will be essential for the
implementation of the ﬁnal circuits into hosts more suitable for the ﬁnal application of
interest. Finally, the further development of novel theoretical concepts imported from
electronic engineering, such as control theory and retroactivity (27, 28), should enhance
the design of synthetic circuits with reliable performance and robust dynamics. These
characteristics are crucial to allow the construction of novel microbial systems having
signiﬁcant impact in biotechnology.
ACKNOWLEDGMENTS
We are grateful to lab members for insightful discussions.
This work was supported by two FAPESP Young Research Awards (awards 2012/
22921-8 and 2015/04309-1). C.A.W. was supported by a FAPESP Masters fellowship
(award 2016/05472-6).

REFERENCES
1. Andrianantoandro E, Basu S, Karig DK, Weiss R. 2006. Synthetic biology:
new engineering rules for an emerging discipline. Mol Syst Biol
2:2006.0028. https://doi.org/10.1038/msb4100073.
2. Khalil AS, Collins JJ. 2010. Synthetic biology: applications come of age.
Nat Rev Genet 11:367–379. https://doi.org/10.1038/nrg2775.
3. Bonnet J, Yin P, Ortiz ME, Subsoontorn P, Endy D. 2013. Amplifying
genetic logic gates. Science 340:599 – 603. https://doi.org/10.1126/
science.1232758.
4. Tamsir A, Tabor JJ, Voigt CA. 2011. Robust multicellular computing using
genetically encoded NOR gates and chemical “wires”. Nature 469:
212–215. https://doi.org/10.1038/nature09565.
5. Elowitz MB, Levine AJ, Siggia ED, Swain PS. 2002. Stochastic gene
expression in a single cell. Science 297:1183–1186. https://doi.org/10
.1126/science.1070919.
March/April 2018 Volume 3 Issue 2 e00151-17

6. Kosuri S, Goodman DB, Cambray G, Mutalik VK, Gao Y, Arkin AP, Endy D,
Church GM. 2013. Composability of regulatory sequences controlling
transcription and translation in Escherichia coli. Proc Natl Acad Sci U S A
110:14024 –14029. https://doi.org/10.1073/pnas.1301301110.
7. Cameron DE, Bashor CJ, Collins JJ. 2014. A brief history of synthetic biology.
Nat Rev Microbiol 12:381–390. https://doi.org/10.1038/nrmicro3239.
8. Mutalik VK, Guimaraes JC, Cambray G, Lam C, Christoffersen MJ, Mai QA,
Tran AB, Paull M, Keasling JD, Arkin AP, Endy D. 2013. Precise and reliable
gene expression via standard transcription and translation initiation elements. Nat Methods 10:354–360. https://doi.org/10.1038/nmeth.2404.
9. Esvelt KM, Wang HH. 2013. Genome-scale engineering for systems
and synthetic biology. Mol Syst Biol 9:641. https://doi.org/10.1038/msb
.2012.66.
10. Bikard D, Jiang W, Samai P, Hochschild A, Zhang F, Marrafﬁni LA. 2013.
msystems.asm.org 3

Perspective

11.

12.

13.

15.

16.

17.

18.

19.

20.

March/April 2018 Volume 3 Issue 2 e00151-17

21.

22.

23.

24.

25.

26.

27.

28.

Gerstmann MA, Pitzer J, Wagner M, Thallinger GG, Geier M, Glieder A.
2016. A toolbox of diverse promoters related to methanol utilization:
functionally veriﬁed parts for heterologous pathway expression in Pichia
pastoris. ACS Synth Biol 5:172–186. https://doi.org/10.1021/acssynbio
.5b00199.
Silva-Rocha R, Martínez-García E, Calles B, Chavarría M, Arce-Rodríguez A,
de Las Heras A, Páez-Espino AD, Durante-Rodríguez G, Kim J, Nikel PI,
Platero R, de Lorenzo V. 2013. The Standard European Vector Architecture (SEVA): a coherent platform for the analysis and deployment of
complex prokaryotic phenotypes. Nucleic Acids Res 41:D666 –D675.
https://doi.org/10.1093/nar/gks1119.
Nielsen AA, Segall-Shapiro TH, Voigt CA. 2013. Advances in genetic
circuit design: novel biochemistries, deep part mining, and precision
gene expression. Curr Opin Chem Biol 17:878 – 892. https://doi.org/10
.1016/j.cbpa.2013.10.003.
Genee HJ, Bali AP, Petersen SD, Siedler S, Bonde MT, Gronenberg LS,
Kristensen M, Harrison SJ, Sommer MO. 2016. Functional mining of
transporters using synthetic selections. Nat Chem Biol 12:1015–1022.
https://doi.org/10.1038/nchembio.2189.
Uchiyama T, Watanabe K. 2008. Substrate-induced gene expression
(SIGEX) screening of metagenome libraries. Nat Protoc 3:1202–1212.
https://doi.org/10.1038/nprot.2008.96.
Uchiyama T, Miyazaki K. 2010. Product-induced gene expression, a
product-responsive reporter assay used to screen metagenomic libraries
for enzyme-encoding genes. Appl Environ Microbiol 76:7029 –7035.
https://doi.org/10.1128/AEM.00464-10.
Williamson LL, Borlee BR, Schloss PD, Guan C, Allen HK, Handelsman J.
2005. Intracellular screen to identify metagenomic clones that induce or
inhibit a quorum-sensing biosensor. Appl Environ Microbiol 71:
6335– 6344. https://doi.org/10.1128/AEM.71.10.6335-6344.2005.
Jayanthi S, Nilgiriwala KS, Del Vecchio D. 2013. Retroactivity controls the
temporal dynamics of gene transcription. ACS Synth Biol 2:431– 441.
https://doi.org/10.1021/sb300098w.
Del Vecchio D, Dy AJ, Qian Y. 2016. Control theory meets synthetic
biology. J R Soc Interface 13:20160380. https://doi.org/10.1098/rsif.2016
.0380.

msystems.asm.org 4

Downloaded from http://msystems.asm.org/ on June 19, 2019 by guest

14.

Programmable repression and activation of bacterial gene expression
using an engineered CRISPR-Cas system. Nucleic Acids Res 41:
7429 –7437. https://doi.org/10.1093/nar/gkt520.
Fernandez-Rodriguez J, Moser F, Song M, Voigt CA. 2017. Engineering
RGB color vision into Escherichia coli. Nat Chem Biol 13:706 –708. https://
doi.org/10.1038/nchembio.2390.
Nguyen VH, Kim HS, Ha JM, Hong Y, Choy HE, Min JJ. 2010. Genetically
engineered Salmonella typhimurium as an imageable therapeutic probe
for cancer. Cancer Res 70:18 –23. https://doi.org/10.1158/0008-5472.CAN
-09-3453.
Poblete-Castro I, Becker J, Dohnt K, dos Santos VM, Wittmann C. 2012.
Industrial biotechnology of Pseudomonas putida and related species. Appl
Microbiol Biotechnol 93:2279–2290. https://doi.org/10.1007/s00253-012
-3928-0.
Amores GR, Guazzaroni ME, Silva-Rocha R. 2015. Engineering synthetic
cis-regulatory elements for simultaneous recognition of three transcriptional factors in bacteria. ACS Synth Biol 4:1287–1294. https://doi.org/
10.1021/acssynbio.5b00098.
Guazzaroni ME, Silva-Rocha R. 2014. Expanding the logic of bacterial
promoters using engineered overlapping operators for global regulators. ACS Synth Biol 3:666 – 675. https://doi.org/10.1021/sb500084f.
Monteiro LMO, Arruda LM, Silva-Rocha R. 2018. Emergent properties in
complex synthetic bacterial promoters. ACS Synth Biol 7:602– 612.
https://doi.org/10.1021/acssynbio.7b00344.
Ishihama A. 2010. Prokaryotic genome regulation: multifactor promoters, multitarget regulators and hierarchic networks. FEMS Microbiol Rev
34:628 – 645. https://doi.org/10.1111/j.1574-6976.2010.00227.x.
Markley AL, Begemann MB, Clarke RE, Gordon GC, Pﬂeger BF. 2015.
Synthetic biology toolbox for controlling gene expression in the cyanobacterium Synechococcus sp. strain PCC 7002. ACS Synth Biol
4:595– 603. https://doi.org/10.1021/sb500260k.
Phelan RM, Sachs D, Petkiewicz SJ, Barajas JF, Blake-Hedges JM, Thompson
MG, Reider Apel A, Rasor BJ, Katz L, Keasling JD. 2017. Development of next
generation synthetic biology tools for use in Streptomyces venezuelae. ACS
Synth Biol 6:159–166. https://doi.org/10.1021/acssynbio.6b00202.
Vogl T, Sturmberger L, Kickenweiz T, Wasmayer R, Schmid C, Hatzl AM,

