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Synthetic biology aims to apply engineering principles in biology

Insufficient part libraries, standards, and software tools are challenges
to the field

Working on the challenges will move genetic design automation forward

Ultimate goal is a fully automated workflow for design, build, and test
of genetic circuits
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Abstract

Synthetic biology is a field at the intersection of biology and engineering.
Inspired by engineering principles, researchers use defined parts to build
functionally defined biological circuits. Genetic design automation allows
scientists to design, model, and analyze their genetic circuits in silico before
building them in the lab, saving time and resources in the process. Estab-
lishing synthetic biology’s future is dependent on genetic design automation,
since the computational approach opens the field to a broad, interdisciplinary
community. However, challenges with part libraries, standards, and software
tools are currently stalling progress in the field. This review first covers re-
cent advancements in genetic design automation, followed by an assessment
of the challenges ahead, and a proposed automated genetic design workflow
for the future.

Keywords: synthetic biology, genetic design automation, standards,
genetic circuits, genetic part libraries

1. Introduction

Synthetic biology (SynBio) is a research field that is integrating biology
with engineering principles, such as standards (reusable parts and design
information), abstraction (analysis of behavior at a higher level), and decou-
pling (separation of the design process from the construction process) [1]. The
field has a variety of applications including protein engineering, metabolic
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engineering, artificial cell engineering [2], vaccine development, molecular
diagnostics, cell-based therapeutics [3], and bio-manufacturing of food, bio-
chemicals, and pharmaceuticals [4]. This review focuses on one aspect of the
field, the design of genetic circuits, collections of biological components that
perform a desired function within a cell.

Early examples of genetic circuits in SynBio include the construction of
the genetic toggle switch [5] and the repressilator [6]. These early genetic cir-
cuits were designed in the laboratory using a largely manual and experimental
process. However, the field of SynBio promises to deliver systematic, model-
based design and automated construction of genetic circuits 7, 8, 9, 10, 11].

Circuits can be constructed on the transcriptional level by controlling
gene expression, on the post-transcriptional level using metabolic percep-
trons [12] or protein interactions [13], and in cell-free environments. This re-
view focuses on transcriptional circuit design and genetic design automation
(GDA) methods and tools that support the computational design, modeling,
and analysis of these genetic circuits. More information on transcriptional
and post-transcriptional circuits can be found in [14], while current cell-free
SynBio platforms are reviewed in [15].

Despite recent advancements in GDA, a gap between computational and
laboratory SynBio remains. Limited part reuse due to a lack of acceptance of
standards and library part characterization processes within the community
stalls the progress of GDA [16, 17, 18, 19]. This article first reviews the
recent advancements in design efforts, followed by an assessment of challenges
ahead, and a proposed workflow for the future.

2. Advancements

Applying principles from electronic design automation (EDA) to SynBio
resulted in advances in GDA [20]. This work defines GDA as the development
of an automated, seamless computational workflow, that aids scientist from
an idea to a final design ready to be built in a laboratory. This includes
the automated selection of biological parts, their combination and assembly
within a DNA plasmid, and an evaluation of the final result. GDA enables the
design of more complex circuits, such as the genetic circuit for programming
the bacterium Bacteroides thetaiotaomicron for drug delivery in the human
gut [21]. Figure 1 shows the three cornerstones of GDA: (a) software tools,
(b) standards, and (c) part libraries.
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Figure 1: , SynBio standards, and part libraries as the cornerstones of GDA.
Researchers can use standard-enabled software tools to seamlessly design genetic circuits
using characterized part libraries encoded using data standards.

Part Libraries enable a reproducible and modular engineering approach
to design. Community developed part repositories store characterized ge-
netic parts, facilitating the exchange of genetic design information. These
parts define a specific DNA sequence with known functionally, for example
a promoter that is a specified DNA sequence that acts as a starting site for
DNA transcription. However, the characterization of these parts happens in
isolation and in a specified environment. Introducing those parts to a new
environmental, cellular, or genetic context results in variation of the parts
performance [22, 23]. Therefore, creating ones own, reliable parts requires
substantial time and resources. Accessing information of previously used
parts allows researchers to efficiently design and build new genetic circuits.
These part libraries can then be shared using data repositories, such as the
SynBioHub data repository [24] or the Joint Bio-Energy Institute Inventory
of Composable Elements (JBEI-ICE) [25]. Sequences can also be found in
public sequence databases, such as those available from the National Cen-
ter for Biotechnology Information (NCBI) [26], or from plasmid repositories,
such as Addgene [27]. Examples of part libraries include the Standard Eu-
ropean Vector Architecture (SEVA) database [28] for plasmid vectors, the
International Genetically Engineered Machines (iGEM) Registry of Stan-
dard Biological Parts [29, 30], and the collection of parts used by the Cello
project [31, 32, 33].

The iGEM part library is an important resource used by the iGEM com-
petition [34], in which interdisciplinary student teams design, build, and test
genetic circuit designs. The teams both use existing and contribute new reg-
istry parts. iGEM parts have been used, for example, to build an arsenic



biosensor [35] and to control bacterial cellulose production [36].

The Cello library used in the Cello project consists of 12 orthogonal Tet
repressors that drive cassettes including promoters, coding sequences, and
terminators to function as NOT/NOR gates. Since the behavior of the un-
derlying parts has been well-characterized, they can be connected to build a
predictable genetic circuit. The well-characterized parts in the Cello library
allowed the successful construction of a NOR gate in Pseudomonas putida
utilizing Cello’s parts tailored to Escherichia coli [37], demonstrating the
portability of the design to a different host.

Standards are a foundation of every engineering discipline and can be
found in architecture, electronics, mechanical design, and chemical synthe-
sis [38]. They are needed to describe properties precisely in order to enable
reproducibility and predictability. Furthermore, they facilitate communica-
tion between different research groups and software tools.

For SynBio, the community has both leveraged existing standards, as
well as created new ones specific to this domain. For example, bioinformat-
ics standards, such as GenBank [39] and FASTA [40], are often leveraged
to represent DNA sequences. BioBricks [41] and MoClo [42] are standards
developed for DNA assembly and cloning, while SEVA [28] has been devel-
oped for plasmid vectors. In order to represent hierarchical genetic designs
composed of DNA and other types of parts (RNA, proteins, small molecules,
etc.), the SynBio community has developed the synthetic biology open lan-
guage (SBOL) [43, 44, 45, 46]. The community has also developed SBOL
Visual to visualize genetic designs using a standard set of glyphs [47, 48].
For modeling, the community widely uses the systems biology markup lan-
guage (SBML) [49, 50]. The simulation experiment description markup lan-
guage (SED-ML) [51] encodes simulations performed on these models, while
COMBINE archives [52] packages design and modeling information together.

Software tools enable the design of genetic circuits in graphical user in-
terfaces opening the field to researchers without expertise in laboratory work.
These tools automate the design process by leveraging standards to access
libraries of characterized parts. Table 1 shows a non-comprehensive overview
of software tools for GDA. In this review, software tools for GDA are defined
as those specifically developed for the design and modeling of genetic circuits
and their sequences. This table includes their application domain, standard
and part library support, and availability of support and documentation.
The first group of tools are developed by academic researchers, while the
second group are developed by commercial vendors. Furthermore, software
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tools can be separated into sequence editors that constrain the user to work
directly on the DNA sequence and high-level (HL) design and modeling tools
that incorporate abstraction into the design process allowing researchers to
work with parts instead of directly on the sequence.

While most tools only implement a part of the GDA workflow shown
in Figure 1, there are two high-level design tools that support the entire
workflow, leverage SynBio standards, and connect to part library repositories.
First, iBioSim [58, 59, 60] is an actively developed, open-source, academic
tool, for the model-based design of genetic circuits. Researchers can create
and edit hierarchical genetic designs represented using SBOL and visualized
with SBOL Visual, automatically generate computational models represented
in SBML for simulation [73, 74], and fetch parts and store design information
in SynBioHub. Xiang et al. used iBioSim to design and analyze a genetic
circuit for the detection of early biological markers of Lung Cancer [75].
Second, Cello [31, 32, 33] specifies genetic circuit designs using the hardware
description language (HDL) Verilog, and it maps them to parts from the Cello
gate library. The Cello tool was tested on 60 genetic circuits in Fscherichia
coli [33]. Example circuits designed using Cello involve a drug delivery circuit
for Bacteroides thetaiotaomicron [21] and the before mentioned NOR gate
for Pseudomonas putida [37].

3. Challenges

While there have been significant advancements in GDA, the automated
design of genetic circuits still faces many challenges. There is still a sig-
nificant gap between the potential computational GDA workflows shown in
Figure 1 and the actual laboratory practices commonly used by wet-lab syn-
thetic biologists. As shown in Figure 2, there is currently limited utilization
of part libraries, standards, and software tools in the laboratory workflow.

While part libraries like the iGEM and Cello libraries are valuable addi-
tions to SynBio, their current state is insufficient to be a reliable backbone
for design automation. Parts submitted by the participating teams of the
competition are not standardized and often only tested in defined lab condi-
tions. A recent analysis by Mante et al. of the iGEM library identified the
use of free text, insufficient part provenance, part duplication, lack of part
removal, and insufficient continuous curation complicate its use as a library
of reliable parts [77]. Indeed, only a small core set of well-defined and charac-
terized parts is usually reused [16]. Other libraries like the Cello library are



Table 1: Non-comprehensive list of software tools specifically developed for genetic circuit
design. The first group are from academia, and the second group are from industry.

. . Part Library Supported /
Tool ‘ Application ‘ Standards ‘ Repositories ‘ Documented
ApE [53] ‘ S;}qdui:;]fe ‘ GenBank ‘ - ‘ Yes / Yes
Cello [31, 32, 33] ‘ HL Design ‘ SBOL ‘ SynBioHub ‘ Yes / Yes
S Genbank, FASTA
Device Editor [54] e SBOL, JBEI-ICE Yes / Yes
SBOL Visual
Sequence FASTA, GenBank,
Eugene [55] Editor SBOL - No / Yes
GeneTech [56] | HL Design | SBOL, SBOL Visual | - | Yes / Yes
Sequence GenBank, FASTA,
GenoCAD [57] ‘ Editor ‘ SBML - No / Yes
SBOL, SBOL Visual,
s HL Design SBML, SED-ML, .
iBioSim [58, 59, 60] & Modeling COMBINE Archive, SynBioHub Yes / Yes
GenBank, FASTA
. Sequence SBOL, SBOL Visual,
35 [61] ‘ Editor ‘ FASTA, GenBank JBELICE Yes / Yes
) SBML, CellML,
Mosec [62] ‘ Modeling ‘ GenBank, SBOL ‘ - ‘ No / No
. . HL Design SBOL,
Proto BioCompiler [63] ‘ & Modeling ‘ SBML, CellML ‘ - ‘ No / No
Sequence SBOL, .
SBOLCanvas [64] ‘ Editor ‘ SBOL Visual ‘ SynBioHub ‘ Yes/ Yes
SBROME [65] | HL Design | - \ - |  No/ Yes
COMBINE archive,
Tellurium [66, 67] Modeling SBML, SED-ML, - Yes/ Yes
CellML, SBOL
. HL Design SBML, SBOL,
Tinkercell [68, 69, 70] ‘ & Modeling ‘ SBOL Visual - No / Yes
B hli S, AddGene,
encaling cquence GenBank, FASTA iGEM, NCBI Yes / Yes
hitps://www.benchling.com Editor JBELICE
Doulix Sequence SBOL, SBOL Visual Douli Yes / Y
https://getstarted. douliz.com Editor GenBank, FASTA outix s s
Geneious Sequence GenBank, FASTA NCBI Yo Yo
hitps://www.geneious.com Editor enbanik, es / Yes
Sequence SBOL,
Genetic Constructor [71] an SBOL Visual, iGEM, NCBI No / Yes
Editor
GenBank
s HL Design
Visual GEC [72] ‘ & Modeling ‘ SBML ‘ - ‘ No / Yes
Genome Compiler Sequence Addgene
hitps://designer.genomecompiler.com ‘ Editor ‘ GenBank, FASTA ‘ iGEM, NCBI No / No
OpenVectorEditor Sequence
hitps://github.com/TeselaGen/open VectorEditor ‘ Editor ‘ GenBank, FASTA ‘ B ‘ Yes / Yes
Snapgene Sequence .
https://www.snapgene.com ‘ Editor GenBank, FASTA NCBI Yes / Yes
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Figure 2: The current genetic design workflow in SynBio. There is no seamless integration
between the elements. Part information is manually searched for in sequence databases
and journal publications. The sequence information is often only available in bioinformatic
standards, such FASTA or GenBank, or non-standard formats, such as spreadsheets, plain
text, or PDF files [76]. Researchers do not use high-level GDA tools, but instead
directly using sequence editor GDA tools, spreadsheets, or text editors.

restricted due to its limited size and support of hosts. Overall, the limited
usefulness of the current part registries sabotages the scalability of genetic
designs, since researchers typically must manually search for part informa-
tion, such as DNA sequences, either in sequence databases or in publications
and their supplemental materials.

The SynBio community has been slow to develop and accept standards
to encode genetic design information and part characterization data. Re-
searchers predominantly work with bioinformatic standards for sequences
without defined specifications, such as GenBank or FASTA, or represent their
design information in non-standard formats, such as text files, spreadsheets,
and PDF files, rather than using SynBio standards such as SBOL [76].

Finally, although software tools streamline the genetic design process,
their usage in the community is limited. Researchers currently edit sequences
directly using sequence editors, spreadsheets, or even text editors, instead of
leveraging high-level design and modeling GDA software tools. As shown
in Table 1, commercial tools that are still supported are sequence editors,
although prior sequence editors both commercial and academic like the Ge-
netic Constructor by Autodesk [71], Genome Compiler, and GenoCAD did
not gain traction in the user community. Similarly, the high-level design
tool Visual GEC [72] by Microsoft is now discontinued, possibly due to the
limited pool of potential costumers. Further stalling the progress in the de-
velopment of high-level design GDA software tools for industrial usage could
be the limited awareness of the potential of such software tools, that are in



their early stages.

All high-level design and modeling tools and actively developed sequence
editors using SBOL are being developed as academic open-source software.
These tools often lack sufficient and sustained support and documentation.
Additionally, the interfaces for these tools are often not intuitive to their tar-
geted end-users. An inspection of papers citing the use of these tools finds
that most genetic circuits designed are only constructed in silico to validate
the software without real-world application. Cello was used to construct 60
circuits in vivo in Escherichia coli, but again only to validate the results of
their tool [33]. Portability of genetic designs is an additional issue, since
most genetic parts and GDA design tools are tailored around E. Coli. Al-
though well-characterized parts help in addressing this issue, as shown in the
previous example of a NOR gate for Pseudomonas putida [37]. Most aca-
demic tools are used within the research group that developed the software
with little uptake from other researchers in the community. Finally, mis-
communication between computational and laboratory-based SynBio leads
to the development of features gratuitous for the laboratory workflow while
beneficial or even necessary additions are overlooked by the software de-
velopers. However, recently, learning from the previous failure of other
high-level design tools, start-up companies like Lattice Automation (https:
//latticeautomation.com) and Asimov (https://asimov.com) are trying
to fill this gap by providing customized software and software solutions for
SynBio laboratories instead of selling standalone software applications.

4. Discussion

Figure 3 shows a fully automated genetic design workflow. In this work-
flow, the researcher simply specifies a desired function in a GDA software tool
that automatically identifies the parts needed to construct a robust circuit
design. After in silico analysis to evaluate alternative designs, the selected
design is constructed using microfluidic devices [78] and lab automation [79]
provided by companies like Opentrons [80] (https://opentrons.com), for
example. While OpenTrons and microfluidics allow some automation in
the workflow, more complex robotics are required for a complete hands-
free operation. Full automation, however, can be achieved by outsourcing
the manufacturing to highly automated laboratories like Strateos (https:
//strateos.com) and the Edinburgh genome foundry (https://www.ed.
ac.uk/biology/research/facilities/edinburgh-genome-foundry). Af-



ter construction and testing, the final product is produced without the need
for special expertise or resources by the original designer. Yet, in order to
create this fully automated genetic design workflow, allowing SynBio to ful-
fill its promise as a systematic, engineering-based, and automated design
process, the challenges described above must be overcome.
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Figure 3: Fully automated genetic design workflow. Researchers specify their function
using high-level design . The software is integrated in the workflow and auto-
matically finds applicable parts and devices stored in repositories. After analysis of the
designs, the most suitable is selected and built in the lab using like mi-
crofluidics and robotics to create the final product.

First, well characterized genetic part libraries must be developed and
shared in standard formats via public repositories. Since genetic parts be-
have differently in different genetic contexts, a broader and standardized
characterization would increase the reusability and predictability of genetic
parts. Additionally, the part repositories need to be carefully curated to en-
sure quality. Improvements in characterization methods are also needed using
high-throughput screening methods, such as described in [81, 82]. These new
methods need to enable efficient collection and analysis of vast amounts of
data collected leading to improved accuracy of part characterization. The
use of modern standards is also not a complete solution, since researchers



must also agree on what minimum information must be encoded to repro-
duce and share genetic designs [77], and how to measure and what units to
use to characterize the performance of parts, devices, and systems [38]. The
creation of a minimum information standard and standardization of measure-
ment protocols could enable the definition of part data sheets as suggested
by Canton et al. [83].

Second, there needs to be an increase in the acceptance of standards
in the community to improve data sharing and reproducibility of published
results [84]. Not only laboratory procedures need to be standardized, but
also standards for data sharing, visualization, and mathematical modeling in
order to allow easy and efficient communication between different research
groups [38]. Community developed standards, such as SBOL, SBOL Vi-
sual, and SBML, should be preferred over bioinformatic standards and non-
standard formats to facilitate the sharing of complete design information
among collaborators. Part libraries should be encoded using these standards,
and software tools must support them to increase the ability for laboratory-
based scientists to share their data and computational-based scientists to
develop integrated software workflows. Finally, existing standards should
continue to evolve and new standards developed, as needed, through open
discourse between computational and laboratory-based researchers, as well
as academic and industrial representatives.

Finally, software tools need to continue to be developed and adopted. The
in silico analysis of genetic designs using software tools has the potential to
enable efficient design space exploration. Most of the currently available
GDA software tools are developed in academia. Although they are readily
available as open-source software, they are often not intuitive, lack suitable
interfaces and documentation, and are not consistently supported. Commer-
cial software needs to be developed for high-level design and modeling that
supports modern community developed standards and connects to public
shared part repositories. Since the behavior of genetic circuits is stochastic
and noisy [85], these software tools must employ stochastic analysis methods
to evaluate design alternatives [73, 86]. Additionally, GDA software tools
should assist the designer in finding the best parts for the genetic design
from well characterized part libraries. Indeed, a genetic circuit’s behavior
can be adjusted by carefully considering the selection of genetic parts [87].
Furthermore, current design tools do not consider the circuit host interac-
tion. While Cello provides toxicity data, a full analysis of the circuit host
interaction is not readily available and needs to be taken into account in the
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future. Better computational predictability of a circuit’s toxicity is neces-
sary to further improve design automation. Recent work presents the impact
of using computational optimization to improve genetic design [88, 89, 90].
Overall, and most importantly, the gap between computational and labora-
tory SynBio needs to be closed by useful and improved computational tools
that facilitate the design process and automate the workflow, saving time
and resources making genetic design readily available.
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