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The cell can do many wondrous things: produce valuable chemical compounds, assemble
beautiful structures, move with purpose, and process information. For the synthetic biologist,
these behaviors might be programmed at a genetic level in order to yield useful applications
in health, energy, and environment. However, these applications are still in their infancy
and synthetic biology remains a very empirical science due to our limited ability to reliably
predict how genetic systems behave. Moreover, synthetic biologists struggle to build off
the work of their predecessors, as much valuable knowledge and experience gained in the
laboratory is not easily shared or reproducible.

To address these scientific challenges, I've developed computer-aided technologies, data
exchange standards, and semantic web infrastructure that enable synthetic biologists to
design, build, and test genetic systems on an industrial scale. In this dissertation, I highlight
the fundamental engineering principles of standardization, modularity, and abstraction, and
demonstrate how I am applying these principles in the fields of genetic engineering and

synthetic biology.
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GLOSSARY AND ABBREVIATIONS

ABSTRACTION HIERARCHY: The purpose of an abstraction hierarchy is to hide details
and manage complexity. Abstraction hierarchies help engineers work at any one level
of complexity without regard for the details that define other level

APPLICATION PROGRAMMING INTERFACE (API): A set of high-level, specialized func-
tions for programming contained in a software library that apply to a specific kind
of software application

BIOBRICK: DNA sequences which conform to a restriction-enzyme assembly standard
which have been popularized through the iGEM synthetic biology competition

BIOLOGICAL PARTS: DNA sequences which are assumed to be interchangeable, ie, they
can be re-used in new genetic contexts and expected to behave predictably. Just as in-
terchangeable components have become essential for modern-day manufactured goods,
interchangeable biological parts are expected to revolutionize genetic engineering

CHASSIS: In engineering a chassis is a frame on which mechanical or electronic compo-
nents are attached. In synthetic biology a chassis is cell host for a synthetic DNA
construct.

CLASS: A general category by which things are classified. In object-oriented program-
ming, a class is a template for a data object

COMPUTER-AIDED DESIGN (CAD): The use of computer software to facilitate the gen-
eration, modification, and optimization of a part or a composition of parts for an
engineering application

COMPUTER-AIDED TECHNOLOGIES (CAX): The use of computer software to aid in the
design, analysis, or manufacture of products

DATA EXCHANGE STANDARD: A social agreement about how information should be or-
ganized in a common data format, so that users of information systems (e.g., databases,
software) can share information with others using the same model.



DATA MODEL: A model that prescribes how data are structured or organized and how
those data describe real world objects

DATA OBJECT: A container or record of data which can be manipulated through pro-
grammatic methods

FLUORESCENT REPORTER: A protein or other molecule with fluorescent properties which
can be used to measure biological processes

GENETIC DESIGN AUTOMATION: A term for software tools that can be used to design
synthetic DNA sequences. The term is derived from electronic design automation
(EDA), software tools which are used to design integrated circuits

HOST: A host, as the term is used here, is a cell which harbors a plasmid.

INTERNATIONAL GENETICALLY ENGINEERED MACHINES (IGEM): A student team com-
petition in synthetic biology. Teams attempt to solve problems by building genetically
engineered biological systems with standard, interchangeable DNA parts.

MOLECULAR CLONING: A set of experimental methods in molecular biology that are
used to assemble recombinant DNA molecules and to direct their replication within
host organisms

OBJECT-ORIENTED PROGRAMMING: A programming paradigm based on the concept of
data objects, which may contain data in the form of fields, often known as properties

ONTOLOGY: A system for classifying terms and concepts within a particular domain of
knowledge. Computational ontologies enable automated reasoning by software tools.

PARTS REPOSITORIES: Online databases containining information about biological parts

PLASMID: A circular DNA molecule which replicates independently of the genome in
a bacterial host. Plasmids are commonly used as substrates for genetic engineering
because they are easily manipulated by molecular biology techniques.

PROVENANCE: Automated tracking and storage of electronic records for capturing suc-
cessive stages of a worfklow

“THE REGISTRY”: The Registry of Standard Biological Parts. An online resource con-
taining data about thousands of standard biological parts contributed by students
participating in the iGEM competition.

vi



RESOURCE DESCRIPTION FRAMEWORK (RDF): A standard model for data exchange that
makes it easier to integrate and query data on the world wide web.

RIBOSOME BINDING SITE (RBS): A region of DNA to which a ribosome binds. The affin-
ity of the ribosome to this sequence affects the translational efficiency of a protein
coding sequence.

SEMANTIC WEB: “The Semantic Web is an extension of the current web in which infor-
mation is given well-defined meaning, better enabling computers and people to work
in cooperation” — Scientific American, May 2001

STANDARD ASSEMBLY: A molecular cloning protocol popularized by the iGEM competi-
tion which uses restriction enzymes and standardized plasmid sequences to enable the
composition of complex DNA assemblages

SYNTHETIC BIOLOGY: An interdisciplinary field at the intersection of biology and engi-
neering with the goal of creating minimal life or reprogramming the genetic code of
organisms using DNA synthesis and DNA assembly

SYNTHETIC BIOLOGY OPEN LANGUAGE (SBOL): A data exchange standard for synthetic
biology that allows networked software tools, parts repositories, and scientific instru-
ments to share data

VARIANT: A DNA molecule which differs from its expected sequence because of mutations

WEB OF REGISTRIES: A networked infrastructure of biological parts repositories in indi-
vidual labs or institutions which supports cross-institutional queries.
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PREFACE

This dissertation includes excerpts from published papers, conference abstracts, manuscripts,
and other sources of my writing. It starts by introducing the field of synthetic biology and
principles of engineering as they apply to this emerging field of bioengineering. The chapters
are organized along the theme of the design-build-test method for engineering problem solv-
ing and concludes by discussing how to “close the loop” in the design-build-test cycle using

computer-aided technologies and data exchange standards.



Chapter 1

ENGINEERING LIVING SYSTEMS WITH SYNTHETIC
BIOLOGY

1.1 Introduction to Synthetic Biology

Synthetic biology was originally founded more than 100 years ago as a biophysical discipline
that sought explanations for the origins of life from chemical and physical first principles.
Since then modern synthetic biology has been reinvented as an engineering discipline that
exploits advances in DNA synthesis and assembly. These technologies make it possible
to reprogram organisms at the genetic level, potentially with transformative applications.
Section 2 of this chapter presents a survey of synthetic biology and perspective for the future

of the field in the article Engineering Living Systems from Biophysical Principles.

1.1.1 Engineering Principles for Synthetic Biology: Standardization, Modularity, and Ab-

straction

The emergence of synthetic biology as a new field of engineering began in the year 2000 with
publication of two seminal papers which demonstrated that cellular transcriptional networks
could be engineered according to principles of electronic circuit design. The first genetic
circuit to be built was the toggle switch [12], a two gene network that could switch between
on and off states in response to different chemical inputs, a simple form of digital logic.
The second genetic circuit demonstrated how oscillatory behavior could be engineered into

transcription dynamics following the same principles as an electronic ring oscillator [9]. In



his landmark 2005 paper Foundations for Engineering Biology, Stanford bioengineer Drew

Endy set forth the following definition of synthetic biology as an engineering discipline:

Synthetic biology seeks to combine a broad expansion of biotechnology applica-
tions with...an emphasis on the development of foundational technologies that

make the design and construction of engineered biological systems easier.

Endy goes on to describe some key engineering principles which have since become heavily
emphasized in the synthetic biology literature, including standardization, modularity, and
abstraction [10, 26, 22]. Standardization in other engineering disciplines allows interchange-
able components to be easily combined to form larger systems. A closely related concept,
modularity, implies that devices assembled from standardized components will function in
a predictable manner through defined inputs and outputs. The principle of abstraction in-
volves the organization of components into hierarchical compositions. Abstraction allows
the engineer to simplify problems in terms of high-level, essential details while hiding low-
level, nonessential details. Standardization, modularity, and abstraction are all important
for scalable engineering of complex technologies. These principles are a recurring theme
throughout this dissertation. In particular, this dissertation emphasizes my contributions
to the development of a standard for synthetic biology called the Synthetic Biology Open
Language.

In engineering practice, there are many different kinds of standards. Perhaps the most
familiar kind of standard defines the physical or mechanical characteristics of components
for easier assembly of composite systems. For example mechanical fasteners come in stan-
dard shapes and sizes which make it easier to assemble, re-use, or replace components in
mechanical systems. Discussed in Ch. 3, the BioBrick Assembly standard is an analogous
standard for synthetic biology which specifies how DNA molecules encoding novel biological

function may be assembled from interchangeable DNA components. Another kind of en-



gineering standard, called a data exchange standard, deals with how information is shared
through the use of computer-aided technologies and networked databases. A data exchange
standard specifies how data is structured in files and transmitted across networks so that
a recipient software application can decode the data and present it to a human user. The
purpose of this kind of standard is to help engineers share knowledge, learn from each other,

and build off the experience of their predecessors.

The Synthetic Biology Open Language (SBOL) is a data exchange standard founded to
help synthetic biologists share information about biological systems and ultimately engineer
them on an industrial scale [11]. The word “open” in the acronym reflects the guiding
philosophy of its development community which believes that synthetic biology needs large-
scale collaboration and open sharing of knowledge in order to reduce the cost, time, and risks
of developing new synthetic biology applications. Membership of the SBOL development
community consists of over 130 developers representing academia, industry, and government.
Currently there are 4 open source software libraries, about 30 software tools, and at least
3 biological parts repositories (SynBioHub [21], the Inventory of Composable Elements [15],
and the Virtual Parts Repository [6]) which communicate using the SBOL data exchange

standard.)

During my career as a graduate student I have contributed in many ways to development
of the SBOL standard. Ch. 2 presents open-source software I have developed that support
the SBOL standard. As an elected editor for the SBOL community, I led many community
activities such as facilitating discussions, administering votes and elections, drafting formal
governance rules, and teaching tutorials and workshops. In 2015, I co-authored the version
2.0 specification document [2] (see Appendix A). This specification document describes a

data model which formalizes how data must be structured in SBOL files.



SBOL version 1.1 [11] standardized the exchange of structural specifications of synthetic
genetic designs, improving over formats such as GenBank [] by capturing the hierarchical
organization of the genetic code. This includes the organization of DNA components into
composite DNA components that represent transcriptional units, operons, and plasmids, as
well as abstract designs with sequences that are not yet fully determined. Version 2.0 of SBOL
standard [25] extended the original data model in order to describe the biochemical function
encoded by genetic constructs. Biological function is described in terms of interactions
between DNA, RNA, proteins, and small molecules. SBOL 2.0 represents these biochemical
interactions and organizes them into modules with defined inputs and outputs which can be

composed together with other modules to design a biological system.

1.1.2  The Engineering Life Cycle: Design, Build, Test

Despite all the recent technological advances in molecular biology and biochemistry, biochem-
ical systems in even the simplest of organisms are usually not predictable with the mathe-
matical precision that engineering requires. The sources of this biological unpredictability
are many. Unlike solid-state electronics, the cellular environment is diffusive, leading to
a high-degree of molecular interactions and mathematically complex, non-linear dynamics.
Moreover, unlike an integrated circuit for computer memory, DNA is not simply a static
storage bank for the genetic code. When DNA is recombined into new genetic contexts,
it may form unexpected secondary structures with unpredictable effects on gene expression
levels, therefore violating assumptions of interchangeability and modularity. Given this un-
predictability, synthetic biology continues to be an empirical science as much as rational
engineering, and the relatively cheap availability of synthetic DNA enables synthetic biolo-

gists to learn by trial-and-error.



Therefore synthetic biologists have adopted from other engineering fields a formalized
framework for problem-solving known as the design, build, test cycle. The design, build,
test cycle is the scientific method applied in the context of engineering. Stages of the cycle
include designing an initial prototype, testing that prototype, analyzing its performance
against specific metrics, learning what worked and what did not work, designing a new
prototype based on what was learned, and completing the cycle again. Ideally each cycle
generates new understanding that feeds back into new cycles as alternative approaches or

reformulated problems.

The design, build, and test cycle is especially important in the context of synthetic
biology because cellular systems are inherently complex and often unpredictable. Engineering
living systems at the genome-scale requires that teams of engineers re-use and build off the
work of their predecessors, just like other engineering fields such as software development
or aviation (see Fig. 1.1. Such large-scale engineering efforts may require many iterations
through design-build-test cycles. Therefore, much of the foundational work in synthetic
biology currently revolves around the development of computer-aided technologies which

enable synthetic biologists to automate stages of the design-build-test process.

In 2017 I authored an enhancement proposal to the SBOL specification which will enable
synthetic biologists to describe design-build-test workflows and document these workflows
using SBOL files. This specification will extend SBOL’s utility to support large-scale, design-
build-test engineering efforts across teams and institutions. This proposal is nearing formal
adoption by the community and planned to be released in an upcoming issue of the Journal

of Integrative Bioinformatics. This work is discussed in Ch. 5.
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Figure 1.1: Many iterations through design-build-test cycles were employed to create the
synthetic genome of M. laboratorium [19]
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Engineering Living Systems From Biophysical Principles _
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Synthetic Biology: Engineering Living Systems from
Biophysical Principles

Bryan A. Bartley,' Kyung Kim," J. Kyle Medley,' and Herbert M. Sauro™"”
"Department of Bioengineering, University of Washington, Seattle, Washington

ABSTRACT Synthetic biology was founded as a biophysical discipline that sought explanations for the origins of life from
chemical and physical first principles. Modern synthetic biology has been reinvented as an engineering discipline to design
new organisms as well as to better understand fundamental biological mechanisms. However, success is still largely limited
to the laboratory and transformative applications of synthetic biology are still in their infancy. Here, we review six principles
of living systems and how they compare and contrast with engineered systems. We cite specific examples from the synthetic
biology literature that illustrate these principles and speculate on their implications for further study. To fully realize the promise

of synthetic biology, we must be aware of life’s unique properties.

The cell can do many wondrous things: produce valuable
chemical compounds, assemble beautiful structures, move
with purpose, and process information. For the synthetic
biologist, who reengineers biology, knowledge about how
to manipulate these processes might yield useful applica-
tions in health, energy, and the environment. The biophysi-
cist, on the other hand, is perhaps more motivated by
curiosity, a scientific search for the underlying physical
laws that make living systems so different from non-living
classical systems. Both are noble and worthy pursuits, and
perhaps one cannot succeed without the other.

The philosophical and experimental foundations of syn-
thetic biology were first laid in 1911 by French biophysicist
Stéphane Leduc (1). Leduc explicitly argued that no boundary
separates life from ordinary, physical phenomena, a point
that he illustrated by growing chemical gardens, inorganic
crystals exhibiting a striking and perhaps non-coincidental
resemblance to living systems. Throughout the subsequent
century, many biophysicists contributed to the discovery of
the genetic code and establishment of the central dogma of
molecular biology. The invention of recombinant DNA tech-
nology led the geneticist Wactav Szybalski to herald a new age
of synthetic biology starting in the 1970s.

Today, driven partly by cost-efficient DNA synthesis, as-
sembly, and sequencing, contemporary synthetic biology
has been redefined largely as an engineering discipline
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rather than a biophysical discipline, emphasizing principles
like standardization (2), modularity (3), digital logic (4), and
mathematically predictable behavior (5). The synthetic
biology toolkit includes a variety of programmable DNA
(6), RNA (7), and protein regulatory elements (8). Many
of these biochemical elements have been derived from nat-
ural biological elements but some are entirely synthetic.
Currently, synthetic biology encompasses cell-free (9), bac-
terial, mammalian (10), and multicellular systems (11), but
in principle it could apply to living systems at any scale,
including ecological systems (12). Exciting applications
include bioremediation of industrial waste, providing a sus-
tainable source of food in future space missions, or creating
model systems to study mechanistic theories of develop-
ment. Evolution has tapped a mere fraction of the design
space of biology, whereas the synthetic biologist is limited
only by creativity and the laws of biophysics.

The extent to which engineering principles may apply to
biology is still an open question. Although synthetic biology
is often touted as a revolutionary technology for the “cen-
tury of biology,” real-world applications have found limited
success (13). Biological systems are fundamentally different
from most engineered systems. Here, we attempt to catego-
rize and summarize some key principles that define bio-
logical systems: modularity, stochasticity, evolvability,
robustness, and analog computation. This is in contrast to
our own engineered systems, which behave deterministi-
cally and neither replicate nor evolve. Some features of
living systems, such as modularity and control, are familiar
principles to engineers, but require special consideration in
the context of biology. Here, we discuss key phenomena of

oy
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living systems and speculate on their implications for syn-
thetic biology. The unique challenges of engineering living
systems might redefine engineering as much as they will
redefine biology.

Modularity

Synthetic biology takes a bottom-up, forward-engineering
perspective inspired partly by electronics and software
design. From this perspective, modules should behave pre-
dictably when combined with other modules and connect
with each other through defined inputs and outputs. The
genome clearly demonstrates modular composition in the
form of genes, operons, and horizontal transfer elements,
but it also hides subtleties that confound the engineer. A
module of DNA may hide cryptic regulatory elements or
overlapping protein coding sequences. When recombined
in new contexts, modules may form unexpected secondary
structures with adjacent sequences. To modularize DNA,
synthetic biologists have invented clever techniques for
refactoring (14) and decoupling sequences (15) to prevent
undesired interactions.

Biochemical systems have modules analogous to familiar
electronic devices, such as switches, oscillators, filters,
amplifiers, and feedback loops (16), which have in turn
inspired biological modules for amplified biosensing (17),
precisely timed genetic programs (18), and oscillators
mimicking the circadian rhythm (19). Unfortunately, at-
tempts to assemble modules into more complex systems
have presented considerable challenges.

One reason that modular systems in synthetic biology are
difficult to assemble is because their characteristics are not
well understood or well matched. In the simplest case,
signal ranges must match between connected units (4). In
electronics, this is achieved by using a common voltage
rail. Another issue, a phenomenon similar to impedance
bridging in electronics, can occur when transcriptional
modules are connected. As a result of extra load from a
downstream module, the response of an upstream module
may slow down, thus violating the assumption of modu-
larity. In synthetic biology, this phenomenon is called retro-
activity (20,21), and it may occur in transcriptional
networks when transcription factors (TFs) drive too many
target promoters (Fig. 1). Borrowing analogies from circuit
engineering, Mishra et al. (3) successfully implemented
load drivers using a buffer pool of TFs, which can be rapidly
activated and deactivated by phosphorylation to compensate
for retroactive dynamics. Op-amps in integrated circuits use
similar control principles. Load drivers may enable more so-
phisticated systems for synthetic biology in future studies.

Systems biology provides a complementary perspective
on modularity that may prove essential for building large-
scale systems. The systems biology approach is generally
characterized by a top-down, reverse-engineering approach,
often using network-graph theory (22). One way to find

Engineering Living Systems

modules in a network is to algorithmically searcly for
simple, frequently occurring graph patterns called motifs.
This has led to identification of several types of modules,
including autoregulation, feedback and feedforward loops,
and single-input modules (23). Another approach for finding
modules in a network is to search for subnetworks with
more connections internal to the module than between
modules (24). Analyzed from this perspective, Escherichia
coli’s protein-protein interaction network is organized into
a central core with functionally distinguishable modules
for translation, transcription, cell division, DNA synthesis,
and DNA maintenance. Less prominent, peripheral modules
are associated with this core. Modules are also defined by
strong internal interactions (due to high binding-affinity
for example), whereas connections between modules are
typified by weaker interactions.

Some have argued that creation of large-scale biological
networks will be difficult without a modular, engineering
approach to synthetic biology (3). Taken to a logical extreme,
a fully engineered cell might not function anything like cells
observed in nature and indeed may challenge the very defini-
tion of life. On the other hand, synthetic biologists might
need to consider how living systems are integrated (25).
Circuits depend on host resources, creating a closed loop in
which resource depletion feeds back and affects global tran-
scription and translation processes that a circuit depends on.
Although there is empirical evidence of common principles
of resource allocation in several cell types (e.g., bacteria
and yeast) (26), currently there is no theory that predicts
the coupled behavior of a circuit with its host. Modular
design of living systems may require careful consideration
of constraints both at the local level in terms of well-matched
inputs/outputs and at the global level in terms of network and
resource integration. Synthetic and systems biology must
work toward a unified perspective.

Stochasticity

One of Erwin Schrodinger’s (27) most important legacies as
a biophysicist is his proposition that life at the molecular
level is dictated by statistical mechanics, which only appear
orderly and determined when averaged over populations.
Famously, he predicted that intracellular concentrations
fluctuate due to Poisson processes. Though Schrodinger’s
fundamental insight about stochasticity was correct, bio-
logical “noise” turns out to be more complicated.

Today, synthetic biology combined with single-cell mea-
surement techniques such as fluorescence microscopy and
microfluidics allow us to observe the stochastic nature of
biology (28,29). In some gene regulatory networks, the level
of noise may be significant because copy numbers of some
TFs may be small (<10 copy per cell for E. coli (30)). Thus,
copy numbers in individual single cells can vary signifi-
cantly due to random bursts of synthesis and degradation
or to random segregation of molecules during cell division.

Biophysical Journal 1712, 1050-1058, March 28, 2017 1051
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Describing noise quantitatively has been an important
topic in synthetic biology (31). At the single-cell level, the
stochastic dynamics of the gene regulatory networks are
often mathematically described by the master equations
and/or Langevin equations (32). Biochemical systems
exhibit complex patterns of noise (33,34). Consequently,
noise signals can be a result of nonlinear behavior in chem-
ical reactions and, in addition, can propagate along con-
nected pathways of proteins or small molecules. However,
most noise studies have focused on linear systems and
finding analytical solutions to noise propagation. These
studies have provided a good mechanistic understanding
of noise propagation, although the solutions can become
quickly intractable as the number of state variables in-
creases. To overcome this, systems-level numerical analysis
of noise propagation, such as stochastic control analysis (35)
and mass fluctuation kinetics (36), have been proposed, but
more studies, focusing on numerical analysis at the systems
level, need to be conducted.

In recent decades, it has been discovered that discrete
phenotypes may also result from stochasticity in cellular
dynamics, even in genetically identical populations (37).
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Stochastic decisions among different cellular phenotypes,
as demonstrated in the simple model of Fig. 2, can result
in specialized functional roles in various types of cells,
including competence of soil bacteria (38), persistence of
E. coli (39), and differentiation of stem cells (28). The prob-
abilistic nature of these systems is a matter of great interest
and curiosity, which Schrodinger would have enjoyed.

Studies of how stochasticity works in native systems
has led synthetic biologists to begin applying stochasticity
as a design principle. For example, Bacillus subtilis was
genetically engineered to control expression noise in a
critical factor that regulates DNA uptake competency,
thus controlling the proportion of a population exhibiting
this phenotype (40). Saccharomyces cerevisiae has also
been genetically modified to investigate the effect of
gene expression noise on cell survival under acute environ-
mental stress, where larger expression noise of an anti-
biotic resistance gene was shown to help the cell survive
(41). Circuits enabling precise control of noise decoupled
from mean protein expression levels might be used to
tune fitness and differentiation capabilities in cell popula-
tions (42).
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Bulk measurements of cell populations can be affected by
stochasticity at the single-cell level. Genetic circuits can be
designed to exploit this effect. Noise-induced bistability,
ultra-sensitive response, and linearization are some ways
of exploiting gene expression noise that we and others
have proposed (43). An intuitive way to understand this
effect is to consider the nonlinear response of the stochastic
signals based on Jensen’s inequality (36,43). Further studies
on how stochasticity affects gene regulation at the popula-
tion level need to be conducted by systematically control-
ling gene expression noise (44).

Evolvability and robustness

Evolvable systems can reproduce, generate variation, and
evolve through Darwinian selection (45). These properties
may be artificially exploited to accelerate evolution and
search for new biological traits, a methodology called
directed evolution. In contrast, evolutionary processes may
also be manipulated to prevent mutation and variation.
Living systems must balance evolvability with evolutionary
robustness to adapt to changing conditions without compro-
mising viability.

Since living systems are still poorly understood in many
ways, directed evolution remains as important to synthetic
biology as rational engineering approaches. Directed
evolution has been studied for decades, providing synthetic
biologists with a diverse set of molecular components,
including fluorescent reporter proteins, RNA aptamers
that bind specific ligands (46), and enzymes with new cata-
lytic properties (47). More recently, synthetic biologists
are now employing directed evolution to fine-tune entire

11

FIGURE 2 Example of bistability in a stochastic
system (75). A stochastic simulation reveals two
trajectories. A deterministic system would be
confined to just one of these trajectories for a given
parameterization, but stochasticity allows the sys-
tem to exhibit both behaviors. Trajectories of 50
replicates are shown, each starting with the same
initial conditions but with a different random
seed. A brief description of this model and the
Python code for reproducing the simulation are
available in the Supporting Material.

networks and pathways. Multiplex automated genome engi-
neering (48) and trackable multiplex recombineering (49)
are two such techniques that leverage multiple, simulta-
neous mutations across the genome to evolve new pheno-
types. Potentially, directed evolution can be accelerated
even further by exploiting mechanisms for natural transfor-
mation, whereby microorganisms acquire exogenous DNA
from the environment (50) and mine new traits from meta-
genomic DNA sources (51).

Evolvability also refers to the evolutionary potential of
populations, not only in terms of their present genetic vari-
ation, but also in terms of their ability to tune their own
mutation rates and search out optimal genotype spaces
where random mutations are more likely to generate viable
phenotypes. The evolvability of gene and protein networks
can be demonstrated by random recombination. E. coli’s
transcription networks were re-wired by randomizing TFs
and target promoters (52). Out of 628 reconfigured net-
works, ~80% exhibited no significant change in growth
compared to controls, ~15% exhibited significantly altered
growth phenotypes, and ~5% were nonviable. Peisajovich
recombined protein signaling domains in yeast cells, pro-
ducing 66 novel mating phenotypes (53). These studies
illustrate that native networks can be varied in a way that
leads to evolutionary innovation while simultaneously
maintaining robustness to mutational failure. Synthetic biol-
ogists still have much to learn about how principles of
evolvable systems might be factored into design strategies.

The electrical engineer typically need not worry about the
physical dimensions of a capacitor suddenly changing, nor
does the software engineer need worry about lines of code
rewriting themselves, but for the synthetic biologist, random

Biophysical Journal 112, 1050-1058, March 28, 2017 1053



Bartley et al.

mutation is a fact of life that makes engineering life espe-
cially challenging. Synthetic systems place a parasitic load
on metabolic resources that often reduces the fitness of a
host organism (54). Due to the fitness penalty associated
with synthetic circuits, they can be rapidly selected out
from fast-growing, well-mixed populations as mutants
take over. Currently, circuits in E. coli behave reliably on
the scale of days to weeks before loss-of-function mutants
take over the population, a unit of time called evolutionary
half-life (55). This has led synthetic biologists to search for
strategies to make circuits more robust to failure. One way
to stabilize circuits is by careful consideration of metabolic
load. Minimizing protein expression or using strains opti-
mized for protein expression is one important design rule
for building gene networks (56). We found evidence for a
critical threshold of protein expression that can be tolerated
to maintain robust circuit life, but precise quantification
is still an ongoing effort (57). In eukaryotes the effects
of cellular burden and evolutionary failure have not been
systematically evaluated to our knowledge. Cell-based

therapies using synthetic biology will require extgpsive
testing to establish safety and reliability in vivo.

Some have proposed that mutational failures can be
delayed by modifying cells to slow down evolution (58).
For example, the fidelity of DNA replication is an evolv-
able function that itself may be tuned by mutating genes
for DNA polymerase. Fidelity might further be increased
by combining with other improvements, such as upregu-
lating DNA repair pathways. However, these strategies
may only delay the inevitable. Models of evolutionary fail-
ure currently undergoing validation in our lab suggest that
a 10-fold increase in fidelity increases the evolutionary
half-life by only a few days in E. coli (Fig. 3). Slowing
evolutionary processes may not stabilize synthetic circuits
enough for long-term application.

A final strategy for stabilizing synthetic systems is to
couple host survival to the synthetic circuit. Gonzalez (59)
built a synthetic gene circuit for controlling stress response
in which stress or response could be controlled indepen-
dently by adjusting antibiotic and inducer concentrations,
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FIGURE 3 Simulations comparing evolutionary failure rates in wild-type versus antimutator strains. A population of E. coli cells carrying a synthetic cir-
cuit will give rise to loss-of-function mutants over time, thus decreasing the operational fraction of the population. The evolutionary half-life is the time it
takes for the operational population to be reduced by half (55). In wild-type strains, DNA polymerase makes an error in ~1 of 10° bases, whereas antimutator
polymerases make 10-fold fewer mistakes. The antimutator strain is predicted to prolong circuit life by ~5 days. The simulations assume a 20 min doubling
time for a host with no operational burden and a 1% growth-rate burden for hosts carrying a circuit. A brief description of this model and the Python code for

reproducing the simulation are available in the Supporting Material.
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FIGURE 4 (A) Analog computation using two plasmids. The positive-
feedback unit drives the circuit over a wide output range but narrow input
range. When coupled to the shunt or stretch plasmid, the range of input
concentrations to which the circuit responds can be extended many orders
of magnitude. (B) The circuit output approximates the In(1 + x) function
using a continuous range of protein concentrations.

respectively. Although mutations selectively disable a
module if it confers only cost and no benefit, they can
also activate a beneficial module that is otherwise dormant.
In the field of metabolic engineering, computational algo-
rithms have been devised that predict gene knockout targets
or heterologous reaction pathways that force a host to pro-
duce a desired target while simultaneously improving
growth rate, but these have been experimentally validated
only to a limited degree (60).

Robustness of synthetic networks will be critical to many
transformative applications of synthetic biology outside the
laboratory. Developmental programs for synthetic tissues
will need to be robustly designed to mitigate tumorigenic
mutations. Ecological-scale applications using genetically
modified populations may require robust mechanisms for
mutualistic containment with native organisms (12). A
grand theoretical challenge for synthetic biology is to
discover how natural systems can be augmented with syn-
thetic systems that produce the engineered behavior while
simultaneously conferring an optimal advantage for the in-
tegrated whole system. Otherwise, our attempts to engineer
applications with long-term reliability or economy of scale
may inevitably be thwarted by evolution.

Analog computation

One of the most intriguing aspects of synthetic biology is the
possibility of engineering computational and signal-pro-
cessing capabilities into living cells. Computational tasks
performed by biochemical networks include amplification,
timing, signal integration, and information storage (61).
Synthetic computation includes Boolean logic decisions,
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analog signal processing, neural-like architecturey,3and
possibly entirely new ways to compute with data.

Digital computation has been the dominant approach to
biological circuit design so far. The first to be built was
the toggle switch (5), consisting of a two-gene network
where each gene product inhibited the expression of the
other. This is possibly the simplest circuit that can carry
out a computation, in this case the capability of storing
one bit of information. Other digital circuits have since
been constructed, with recent work by Nielsen et al. (4)
highlighting the level of complexity that digital biological
circuits have now achieved.

Computing Boolean logic using TFs has presented chal-
lenges not found in solid-state transistors. First, biological
circuitry operates in a diffusive environment instead of
being hard wired, so parts must be sufficiently unique
(orthogonal) to avoid molecular cross talk. By mining parts
from prokaryotic genomes, Stanton et al. (62) isolated a
library of 16 well-matched, orthogonal repressors for layered
NOT and NOR gates. This library contains enough compo-
nents for important biotechnological applications but not
complex computation. Another significant issue is speed of
operation. In electronics, we are accustomed to nanosecond
transitions in logic states. Unfortunately, gate transitions in
gene regulation operate on the minutes to hour scale. Still
another complication with many TF gates to date is costly en-
ergy consumption and leakage. However, exciting advances
in synthetic TFs are making these limits obsolete. Zinc-finger
proteins, transcription activator-like effectors, and clustered
regularly interspaced short palindromic repeats (CRISPR)-
Cas9 are special families of DNA-binding proteins with
highly programmable specificity and orthogonality (63)
that are generating a wave of academic, media, and commer-
cial interest. In addition, logic circuits based on RNA (7)
instead of proteins may improve response times and decrease
energy demand. These advances ensure that the computa-
tional power of living logic circuits will continue to grow.

In contrast to digital circuits, where the concentration of
a species only represents two states, analog circuits repre-
sent ranges of values using continuous ranges of concentra-
tions. In cases where energy, resources, and molecular
components are limiting, analog circuits can enable more
complex computations than can digital circuits. Using a
relatively small set of components, Daniel et al. (64)
were the first to engineer a synthetic circuit that performed
analog computation by producing a log-linear response,
y =log(x + 1). They obtained this by coupling positive
autoregulation of a TF to a shunt promoter on a high
copy plasmid. The shunt promoter sequesters the TF, pre-
venting the positive feedback from reaching saturation
while simultaneously driving expression of the output over
a wide dynamic range (Fig. 4). This combination yields
the approximate extended log-linear relationship. Addition-
ally, the researchers used a number of log-linear circuits to
emulate arithmetic addition, division, and power laws.
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Although some natural circuits, such as those controlling
cellular differentiation, exhibit binary decision-making,
many natural systems exhibit graded, analog responses to
environmental inputs. For example, homeostatic regulation
of blood-sugar concentration involves many variable hor-
monal inputs. Analog feedback control has long been
explored as a means of engineering medical devices for
regulating blood sugar in diabetics. The same approach
could work for therapies based on synthetic biology.

Control

Biochemical control mechanisms govern important bio-
logical processes like adaptation, differentiation, and devel-
opment and are found at every scale of life ranging from
simple molecular switches to pheromonal regulation of
populations. For synthetic biology to succeed, we will need
to understand the principles of control in natural systems
(65) to interface our own synthetic systems with them.
Recently, Xu et al. (66) implemented bistable, oscillatory
control over sink and source reactions in a biofuel synthesis
pathway, allowing the host organism to regulate the
tradeoff between product yield and growth. Controlled devel-
opmental programs are another important application of syn-
thetic biology. Cao et al. (11) demonstrated morphogenetic
control of scale-invariant patterns in engineered bacteria.
Scale invariance allows developing organisms to maintain
certain morphological features in proportion to the size of
individuals. The Cao platform models this phenomenon by
employing a circuit with negative feedback to generate a
ring pattern that scales with colony size. Eventually, the
ability to tune such developmental programs may lead to
personalized synthetic organ replacements.

A form of logic control that has not been investigated
much in synthetic biology is fuzzy, multi-input/multi-output
(MIMO) control, despite the fact that such regulatory sys-
tems are common in transcription, translation, and cell-
signaling networks (67). For example, the computational
cortex of transcription networks appears to be a kind of
MIMO gate called a dense overlapping regulon (23). This
kind of control enables cells to make decisions based on
the weighted sum of multiple inputs. Recently, Zadegan
et al. (68) designed a fuzzy biosensor that responds to mul-
tiple microRNA inputs. Such a device could eventually be
used to detect molecular profiles associated with different
cancer types. Although MIMO control systems are usually
less precise than layered, binary logic gates, they may be
faster, more robust, and provide adaptive advantage in
evolvable systems (69).

A defining feature of living systems is the presence of
complex networks of feedback and feedforward control.
Furthermore, some authors have proposed that feedback
mechanisms are a necessary factor in the evolution of
complex networks from prebiotic conditions (70). Positive
feedback might enable primal replicators to maximize
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synthesis of biopolymers and gain selective advantjge in
prebiotic environments. In contrast, negative feedback
may sustain primal replicators within bounds, preventing
population collapse. Negative feedback may also play an
important role in the evolution of hereditary memory in
chemical networks by slowing the timescales of some reac-
tions relative to others. These are fundamental biophysical
hypotheses that can be tested in modern “chemical gardens”
using synthetic biology.

An example of a modern analog of chemical gardens is
synthetic RNA replicators that have reproduced and evolved
under laboratory conditions (71). These systems could
potentially serve as testbeds for demonstrating the evolution
of even more complex reaction networks, perhaps consisting
of RNA replicators and small RNA regulatory elements
such as riboregulators (72). For contemporary synthetic
biologists in the mold of Leduc, this is one of many
untapped possibilities for investigating the fundamental
principles of living systems.

Concluding remarks

Though synthetic biology was founded originally as a bio-
physical discipline, it has grown to encompass a large
interdisciplinary community of scientists and engineers. It
is a rapidly evolving field and there are many exciting areas
of research that we have barely touched upon, including
in vitro reconstituted systems (9), synthetic microbial eco-
systems (73), and computational simulation of whole cells
(74). In this article, we have focused mainly on unique bio-
physical properties of living systems that challenge our
traditional approaches to engineering, especially when
these properties are considered together. For example,
modularity in evolvable systems may be unlike that in en-
gineered systems. Synthetic circuits that exploit control of
stochasticity and evolvability are also new frontiers for
engineering. Many technical and societal challenges in
this century of biology, whether related to medicine, envi-
ronment, or renewable energy, will require a principled
understanding of how synthetic and living systems can in-
teroperate viably.
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Chapter 2

DESIGN

2.1 Introduction

On the theme of design, this chapter consists of excerpts from two publications. Section
1 is a manuscript entitled Genetic Design Automation with PySBOL which is targeted for
publication to the journal ACS Synthetic Biology. The article is formatted as a tutorial (peer-
reviewed). Also related to the topic of design, Section 2 is a paper previously published in
ACS Synthetic Biology called DNAplotlib: Programmable Visualization of Genetic Designs
and Associated Data.

The first manuscript is about computer-aided design for synthetic biology (more specif-
ically, genetic design automation). A significant part of my efforts as a graduate student
has involved the development of open-source software libraries in the Python and C++ pro-
gramming languages (PySBOL and LibSBOL, respectively). These libraries are used in the
tutorial to walk the reader through a common task for biological design, 7.e.,a genetic con-
struct is assembled from standardized DNA parts. The libraries are based on the Synthetic
Biology Open Language and support reading and writing data in the SBOL file format and
exchanging data with online parts repositories. People inside and out of the SBOL com-
munity have long been asking for an easy-to-understand introduction that illustrates the
purpose of the SBOL standard. Consequently, I have written this tutorial with a broad,
interdisciplinary audience in mind. Although the article includes practical examples written
in Python code, the discussion is intended to be accessible to biologists with no program-

ming skills. This tutorial also targets undergraduates, who comprise a significant part of
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the synthetic biology community through their participation in the massive intercollegiate
competition known as iGEM.

The second publication presents a visualization tool called DNAplotlib (short for DNA
plotting library) that can be used to illustrate parts-based genetic designs. This tool uses an
early version of the PySBOL library I developed. It is able to read an SBOL file and then
display a diagrammatic representation of the genetic construct contained in the SBOL file.

The SBOL standard is actually two standards in one-a data standard (described in
detail in Chapters 1 and 5 of this dissertation) and a standardized set of schematic icons
that represent genetic parts (analogous to the schematic icons used by electrical engineers
in circuit diagrams). The SBOL Visual standard [23] is closely related to the SBOL Data
standard as shown in Figure 2.1.

The importance of these standardized approaches has been recognized by the journal ACS
Synthetic Biology which has adopted the use of SBOLv symbols in publication figures as well
as recommending that authors include genetic design information in the form of SBOL files

with submitted manuscripts [17].

) Represents
SBOL Visual Symbol » DNAComponent
(SBOL Object)
I—) -uri : http://partsregistry.org/part/BBa_J23100
-displayld : BBa_J23100
-name : J23100
Display Name: Promoter -description : constitutive promoter family member
Definition: SO:0000167 -type[0..*] : http://purl.obolibrary.org/obo/SO_0000167
bquence Ontology TeriJ
i ) S0:0000167 ! promoter i
Defines Meaning definition... Defines Type

Figure 2.1: A genetic part in an SBOL file is described by a term taken from the Sequence
Ontology [8], a standardized vocabulary for describing regions of a DNA sequence used by
many software applications. Visualization tools which read the SBOL file know which SBOL
Visual icon to render in the display based on this ontology term.
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Genetic Design Automation

Genetic Design Automation with PySBOL

Bryan A. Bartley,” Kiri Choi, and Herbert M. Sauro

Bioengineering Department, University of Washington, Seattle, WA

E-mail: bartleyba@sbolstandard.org

Abstract

This tutorial is a beginner’s introduction to genetic design automation using object-
oriented programming in the Python scripting language. The tutorial presents a
common use case that students in the International Genetically Engineered Machines
(iGEM) competition encounter. A design for a feed-forward circuit is assembled using
parts from the iGEM registry and the target sequence is compiled. Along the way,
the foundational principles of synthetic biology are emphasized as they are put into

practice through use of the library.

Introduction

This tutorial about computer-aided design for synthetic biology (more specifically, genetic
design automation) serves several purposes. First, it hopes to provide an informative and
educational demonstration of foundational principles of engineering, as defined by Endy,' as
they pertain to synthetic biology, through the exercise of scientific scripting in the Python
programming language. Secondly, this tutorial guides the user through designing the target
sequence of a biological device using parts-based assembly, a synthetic biology workflow that
students in the International Genetically Engineered Machines (igem.org) competition com-

monly encounter. This scenario includes stages such as checking out biological parts from the

19
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iGEM registry, composing these into an abstraction hierarchy, coupling a circuit to a plasmid

backbone, compiling a target sequence, and submitting the design back to a repository. Fi-
nally, this tutorial highlights the use of the Synthetic Biology Open Language (SBOL) data
standard? as a foundation for open-source, collaborative, and scalable engineering efforts in
synthetic biology.

The intended audience of this tutorial includes both undergraduates and professionals
alike. This may include students who are developing software tools for the iGEM competi-
tion, biologists who are new to programming, and experienced developers who are developing
advanced applications for synthetic biology. For readers who are not programmers, the code
examples are intended to be illustrative and easily related to the narrative. Compared to
other programming languages, Python is easy to learn with many scientific packages avail-
able, making it a good language for beginners. Readers who are more interested in synthetic
biology rather than programming, may wish instead to try one of the many software tools
now available which support SBOL.? However, the synthetic biologists who will contribute
most to the field might be those who can devise programs to do exactly what they want,
rather than relying on preconceived software.*

Throughout this tutorial we also emphasize the engineering principles which distinguish
synthetic biology from related fields of biology, namely standardization, abstraction, and
modularity. The PySBOL application programming interface (API) leverages these princi-
ples in order to help the user focus on the big picture of biological design by automating
design task and tracking the implementation of this design through various stages in the
laboratory. The library reads and writes SBOL files so that designs can be exchanged with

other software tools and databases which support the file format.
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Results and discussion

Getting Started

PySBOL provides an application programming interface (API) for synthetic biological de-
sign. Python is both a good introductory programming language for newcomers and versatile
for scientific purposes. For purposes of this tutorial, users are expected to know some ba-
sics such as how to open a Python interpreter, import modules, and declare variables. For
an introduction to Python programming we refer the reader to Google’s Python Class®
or Codecademy’s Learn Python® interactive lessons. The pySBOL library is based on an
approach to programming called object-oriented programming (see Methods for further in-
troduction) which will be demonstrated in practice through the tutorial.

There are many options for installing the pySBOL library. Beginner programmers may
want to install Tellurium, an integrated development environment (IDE) for biosystems anal-
ysis which includes pySBOL and other biosystems analysis packages. Tellurium offers a one-
click install either as a Windows setup file” or Apple disk image.® Full installation instruc-
tions can be found at https://github.com/sys-bio/tellurium#installation-instructions.

PySBOL may also be installed via the Python Package Index, using the pip installer,
a repository of open-source Python software that more experienced users may already be
familiar with. Currently PyPI packages are supported for Mac, Windows, and Ubuntu.
Additionally, packages for the Anaconda scientific computing environment are available as
well. For further installation options and comprehensive instructions, visit http://pysbol?2.
readthedocs.io/en/latest/installation.html

Once the module is installed, it may be imported into the user’s Python environment as
follows. To confirm everything is working, check the version and / or run the included test

scripts.



>>> from sbol import *
>>> sbol.__version__
'2.3.0'

>>> testSBOL()

It may take a couple of minutes for all tests to run. It will print out number of failed,

skipped, and passed tests.

Total failed tests: O

Total passed tests: 350

SBOL is a Semantic Web Standard

The SBOL standard is a data standard for the semantic web. The semantic web is a spe-
cial part of the world wide web in which databases, software tools, and other networked
information resources communicate with one another using computational ontologies. A
computational ontology classifies concepts or things within a particular domain of knowl-
edge in a machine-readable format that enables software to automate reasoning. Ontologies
are used extensively by SBOL. For example, terms taken from the BioPAX ontology’ and
Sequence Ontology (SO)' indicate the molecular type (DNA, RNA, protein, etc.) and the
functional role (promoter, CDS, etc.) of each ComponentDefinition, respectively. Each
term in an ontology includes a natural language description associated with a standardized,
machine-readable identifier. The SBOL standard unifies many different ontologies into a
coherent model for biological design, combining perspectives from synthetic and systems
biology and demonstrating interoperability between many different standards.'!

When a new SBOL object is created, it must be assigned a uniform resource identifier
(URI). The URI is a string which serves to uniquely identify and locate the data object in the
semantic web. In fact, most readers are probably already familiar with a uniform resource

locator (URL), which is a specific kind of URI used to look up webpages on the internet.

4
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Although URIs may take many forms, those used to identify SBOL objects are typically

composed of a scheme, a namespace, a local identifier, and a version, as shown in Figure 1.

http://sys-bio.org/my_design/1.0.0

‘_'_jl Y J \ y H_'_}

scheme namespace displayld version

Figure 1: SBOL objects are uniquely identified by a Uniform Resource Identifier (URI) that
consists of a scheme, namespace, identifier, and version

PySBOL makes URI construction easy by allowing the user to configure the default
scheme and namespace for new object creation, so the user need only specify a local identifier
when calling a constructor. This identifier will be automatically appended to the default
namespace. The user sets the default namespace by calling the setHomespace method.
Although there are no perfect guarantees in life, the user can assure uniqueness of URIs in
the semantic web by setting the default namespace to a network domain which they control,
such as their lab or company domain. The following code snippet sets the homespace and

constructs an object called “fH” (for feed-forward loop). Printing the object displays its full

URI. Later this object will be used to represent the design for a feed-forward loop.

>>> setHomespace('http://sys-bio.org')
>>> ffl = ComponentDefinition('ffl')
>>> print (£ff1)

http://sys-bio.org/ComponentDefinition/f£f1/1.0.0

“Drafting” a Document

In a previous era, engineers might sit at a drafting table and draft a design by hand. These
days an engineer is more likely to use a computer. The engineer’s drafting sheet in PySBOL

is called a Document. The Document serves as a container, initially empty, for SBOL data

b}
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objects. A new instance of a Document may be created by calling a Document constructor.

In the example below, the created instance is referenced by the variable doc. Optionally, a
filename may be passed as an argument to the constructor, thus reading an input SBOL file,
such as one of the supplementary files. A Document may contain only a few different types of
SBOL objects, including ComponentDefinitions, ModuleDefinitions, Sequences, and
Models. Before performing any advanced design tasks with PySBOL, these objects must

first be added to a Document, either singly or as a list, as follows:

>>> doc = Document ()

>>> doc.addComponentDefinition(£f£1)

>>> for cd in doc.componentDefinitions:
print(cd)

http://sys-bio.org/ff1/1.0.0

Only certain SBOL objects may be added directly to a Document, and these in particular
are referred to as “top level” objects. The objects are stored inside a property that corre-
sponds to the type of object. For example, to obtain a count of ComponentDefinitions use
len(doc.componentDefinitions) (note that the property name starts with a lower-case
character). To check which ones are contained in a Document, simply iterate through the
corresponding property of the Document as shown in the code block above. The total count

of all types of objects contained in a Document is determined using the len(doc) function.

Pulling Parts from Biological Parts Repositories

In today’s modern technological society, a variety of interesting technologies can be as-
sembled from off-the-shelf or interchangeable components, including cars, computers, and
airplanes. Synthetic biology is inspired by a similar idea. Synthetic biologists aim to pro-

gram new biological functions into organisms by assembling genetic code from standardized,
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interchangeable biological parts. A biological part is an abstract representation of a DNA

sequence that encodes or modulates some biological behavior inside a cell.

Standard biological parts with known functions are cataloged in biological parts repos-
itories. Biological parts repositories serve as a common resource where synthetic biologists
can go to obtain physical samples of DNA associated with descriptive data about the bio-
logical function that is encode. Perhaps the best example of a biological parts repository is
the iGEM Registry of Standard Biological Parts (igem.org), which grows in contributions
significantly because it serves as a collaborative platform for teams competing in the Inter-
national Genetically Engineered Machine Competition (iGEM). Since 2008, the Registry has
grown from approximately 2,000 parts to 32,000 parts, as determined by a recent program-
matic search. Biological parts can be selected from the catalog and assembled in different

combinations to construct a system or pathway in a “chassis” microbe such as E. coli.

Figure 2: Biological parts repositories like SynBioHub and the Inventory of Composable
Elements can be accessed programmatically using PySBOL. In this tutorial, parts are used
to assemble a feed-forward circuit.

The PySBOL library puts an inventory of biological parts at the user’s fingertips. PyS-
BOL interfaces with two different types of biological parts repositories, those based on either

SynBioHub'? or the Inventory of Composable Elements (ICE)'® database architectures.
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Instances of these repositories may be installed and deployed by separate institutions or

laboratories, creating a “web of registries”. The pySBOL library communicates with these
repositories using the SBOL data exchange standard. Although the iGEM parts registry does
not support programmatic querying directly, a SynBioHub repository hosted at the Univer-
sity of Newcastle ( https://synbiohub.org) hosts a mirror of the iGEM parts repository.
These parts can be browsed online or searched programmatically using pySBOL.

In PySBOL a user interfaces with parts repositories through a PartShop object. The
PartShop is initialized with the URL of the repository and, more specifically, the URL of the
iGEM parts collection. In the following example, the user “pulls” parts from the repository
and imports them into the user’s local Document. These parts will be used to assemble the
feed-forward circuit. Most of these parts are elementary genetic units, including promoters,
ribosome binding sites (RBS), coding sequences (CDS), and transcriptional terminators.
The promoters are regulated by either the LuxR activator or the Lacl repressor proteins.
However, part BBa_ 1751101 is a composite part consisting of multiple simple parts, one of
which is a dual input promoter which may be regulated by both luxR and lacl. This dual
input promoter will be a crucial part of the feed-forward loop and will later be extracted

from the composite part.

>>> igem = PartShop('https://synbiohub.org/public/igem')
>>> igem.pull(['BBa_R0040', 'BBa_B0032', 'BBa_C0062', 'BBa_J61048',
— 'BBa_R0063', 'BBa_B0034', 'BBa_C0012', 'BBa_B0010', 'BBa_B0012',

-~ 'BBa_B0030', 'BBa_E0040', 'BBa_I751101'], doc)

When pulling from a SynBioHub PartShop, a common error is to mistype the URL (note
the scheme https), which results in RuntimeError: Couldn't resolve host name. The

user may also accidentally mistype the part designation (for example, omitting the “BBa__

prefix). If this occurs, the user may receive an error indicating that the part is not found.
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A part may be retrieved from the Document and assigned to a local variable name in

Python interpreter as follows:

~

>>> b0032 = doc.componentDefinitions['BBa_B0032']

>>> 1751101 = doc.componentDefinitions['BBa_I751101']

This will be useful for inspecting a part’s properties, as demonstrated in the next section.

Getting and Setting Object Properties

In the pySBOL library, a user manipulates property values using get (), and set () methods
which generally follow a consistent pattern for different properties (see Methods for a de-
scription of the different kinds of properties). By default, all SBOL objects have some basic

properties, like name and description. To view a property’s value, call its get () method.

For example, to view a component’s description:

>>> print(b0032.description.get())

RBS.3 (medium) -- derivative of BBa_0030

The description contains a natural language description of the component, in this case
alluding to the fact that the component is an RBS of medium strength. As mentioned in the
previous section, software cannot easily interpret free text. Therefore the roles property
contains machine-readable identifiers which unambiguously define the function of this part
with ontology terms. Note that the property is plural, which indicates that the property

may have more than one value. In this case, use the getA11() method to get a list of these

roles.

>>> print(b0032.roles.getAl1())
['http://identifiers.org/so/S0:0000139",

< 'http://wiki.synbiohub.org/wiki/Terms/igem#partType/RBS']
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These URIs may be used as web addresses in a browser which will take the user to a

page with a human-readable definition of the term, though this is not always the case. Nor
will every ComponentDefinition have roles defined, as suitable ontology terms may not
be available.

Part BBa_ 1751101 is composed of multiple subparts, which are themselves represented
by child objects of the parent ComponentDefinition. Omne of these subparts is a dual
input promoter which can be positively regulated by the LuxR transcription factor and
negatively regulated by Lacl. The ComponentDefinition.sequenceAnnotations property
contains a list of objects which describes features of the part’s sequence. Its composition can

be inspected as follows:

10



>>> for ann in i751101.sequenceAnnotations:

print(ann.displaylId.get(), ann.name.get())

annotation1954818 R0O063
annotationl1954819 B0034
annotation1954820 C0062
annotation1954821 B0010
annotation1954822 B0012
annotation1954823 J54033
annotation1954824 Sall
annotation1954825 BamHI
annotation1954400 plux-lac hybrid promoter
annotationl1954826 BglII
annotation1954828 J54025
annotation1954827 Mlul
annotation1954829 B0030
annotation1954830 E0040
annotation1954831 B0010

annotation1954832 B0012

In order to use this promoter as a part for design and assembly, the SequenceAnnotation

must be converted to a ComponentDefinition as follows:

>>> dual_input_promoter =

< 1751101.sequenceAnnotations['annotation1954400'] .extract()

11
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Abstraction Hierarchies
Genetic “code” exhibits hierarchical organization, starting from the genome at a high level
to progressively lower level units like operons, genes, and even lower level operators. In fact,
hierarchical organization is a property of biological structures at every scale of life.

A goal of synthetic biology is to construct increasingly complex biological systems from
hierarchies of biological parts. In contrast GenBank, which was originally developed to store
results from DNA sequencing, contains a “flat” representation of genetic composition as a list
of feature annotations. In the code below, a hierarchical representation of the feed-forward

circuit is assembled:

~ a

>>> ffl.assemble(['BBa_R0040', 'BBa_B0032', 'BBa_C0062', 'BBa_J61048',
~, 'BBa_RO063', 'BBa_B0034', 'BBa_C0012', 'BBa B0010', 'BBa _B0012',
< dual_input_promoter.displayId.get(), 'BBa_B0030', 'BBa_E0040',

-~ 'BBa_B0010', 'BBa_B0012'])

In engineering terms, the assemble method creates an abstraction hierarchy. The purpose
of an abstraction hierarchy is to hide details and manage complexity. Abstraction hierarchies
help engineers work at one level of complexity without being distracted by details that define
another level. This feed-forward circuit is at would describe as a biological device. Devices
may then be assembled into more complex systems.

Biological parts also represent a distinct level of abstraction. When working at the “parts”
level of abstraction, the engineer may ignore details about the exact DNA sequence of a part.
Building designs from abstract biological parts is another reason why synthetic biologists
might want to use SBOL rather than GenBank. Abstraction allows the synthetic biologist
to design the high-level, functional characteristics of a biological system independently of its
low-level, structural (or sequence) implementation. This enables a computer-aided design

(CAD) approach similar to electronics, in which the functional design (e.g.,, schematic rep-

12



31
resentation) of an electronic circuit can be decoupled from the structural representation of

electronic components, as shown in Figure 3.

ffl

N
)

ffl.assemble([ ‘BBa_R0©10’, ‘BBa_B0©32’, ‘BBa _(C0012°, .. ])

Figure 3: Abstraction hierarchies of biological parts can be assembled with the pySBOL
library. In this tutorial, a feed-forward device is assemble from iGEM parts.

Sequence CAD

In the previous section, an abstract design for the feed-forward circuit was assembled into a
ComponentDefinition. This kind of SBOL object represents a biological part as an abstract
functional unit. By calling the assemble method, one arrives at an abstract design. By
calling the compile method on a Sequence, one arrives at a realized design, with the full
target DNA sequence specified. In this section, a target DNA sequence for the feed-forward
circuit is compiled.

The abstraction hierarchy assembled in the previous section does not yet specify any kind
of sequence to the individual parts. In order to arrange the parts into a primary sequence, the
linearize method must be called. Afterwards, the primary structure of the feed-forward

construct can be inspected as follows:

13



>>> ffl.linearize(['BBa_R0040', 'BBa_B0032', 'BBa_C0062', 'BBa_J61048',
— 'BBa_R0O063', 'BBa B0034', 'BBa_C0012', 'BBa_B0010', 'BBa_B0012',
< dual_input_promoter.displayId.get(), 'BBa_B0030', 'BBa_E0040',

<~ 'BBa_B0012'])

>>> for part in ffl.getPrimaryStructure():

print (part.name.get())

p(tetR)
BBa_B0032
luxr
BBa_J61048
lux pL
BBa_B0034
lacI
BBa_B0010
BBa_B0012
plux-lac hybrid promoter
BBa_B0030
GFP
BBa_B0010

BBa_B0012

In order to generate the target sequence a Sequence object must be constructed and

linked to the abstract design, as follows:

14



>>> ffl_seq = Sequence('ffl')
>>> doc.addSequence (ffl_seq)
>>> ffl.sequences.set(ffl_seq)

>>> target = ffl seq.compile()

The compile method returns the target sequence as a string of nucleotides with a length

of 3328 nucleotides, as shown in Figure 4.

Parts-based
Design AR ) AR ) b )

ffl seq.compile()

tccctatcagtgatagagattgacatccctatcagtgataga
gatactgagcactcacacaggaaagatgaaaaacataaatgc
Sequence cgacgacacatacagaataattaataaaattaaagcttgtag
Design aagcaataatgatattaatcaatgcttatctgatatgactaa
aatggtacattgtgaatattatttactcgcgatcatttatcc
tcattctatggttaaatctga..

Figure 4: An abstract parts-based design is compiled into a target sequence.

Submitting Designs to a Repository

Submitting designs to a repository is important so that others, including the user, may re-
use or reproduce existing designs. The synthetic biology journal ACS Synthetic Biology now
encourages authors to submit SBOL data about their genetic designs to a repository like
SynBioHub or JBEI-ICE. In order to submit to a PartShop remotely, the user must first
vist the appropriate website and register. Once the user has established an account, they
can then log in remotely using PySBOL.

Before submitting a design, the Document should be annotated and validated.

15



>>> doc.displayIld.set('ffl")

>>> doc.name.set('feed-forward circuit')

>>> doc.description.set('An incoherent type 1 feed-forward loop')
>>> doc.validate()

'Valid. '

>>> login('bbartley@sys-bio.org', password)

>>> submit (doc)

'Successfully uploaded'

Methods

Object-oriented Programming

Python is an object-oriented programming language. In object-oriented programming, an
object serves as a record or containers for data. The programmer uses methods (verbs)
to perform actions on these data objects (nouns). Every object belongs to a class, which
prescribes the form of data the object contains. (A helpful analogy might be to imagine
a literal paper form with blank fields to be filled in.) A programmer creates an object by
calling a special method called a constructor. Many objects of a class may be created and
each may contain different data, but that data is consistently structured for all objects of
the same class. Object-oriented programming can simplify and aid problem-solving for the
programmer by organizing information into conceptual building blocks.

The Synthetic Biology Open Language specifies the data classes that are used by PyS-
BOL and other software libraries which support the SBOL standard. In SBOL, objects
which belong to classes such as ComponentDefinitions and Sequences represent the struc-

tural features of biological parts. Other SBOL objects, such as ModuleDefinitions, de-

16
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A programmer manipulates

scribe functional or behavioral aspects of a biological part.
these data objects by calling methods using an imperative, noun-verb syntax, such as
component_definition.description.get().

Descriptive details about a data object are contained in properties. SBOL objects in
particular may have several different types of properties according to the types of data they
contain. Some properties contain text, which may need to conform to a specific format or in
other cases may simply be a natural language description. For purposes of developing auto-
mated software tools, however, natural language descriptions are not very helpful. Therefore
many properties of SBOL objects require a uniform resource identifier (URI) which can be
easily and non-ambiguously interpreted by a software application. Some properties contain
a link which points to another object. Finally, some data objects are themselves composed
of other objects in what are called parent-child relationships. The child object is accessed

through a property of the parent object. A composite object can be manipulated by the

programmer as a single entity, and when the parent object is destroyed, so are its child

objects.

Sequence Clé)é?i?’l(i){;ggt - sequence Sequence
identit Annotations Annotation
Inaen:el Y identity
description woname P sequence Sequence
displa;/)ld description Constraints Constraint
elements displayld

. types ‘components Component
encoding roles

Figure 5: Diagram of ComponentDefinition and Sequence classes showing their properties.
Text properties are in blue and properties which require a machine-readable URI are in red.
Arrows with black diamonds indicate composite data structures, while arrows with white
diamonds indicate a link.

In this tutorial, the objects used most often are ComponentDefinitions and Sequences
as shown in Figure 5 The library API documentation and the official SBOL specification

document describe all the data classes and their properties in detail.
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Library Implementation
The PySBOL library is implemented in both Python 2.7 and 3.6 (32 and 64 bit). The library
is distributed via the PyPI package service which allows users with an internet connection
to install the package directly to their machine. Alternatively, installer applications are
available. Comprehensive installation, documentation, and tutorials are available at https:
//pysbol2.readthedocs.io.

The PySBOL library was implemented starting from C++ source using code generation.
A tool called the Simplified Wrapper Interface Generator (SWIG, swig.org) takes the C++
source code as an input and generates wrapper code in Python. Many scripting languages
commonly used in the scientific community, including Python, Matlab, Javascript, and R,
are based on C/C++. An advantage of implementing LibSBOL in C++ is that the library
can now be used to generate libraries in many of these other common languages. There
are several advantages of this code generation approach. First, it reduces the work required
to implement a library in a new language. Second, the API is consistent across different
languages so programmers may find it easier to switch between languages. Finally, the SBOL
data produced by the libraries will be well-validated and predictable. All of these outcomes
promote use and adoption of the SBOL data exchange standard by a wider community of
programmers and software developers.

LibSBOL is an open-source, cross-platform C++ library that supports biological design
tasks and customized engineering workflows for the synthetic biologist. LibSBOL is part
of a growing family of open-source software libraries which communicate through the Syn-
thetic Biology Open Language (SBOL) data exchange standard. LibSBOL, together with
the Java'* and Javascript libraries, libsbolj, and sboljs, support development efforts in a
broad space of applications for synthetic biology, including databases and repositories, '%**
web-based visualization tools,'® and high-performance scientific computing applications. '

As a community effort, these open source development efforts by both academic and in-
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dustry contributors are intended to increase collaborative information-sharing in the highly

interdisciplinary field that is synthetic biology.

Written in the C4++ programming language, the libSBOL library provides high perfor-
mance for scientific application developers. LibSBOL is written in standard ANSI C++11
and cross-compiles on Windows, Macintosh OSX, and Linux platforms with Clang, g++,
MSVC++ compilers. Version 2.3 of libSBOL is currently in beta-release, providing an API
to construct SBOL 2.2 designs and to read and write SBOL version 2.2 RDF /XML files. Lib-
SBOL is free and open under the Apache 2.0 license. The source code is maintained under
version control on Github and may be downloaded at https://github.com/SynBioDex/
1ibSBOL. Pre-compiled binaries are distributed via binary installers or the Homebrew pack-
age service ( https://brew.sh/). Comprehensive installation instructions, API documen-
tation, and tutorial materials are available at http://synbiodex.github.io/1ibSBOL/.

Both PySBOL and LibSBOL support querying of online biological parts repositories. In
addition the libraries interface with the online SBOL validator/converter tool hosted by the
University of Utah.'” This important feature ensures that users are creating and distributing
valid SBOL files so that other software applications can read them.

The stability of the LibSBOL source code is enforced using the Travis continuous inte-
gration platform, which automatically builds and tests code changes as soon as the source
code is updated. As another layer of validation, the library includes a test suite of SBOL
test files which it shares in common with the Java and Javascript libraries. These built-in

tests on these files verify that no data is lost during file exchange.
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ABSTRACT: DNAplotlib (www.dnaplotlib.org) is a compu-
tational toolkit for the programmable visualization of highly
customizable, standards-compliant genetic designs. Functions
are provided to aid with both visualization tasks and to extract
and overlay associated experimental data. High-quality out-
put is produced in the form of vector-based PDFs, rasterized
images, and animated movies. All aspects of the rendering pro-
cess can be easily customized or extended by the user to cover
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new forms of genetic part or regulation. DNAplotlib supports improved communication of genetic design information and offers
new avenues for static, interactive and dynamic visualizations that map and explore the links between the structure and function
of genetic parts, devices and systems; including metabolic pathways and genetic circuits. DNAplotlib is cross-platform software

developed using Python.

KEYWORDS: visualization, standardization, SBOLv, biodesign automation, synthetic biology

E ngineering disciplines rely on standardized pictorial repre-
sentations of parts and their interconnections to create
schematics that clearly communicate how they are pieced
together and to enable the reliable construction of large com-
plex systems. In bioengineering, DNA sequences are often syn-
thesized to create genetic constructs that probe or perturb
the natural function of a cell or implement novel capabilities.
Unlike more established engineering disciplines, the way that
a genetic design is visually represented can vary significantly
between laboratories and across different areas of the field. This
leads to ambiguities that hinder data exchange, understanding,
and the effective reuse of this research.

The Synthetic Biology Open Language Visual' (SBOLv)
initiative was started to help alleviate this problem, defining a
set of agreed symbols for commonly used genetic elements. In
addition, other schemes such as the Systems Biology Graphical
Notation” (SBGN) have been developed to more broadly stan-
dardize the graphical notation used to describe biological pro-
cesses. The importance of these standardized approaches has also
been recognized by publishers, with a major synthetic biology
journal (ACS Synthetic Biology) adopting the use of SBOLv
symbols when presenting genetic design information.’

Although these initiatives will help accelerate adoption of
these standards, they rely on the availability of supporting tools
to enable the production of compliant diagrams. Some tools do

W ACS Pub“ca‘t]ons © 2016 American Chemical Society

exist to generate SBOLv visualizations from genetic design
information, either through graphical point-and-click interfaces
(egs VectorNTIL,* TinkerCell,® GenoCAD,6 DeviceEditor” and
SBOL Designer) or text-based inputs (eg, Pigeon® and
VisBOL?). These are effective for small numbers of constructs,
but lack the ability to easily process large design libraries, are
difficult to integrate into existing analyses, and offer only
limited customization of the visualizations produced. An ability
to tune how each genetic element is displayed (eg, the size,
shape and color) based on its characterized performance'
would enable clearer communication of key design features and
enable an effective comparison of multiple designs. No tools
currently support this capability.

To address these limitations, we developed DNAplotlib, a
computational toolkit that enables the highly customizable
visualization of standardized genetic designs in a programmable
way (Figure 1). DNAplotlib is written in the Python program-
ming language and makes extensive use of the matplotlib'"
graphics library to produce high-quality output in the form
of vector-based PDFs, rasterized images and animated movies
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Figure 1. Overview of DNAplotlib. (A) Schematic of the visualization
pipeline and supporting libraries. Genetic designs are provided as
SBOL,"* GFF or CSV files, or created through direct calls to the
DNAplotlib library. Associated experimental data relating to individual
parts or entire designs (eg, RNA-seq transcription profiles in the
BED format™*) can also be provided to influence properties of the
visualization. Shaded boxes denote elements included as part of the
library. (B) DNAplotlib supports the complete set of standardized
SBOLv' parts in both forward and reverse orientations. (C) The size,
color, shape and labeling of all genetic parts can be customized to
convey associated part information, e.g.,, promoter strength.

(Figure 2; Movie S1). Python was chosen due to its broad and
growing use in the analysis of biological data, its ability to
effectively “glue” together many different computational tools
to create complex workflows,'>'? and for being highly portable
across all major operating systems. To simplify the process of
generating visualizations in code, numerous helper functions
are included to load genetic design information from files in
the Synthetic Biology Open Language (SBOL),'*"> General
Feature Format (GFF), and Comma Separated Values (CSV)
formats (Supporting Information). The full set of SBOLv parts’
are available (Figure 1B) and users can easily extend existing
functionality to cover new types of part or regulation and apply
their own visual annotations at precise points within a genetic
construct (Figures 2 and 3). Built-in parts also offer a broad
range of customization options, enabling the visual communi-
cation of other characteristics such as measured performance
(e.g, promoter or terminator strength) that go beyond the part
type alone (Figure 1C).

At the core of DNAplotlib is the main rendering pipeline
(Figure 4A). This is implemented within the DNARenderer
object and executed using the renderDNA(...) function. To
tailor the rendering of each type of part or regulation arc,
rendering functions are provided to the DNARenderer as
dictionaries (part_renderers and reg_renderers in Figure 2A)
with the part or regulation type mapping to the associated
rendering function. Standard built-in functions can be chosen
that cover the full range of SBOLv parts (Figure 1B; Supporting
Information), or the user can specify their own, which may
include new types of part or regulation not currently available
(e.g., recombinases, see Figure 3). To create a visualization,
designs are provided in the form of a list where each element is
a dictionary defining the part at that position in the design as
well as other design information such as orientation, length and
styling options. The use of a dictionary data type to store this
information allows for varying numbers and types of option
to be easily accommodated. Visualizations are automatically
generated by scanning this list and, for each element, calling the
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associated function for the part type encountered. If an unrec-
ognized part type or attribute is met, this element is ignored to
ensure that multiple rendering functions with differing levels of
functionality do not break the entire pipeline. Regulation is
handled in a similar way with start and end points provided, in
addition to styling options. Regulation links are automatically
routed to minimize overlapping regions. All rendering is per-
formed using a matplotlib axis object, which enables genetic
designs to be directly incorporated into existing plotting routines
(e.g, bar charts and scatter plots, see Figure 2).

All built-in part and regulation renderers can be customized
through the use of predefined options (Figures 4B and S). To
customize part appearance, a dictionary called opts is added to
the specific part or regulation element that needs customizing.
The opts dictionary defines a mapping between a customization
option and the value it should take. These options are auto-
matically sent to the relevant rendering function by the
DNARenderer object when the part or regulation arc is drawn.
Options not used by the renderer are ignored. A full table of all
options, their format, and the elements that are compatible are
shown in Figure S.

The programmable nature of DNAplotlib opens up many
unique capabilities not possible with other tools. For example,
genetic circuits are composed of many parts whose regulation
leads to numerous internal states of gene expression. Illu-
strating these and the strengths of regulation present is a
challenge as the complexity of a circuit grows. Similarly, the
construction of large variant libraries that explore a potential
genetic design space has become commonplace as DNA syn-
thesis costs have fallen and assembly methods have improved.'*™"*
Visualizing a large number of internal circuit states or design
variants manually is both time-consuming and error-prone.
However, a simple computer program can be written to rapidly
and accurately enumerate these, and DNAplotlib used to
automate the visualization of key design features, part attributes
and the internal regulatory links that are present (Figure 2A,B).
This is made possible by direct programmable access, which
also allows for tight integration into existing analysis workflows
with minimal effort. DNAplotlib is already used within the genetic
circuit design automation program Cello™ to visualize candidate
designs. Furthermore, the ability to automate the generation of
large numbers of visualizations containing small variations in
regulation opens up new opportunities to produce animated
visualizations that convey the dynamics of a system (Movie S1).
This is useful for genetic devices such as oscillators® whose
output naturally varies in time, having no single steady state.

Another feature differentiating DNAplotlib is the inclusion of
“trace-based” symbols for promoters, ribosome binding sites
(RBSs), genes, terminators, and user-defined regions that goes
beyond the SBOLv standard. These symbols take inspiration
from genome browsers,”>>* aiming to display not only func-
tional information about the part type encoded at a particular
point in a design, but also to provide a physically accurate
representation of its position and extent within the DNA.
This allows for a direct comparison to experimental data
(Figure 2C) or other designs (Figure 2D) at a base pair reso-
lution. This is achieved by either extending the length of gene
and user-defined element symbols, or having filled rectangular
regions cover the backbone of the construct for the length of
a promoter, RBS or terminator, and using standard symbols
extending from these to denote the part type (see Figure 2C,D).
With sequencing seeing increased use across biology and
allowing for the collection of large amounts of data at this
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Figure 2. Examples of DNAplotlib visualizations. All are available from the project Web site. (A) Bar graph shows predicted output in relative
promoter units (RPUs) for a hypothetical repressor-based XNOR genetic device designed by Cello.*” The corresponding construct and expected
state of all promoters and genes for each combination of inputs is shown to the right. Input promoters are active if black and labeled, repressible
promoters are active if strongly colored, and genes are expressed if filled. Regulatory links that are present for a given set of inputs are included.
(B) Selection of refactored nif USVWZM gene cluster designs.”® Bar graphs represent the relative activity of the encoded synthetic nitrogen fixation
pathway with error bars showing +1 standard deviation. Numbers correspond to the variant number in the original study. In the genetic designs,
promoter and RBS strengths are shown ranging from strong (black) to weak (light gray), spacer elements are blue and cloning scars are red.
(C) Zoomed section of variant 75 from the nif USVWZM library”® drawn using trace-based renderers to enable direct comparison of nucleotide data.
Three data tracks are show: strand-specific RNA-seq read depths,”® scores from an RBS prediction software, and GC percentage for a 50 bp centered
moving window. Data for the nif S region has been highlighted. (D) Homology analysis of a CRISPR circuit implementing a 2-input, 1-output AND
gate.”® The promoters pTet and pTac act as inputs and the g2 guide-RNA is the output. The same construct is plotted vertically and horizontally
using trace-based renderers. Heat map shows the internal homology present ignoring homology that would be present between identical positions in
each copy of the circuit. Highlighted regions show that part reuse and similarity of several regions within the guide-RNA sequences leads to potential
hot-spots for recombination.

level of detail, the demand for this capability is likely to grow. more easily, allow for better reuse of design or styling infor-

To support the use of associated data at a base pair resolution, mation among members of a lab, and support the wider adop-
DNAplotlib includes functions to load trace files in the com- tion of standardized genetic designs. For this purpose, we
monly used Browser Extensible Data (BED) format™* (Figure 2C; provide two command-line interfaces. The first called “Quick
Supporting Information). Plotter” (quick.py) mimics the idea of Pigeon® and uses a
Direct access to DNAplotlib from Python gives greatest simple syntax to define basic constructs as a single line of text.
flexibility when generating visualizations. However, in some This is useful for the quick creation of small constructs with
cases it may be simpler for nonprogrammers to specify designs limited customization. The second called “Library Plotter”
and part customizations in text-based files. These can be shared (plot_SBOL _designs.py) is designed for the visualization of
1117 DOI: 10.1021/acssynbio.6b00252
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Figure 3. Extending functionality to cover new types of genetic part and
regulation. Recombinase sites do not form part of the current SBOLv
standard. Even so, they can be easily incorporated into DNAplotlib plots
by providing custom renderers for these specific elements. (A) Array of
recombinase sites implementing a 64-bit genetic memory device.”” Current
binary state is shown below each pair of recombination sites. Arrows
indicate manipulations of the array at each step by integrases associated
with each pair of recombination sites. (B) Illustration of a reversible
recombinase NOT-gate device. In these examples, regulation arcs are
used to indicate the flipping of DNA between the recombinase sites.

large design libraries. Users are required to provide several text
files defining their set of parts, styling information, and the
library of designs (e.g, part ordering, orientation and regulatory
links). These are then processed and a visualization of the full
library of designs generated and saved to file.

There are also several broader functions that DNAplotlib
supports. First, the visualization of genetic designs at present is
a predominately manual process. Illustration tools are
commonly used to draw the individual components and these
are then added to existing plots of underlying data to create a
final diagram. Errors in the design are time-consuming to fix
and similar forms of diagram cannot be easily generated
by others. While the development of a visualization using
DNAplotlib might initially take a comparable amount of time,
once a script is produced, it can immediately act as a template
for others. For example, the novel plot shown in Figure 2D,
which displays a comparison of the homology present within

A B
parts (list of dicti
name: “P1” name: “R112" | name: “LacZ" | name: “EZ8872"
type: “Promoter” | type: “RBS” | type: “CDS” [type: “Terminator”
fwd:  True fwd:  True fwd: True [fwd: True
start: 126 start: 163 start: 177 start: 931 opts: { color: (0.95, 0.30, 0.25),
end: 154 end: 176 end: 930 end: 952 arrowhead_height: 10,
opts: {...} opts: {..} |opts: {..} |opts: {...} x_extent: 50 }
part_renderers (dictionary)
Promoter:  sbol_promoter() J:A-I
RBS: sbol_rbs()
CDS: sbol_cds()
Terminator: sbol_terminator() opts: { color: (0.38, 0.65, 0.87),
arrowhead_height: 0,
regs (list of dicti x_extent: 40,
type:  ‘Repression” |type: “Activation” y_extent: 12,
______ from_part:(cDS6) | from_part: (CDS3) label: LacZ"}
to_part:  (Promoterd) [to_part:  (Promoter1)
opts: {..} opts: {...}

reg_renderers (dictionary)
ion: repress()
Activation: induce()

matplotlib axis
renderDNA()
DNARenderer

Figure 4. Data structures controlling the visualization of a genetic design.
(A) DNAplotlib provides the DNARenderer object that takes design and
regulatory information (parts and regs) with associated rendering
functions for each element (part_renderers and reg_renderers), and then
coordinates the creation of a visualization through the renderDNA(...)
function. Dotted lines denote optional elements and chevrons denote
part objects. All rendering is performed using a matplotlib axis to allow
for the easy incorporation of other standard plotting routines. (B) The
opts dictionary can be included with any part or regulatory definition to
tailor the styling of the component (see Figure S for a full list of options).
Options are shown for the coding region parts.

a genetic circuit, could immediately be used by others with
minimal change, greatly simplifying the distribution of useful
visual analyzes. Second, the maintenance of standards-com-
pliant designs over time can be a challenge as standards often
change and evolve with their field. Because DNAplotlib inter-
nally captures the visual standard, existing scripts merely need
to be rerun to generate up-to-date diagrams. This provides a
powerful means of ensuring the long-term applicability and
relevance of visualizations developed.

DNAplotlib is released as open-source software. The project
welcomes contributions from others within the community
and all source code and a gallery of examples is available at the
project Web site (www.dnaplotlib.org).
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Figure S. Customization options supported by each part and regulation
renderers. Black squares denote a supported option. For options with a

components. (B) Options for all regulation renderers.
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type. (A) Options for all part types covering both SBOLv and trace part
color format, values are given as fractions of 1.0 for red, green and blue
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Chapter 3

BUILD

3.1 Introduction

One of the pioneer standards for genetic engineering was a DNA assembly method called
“BioBrick standard assembly”. A BioBrick is a DNA molecule which contains some unit
of genetic function, such as a protein coding sequence, a binding sequence for a regulatory
protein, or some other type of genetic function. BioBricks are propagated in and harvested
from host bacteria as plasmid molecules with standardized DNA sequences. These stan-
dardized DNA sequences define regions where the DNA can be restricted (cut) and ligated
(joined). Standard assembly thus allows BioBricks to be composed into complex genetic
assemblages. The BioBrick assembly method was popularized by the iGEM competition and
proved simple enough that teams of undergraduates quickly generated thousands of unique
DNA constructs [27]. However, our experience on UW’s iGEM team in 2008 revealed short-
comings in the standard. For one thing, BioBricks assembly leaves artifacts at assembly
junctions (“scars”) which in many cases unpredictably affect the biological function of the
DNA, thus violating the assumption that standard biological parts are interchangeable. The
other problem is that it is slow, taking approximately 5 days to design, build, and test a
simple construct in FE. coli. As a result we began to investigate new DNA assembly meth-
ods that did not use standard joiners and published an optimized protocol for BioBrick
assembly [28].

Our methods were faster, had fewer steps where things could go wrong, and required less

DNA substrate, but they relied on customized (rather than standardized) DNA assembly



46

procedures in order to join BioBricks together. Specifically, custom DNA oligonucleotides
had to be synthesized and ordered for each assembly. Since then, BioBrick standard as-
sembly has fallen out of favor. Many labs now use Gibson assembly [14], another technique
which also uses customized DNA oligonucleotides for joining blocks of DNA. The lesson from
this experience was that biological parts do not quite fit the ideal definition of interchange-
able components. A sequence assembled from DNA parts often requires customization and
optimization in order to achieve the desired biological behavior.

Synthetic biologists are now engineering DNA constructs on the scale of tens of thousands
of nucleotide bases. This process often requires troubleshooting DNA assembly errors or
mutations in the target construct. In the manuscript Quality Control for Large-scale DNA
Assembly, I discuss the pros and cons of current quality control practices, and propose three
new best practices for quality control that will help synthetic biologists build bigger and

better.
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ABSTRACT

Genetic circuits can be assembled from
standardized biological parts called BioBricks.
Examples of BioBricks include promoters,
ribosome-binding sites, coding sequences and tran-
scriptional terminators. Standard BioBrick assembly
normally involves restriction enzyme digestion and
ligation of two BioBricks at a time. The method
described here is an alternative assembly strategy
that allows for two or more PCR-amplified BioBricks
to be quickly assembled and re-engineered using
the Clontech In-Fusion PCR Cloning Kit. This
method allows for a large number of parallel
assemblies to be performed and is a flexible way
to mix and match BioBricks. In-Fusion assembly
can be semi-standardized by the use of simple
primer design rules that minimize the time involved
in planning assembly reactions. We describe the
success rate and mutation rate of In-Fusion
assembled genetic circuits using various homology
and primer lengths. We also demonstrate the
success and flexibility of this method with six
specific examples of BioBrick assembly and re-
engineering. These examples include assembly of
two basic parts, part swapping, a deletion, an inser-
tion, and three-way In-Fusion assembilies.

INTRODUCTION

Synthetic biology is an emerging discipline that aims to
design and construct novel biological organisms
programmed by genetic circuits. Many synthetic biologists
assemble genetic circuits from standardized biological
parts called BioBricks. Examples of BioBricks include
promoters, ribosome-binding sites (RBS), protein or
RNA-coding sequences, and transcriptional terminators.
Currently every BioBrick is a physical DNA sequence on a
circular plasmid that is stored and distributed by the
Registry of Biological Parts (http://www.partsregistry
.org) as lyophilized DNA in 384-well plate format.
Standardized sequences on BioBricks enable Standard

Assembly of two BioBricks via restriction enzyme diges-
tion and ligation in an idempotent fashion (Figure la)
(1-5). Standard Assembly involves digestion of two
plasmids with different restriction enzymes that leave com-
patible sticky ends which can be ligated together into a
new plasmid. This effectively replaces the restriction sites
between the assembled parts with a ‘scar’ sequence,
allowing for the new BioBrick to be later combined with
other BioBricks. This standardized procedure takes much
of the planning out of DNA fragment assembly since the
same restriction enzymes can be used for every assembly
reaction.

Currently several BioBrick assembly standards
(http://openwetware.org/wiki/The_BioBricks Foundation
:RFC) have been proposed to improve upon the original
BioBrick standard, largely due to the fact that this original
standard produces an 8-bp scar between assembled
BioBricks and hence does not allow for the creation of
fusion proteins. Nearly all of these current assembly
standards involve assembly by restriction enzyme diges-
tion and ligation. There are also several PCR-based
methods currently being used for DNA assembly that
have the potential for standardization. These methods
include In-Fusion (6,7), SLIC (8), TS exonuclease recom-
bination (9), USER (10), oligonucleotide assembly (11)
and SOEing (12). The former four methods generally
involve converting overlapping, blunt-end PCR products
into fragments with sticky overhangs that can anneal to
form circular plasmids, but the method for generating the
overhangs differs. For example, the SLIC method (8) uses
T4 DNA polymerase while the USER method (10) uses a
uracil exonuclease. Unlike restriction digestion, the site at
which the overhangs are created is generally not con-
strained by a specific sequence. The latter two methods
involve overlapping oligonucleotides with a PCR-
amplified vector (11) or extending overlapping PCR
products (12) and do not use subsequent enzymatic
treatment.

Here, we describe an alternative BioBrick assembly
method that allows for BioBricks to be quickly assembled
and re-engineered using the Clontech In-Fusion PCR
Cloning Kit (6,7). The proprietary In-Fusion enzyme
with exonuclease activity fuses together any PCR
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Figure 1. Standard assembly versus In-Fusion assembly. (a) Standard Assembly of two BioBricks (Parts A and B) involves restriction digestion and
ligation. Both parts are on pSB1A2 vectors encoding ampicillin resistance. The Part A plasmid is digested with EcoRI (E) and Spel (S), while the
second plasmid is digested with EcoRI (E) and Xbal (X). Spel and Xbal restricted fragments have compatible sticky ends for ligation. The desired
digested fragments are gel purified and ligated together to create the assembled plasmid with both parts. A scar sequence is left between both parts
that does not have the original restriction site and the restriction sites flanking the parts are maintained. (b) In-Fusion assembly of two BioBricks
involves PCR, purification, and a subsequent In-Fusion reaction. Parts A and B are PCR-amplified (in this example the vector is amplified with Part
B) and purified without gel extraction. Each assembly requires four primers, where two are specific to the junction (parts to assemble) and two are
general vector primers. BioBrick Part A (blue) and Part B (red) are on pSBIA2 plasmids encoding ampicillin resistance. Primers described in
‘Materials and Methods’ section are color-coded to show their homology. The thick black line indicates BioBrick prefix or suffix homology on the
pSB1A2 vector. The yellow sequence is the scar that is normally between parts after standard BioBrick assembly, if this is desired, or can be a linker
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product with a linearized vector into a circular plasmid
when the fragments share at least 15bp of homology on
both ends. To assemble two BioBricks, one
PCR-amplified BioBrick needs to have homology on
each end with the second PCR-amplified BioBrick
(vector amplified with the BioBrick) to allow for the frag-
ments to be fused together in the In-Fusion reaction
(Figure 1b). More than two BioBricks can be fused
together as shown in the examples below and four frag-
ments have been successfully fused (6). This method can
also be used to re-engineer BioBricks as shown in the
examples below and we have also successfully used
this method for vector replacement, site-directed
mutagenesis and cumbersome transcriptional terminator
re-engineering (results not shown).

In-Fusion Assembly greatly expands the possible
circuits to construct since in our experience, the individual
parts we want to construct into circuits often do not exist
as BioBricks on their own or in the correct order. For this
reason In-Fusion provides the flexibility to PCR-amplify
any sequence from any part, then assemble these frag-
ments together in one step. In our experience, the advan-
tages of In-Fusion BioBrick assembly over Standard
Assembly are that it is faster, more flexible, and has a
high success rate (see Supplementary Figure S1 for a
timeline and schematic overview for Standard and
In-Fusion BioBrick Assembly). In-Fusion Assembly is
fast once primers are available since BioBricks can be im-
mediately PCR-amplified from parts extracted from the
BioBrick Parts Distribution plate. Standard assembly
requires an initial amplification of the BioBrick through
transformation, overnight growth, and plasmid extrac-
tion. Standard assembly also requires tedious extraction
of restricted DNA fragments from a gel, more intermedi-
ate enzymatic reactions, and more time to quantitate and
optimize these reactions. In-Fusion assembly is more
flexible in the sense that there is more control over the
exact engineered sequence and mutations can be easily
introduced with mutagenic primers (6). We have found
this method to have a high success rate in that nearly
every assembly reaction yields the desired construct.
Standard assembly we have found to be less reliable.

The disadvantages of In-Fusion BioBrick assembly are
that the specific assembly supplies are more expensive
(~$15/assembly versus ~$5/assembly for Standard
Assembly), custom primers are required, and occasionally
there are mutations in assembled plasmids. Mutations in
the construct may depend on a number of factors,
including primer quality and the error rate of the polymer-
ase. However, using reagents specified in the ‘Materials
and methods’ section, we demonstrate here that such mu-
tations are sufficiently rare that typically only a single
putative construct needs to be sequenced. In general,
In-Fusion assembly is ideal when re-engineering an
existing BioBrick with many parts since there are less
assembly reactions to perform, or when assembling a
circuit with specific parts distributed among several
BioBricks. On the other hand, if the BioBricks you want
to assemble already exist as digested fragments in the
freezer, then Standard Assembly may be ideal for this par-
ticular situation. The motivation for optimizing and
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adapting the In-Fusion method for BioBrick assembly
is to improve the success rate, flexibility, and speed for
constructing genetic circuits and create a new BioBrick
assembly standard (13). Small synthetic biology labs that
do not perform high throughput restriction enzyme digests
and ligations will especially benefit from using this
method.

MATERIALS AND METHODS
Primer design rules

For the In-Fusion reaction to work, the forward primer of
the first PCR-amplified fragment must have at least 15-bp
homology to the reverse primer of the second fragment,
and vice versa. A longer homology length is used in this
protocol because in our experience it works better than
15bp. There are two simple primer design rules that
allow for semi-standardized assembly, in the sense that
even though the same components cannot be used repeat-
edly as in a standardized assembly method, following
these rules will remove much of the planning required
for performing In-Fusion Assembly reactions. The two
rules are: (i) the reverse primer for Part A (AR) should
be the last 20 bases Part A + scar (if wanted) + first 20
bases Part B (reverse complement of this entire sequence),
and (ii) the forward primer for Part B (BF) should be the
reverse complement of the AR primer. Since the primers
are exactly complementary, this gives at least 40bp of
homology at the junction of Parts A and B in total. In
contrast, the forward primer of Part A (AF) and the
reverse primer of Part B (BR) do not need customization.
These primers are specific to the standard Biobrick ‘prefix’
(immediately upstream of each part) or ‘suffix’ (immedi-
ately downstream of each part) and may be re-used when
assembling different constructs. Of course optimization of
the primers may improve chances of a clean PCR product.
In the assembly examples described here using these
primer design rules, we found that every PCR product
amplified with a single amplicon (10/10 PCR products).
One particular PCR reaction required a gradient on the
primer annealing step during the PCR reaction to generate
a single PCR product, but in general a 55°C annealing
temperature worked well for all reactions. In general we
found these primer design rules to be robust and other
examples not described here have used these rules with
success.

Primer design software tool

We have designed a software tool for In-Fusion assembly
primer design (located at http://sys-bio.org/
primerdesign/). This tool allows you to input the DNA
sequences for each part to assemble, the scar sequence
between the parts, and the length of overlap with the ad-
joining part (the default length is 20). When 20 bases of
homology are added to the 5'-end of each of the primers,
along with the 8-base scar, this gives a total junction
homology of 48bp. The program outputs the forward
and reverse primers for the Part A and Part B junction
(AR and BF primers). The primer sequences generated are
based on the rule described above. A future version of this



tool will check if there are repeated sequences (such as a
scar sequence) located at the 3’-end of the primer and if
so, will extend the primer to two bases past the repeated
sequence to ensure specificity. Other future additions will
include 7, calculations, GC content, and other relevant
primer design specifications. The vector-specific primers
(AF and BR) are already standardized and do not need
to be designed with this tool.

Maximizing success rates

There are a few additional guidelines to follow to
maximize success with this method. First, do not use
repeated part sequences (e.g. scar sequences, transcription-
al terminators, etc.) on the 3’ end of your primer to avoid
multiple PCR products. The primer design tool described
above will eventually check for this. Second, it is better to
PCR-amplify the vector (plasmid backbone) with the
smaller part to assemble especially if the part is less than
100 bp since the molar ratio between both fragments
should be as close as possible. Third, dilute the template
DNA as much as possible to avoid ‘background’ plasmids
from being transformed later (between 100 and 500 pmol
DNA works well for miniprepped plasmids, while
plasmids from the 2009 Parts Registry plate differ in
concentration).

Primers designed and used in this study

All primers were ordered from Integrated DNA
Technologies (IDT) unmodified with standard desalting
at the 25nmol scale. Four primers specific to the
pSB1A2 vector (http://partsregistry.org/Part:pSB1A2)
were designed and used in this study. In Figure 2a, the
Part A forward primer (AF) is: 5-TTCTGGAATTCGCG
GCCGCTTCTAG-3' (specific to the pSBIA2 non-coding
sequence prefix + 5 bases upstream of the prefix). The Part
B reverse primer (BR) is: 5-CTAGAAGCGGCCGCGA
ATTCCAGAA-3 (reverse complement of the AF primer).
In Figure 2b, the Part A forward (AF) primer is: 5-TACT
AGTAGCGGCCGCTGCAGGCTTC-3' (specific to the
pSB1A2 suffix + 5 bases downstream of the suffix). The
Part B reverse primer (BR) is: 5-GAAGCCTGCAGCGG
CCGCTACTAGTA-3" (reverse complement of Part A
forward primer). AR and BF primers for both figures
were customized depending on the parts to assemble or
re-engineer. We used 48 bp of homology between parts for
assembly reactions as described above except in the
example shown in Figure 6 where we used 15bp.

PCR and template DNA for PCR

Phusion High Fidelity PCR Mastermix was used for PCR
in a 25 or 50 pl reaction volume. Reaction steps were used
following the Phusion protocol. An amount of 100 pmol
forward and reverse primers were added to each reaction.
A volume of 1 pl of a 1:1000 diluted miniprepped plasmid
or plasmid extracted from the Registry plate (~100-
500 pmol total) was added to the PCR reaction for
template DNA. PCR was performed in an Eppendorf
Mastercycler EP S Gradient thermocycler according to
the manufacturer’s instructions with the annealing step
of 55°C for 30s. Eppendorf PCR tubes (0.2ml) were
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used for all reactions. Digestion with Dpnl after the
PCR reaction may reduce background plasmids from
being transformed later, but in our experience diluting
the PCR template reduces background sufficiently that
Dpnl digestion is unnecessary. In most cases, this elimin-
ates an extra step in the assembly process.

PCR product purification and quantitation

PCR products were purified with the Qiagen PCR
Purification Kit and eluted with 30 pl of molecular grade
water. PCR products were quantitated with a Nanodrop
(Thermo Scientific).

In-Fusion reaction and transformation

In-Fusion reactions were performed using the recom-
mended protocol with some extra details and exceptions
noted here. A 2:1 insert:vector molar ratio was normally
used with 100ng of vector for two-way reactions and a
2:2:1 insert:insert:vector molar ratio was normally used
with 100 ng of vector for three-way assemblies (exceptions
noted below). The 10ul volume consisting of insert,
vector, and molecular grade water was transferred into
the In-Fusion dry-down reaction tube and mixed by
pipetting up and down several times. This reaction was
transferred into a 0.2ml PCR tube and incubated in a
thermocycler for 15min at 37°C followed by 15min at
50°C. A volume of 30 ul TE Buffer (pH 8.0) was added
to the tube and mixed by pipetting up and down several
times. A volume of 2.5 pl of this mixture was added to one
50-pl tube of Fusion-Blue chemically competent cells
thawed on ice. Cells were incubated on ice for 30 min,
heat shocked at 42°C for 45s, and put back on ice for
I min. A volume of 200 ul SOC media was added to the
cells and mixed by pipetting up and down a few times. The
one hour incubation time was not necessary when trans-
forming plasmids conferring ampicillin resistance, but was
required with kanamycin resistance conferring plasmids.
A volume of 200 pl of the transformant culture was spread
on an LB plate supplemented with 100 pg/ml of ampicillin
(without the centrifugation steps in the protocol). This
procedure normally gives 30—-1000 colonies after overnight
incubation at 37°C.

Quantitating success and mutation rates with different
homology and primer lengths

The assay described in Figure 3 and results in Tables 1 and
2 quantitated the effect of homology and primer lengths
on success and mutation rates. Success rate for each
assembly was measured by simply counting the number
of fluorescing versus non-fluorescing transformant
colonies on LB plates supplemented with 100 pg/ml of
ampicillin and 0.1mM IPTG. Mutation rate for each
assembly was determined by sequencing eight plasmids
extracted from fluorescing cultures grown from individual
clones.

Colony PCR

Screening for the desired construct was generally per-
formed by colony PCR, with the exception of functional
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Table 1. Success and mutation rates of In-Fusion assembly using dif-
ferent homology lengths

Homology Success Junction
level rate mutation
rate
16 61.8% (222/359) 0% (0/7)
18 64.6% (197/305) 0% (0/8)
20 73.1% (196/268) 0% (0/8)
22 74.2% (291/392) 0% (0/6)
24 74.4% (314/422) 0% (0/8)
48" 84.8% (495/584) 0% (0/7)

Homology length is indicated with the success and mutation rates. For
success rates, numbers in parentheses after the rates indicate the
number of successful clones out of the number of total clones tested.
For mutation rates, numbers in parentheses after the rates indicate the
number of junction mutations out of the number successful clones
sequenced.

“Primer length is 48 bases (all others are 36 bases).

screening described in the previous section. In these cases,
success rate is defined as the percentage of correct con-
structs out of the total number of colonies screened by
colony PCR. Colony PCR allows us to discriminate
between the desired construct and construction back-
ground (PCR template plasmid that co-transforms with
the newly assembled plasmid).

Colony PCR was performed on at least six colonies
using the VF2 (5-TGCCACCTGACGTCTAAGAA-3)
and VR (5-ATTACCGCCTTTGAGTGAGC-3)
primers specific to the pSB1A2 vector (~100bp on either
side of the part) or primers specific to the desired con-
struct. Negative control reactions were also performed
using VF2/VR primers on the plasmid template DNA
for the original PCR reaction. Thus, a colony hosting
the desired construct will exhibit a mobility shift when
compared with the negative control reactions. Colony
PCR reactions were performed using 10ul Fermentas
PCR Master Mix per reaction in 0.2ml PCR tubes. All
10 pl of the colony PCR products were run out on a 1%
agarose gel stained with SYBR Safe (Invitrogen) with 1-kb
ladder (NEB).

Plasmid extraction and sequencing

At least three correct colonies as identified by colony PCR
were grown in test tubes with 5ml LB supplemented with
ampicillin (100 pg/ml) shaking overnight at 250 rpm. We
chose three to ensure that one plasmid was correctly con-
structed without mutations which tend to occur most
often at the junctions (regions of homology between frag-
ments). Minipreps were performed with the Qiagen
Miniprep Kit using 3ml culture volume and plasmids
were eluted with 30ul of molecular grade water.
Plasmids were submitted for sequencing with VF2 and
VR or custom primers to sequence the entire genetic
circuit.

General strategies for In-Fusion assembly

We devised two general strategies for assembly depending
on which BioBrick is PCR-amplified with the vector
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(Figure 2). Since both PCR products need to have
homology to each other on both ends for the In-Fusion
reaction to work, the simplest strategy was amplify each
PCR product to have homology to the vector at one end
and to have homology at the junction between parts at the
other end. As shown in Figure 2a, to amplify the upstream
part (Part A) as the insert and the downstream part (Part
B) as the vector, the vector specific primers need to be
upstream of each part (i.e. in the vector prefix).

Since the forward primer for Part A (AF) and reverse
primer for Part B (BR) are complementary sequences, the
resulting PCR products share 25bp of homology at the
site where Parts A and B will be joined in the In-Fusion
reaction. Likewise, as shown in Figure 2b, to amplify the
upstream part (Part A) as the vector and the downstream
part (Part B) as the insert, the vector specific primers need
to be downstream of each part (i.e. in the vector suffix).
Use of these vector-specific primers allows for BioBrick
standard formats to be maintained so that new
In-Fusion assembled constructs can be submitted to the
Registry. These four primers described in the ‘Materials
and Methods’ section can be re-used for every In-Fusion
Assembly.

However, custom primers need to be designed in order
to provide homology at the junction between parts. The
AR and BF primers shown in both Figure 2a and b are
complementary, resulting in PCR products with homolo-
gous ends that will be fused in the In-Fusion reaction.
These primers were designed with simple rules of having
a sequence specific to the template DNA of one part at the
3-end and a 5’ overhang that is homologous to the other
part (see ‘Materials and Methods’ section for details).
Following these simple rules will allow for primers to be
designed quickly and in a semi-standardized fashion.

RESULTS

We first describe the success rate and mutation rate of
In-Fusion assembly using different homology and primer
lengths. We then describe additional examples of
In-Fusion assembly and re-engineering reactions to dem-
onstrate the versatility and success of this method. These
examples include assembly of two basic parts, part
swapping (simultaneous promoter and RBS re-
engineering), a deletion (conversion of a polycistronic
transcribed sequence into a fusion protein-coding
sequence), an insertion (of a degradation tag), and three-
way assemblies (one to insert an antibiotic resistance gene
and swap out a terminator, and another to construct a
fusion protein). The insertion and deletion examples are
illustrated in Supplementary Figures S2 and S3.

Effect of homology and primer length on success rate and
mutation rate of In-Fusion assembly

To understand how homology and primer length affects
the success rate and mutation rate of assembly reactions,
we devised an assembly assay that would allow for these
rates to be determined for a large number of individual
clones. The two basic BioBrick parts used for the assembly
assay were ROO11 (lacl-regulated promoter) and E0240



(consisting of an RBS, GFP-coding sequence and double
transcriptional terminator) (Figure 3a). By amplifying the
vector with R0O011, the PCR product obtained (Part A)
starts with the suffix and ends with R0O011 plus the E0240
junction sequence (Figure 3b). Part B starts with the
ROOI1 junction sequence and ends with the suffix
(Figure 3b). Fusion of these two PCR products occurs
at each end and creates a circular plasmid.
Transformation of the assembly reaction into competent
cells allows for the success rate to be easily determined
since colonies can only fluoresce if they have the correctly
assembled R0011 and E0240 together in the same plasmid.

We designed primers to vary the homology level from
16-24 bp in increments of 2bp while keeping the primer
length constant at 36 bases (Figure 3c). We chose 16-24 bp
because the minimum homology length is 15bp and this
would allow us to determine the relationship between
success rates around this minimum at a fine scale. We
predicted higher homology levels would increase success
rate, but also possibly increase mutation rate at the same
time. The 36-base primer length was chosen since it is
known that longer primer lengths increases the chances
of mutations occurring in the primer. We also used
primers that maximized the homology and primer length
with 48 bp of homology and a primer length of 48 bases.
We predicted that higher homology would increase
success rate since another study observed this relationship
(8), but at a cost of having a higher mutation rate. We also
designed primers to vary the primer length from 32 to 40
bases in increments of 2 bases since we predicted longer
primers would increase mutation rate (Figure 3d).
Therefore, there were a total of 10 assembly reactions per-
formed in parallel: five to test homology lengths, five to
test primer lengths (the 36-base length primers overlapped
with the 16 base homology length assembly), and one
extreme assembly of 48bp of homology and a primer
length of 48 bases.

These 10 assembly reactions required 20 PCR products,
one insert and one vector for each. Remarkably, all
20 PCR products amplified using an annealing tempera-
ture of 55°C. Table 1 shows the results of homology length
on the success rate and mutation rate of In-Fusion
assembly. As homology level increases, the assembly
success rate also increases. There appears to be small dif-
ference between low homology (16-18bp) and high
homology (20-24bp) with high homology increasing
success by about 10% on average. The extreme case of
48 bp of homology had the highest success rate at nearly
85%. We therefore decided that 48 bp of homology should
be used for our primer design rules to maximize success
rates. Forty-eight base pairs should not be considered
the optimal length, but is a conservative choice
since no homology lengths were tested between 24 and
48 bp.

Remarkably, there were no mutations in any of the
junctions when we sequenced several successful clones.
For all 10 assemblies, we only found one mutation
among all of the clones sequenced (73 clean sequences
out of 80 attempts) for the entire ~1-kb genetic circuit.
Table 2 shows the effect of primer length on the success
and mutation rates of In-Fusion assembly. There do not
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appear to be any remarkable differences between primer
lengths of 32-40 bases with respect to either success or
mutation rate. Therefore, the optimal homology and
primer length is 48 bp because this achieves the highest
success rate without the cost of high mutation rate since
mutations are rare. The rare mutations in the circuit itself
are because Phusion is a very high fidelity polymerase
(4.4 x 107 according to the product spec sheet), but we
can not rule out the possibility that the mutation existed
on the template DNA at a low level.

Part swapping: simultaneous promoter and RBS
replacement

Next we wanted to construct the same RO011+ E0240
circuit, but with RFP (E1010) instead of GFP (E0040).
This would have taken three Standard Assembly steps:
to first construct RO011 with B0032, E1010 with B0010/
12, then to assemble all these parts together. Instead we
could simultaneously re-engineer the existing J04450
circuit with a new promoter and RBS in a single step
using In-Fusion (Figure 4a). To do this, for Part A,
RO011 and B0032 were first amplified with the E1010
junction sequence and vector (Figure 4b). E1010 and
B0010/12 were then amplified from J04450 with the
B0032 junction sequence to make Part B (Figure 4b).
Colony PCR results remarkably showed that all six
colonies had the correct construct, but we were able to
screen out negative colonies by the colony color for this
particular assembly. Two separate colony PCR experi-
ments were performed on the same six slightly red
glowing colonies, one to determine the size of the insert
(Figure 4c, left) and one to identify colonies that had the
correct RBS (Figure 4c, right). Since the negative control
J04450 plasmid (#7 in the right gel photo) did not amplify
with the B0032-specific primer and the six colonies did
amplify, it was assumed that all six colonies (100%) had
the correct construct and three of these were verified with
sequencing.

Table 2. Success and mutation rates of In-Fusion assembly using dif-
ferent primer lengths

Primer Success Junction
length rate mutation
rate
32 64.3% (198/308) 0% (0/8)
34 66.7% (246/369) 0% (0/8)
36 61.8% (222/359) 0% (0/7)
38 65.9% (245/372) 0% (0/7)
40 58.5% (220/376) 0% (0/6)
487 84.8% (495/584) 0% (0/7)

Primer length is indicated with the success and mutation rates. For
success rates, numbers in parentheses after the rates indicate the
number of successful clones out of the number of total clones tested.
For mutation rates, numbers in parentheses after the rates indicate the
number of junction mutations out of the number successful clones
sequenced.

“Homology level is 48 bases (all others are 16 bases).
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Figure 4. Part swapping: simultaneous promoter and RBS re-engineering. (a) R0011+E0240 and J04450 plasmids are shown with the forward and
reverse primers for PCR. R0011+E0240 is amplified with the vector and J04450 is amplified as the insert. (b) Detailed schematic of the assembly
strategy with the forward and reverse primers. Only the promoter (R0011) and RBS (B0032) are PCR-amplified from the R0011+E0240 plasmid.
Only E1010 and B0010/12 are PCR-amplified from the J04450 circuit in order to change its promoter and RBS in one assembly step. (¢) Since both
plasmids used as template DNA in the PCR reaction were approximately the same size as the desired construct, two colony PCR reactions were
performed on the same six colonies. The gel on the left shows six colonies amplified with VF2/VR primers and the gel on the right shows the same six
colonies (#1-6) and negative control J04450 plasmid (#7) amplified with the VF2 and R0011+E0240 AR primer. Correct colonies show a PCR
product of about 1.1kb for the left gel and a PCR product of about 300 bp for the right gel (correct size indicated by arrow).

Three-way assembly: insertion of an antibiotic resistance
gene and terminator swapping

Since insertion of DNA into the middle of a multi-part
construct takes several Standard Assembly reactions, we
demonstrate the efficiency of this construction in a
three-way In-Fusion reaction. We wanted to insert the
B0032 RBS and kanamycin resistance gene into the
T9002 (Lux receiver) circuit, while at the same time
change the second transcriptional terminator of T9002
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to avoid repeated sequences (3) (Figure 5a). To do this,
we first amplified Part A from the prefix of T9002 to
upstream of the GFP-coding sequence with the B0032
junction sequence (Figure 5b). Next the B0032 and
kanR-coding sequence was amplified for Part B, having
the Part A and C junction sequences on either side
(Figure 5b). The B0O11 terminator was then amplified
with the vector back to the prefix as Part C, having Part
A and B junction sequences on either side (Figure 5b).
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Figure 5. Insertion of an antibiotic resistance gene and terminator swapping through a three-way In-Fusion Assembly. (a) T9002, B0032/kanR, and
B0011 plasmids are shown with the forward and reverse primers for PCR. B0011 is amplified with the vector and both T9002 and B0032/kanR are
amplified as inserts. (b) Detailed schematic of the assembly strategy with the forward and reverse primers. The entire T9002 circuit is amplified
upstream of B0010 (Part A) with homology to connect an RBS and kanR gene downstream (Part B). To avoid the use of repeated transcriptional
terminators (as in T9002 but not shown in the figure), a BOOI1 terminator (Part C) was placed downstream of kanR. (¢) Colony PCR results show
that 4 out of 12 colonies were positive for the correctly assembled construct (correct size indicated by arrow). A negative control was not necessary
since only a ~3-kb fragment would indicate a successful colony.
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Colony PCR results showed that 4 out of 12 (33%)
colonies had the correct construct and three were
verified by sequencing (Figure 5c).

Three-way assembly: creation of a fusion protein

In this assembly, a IuxR-GFP fusion protein is
incorporated in the middle of the 1731014 transcriptional
cascade (Figure 6a and b). As in the previous example, an
otherwise complex construction using Standard Assembly
is efficiently streamlined using the In-Fusion cloning
method. The 1731014 circuit comprises the backbone
assembly component. The GFP-coding sequence and a
terminator comprise one of the insert components. The
final component consists of a linker sequence amplified
from a non-Biobrick vector (pBAD/HisA, Invitrogen).

To determine the effect of the vector:inserts ratio for a
three-way assembly, we tested 1:2:2, 1:5:5 and 1:10:10
ratios. A 1:2:2 ratio resulted in 0/24 correct constructs, a
1:5:5 ratio resulted in 4 out of 24 (16.7%) successes, and
1:10:10 ratio resulted in 9 out of 24 (37.5%) correct con-
structs (Figure 6¢). While three-way assemblies generally
exhibit a lower success rate compared with two-way
assemblies, optimizing the vector:inserts ratio improves
the odds of success. Furthermore, this example demon-
strates that assembly components representing a wide
range of sizes (3.8 kb, 0.8 kb and 0.2 kb) may be simultan-
eously assembled in a single assembly step. In this
example, the minimum 15bp of homology was used. It
is likely that the success rate of three-way assemblies
could be further improved by increasing the length of
homology at the junctions.

DISCUSSION

There are currently several assembly methods used to con-
struct plasmids for synthetic biology research or other ap-
plications. In the synthetic biology community, Standard
Assembly is the most widely used method despite
competing standards. Custom DNA synthesis is still too
expensive for most synthetic biology labs to perform
routine constructs, but is ideal when constructing DNA
from scratch when there is no template DNA available for
PCR or when there are many assembly reactions to
perform (14). Overlap extension PCR methods (11,12)
are also useful to construct novel DNA sequences
without a template, but can be somewhat expensive de-
pending on the length of the construct. For many synthet-
ic biologists, the enormous number of parts available in
the Registry allows for diverse circuits to be constructed
without the use of DNA synthesis or overlap extension
PCR methods.

In our experience, there are three major advantages to
In-Fusion assembly over Standard Assembly. First,
In-Fusion provides a flexible method to perform
large-scale assemblies by mixing and matching parts
from the Registry. Second, this method is faster since gel
extraction is unnecessary, there are fewer experimental
steps, and fewer reactions to optimize, allowing for
many reactions to be performed in parallel. Third, we
find the success rate for In-Fusion to be high and
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consistently are able to engineer the desired construct.
Our results indicate that the In-Fusion success rate in-
creases with the homology length without the cost of
frequent mutations in assembled plasmids which we
found to be rare. More homology between assembly com-
ponents requires longer primer lengths, increasing the
primer cost slightly, but the corresponding increase in
success rate may justify the extra cost when performing
difficult assemblies. We found that in general two-way
In-Fusion assemblies have >60% success rate, so in this
case using the minimal homology of 15bp may be suffi-
cient. However, we found that three-way assemblies have
lower and more variable success rates (lower than 40% in
the examples shown here) depending on the construct. For
these more difficult assembly reactions, having more
homology will maximize the chances for success and
outweigh the extra primer costs. We also did not find it
necessary to purchase expensive purified primers because
the mutation rate is low enough for it to not be an issue.
Although we didn’t perform a systematic analysis, there’s
no obvious relationship between success rate and PCR
product size, consistent with (6), but in some special
cases optimizing the insert:vector ratio may be necessary.
In regard to assembly standards, ideally an assembly
standard will use the same laboratory components (e.g.
restriction enzymes and ligase) so that the same compo-
nents can be used to assemble any two (or more)
BioBricks together. This In-Fusion BioBrick assembly
method in its current state cannot be completely
standardized because custom primers need to be ordered
for each individual assembly and hence different compo-
nents are required. However, the assembly method
described here can be semi-standardized by two simple
primer design rules (described in the ‘Materials and
Methods’ section) that allow for much of the planning
to be removed from primer design. The primer design
tool we built will also decrease the time it takes to order
primers and maximize success with In-Fusion assemblies.
It would be possible to expand this method to use the
same standard vector primers for every assembly
reaction, but doing so would introduce large scar se-
quences between parts due to the minimum amount of
homology required between PCR-amplified BioBricks.
These large scar sequences would most definitely cause
problems for spacing between different parts [e.g. the
RBS and coding sequences (15,16), unless these sequences
were already together on one part and properly spaced].
In conclusion, we have optimized the In-Fusion
assembly protocol and adapted this method for BioBrick
Assembly and re-engineering. We used this method to
make several diverse constructs and simplified the
number of experimental steps as much as possible, as
illustrated by the six examples above. The cost per
reaction of In-Fusion assemblies is relatively high
compared with Standard Assembly, but the consistent
success of our diverse assemblies and the elimination of
intermediate assembly steps in complex constructions
make the cost worthwhile in our experience. We hope
this method can be expanded upon in the future to fuse
a large number of fragments together (17,18) and be
standardized to use the same laboratory components.
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Figure 6. Simultaneous construction of a fusion protein and insertion into a transcriptional cascade via three-way assembly. (a) 1731014 is analogous
to the T9002 transcriptional cascade, but uses the mCherry reporter rather than GFP. GFP was inserted downstream of luxR with a long linker
component incorporated between the two coding sequences. (b) Detailed schematic showing regions of homology incorporated on 5 tails of primers.
The linker component was amplified from a commercial cloning vector and included several epitope tags. (¢) A 1:10:10 vector:insert:insert ratio was
optimal for this three-way assembly, resulting in a 9 out of 24 success rate. The success rate was evaluated by colony PCR using VF2/VR primers.
Negative control reactions were performed on the original 1731014 and T9002-F templates. Background from the pBAD/HisA vector was not a
factor because this vector has a different selection marker than the final construct. The desired construct exhibits a VF2/VR amplicon of 2.9kb and a
noticeable mobility shift compared to the negative controls (correct size indicated by arrow).
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ABSTRACT

An aspirational goal of synthetic biology is the creation of new living systems by large-scale,
combinatorial assembly of DNA. We claim that new ways of thinking about quality control (QC)
can help synthetic biologists achieve this vision. In this paper we discuss the pros and cons of
current QC practices, and propose three new best practices for QC that will help synthetic
biologists build bigger and better. We extend the paradigm of bio-design automation for synthetic
biology to include Failure Analysis, an engineering practice with historical roots in the development
of military, aerospace, automotive, and electronic technologies. We leverage an openly exchanged
data standard for annotating defects in a fabricated DNA construct and analyzing failure modes.
Standardized representation of QC data is critical for synthetic biologists to trust each other’s work
and build off of it. Standardized failure analysis closes the loop in an automated design cycle, as
lessons from failure feedback to inform new design strategies. We are prototyping automated
software tools that demonstrate new ways of visualizing and thinking about QC for large-scale
DNA assembly.

DISCUSSION

Synthetic biology is an interdisciplinary endeavor that requires collaboration between experts in different
fields and multiple iterations through the “design, build, and test” cycle. Many synthetic biology projects
are complicated engineering projects dogged by frequent failure and obstacles to reproducibility.
Although many synthetic biology groups have highlighted these challenges [1]-[3], the field still lacks
sufficient methods, tools, and standards for solving problems collaboratively over great distances,
managing failure, and reproducing scientific results. We claim that new ways of thinking about QC are
needed to help synthetic biologists engineer more robust, more sophisticated, and more interesting genetic
systems. In this paper we discuss the pros and cons of current QC practices, propose three new best

practices, and demonstrate the use of these best practices to debug failures in genetic circuits.

One QC best practice we demonstrate here is Failure Analysis. Failure Analysis is a systematic approach
to documenting patterns of failure in system components. Originally developed by the military, it was

soon adopted by NASA to manage failure in the Apollo missions and missions thereafter. From NASA it
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spread to civil aviation, automotive, and electronic industries, and is now established engineering

practice[4]-[7]. Though actual practices vary from field to field, Failure Analysis typically involves

standardized qualitative descriptions as well as quantitative metrics, such as probability of failure.

Previously, we tested the long-term performance of several genetic constructs made from well-
characterized DNA parts, documenting certain patterns of failure, or failure modes as they are called in
formal Failure Analysis[8]. One quite general failure mode occurs when recombinant processes delete
bits of nucleotides from in between homologous sequences. From this observation a simple design rule
may be formulated, i.e., to avoid homologous sequences in a design. Unfortunately, failure analysis is
currently too labor-intensive to become standard operating procedure in laboratories, making it difficult
for synthetic biologists to study failure modes and formulate design rules. This experience led us to
develop an automated approach, so that the synthetic biologist can collect, document, and analyze data

about failure modes on a large number of constructs as a matter of routine.

Failure analysis is now one of many standardized, computer-aided engineering tasks applied to great
success in conventional engineering fields[6], [7], [9]. The bio-design community takes its inspiration
from these successes and aims to apply similar paradigms to biological engineering. As far as we know,

ours is the first example of computer-aided failure analysis applied to synthetic biology.

In order to standardize and automate Failure Analysis we leveraged the Synthetic Biology Open
Language (SBOL)[10], an open data exchange standard. Previously the SBOL Development Group
demonstrated design and manufacture of a synthetic gene circuit following a standardized, automated
workflow. Our contribution extends the standardized, automated workflow for synthetic biology from
design and manufacturing to quality control. Conclusions about the reliability of design components can
be easily shared with downstream builders who must rely on properly verified upstream constructs.
Moreover, Failure Analysis helps builders learn from other builders’ prior experience. Thus QC
information feeds back into the design cycle, allowing synthetic biologists to learn from failure and

improve their designs.

Failure in DNA assembly is inevitable. The recombinant DNA methods used in synthetic biology (eg,
PCR, Gibson assembly) are derived from the very same, fundamental biochemistry that drives evolution
and biological variation. Recombinant engineering of DNA is inherently difficult to control and predict
precisely, as most anyone who has attempted it will attest. In addition human error is also a factor in
failed assemblies, but even with a fully automated construction pipeline, unknown and unexpected

mutations are bound to generate biological variation in the assembly process. For this reason, it is
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customary to screen multiple instances of a DNA construct in order to isolate a clone that matches the

target design, a QC procedure called sequence verification[11].

Sequence verification traditionally requires the expert eye of a biologist but nowadays verification is often
automated for efficiency. Several automated platforms for sequence verification are available[11], [12],
and many commercial DNA synthesis services have in-house platforms for quality control. Still, by one
estimate 50% of gene synthesis costs are spent trying to isolate perfect clones[13], and based on our own
experience sequence verification is still a significant bottleneck in the synthetic biology workflow,

especially for small research organizations which lack specialized support for bioinformatics.

Although DNA assembly and DNA synthesis are often confused terms, there is an important difference.
Assembly differs from synthesis in terms of both scale and complexity of the target constructs that may
be achieved. The upper limit in size for de novo gene synthesis is about 10° bases with a best-case error
frequency of 1/10° bases [14]. Constructs larger than this must be assembled from DNA fragments via
recombinant methods, although the fragments themselves may be purely synthetic, of course. Thus large-
scale constructs above 10° bp exceed a critical limit at which new quality control issues related to
recombinant assembly may begin to dominate. Even if the synthetic components are individually
sequence-verified, assembly may introduce new errors. Recombinant assembly implies a parts-based,
hierarchical approach to assembling units of biological function, but current QC methods provide neither
functional nor hierarchical reasoning about failure. These issues have not yet received much attention,
perhaps because most genetic circuits featured in literature are still relatively primitive in terms of
biological complexity and do not exceed this critical limit. Recently, however, Temme, et al. refactored a
23.5 kb nitrogen fixation gene cluster in Klebsiella oxytoca using only synthetic, well-characterized parts,
concluding that better ways to diagnose sequencing errors in genetic circuits are needed[15]. Asa
practical matter, failures often occur for relatively simple recombinant constructs even at typical assembly

scales of less than 10 kb, which only strengthens the case for better QC methods.

Current QC approaches for DNA synthesis provide little information to the synthetic biologist to help
debug genetic circuits or guide higher-order steps of large-scale assembly. For examples of current QC
practices, refer to Box 1. The tools featured each have their advantages but also demonstrate certain

limitations which hinder reasoning over large-scale genetic designs.

For example, automated sequence verification platforms typically takes a pass or fail approach.
Illustrating this is CloneQC [12] and GenoREAD[11] (see Box 1). The pass or fail approach makes sense
for commercial DNA construction services whose objective is to sell DNA, but caveat emptor! The

synthetic circuit may not function as you originally designed, or it may mutate once introduced into its
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production host. In either case, the builder may need to diagnose the failure, adjust the assembly strategy,

or completely redesign the construct. Pass or fail criteria provide no hint to guide this decision-making.
We hypothesize there may be important clues in the sequencing data that simple pass or fail criteria do

not capture.

Pass or fail criteria used by programs like CloneQC and GenoREAD reflect a very goal-oriented approach
to synthetic biology, perhaps reflecting very real economic factors driving both commercial DNA
synthesis and academic research. Given that failures of gene circuit construction and function are so
common, even ubiquitous, there is a danger that valuable information is being discarded to great

detriment of both scientific inquiry and reproducibility.

Our previous work documented failures in a T9002 biobrick from the iGEM parts registry[8]. Even in
small sample sizes of a few failed clones, distinct and interesting patterns began to emerge. We suspect
that other synthetic biologists may intuit similar patterns in their own sequencing data, but lack
guantitative tools to investigate and describe them. These failures should not simply be ignored, because
there is potentially useful information to be gleaned in them. Ignoring these lessons from failure simply
amounts to a waste of valuable research dollars. Rather, failure data should be collected and routinely
analyzed during the screening process. However, conducting failure analysis by manual sequence
verification is currently too labor-intensive to become standard practice. This led us to automate the

process using Python scripts and encode the data in the SBOL data exchange format (see Methods).

Automated failure analysis can help the synthetic biologist rapidly accumulate statistically meaningful
datasets about patterns of failure. The failure metrics we propose are objective criteria which synthetic
biologists may use to evaluate design rules for DNA assembly. As others have proposed, design rules

may formalize manufacturing expertise and in the long-run reduce manufacturing costs[16].

Biological parts repositories, such as the IGEM (parts.igem.org) registry and Joint BioEnergy Institute’s
Inventory of Composable Elements (JBEI-ICE)[17], serve as important community resources where
synthetic biologists can obtain physical samples of DNA and important data about those samples.
Sharing and re-use of DNA parts through repositories critically depends on good QC data. See Box 1 for
examples of QC tools provided by the iGEM registry and JBEI-ICE.

The iGEM and JBEI-ICE repositories have excellent tools for visualizing and interpreting DNA sequence
alignments for typical constructs, but these tools may prove troublesome for interpreting large-scale,
contiguous assemblies of sequencing reads (contigs). One problem is scalability. For example when one
tries to visualize a large plasmid in ICE’s VectorEditor, or any other sequence editor for that matter,
sequence features and alignments are rendered too small to interpret comfortably by eye. Long designs
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aligned with large contigs are rare currently. A recent search of the JBEI-ICE repository (accessed

10/16/15) found 44 constructs larger than 10 kb with aligned sequencing data. But edge cases like these
will inevitably become more common as synthetic biology grows more ambitious. Another problem is
that none of the QC tools described in Box 1 provide an objective, quantifiable measure of confidence in
any single unit of biological function. Consequently, the biologist cannot explain observations about
phenotype in terms of genotype except in the fuzziest of terms. In other words it is impossible to debug

the genetic program.

The example in Box 1 of a sequence verification report for biobrick T9002 hides a more insidious QC
problem. The sequencing reads were not trimmed to remove noisy reads. Therefore noisy base calls
appear as errors in the sequence of the physical sample, although there is insufficient evidence to draw
this conclusion. In fact what the long part needs is another sequence read to verify the noisy base calls.
Contrary to what the QC report indicates, the T9002 construct is one of the most trusted in the iIGEM
parts distributions, indicated by its one star rating.

The QC best practices we discuss here are intended to support scientific discovery as much as bio-design
automation. The QC approaches we discuss here have applications for experimental evolution, because
they allow the biologist to explore correlations between genotype and phenotype. Experimental evolution
is an important trend in synthetic biology research and many groups are experimenting with directed
evolution [18], [19] as a design strategy. In these cases the paradigm of bio-design automation is turned
upside down. Designs are not forward engineered, rather evolution selects the design. Such studies could
benefit from standardized tools that allow the synthetic biologist to easily reconstruct fitness landscapes.
Visualization tools that support correlated views of construction and function (see Best Practice 1) may be

useful to the biologist studying evolutionary trajectories, epistatic interactions, and biological modularity.

The QC data we discuss here is based on Sanger sequencing reads. However much of this sequence
verification workflow applies to Next Generation Sequencing (NGS) methods as well. One aspect of
NGS data that is not efficiently addressed by our annotation methodology is the representation of
sequencing depth. The annotation approach we describe here would be inefficient for capturing base by
base measurements like sequencing depth. Sequencing depth and Phred QC scores both require a unique
value for each nucleotide base and are perhaps more easily described using numerical arrays rather than
annotations. Unfortunately, the SBOL 2.0 data model does not currently support representation of

numerical arrays.
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RESULTS

In order to demonstrate and illustrate the QC best practices we are advocating, we conducted retrospective
QC analyses on failed assemblies from previous projects described elsewhere[8], [20]. This extends our
work in which we tested the evolutionary stability of circuit variants over time and cataloged mutations as
they appeared in a population. In this work, we identify modes of failure before propagation. Our results
show that interesting patterns of failure may be detected as early as the screening process, before a DNA
assembly is propagated in its host, from which hypotheses about the cause of failure can be deduced and

mitigating actions can be planned.
Best Practice 1: Support Correlated Views of Construction & Function

We recommend reporting QC metrics in a correlated view with a functional diagram of the construct
(Figure 1). In essence, we propose a novel way of visualizing sequence alignment data. Inspecting an
alignment base by base is comparable to examining machine code bit by bit, while our schema allows one
to examine QC data from a comfortable level of abstraction. A correlated view of construction and
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function allows the builder to quickly diagnose functional failures due to construction errors and

mutations. A correlated view of construction and function may lead to the discovery of new genetic
design rules, because it helps the synthetic biologist relate observations about phenotype back to
genotype[16].

To illustrate this, we use SBOL Visual (Accepted, PLOS Biology) symbols to represent the biological
function associated with each genetic part of the T9002 biobrick from the iGEM registry. This construct
is derived from well-understood components, the cell-to-cell communication receiver F2620[21] and
green fluorescent protein generator E0240. Symbols include promoters, ribosome binding sites, coding
sequences, transcriptional terminators, and assembly scars. We also use some nonstandard symbols. The
arc represents a regulatory link from the LuxR activator protein to its target promoter. The red X’s
indicate disabled parts. The QC statistics, based on alignment against the target sequence, are displayed
below each part.

The specific sequence alignment metrics we recommend are percentages of identity, error, ambiguity, and
unsequenced. These four categories represent different degrees of sequence verification and together they
add up to a hundred percent. Identity quantifies the proportion of verified bases in a construct compared
to its design sequence, while error quantifies the proportion of a clone’s sequence which does not match.
Ambiguity is important because noisy sequencing data results in uncertainty about the clone’s true
sequence. Unsequenced is an important metric for any construct of non-trivial length, because the
construct may be incompletely sequenced. Cost is often a factor in deciding if a construct is completely
sequenced. For example, sometimes it makes economic sense to spot-check a clone’s sequence before

spending money to fully sequence the entire construct.

Using a correlated view of construction and function, the engineer can predict how the circuit will behave
given sequencing errors. In this example, the promoter and several adjacent parts have 100% error and a
regulatory link has been broken. The circuit should produce the LuxR regulator but there will be no
fluorescence exhibited by the cells. In this example, the predicted behavior is rather trivial, but the
performance of large-scale, logic circuits could exhibit very perplexing behavior given the failure of a
particular part. A correlated view of construction and function provides one way to debug a genetic
program. Our example contrasts with the T9002 example from the iGEM registry (Box 1) which

provides no insight into which parts are affected.
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This example shows failure of specific components that comprise a mutant of T9002. As previously

reported[8], the T9002 construct and variants derived from it exhibit a variety of mutational failures,
including point mutations, recombination errors, and deletions affecting certain genetic parts more
frequently than others. One frequently observed mutation involved disabling mutations of the R0062
promoter. Although the mutant construct in Fig 1 was isolated in a different experiment, it exhibits a
similar failure of the promoter and adjacent components as described in our previous failure analysis.
This recurring pattern suggests that certain units of genetic function, such as the R0O062 promoter, may
fail more frequently owing to strong negative selection pressure. We suggest that correlated views of
construction and function can make it easier for the engineer to reason about genetic function and

recognize possible patterns of failure.
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Fig 1. A mutant of T9002. Mutations have disabled the promoter bound by LuxR, breaking the
regulatory link. Correlated views of construction and function help the biologist to relate genotype to
phenotype.

Patterns of failure imply a non-random distribution of errors. In order to show patterns of failure, a
statistical analysis of failures across many clones must be conducted. Our approach to automated
classification and annotation of sequence variants, described in the Methods section, enables statistical
analysis of assembly errors and mutations. See Best Practice 3 for a demonstration of failure analysis.

Best Practice 2: Support Hierarchical Reasoning About QC

As the synthesis of minimal genomes becomes more routine in synthetic biology, it will be necessary for
synthetic biologists to navigate QC information at different levels of genetic hierarchies. The functional
organization of large-scale DNA constructs, from plasmids to genomes, cannot be easily understood using
sequence editors. Our approach of encoding QC data in SBOL enables reasoning over hierarchies of

genetic organization and hierarchical navigation through the user-interface.

Unfortunately the SBOL Visual standard set of genetic glyphs (version 1.0) lags behind the data model
(version 2.0) and does not express all of the design principles contained in the new data model. For
example, currently SBOL Visual lacks an explicit symbol for representing high-levels of modular
abstractions. We would like to introduce the convention of using the generic, user-defined symbol
underscored by a triangle to indicate a hierarchical abstraction of lower-level components. As a corollary,

a triangle underscoring a typed SBOL visual symbol indicates a typed module. For example, a double
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terminator may be represented by a single terminator glyph underscored with a triangle that abstracts two

single terminators at a lower level of composition.

The T9002 construct is a basic example of hierarchical DNA construct. At the highest level of
organization, the T9002 construct is joined with a pSB1A2 vector backbone which encodes replication
and selection functions (not shown). Vector backbones are often assumed to be a relatively inert
structural feature of a design and are not a priority for QC. In this example the backbone is unsequenced.
The assumption that backbones are inert may not be justified, however, as a variety of mutations, such as
copy number variations may affect function. Inside the T9002 construct are two devices, the cell-to-cell
communication receiver F2620[21] and green fluorescent protein generator E0240. Further down the
hierarchy are the atomic components of the design, promoters, ribosome binding sites, coding sequences,
transcriptional terminators, and assembly scars. If we wished, we could annotate even lower levels of
biological detail, like operators within a promoter or codons translating to the chromophore in a

fluorescent protein in our design.
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Fig 2. A hierarchical representation of a genetic design can be easily navigated to localize mutations in specific modules.

As genetic designs become more complex, abstractions such as this may be helpful for navigating large DNA sequences.

This real example of a T9002 failure was disabled by a point mutation. Using our visualization scheme
the failure can quickly be localized starting at a high level of abstraction to a point mutation in the R0062
(pluxR) promoter. In principle, this approach should be useful for navigating QC data at any scale of
genetic organization, starting from the genome level and drilling down through systems, operons, genes,
etc. As DNA assemblies scale in both structural and functional complexity, tools that support this QC

best practice will become increasingly important.
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Best Practice 3: Learn from Failure

Recently, we constructed a variant library of inducible reporter constructs that express yellow fluorescent
protein (YFP) at different levels. The RBS variants used in the library were previously shown to
modulate protein expression in a graded manner using simple sequence repeats (SSRs) embedded
between the RBS and the start codon of the downstream gene. At the time, clones were verified using
conventional tools for alignment and sequence editing. The general conclusions from each sequence
analysis were written in a notebook, including informal descriptions of the sequence errors observed.
Anecdotal evidence of patterns of failure began to emerge through this process. So we retrospectively

analyzed 28 failed constructs which had been screened out from further study.

4> I
| A | S

1 201 209 221 227 947 955 1083

RO0O10 AO Venus B0O015
A2
Ad
Ab
A8
Al0

Fig. 3 These designs that comprise our library consist of biobrick R0010 (the canonical plac promoter), several RBS
variants, the Venus variant of yellow fluorescent protein (YFP), and the B0015 terminator biobrick. Variants of the RBS
differed by repeats of an adenine base. For example, AQ is the original RBS, while A10 has 10 repeating adenines. Start
and end coordinates of the components are indicated in blue. The library was assembled by two-way Gibson assembly
and transformed into DH50¢ Turbo cells (New England BioLabs, Ipswich, MA)

As explained in Methods, our QC approach involves automated classification of discrete mutations.
From these data we created a failure report that shows the distribution of errors in each component of the
target design. This failure report is collectively pooled from 5 assemblies conducted at separate times.
The main factor that varied in each assembly was the substrate for the RBS variant. Otherwise, the

assemblies followed the same protocol.
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Table 1. PART-WISE FAILURE DISTRIBUTION (n = 28)
R0010 Scar RBS Scar YFP Scar B0015

Variant Venus
INSERTIONS 0 0 1 0 90 3 4
DELETIONS 4 1 1 1 153 2 19
TOTAL 4 1 2 1 243 5 23

Based on this distribution, sequence errors do not appear randomly distributed among each unit of genetic
function. There are a striking number of mutations in both the Venus YFP coding sequence and the
B0015 terminator. In this example, we will focus on the patterns of failure in the coding sequence, since

failure patterns in terminators were previously described (REF).

Errors in a DNA construct may be introduced at different steps in the assembly process. For example,
errors may already be present in the input substrates, such as primers or PCR products. Often assembly
errors occur at junctions where substrates are joined, due to the imperfect nature of recombinant
biochemistry. However, even assuming the assembly process were perfect, errors may occur after
introduction into a host due to unavoidable, evolutionary processes. A high frequency of errorsin a
certain genetic component may indicate strong, negative selection for that unit of genetic function. While
failures are usually simply screened out and ignored, in this case they may in fact provide a valuable
warning to the engineer. Even if “successful” constructs can be identified, they may quickly fail or
mutate once deployed for their intended purpose, thus confounding any downstream applications of the
circuit. 1t would be helpful to have this information up front, before expending significant energy to

troubleshoot experimental results.

The synthetic biologist can distinguish between these different types of failure using a number of clues,
not the least of which is detailed inspection of the nucleotide sequence. Assembly substrates, such as
PCR products, may be sequence verified before assembly, as was the case here. Other types of failure,
such as those caused by negative selection, might only be identified by looking at statistical patterns in
failures in multiple clones. Moreover, as we will demonstrate, the synthetic biologist should sequence
background constructs to serve as an experimental control. Background controls distinguish between
errors which are inherent to the assembly process versus errors which are inherent to the host,

environmental, and other contextual conditions in which a DNA circuit is deployed.

Although background constructs are usually considered a “failure” of assembly, and in many cases are not

even sequenced, they can serve as a useful control. Construction background results from carry-over of
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template DNA into subsequent steps of an assembly process. Since biochemical reactions are not entirely

efficient, some of the DNA assembly substrate does not react. Therefore errors in a background construct
are more likely mutations resulting from evolutionary selection rather than errors introduced by the

assembly reactions.

Table 2. PART-WISE DISTRIBUTION OF DELETIONS (n = 28)
R0010 Scar RBS Scar YFP Scar B0015

Variant Venus
BACKGROUND 4 1 1 1 43 1 12
(n=16)
RECOMBINANTS 0 0 0 0 110 1 7
(n=12)
TOTAL 4 1 2 1 243 5 23

Failure frequency of the component parts in a background construct provides one statistical measure of
selection pressure. Table 2 presents an analysis of the deletion frequency in the same 28 failures
presented in Table 1, but this time dividing the failures into background versus recombination errors.
This perspective implies that the YFP Venus sequence is selected against by evolution, because even the

unassembled background constructs exhibit high deletion rates.

In addition to failure frequency, the distribution of size and location of mutations is also informative.

This allows the builder to deduce whether mutations are clustered around a specific base coordinate and
how large the area of selective pressure may be. Table 3 shows the distribution of deletions in three
background clones we selected for closer study. Given the average size of these mutations, they appear to
be point mutations or small deletions. Moreover, they seem to be tightly clustered around approximately
the same base coordinate, a mutational “hotspot”. This suggests localized selection pressure, and possibly

indicates some unknown biological interaction occurring at the corresponding site on the reporter protein.

Table 3. DISTRIBUTION OF DELETIONS IN BACKGROUND CONSTRUCTS

Clone RO010 Scar A0 Scar YFP- Scar B0015
Venus
1 Frequency 0 0 0 0 3 0 0
Size (bp) 0 0 0 0 13 0 0
Site (base #) 0 0 0 0 864.5 0 0
2 Frequency 0 0 0 0 2.0 0 0




Size (bp) 0 0 0 0 45 0 0
Site (base #) 0 0 0 0 870.3 0 0
3 Frequency 0 0 0 0 1.0 0 0
Size (bp) 0 0 0 0 1.0 0 0
Site (base #) 0 0 0 0 865.0 0 0

One possibility we considered is that mutations around this site disrupt the chromophore region of the
fluorescent protein which is the essential structural motif that provides fluorescence. Fluorescence has a
nasty side effect called phototoxicity[22], [23] which damages cells. Consequently, evolution will favor
mutants with a broken chromophore, and mutations might be correlated somehow with phototoxicity. To
investigate this further, we reviewed known disabling mutations of green fluorescent protein (from which
Venus yellow fluorescent protein is derived). The Gly222 amino acid, which corresponds roughly to base
coordinate 893 in our design, has previously been shown to participate in chromophore maturation and
mutations to this residue can attenuate maturation time[24]. Although the evidence is not conclusive, the
mutations we observed in this vicinity could cause frameshifts which disrupt chromophore maturation.
However, when the clones described in Table 3 were screened, they had only been propagated under
ambient light conditions. This further implies that phototoxicity from Venus may occur in cultures grown
under ambient light conditions. Phototoxicity may be compromising experimental results more often than

realized, as argued in a recent Nature Methods blog[25].

Another failure mode which was not detected by the present analysis were frequent mutations of
glutamate codons (GAG) to premature stop codons (TAG) at different sites in the Venus mutation. In
order to discover this failure mode, we had to refer to the nucleotide level alignments, because we
currently do not annotate the effects of codon errors. Our QC practices at present time do not entirely
replace the need for sequence level inspection, rather they complement them. However, our automated
approach for annotation and standardized representation using Sequence Ontology terms (see Methods)
should still work in principle for describing patterns of failure in the translated sequence. The Sequence
Ontology includes standardized terms for describing the effect that a DNA mutation will have on its
translated sequence, such as polypeptide_truncation (SO:0001617). Our next step will be to add this
classification ability to SBOL-QC, our Python package for automated QC.

METHODS

The RBS variants described in Fig 2 were constructed using a 2-way Gibson assembly as previously
described[20].
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Sanger Sequencing was performed by a commercial sequencing service, GENEWIZ (Seattle, WA).

Sequencing data consists of chromatograms annotated with Phred quality scores. Noisy sequences were
trimmed from the ends of sequence reads using the Geneious sequence editor tool from Biomatters
(Auckland, New Zealand). Base calls with greater than 5% chance of miscall are considered too noisy

and were trimmed. Sequence files were then exported as text (.seq) files.

The remaining steps of sequence verification were automated using a custom Python (v2.7.9) package we
call SBOL-QC (https://github.com/SynBioDex/SBOL-QC). This package provides APl methods for
aligning multiple sequence reads against a genetic design, provided as an SBOL file. These design files
were created programmatically using SBOL-QC. SBOL-QC depends on the Clustal Omega[26]
command-line tool (v.1.2.0) and the EMBQOSS consensus tool (v6.5.0.0)[27] . The QC methods in
SBOL-QC pipe the sequencing data through the command-line tools for multiple sequence alignment and
produce a consensus call. The consensus call is the best prediction for the actual sequence of an assembly
based on provided data. This consensus sequence is aligned and verified against the target design

sequence. Up to now, the process has used only conventional bioinformatics tools. Now the alignment is

translated into SBOL.
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Figure 4. Workflow for automated sequence verification and failure analysis with SBOL-QC

The alignment is translated into SBOL by annotating regions of disagreement between the assembly and
target sequences. The usual convention for representing alignments shows nucleotide by nucleotide
comparisons. In our SBOL representation, errors are classified into SequenceAnnotation objects
indicating the site ranges where insertions, deletions, and substitutions have occurred (see Fig). These
annotation objects are classified using a unique term from the Sequence Ontology that identifies the type

of error that occurred. Ontologies are standardized vocabularies, and the Sequence Ontology (SO) is one
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of many leveraged by SBOL to standardize biological description. Although originally developed for

genome annotation, SO provides a rich vocabulary useful for synthetic biology, including annotations for
assembly, artifacts from sequencing data, and mutations. Translating an alignment into an SBOL data

structure enables the QC best practices discussed previously (see Discussion).
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Fig. 5 A) The Sequence Ontology is a standardized vocabulary for annotating DNA sequences with rich terms for
mutational variants, assembly junctions, and DNA sequencing artifacts. Additional terms may be subclassified under the
each sequence_alteration. For example, transitions and transversions are types of substitutions. B) An example

representation of a point mutation encoded using the Synthetic Biology Open Language 2.0 data model.

The API methods in SBOL-QC calculate a variety of QC statistics that describe failure modes on a part
by part basis. These include alignment statistics, like percentage identity, error, ambiguity, and
unsequenced. They also include failure frequencies, the average size of mutations, and the average
location of mutations, metrics which may be helpful for identifying regions that are genetically unstable

or biologically interesting.

The SBOL-QC library employs an internal metastandard to make an important semantic distinction
between a genetic design versus an instantiated assembly. A design is indicated with the SO term
“designed_sequence” (SO:0000546). Once the design is annotated with QC terms, the type is changed to
“engineered” (SO: 0000783) and the design’s original unique identifier (URI) is changed to indicate an a
unique instance of the DNA construct has been manufactured. Finally a new SBOL file with QC is
output. This allows us to directly associate QC data with a biological design, which is not possible with
current alignment formats and yet another way the SBOL standard supports management of DNA

repositories.

The SBOL-QC library also integrates DNAplotlib, a Python package for visualization of SBOL Visual
schematics (manuscript in preparation). The QC reports featured here were created with the help of this

tool, which can read an SBOL file and render an SBOL Visual schematic from the design.
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Chapter 4
TEST

4.1 Introduction

Experimental characterization corresponds to the “test” stage of the design-build-test cycle
for synthetic biology. Synthetic biologists employ a range of experimental techniques to char-
acterize the encoded behavior of a biological part, device, or system. These techniques very
often involve the use of in vivo molecular reporters like fluorescent proteins and fluorescent
aptamers which allow measurements to be made in living cells.

One technique, often used in our lab, relies on microplate readers which automates
bacterial culturing and spectrofluorimetric measurements. This technique facilitates high-
throughput analysis of up to 96 cultures at once. In the article Designing and Engineering
FEvolutionary Robust Genetic Clircuits we used this technique to monitor the expression of
several genetic constructs over a long time period. This study demonstrated engineered ge-
netic circuits in synthetic microbes become unstable over evolutionary time in the absence
of positive selective pressure. Some simple design principles for extending the life of genetic
circuits are discussed.

Flow cytometry is another technique used in our lab. This technique enables single-
cell measurements. Although high-resolution time course data cannot be acquired using
flow cytometry, it has the advantage of measuring cell-to-cell variation. As shown in our
manuscript Controlling Gene Ezxpression Noise in E. coli, intracellular protein copy numbers
show significant cell-to-cell variability within an isogenic population due to the random nature

of biological reactions.
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Although rational engineering and forward design of biological systems is an aspirational
ideal of synthetic biologists, in reality, most genetic constructs do not work as intended.
Consequently, synthetic biologists often employ combinatorial approaches to generate large
libraries of genetic variants composed of randomized parts. Afterwards, they screen the
library to isolate variants which exhibit the desired behavior. The conference abstract Ez-
ploring Genetic Design Space with Phylosemantics describes a computational algorithm for
screening a variant library. The algorithm systematically classifies random, combinatorial
variants according to similarities in their genetic configuration. The phylosemantic algo-
rithm clusters common configurations together, making it easier to detect patterns in gene
expression associated with particular genetic configurations. Phylosemantics might be used
to discover “design rules” which can be applied to the forward-design of new genetic con-

structs.
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4.2 Designing and Engineering Evolutionarily Robust Genetic Circuits

JOURNAL OF BIOLOGICAL
ENGINEERING

Open Access

Designing and engineering evolutionary robust

genetic circuits

Sean C Sleight’, Bryan A Bartley, Jane A Lieviant, Herbert M Sauro

Abstract

Background: One problem with engineered genetic circuits in synthetic microbes is their stability over
evolutionary time in the absence of selective pressure. Since design of a selective environment for maintaining
function of a circuit will be unique to every circuit, general design principles are needed for engineering
evolutionary robust circuits that permit the long-term study or applied use of synthetic circuits.

Results: We first measured the stability of two BioBrick-assembled genetic circuits propagated in Escherichia coli
over multiple generations and the mutations that caused their loss-of-function. The first circuit, T9002, loses
function in less than 20 generations and the mutation that repeatedly causes its loss-of-function is a deletion
between two homologous transcriptional terminators. To measure the effect between transcriptional terminator
homology levels and evolutionary stability, we re-engineered six versions of T9002 with a different transcriptional
terminator at the end of the circuit. When there is no homology between terminators, the evolutionary half-life of
this circuit is significantly improved over 2-fold and is independent of the expression level. Removing homology
between terminators and decreasing expression level 4-fold increases the evolutionary half-life over 17-fold. The
second circuit, 17101, loses function in less than 50 generations due to a deletion between repeated operator
sequences in the promoter. This circuit was re-engineered with different promoters from a promoter library and
using a kanamycin resistance gene (kanR) within the circuit to put a selective pressure on the promoter. The
evolutionary stability dynamics and loss-of-function mutations in all these circuits are described. We also found that
on average, evolutionary half-life exponentially decreases with increasing expression levels.

Conclusions: A wide variety of loss-of-function mutations are observed in BioBrick-assembled genetic circuits
including point mutations, small insertions and deletions, large deletions, and insertion sequence (IS) element
insertions that often occur in the scar sequence between parts. Promoter mutations are selected for more than any
other biological part. Genetic circuits can be re-engineered to be more evolutionary robust with a few simple
design principles: high expression of genetic circuits comes with the cost of low evolutionary stability, avoid
repeated sequences, and the use of inducible promoters increases stability. Inclusion of an antibiotic resistance

| 9ene within the circuit does not ensure evolutionary stability.

Background

Synthetic biology is the design and engineering of new
biological functions and systems that do not occur in
nature. This relatively new field has provided insight
into the mechanisms of natural gene networks [1,2] and
engineered multicellular pattern formations [3], bacterial
photography [4], tumor-targeting bacteria [5], feed-for-
ward network based concentration sensors [6], robust
and tunable oscillators [7], and genetic networks that

* Correspondence: sleight@u.washington.edu
Department of Bioengineering, University of Washington, Seattle, WA 98195,
USA

( BiolMed Central

count [8]. On the genome level, entire metabolic path-
ways have been engineered to overproduce an anti-
malaria compound [9], biofuels from plant biomass
[10,11] lycopene through automated genome engineer-
ing and accelerated evolution [12], and a synthetic chro-
mosome [13] transplanted into a host bacterium [14].
Despite recent efforts of engineering at the genome
level, most synthetic biology constructs are engineered
at the level of genetic circuits encoded on plasmids.
Genetic circuits are built bottom-up from biological
parts. A biological part is a DNA sequence that encodes
a basic biological function [15]. Examples of parts

© 2010 Sleight et al; licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and reproduction in
any medium, provided the original work is properly cited.
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include promoters, ribosome binding sites (RBS), protein
or RNA coding regions, and transcriptional terminators.
Biological engineers can assemble individual parts or
combination of parts together using a BioBrick assembly
standard for physical composition [16] (described in
[17]). Parts that conform to this BioBrick assembly stan-
dard are BioBrick standard biological parts, or BioBricks.
Standard Assembly involves digestion of two BioBricks
encoded on plasmids with different restriction enzymes
that leave compatible sticky ends which can be ligated
together into a new BioBrick. This assembly method
effectively replaces the restriction sites between the
assembled parts with a ‘scar’ sequence, allowing for the
new BioBrick to be later combined with other BioBricks.
Alternative assembly strategies have recently been pro-
posed [18,19] to improve upon the original assembly
standard. The MIT Registry of Standard Biological Parts
(called “The Registry” from here on) maintains over
3000 BioBricks encoded on plasmids that are available
to researchers with a wide variety of different functions,
from bacterial photography, to quorum sensing to odor
production and sensing.

BioBricks are widely available for the design of more
complex systems, but in general are not well-character-
ized [15,17]. The most well-characterized part to date is
a cell-cell communication receiver device [17], which
was provided with a published prototype “biological part
datasheet” containing information engineers would need
to use it in their own designs. One of the figures in this
datasheet describes the reliability of this circuit over
evolutionary time. Connecting the receiver device to a
GFP-reporter device causes this circuit to repeatedly
lose function in less than 100 generations due to a dele-
tion mutation between transcriptional terminators that
are repeated in both the receiver and reporter devices.
Another example of genetic circuits losing function over
evolutionary time is illustrated by studies of microche-
mostat-evolved strains containing a cell density regula-
tion circuit that loses function in less than 100 hours
[20,21]. The evolutionary stability of whole circuits is
therefore an emergent property of the context of its bio-
logical parts.

Evolutionary stability is a problem in genetic circuits if
there is no selective pressure to maintain function of the
circuit. The current belief is that this loss-of-function
occurs because any cell in the population that acquires a
mutation in the genetic circuit often has a growth advan-
tage and can outcompete the cells in the population with
all functional plasmids. As the cells divide, any cell with a
larger percentage of mutant plasmids will eventually domi-
nate the population until only cells with mutant plasmids
remain. A simulation study predicted that the time for a
non-functional mutant of a synthetic microbe to become
the majority of the population is a function of the growth
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rate difference between the mutant and functional cells,
circuit size, circuit architecture, and mutation rate [22].
Non-functional mutants often have a growth advantage
because a mutation that inactivates a genetic circuit can
reduce its metabolic load. The magnitude of metabolic
load caused by expression and replication of foreign genes
is dependent on many factors such as plasmid size, plas-
mid copy number, the foreign gene being expressed, anti-
biotic resistance gene, metabolic state of the cell, growth
media, and amount of dissolved oxygen in the media [23].
Dekel and Alon [24] directly measured the cost associated
with expression and maintenance of Lac proteins when
they provided no fitness benefit and found mutations that
alleviated this cost in the non-selective environment.
There are also examples of chromosomal genes that have
lost function over evolutionary time when not under selec-
tion [25,26] and so encoding synthetic circuits into the
chromosome will only delay this problem.

The evolutionary stability of genetic circuits within
synthetic microbes will be an increasingly significant
issue as these circuits become more complex and need
to be functional over longer periods of time. The ability
to engineer evolutionary robust genetic circuits will be
important for applied uses of synthetic microbes that
perform long-term functions in the environment and
possibly in the human body. This ability will also be
important for the study of genetic circuits in microche-
mostats and microfluidic devices over multiple genera-
tions. Ideally, a selective regime should be used to
maintain circuit function over evolutionary time. How-
ever, design of a selective regime for synthetic microbes
is unique to the genetic circuit of interest, and design
for maintaining function of a particular circuit is often
difficult. Therefore, general design principles are needed
for engineering evolutionary robust circuits that will
maximize stability over time.

As a first step towards this goal, this study aimed to
understand the loss-of-function mutations that occur in
two genetic circuits over evolutionary time and their
evolutionary stability dynamics. Next, we re-engineered
these circuits in various ways to determine the predict-
ability of mutations in replicate evolved populations and
whether we could make these circuits more evolutionary
robust. The results from these experiments allowed us
to observe the mutations in several diverse circuits,
determine their evolutionary stability dynamics, and
develop simple design principles for engineering evolu-
tionary robust circuits.

Results

Loss-of-function mutations and evolutionary stability
dynamics in two genetic circuits

We first measured the evolutionary stability dynamics of
two genetic circuits propagated in Escherichia coli
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MG1655 in order to determine the loss-of-function
mutations that cause their instability and which circuit
is the most robust over evolutionary time. High-copy
plasmids were used instead of low or medium-copy
plasmids to maximize selective pressure so that evolu-
tion would occur more rapidly since replication and
expression of genetic circuits encoded on high-copy
plasmids will increase metabolic load and lower fitness.
Cells with a low metabolic load (e.g., cells with mutant
plasmids) have greater fitness than cells with a higher
metabolic load (e.g., cells with functional plasmids)
(unpublished results). Therefore, we expect that mutants
will be able to rapidly outcompete functional cells that
have a high expression level. However, other factors
besides expression level will play a role in this evolution-
ary process such as mutation rate and the metabolic
load associated with plasmid replication.

The two circuits we used to measure the evolutionary
stability dynamics and determine the loss-of-function
mutations were T9002 (Figure 1a) and 17101 (Figure 2a).
T9002 is the Lux receiver circuit previously described
[17] and expresses [uxR that activates GFP expres-
sion when the inducer AHL is added to the media (see
Figure 1 legend for details). 17101 has a lacI-regulated
promoter and expresses GFP only when the inducer
IPTG is added to the media since lac! is constitutively
overexpressed from the chromosome in this particular
strain (Escherichia coli MG1655 Z1). The evolutionary
stability dynamics were measured by serial propagation
with a dilution factor that allows for about 10 generations
per day.

Figure 1b shows the evolutionary stability dynamics of
the T9002 circuit propagated in high input (with AHL)
and low input (without AHL) conditions. From different
timepoints in the experiment, the low and high input
populations were induced with AHL to measure their
normalized expression (here measured by fluorescence
divided by cell density) over time. The low input evolved
populations slowly lose their function to about 50% of
the maximum after 300 generations. The evolved popu-
lations in high input conditions rapidly lose their func-
tion in less than 30 generations (the dynamics of this
evolutionary stability are described below in Figure 3).
No functional clones were observed after 30 generations
as determined by measurement of individual colonies.
The mutation that repeatedly causes loss-of-function in
the high input evolved populations is a deletion between
two homologous transcriptional terminators (Figure 1c),
the same mutation described in [17]. This mutation evi-
dently occurs at such a high rate that mutants quickly
take over the population. In fact, Canton et al (2008)
[17] were unable to isolate a population derived from a
single isolate that did not already carry the deletion.
The mutant plasmid was transformed back into the
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progenitor and was shown not to fluoresce after induc-
tion with AHL. In this initial study we also tested
the evolutionary stability of a BioBrick engineered ver-
sion of the repressilator circuit [1]. We could not mea-
sure its function over time due to unstable GFP
expression at the population level, but found that the
circuit repeatedly had a deletion between homologous
tetR promoters.

Figure 2b shows the evolutionary dynamics of the
17101 circuit propagated in high (with IPTG) and low
input (without IPTG) conditions. The evolved popula-
tions in low input conditions lose about 70% of their
function over 300 generations. The high input evolved
populations lose about half their function in 30 genera-
tions and nearly all function after 300 generations. For
this circuit, the loss-of-function is repeatedly a deletion
between two homologous operator sequences in the
promoter (Figure 2c). The mutant plasmid was trans-
formed back into the progenitor and was shown not to
fluoresce when induced with IPTG. This initial study
suggests that the use of repeated parts in synthetic
circuits should be avoided due to the high mutation
rate. Also, there is a high metabolic load associated with
the expression of genetic circuits on high-copy plasmids
since keeping these circuits off substantially improves
evolutionary stability.

Evolution experiment with re-engineered circuits

Based on the results of the previous experiments, we
re-engineered the T9002 and 17101 circuits to test var-
ious predictions of evolutionary stability and mutational
predictability. For the T9002 circuit, the loss-of-function
mutation was repeatedly a deletion between two homo-
logous transcriptional terminators. Mutations and
genetic rearrangements can occur due to misalignment
of homologous sequences during replication (termed
“replication slippage”) [27]. Deletion mutations between
repeated sequences are known to be dependent upon
repeat length, proximity, and homology level [28]. These
deletions are recA-independent if the repeat length is
less than 200 bp [27,29], as is the case with the repeated
terminators in the T9002 circuit. Thus, we re-engi-
neered the last terminator of T9002 with various termi-
nators available in the Registry to measure the effect of
terminator homology level and orientation with evolu-
tionary stability. We predicted that we could increase
evolutionary robustness by decreasing the mutation rate
of this deletion. Furthermore, although there have been
several studies on recombination between repeated
sequences, this phenomenon has not been studied in
the context of synthetic biology using genetic circuits
constructed from BioBricks. For instance, we do not
know the effect of using various BioBrick terminators
with different homology levels in the same circuit. The
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Figure 1 Loss-of-function mutations and evolutionary stability dynamics in T9002. (A) The T9002 genetic circuit. Symbols depict promoters
(bent arrows), ribosome binding sites (ovals), coding sequences (arrows), and transcriptional terminators (octagons). T9002 consists of two
devices, a luxR receiver device and a GFP-expressing device. The first device is composed of the tetR-regulated promoter R0040 that is
constitutively expressed in the MG1655 strain since it does not produce TetR, B0034 RBS, C0062 luxR coding sequence, and B0010-B0012 (B0O015)
transcriptional terminator. The second device is composed of the R0062 luxR promoter, BO032 RBS, E0040 GFP coding sequence, and BO0O15
transcriptional terminator. LuxR is constitutively expressed from the tetR promoter. When the inducer 30CgHSL (AHL) is added to the media, it
binds with LuxR to activate transcription of GFP from the /uxR promoter. If no AHL is in the media, the circuit is off. (B) Evolutionary stability
dynamics of T9002 evolved under low (-AHL) and high (+AHL) input conditions. Low and high input evolved populations are shown with solid
gray triangles and solid black circles, respectively. Evolved populations at different timepoints were grown with AHL to measure relative GFP
levels. Relative fluorescence normalized by OD is plotted vs. generations. Error bars represent one standard deviation from the mean of nine
independently evolved populations. (C) This circuit repeatedly has a deletion between homologous repeated terminators after 30 generations in
the high input evolved populations.
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Figure 2 Loss-of-function mutations and evolutionary stability dynamics in 17101. (A) The 17101 genetic circuit. Symbols depict promoters
(bent arrows), ribosome binding sites (ovals), coding sequences (arrows), and transcriptional terminators (octagons). 17101 consists of the
promoter RO011 and the GFP-expressing element E0240 that is made up of the B0032 RBS, E0040 GFP coding sequence, and B0O010-B0012
(BOO15) transcriptional terminator. Since lacl is constitutively expressed from the chromosome, it represses GFP expression from the lacl-regulated
promoter RO011. When the inducer Isopropyl-beta-D-thiogalactopyranoside (IPTG) is added to the media, it inhibits Lacl and activates GFP
expression. If no IPTG is in the media, the circuit is off. (B) Evolutionary stability dynamics of RO011 + E0240 evolved under low (-IPTG) and high
(+IPTG) input conditions. Low and high input evolved populations are shown with solid gray triangles and solid black circles, respectively.
Evolved populations at different timepoints were grown with IPTG to measure relative GFP levels. Relative fluorescence normalized by OD is
plotted vs. generations. Error bars represent one standard deviation from the mean of nine independently evolved populations. (C) This circuit
repeatedly has a deletion between homologous operators within R0011 after 90 generations in the high input evolved populations.
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the re-engineered T9002 circuits. See Additional File 1, Supplementary Table S1 for mutation details.
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use of different terminators will become increasingly
important when more complex circuits are constructed
and BioBricks become even more widespread in the
community. Also, many of the studies on recombination
between repeated sequences use antibiotic resistance

genes to measure recombination rates and may not
relate to actual functioning circuits.

We also re-engineered the 17101 circuit in two sepa-
rate ways. The first was to re-engineer 17101 with var-
ious promoters from a promoter library to test whether
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evolutionary stability is inversely correlated with promo-
ter strength. The second was to insert a kanamycin
resistance gene (kanR) within the circuit to put a selec-
tive pressure on the promoter. We engineered two ver-
sions of the KanR circuit, one as a GFP-KanR fusion
protein with a glycine-serine linker and another where
kanR is polycistronically expressed with GFP. Finally, we
tested the effect of inducible vs. constitutive expression
on evolutionary stability with two circuits having differ-
ent lacl-regulated promoters.

Since we learned from previous experiments that evo-
lutionary stability dynamics of genetic circuits have high
variability between replicate populations, we evolved nine
independent populations of each re-engineered circuit
for at least 300 generations. Three experimental replicate
populations of three independent tranformants were
used to test for independent mutational events. A single
transformant may have a mutation at a low level that will
eventually sweep through the population, so if only one
transformant was used, the same mutation may show up
in all replication populations. For each of the nine popu-
lations in every circuit, the evolutionary half-life was
measured to quantitate the number of generations until
the expression level had decreased to half of its initial
level (Table 1). Plasmids from a single clone from each
evolved population were then sequenced after the popu-
lation level had decreased to below 10% of the original
expression level, or after 500 generations, whichever
came first. Additional File 1, Supplementary Table S1
shows all mutations for each population in every circuit.

Re-engineered T9002 circuits with different
transcriptional terminators: loss-of-function mutations
and evolutionary stability dynamics
Figure 3a shows the schematic for re-engineering the last
transcriptional terminator in the T9002 circuit. The evolu-
tionary stability dynamics for six re-engineered T9002 cir-
cuits and the original T9002 circuit are shown in Figure
3b. Figure 3c shows the type of mutations that occurred in
each of the nine replicate evolved populations. Finally,
Figure 3d shows the most common mutations for each re-
engineered circuit. The six re-engineered circuits are
labelled T9002-A through T9002-F in Figure 3b and color-
coded to correspond to the same circuit mutations shown
in Figure 3d. These circuits were all propagated with the
inducer AHL to allow for GFP expression. In the following
paragraphs, the loss-of-function mutations and evolution-
ary stability dynamics for the original T9002 circuit and
each re-engineered circuit will be described in detail.
T9002: The original T9002 circuit decreases rapidly to
about 30% of the original level after only 10 generations
and all function is lost by 20 generations (Figure 3b).
The same deletion between homologous terminators as
was observed in previous experiments (Figure 1c) was
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Table 1 Evolutionary half-life of various genetic circuits

Circuit Evolutionary SD
Half-life

T9002 7.056 3.657
T9002-A 5563 1.687
T9002-C 6.650 3.250
T9002-D 56.986 6.188
T9002-E 16.701 4.966
T9002-F 125443 47,664
R0O0O11 + E0240 19.833 3.818
R0O011 + E0240 (inducible) 31.782 17.129
R0O010 + E0240 42363 14.729
R0010 + E0240 (inducible) 45.233 56.350
RO040 + E0240 59.838 13445
J23101 + E0240 96.694 28.880
J23102 + E0240 36428 13.338
J23105 + E0240 18.686 11430
J23151 + E0240 62.844 27.168
RO010 + E0240 kanR polycistronic 71.000 29.031
RO010 + E0240 kanR polycistronic (+kan) 78091 36.084
R0O010 + E0240 kanR fusion 57.757 38.750
R0010 + E0240 kanR fusion (+kan) 66.252 54.056

The mean evolutionary half-life for nine independently evolved populations is
shown for each genetic circuit with the standard deviation (SD). See the
Methods section for details.

found in all nine replicate populations (Figure 3c). The
evolutionary half-life of this circuit was found to be
about 7.1 generations on average (Table 1).

T9002-A: The final double terminator in T9002 was
re-engineered in the reverse complementary orientation
(called B0025 in the Registry) to make T9002-A. The
stability of this circuit has approximately the same
expression level and stability dynamics as T9002, but
has an evolutionary half-life of about 5.6 generations
(Figure 3b, Table 1). This decreased stability may be
because the terminator in the reverse orientation is
more likely to cause replication slippage. Since the
expression level is similar to T9002 and therefore the
metabolic load should be roughly equivalent, the differ-
ence in stability is primarily due to an increased muta-
tion rate. Seven of nine replication populations have a
deletion between the first BO0O10 terminator and the
reverse complement of B0O010 (Figure 3c and 3d). This
effect likely occurs because B0010 has a long hairpin
structure, so one half of BO010 can interact with the
other half of the reverse complementary B0010 sequence
during DNA replication since they have perfect homol-
ogy. Two of the nine populations had a deletion that
formed a triple terminator of B0010-B0012-B0010
(Additional File 1, Supplementary Table S1).
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T9002-B: The T9002-B circuit was re-engineered to
re-arrange the BO010 and B0012 terminators to have
B0012 first and then B0010. The re-arrangement
decreases the expression level to almost zero initially
and this expression drifts up over time and then
decreases to zero (Figure 3b). For this circuit, evolution-
ary half-life measurements are essentially meaningless
due to the randomness of low expression. Notice that
other re-engineered T9002 circuits also have decreased
expression levels relative to T9002, presumably due to
weaker terminator hairpin structures having increased
mRNA degradation [30] or transcriptional readthrough
that can decrease plasmid copy number [31]. Others
have observed that removal of transcriptional termina-
tors can decrease expression levels in general [32]. All
nine populations have the same deletion between B0010
terminators (Figure 3¢ and 3d). Because the B0010 ter-
minator is an inexact hairpin (there are some mis-
matches), one half of the first BOO10 interacts with the
other half of the second B0010 terminator, causing a
hybrid B0010 terminator (Figure 3d, Additional File 1,
Supplementary Table S1).

T9002-C: The T9002-C circuit was re-engineered to
have B0012 and B0011 as the final double terminator
instead of B0O010 and B0012. This circuit has nearly iden-
tical stability dynamics as T9002, with an evolutionary
half-life of about 6.7 generations on average (Figure 3b,
Table 1). All nine populations have the same deletion
between B0012 terminators that make a triple terminator
of B0010-B0012-B0011 (Figure 3c and 3d). Since the
expression level and stability dynamics are roughly
equivalent to T9002, the mutation rate between repeated
B0010-B0012 terminators (129 bp) is probably about the
same as between repeated BO012 terminators (41 bp).
Interestingly, no significant stability difference was
observed between T9002-C (41 bp homology) and T9002
or T9002-A (both 129 bp homology), despite having
similar expression levels. This result suggests that short-
ening the repeated regions of homologous terminators
did not increase evolutionary robustness, contrary to
what we expected.

T9002-D: The T9002-D circuit has the same final
B0012-B0011 terminator, but is the reverse complement
of this sequence. The inclusion of this terminator
decreases the initial expression level to about 65% of
T9002 (Figure 3b). The evolutionary half-life of this cir-
cuit is about 57 generations (Figure 3b, Table 1). Also,
the slope of the stability plot is decreased relative to
other circuits with higher expression (T9002, T9002-A,
T9002-C, and T9002-E) and the stability lag (time for
expression to decrease to zero along the x-axis) is
increased (Figure 3b). In contrast to other circuits with
repeated terminators, only 3/9 have deletions between
homologous terminators forming a hybrid B0012
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terminator (Figure 3c and 3d). This result is probably
because, unlike T9002-C, the second B0012 is the
reverse complement, and therefore the only homology
in this circuit is the 8-bp of hairpin structure having
complementary sequences; the rest of the terminator
has a loop structure of non-complementary sequences.
In other words, B0010 has sufficient homology in either
the forward or reverse orientation to cause replication
slippage, but in B0012 replication slippage is more likely
to occur only in the forward orientation. The other
mutations in this circuit are composed of point muta-
tions, short insertions or deletions, deletions between
scar sequences, or insertion sequence (IS) mutations
(Figure 3c, Additional File 1, Supplementary Table S1).
T9002-E: The T9002-E circuit, like the T9002-F circuit,
was re-engineered to have no homology between termi-
nator sequences. This circuit has the highest initial
expression level on average probably because J61048 is a
very strong terminator, but has similar expression relative
to the T9002, T9002-A, and T9002-C circuits (Figure 3b).
Its evolutionary half-life is about 16.7 generations (Figure
3b, Table 1). Thus, relative to other circuits with the
similar expression levels, it is the most evolutionary
robust circuit, having over 2-fold higher stability than
T9002. When the evolutionary half-life is measured for
the nine replicate populations, this evolutionary half-life
difference compared to T9002 is highly significant (one-
tailed t-test, p = 0.0003). Notice that the stability slope is
similar to T9002, T9002-A, and T9002-C circuits, but the
stability lag is increased by about 10 generations. This
difference in lag is likely due to a decreased mutation
rate since mutations are more random compared to the
other similar expression-level circuits (Figure 3c, Addi-
tional File 1, Supplementary Table S1). The most com-
mon mutation is a deletion between repeated scar
sequences that removes the [uxR promoter and effec-
tively inactivates the circuit function (Figure 3d).
T9002-F: The T9002-F circuit was re-engineered with
the BOO11 terminator, so it also has no homology
between terminator sequences. The B0O11 is evidently a
weak terminator since its initial expression level is about
4-fold lower than T9002. Its stability dynamics show
that it is the most evolutionary robust of the re-engi-
neered T9002 circuits, with an evolutionary half-life of
about 125 generations (Figure 3b, Table 1). This result
indicates that decreasing homology levels and expression
through terminator re-engineering increased the evolu-
tionary half-life of this circuit over 17-fold relative to
T9002. Like T9002-E, the mutations in each of the nine
populations are mostly random (Figure 3c, Additional
File 1, Supplementary Table S1). Also like T9002-E, the
most common mutation is a deletion between repeated
scar sequences that removes the [uxR promoter driving
GFP expression (Figure 3d). Since T9002-E and T9002-
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F likely have similar mutation rates with zero terminator
homology, the large stability difference between these
circuits can be explained by expression levels alone.

Overall, excluding T9002-B, three of the five re-engi-
neered T9002 circuits are more evolutionary robust than
the original circuit. The order of evolutionary robust genetic
circuits is: T9002-F > D > E > A = C = T9002. This increase
in evolutionary robustness can be attributed to decreased
expression levels (due to the terminator re-engineering) and
to decreased mutation rate between homologous transcrip-
tional terminators. The re-engineered circuits with homolo-
gous transcriptional terminators almost always have
deletions between homologous regions, whereas circuits
without homology have mutations in other locations in the
circuit. Re-engineering this circuit to remove all homology
effectively removes a certain class of mutations from occur-
ring. The T9002-E circuit is more evolutionary robust than
other circuits with similar expression levels likely due to
decreased mutation rate alone. Thus, evolutionary robust-
ness can be increased by removing long repeated sequences
from genetic circuits, but even short 8-bp scar sequences
have the potential for replication slippage.

Re-engineered 17101 circuits with different promoters:
loss-of-function mutations and evolutionary stability
dynamics

Figure 4 shows the re-engineering scheme for the 17101
circuit with different promoters (Figure 4a), evolutionary
stability dynamics for these re-engineered circuits
(Figure 4b), mutations found in the nine evolved popu-
lations (Figure 4c), and the most common mutation for
each re-engineered circuit (Figure 4d). These circuits
were constitutively expressed (no inducer was required
to activate the circuit). Many of these promoters were
used in the promoter measurement kit, an effort to
standardize promoter measurements between promoters
[33]. This previous study used medium-copy plasmids
whereas we used high-copy plasmids and different envir-
onmental conditions. The loss-of-function mutations
(if any) and evolutionary stability dynamics for the origi-
nal 17101 circuit and each re-engineered circuit are
described in detail below.

17101 (RO011 + E0240): The evolutionary stability of
the original 17101 circuit was measured constitutively
(unlike Figure 2 with inducible expression) and is shown
in Figure 4b. The evolutionary half-life of this circuit is
about 20 generations (Table 1) and reaches zero after 40
generations (plotted every 30 generations for clarity).
Not surprisingly, all nine populations have the same
deletion between repeated operator sequences in the
promoter (Figure 4c and 4d).

R0O010 + E0240: When the R0011 promoter is
swapped out for R0010, the wildtype lacl-regulated pro-
moter without repeated operator sequences, the initial
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expression level decreases slightly (Figure 4b). The evo-
lutionary half-life of this circuit is about 42 generations
(Table 1) and roughly double that of RO011 + E0240.
This circuit is more evolutionary robust than R0011 +
E0240 probably due to a combination of decreased
expression level and mutation rate. Also, this circuit
never reaches zero expression. When this circuit was
sequenced, surprisingly no mutations were found in any
of the nine populations (Figure 4c). However, expression
levels decreased due to unknown mutations in the chro-
mosome (Additional File 1, Supplementary Material).

R0O040 + E0240: R0040 is a tetR-regulated promoter
with repeated tetO operator sequences. This circuit’s
evolutionary half-life is about 60 generations (Figure 4b,
Table 1). Unsurprisingly, all nine populations have a
deletion between the repeated operator sequences, simi-
lar to that of R0O011 + E0240 (Figure 4c and 4d).

J23101/J23102/J23105/J23150/)23151 + E0240: All five
of these circuits have very different initial expression
levels and evolutionary half-lives, but are similar in that
they maintain relatively high expression levels after an
initial decrease except for J23150 + E0240 that main-
tains a relatively constant level (Figure 4b, Table 1). Like
R0O010 + E0240, three circuits do not have any muta-
tions in all nine populations.

In summary for this section, re-engineered 17101 cir-
cuits have a large amount of variation in stability. This
variation is probably mostly due to differences in expres-
sion level, but mutation rate also contributes to this
variability. We expected that promoter strength to be
inversely proportional to evolutionary half-life, and this
hypothesis was tested in the Evolutionary half-life mea-
surements of individual populations section (Additional
File 1, Supplementary Material). Only circuits with
repeated operator sequences reached zero expression,
probably because the deletion removes the entire -35
region and therefore no leaky expression can occur. Pro-
moters without repeated operator sequences should be
used to maximize evolutionary stability.

Re-engineered 17101 circuits with a kanamycin resistance
gene: loss-of-function mutations and evolutionary
stability dynamics

We also re-engineered the 17101 circuit to have a kana-
mycin resistance gene (kanR) in order to put a selective
pressure on the promoter (Figure 5a). Both a GFP-KanR
fusion coding sequence and polycistronic transcribed
coding sequence were engineered (Figure 5a). We also
swapped out the R0011 promoter with the R0010 pro-
moter since it was found to be more evolutionary robust
than R0011 (Figure 5a). The other parts of this figure
show the evolutionary stability dynamics for these
re-engineered circuits (Figure 5b), mutations found in
the nine evolved populations (Figure 5c¢), and most
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common mutation for each re-engineered circuit (Figure
5d). These circuits were constitutively expressed and the
KanR circuits were propagated with and without kana-
mycin (kan) in the media. We predicted that the kan
propagated circuits would be more evolutionary robust
than those without kan in the media.

The upper panel of Figure 5b shows the evolutionary
stability dynamics for the R0010 + E0240 kanR polycis-
tronic circuits with and without kan in the media. Intro-
duction of the kanR coding sequence into the R0010 +
E0240 circuit lowers expression by about 60% (Figure 4b
and Figure 5b, upper panel). This lowered expression
may be due to competition between the RBS used for
GFP translation vs. the RBS used for KanR translation.
This difference in expression complicates any useful
comparisons between the R0010 + E0240 circuit and the
R0010 + E0240 kanR polycistronic circuit. However,
since the KanR circuit was measured with and without
kan in the media, we can determine the effect the kana-
mycin is having on the circuit independent of expression
levels. The KanR circuit propagated with kan has an evo-
lutionary half-life of about 78 generations whereas with-
out kan the half-life is 71 generations, but this result is
not statistically significant (one-tailed t-test, p = 0.0896).
However, the circuit propagated with kan remains at a
higher level over time (Figure 5b, upper panel).

The lower panel of Figure 5b shows the same compar-
ison between circuits except with the GFP-KanR fusion
version of the circuit. Introduction of the kanR fusion
coding sequence also lowers expression by about 60%
and this may be due to folding issues in the GFP-KanR
fusion protein. Similar to the polycistronic version of
the KanR circuit, the fusion version also only has an
evolutionary half-life difference of less than 10 genera-
tions when propagated with kan compared to without
kan in the media (Table 1 and Figure 5b, lower panel).
Again, this result is not statistically significant (one-
tailed t-test, p = 0.1174). Like the polycistronic version
of this circuit, propagation in kan causes evolutionary
stability to remain at a higher level over time (Figure 5b,
lower panel).

Figure 5c¢ shows the mutations found in each of the
nine populations. Interestingly, 4/9 of the KanR polycis-
tronic circuits and 7/9 of the KanR fusion circuits pro-
pagated without kan in the media have IS mutations at
the generation 200 timepoint. The KanR circuits propa-
gated with kan in the media and the R0010 + E0240 cir-
cuit have no mutations at this timepoint. However, after
propagating these KanR circuits for 500 generations, 2/9
populations had mutations in the promoter that were
not IS mutations. Evidently, mutations on the chromo-
some confer resistance to kanamycin because introduc-
tion of these mutated circuits back into the progenitor
does not make these cells kan resistant.
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Since only KanR circuits propagated without kan in
the media have IS mutations, propagating strains car-
rying the metabolic load of express resistance to both
ampicillin (encoded on the plasmid backbone) and
kanamycin could have caused a significant amount of
cellular stress and triggered IS transposition. Some evi-
dence suggests that IS transposition can occur in
response to stress [34-38], but it also occurs in non-
stressful conditions as well [26,38,39]. IS mutations
probably occurred in the KanR circuits propagated
with kan in the media as well, but cells carrying these
circuits were selected against. Additional experiments
partially explain why KanR circuits propagated with
kan lose expression over time without having muta-
tions in the circuit itself (Additional File 1, Supple-
mentary Material).

The IS mutations in the KanR circuits propagated with-
out kan in the media consisted of IS1, IS2, and IS5 muta-
tions (Figure 5d, Additional File 1, Supplementary Table
S1). A hotspot for IS5 mutations “C(T/A)A(G/A)” [40,41]
often occurs in the “CTAG” portion of the scar sequence
between either the promoter and RBS ("TACTAGAG”) or
RBS and coding sequence ("TACTAG"). This one unex-
pected result may be unfortunate for genetic circuits
assembled with BioBricks if the host strain carries IS5 ele-
ments and if evolutionary stability is an issue. Also, since
the IS5 mutations in these circuits were located in a posi-
tion just downstream of the promoter, we thought that
the transposase gene within the IS element might be tran-
scribed and translated. However, the orientation of these
IS insertions in these circuits would not allow for expres-
sion to occur. Unlike IS5 which has a defined hotspot, the
IS1 and IS2 mutations are more random, but appear to
transpose in A-T rich regions (Additional File 1, Supple-
mentary Table S1).

Overall, the use of a kanamycin resistance gene
within the circuit does not significantly increase evo-
lutionary stability. Although propagation with kana-
mycin in the media may put a selective pressure on
the promoter, other mutational targets evidently can
decrease expression of the circuit over time (Addi-
tional File 1, Supplementary Material). IS mutations
are responsible for loss-of-function in the KanR cir-
cuits propagated without kan. Since there are rela-
tively few IS mutations in circuits without kanR
(Figures 3c, 4c, 5¢, and 6¢), this circuit may induce IS
transposition bursts.

As a final note for this section, we also tried to insert
kanR into the T9002 circuit that would be polycistroni-
cally transcribed with GFP. The cells carrying this cir-
cuit did not grow well when AHL was added to the
media. Expressing kanR using the strong /uxR promoter
may have been somewhat toxic to the cells. Decreasing
the strength of the RBS that controlled the translation
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Supplementary Table S1 for mutation details.

ROD11+E0240 il il il iz il L
(constitutive)

RO011+E0240 1 1 i d 1 1
(inducible)

RO010+E0240
(constitutive)

RO010+E0240
(inducible)

Il Deletion between homologous sequences (terminators)

£ Point mutation

2 small insertion or deletion

0 1S element insertion

[ Deletion between homologous sequences (operators or scars)
I No mutation

BO032 E0040 BOOI0  B0O12

=] {
laco 10 S

RO01L BO032 E0040 BOO10  BOO1Z
pliact) GFP
RO010 B0032 E0040 B0010  BODI2

aFP

*

ROO10  BOD32 E0040 BODI0  BOOL2
GFP

i 92-bp deletion
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of kanR may have helped to avoid this growth
deficiency.

Constitutive vs. inducible expression between two lacl-
regulated circuits: loss-of-function mutations and
evolutionary stability dynamics

We also propagated two lacl-regulated circuits (RO011 +
E0240 and R0010 + E0240) with inducible vs. constitu-
tive expression. We speculated that there might be a dif-
ference in stability since the constitutively expressed
circuits may have a larger metabolic load. In the induci-
ble circuits, the Lacl protein may rebind to the DNA
after some time and repress transcription. For inducible
expression, we propagated the circuits in MG1655 Z1
strains that constitutively overexpresses lacl from its
chromosome. Constitutively expressed circuits were pro-
pagated in the normal MG1655 strain that does not
overproduce Lacl. Figure 6 shows the regulation of the
inducible circuits (Figure 6a), evolutionary stability
dynamics for these re-engineered circuits (Figure 6b),
mutations found in the nine evolved populations (Figure
6¢), and most common mutation for each re-engineered
circuit (Figure 6d).

For both circuits, evolutionary stability is increased
on average when inducible expression is used com-
pared to constitutive expression (Figure 6b). The evo-
lutionary half-life of the R0011 + E0240 circuit under
inducible control is about 32 generations vs. 20 for
constitutive expression (one-tailed t-test, p = 0.0422).
For R0010 + E0240, the inducible evolutionary half-life
is 45 generations vs. 42 generations for constitutive
expression (one-tailed t-test, p = 0.1083). Therefore,
the evolutionary half-life is only significantly increased
for one of the two circuits, but on average inducible
expression increases evolutionary robustness. For the
RO011 + E0240 circuit under inducible expression, by
30 generations the circuit is already about 4-fold
higher even though it had a lower initial expression
(Figure 6b, upper panel). After 60 generations, the cir-
cuit under constitutive expression has lost all function
and the inducible circuit has 25% of its original expres-
sion level (Figure 6b, upper panel). Furthermore, the
slopes are quite different between inducible and consti-
tutive expression. The inducible R0010 + E0240 circuit
is over 3-fold higher after 60 generations compared to
the circuit under constitutive expression (Figure 6b,
lower panel). The reason that inducible circuits may be
more evolutionary robust than constitutive circuits is
that there may a greater metabolic load to constantly
express GFP. Perhaps in the inducible circuits, Lacl
eventually re-inhibits GFP expression and decreases
this metabolic load.

The mutations in both circuits are similar for both
inducible and constitutive expression (Figure 6¢). For
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RO011 + E0240, all have the same mutation between
repeated operator sequences (Figure 6¢ and 6d). For
R0O010 + E0240, only one mutation was observed in one
inducible population, an IS element insertion (Figure 6c
and 6d), indicating that differences in inducible vs. con-
stitutive expression largely do not change the type of
mutations that occur.

Evolutionary half-life vs. initial expression level in T9002,
T9002-E, R0O011 + E0240, and R0010 + E0240 circuits
evolved with different inducer concentrations

From the results in previous sections (Figures 3, 4, 5, 6,
Table 1), we noticed that circuits with a high initial
expression level tended to have low evolutionary stability.
Also, particular circuits with high mutation rates had
lower stability compared to circuits with lower mutation
rates. To test the relationship between initial expression
level and evolutionary half-life directly, we evolved four
circuits for up to 300 generations propagated with differ-
ent inducer concentrations. We tested initial expression
level vs. evolutionary half-life in T9002 (high mutation
rate) vs. T9002-E (lower mutation rate) using different
AHL concentrations. We also tested initial expression
level vs. evolutionary half-life in R0011 + E0240 (high
mutation rate) vs. R0O010 + E0240 (lower mutation rate)
using different IPTG concentrations in the Z1 strain.

The results of these experiments are shown in Figure 7.
Figure 7a shows the mean initial expression level vs. mean
evolutionary half-life for eight replicate populations from
three different AHL concentrations in T9002 (black) and
T9002-E (red). An exponential fit of these mean data
points gives a much higher r* value than a linear fit (> 0.1)
in both cases. T9002 has an r* value of 0.954 compared to
the r” value of 0.955 in T9002-E. The curve for T9002 is
shifted to the left from T9002-E due to its higher mutation
rate (expression alone cannot account for the shift), but as
expression is decreased the evolutionary half-life difference
between these two circuits also decreases. This decrease
may be because at high expression levels, the fitness differ-
ence between the progenitor and mutant cells is the high-
est, and therefore mutants outcompete functional cells in
the population more quickly.

Figure 7b shows the mean initial expression level vs.
mean evolutionary half-life for eight replicate popula-
tions from four different IPTG concentrations in R0011
+ E0240 (black) and R0010 + E0240 (red). The R0011 +
E0240 exponential curve has an r* value of 0.993
whereas the r* value of R0010 + E0240 is 0.992. These
1 values are also both higher than a linear fit (> 0.02).
Similar to the T9002 vs. T9002-E curves (Figure 7a), the
curve for RO011 + E0240 is also shifted to the left due
to its higher mutation rate and the evolutionary half-life
difference decreases at lower expression levels. This dif-
ference is not as apparent as in Figure 7a, but the curves
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Figure 7 Evolutionary half-life vs. initial expression level in T9002, T9002-E, R0O011 + E0240, and R0O010 + E0240 circuits evolved with
different inducer concentrations. (A) Evolutionary half-life vs. initial expression level is plotted in T9002 (solid black circles) and T9002-E (solid
dark red diamonds) circuits evolved with different AHL concentrations. An exponential fit for the mean of each evolutionary half-life vs. initial
expression data point is shown by the black line. Error bars for both the x and y-axis represent one standard deviation from the mean of eight
independently evolved populations. (B) Evolutionary half-life vs. initial expression level is plotted in RO011 + E0240 (solid black circles) and RO010
+ E0240 (solid red circles) circuits evolved with different IPTG concentrations. An exponential fit for the mean of each evolutionary half-life vs.
initial expression data point is shown by the black line. Error bars for both the x and y-axis represent one standard deviation from the mean of
eight independently evolved populations.




Sleight et al. Journal of Biological Engineering 2010, 4:12
http://www.jbioleng.org/content/4/1/12

may have been more similar if there were more data
points for the IPTG-induced populations at lower
expression levels (evolutionary stability was relatively
stable at 300 generations for these populations). The
other striking difference between Figures 7a and 7b is
that the T9002 and T9002-E circuits have a much lower
evolutionary stability than the R0011 + E0240 and
R0O010 + E0240 circuits for any particular expression
level. This result could be for a number of reasons that
include mutation rate and fitness differences between
functional and non-functional cells (due to circuit
length, activator vs. repressor regulation, or something
particular to the strong /uxR promoter).

We also performed a regression on the individual
T9002, T9002-E, R0011 + E0240, and R0010 + E0240
initial expression level vs. evolutionary half-life for inde-
pendently evolved populations (Additional File 1, Sup-
plementary Figures S2 and S3). While the r* values are
not as high for individual data points compared to
means (Figure 7) and range from about 0.6 to almost
0.9, the regressions are highly significant (p < 0.0001).
For these regressions, an exponential fit is always higher
than a linear fit in all cases, suggesting that on average,
evolutionary half-life exponentially decreases with
increasing expression levels. We also performed a
regression on the initial expression level vs. evolutionary
half-life for independent populations (shown in Figures
3, 4, 5, 6, Additional File 1, Supplementary Figures S4,
S5, S6, S7, S8).

Discussion

Genetic circuits lose function over evolutionary time
and are found to have a wide variety of mutations that
cause their loss-of-function. Circuits with repeated
sequences almost always have deletions between these
sequences. These repeated sequences include transcrip-
tional terminators, entire promoters, operator sequences
within promoters, and occasionally between 8-bp scar
sequences. In one re-engineered T9002 circuit, shorten-
ing the length of homology from 129 bp to 41 bp did
not significantly increase evolutionary stability. Stability
was only increased when there was no homology what-
soever between transcriptional terminators. Mutations
between repeated sequences without perfect homology
in the case of some re-engineered T9002 circuits are
usually, but not always predictable.

In circuits without repeated sequences, mutations are
more random between evolved replicate populations.
Mutations that remove promoter function are most
often selected for among all the genetic circuits tested.
This result is likely because promoter mutations remove
the metabolic load at both the transcriptional and trans-
lational levels. Mutations within RBSs are not found and
mutations in coding sequences are rare except when
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that coding sequence is an activator of transcription
downstream (as in the case of the [uxR coding sequence
in T9002). In the case of T9002, removing homology
between transcriptional terminators only shifts the
mutation to one that often removes function of the [uxR
promoter or /uxR coding sequence instead. A similar
story is seen with the KanR circuits. Even when a kana-
mycin resistance gene is inserted within the circuit and
cells with this circuit are propagated with kanamycin to
select for promoter function, mutations in the chromo-
some are selected for instead. Thus, without a selective
pressure, removing the possibility of a mutation in one
location only causes a mutation in another location.
However, if this prevention lowers the mutation rate for
a particular mutation, then evolutionary stability can be
increased significantly, as shown for the T9002-E circuit.

What is needed is a method to predict the evolution-
ary stability of circuits from the properties of their parts,
but the emergent behaviors of circuits will likely make
prediction difficult. At the very least, publishing the evo-
lutionary stability properties of simple circuits in future
data sheets may allow engineers to calculate the
expected evolutionary stability of more complex circuits.
This calculation would likely require software (such as
[42]) and mathematical modelling [43] that analyzes
each part individually and the entire DNA sequence as a
whole to determine the expected evolutionary stability.
This calculation would also require standardization for
methods to measure evolutionary stability and methods
described here are not necessarily the best way. On the
other hand, more general methods may be developed
that focus less on design of the circuit and more on
design of the environment to impose a selective pressure
for function of the circuit [44]. Design of a selective
environment is ideal, but is difficult to do when the out-
put of most circuits (e.g., GFP) is not linked to survival
or growth rate. A cell-sorter device that sorts between
functional and non-functional cells may help with this
issue, but may not be practical for performing routine
experiments.

From our results of what types of mutations are selected
for in genetic circuits and the evolutionary stability
dynamics, a few simple design principles can be proposed
when engineering circuits. The first principle is that high
expression of genetic circuits comes with the cost of low
evolutionary stability. Although exceptions to this rule cer-
tainly occur, a genetic circuit with high expression corre-
lates with a large metabolic load and therefore is predicted
to have decreased cellular fitness. When the fitness differ-
ence between the functional and non-functional cells in
the population is large, evolutionary stability will decrease
quickly. Therefore, the initial expression level of the circuit
is likely to be a good predictor of evolutionary stability
when a circuit with high mutational robustness is desired.
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Using a low or medium-copy plasmid will help with stabi-
lity as long as the expression level does not need to be
high. For more complex circuits where a high expression
level is needed for proper functioning of the circuit,
decreasing expression level then comes at the cost of
changing the function of the circuit.

The second design principle is to avoid repeated
sequences. This principle may be obvious, but nearly every
circuit in the Registry with more than one coding
sequence has repeated BO015 terminators. When a circuit
has a high metabolic load (higher than T9002) and
repeated sequences on a high-copy number plasmid, the
circuit will almost always lose function during overnight
growth (unpublished results). Re-engineering the T9002
circuit to have two different transcriptional terminators
(T9002-E) does significantly increase evolutionary half-life
over 2-fold and is independent of expression levels. How-
ever, since this circuit has high expression, this improve-
ment only results in an increase of about 10 generations.
Decreasing the expression level along with the mutation
rate will increase the evolutionary half-life about 17-fold,
as seen in the T9002-F circuit. This result suggests simple
ways to increase evolutionary stability can be used without
changing function of the circuit. For more complex cir-
cuits, the community will need to identify many more ter-
minators than those that currently exist in the Registry to
design circuits without repeated sequences.

The third design principle is that use of inducible pro-
moters generally increases evolutionary stability. This
principle may or may not be significant depending on
the circuit used. Inducible circuits are likely more stable
due to decreased metabolic load and are preferred since
expression can be controlled and fine-tuned, though in
some circumstances a constitutive promoter may be
desired. Therefore, the use of inducible promoters can
be thought of one extra precaution to maximize evolu-
tionary stability, but expression levels and repeated
sequences should first be considered.

We emphasize that the design principles proposed
may not be general since only relatively simple circuits
were tested in this study. Evolutionary stability should
be measured in larger and more complex circuits to
understand if these design principles apply. Further-
more, these simple design principles should not necessa-
rily be all used simultaneously. A researcher may not
want only to design circuits that have low expression,
have no repeated regions, and use a promoter that is
inducible. For instance, if recombination sites are
needed in the circuit, then repeated or inverted
sequences may be impossible to avoid. Besides the
design for the proper function of the circuit, design for
evolutionary robustness should be carefully considered.
For this, we need to think about the probability of
mutations occurring when the expression level, and
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therefore metabolic load, is high. In this study, removing
repeated regions often shifts mutations to the promoter,
and putting a selection on the promoter often shifts the
mutation to the chromosome.

Thus, mutations are unavoidable without a selective
pressure, but evolutionary stability can likely be improved
in the future by better design of selective environments
where the circuit is linked to survival and/or growth rate,
understanding of mutation rates in genetic circuits, fit-
ness differences between functional and non-functional
cells, and improvements to the host strain that decrease
mutation rates or buffer metabolic loads more efficiently.
Another way to improve evolutionary stability is to engi-
neer an error detection and correction circuit that will
correct mutations, but will need careful design since this
circuit itself will be prone to mutation. Designing evolu-
tionary robust genetic circuits therefore is somewhat of
an artform at the moment besides a few simple design
rules, but should be seen as something the engineer can
eventually control.

Conclusions

A wide variety of loss-of-function mutations are
observed in genetic circuits including point mutations,
small insertions and deletions, large deletions, and inser-
tion sequence (IS) element insertions that often occur in
the scar sequence between parts. Promoter mutations
are selected for more than any other biological part.
Genetic circuits can be re-engineered to be more evolu-
tionary robust with a few simple design principles: high
expression of genetic circuits comes with the cost of low
evolutionary stability, avoid repeated sequences, and the
use of inducible promoters increases stability. Inclusion
of an antibiotic resistance gene within the circuit does
not ensure evolutionary stability.

Methods

Circuit engineering and use of strains

All circuits were either obtained from the Registry of
Standard Biological Parts or engineered using the Clon-
tech In-Fusion PCR Cloning Kit with the specific meth-
ods described in [19]. All circuits are encoded on the
pSB1A2 plasmid, a high copy number plasmid (100-300
plasmids/cell) with an ampicillin resistance gene. Plas-
mids were transformed into strains via chemical trans-
formation. Escherichia coli MG1655 was the strain used
for constitutive expression and Escherichia coli MG1655
Z1 was used for inducible expression from lacl-regu-
lated promoters since this strain is lacI? (overexpresses
lacl from its chromosome).

Evolution experiment
For each engineered circuit, plasmid DNA that had been
fully sequenced was transformed into either MG1655 or
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MG1655 Z1 competent cells. Three individual transfor-
mant colonies were grown overnight at 37°C shaking at
250 RPM in + 100 pg/mL ampicillin and supplemented
with 50 pg/mL kanamycin for KanR circuits. Freezer
stocks were saved of these cultures in 15% glycerol and
stored at -80°C. These freezer stocks were streaked out
on LB + 100 pg/mL ampicillin plates with appropriate
inducer (1 x 107 M AHL for T9002 circuits and 1 x
10 M IPTG for Lacl-regulated promoters) or antibiotic
(50 pg/mL kanamycin for KanR circuits) and grown
overnight at 37°C. Three colonies were chosen from
each transformant (nine total colonies) and inoculated
into 1.5 mL LB + 100 pg/mL ampicillin media in
Eppendorf deep-well plates sealed with a Thermo Scien-
tific gas permeable membrane to allow for maximum
oxygen diffusion. T9002 circuit cultures were supple-
mented with the inducer 1 x 107 M 30C¢HSL (AHL).
KanR circuit cultures were supplemented with 50 pg/
mL kanamycin. Also, lacl-regulated circuits under indu-
cible expression were supplemented with 1 x 107> M
IPTG. T9002 and R0011 + E0240 were also evolved
without inducer as controls. The R0011 + E0240 circuit
with a mutation in the promoter was evolved to mea-
sure fluorescence background. Cultures were propagated
with a serial dilution scheme using a 1:1000 dilution to
achieve about 10 generations per day (log, 1000 = 9.97).
Evolved populations were grown for 24 hours at 37°C
shaking at 250 RPM. Freezer stocks (with 15% glycerol)
of each population were saved at -80°C every day for
future study. All replicate populations were evolved in
parallel to minimize experimental variability.

Evolutionary stability measurements

Every 24 hours, cell density (ODgoo) and fluorescence
(excitation wavelength: 485/15, emission wavelength:
516/20) of evolved populations were measured in a Bio-
tek Synergy HT plate reader. 24 hours was used as the
measurement timepoint because the rate of change of
GFP was closest to zero (i.e. closest to steady-state).
Evolved populations thus spent about 8-12 hours in lag
or exponential phase and the remaining time in station-
ary phase. For each timepoint, all populations were thor-
oughly mixed and 200 pl was transferred into black,
clear-bottom 96-well plates (Costar). OD was subtracted
from blank media to measure the OD without back-
ground. Fluorescence was subtracted from the R0011 +
E0240 circuit with a mutation in the promoter to mea-
sure background fluorescence. Fluorescence was then
divided by OD to measure the normalized expression
(Fluorescence/ODgq).

Plasmid sequencing
At appropriate evolutionary timepoints, usually when
circuit function had decreased to less than 10% of the
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original expression level, or 500 generations, the evolved
populations were streaked out on LB + 100 pg/mL
ampicillin plates, supplemented with 1 x 107 M AHL
(for T9002 circuits), 50 pg/mL kanamycin (for KanR cir-
cuits), or 1 x 102 M IPTG (for lacl-regulated inducible
circuits). Colonies were visualized for fluorescence on a
Clare Chemical Dark Reader Transilluminator. Non-
fluorescing colonies, or weakly fluorescing colonies if no
non-fluorescing colonies were present, were grown over-
night in 5 mL of LB + 100 ug/mL ampicillin. Plasmids
were extracted using the Qiagen Miniprep Kit or gly-
cerol stocks were sent to the University of Washington
High-Throughput Genomics Unit facility http://www.
htseq.org. Purified plasmid DNA was sequenced using
the VF2 (5-TGCCACCTGACGTCTAAGAA-3’) and VR
(5-ATTACCGCCTTTGAGTGAGC-3’) primers specific
to the pSB1A2 vector (about 100 bp on either side of
the circuit) or primers specific to the circuit.

Quantitative analysis of evolutionary half-life
Evolutionary half-life was calculated for each indepen-
dently evolved population. First, the slope and y-intercept
were calculated using the two normalized expression
(Fluorescence/ODygqg) data points on either side of the
half maximum expression value on the evolutionary sta-
bility plot. A linear regression on those two data points
was performed using the equation y = ax + b, where y =
the half maximum initial expression, a = the slope of the
two data points, b = the y-intercept of the two data
points, and solving for x gives the evolutionary half-life.
This method gave a very accurate half-life estimate in
terms of generations and was a better estimate than
using third-order polynomial equations which we also
calculated.

Experiment to measure evolutionary half-life vs. initial
expression level in T9002, T9002-E, R0O011 + E0240, and
R0010 + E0240 circuits evolved with different inducer
concentrations

This experiment was performed as described in the
“Evolution experiment” section above except that eight
replicate populations were propagated with different
inducer concentrations. The results of this experiment
are shown in Figure 7. For the T9002 and T9002-E cir-
cuits, the AHL concentrations were 1 x 1077 M (high
expression level datapoint on the far left side of Figure
7a), 2 x 10° M (medium expression level), and 1 x 10
M (low expression level). For the R0011 + E0240 and
RO010 + E0240 circuits, the IPTG concentrations were 5
x 10 M (high expression datapoint on the far left side
of Figure 7b), 3 x 10° (medium-high expression level),
2 x 10 (medium expression level), and 1 x 10~ (low
expression level). The evolutionary half-life for indivi-
dual evolved populations was determined as described
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in the “Quantitative analysis of evolutionary half-life”
section above. For each inducer concentration, the mean
evolutionary half-life vs. initial expression level data
point was plotted. These data points were fit to an
exponential curve since this relationship always had the
highest r* value.

Plasmid curing and re-transformation

To indirectly determine whether there are mutations on
the chromosome, we first cured plasmids from evolved
clones. Each evolved population was streaked out on to
an LB plate and grown overnight at 37°C. Individual
colonies were streaked on to both LB and LB + 100 pg/
mL ampicillin plates where each colony was marked
with a number. These plates were then grown overnight
at 37°C. Colonies that were sensitive to ampicillin were
grown overnight in LB and LB + 100 pg/mL ampicillin
as a control to ensure sensitivity. These ampicillin sensi-
tive cultures were made electrocompetent and saved in
15% glycerol stocks at -80°C. Plasmids were then re-
transformed into these strains via electroporation and
plated on selective media.

Additional material

Additional file 1: Supplementary Material. This file contains the
genetic circuit mutations in all evolved populations, regressions of initial
expression vs. evolutionary half-life measurements and additional
experiments that test for mutations on the chromosome of evolved
strains.
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Controlling E. coli Gene Expression Noise

Kyung Hyuk Kim, Kiri Choi, Bryan Bartley, and Herbert M. Sauro

Abstract—Intracellular protein copy numbers show significant
cell-to-cell variability within an isogenic population due to the
random nature of biological reactions. Here we show how the
variability in copy number can be controlled by perturbing gene
expression. Depending on the genetic network and host, different
perturbations can be applied to control variability. To understand
more fully how noise propagates and behaves in biochemical
networks we developed stochastic control analysis (SCA) which
is a sensitivity-based analysis framework for the study of noise
control. Here we apply SCA to synthetic gene expression systems
encoded on plasmids that are transformed into Escherichia coli.
‘We show that (1) dual control of transcription and translation
efficiencies provides the most efficient way of noise-versus-mean
control. (2) The expressed proteins follow the gamma distribution
function as found in chromosomal proteins. (3) One of the major
sources of noise, leading to the cell-to-cell variability in protein
copy numbers, is related to bursty translation. (4) By taking into
account stochastic fluctuations in autofluorescence, the correct
scaling relationship between the noise and mean levels of the pro-
tein copy numbers was recovered for the case of weak fluorescence
signals.

Index Terms—Gene expression noise, noise control, stochastic
control analysis, stochasticity, synthetic biology, two state model.

1. INTRODUCTION

ELL-TO-CELL variability in protein copy numbers

within isogenic populations are typically observed in
various types of cells due to underlying random biochemical
reaction processes [1]-[3]. The variability can lead to noise-in-
duced cellular phenotypes such as cellular differentiation [3],
multiple stability [4], and either sensitivity enhancement or
suppression [5], [6]. Here we investigate the ability to differ-
entially control the noise and mean levels of gene expression
in E. coli.

Such differential control in gene expression has been
achieved in different organisms such as yeast [7]-[9], soil
bacteria [10], and mammalian cell lines [11]. In E. coli, sys-
tematic noise control have not been performed by perturbing
promoter DNA sequences and ribosome binding sites, while
most studies have been focused on genome-wide expression
without such perturbations [2], [16], [21]. Here we aim to
understand differential control of mean and noise levels of
protein concentrations at the single cell levels of E. coli.
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The approach we use is based on stochastic control anal-
ysis (SCA) [12], [13], a body of theory we developed and re-
ported in previous publications. SCA is a sensitivity analysis
framework, that is a direct extension of metabolic control anal-
ysis [14], [15] to the stochastic regime [13]. This approach is
based on a /local sensitivity analysis that can be applied to study
first-order effects of finite-size perturbations. SCA can identify
which parameters in stochastic systems—here, gene regulatory
circuits—need to be varied by how much to achieve a desired
control aim. This includes orthogonal control of noise levels
with respect to mean levels, and simultaneous changes in noise
and mean levels in the same or opposite directions for the same
or different protein species. SCA can provide control efficiency
and strength to identify the most effective control schemes that
are experimentally relevant [12]. Here, we apply SCA experi-
mentally to E. coli genetic systems.

In this paper, gene circuits are encoded on plasmid back-
bones, which are transformed into E. coli MG1655. The circuits
express green fluorescent proteins (GFP) under the lac-pro-
moter. We perturbed the expression system by inducing the
promoter with isopropyl 5-D-1-thiogalactopyranoside (IPTG)
and using a library of ribosome binding sites (RBS). We found
that by taking into account stochastic fluctuations in autofluo-
rescence, scaling relationship between GFP signal noise and
mean levels can be extended to weak signal regions, where
autofluorescence becomes moderately strong. This implies that
when fluorescent signals are not strong enough compared to
autofluorescence, stochasticity in autofluorescence can be sys-
tematically taken into account to characterize cellular systems.
In addition, we aimed to understand what the major sources of
GFP signal noise are by investigating the scaling relationship
between the GFP signal noise and mean levels via promoter
induction and RBS perturbation. We found that one of the
major noise sources is bursty translation.

II. STOCHASTIC CONTROL ANALYSIS: REVIEW

SCA [12], [13] is a local sensitivity analysis based on control
coefficients, which are defined approximately as percentage
change in a response signal (y) divided by the percentage
change in a system parameter (p)

pdy _ dlogy

¢ ydp  dlogp’

Ty
P

We note that the slope in the log-log plot of y versus p corre-
sponds to C¥. The response signal can be the mean or noise
levels of mRNAs or proteins. The parameters can include
transcription and translation efficiencies, degradation rates of
mRNAs and proteins, dilution rate due to cell growth, and
reaction rates of transcription-factor binding and unbinding
from promoter regions, etc. Another important quantity in
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SCA, is the control vector, each element of which corresponds
to a control coefficient for a given response signal (y)

cy = (c

r1?

Ccv cv )

p20 " pN

where /N defines the number of parameters (dimension of the
parameter space) that will be varied to control the value of . In
this paper, we are mostly interested in dual control of transcrip-
tion and translation efficiencies, i.e., N = 2. One of the im-
portant properties of the control vector is that its inner-product
with a parameter perturbation vector §p becomes the amount of
change in the response signal dy
)
p Y

We can quantify which parameter value, and by how much it
should be controlled to achieve specific control aims. For ex-
ample, consider a case where the noise level of a protein needs
to be reduced by 9%, while its mean level should remain the
same. Here, the noise level (n) is defined by the variance di-
vided by the squared mean value, i.e., squared coefficient of
variation. Two control vectors for the noise and mean levels, CE
and C}', need to be computed based on a given mathematical
model. System parameters need to be perturbed while satisfying

on ép op

M _en %P gogand ¢
n P p m P p

=0.

The perturbation vector dp/p satisfying these two equations
can be solved, but the solutions can be infinite. In that case,
it is important to select the optimal control scheme (perturba-
tion vector) among the possible solutions. For this, the control
efficiency and strength were introduced [12]. Based on these
two quantities, one can choose desired control schemes that are
appropriate to systems of interest with the maximum control
strength and/or efficiency.

III. SCA FOR A SINGLE GENE EXPRESSION CASSETTE

We constructed plasmid expression systems that express
green fluorescent protein (GFP) under /ac-promoters in E. coli
[Fig. 1(a)]. The plasmid copy number in a single cell fluctuates
in time because a set of plasmids are randomly partitioned
during cell division and are synthesized in a stochastic fashion.
Thus, the copy number of /ac-promoters per cell fluctuates.
For simplicity, we will assume that the plasmid copy number is
tightly controlled, i.e., constant at the first level of approxima-
tion. The total number of plac will be the sum of the number
of inactive and active /ac-promoters [Fig. 1(b)], which will be
set to a constant, N,. We call this the two-state model. The
plasmid backbone that we used is pGA3K3 with the replication
origin, p15A (N, = 10 — 30). Based on this two-state model,
we computed control vectors for the mean and noise levels of
GFP fluorescence as shown in Fig. 1(c) (refer to the Materials
and Methods and [12] for the control vector computation).

The computed control coefficients show that noise can be
controlled efficiently by varying kon, kors, @tm OF vp; CF =
cr. = —1.00, C’fnff = 1.00 and C;Lp = 0.97, indicating that,
for example, with an increase in «,,, by 10%, n will reduce by
10% (this is a first-order approximation, because control coef-
ficients are defined locally). Similarly, with an increase in +,

o ., 0O
A B. . R lp 7
-TE-»)—Q—D—T— Inactive on_  Active %m %p '
plac  B0034 GFP B0015  Promoter (_k Promoter
(R0010) off GFP
mRNA

¢ AR

Noise .00 100  -100 005  -0.02 097

Mean 100  -1.00 100  -100 100  -100

Fig. 1. GFP expression system. (a) GFP is expressed under the /ac-promoter
(BioBrick part BBa_R0010) with a ribosome binding site (BBa B0034).
This expression cassette was placed in a low-medium copy number plasmid
backbone (pGA3K3; origin of replication p15A). The ‘T’ symbol represents a
terminator (double terminator used here to ensure transcription termination).
(b) Two-promoter-state model. When the promoter is active, mRNA is
transcribed with a rate constant «,,. From the transcript, GFP is translated
with a rate constant ct,. mRNA and GFP degrade or are diluted with net rate
constants -y,, and -y,, respectively. (c) Control coefficients for noise and mean
levels are listed. All control coefficients in the same row add up to zero (up to
rounding error), satisfying summation theorems in SCA [13]. Parameters (unit:
hr=1): ko, = 50, kop; = 51000, o, = 160, v, = 30, o, = 1400, and
4p = 1 (refer to the Material and Methods for the detailed description of the
mathematical model and its parameters).

by 10%, n will increase by 9.7%. For the mean level (m), any
model parameter will efficiently change m, because the abso-
lute values of all the control coefficients for m are equal to one.

IV. MEAN LEVEL CONTROL

From the computed control coefficients, the mean protein
levels can be controlled without changing the noise level
(with a minor change, ~10 folds less than the change in the
mean levels) by varying either o, or ¥,. To confirm this
theoretical prediction, we changed the translation efficiency
ap by using a library of both ribosome binding sites (RBSs)
and spacer sequences as shown in Fig. 2. Among them, four
different spacers—TACTAG, AAAAAA = (A)g, (A)1g, and
(A)13—that are placed between B0034 and the start codon
showed distinct GFP expression levels when plac is fully active
(IPTG] = 1 mM). Here, the introduced spacer sequences are
presumed to change ribosome binding affinity, in particular,
translation initiation—the limiting step for a translation rate
[23], [24]. We note that strong RBSs can recruit many ribo-
somes to mRNAs, causing an implication depending on the
availability of ribosomes. This can apply an upper limit in the
value of ay,.

Based on our flow cytometry data, the mean level was suc-
cessfully varied by using different spacer sequences as shown in
Fig. 3 and Fig. 4(a). We compared three different cases: Points
A, B, and C in Fig. 3, corresponding to [IPTG] = 1 mM. As
shown in Fig. 4(a), the rescaled probability density functions
(pdfs) were overlapped with a minor discrepancy. This scale in-
variance confirms that the noise levels of all the points are the
same.

1) Scale Invariance in the Gamma Distribution: Further-
more, the observed invariance implies a special property that
we need to consider carefully. This invariance property is satis-
fied by the gamma distribution function as shown in the Mate-
rials and Method section when the burst size is rescaled together.
This implies that the difference between the system parameters
of Points A, B, and C is only the burst size. For these Points, dif-
ferent spacer sequences were used between B0034 and the start
codon, while the lac-promoter was fully induced (saturated).
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Transcription
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Fig. 2. Perturbations in the GFP expression systems. The GFP expression
cassette is placed in the plasmid backbone pGA3K3 in E.coli MG1655Z1 that
constitutively expresses Lacl. IPTG concentrations were varied for a given
complex of ribosome binding site and spacer. ~10 fold increase in the GFP
noise level can be achieved without changing its mean level.

1

10" e
[+ ~ TACTAG +
+K N (A)g
%é (A)10 X
o ox o« (Aqz O
¥ N
%S 100k o #. 3
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Fig. 3. Scaling relationship between noise and mean levels. Four different
cases of spacer sequences between the ribosome binding site BBa B0034
and the start codon are shown. The same symbol represents the same spacer
with different [IPTG]. The noise levels (squared coefficient of variation) are
inversely proportional to the mean level. For comparison, a line with a slope —1
is drawn. The contribution to the noise level by background fluorescence signals
was removed via the noise level correction method (Materials and Methods).
For the IPTG concentration information, we refer to the Supplementary Notes
Fig. 2.

Thus, the translation rate constant «,, is expected to be varied
for these three Points and the burst size must be closely related
to oy, which is consistent with theoretical prediction based on
our model [Eq. (3)]. This result supports that the observed dis-
tribution functions are the gamma distributions (confer to [25],
[26] about claims for other types of distribution functions). To
confirm this, we fit the GFP pdfs to the gamma distribution func-
tions as shown in Fig. 5. We confirmed that the pdfs follow the
gamma distributions well.

V. NOISE LEVEL CONTROL

As discussed above, the noise level can be efficiently con-
trolled by varying kon, ko5, 0t and 7y,. However, when these
parameters are changed, the mean level also changes with the
same fold difference but in the opposite direction; for example,
in Fig. 1(c), € and C7} are —1.00 and 1.00, meaning that
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Fig. 4. Probability density functions (pdfs) of GFP fluorescence signals
measured from a flow cytometer. (a) Orthogonal mean level control: Points
A, B, and C in Fig. 3 correspond to IPTG] = 1 mM. In the inset plot,
both the pdfs were re-scaled by the mean values of their respective GFP
fluorescence signals, so that the transformed pdfs are centered around one.
(b) Orthogonal noise level control: Points D and E. Both the [IPTG] and the
spacer sequences were varied. [[PTG] = .13 mM for Point D and .1 mM
for Point E. Autofluorescence was removed via the fluorescence histogram
correction method (Materials and Methods).

Normalized Frequency

0 10000 20000
GFP Fluorescence (AU)

30000

Fig. 5. True GFP signal distribution function for the (A)io cases with
different IPTG concentrations: The fluorescence histogram correction was
applied to remove autofluorescence effects. The true GFP signal distribution
satisfies the Gamma distribution functions.

when a., is increased by x%, the noise level decreases by x%,
while the mean level increases by x%. Thus, to change the noise
level without changing the mean level, we must vary at least two
different parameters simultaneously.

Since the mean level can be controlled almost independently
of the noise level by changing «,, we will vary ¢y, along with
one of the parameters in {kon, kot s, m } to compensate for the
change. The reason that we did not choose to vary =y, is that this
parameter is highly dependent on cell growth rate, rather than
protein degradation in E. coli; GFP lifetime is much longer than
the cell doubling time ~1 hr in M9 media.

Based on the SCA, an individual change in kon, ko7, and
o and any combination of the individual changes can vary the
noise and mean levels while satisfying the same scaling law:
n = ¢/m with ¢ a constant (not varied). We note that the ratio
of control coefficients for n and m for a given parameter, e.g.,
kon, has a graphical meaning: In Fig. 3, when [IPTG] is varied,
the corresponding data point shifts (e.g., Point C — D) and the
slope of the shift in the log-log plot corresponds to the ratio of
the control coefficients: C} /C* = (dlogn/dlogm)|x,, .
FOr koy, kog ¢, and .y, the ratios are the same: (leon / ﬁ’zn) =
(G, /Ce,,) = (C4,/Ch.,) = —1. This implies that the
directions of data point shifts in the log-log plot of n versus
m are identical for each individual perturbation of k., kst s,
and a,,, and thus for any combination of these three individual
perturbations. Therefore, the shift of data points with the slope
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of —1, observed when varying IPTG concentrations as shown
in Fig. 3, cannot determine which parameters among ko, kos s,
and ¢, were affected by IPTG concentration changes. We note
that in [21] promoter perturbations in E. coli was claimed to
affect k, ¢y only.

As shown in Fig. 3, by using a library of RBS as well as
different concentrations of IPTG, the noise level was controlled
and ~10 fold change in the noise level was achieved without
changing the mean level. What is the biological reason that noise
can be increased in this way? In other words, what causes to
increase the value of the Fano factor? In the scaling relationship,
n = ¢/m, ¢ is the Fano factor, which is expressed for the case
of E. coli (Materials and Methods)

c~14b(14by)

where

b= —
Ym

and
_ Qo koff
kon + knff kon + knff .

brn,

b is the translational burst size, quatifying the number of proteins
that are synthesized from a single mRNA during the mRNA life-
time (1/%y). bm is the transcriptional burst size, quantifying
the number of mRNA that are synthesized per plasmid during
the time-scale (1/(kon + koyps)) of gene switching (refer to the
Materials and Methods). The Fano factor depends on both tran-
scriptional and translational bursts. In our case of lacI? expres-
sion of Lacl, we can neglect the transcriptional burst (Materials
and Methods). Thus, the Fano factor becomes ¢ = 1 + b, and n
can be expressed as
1+

n o~ . 1)
m

The Fano factor can be increased by applying stronger transla-
tion efficiencies (from Point C to A) and remains the same by
decreasing [IPTG] (from Point A to E), leading to the increase
in the noise level without changing the mean level.

The translational bursts lead to longer-tail pdfs, more pre-
cisely, higher cutoff values in the pdfs (in the gamma distri-
bution, there is an exponential factor ¢ %/ and b acts as a
cutoff value): Fig. 4(b) shows that a longer tail in the GFP
pdf can be generated by using stronger translation efficiency
(Point D — Point E).

Another interpretation for the observed longer tail in
Fig. 4(b) is that the major source of fluctuations in the protein
copy numbers is in mRNA copy numbers, which merely get
amplified by the translation rate in a non-bursty way

N t) ~ (22) Mool

Tp

The variance in protein expression levels becomes

2
Variance(Np, ) ~ <a—p) Variance(Nyp4)
Tp

10 T L T
TACTAG +
(A)g
(Ao
Az O
Na 100 E 3
osim
Lo 20K N E
'Z‘Jxmz%l_u m\\;)l o]
R 0 532
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102 10° 10* 10°
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Fig. 6. GFP mean and noise levels for the cases that lac-promoters are fully
induced ([IPTG] = 0.20, 0.32, 1.0 mM). Two biological replicates were used
for (A)s and (A)1o.

resulting in that the noise level does not depend on «,,

Variance(Nyppq)
Mean(N,y,)?

_ Variance(Ny,)
~ Mean(N,, )2

Since the protein mean level m must be proportional to the
translation rate constant ¢, (i.e., m = Ba,, with 4 a constant),
we obtain again similar scaling relationship

. fa% a

n is independent of a,. & n o B S
Ba, m

The Fano factor again increases with «;. Therefore, based
on the scaling relationship alone, it is difficult to differentiate
whether the translation is bursty or not.

VI. TRANSLATION IS BURSTY

We claim that translation processes are bursty. The data
points in bold in Fig. 6 correspond to different RBS strength but
the same level of [IPTG] equal to 1 mM, where the lac-promoter
becomes constitutively active. The noise values for TACTAG,
(A)s, and (A)1p were similar, but the noise level for (A4);3
was higher than the rest. This difference cannot be explained
in the non-bursty translation scenario, because n should be
independent of ap, i.e., RBS strength. In the bursty translation
scenario, the noise level can be dependent on the value of a,,
especially when the value of o, is similar to that of +y,,. Since
m is proportional to ar, (m = Se,), Eq. (1) becomes

n71+ap/fym7 1 1
ﬁap /Bap B%Ym '

For a strong RBS such as the TACTAG case, «, can be roughly
around 1400 hr—! (Materials and Methods). In this case,
ap/¥m ~ 1400/30 ~ 47, i.e. much larger than 1. Thus, Eq. (2)
becomes n 2 ((ap/¥m)/Bop) = 1/ymp3, resuling in that n is
independent of a,, which is what we observed from Point A to
C. For the case of (A};3 (Point F), the RBS strength is reduced
by ~60 times (by comparing the mean levels of Point A and F)
and &, /ym =~ 47/60 =~ 0.8. Thus, » becomes dependent on
ap [Eq. (2)]. As a,, decreases, n increases. This is consistent
with our observation.

@)
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Fig. 7. Effect of autofluorescence on scaling relationship between n and m:
Autofluorescence was removed in two different ways via (1) the noise level
correction method (red squares) and (2) the fluorescence histogram correction
method (blue triangles) (refer to the Materials and Methods). To show the trend
clearly, the data corresponding to the same biological replicate are only shown.
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Fig. 8. Autofluorescence compensation: The green dots correspond to
autofluorescence (IPTG = O case), the blue dots to the measured GFP
signals, and the red dots to the optimized solution 5, i.e., the pdf of the true
GFP signals. The black line is to verify the optimized solution S can generate
the measured GFP pdfs via convolution (refer to the Materials and Methods).

VII. SCALING RELATIONSHIP BETWEEN THE NOISE AND
MEAN LEVELS

Fig. 7 shows that the scaling relationship n = ¢/m can be
observed after autofluorescence was systematically removed,
even for the small mean value region, where the autofluores-
cence interferes with the true GFP signals. We took into ac-
count the stochasticity in autofluorescence and assumed that the
fluctuations in the autofluorescence signals are statistically in-
dependent of the true GFP signals. Under this assumption, we
compensated for the autofluorescence effect in two different
ways: (1) direct noise level correction (red squares in Fig. 7) and
(2) fluorescence histogram correction (blue triangles in Fig. 7;
an example is presented in Fig. 8) (Materials and Methods). This
implies that it is important to take into account the stochasticity
of the autofluorescence signals when characterizing the systems
by using the pdfs of fluorescence signals.

VIII. CONCLUSIONS

In summary, we perturbed the strength of ribosome binding
sites and investigated scaling relationship between the mean
and noise levels of the expressed proteins. We confirmed that
translational bursts are one of the important sources of noise
at the protein level by using our numerical sensitivity analysis
method, SCA, and the analytical structure of noise propaga-
tion. To investigate the scaling relationship further in detail, we
compensated the effect of autofluorescence by taking into ac-
count stochasticity in the autofluorescence and recovered the
expected scaling relationship even when autofluorescence be-
comes moderately strong. This shows that the autofluorescence
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can be systematically removed and its compensation can be ap-
plied to characterize cellular systems.

APPENDIX
MATERIALS AND METHODS

A. GFP Expression Circuits and Strains

All genetic components used in this manuscript are BioBrick
parts, from which genetic circuits were constructed by using
the Gibson assembly method [30]. The constructed circuits
were integrated into a low-to-medium copy number plasmid
pGA3K3 with a Kanamycin resistance gene and Escherichia
coli MG1655 Z1 was transformed with the plasmids. The strain
(lacI?) constitutively overexpresses Lacl from its chromosome.

B. Cell Growth and Flow Cytometry Measurements

E. coli strains were grown to OD600 ~ 0.2 in 2 mL
Luria-Bertani (LB) media (Becton Dickinson) with kanamycin
50 pg/mL at 37°C and 300 rpm in a shaker. The cultures were
diluted 1:200 into 200 uL. prewarmed fresh M9 media (Teknova
2M1990) in 96-well plates (Costar 3904) with kanamycin
50 pg/mL. 12 different IPTG concentrations (0 mM, 0.02 ~
1 mM) were used for each well (refer to the Supplementary
Notes for more detailed information on IPTG concentrations)
and grown to OD600 = 0.3-0.4 in a shaker (37°C, 300 rpm).
For the flow cytometry measurements, the grown cultures
were diluted 1:4 in 1xPBS. A Sony Biotechnology ec800
flow cytometer was used with a 525 nm filter and a 488 nm
excitation laser for GFP fluorescence. 100,000 events were
collected for each sample and gated by using a 2-D normal
distribution (Bioconductor flowCore norm2filter function with
scale.factor = 1) [31] within the R software environment
as well as by using python package FlowCytometryTools
(http://gorelab.bitbucket.org/flowcytometrytools/#). To prevent
well-well contamination we executed a Medium Flush cycle
after each sample well. When computing the mean and noise
levels of GFP signals, background fluorescence was removed
by using the mean and noise levels of GFP signals, or the signal
histogram for the case without IPTG for each different gene
circuit.

C. Mathematical Model
A two-state model [16], [27], [28] is introduced to describe
active and inactive states of a promoter along with transcription
and translation processes
kon Vi
N, =
ossNa

am Ng N Ym
rna

¥pNpr
Np, >

N,

Nona

apNrna

where N; denotes the number of inactive promoters, N, that of
active promoters, Ny, the RNA copy number, and N, the pro-
tein copy number. All the above reaction events are generated
stochastically. The noise level, n, of IV, can be analytically
solved (refer to the Supplementary Notes of [27] for all the de-
tailed derivation)

n=CV?=

C
m
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with m denoting the mean value of Ny, and the Fano factor ¢
is expressed as

~ ) of f Tp

=1+ apmy (1 + Fom = kor7 L (hom + k’aff)Tp) .
Here, we assumed that the protein lifetime 7,,, defined by 1/~,,
is much larger than the mRNA lifetime 7,,,. We note that control
coefficients for n can be computed from this equation analyti-
cally. We assume that the inactive and active promoter states
switch back and forth many times during the protein lifetime
(kon + kogs > 7). We believe this is the case of our ex-
periments and refer to the parameter value estimation described
below. In this case, the above equation can be further approxi-
mated

Oy kaff ) ) (3)
kr)n + kr)ff knn + koff

c= 1+ apmy, <1 +

Here, 1/(kon + kogy) is the time scale of the promoter state
switching and ko s /(kor + kogy) is a suppression weight be-
cause the promoter state follows the binomial distribution (due
to the fact that the total promoter number is constant) instead
of the Poisson distribution. Thus, the second term in the paren-
thesis can be considered as a transcriptional burst size b,,. In our
case, atm /(kon + kors) ~ 160/(50 4 51000} ~ 0.003. Thus, ¢
can be further simplified

c~ 1+ apmy,

implying that the change in the IPTG concentration has no effect
on the Fano factor, ¢, thus moving along the line of slope —1 as
shown in Fig. 3.

D. Model Parameter Estimation

Transcription rate constant, a,, = 160 hr~%: The lac-pro-
moter strength, when fully induced with IPTG, was shown
~1.5 time stronger than J23101 by directly measuring the
transcript levels with our malachite-green aptamer probes
(refer to Fig. 6.3 of [22]). For J23101, «,, was estimated at
0.03 sec™! = 110 hr~! [32]. Thus, e, for our lac-promoter
can be estimated at 160 hr !,

We used the translation rate constant, o, = 1400 hr! (Sup-
plementary Notes in [33]), the dilution rate, v, = 1 hr™!, and
the degradation rate constant of mRNA, v, = 30 hr L.

Gene inactivation, N, M) Nj;: The number of the in-
active promoters is denoted by N; and that of the active pro-
moters, N, . The sum of N; and NV, is equal to the copy number
of the plasmids, N, (considering that one lac-promoter is in-
cluded per plasmid). Here, we used N, ~ 10 (http://parts.igem.
org/Part:pSB3K3; pGA3K3 is a variant of pSB3K3). k¢ is re-
lated to the search time for Lacl to find lac-promoter. When
there exist one Lacl molecule and one {ac-promoter within an
E. coli cell, the search time is less than 6 min = 0.1 hr [21].
In the case of IV, unoccupied lac-promoters and N;,.; copies
of Lacl, the search time becomes 0.1/N;,.1N,, which is equal
to the inverse of the inactivation rate (1/k,z¢N,). Therefore,
kopy is estimated to be 10N,.s hr 1. Niaer can be roughly
estimated from the fact that the strength of the lacI? is sim-
ilar to the promoter J23101 (o, of J23101 is 110 hr‘l) [32].

Thus, the genomic expression level of Lacl, Ny,.;, becomes
ap[MRNAer/Yp = @pOm/Yp¥m =1400-110/1-30 ~ 5100.
Thus, k,ff can be roughly estimated as 5.1 x 10* hr '

Gene activation, NN; MN,L: The activation rate con-
stant k,, is related to how fast the genomically-expressed
Lacl detached from its specific promoter plac (BBa R0010).
Considering that the dissociation constant is in the range
of 0.1-1 pM = 10~ — 1073 (copy number unit; here we
used 1 nM corresponds to roughly 1 molecule number in
the volume of E. coli) [34], [35], kon can be in the range of
opy x (107 = 1073) = 5.1 — 51 hr %,

E. Noise Level Correction

The mean level was corrected with a simple subtraction. The
noise level was corrected by using the property that the ob-
served variance (Variance,) is the sum of the GFP variance
(Variance,) and the background signal variance (Variances)
under the assumption that the GFP signals are statistically in-
dependent of the background signals. More precisely, the noise
level of GFP signals, defined by the square coefficient of varia-
tion, can be obtained by

ov? — Variance, — Variancey
" (Mean, — Mean)?

where the subscripts o and b denote observed and background
signals, respectively.

F. Fluorescence Histogram Correction

The effect of autofluorescence was removed from the GFP
signal histogram, more precisely probability mass function
(pmf), by assuming that the autofluorescence is statistically in-
dependent of the true GFP signals [36]. Under this assumption,
the pmf of the measured GFP signals, T'(v), is related to both
the autofluorescence pmf C'(») and the true GFP signal pmf
S(v) via convolution

T) = /C(V — NSy,

S(v) is obtained by minimizing the fitness function

9

M*(C,T,S) = / /C(V —VY8(')dy —T(v)| dv
o Lo

+allS@)ll.

Here, a is the value of v beyond which T'(v) is essentially zero,
and in our study, we used the entire range of pmf. ||S(v)]| is a
regularization term, defined as

a

1511 = [ [0 (5S0)* +51 (@56 2]

0

where gg and g; are positive regularization constants. The opti-
mized solution of S{(} is obtained by following the procedure
described below.
1) Remove background noise that is equipment-specific. Flu-
orescence signals of strength 0 and 1 (Sony Biotechnology
ec800) were considered as background noise and removed.
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TABLE I
CONSTANTS USED IN THE AUTOFLUORESCENCE COMPENSATION ALGORITHM

Constants Values
a 1000
e 0.5

go 0.001
g1 1.0

ds 10~¢

Then, T'(v) (for the induction case of [IPTG] > 0) and
C(v) (for the case of [IPTG] = 0) were computed from
the fluorescence signals using 1000 equal-width bins to ob-
tain individual bin-sizes. Here, the bin-size of T is larger
than that of C'.

2) To compute the convolution, we will set the bin-size of '
equal to that of 7. Compute ' again from the raw data
using the bin-size of T', and append an array of zero at the
end of C' to make the total bin number equal to 1000.

3) Set the initial values of S equal to T'.

4) Generate two different random numbers 1, and v» in the
range of [0, 999]. $(v1) and S(v3) were added and sub-
tracted, respectively, by a constant dS = 10~ %: S(1y) —
S{v1) +dS and S(v2) = S{v2) — dS. When S(v2) — dS
is less than zero, set S (1) equal to S(v1)+ S(v2) and then
S(12) equal to 0. In this way, the new S is automatically
re-normalized and guaranteed to be non-negative.

5) Compute M <. If M“ decreases, we accept the change and,
otherwise, reject it and revert S(v) to the old S values
before the update.

6) Repeat the steps 4 and 5 until M“ converges and com-
pare [, C(v — v')Sop(v")dv and T (v), where Sy, is the
obtained optimized solution of 5. If S,, (') shows oscilla-
tion, reduce the value of o while rebalancing g¢ and ¢; and
go back to the step 4. If S,,, is noisy, increase the value of
« while rebalancing go and g; and go back to the step 4.

The constants used for the optimization are listed in Table 1.
The analysis was performed with Python 2.7.9 with Numpy
1.9.2, Scipy 0.15.1, and Spyder 2.3.4. Our python code is pro-
vided in the Supplementary Notes.

G. Nonlinear Regression

The gamma distribution function was used to fit our flow cy-
tometry data. Protein copy number NV, can be converted to flu-
orescence signal intensity z: Ny, = c,2 with ¢, a scaling con-
stant. The gamma distribution function can be rescaled

(csx)aflefcsat/b

P(Npri a:0) = plesianb) = =

Here, I is a gamma function, and

a’FIL
a= N,
Tp
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is the number of mRNA produced per cell doubling time, called
burst frequency with NV, the number of active promoters, and

e
Ym

b=

is the number of proteins produced during the mRNA lifetime,
called burst size. Therefore, the fluorescence intensity should
also follow the gamma distribution if its corresponding copy
number follows the gamma distribution, with the burst size
rescaled with ¢;. Nonlinear regression was carried by using the
Scipy curve_fit function (http://www.scipy.org/), which em-
ploys the Levenberg-Marquardt algorithm for the least squares
fitting to estimate @ and b.
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ABSTRACT

Synthetic biology often employs evolutionary and combinatorial
approaches to generate large libraries of genetic variants. In a
basic example of a variant library, the biological function of a
single genetic component is varied by introducing point
mutations. Ultimately, however, synthetic biologists are more
concerned with generating combinatorial variants at the system
level[1]. Such libraries may include different genetic components
arranged in permutative configurations[2], especially order and
orientation permutations. In more advanced cases, variants may
even encode semantically different networks[3], such as different
logic gates.

Here we demonstrate use of a phylosemantic tree to
systematically map and explore genetic design space. The tree
classifies combinatorial promoters into families which exhibit
similar patterns of gene expression, revealing design patterns.
Phylosemantics is a combination of phylogenetics and semantic
alignments. Semantic alignments are not a new idea[4], [5], but to
our knowledge, this is the first application of semantic alignments
to engineered genetic systems, or, more specifically, genetic
architectures in the context of synthetic biology. Applications
may include rationally guided DNA assembly or comparative
analysis of genetic architectures. We believe phylosemantics
could be a useful abstraction technique for the biodesign
community and might help synthetic biologists understand how a
variety of related designs are related to each other. We are
seeking industry or academic collaborators who are interested in
applying phylosemantic approaches to a case study and who
might be willing to share annotated sequence data.

1. RESULTS & DISCUSSION

The Cox combinatorial promoter library[2] is based on an abstract
design composed of three operators arranged sequentially in
distal, medial, and proximal positions (Fig. 1). The boundary
between positions are defined by the -35 and -10 sigma70 RNA
polymerase binding sites. Promoter variants were derived by
varying operator types at each position (repressor, neutral, or
activator) while also testing different sequence variants for a
given type. For example repressor operators include variants of
Lacl or TetR operators, while activator variants include LuxR or
AraC.

indi
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Fig 1. The Cox combinatorial promoter library
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Fig 2. Phylosemantic tree of combinatorial promoters

Of 288 promoters, we selected 12 and mapped them with a
phylosemantic tree (Fig 2). The length of branches of the tree
correspond to semantic distance between variant designs.
Tabulated next to each variant design are the basal levels of gene
expression measured for each variant promoter. The advantage of
graphing these data with a phylosemantic tree is that some design
patterns become more apparent.

The first four variants are all related because they each have a
repressor operator distally. Despite the presence of a repressor
operator, these promoters exhibit high expression anyway.
Repression in this family of promoters appears to fail. Thus, a
design rule which may be inferred is that repressor operators in
distal position are ineffective.

The middle cluster contains similar promoters with a medial
repressor operator. Promoters with a medial repressor operator
exhibit very low gene expression consistent with repression. This
makes sense from a biophysical perspective—a repressor bound in
medial position will sterically hinder RNA polymerase binding. A
design rule may thus be stated that repressor operators in medial
position exhibit a pronounced “off” effect.

The lower cluster is largely characterized by activators in the
proximal position. This cluster is interesting because it suggests
that proximal activator operators exhibit high basal expression
when uninduced. The high expression levels coming from



proximal L activation operators suggest leaky expression.
Consequently, it is likely that this activator does not have much
dynamic range. In order to assess the full range of activation, we
would need to graph induced conditions versus the uninduced
conditions currently shown. Activation operators in proximal
position may have a poor range of response and be energetically
costly due to leaky expression.

These design rules are not new observations, and were originally
described by Cox et al. Thus the design rules we inferred from
the phylosemantic tree are aligned with the results of their
previous study. The purpose of this exercise was to cross-validate
the phylosemantic approach on the Cox library because the
general design rules are already known. Some of these design
rules can clearly be seen when presented in the context of the
phylosemantic tree in Fig. 2. For brevity and clarity, our
phylosemantic analysis only includes 12 of 288 promoters.
Analysis of the full promoter library might reveal other interesting
patterns.

2. METHODS

Phylosemantics, as we define it here, extends conventional
phylogenetic approaches with the use of abstract genetic
encodings and semantic weights. Phylogenetics is a well-
established method for classifying gene variants into evolutionary
families based on similarity in primary sequence structure. The
typical workflow begins with multiple sequence alignment (MSA)
of variant sequences. From the MSA, a pairwise distance matrix is
obtained. In phylosemantics, this distance matrix is augmented
with semantic weights which may be derived from an ontology,
such as the Sequence Ontology[6], or a simple, custom ontology
defined by the user. A phylosemantic tree is derived from the
semantically-weighted distance matrix.

Phylosemantics requires genetic data that is annotated with terms
from which a semantic score may be calculated. For this reason,
standardized annotations based on ontologies are especially
useful. Annotations may be computationally predicted, or created
by biologists using annotation tools like sequence editors. The
utility of phylosemantics will always be tied to the richness of
annotated sequence data which is available. For this reason, we
have leveraged the data standard called Synthetic Biology Open
Language[7], [8] (SBOL) which supports rich annotations and
easy exchange of genetic data.

For this study we used several open-source software libraries. For
semantic representation of combinatorial promoters we used the
C++ library LibSBOL 2.1.1[9]. For sequence alignment of
abstract sequence encodings we used the C++ library Segan
2.2.0[10]. For visualization of trees we used the Python
phylogenomics module ETE Toolkit[11].

3. FUTURE WORK

So far we have only applied this approach to genetic designs
consisting of biological parts arranged in primary sequence. In
the future, more sophisticated semantic alignments could be
performed, for example on hierarchical genetic structures or the
networks they encode. These advanced approaches might become
valuable as biological designs become ever more complex and the
availability of standardized, well-annotated genetic data improves.

Phylosemantics encompasses a number of related approaches that
might apply in different scenarios. For example, different
formulae for calculating semantic distance can produce trees that
are more useful for one type of analysis versus another. Another
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choice with interesting implications is whether to construct a
rooted versus unrooted tree. Other scenarios in which
phylosemantics might be useful include:

e  Phylosemantic classification might be used to classify
permutations of genes in different orientations.

e  Phylosemantics could enable biodesign automation
efforts by helping synthetic biologists plan rational
assembly strategies given a collection of DNA
templates.

e Phylosemantic classification might also be useful for
biologists more interested in studying natural systems
than building synthetic systems. For example, a
comparative study of the architecture of variant
proteasome systems might be helped by a more
systematic approach[12].

We are seeking industry or academic collaborators who are
interested in applying phylosemantic approaches to a case study
and who might be willing to share annotated sequence data.

4. ACKNOWLEDGMENTS
This work was supported by NSF#1355909 Synthetic Biology
Open Language Resource

5. REFERENCES

[1] C. C. Guet et al., “Combinatorial synthesis of genetic
networks,” Science (80-. )., vol. 296, no. 5572, pp. 1466—
1470, 2002.

[2] R. S. Cox et al., “Programming gene expression with
combinatorial promoters,” Mol. Syst. Biol., vol. 3, no. 1,
p. 145, 2007.

[3] A. A. K. Nielsen et al., “Genetic circuit design
automation,” Science (80-.)., vol. 352, no. 6281, p.
aac7341, 2016.

[4] M. Schulz et al., “Retrieval, alignment, and clustering of
computational models based on semantic annotations,”
Mol. Syst. Biol., vol. 7, no. 1, p. 512, 2011.

[5] J. Collado-Vides, “Towards a unified grammatical model
of 670 and 654 bacterial promoters,” Biochimie, vol. 78,
no. 5, pp. 351-363, 1996.

[6] K. Eilbeck et al., “The Sequence Ontology: a tool for the
unification of genome annotations,” Genome Biol., vol.
6, no. 5, p. R44, 2005.

[7] M. Galdzicki et al., “The Synthetic Biology Open
Language (SBOL) provides a community standard for
communicating designs in synthetic biology.,” Nat.
Biotechnol., vol. 32, no. 6, pp. 545-50, 2014.

[8] N. Roehner et al., “Sharing structure and function in
biological design with SBOL 2.0,” ACS Synth. Biol., vol.
5, no. 6, pp. 498-506, 2016.

[9] “LibSBOL.” [Online]. Available:
http://sbolstandard.org/software/libraries/.

[10] A. Doring et al., “SeqAn an efficient, generic C++ library
for sequence analysis,” BMC Bioinformatics, vol. 9, no.
1, p. 11, 2008.

[11] J. Huerta-Cepas et al., “ETE 3: Reconstruction, analysis,
and visualization of phylogenomic data,” Mol. Biol.
Evol., vol. 33, no. 6, pp. 1635-1638, 2016.

[12] R. De Mot, “Actinomycete-like proteasomes in a Gram-
negative bacterium,” Trends Microbiol., vol. 15, no. 8,
pp. 335-338, 2007.



109

Chapter 5

CLOSING THE LOOP IN THE DESIGN-BUILD-TEST CYCLE
WITH THE SEMANTIC WEB

5.1 Introduction

Chapter 1 introduced the Synthetic Biology Open Language data exchange standard. When
originally released, the SBOL standard supported design tasks for synthetic biology, specifi-
cally, designing the composition of hierarchical, synthetic DNA constructs prior to assembly
or implementation in the laboratory [11]. Unfortunately, SBOL did not support knowledge-
sharing for experimentalists who actually implement these constructs in the lab and per-
form measurements on them. Much of the practical experience of experimentalists remains
buried in hand-written notebooks or scientific publications using natural language descrip-
tions which cannot be easily searched or reproduced by others. Measurement data are often
lost on workstations belonging to individual researchers, and these data are often not passed
from researcher to researcher when personnel are replaced in the lab. All of these circum-
stances create a barrier that make it difficult to translate synthetic biology from laboratory-
scale, proof-of-principle experiments to industrial-scale applications. The unifying theme of
this dissertation is the development of computer-aided technologies and knowledge-sharing
applications that support synthetic biologists through the entire engineering problem-solving
process, as shown in Figure 5.1. This chapter discusses ongoing work to extend the SBOL

standard to realize this vision.
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Figure 5.1: The design-build-test cycle in synthetic biology consists of many specialized tasks
that may be automated with the help of computer-aided technologies and the SBOL data

exchange standard

5.2 The Design-Build-Test Framework for Engineering Problem Solving

Synthetic biologists have adopted from other engineering fields a framework for problem-

solving known as the design-build-test cycle. The design-build-test cycle is the scientific

method applied in the context of engineering. Stages of the cycle include designing an initial

prototype, testing that prototype, analyzing its performance against specific metrics, learning

what worked and what did not work, designing a new prototype based on what was learned,

and completing the cycle again. Ideally each cycle generates new understanding that feeds
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back into new cycles as alternative approaches or reformulated problems. For this reason, it

is sometimes called the design-build-test-learn cycle.

The collaborative spirit of synthetic biology closely resembles that of other engineer-
ing fields like automotives and aerospace. For example, in the 1980s the American Motor
Corporation instituted product life-cycle management (PLM) to help teams of engineers
collaborate. Their automated PLM systems supported design-build-test workflows for en-
gineers using computer-aided design tools and networked databases containing designs and
documentation. [29, 16] A principle of PLM is that every physical component has a virtual,
digital life that tracks data about its actual life. Chrysler, which purchased AMC and incor-
porated their PLM technologies, credited it with reducing R&D costs by 50% and increasing
the timely development of attractive new automotive models. This example illustrates how
excellent speed and quality of problem-solving can be achieved with supporting infrastruc-
ture and tool chains in place. Synthetic biologists need similar support to achieve visionary

goals such as engineering synthetic genomes.

The synthetic biology development cycle includes steps such as using well-characterized
DNA parts from online databases, assembling new genetic programs from DNA sequences,
synthesizing and assembling DNA constructs in the laboratory, quality control, quantitative
characterization of a DNA part’s encoded behavior, and submitting characterized parts to
inventories so that other engineers may re-use them. Each of these steps may be carried
out by different individuals with specialized skills and equipment.An aspirational goal of

synthetic biology is to close the design-build-test loop using automated tools.

At a high level, the SBOL standard defines essential types of data that are need to describe
and represent a genetic system. This specification is called a data model. A data model can
be illustrated using box diagrams that show conceptual building blocks and the relationships

that can exist between them. The boxes represent “classes” within the data model. Each
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class describes a record of data. An everyday analogy for a “class” is a paper form (e.g.,
tax document) with fields that one might fill in by hand. A business database may use an
internal data model that includes classes for Customer, Address, and OrderHistory. Each
record or class may contain additional properties, like name, zip code, or order number.
In contrast, the SBOL data model includes classes more relevant to synthetic biology, like
Components, Modules, and Sequences.

This chapter is based on a formal proposal to the SBOL development community, now
being voted upon, to support full design-build-test-learn workflows. This proposal, if ratified,

will greatly expand the utility of the SBOL standard for practicing synthetic biologists.

Decouples the design-build-test-learn process, according to the foundational principles

for engineering biology [10].

» Enables domain experts working in different domains of synthetic biology to collaborate

in cross-disciplinary and cross-institutional workflows
o Links experimental data about biological samples to their target design

o Captures workflow provenance, a description of the events of a workflow, including

which is crucial for scientific reproducibility
o Provides a framework for laboratory automation of design-built-test protocols

« Support model-based design for synthetic biology

In any large-scale engineering effort, the effort may be broken down into smaller tasks
carried out by individual specialists. For example, within a single lab, the Densmore lab
at Boston University, one person might use a software tool such as Eugene [4] to design a
large collection of genetic circuit variants, while another person might use a tool such as

Raven [1] to plan the most efficient molecular cloning process for this large library, while
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a third person might use a tool like TASBE [3] to perform flow cytometry analysis on the
fluorescent reporters expressed by these DNA circuits. This hypothetical workflow is shown
in Figure 5.2. This specialization and division-of-labor is what Endy refers to as “decoupling”,

one of the foundational principles of synthetic biology [10].

— Edgene

Registry

R Pigeon

TASBE
Tools

¥ Raven

Figure 5.2: Design-build-test cycles for synthetic biology are supported by many software
tools. See http://2014.igem.org/Team:BostonU/ChimeraExample

Moreover, different tasks may be performed at different institutions by separate domain
experts. Assembly of DNA may be outsourced to a company like Synthetic Genomics (La
Jolla, CA), while characterization might be performed by the measurement and analysis

pipeline hosted at the Centre for Synthetic Biology and Innovation (CSynBI) at Imperial


http://2014.igem.org/Team:BostonU/ChimeraExample
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College London. Modeling and simulation of biological systems might be carried out by our
own Department of Bioengineering here at the University of Washington. Each institution
represents a domain of expertise which needs to track its own internal workflows, but also

needs to inter-operate with other institutions.

The aim of this specification is to capture workflow provenance, a complete description
of evaluation and enactment of computational and laboratory protocols in a workflow. This
is crucial to verification, reproducibility, and automation in synthetic biology. Within this
model for workflow provenance, other critical use cases can be supported, such as performing
model-based design or linking experimental data directly to the biological constructs that
the data describes. These workflow histories can then be searched and reproduced with the

help of automated tools.

Figure 5.5 illustrates the many use cases that were considered and discussed while de-
veloping this proposal. (A use case may be thought of as a particular scenario describing
how a user intends to use software to achieve a goal.) Each colored square represents a data
object, a record of descriptive data. This proposal is explained in terms of data objects
which represent Designs, Builds, Tests, and Models. The Design represents the engineer’s
conceptual intention, while the Build represents an actual realization of that intention in the
laboratory. For example, a Design object contains information about the target sequence
for a synthetic construct, while the Build object might contain identifying information for
an actual sample in the laboratory. A Test object contains experimental data. A Model is
a mathematical idealization of a biological part’s behavior derived from experimental obser-
vation. The arrows between these data objects represent links which connect data objects

with each other into a composite data structure representing a workflow.

This proposal uses the terminology Design, Build, and Test for clarity of discussion be-

cause it closely parallels terminology used in synthetic biology literature, but the actual
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Figure 5.3: Use case 1 describes linking many biological instances (plasmid clones, cellular
clones, etc.) to the design which generated them. Use case 2 describes linking sequential
stages of a build process which requires more than one processing step in the laboratory.
Use case 3 describes a simple case of linking experimental data, such as sequencing data,
to a sample. Use case 4 describes performing an experimental test on multiple samples at
once in batch, for example in a 96-well plate. Use case 5 describes a scenario in which
different models (eg. deterministic vs stochastic) are derived from experimental data. Use
case 6 describes a case in which data from multiple experiments are integrated into a single
analysis. Use case 7 describes the creation of a model-based design.

implementation of this proposal at the level of computer programming uses a different set of
terminology. For example Build objects are actually called Implementations, although the
semantics or meaning of these terms are similar. This inconsistency in terminology reflects
differing and sometimes divisive philosophical perspectives within the SBOL standards de-
velopment community. While some members of the development community would prefer
to use conceptual terminology reflecting the actual terminology used by practitioners in the

synthetic biology field, some software developers do not like to introduce new terminology
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into the standard and would prefer to re-use (“overload”) existing classes to minimize the
overhead of implementing changes to software and database infrastructure. As a means to
achieve compromise between these different perspectives, Python and C++ software libraries
(pySBOL and 1ibSBOL, respectively) were developed to support a feature called extensible
data modeling, which will be further discussed in the next section. Throughout this chapter,

the terms Design, Build, and Test are preferred for clarity and simplicity of discussion.

The SBOL standard is formally specified in a specification document which, along with
written descriptions, uses a diagrammatic language called the Unified Modeling Language
(UML) to specify the format of data structures. Using explicit UML diagrams, Figure 5.4
depicts a data structure showing a single step in a workflow. A stage of a workflow is
represented as an Activity which links together the inputs and outputs of the process.
Each Activity may be further subclassified as “design”, “build”, “test”, or “learn” activity,
and each type of activity has an expected type of input and output. Each Activity may
be associated with a person, a software tool, and/or a protocol (written in either a human-

readable or machine-executable language).

To make this abstraction a little more comprehensible, consider the activity of building
a house. The builders require a blueprint (Design), but they also require certain material
inputs such as boards and nails (Builds) which are then assembled or composed into the
house (Build). Panel A of Figure 5.4 illustrates a “build” activity as applied to a DNA
assembly procedure. In this example, the Design is like a blueprint for a genetic construct.
The biochemical inputs to the DNA assembly procedure, whether they are synthetic oligonu-
cleotides, DNA restriction fragments, PCR products, or other type of laboratory reagent,
are represented by Builds. The output of this activity is a new Build which represents the

genetic construct.
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Figure 5.4: (A) Assembly provenance. (B) Modeling provenance.

A goal of synthetic biology is to describe the behavior of synthetic biological systems
in mathematically precise terms using dynamic models. Panel B of Figure 5.4 represents
a “learn” Activity for model construction. In this example the inputs are models which

are merged to compose a more complex system model using a computational tool such as

SemGen [13].

While Figure 5.4 illustrates workflows within a specialized domain of practice, Figure

5.5 demonstrates how workflows between different domains of synthetic biology can be inte-
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grated. This figure depicts a data structure representing an idealized design-build-test-learn

workflow.
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prov:qualifiedUsage
prov:Activity Computational
prov:hadPlan Design
Usage
prov:wasDerivedFrom "learn" <_Proviagent
prov:wasGeneratedBy
MDef
Y L d
s | i | egen
"design"
o Person H
'®) ] Design
T [] Build
'I'I:: e [ Test
- | e |
Protocol
O "build" . MOdel
< | |
=
Collection
prov:Activity DataAnalysis
Ko Protocol
Usage
" e

\4 e

Figure 5.5: An example data structure representing an idealized workflow for model-based
design

This particular example represents an idealized workflow for model-based design. The
workflow begins with a Model which describes the hypothesized behavior of a system. Using
a computational tool, a new Design (ModuleDefinition) is composed of biological parts

which links back to its Model. A genetic construct is then produced in the laboratory via an
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assembly protocol, and this biological sample is represented by a Build (Implementation).
Now that the Build has been constructed in the laboratory, an automated measurement
protocol may be performed, thus generating Test data (represented by a Collection of
Attachments). Finally, a new Model is derived from these data using some kind of fitting
algorithm. (Perhaps the most familiar example to biologists would be using Excel to fit a
linear curve to a set of standards, but could also include fitting a dynamic model to trajectory
data.) The final Model may not match the beginning Model, as the observed behavior may
not match the prediction. This example thus illustrates one complete iteration through a

design-build-test-learn cycle.

5.3 Extensible Data Modeling with SBOL

Although SBOL is branded as a standard for synthetic biology, the details of its imple-
mentation more properly belong in the realm of bioinformatics or computer science rather
than synthetic biology. The low level data format of SBOL is based on resource description
framework (RDF), a data standard defined by the World Wide Web Consortium (W3C). It
is a standard that allows networked tools, including software applications, web-based tools,
databases, and scientific instruments in the “cloud” to communicate, creating a “semantic”
web. One advantage of RDF is that it simplifies integration of data derived from different
sources across the web. Another advantage of RDF is that it structures natural language
into machine-readable grammars so that software tools can automate reasoning tasks. Al-
though most casual users of the web may have no experience with semantic web technology,
it is becoming increasingly important to both large enterprises for product life cycle man-
agement (PLM) [24], the NIH’s Big Data To Knowledge initiative [30] and other “big data”

approaches.
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Figure 5.6: The SBOL standard specifies a conceptual data model for describing biological
systems on top of a machine-readable file format. Extension data models, and indeed arbi-

trary data models for knowledge representation in any domain, can be developed which use
the SBOL file format.

The purpose of the SBOL data model, which was introduced in the previous section,
is to add a layer of human-readable knowledge representation on top of SBOL’s machine-
readable RDF data format. This makes it possible to design software based on how humans
solve problems and represent knowledge, rather than how computers process data. These
distinctly different aspects of the SBOL standard as a human-readable data model versus

SBOL as a machine-readable file format based will become important later.

The significance of SBOL as a semantic web standard can be highlighted by considering it
in the historical context of data exchange standards. Writing in the journal Computer Aided
Design, authors from the Manufacturing Engineering Laboratory at the National Institute
of Standards and Technology, describe the historical evolution of data exchange standards

as follows [24]:
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The current set of the underlying linguistic structures populating PLM support is
fragmented and incomplete in coverage. These incompatible linguistic structures
represented by the current standards have evolved in a bottom-up fashion — based
on localized needs and technology provider-centric definitions — for supporting

particular aspects of the product life cycle

In other words, standards developers boxed themselves into a corner by taking a narrow view
of the applications of standards within their own domain of knowledge, and as a consequence
they now have difficulties integrating data across different fields of practice. This is shown
in Figure 5.7. It is precisely this outcome that can be avoided by leveraging semantic web

technologies such as SBOL. As a semantic web standard, SBOL supports a concept called

Enterprise
services

Process

Product

Figure 5.7: Data exchange standards for produce lifecycle management are not inter-
operable. [24]

extensibility that allows users to integrate SBOL data with other types of data. For example,
an engineer may wish to combine descriptive data about a microfluidic device, not currently

within the scope of the SBOL data model, with descriptive data about a synthetic biological
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system under study in the device. An advantage of the SBOL file format is that it allows
developers to embed custom data within SBOL documents, such that these data can be
exchanged without being damaged or lost. However, this mechanism for including so-called
extension data results in a data exchange scenario described here as “weak” data exchange.
In weak data exchange, extension data are preserved, but they are preserved in the form of
generic data structures which do not present a meaningful interface to a human user (see
5.8. In contrast, “strong” data exchange can be achieved through extensible data modeling,

described below.

As described in Chapter 2 I have developed open source Python (pySBOL) and C++
(libSBOL) libraries which read, write, and manipulate SBOL. These libraries support a
unique feature called extensible data modeling which distinguishes it from other libraries
that have been developed within the SBOL development community and which makes a a
novel contribution to the fields of bioinformatics and standards development. Extensible
data modeling makes it easy for users to extend and customize the SBOL data model to
their needs, as well as lowering the maintenance cost of software libraries for future open
source development. An “extension” to the data model adds new classes or new properties
to an existing class. Such extensions are easy to develop and distribute so that other users
can read and write extension data in SBOL files. SBOL extensions require no additional
library installation or modification of existing libraries. They are a simple C++ header file
or Python file which is included with a client project. Most importantly, these extensions
enable users to share data using explicit class and property names rather than generic data

structures, achieving human-readable knowledge representation and strong data exchange.

Figure 5.9 illustrates why extensible data modeling is useful to a standards development
effort. The left panel diagrams the SBOL 2.0 data model in its most recent publication [25].

The right panel diagrams the Manufacturing Core Ontology (MCO) [5], a data model for
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product lifecycle management. There is conceptual similarity between some of the classes
in both data models. For example, SBOL Components and MCO Parts roughly map to
each other. The point of this comparison is to illustrate that the SBOL data model can
reasonably be expected to expand as the standard grows to support more use cases for
synthetic biology. An advantage of extensible data modeling is how easy it is to expand
the data model without major software development effort. Since SBOL is intended to be
an open-source development effort, extensible data modeling lowers the barrier to entry and

maintenance cost for new contributions from the open-source community.

The example extensions in Figure 5.10c illustrate how extensions are currently being
used in practice by the community. The first example demonstrates an extension model for
describing how an experiment is organized, experimental groups, and samples. This extension
is being used at BBN Technologies (Boston, MA) as part of the DARPA Synergistic Discovery

& Design project.

SBOL extension classes might be used to represent organisms in cell banks. This is the
purpose of the Host extension, which describes a host organism, its genome, and its muta-
tions. Ome reason this might be useful is for automating the design of biological systems
composed of a genetic circuit coupled to a host organism. Some genetic systems may be
compatible only with certain host organisms, and this decision-making process can be auto-
mated. Currently I have implemented an SBOL knowledgebase which contains data about

E. coli strains culled from multiple sources.

A final example illustrates how SBOL might be extended to represent 3-dimensional
biological structures, for 3-D CAD of synthetic biomolecules. This can be achieved simply
by adding a new kind of Location class that contains x, y, z coordinates. Modular protein

complexes like polyketide synthases might be synthetically designed using this feature. The
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3D structure extension is being developed in collaboration with researchers at Newcastle
University in the UK.

This discussion about extensibility and interoperability also has an important context in
the field of computational biology. Many computational standards relating to different do-
mains of biology have emerged in the last decade, prompting the many communities behind
these efforts to combine efforts through the Computational Modeling in Biology Network
(COMBINE) [18, 20, 7, 11, 23]. A goal of the COMBINE is to develop interoperable stan-
dards that allow different sources of data to be integrated. The best approach for this goal is
still an ongoing discussion topic at the workshops involving all the standards communities.
The extensible data modeling approach employed by the pySBOL and libSBOL libraries
demonstrates a proof-of-principle for future development of interoperable standards.

Extensibility is a feature that invites open and easy participation, experimentation, and
innovation in the standards process. Rather than a centralized approach to standardization,
extensibility allows a more open-source, grassroots approach. Coders can easily modify ex-
isting extensions, changing some properties of a class while keeping others, for instance. Such
modifications could result in a diverse ecosystem of overlapping, interoperable extensions,
rather than a single centralized, monolithic SBOL standard. It is expected that more use-
ful extensions will be formally adopted into the SBOL core specification as the community
converges towards a consensus. This is a distinctly semantic web approach to standards

development, and in some ways a radical social experiment in collaborative science.
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“Weak” data exchange with generic extensions
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Figure 5.8: “Weak” data exchange versus “strong” data exchange. An SBOL extension
allows users to define new classes in the data model, but software libraries which support
only weak data exchange lose this human readability. In the top panel, one user defines a
new class called Host (to represent a host cell). To a user of the Java library, this information
is imported as a generic object. In contrast, Python and C++ libraries support strong data
exchange which preserves the Host class during data exchange. The extension preserves and
presents meaningful information to human users.
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Figure 5.9: A comparison of data models in the Synthetic Biology Open Language versus
the Manufacturing Core Ontology
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Figure 5.10: (A) Extension classes for representing experimental design (B) A Host extension
for strain repositories and cell banks (C) Representing a 3D structure using SBOL
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Summary

Synthetic biology builds upon the techniques and successes of genetics, molecular biology,
and metabolic engineering by applying engineering principles to the design of biological
systems. The field still faces substantial challenges, including long development times,
high rates of failure, and poor reproducibility. One method to ameliorate these problems
would be to improve the exchange of information about designed systems between labo-
ratories. The Synthetic Biology Open Language (SBOL) has been developed as a standard
to support the specification and exchange of biological design information in synthetic bi-
ology, filling a need not satisfied by other pre-existing standards. This document details
version 2.0 of SBOL, introducing a standardized format for the electronic exchange of in-
formation on the structural and functional aspects of biological designs. The standard has
been designed to support the explicit and unambiguous description of biological designs by
means of a well defined data model. The standard also includes rules and best practices on
how to use this data model and populate it with relevant design details. The publication of
this specification is intended to make these capabilities more widely accessible to potential
developers and users in the synthetic biology community and beyond.
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Purpose

Synthetic biology builds upon the techniques and successes of genetics, molecular biology, and metabolic engineer-
ing by applying engineering principles to the design of biological systems. These principles include standardization,
modularity, and design abstraction. The field still faces substantial challenges, including long development times,
high rates of failure, and poor reproducibility. A common factor of these challenges is the exchange of information
about designed systems between laboratories. When designing a synthetic system, synthetic biologists need to
exchange information about multiple types of molecules and their expected behavior in the design. Furthermore,
there are often multiple degrees of separation between a specified nucleic acid sequence (e.g., a sequence that
encodes an enzyme or transcription factor) and the molecular interactions that a designer intends to result from
said sequence (e.g., chemical modification of metabolites or regulation of gene expression), yet these different
perspectives need to be connected together in the engineering of biological systems.

The Synthetic Biology Open Language (SBOL) has been developed as a standard to support the specification and
exchange of biological design information in synthetic biology, filling a need not satisfied by other pre-existing
standards. Previous nucleic acid sequence description formats lack key capabilities. For example, simple sequence
encoding formats such as FASTA encode almost nothing about design rationale. More sophisticated formats such
as GenBank and Swiss-Prot support a flat annotation of sequence features that is well suited to the description
of natural systems, but is unable to represent the multi-layered design structure common to engineered systems.
Figure 1 shows the relationship of selected prior sequence description formats to SBOL 1.1 and SBOL 2.0. Modelling
languages, such as the Systems Biology Markup Language (SBML) Finney et al. (2006) can be used represent
biological processes, but are not sufficient to represent the associated nucleotide or amino acid sequences. Synthetic
biology needs a structured standard that defines how to represent relevant molecules and their functional roles
within a designed system, standardized rules on how such information is encoded in a file format, and software
libraries to enable the exchange of such data between participating laboratories and as part of the publication
process.

To help address these challenges, SBOL introduces a standardized format for the electronic exchange of information
on the structural and functional aspects of biological designs. The standard has been designed to support the
explicit and unambiguous description of biological designs by means of a well defined data model. The standard
further describes the rules and best practices on how to use this data model and populate it with relevant design
details. SBOL uses existing Semantic Web practices and resources, such as Uniform Resource Identifiers (URIs) and
ontologies, to unambiguously identify and define genetic design elements. The definition of the data model and
associated format, the rules on the addition of data within the format and the representation of this in electronic
data files are intended to make the SBOL standard a useful means of promoting global data exchange between
laboratories and between software programs.

This document details version 2.0 of SBOL. The previous version 1.1 of the SBOL standard focused on representing
the structural aspects of genetic designs. Users of the standard were able to exchange information on DNA designs,
but they could not represent molecules other than DNA or the functional aspects of designs beyond DNA sequence
features. The SBOL 2.0 data model defined in this specification extends the version 1.1 data model to provide for the
most pressing data exchange needs identified by the SBOL community. In particular, the extended data model can:

B Represent non-DNA structural components of a biological design, including RNA, proteins, small molecules
and other physical components.

® Describe the behavioral aspects of a biological design, such as the intended or expected molecular interactions,
and link to mathematical models written in other standards

B Associate structure and function so that a single design can be understood in terms of its structure, behavior,
or both.

B Support rich annotation of biological designs, so that classes of design data that are not explicitly covered by
this specification can be safely exchanged
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Figure 1: SBOL 2.0 extends prior sequence description formats to represent both the structure and function of a genetic
design in a modular, hierarchical manner.

Taken together, these extensions enable SBOL to support the description and exchange of hierarchical, modular
representations of both the intended structure and function of designed biological systems.

While the ultimate goal of SBOL is to describe synthetic biological designs such that they can be reproduced in the
lab with a high degree of fidelity, SBOL 2.0 does not yet provide a complete catalog of the different classes of data
that are necessary to achieve this goal. For example, SBOL 2.0 does not yet include data on environmental and host
context, or details on how the performance of a design is measured. To enable progress towards capturing these
types of data, SBOL 2.0 provides an annotation mechanism that allows SBOL to be easily extended (see Section 7.11).
Three scenarios are envisaged for extending SBOL:

m (Critical data related to the reproducibility of designs. These include what growth media was used, what
temperature the organisms were grown at, or where the recombinant DNA was integrated into the host
genome or a plasmid.

m Tool specific data. These could include tool settings specific to the design that is being loaded, such as which
windows are to be opened or which settings are to be initialized. Tool makers could also include encrypted
proprietary information related to a company or client in an extension.

B Data that are non-essential for reproducibility but are nevertheless useful to many users. There are many
cases where specific communities of users require data that cannot be explicitly represented using the SBOL
data model. These include data on visualization, evolutionary stability, or other .

The extension mechanism is therefore a critical part of SBOL 2.0 and will allow others in the community to
incorporate their own custom data into SBOL files and contribute to community efforts to expand the scope of
SBOL.

The SBOL 2.0 specification also adds a number of measures to simplify adoption and validation of compatibility with
the standard. First, unlike the SBOL 1.1 specification, the SBOL 2.0 specification explicitly incorporates the primary
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Section

serialization format for its data model to better show how the standard can be used. Second, the specification
includes a set of validation rules for determining the compatibility of a document with SBOL 2.0, most of which are
machine-verifiable. Finally, the specification includes a set of recommended best practices that can allow software
tools to take best advantage of the standard and effectively exchange data.

In addition, care has been taken to ensure that SBOL 2.0 is backwards-compatible with previous versions. While
the changes made in SBOL 2.0 do mean that a SBOL 1.x file is not a valid SBOL 2.0 file, there does exist a direct
mapping from the SBOL 1.x data model to the SBOL 2.0 data model, making it possible to automatically convert any
SBOL 1.x file to an SBOL 2.0 file. Since SBOL 2.0 can encode all data previously encoded in SBOL 1.1, developers are
encouraged to upgrade their SBOL 1.1 compliant software tools to use SBOL 2.0 software libraries.

Lastly, the SBOL standard has been developed in collaboration between both “wet” bench scientists and “dry”
scientific modelers and software developers that are active within the synthetic biology community. As before with
SBOL version 1.1, this open community has met to discuss and agree upon the data exchange needs that version 2.0
of the SBOL standard is intended to address. These discussions have informed the efforts of developers within the
community to produce a SBOL 2.0 specification after several rounds of proposal and revision. This specification has
been evaluated by the community for its ability to represent a wide range of synthetic biology designs and share
these designs between different laboratories. This specification has also informed the development of software
libraries that implement the standard, and software tools that employ the standard by means of these libraries,
thereby providing further testing of SBOL 2.0. The publication of this specification is intended to make these
capabilities more widely accessible to potential developers and users in the synthetic biology community and
beyond.
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Relation to other BBF RFCs :

BBF RFC 107 replaces BBF RFC 87 (the SBOL 1.1 standard).
BBF RFC 107 updates BBF RFC 30 (RDF-based framework for synthetic biology data), as it proposes a standard s

conforming to BBF RFC 30. 4
BBF RFC 107 also implicitly supersedes the previously replaced BBF RFC 84 (SBOL 1.0, replaced by BBF RFC 87) and
BBF RFC 31 (PoBoL, replaced by BBF RFC 84). 6
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Copyright and License Statement 1

Copyright (C) The BioBricks Foundation and all authors listed on this BBF RFC. This work is made available 2

under the Creative Commons Attribution 4.0 International Public License. To view a copy of this license visit s
https://creativecommons.org/licenses/by/4.0/. 4
In addition to the listed authors, the following people are specifically recognized as additional contributors sharing 5

in the copyright (alphabetically by institution): Douglas Densmore (Boston University, USA), Jacqueline Quinn s
(Google, USA), and Guy-Bart Stan (Imperial College London, UK). 7
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4 A Brief History of SBOL :

The SBOL effort was kickstarted in 2006 with the goal of developing a data exchange standard for genetic designs. 2
Herbert Sauro (University of Washington) secured a modest grant from Microsoft in the field of computational s
synthetic biology, which was used to fund the initial meeting in Seattle on April 26-27, 2008. This workshop was 4
organized by Herbert Sauro, Sean Sleight, and Deepak Chandran, and included talks by Raik Gruenberg, Kim de 5

Mora, John Cumbers, Christopher Anderson, Mac Cowell, Jason Morrison, Jean Peccoud, Ralph Santos, Andrew 6
Milar, Vincent Rouilly, Mike Hucka, Michael Blinov, Lucian Smith, Sarah Richardson, Guillermo Rodrigo, Jonathan 7
Goler, and Michal Galdzicki. 8
Michal'’s early efforts were instrumental in making SBOL successful. As part of his doctoral work, Mike led the 9
development of PoBol, as SBOL was originally known. He organized annual workshops from 2008 to 2011 and kept 10
the idea of developing a genetic design standard alive. The original SBOL 1.0 was developed by a small group of 1
dedicated researchers calling themselves the Synthetic Biology Data Exchange Working Group, meeting at Stanford 12
in 2009 and Anaheim, CA in 2010. During the Anaheim meeting, the community decided to write a letter to Nature 18
Biotechnology highlighting the issue of reproducibility in synthetic biology. This letter was initiated by Jean Peccoud 1
and submitted by participants of the Anaheim meeting, including Deepak Chandran, Douglas Densmore, Dmytriv, 15
Michal Galdzicki, Timothy Ham, Cesar Rodriquez, Jean Peccoud, Herbert Sauro, and Guy-Bart Stan. The overall 16
pace of development quickened when several new members joined at the next workshop in Blacksburg, Virginia 17
on January 7-10, 2011. This early work was also supported by an STTR grant from the National Institute of Health 18
(NIH #1R411LM010745 and #9R42HG006737, from 2010-13) in collaboration with Clark & Parsia, LLC (Co-PIs: John 19
Gennari and Evren Sirin). New members included Cesar Rodriguez, Mandy Wilson, Guy-Bart Stan, Chris Myers, and 20
Nicholas Roehner. 21
The SBOL Developers Group was officially established at a meeting in San Diego in June 2011. Rules of governance 2
were established, and the first SBOL editors were elected: Mike Galdzicki, Cesar Rodriguez, and Mandy Wilson. 2
At our next meeting in Seattle in January 2012, Herbert Sauro was elected the SBOL chair, and two new editors 2
were added: Matthew Pocock and Ernst Oberortner. New developers joining at these workshops included several 2
representatives from industry, Kevin Clancy, Jacob Beal, Aaron Adler, and Fusun Yaman Sirin. New members hailing 2
from Newcastle University included Anil Wipat, Matthew Pocock, and Goksel Misirli. 27

Development of the first software library (libSBOLj) based on the SBOL standard was initiated by Allan Kuchinsky, a 28
research scientist from Agilent, at the 2011 meeting. By the time of the 2012 meeting, the first data exchange between 2

software tools using SBOL was conducted when a design was passed from Newcastle University’s VirtualParts %
Repository to Boston University’s Eugene tool, and finally to University of Utah’s iBioSim tool. 3t
SBOL 1.0 was officially released in October 2011. In March 2012, SBOL 1.1 was released, the version that this %2
document replaces. SBOL 1.1 did not make any major changes, but provided a number of small adjustments and 3
clarifications, particularly around the annotation of sequences. Multi-institutional data exchange using SBOL 1.1 o
was later demonstrated in Nature Biotechnology Galdzicki et al. (2014). o
While SBOL 1.1 had a number of significant advantages over the GenBank representation of DNA sequences, such %
as representing hierarchical organization of DNA components, it was still limited in other respects. The major 7
topic of discussion at the 8th SBOL Workshop at Boston University in November 2012 was how to address these 3
shortcomings through extensions. Several extensions were discussed at this meeting, such as a means to describe %
genetic regulation, which later became important classes in the current 2.0 specification. 40

A general framework for SBOL 2.0 emerged at the 9th SBOL workshop at Newcastle University in April 2013. Subse- a
quently, Nicholas Roehner, Matthew Pocock, and Ernst Oberortner drafted a proposal for SBOL 2.0, and Nicholas @
presented this proposal at the SEED conference in Los Angeles in July 2014 Roehner et al. (2015). The proposed 2.0 s

data model was discussed over the course of the 10th, 11th, and 12th workshops. The actual specification document a
you are now reading was drafted at the 13th workshop in Wittenberg, Germany by the authors. The SBOL 2.0 data 45
model presented here is essentially the result of these meetings and ongoing discussions conducted through the s
SBOL Developers mailing lists. o
Section 4 A Brief History of SBOL Page 8 of 89
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Section

The Computational Modeling in Biology Network (COMBINE) holds regular workshops where synthetic biologists 1
and systems biologists can work toward a common goal of integrating biological knowledge through inter-operable 2
and non-overlapping data standards. In April of 2014, several SBOL Developers attended a COMBINE workshop s
and then proposed that SBOL join this larger standards community. The proposal passed and SBOL workshops 4
have been co-located with COMBINE meetings since the 11th workshop at the University of Southern California in
August 2014. 6

Current development of this SBOL 2.0 specification is funded in large part by a grant from the National Science 7
Foundation (DBI-1355909 and DBI-1356041). This document and the supporting software libraries are due in no s
small part to this support. Any opinions, findings, and conclusions or recommendations expressed in this material 0
are those of the author(s) and do not necessarily reflect the views of the National Science Foundation. 10
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SBOL Specification Vocabulary

5.1 Term Conventions

This document indicates requirement levels using the controlled vocabulary specified in IETF RFC 2119 and
reiterated in BBF RFC 0. In particular, the key words "MUST", "MUST NOT", "REQUIRED", "SHALL", "SHALL NOT",
"SHOULD", "SHOULD NOT", "RECOMMENDED", "MAY", and "OPTIONAL" in this document are to be interpreted
as described in RFC 2119.

B The words "MUST", "REQUIRED", or "SHALL" mean that the item is an absolute requirement.
B The phrases "MUST NOT" or "SHALL NOT" mean that the item is an absolute prohibition.

B The word "SHOULD" or the adjective "RECOMMENDED" mean that there might exist valid reasons in
particular circumstances to ignore a particular item, but the full implications need to be understood and
carefully weighed before choosing a different course.

B The phrases "SHOULD NOT" or "NOT RECOMMENDED" mean that there might exist valid reasons in
particular circumstances when the particular behavior is acceptable or even useful, but the full implications
needs to be understood and the case carefully weighed before implementing any behavior described with this
label.

B The word "MAY" or the adjective "OPTIONAL" mean that an item is truly optional.

5.2 SBOL Class Names

SBOL defines the following “top-level” and dependent classes:
Collection: Represents a user-defined container for organizing a group of SBOL objects.
ComponentDefinition: Describes the structure of designed entities, such as DNA, RNA, and proteins, as well as

other entities they interact with, such as small molecules or environmental properties.

B Component: Pointer class. Incorporates a child ComponentDefinition by reference into exactly one par-
ent ComponentDefinition. Represents a specific occurrence or instance of an entity within the design of
amore complex entity. Because the same definition might appear in multiple designs or multiple times in
a single design, a single ComponentDefinition can have zero or more parent ComponentDefinitions,
and each such parent-child link requires its own, distinct Component.

B Location: Specifies the base coordinates and orientation of a genetic feature on a DNA or RNA molecule
or aresidue or site on another sequential macromolecule such as a protein.

B SequenceAnnotation: Describes the Location of a notable sub-sequence found within the Sequence
of a ComponentDefinition. Can also link to and effectively position a child Component.

B SequenceConstraint: Describes the relative spatial position and orientation of two Component objects
that are contained within the same ComponentDefinition.

GenericTopLevel: Represents a data container that can contain custom data added by user applications.

Model: Links to quantitative or qualitative computational models that might be used to predict the functional
behavior of a biological design.

ModuleDefinition: Describes a “system” design as a collection of biological components and their functional
relationships.

B FunctionalComponent: Pointer class. Incorporates a child ComponentDefinition by reference into
exactly one parent ModuleDefinition. Represents a specific occurrence or instance of an entity within
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Section 5.2 SBOL Class Names

the design of a system. Because the same definition might appear in multiple designs or multiple times 1

in a single design, a single ComponentDefinition can have zero or more parent ModuleDefinitions, 2
and each such parent-child link requires its own, distinct FunctionalComponent. s
B Interaction: Describes a functional relationship between biological entities, such as regulatory activa- 4
tion or repression, or a biological process such as transcription or translation. 5
B MapsTo: When a design (ComponentDefinition or ModuleDefinition) includes another design as a o S
sub-design, the parent design might need to refer to a ComponentInstance (either a Component or [
FunctionalComponent) in the sub-design. In this case, a MapsTo needs to be added to the instance for s 2
the sub-design, and this MapsTo needs to link between the ComponentInstance in the sub-design and a s 2
ComponentInstance in the parent design. 0o 2
B Module: Pointer class. Incorporates a child ModuleDefinition by reference into exactly one parent T
D)
ModuleDefinition. Represents a specific occurrence or instance of a subsystem within the design of 2 3
a larger system. Because the same definition in multiple designs or multiple times in a single design, ERS
a single ModuleDefinition can have zero or more parent ModuleDefinitions, and each such parent- 14 g
child link requires its own, distinct Module. 53
B Participation: Describes the role that a FunctionalComponent plays in an Interaction. For exam- 16 j
ple, a transcription factor might participate in an Interaction as a repressor or as an activator. 17 \:
Sequence: Generally represents a contiguous series of monomers in a macromolecular polymer such as DNA, 18 7;
RNA, or protein. A Sequence can also encode the atoms and bonds of a molecule with non-linear structure v 3
(see Section 7.6). 0 -
Z
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Overview of SBOL

Synthetic biology designs can be described using:

B Structural terms, e.g., a set of annotated sequences or information about the chemical makeup of components.

® Functional terms, e.g., the way that components might interact with each other and the overall behavior of a
design.

In broad strokes, the prior SBOL 1.1 standard focused on conveying physical, structural information, whereas
SBOL 2.0 expands the scope to include functional aspects as well. The physical information about a designed
genetic construct includes the order of its constituents and their descriptions. Specifying the exact locations of
these constituents and their sequences allow genetic constructs to be defined unambiguously and reused in other
designs. SBOL 2.0 extends SBOL 1.1 in several ways: it extends physical descriptions to include entities beyond DNA
sequences, and it supports functional descriptions of designs.

As an example, consider the design of an expression cassette, such as the one found in the plasmid pUC18 Norrander
et al. (1983). This device is designed to detect successful versus unsuccessful molecular cloning. As an overall
system, the device is designed to grow either blue-colored (unsuccessful) or white-colored (successful) colonies in
the presence of IPTG and the chemical X-gal. Internally, the device has a number of parts, including a promoter, the
lac repressor binding site, and the lacZ coding sequence. These parts have specific component-level interactions
with IPTG and X-gal, as well as native host gene products, transcriptional machinery and translational machinery
that collectively cause the desired system-level behavior.

Knowledge of how such a device functions within the context of a host and how it might be adapted to new
experimental applications has generally been passed on through working with fellow scientists or reading articles
in papers and books. But there has been no systematic way to communicate the integration of sequences with
functional designs, so users typically have had to look in many different places to develop an understanding of a
system. The SBOL 2.0 standard allows designers to describe these functional characteristics and connect them to
the physical parts and sequences that make up the design.

SBOL 2.0 includes two main classes that match the structural/functional distinction above:

® The ComponentDefinition object describes the physical aspects of the designed system, such as its DNA or
RNA sequences, and the physical relationships among sub-components, as when one sequence contains
another as a sub-sequence.

B The ModuleDefinition object describes interactions of the designed system, such as specific binding rela-
tionships and repression and activation relationships.

Figure 2 shows a simplified view of these classes, as well as other helper classes in SBOL. To continue with the pUC18
example, the description would begin with a top-level ModuleDefinition. The ModuleDefinition specifies the
structural elements that make up the cassette by referencing a number of ComponentDefinition objects. These
would include the DNA component for the promoter and the small molecule component for IPTG, for example. The
ComponentDefinition objects can be organized hierarchically. For example, the plasmid ComponentDefinition
might reference ComponentDefinitions for the promoter, coding sequence, etc. Each ComponentDefinition
object can also include the actual Sequence information (if available), as well as SequenceAnnotation objects that
identify the locations of the promoters, coding sequences, etc., on the Sequence. In order to specify functional
information, the ModuleDefinition can specify Interaction objects that describe any qualitative relationships
among components, such as how IPTG and X-gal interact with the gene products. Finally, a ModuleDefinition
object can point to a Model object that provides a reference to a complete computational model using a language
such as SBML, CellML, Matlab, etc. Finally, all the of elements of the genetic design can be grouped together within
aCollection.
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Sequence

. Component Module

Sequence
Annotation Definition Definition

Interaction

Figure 2: Main classes of information represented by the SBOL standard, and their relationships. Red boxes are classes
from the SBOL 1.1 that focused on structure, whereas blue classes are some of the new classes that support the functional
aspects of designs.

Whereas Figure 2 provides a broad overview of SBOL, Figure 3 provides a detailed, implementation-level overview of
the class structure for the SBOL 2.0 data model. This figure relies on the semantics of the Unified Modeling Language
(UML), which will be presented in more detail in the next section. Figure 3 distinguishes between top level classes, in
green, and other supporting classes (note that Figure 2 also includes all of the top level classes). In Figure 3, dashed
arcs represent "refersTo", whereas a solid arrow represents ownership. In UML, the meaning of ownership is that if a
parent class is deleted, so are all of its owned children. Thus, a Collection does not own its ComponentDefinition
objects, because these can stand on their own. All of the supporting classes (in orange) have to be owned by some
top-level class, directly or indirectly.

Sequence piiy| Model
1 h 4
Sequence 4\ \\\ ,;1 /'I‘
Constraint \ : 4 Collection [ !
: 1 iad R\ :
: Component Module
1 Definition Definition
Vv v v A
. 1
Component Functional 1
Component !==<  Module
A 28 A
- H v
Location |€ Sequen.c € Participation |€ Interaction
Annotation

Figure 3: Main classes of information represented by the SBOL 2.0 standard, and their relationships. Green boxes are “top
level” classes, while the other classes are in support of these classes. Solid arrows indicates ownership, whereas a dashed
arrow indicates that one class refers to an object of another class.

Figure 3 additionally shows that when it is possible to incorporate a single object into multiple parents, we al-
ways incorporate that object by reference. We do not directly incorporate it by copy, because when an object
is used many times, keeping many copies becomes spatially inefficient and difficult to maintain. Instead, each
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reference is handled by a pointer object. Pointers refer from a parent to a child. There are three distinct pointer
classes: Component, Module, and FunctionalComponent. A Component points from a ComponentDefinition to
a child ComponentDefinition, incorporating it by reference into the parent structure. A Module points from
a ModuleDefinition to a child ModuleDefinition, likewise incorporating the child by reference into the par-
ent system. Similarly, a parent ModuleDefinition on the functional side of a model might incorporate a child
ComponentDefinition from the model’s physical side by means of a FunctionalComponent reference. These three
pointer classes allow the efficient reuse of definitions in multiple locations.

SBOL 2.0 provides a few helper classes. Location generalizes the positioning information from SBOL 1.1 to
allow discontinuous ranges and cuts to be annotated. SequenceConstraint generalizes the relative positioning
information among Components. There are also Participations, which allow Interaction objects to specify
the roles of their participants while referencing the FunctionalComponents, so that these can stand on their own.
Additionally, there is the MapsTo class (not shown), which enables connections to be made between Components
and FunctionalComponents across various levels of the design hierarchy. The next section provides complete
definitions and details for all of these classes.

There is one final, critical element of SBOL 2.0: its extension mechanism. This extension mechanism enables the
storage of application specific information within an SBOL document. It is also intended to support the prototyping
of data representations whose format is not yet a matter of consensus within the community. In particular, each
SBOL entity can be annotated using the Resource Description Framework (RDF). Moreover, application specific
entities in the form of RDF documents can be included as GenericTopLevel entities. SBOL libraries make these
annotations and entities available to tools as generic properties and objects that are preserved during subsequent
read and write operations.
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SBOL Data Model

In this section, we describe the types of biological design data that can belong to an SBOL document and the
relationships between these data types. The SBOL data model is specified using Unified Modeling Language (UML)
2.0 diagrams (OMG 2005). Subsections Section 7.1, Section 7.2, Section 7.3 review the basics of UML diagrams and
explain the naming conventions and generic data types used in this specification. The remaining sections then
describe the SBOL data model in detail. Complete SBOL examples and best practices when using the standard can
be found in Section 9 and Section 11, respectively.

7.1 Understanding the UML Diagrams

The types of biological design data modeled by SBOL are commonly referred to as classes, especially when discussing
the details of software implementation. Each SBOL class can be instantiated by many SBOL objects. These objects
MAY contain data that differ in content, but they MUST agree on the type and form of their data as dictated by their
common class. Classes are represented in UML diagrams as rectangles labeled at the top with class names.

Classes can be connected to other classes by association properties, which are represented in UML diagrams as
arrows. These arrows are labeled with data cardinalities in order to indicate how many values a given association

property can possess (see below). The remaining (non-association) properties of a class are listed below its name.

Each of the latter properties is labeled with its data type and cardinality.

In the case of an association property, the class from which the arrow originates is the owner of the association
property. A diamond at the origin of the arrow indicates the type of association. Open-faced diamonds indicate
shared aggregation, in which the owner of the association property exists independently of its value. In the SBOL
data model, the value of an association property MUST be a URI or set of URIs that refer to SBOL objects belonging
to the class at the tip of the arrow.

By contrast, filled diamonds indicate composite aggregation, also known as a part-whole relationship, in which the
value of the association property MUST NOT exist independently of its owner. In addition, in the SBOL data model,
it is REQUIRED that the value of each composite aggregation property is a unique SBOL object (that is, not the value
for more than one such property). Note that in all cases, composite aggregation is used in such a way that there
SHOULD NOT be duplication of such objects.

All SBOL properties are labeled with one of several restrictions on data cardinality. These are:
® 1 - REQUIRED, one: there MUST be exactly one value for this property.
m (...1- OPTIONAL: there MAY be a single value for this property, or it MAY be absent.
® 0...* - unbounded: there MAY be any number of values for this property, including none.

B 1...% - REQUIRED, unbounded: there MAY be any number of values for this property, as long as there is at
least one.

B n...x - atleast: there MUST be at least n values for this property.

Finally, classes can inherit the properties of other classes. Inheritance relationships are represented in UML diagrams
as open-faced, triangular arrows that point from the inheriting class to the inherited class. Some classes in the SBOL
data model cannot be instantiated as objects and exist only to group common properties for inheritance. These
classes have italicized names and are known as abstract classes.

7.2 Naming and Font Conventions

SBOL classes are named using upper "camel case," meaning that each word is capitalized and all words are run
together without spaces, e.g. Identified, SequenceAnnotation. Properties, on the other hand, are named using
lower camel case, meaning that they begin lowercase (e.g., identity) but if they consist of multiple words, all words

Section 7 SBOL Data Model Page 15 of 89

Unauthenticated

doi:10.2390/biecoll-jib-2015-272 Download Date | 12/8/17 1:34 AM

146



Journal of Integrative Bioinformatics, 12(2):272, 2015 http://journal.imbio.de

Section 7.3 Data Types

after the first begin with an uppercase letter (e.g., persistentIdentity).

Within the SBOL data model, each property is given a singular or plural name in accordance with its data cardinalities.

The forms of these names follow the usual rules of English grammar. For example, sequenceAnnotation is the
singular form of sequenceAnnotations.

SBOL properties are always given singular names, however, when SBOL objects are serialized (using Resource
Description Framework (RDF) as described in Section 10). This is because the SBOL data model does not contain

classes that correspond directly to the RDF elements that group other elements into ordered or unordered sets.

Consequently, if an SBOL property has multiple values, then it is serialized as multiple property entries, each with a
singular name and a single value. For example, if an SBOL property has five values, then its serialization contains
five RDF triples, each with a singular predicate name and one of the five values as its object.

7.3 Data Types

When SBOL use simple “primitive” data types such as Strings or Integers, these are defined as the following
specific formal types:

B String: http://www.w3.org/TR/xmlschemall-2/#string
Example: “Lacl coding sequence”

B Integer: http://www.w3.org/TR/xmlschemall-2/#integer
Example: 3

B Double: http://www.w3.0org/TR/xmlschemall-2/#double
Example: 3.14159

B Boolean: http://www.w3.org/TR/xmlschemall-2/#boolean
Example: true

The term literal is used to denote an object that can be any of the four types listed above. In addition to the
simple types listed above, SBOL also uses objects with types Uniform Resource Identifier (URI) and XML Qualified
Name (QName):

B URI:http://www.w3.org/TR/xmlschemall-2/#anyURI
Example: http://www.partsregistry.org/Part:BBa_J23119

B QName: http://www.w3.org/TR/xmlschemall-2/#QName
Example: myapp : Datasheet where myapp="http://www.myapp.org/"

Note that, in compliance with RDF standards, URTs are generally serialized using an rdf: resource property, e.g.:
rdf:resource="http://www.partsregistry.org/Part:BBa_J23119"

It is important to realize that in RDE a URI might or might not be a resolvable URL (web address). A URI is always a
globally unique identifier within a structured namespace. In some cases, that name is also a reference to (or within)
a document, and in some cases that document can also be retrieved (e.g., using a web browser).

7.4 Identified

All SBOL-defined classes are directly or indirectly derived from the Identified abstract class. This inheritance
means that all SBOL objects are uniquely identified using URTs that uniquely refer to these objects within an SBOL
document or at locations on the World Wide Web.

As shown in Figure 4, the Identified class includes the following properties: identity, persistentIdentity,
version, wasDerivedFrom, name, description, and annotations. The latter property is described separately in
Section 7.11.
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Section 7.4 Identified

When an SBOL resource reference takes the form of a URI, that URI can either be the value of an identity property
or the value of a persistentIdentity property. If the URI is equal to the value of an identity property, then it is
guaranteed to be unique, and it refers to precisely one SBOL object with that URT. If the URI is equal to the value of
apersistentIdentity property, then it MAY refer to multiple SBOL objects that are different “versions” of each
other. These objects SHOULD be compared to one another to determine which single object the URI resolves to
(normally the most recent version - see Section 7.4). Throughout this document, when a URT is used to refer to an
SBOL object, it could fall into either of these cases.

Identified
-identity[1] : URI
-persistentldentity[0..1] : URI
-displayld[0..1] : String

. 8 annotations -
-version[0..1] : String 0.
-wasDerivedFrom[0..1] : URI

-name[0..1] : String
-description[0..1] : String

Figure 4: Diagram of the Identified abstract class and its associated properties

The identity property

The identity property is REQUIRED by all Identified objects and has a data type of URI. A given Identified
object’s identity URTI MUST be globally unique among all other identity URTs. It is also highly RECOMMENDED
that the URT structure follows the recommended best practices for compliant URTs specified in Section 11.2.

Although most SBOL properties are defined by SBOL and serialized with its namespace, the identity property is
defined by the analogous RDF about property and is serialized with the RDF namespace as follows:

http://www.w3.0rg/1999/02/22-rdf-syntax-ns#about.
The use of about is expressly for the purpose of making SBOL compliant with pre-existing standards: when you see

about in an SBOL document, you SHOULD interpret it as meaning identity.

The persistentIdentity property

The persistentIdentity property is OPTIONAL and has a data type of URI. This URI serves to uniquely refer to a
set of SBOL objects that are different versions of each other.

An Identified object MUST be referred to using either its identity URI or its persistentIdentity URI.

The displayId property

The displayId property is an OPTIONAL identifier with a data type of String. This property is intended to be an
intermediate between name and identity that is machine-readable, but more human-readable than the full URT of
an identity.

If the displayId property is used, then its String value SHOULD be locally unique (global uniqueness is not
necessary) and MUST be composed of only alphanumeric or underscore characters and MUST NOT begin with a
digit.

The version property

The version property is OPTIONAL and has a data type of String. This property can be used to compare two SBOL
objects with the same persistentIdentity.
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If the version property is used, then it is RECOMMENDED that version numbering follow the conventions of se-
mantic versioning (http://semver.org/), particularly as implemented by Maven (http://maven.apache.org/).
This convention represents versions as sequences of numbers and qualifiers that are separated by the characters “.”
and “-” and are compared in lexicographical order (for example, 1 <1.3.1 < 2.0-beta). For a full explanation, see the

linked resources.

The wasDerivedFrom property

The wasDerivedFrom property is OPTIONAL and has a data type of URI. An SBOL object with this property refers to
another SBOL object or non-SBOL resource from which this object was derived.

149

If the wasDerivedFrom property of an SBOL object A that refers to an SBOL object B has an identical persistentIdentity,

and both A and B have a version, then the version of B MUST precede that of A. In addition, an SBOL ob-
ject MUST NOT refer to itself via its own wasDerivedFrom property or form a cyclical chain of references via its
wasDerivedFrom property and those of other SBOL objects. For example, the reference chain “A was derived from
B and B was derived from A” is cyclical.

The name property

The name property is OPTIONAL and has a data type of String. This property is intended to be displayed to a
human when visualizing an Identified object.

If an Identified object lacks a name, then software tools SHOULD instead display the object’s displayId or
identity. It is RECOMMENDED that software tools give users the ability to switch perspectives between name
properties that are human-readable and displayId properties that are less human-readable, but are more likely to
be unique.

The description property

The description property is OPTIONAL and has a data type of String. This property is intended to contain a more
thorough text description of an Identified object.

The annotations property

The annotations property is OPTIONAL and MAY specify a set of Annotation objects that are contained by the
Identified object. The Annotation class is described in more detail in Section Section 7.11.1.

Serialization

No complete serialization is defined for Identified, since this class is only used indirectly through its child classes.
Any such child class, however, has the following form for serializing properties inherited from Identified, where
CLASS_NAME is replaced by the name of the class:

<?xml version="1.0" ?>
<rdf:RDF xmlns:pr="http://partsregistry.org" xmlns:rdf="http://www.w3.0rg/1999/02/22-rdf-syntax-ns#" xmlns:dcterms="http://purl.
org/dc/terms/" xmlns:prov="http://www.w3.org/ns/prov#" xmlns:sbol="http://sbols.org/v2#">
<sbol:CLASS_NAME rdf:about="...">

zero or one <shol:persistentIdentity rdf:resource="..."/> element
zero or one <sbol:displayId>...</sbol:displayId> element
zero or one <shol:version>...</sbol:version> element
zero or one <prov:wasDerivedFrom rdf:resource="..."/> element
zero or one <dcterms:title>...</dcterms:title> element
zero or one <dcterms:description>...</dcterms:description> element

</sbol:CLASS_NAME>

</rdf:RDF>
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Note that several of the properties are not in the sbol namespace, but are mapped to standardized terms defined
elsewhere:

®m identity is serialized as rdf:about
®m wasDerivedFrom is serialized as prov:wasDerivedFrom
W name is serialized as dcterms:title

B descriptionis serialized as dcterms:description

7.5 TopLevel

TopLevel is an abstract class that is extended by any Identified class that can be found at the top level of an
SBOL document or file. In other words, TopLevel objects are not nested inside any other object via a compos-
ite aggregation or black diamond arrow association property. Instead of nesting, composite TopLevel objects
refer to subordinate TopLevel objects by their URIs using shared aggregation or white diamond arrow associa-
tion properties. The TopLevel classes defined in this specification are Sequence, ComponentDefinition, Model,
ModuleDefinition, Collection, and GenericTopLevel (Figure 5).

Identified
TopLevel
/\

Sequence | | ComponentDefinition | |Model| |ModuIeDefinition | |Collection | |GenericTopLeveI

Figure 5: Classes that inherit from the TopLevel abstract class.

Serialization

No serialization is defined for TopLevel, since this class has no properties of its own and is only used indirectly
through its child classes. All TopLevel classes are serialized one level beneath the RDF document root.

7.6 Sequence

The purpose of the Sequence class is to represent the primary structure of a ComponentDefinition object and
the manner in which it is encoded. This representation is accomplished by means of the elements property and
encoding property (Figure 6).

The elements property

The elements property is a REQUIRED String of characters that represents the constituents of a biological or
chemical molecule. For example, these characters could represent the nucleotide bases of a molecule of DNA, the
amino acid residues of a protein, or the atoms and chemical bonds of a small molecule.
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TopLevel

/\

Sequence
-elements[1] : String
-encoding[1] : URI

Figure 6: Diagram of the Sequence class and its associated properties.

The encoding property

The encoding property is REQUIRED and has a data type of URI. This property MUST indicate how the elements
property of a Sequence MUST be formed and interpreted.

For example, the elements property of a Sequence with an TUPAC DNA encoding property MUST contain characters
that represent nucleotide bases, such as a, t, ¢, and g. The elements property of a Sequence with a Simplified
Molecular-Input Line-Entry System (SMILES) encoding, on the other hand, MUST contain characters that
represent atoms and chemical bonds, such as C, N, 0, and =.

Table 1 provides a list of possible URT values for the encoding property. The terms in Table 1 are organized by the
type of ComponentDefinition (see Table 2) that typically refer to a Sequence with such an encoding. When the
encoding of a Sequence is well described by one of the URIs in Table 1, it MUST contain that URI.

Encoding URI ComponentDefinition Type
IUPAC DNA, RNA  http://www.chem.qmul.ac.uk/iubmb/misc/naseq.html DNA, RNA

IUPAC Protein http://www.chem.qmul.ac.uk/iupac/AminoAcid/ Protein

SMILES http://www.opensmiles.org/opensmiles.html SmallMolecule

Table 1: URIs for specifying the encoding property of a Sequence, organized by the type of ComponentDefinition
(see Table 2) that typically refer to a Sequence with such an encoding.

Serialization

The serialization of a Sequence MUST have the following form:

<sbol:Sequence rdf:about="...">
. properties inherited from identified ...
one <sbol:elements>...</sbol:elements> element
one <sbol:encoding rdf:resource="..."/> element
</sbol:Sequence>

The example below shows the serialization of the Sequence for a promoter. The nucleotide bases of the Sequence
are serialized as the String value of its elements property, while its TUPAC DNA encoding is serialized as the URT
value of its encoding property.

<?xml version="1.0" ?>
<rdf:RDF xmlns:rdf="http://www.w3.0rg/1999/02/22-rdf-syntax-ns#" xmlns:dcterms="http://purl.org/dc/terms/" xmlns:prov="http://www.
w3.org/ns/prov#" xmlns:sbol="http://sbols.org/v2#">
<sbol:Sequence rdf:about="http://partsregistry.org/seq/BBa_]23119">
<sbol:persistentIdentity rdf:resource="http://partsregistry.org/seq/BBa_J23119"/>
<sbol:displayId>BBa_J23119</sbol:displayId>
<prov:wasDerivedFrom rdf:resource="http://parts.igem.org/Part:BBa_]23119:Design"/>
<sbol:elements>ttgacagctagctcagtcctaggtataatgctage</sbol:elements>
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<sbol:encoding rdf:resource="http://www.chem.qgmul.ac.uk/iubmb/misc/naseq.html"/>
</sbol:Sequence>
</rdf:RDF>

7.7 ComponentDefinition

The ComponentDefinition class represents the structural entities of a biological design. The primary usage of this
class is to represent structural entities with designed sequences, such as DNA, RNA, and proteins, but it can also be
used to represent any other entity that is part of a design, such as small molecules, molecular complexes, and light.

As shown in Figure 7, the ComponentDefinition class describes a structural design entity using the following
properties: types, roles, and sequences. In addition, this class has properties for describing and organizing the
substructure of said design entity, including components, sequenceAnnotations, and sequenceConstraints.

TopLevel

/\

ComponentDefinition

components ¢ - sequence -
0.* -types[1..*] : URI ’C_or?WI SequenceConstraint

-roles[0..*] : URI 0.

Component ‘ sequenceAnnotations
sequences 0.

0..*

SequenceAnnotation

Figure 7: Diagram of the ComponentDefinition class and its associated properties.

The types property

The types property is a REQUIRED set of URTs that specifies the category of biochemical or physical entity (for exam-
ple DNA, protein, or small molecule) that a ComponentDefinition object abstracts for the purpose of engineering
design.

The types property of every ComponentDefinition MUST contain one or more URIs that MUST identify terms
from appropriate ontologies, such as the BioPAX ontology or the ontology of Chemical Entities of Biological Interest
(ChEBI). Table 2 provides a list of possible ontology terms for the types property and their URIs. In order to
maximize the compatibility of designs, any ComponentDefinition that can be well-described by one of the terms
in Table 2 MUST use the URI for that term as one of its types. Finally, if the types property contains multiple
URIs, then they MUST identify non-conflicting terms (otherwise, it might not be clear how to interpret them). For
example, the BioPAX terms provided by Table 2 would conflict because they specify classes of biochemical entities
with different molecular structures.

The roles property

The roles property is an OPTIONAL set of URTs that clarifies the potential function of the entity represented by a
ComponentDefinition in a biochemical or physical context.

The roles property of a ComponentDefinition MAY contain one or more URIs that MUST identify terms from on-
tologies that are consistent with the types property of the ComponentDefinition. For example, the roles property
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ComponentDefinition Type  URI for BioPAX Term

DNA http://www.biopax.org/release/biopax-level3.owl#DnaRegion
RNA http://www.biopax.org/release/biopax-level3.owl#RnaRegion
Protein http://www.biopax.org/release/biopax-level3.owl#Protein

Small Molecule http://www.biopax.org/release/biopax-1level3.owl#SmallMolecule
Complex http://www.biopax.org/release/biopax-level3.owl#Complex

Table 2: BioPAX terms to specify the types property of a ComponentDefinition.

of a DNA or RNA ComponentDefinition could contain URIs identifying terms from the Sequence Ontology (SO).
Table 3 contains a list of possible ontology terms for the roles property and their URIs. These terms are organized
by the type of ComponentDefinition to which they SHOULD apply (see Table 2). Any ComponentDefinition that
can be well-described by one of the terms in Table 3 MUST use the URI for that term as one of its roles.

ComponentDefinition Role  URI for Ontology Term ComponentDefinition Type
Promoter http://identifiers.org/so/S0:0000167 DNA

RBS http://identifiers.org/so/S0:0000139 DNA

CDS http://identifiers.org/so/S0:0000316 DNA

Terminator http://identifiers.org/so/S0:0000141 DNA

Gene http://identifiers.org/so/S0: 0000704 DNA

Operator http://identifiers.org/so/S0: 0000057 DNA

Engineered Gene http://identifiers.org/so/S0: 0000280 DNA

mRNA http://identifiers.org/so/S0:0000234 RNA

Effector http://identifiers.org/chebi/CHEBI:35224  Small Molecule

Table 3: Ontology terms to specify the roles property of a ComponentDefinition, organized by the type of
ComponentDefinition to which they are intended to apply (see Table 2).

The sequences property

The sequences property is OPTIONAL and MAY include a set of URIs that refer to Sequence objects. These objects
define the primary structure of the ComponentDefinition.

Many ComponentDefinition objects will refer to precisely one Sequence object. For certain use cases, however, it
can be appropriate to refer to multiple Sequence objects. For example, a user might wish to provide two different
representations of the structure of a DNA ComponentDefinition, one that represents its structure at the level of
nucleotide bases and one that represents its structure at the level of atoms and bonds.

If a ComponentDefinition refers to more than one Sequence object, then these objects MUST be consistent with
each other, such that well-defined mappings exist between their elements properties in accordance with their
encoding properties. Furthermore, these objects MUST NOT have conflicting encoding properties. For example,
the IUPAC encoding properties provided by Table 1 conflict with each other because they do not specify how
to encode the same class of biochemical entity. The SMILES encoding, however, does not conflict with them
because it specifies how to encode biochemical entities in general, which includes DNA, RNA, and proteins. If
a ComponentDefinition refers to more than one Sequence with the same encoding, then the elements of these
Sequence objects SHOULD have equal lengths. These requirements and best practices are intended to make it easier
for software tools to locate any regions specified by the SequenceAnnotation objects of a ComponentDefinition
on its associated Sequence objects, as well as validate whether its Sequence objects are consistent with those
associated with any ComponentDefinition objects that it composes via its Component objects.

Finally, if a ComponentDefinition refers to one or more Sequence objects and its types property refers to a term
from Table 2, then one of these Sequence objects MUST have the encoding that is cross-listed with this term in
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Table 1. Conversely, if a ComponentDefinition refers to a Sequence with an encoding from Table 1, then its types
property MUST refer to the term from Table 2 that is cross-listed with this encoding in Table 1. For example, if the
types property of a ComponentDefinition refers to the BioPAX term for DNA, then one of the Sequence objects to
which it refers (if any) MUST have an TUPAC DNA encoding, and if a ComponentDefinition refers to a Sequence
with an TUPAC DNA encoding, then its types property MUST refer to the BioPAX term for DNA. These requirements
are meant to provide for some degree of consistency between the types property of a ComponentDefinition and
the encoding properties of the Sequence objects to which the ComponentDefinition refers.

The components property

The components property is OPTIONAL and MAY specify a set of Component objects that are contained by the
ComponentDefinition. The set of relations between Component and ComponentDefinition objects is strictly
acyclic (see Section 7.7.1).

While the ComponentDefinition class is analogous to a blueprint or specification sheet for a biological part, the
Component class represents the specific occurrence of a part within a design. Hence, this class allows a biological
design to include multiple instances of a particular part (defined by reference to the same ComponentDefinition).
For example, the ComponentDefinition of a polycistronic gene could contain two Component objects that refer to
the same ComponentDefinition of a CDS.

The components properties of ComponentDefinition objects can be used to construct a hierarchy of Component
and ComponentDefinition objects. If a ComponentDefinition in such a hierarchy refers to one or more Sequence
objects, and there exist ComponentDefinition objects lower in the hierarchy that refer to Sequence objects with
the same encoding, then the elements properties of these Sequence objects SHOULD be consistent with each
other, such that well-defined mappings exist from the “lower level” elements to the “higher level” elements in
accordance with their shared encoding properties. This mapping is also subject to any restrictions on the positions
of the Component objects in the hierarchy that are imposed by the SequenceAnnotation or SequenceConstraint
objects contained by the ComponentDefinition objects in the hierarchy.

A DNA ComponentDefinition, for example, could refer to a Sequence with an TUPAC DNA encoding and an
elements String of “gattaca.” In turn, this ComponentDefinition could contain a Component that refers to
a “lower level” ComponentDefinition that also refers to a Sequence with an TUPAC DNA encoding. Consequently,
a consistent elements String of this “lower level” Sequence could be “gatta," or perhaps “tgta” if the Component
is positioned by a SequenceAnnotation that contains a Location with an orientation of “reverse complement”
(see Section 7.7.5).

The sequenceAnnotations property

The sequenceAnnotations property is OPTIONAL and MAY contain a set of SequenceAnnotation objects. Each
SequenceAnnotation specifies and describes a potentially discontiguous region on the Sequence objects referred
to by the ComponentDefinition.

In addition, each SequenceAnnotation can position a Component of the ComponentDefinition at the region
specified by its Location objects (see Section 7.7.5). The sequenceAnnotations property MUST NOT contain two
or more SequenceAnnotation objects that refer to the same Component in this way.

Finally, as a best practice, if a ComponentDefinition refers to a Sequence with an IUPAC encoding from Ta-
ble 1, then each of its SequenceAnnotation objects that contains a Range or Cut SHOULD specify a region on
the elements of this Sequence. For example, the ComponentDefinition of a eukaryotic gene could refer to a
Sequence with an TUPAC DNA encoding. In order to specify the discontiguous region occupied by its CDS, this gene
ComponentDefinition would need a SequenceAnnotation that contains one or more Range objects, each one
specifying start and end positions that correspond to indices of the elements of its DNA Sequence.
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The sequenceConstraints property

The sequenceConstraints property is OPTIONAL and MAY contain a set of SequenceConstraint objects. These
objects describe any restrictions on the relative, sequence-based positions and/or orientations of the Component
objects contained by the ComponentDefinition. For example, the ComponentDefinition of a gene might specify
that the position of its promoter Component precedes that of its CDS Component. This is particularly useful when a
ComponentDefinition lacks a Sequence and therefore cannot specify the precise, sequence-based positions of its
Component objects using SequenceAnnotation objects.

Serialization

The serialization of a ComponentDefinition MUST have the form below. The components, sequenceConstraints,
sequenceAnnotations, and sequences properties of a ComponentDefinition contain or reference objects belong-
ing to the appropriate SBOL classes as their values, while the types and roles properties contain URIs that identify
ontology terms as their values. As shown below, each of these objects and URTs is serialized as part of an implicit set
of SBOL properties with singular rather then plural names. In particular, each object is serialized as a RDF/XML
node nested within a property, while each URT (except the identity) is serialized as a rdf: resource on a property.

<sbol:ComponentDefinition rdf:about=".
. properties inherited from identified ...

zero or more <sbol:sequence rdf:resource="..."/> element
one or more <sbol:type rdf:resource="..."/> elements
zero or more <sbol:role rdf:resource="..."/> elements

zero or more <sbol:component>
<sbol:Component rdf:about="...">...</sbol:Component>
</sbol:component> elements
zero or more <sbol:sequenceAnnotation>
<sbol:SequenceAnnotation rdf:about="...">...</sbol:SequenceAnnotation>
</sbol:sequenceAnnotation> elements
zero or more <sbol:sequenceConstraint>
<sbol:SequenceConstraint rdf:about="...">...</sbol:SequenceConstraint>
</sbol:sequenceConstraint> elements
</sbol:ComponentDefinition>

The example below shows the serialization for the ComponentDefinition of a promoter. The BioPAX term
DnaRegion and the ChEBI term CHEBI:4705 (double-stranded DNA) are used to indicate that the type of bio-
logical entity represented by this ComponentDefinition is DNA. Its role is specified using the SO terms S0: 0000167
(promoter) and the more specific SO: 0000613 (bacterial_RNApol_promoter).

<?xml version="1.0" 7>
<rdf:RDF xmlns:rdf="http://www.w3.0rg/1999/02/22-rdf-syntax-ns#" xmlns:dcterms="http://purl.org/dc/terms/" xmlns:prov="http://www.
w3.org/ns/prov#" xmlns:sbol="http://sbols.org/v2#">
<sbol:ComponentDefinition rdf:about="http://partsregistry.org/cd/BBa_]23119">
<sbol:persistentIdentity rdf:resource="http://partsregistry.org/cd/BBa_]23119"/>
<sbol:displayId>BBa_J23119</sbol:displayId>
<prov:wasDerivedFrom rdf:resource="http://partsregistry.org/Part:BBa_J23119"/>
<dcterms:title>J23119 promoter</dcterms:title>
<dcterms:description>Constitutive promoter</dcterms:description>
<sbol:type rdf:resource="http://identifiers.org/chebi/CHEBI:4705"/>
<sbol:type rdf:resource="http://www.biopax.org/release/biopax-level3.owl#DnaRegion"/>
<sbol:role rdf:resource="http://identifiers.org/so/S0:0000167"/>
<sbol:role rdf:resource="http://identifiers.org/so/S0:0000613"/>
<sbol:sequence rdf:resource="http://partsregistry.org/seq/BBa_]23119"/>
</sbol:ComponentDefinition>
</rdf:RDF>

7.7.1 Componentinstance

The ComponentInstance abstract class is inherited by SBOL classes that represent the usage or occurrence of
a ComponentDefinition within a larger design (that is, another ComponentDefinition or ModuleDefinition).
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Componentinstance

definition mapsTos
1 < -access[1] : URI __*

71

ComponentDefinition ‘ | |

Component FunctionalComponent
-direction[1] : URI

Figure 8: Diagram of the ComponentInstance class and its associated properties.

Currently, there are two subclasses of ComponentInstance:

® The Component class is used to specify the structural usage of a ComponentDefinition inside another
ComponentDefinition via the components property.

B The FunctionalComponent class is used to specify the functional usage of a ComponentDefinition inside a
ModuleDefinition via the functionalComponents property. This class is described in Section 7.9.2.

The definition property

The definition property is a REQUIRED URI that refers to the ComponentDefinition of the ComponentInstance.

As described in the previous section, this ComponentDefinition effectively provides information about the types
and roles of the ComponentInstance.

The definition property MUST NOT refer to the same ComponentDefinition as the one that contains the
ComponentInstance. Furthermore, ComponentInstance objects MUST NOT form a cyclical chain of references
via their definition properties and the ComponentDefinition objects that contain them. For example, consider
the ComponentInstance objects A and B and the ComponentDefinition objects X and Y. The reference chain “X
contains A, Ais defined by Y, Y contains B, and B is defined by X” is cyclical.

The mapsTos property

The mapsTos property is OPTIONAL and MAY contain a set of MapsTo objects that refer to and link together
ComponentInstance objects (both Component objects and FunctionalComponent objects) within a larger design.

Section 7.7.3 contains a more detailed description of the MapsTo class.
The access property

The access property is a REQUIRED URI that indicates whether the ComponentInstance can be referred to remotely
by a MapsTo on another ComponentInstance or Module contained by a different parent ComponentDefinition or
ModuleDefinition (one that does not contain this ComponentInstance).

Table 4 provides a list of REQUIRED access URIs. The value of the access property MUST be one of these URTs.

In some cases, a designer might want to set the access property of a ComponentInstance such that others cannot
map to the ComponentInstance when they reuse its parent ComponentDefinition. For example, a designer who is
concerned about retroactivity might set the access of the ComponentInstance to “private” in order to prevent its
mapping to another ComponentInstance that participates in a new Interaction as part of a composite design.
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Access URI Description

http://sbols.org/v2#public The ComponentInstance MAY be referred to by remote MapsTo objects.
http://sbols.org/v2#private The ComponentInstance MUST NOT be referred to by remote MapsTo objects.

Table 4: REQUIRED URIs for the access property.

Serialization

No serialization is defined for the ComponentInstance class, since this class is only used indirectly through the
Component and FunctionalComponent subclasses.

7.7.2 Component

The Component class is used to compose ComponentDefinition objects into a structural hierarchy. For example,
the ComponentDefinition of a gene could contain four Component objects: a promoter, RBS, CDS, and terminator.
In turn, the ComponentDefinition of the promoter Component could contain Component objects defined as various
operator sites.

Serialization

The serialization of a Component MUST have the following form:

<sbol:Component rdf:about="...">
. properties inherited from identified ...
one <sbol:access rdf:resource="..."/> element
one <sbol:definition rdf:resource="..."/> element
zero or more <sbol:mapsTo rdf:resource="..."/> elements

</sbol:Component>
The example below shows the serialization of a Component that represents an instance of a promoter:

<sbol:Component rdf:about="http://partsregistry.org/cd/BBa_F2620/pLuxR">
<sbol:persistentIdentity rdf:resource="http://partsregistry.org/cd/BBa_F2620/pLuxR"/>
<sbol:displayId>pLuxR</sbol:displayId>
<sbol:access rdf:resource="http://shols.org/v2#public"/>
<sbol:definition rdf:resource="http://partsregistry.org/cd/BBa_R0062"/>
</sbol:Component>

7.7.3 MapsTo

MapsTo
—> -refinement[1] : URI

local remote
1 1

|
| Componentinstance

Figure 9: Diagram of the MapsTo class and its associated properties.

When ComponentDefinition and ModuleDefinition objects are composed into structural and functional hierar-
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chies using ComponentInstance and Module objects, it is often the case that some ComponentInstance objects are 1

intended to represent the same entity in the overall design. The purpose of the MapsTo class is to make these identity 2
relationships clear and explicit. For example, consider a ModuleDefinition for a genetic inverter that includes s
a FunctionalComponent for an abstract repressor protein. When this ModuleDefinition is instantiated within a 4
“higher level” ModuleDefinition that includes a FunctionalComponent for a Lacl protein, the MapsTo object can 5
be used to indicate that the repressor protein in the first ModuleDefinition is Lacl in the context of the composite 6
design. 7
In particular, a MapsTo object provides two pieces of information: 8
® An identity relationship between two ComponentInstance objects, the first contained by the “lower level” 0
definition of the ComponentInstance or Module that owns the MapsTo, and the second contained by the 10
“higher level” definition that contains the ComponentInstance or Module that owns the MapsTo. The remote 1
property of a MapsTo refers to the first “lower level” ComponentInstance, while the 1ocal property refers to 2

the second “higher level” ComponentInstance. 1

® Instructions on how to interpret local and remote ComponentInstance objects that refer to different 1
ComponentDefinition objects (that is, non-identical objects). These are specified using the refinement 5
property of the MapsTo class. 0

Figure 10: Linking Component objects using MapsTo entities. Boxes with diagrams represent ComponentDefinition
objects, boxes with the C label represent Component objects, and boxes with the M label represent MapsTo objects. In
both diagrams, a promoter-RBS ComponentDefinition and a RBS-CDS ComponentDefinition are being composed
to form the ComponentDefinition of a complete transcriptional unit. In the left-hand diagram, the two Component
objects inside the promoter-RBS ComponentDefinition and RBS-CDS ComponentDefinition objects both refer to
an abstract RBS ComponentDefinition that lacks a sequence (white semicircle). Through the use of MapsTo objects
with refinement set to uselLocal, these “lower level” ComponentDefinition objects are effectively overridden by
that of the green RBS in the ComponentDefinition of the complete transcriptional unit. In the right-hand diagram,
however, the two “lower level” RBS ComponentDefinition objects do not lack sequences and it is the “higher level” RBS
ComponentDefinition thatis abstract. In this case, one of the MapsTo objects has a useRemote refinement, resulting
in the green RBS ComponentDefinition overriding that of the abstract RBS in the “higher level” ComponentDefinition.

License (http://creativecommons.org/licenses/by-nc-nd/3.0/).

erivs 3.0 Unported

~

To illustrate this concept, two examples are provided in Figure 10, in which the ComponentDefinition of a tran- ==
scriptional unit is specified by composing two “lower level” ComponentDefinition objects. In both examples, the 1857
two “lower level” ComponentDefinition objects each contain a RBS Component that is intended to represent the 1
same design entity in the “higher level” ComponentDefinition of the transcriptional unit. 20
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In order to explicitly represent the identity relationships in this example, a new RBS Component needs to be created
inside the “higher level” ComponentDefinition. This “higher level” Component then needs to be linked to the
equivalent “lower level” Component objects by means of the MapsTo class, using one MapsTo object per link. For
example, in order to link the “higher level” RBS Component to the “lower level” RBS Component of the promoter-RBS
ComponentDefinition, a MapsTo has to be created on the “higher level” promoter-RBS Component. The local
property of this MapsTo then has to refer to the “higher level” RBS Component, while its remote property has to refer
to the “lower level” RBS Component. In this way, many “lower level” Component objects can be linked together at the
“higher level” using as an equal number of MapsTo objects, each one referring to a different remote Component, but
all referring to the same local Component.

The same types of identity relationships can also be declared between FunctionalComponent objects contained
by ModuleDefinition objects, or between Component objects and FunctionalComponent objects contained by
ComponentDefinition objects and ModuleDefinition objects, respectively. See Section 9 and Section B for
additional examples using the MapsTo class.

The local property

This REQUIRED property has a data type of URI and is used to refer to the ComponentInstance contained by the
“higher level” ComponentDefinition or ModuleDefinition. This local ComponentInstance MUST be contained
by the ComponentDefinition or ModuleDefinition that contains the ComponentInstance or Module that owns
the MapsTo.

The remote property

This REQUIRED property has a data type of URT and is used to refer to the ComponentInstance contained by the
“lower level” ComponentDefinition or ModuleDefinition. This remote ComponentInstance MUST be contained
by the ComponentDefinition or ModuleDefinition thatis the definition of the ComponentInstance or Module
that owns the MapsTo. Lastly, the access property of the remote ComponentInstance MUST be set to “public.”

The refinement property

The refinement property is REQUIRED and has a data type of URI. Each MapsTo object MUST specify the rela-
tionship between its 1ocal and remote ComponentInstance objects using one of the REQUIRED refinement URIs
provided in Table 5.

Refinement URI Description

http://sbols.org/v2#useRemote All references to the local ComponentInstance MUST dereference to the remote
ComponentInstance instead.

http://sbols.org/v2#useLocal In the context of the ComponentDefinition or ModuleDefinition that contains

the owner of the MapsTo, all references to the remote ComponentInstance MUST
dereference to the local ComponentInstance instead.
http://sbols.org/v2#verifyIdentical The definition properties of the local and remote ComponentInstance ob-
jects MUST refer to the same ComponentDefinition.
http://sbols.org/v2#merge In the context of the ComponentDefinition or ModuleDefinition that contains
the owner of the MapsTo, all references to the 1local ComponentInstance or the
remote ComponentInstance MUST dereference to both objects.

Table 5: REQUIRED URIs for the refinement property.

Serialization

The serialization of MapsTo MUST have the following form.

<sbol:MapsTo rdf:about="...">
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. properties inherited from identified ...
one <sbol:refinement rdf:resource="..."/> element
one <shol:remote rdf:resource="..."/> element
one <sbol:local rdf:resource="..."/> element
</sbol:MapsTo>

In the example below, a FunctionalComponent in a “higher level” ModuleDefinition of a genetic toggle switch
is linked to a FunctionalComponent in a “lower level” Lacl inverter ModuleDefinition. The full example can be
found in Section B.2.2.

<sbol:MapsTo rdf:about="http://sbolstandard.org/example/toggle_switch/laci_inverter/LacI_mapping">
<sbol:persistentIdentity rdf:resource="http://sbolstandard.org/example/toggle_switch/laci_inverter/LacI_mapping"/>
<sbol:displayId>LacI_mapping</sbol:displayId>
<sbol:refinement rdf:resource="http://sbols.org/v2#useRemote" />
<sbol:remote rdf:resource="http://sbholstandard.org/example/laci_inverter/TF"/>
<sbol:local rdf:resource="http://sbolstandard.org/example/toggle_switch/LacI"/>

</sbol:MapsTo>

7.7.4 SequenceAnnotation

The SequenceAnnotation class describes one or more regions of interest on the Sequence objects referred to by its
parent ComponentDefinition. In addition, SequenceAnnotation objects can describe the substructure of their par-

ent ComponentDefinition through association with the Component objects contained by this ComponentDefinition.

Seq uenceAnnotation

component locations Locat
CERE & ] tocation ]
Component

Figure 11: Diagram of the SequenceAnnotation class and its associated properties.

The locations property

The locations property is a REQUIRED set of one or more Location objects that indicate which elements of a
Sequence are described by the SequenceAnnotation.

Allowing multiple Location objects on a single SequenceAnnotation is intended to enable representation of
discontinuous regions (for example, a Component encoded across a set of exons with interspersed introns). As such,
the Location objects of a single SequenceAnnotation SHOULD NOT specify overlapping regions, since it is not
clear what this would mean. There is no such concern with different SequenceAnnotation objects, however, which
can freely overlap in Location (for example, specifying overlapping linkers for sequence assembly).

The component property

The component property is OPTIONAL and has a data type of URI. This URI MUST refer to a Component that is
contained by the same parent ComponentDefinition that contains the SequenceAnnotation. In this way, the
properties of the SequenceAnnotation, such as its description and locations, are associated with part of the
substructure of its parent ComponentDefinition.
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Serialization

The serialization of a SequenceAnnotation MUST have the form below. In this template, A_LOCATION_SUBCLASS
represents one of the Location subclasses.

<sbol:SequenceAnnotation rdf:about="...">
. properties inherited from identified ...
zero or one <sbol:component rdf:resource="..."/> element
one or more <shol:location>
<sbol:A_LOCATION_SUBCLASS rdf:about="...">...</sbol:A_LOCATION_SUBCLASS>

</sbol:location> elements
</sbol:SequenceAnnotation>

The example below shows the serialization of a SequenceAnnotation object. It specifies the region occupied by a
Component named BBa_F2620.

<sbol:SequenceAnnotation rdf:about="http://partsregistry.org/cd/BBa_F2620/anno2">
<sbol:persistentIdentity rdf:resource="http://partsregistry.org/cd/BBa_F2620/anno2"/>
<sbol:displayId>anno2</sbol:displayId>
<sbol:location>
<sbol:Range rdf:about="http://partsregistry.org/cd/BBa_F2620/anno2/range">
<sbol:persistentIdentity rdf:resource="http://partsregistry.org/cd/BBa_F2620/anno2/range"/>
<sbol:displayId>range</sbol:displayId>
<sbol:start>56</sbol:start>
<sbol:end>68</sbol:end>
<sbol:orientation rdf:resource="http://shols.org/v2#inline"/>
</sbol:Range>
</sbol:location>
<sbol:component rdf:resource="http://partsregistry.org/cd/BBa_F2620/rbs"/>
</sbol:SequenceAnnotation>

7.7.5 Location

The Location class is extended by the Range, Cut, and GenericLocation classes.

Location
-orientation[0..1] : URI

| ‘ﬁi‘ﬁ

Range
-start[1] : Integer >0 -at[1] : Integer >=0
-end[1] : Integer > 0

GenericLocation

Figure 12: Diagram of the Location class and its associated properties.

The orientation property

The orientation property is OPTIONAL and has a data type of URI. All subclasses of Location share this property,
which can be used to indicate how the region specified by the SequenceAnnotation and any associated double-
stranded Component is oriented on the elements of a Sequence from their parent ComponentDefinition. Table 6
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provides a list of REQUIRED orientation URIs. If a Location object has an orientation, then it MUST come
from Table 6.

Orientation URI Description

http://sbols.org/v2#inline The region specified by this Location is on the elements of a Sequence.

http://sbols.org/v2#reverseComplement  The region specified by this Location is on the reverse-complement translation
of the elements of a Sequence. The exact nature of this translation depends
on the encoding of the Sequence.

Table 6: REQUIRED URIs for the orientation property

Range

A Range object specifies a region via discrete, inclusive start and end positions that correspond to indices for
characters in the elements String of a Sequence.

Note that the index of the first location is 1, as is typical practice in biology, rather than 0, as is typical practice in
computer science.

The start property

The start property specifies the inclusive starting position of the Range. This property is REQUIRED and MUST
contain an Integer value greater than zero.

The end property

The end property specifies the inclusive ending position of the Range. This property is REQUIRED and MUST
contain an Integer value greater than zero. In addition, this Integer value MUST be greater than or equal to that
of the start property.

Serialization

The serialization of a Range MUST have the following form:

<sbol:Range rdf:about="...">
. properties inherited from identified ...
one <sbol:start>...</shol:start> element
one <sbol:end>...</sbol:end> element
zero or one <sbol:orientation rdf:resource="..."/> element
</sbol:Range>

The example below shows the serialization of a Range object. It specifies the region between the inclusive positions
56 and 68, with an orientation of “inline.”

<sbol:Range rdf:about="http://partsregistry.org/cd/BBa_F2620/anno2/range">
<sbol:persistentIdentity rdf:resource="http://partsregistry.org/cd/BBa_F2620/anno2/range"/>
<sbol:displayId>range</sbol:displayId>
<sbol:start>56</sbol:start>
<sbol:end>68</sbol:end>
<sbol:orientation rdf:resource="http://shols.org/v2#inline"/>

</sbol:Range>

Cut

The Cut class has been introduced to enable the specification of a region between two discrete positions. This
specification is accomplished using the at property, which specifies a discrete position that that corresponds to the
index of a character in the elements String of a Sequence (except in the case when at is equal to zero—see below).
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The at property !
The at property is REQUIRED and MUST contain an Integer value greater than or equal to zero. The region 2
specified by the Cut is between the position specified by this property and the position that immediately follows s
it. When the at property is equal to zero, the specified region is immediately before the first discrete position or 4
character in the elements String of a Sequence. 5
Serialization .
The serialization of a Cut MUST have the following form: 7
8

<sbol:Cut rdf:about="..."> 9
. properties inherited from identified ... 10

one <sbol:at>...</sbol:at> element 1
zero or one <shol:orientation rdf:resource="..."/> element 12
</sbol:Cut> i
The example below shows the serialization of a Cut object. It specifies a region in between positions 10 and 11, with 15
an orientation of “inline.” "
17

<sbol:Cut rdf:about="http://partsregistry.org/cd/BBa_]23119/cutatl®/cut"> 18
<sbol:persistentIdentity rdf:resource="http://partsregistry.org/cd/BBa_J23119/cutatl®/cut"/> 19
<sbol:displayId>cut</sbhol:displayId> 20
<sbol:at>10</sbol:at> 21
<sbol:orientation rdf:resource="http://shols.org/v2#inline"/> 22
</sbol:Cut> 23
GenericLocation 2
While the Range and Cut classes are best suited to specifying regions on Sequence objects with TUPAC encodings, 2
the GenericLocation class is included as a starting point for specifying regions on Sequence objects with different 2z
encoding properties and potentially nonlinear structure. This class can also be used to set the orientation of a 28

SequenceAnnotation and any associated Component when their parent ComponentDefinition is a partial design
that lacks a Sequence.

Serialization

The serialization of a GenericLocation MUST have the following form:

<sbol:GenericLocation rdf:about="...">
. properties inherited from identified ...
zero or one <sbol:orientation rdf:resource="..."/> element
</sbol:GenericLocation>

The example below shows the serialization of a GenericLocation object with an orientation of “reverse comple-
ment”:

<sbol:GenericLocation rdf:about="http://www.partsregistry.org/Part:BBa_F2620/anno5/location">
<sbol:orientation rdf:resource="http://sbhols.org/v2#reverseComplement"/>
</sbol:GenericLocation>

7.7.6 SequenceConstraint

The SequenceConstraint class can be used to assert restrictions on the relative, sequence-based positions of pairs
of Component objects contained by the same parent ComponentDefinition. The primary purpose of this class is

to enable the specification of partially designed ComponentDefinition objects, for which the precise positions 49
or orientations of their contained Component objects are not yet fully determined. Each SequenceConstraint 50
includes the restriction, subject, and object properties. 51
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SequenceConstraint

——<>{ -restriction[1] : URI

subject

1
Figure 13: Diagram of the SequenceConstraint class and its associated properties.

object
1

The subject property

The subject property is REQUIRED and MUST contain a URT that refers to a Component contained by the same
parent ComponentDefinition that contains the SequenceConstraint.

The object property

The object property is REQUIRED and MUST contain a URI that refers to a Component contained by the same
parent ComponentDefinition that contains the SequenceConstraint. This Component MUST NOT be the same
Component that the SequenceConstraint refers to via its subject property.

The restriction property

The restriction property is REQUIRED and has a data type of URI. This property MUST indicate the type of struc-
tural restriction on the relative, sequence-based positions or orientations of the subject and object Component
objects. The URT value of this property SHOULD come from the RECOMMENDED URTs in Table 7.

164

creativecommons.org/licenses/by-nc-nd/3.0/).

Restriction URI Description

nforiatics.

http://sbols.org/v2#precedes The position of the subject Component MUST precede that of the object =
Component. If each one is associated with a SequenceAnnotation, then the

SequenceAnnotation associated with the subject Component MUST specify a
region that starts before the region specified by the SequenceAnnotation associ-

ated with the object Component.

http://sbols.org/v2#sameOrientationAs The subject and object Component objects MUST have the same orientation. If E

each one is associated with a SequenceAnnotation, then the orientation URIs
of the Location objects of the first SequenceAnnotation MUST be among those

of the second SequenceAnnotation, and vice versa.

http://sbols.org/v2#oppositeOrientationAs The subject and object Component objects MUST have opposite orientations. If
each one is associated with a SequenceAnnotation, then the orientation URIs
of the Location objects of one SequenceAnnotation MUST NOT be among those

of the other SequenceAnnotation.

NonGomrgercial-NoDerivs 3.0 Unported License (http:

iwve Commons3Att

2
"z

r a Creat

(s).

Table 7: RECOMMENDED URIs for the restriction property.

Serialization

The serialization of a SequenceConstraint MUST have the following form:

<sbol:SequenceConstraint rdf:about="...">
. properties inherited from identified ...
one <sbol:restriction rdf:resource="..."/> element
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one <sbol:subject rdf:resource="..."/> element
one <sbol:object rdf:resource="..."/> element
</sbol:SequenceConstraint>

The example below shows the serialization of a SequenceConstraint belonging to the ComponentDefinition
of a Lacl-repressible promoter. This SequenceConstraint has a “precedes” restriction that indicates that the
subject Component, which represents the core of the promoter, is positioned before the object Component, which
represents the Lacl operator of the promoter.

<sbol:SequenceConstraint rdf:about="http://partsregistry.org/cd/BBa_K174004/r1">
<sbol:persistentIdentity rdf:resource="http://partsregistry.org/cd/BBa_K174004/r1"/>
<sbol:displayId>rl</sbol:displayId>
<sbol:restriction rdf:resource="http://sbols.org/v2#precedes"/>
<sbol:subject rdf:resource="http://partsregistry.org/cd/pspac"/>
<sbol:object rdf:resource="http://partsregistry.org/cd/LacI_operator"/>
</sbol:SequenceConstraint>

7.8 Model

TopLevel

/\

Model
-source[1] : URI
-language[1] : URI
-framework[1] : URI

Figure 14: Diagram of the Model class and its associated properties.

The purpose of the Model class is to serve as a placeholder for an external computational model and provide
additional meta-data to enable better reasoning about the contents of this model. In this way, there is minimal
duplication of standardization efforts and users of SBOL can formalize the function of a ModuleDefinition in the
language of their choice.

The meta-data provided by the Model class include the following properties: the source or location of the actual
content of the model, the 1anguage in which the model is implemented, and the model’s framework.

The source property
The source property is REQUIRED and MUST contain a URI reference to the source file for a model.
The language property

The language property is REQUIRED and MUST contain a URI that specifies the language in which the model is
implemented. It is RECOMMENDED that this URI refer to a term from the EMBRACE Data and Methods (EDAM)
ontology. Table 8 provides a list of terms from this ontology and their URTs. If the 1anguage property of a Model is
well-described by one these terms, then it MUST contain the URI for this term as its value.

The framework property

The framework property is REQUIRED and MUST contain a URI that specifies the framework in which the model
is implemented. It is RECOMMENDED this URT refer to a term from the modeling framework branch of the SBO
when possible. A few suggested modeling frameworks and their corresponding URIs are shown in Table 9. If the
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Model Language  URI for EDAM Term %2
SBML http://identifiers.org/edam/format_2585 33
CellML http://identifiers.org/edam/format_3240 34
BioPAX http://identifiers.org/edam/format_3156 35

Table 8: Terms from the EDAM ontology to specify the 1anguage property of a Model.

.0/).

3

framework property of a Model is well-described by one these terms, then it MUST contain the URI for this term as 0
its value. 10

Framework  URI for SBO Term 1

Continuous  http://identifiers.org/biomodels.sbo/SBO:0000062 12
Discrete http://identifiers.org/biomodels.sbo/SBO:0000063 13

Table 9: SBO terms to specify the framework property of a Model.

Serialization "
The serialization of a Model MUST have the following form: s
16

<sbol:Model rdf:about="http://www.sbolstandard.org/examples/toggleswitch"> 17
. properties inherited from identified ... 18

one <sbol:source rdf:resource="..."/> element 19
one <shol:language rdf:resource: ."/> element 20
one <sbol:framework rdf:resource="..."/> element 21
</sbol:Model> %

-NoDerivs 3.0 Unported License (http://creativecommons.org/licenses/by-nc-nd

The example below shows the serialization of a Model object that refers to a quantitative model of a genetic toggle
switch. The model is implemented in the SBML language and adheres to a continuous modeling framework. Lastly,
the model can be retrieved from a model repository via its source URI, which is a URL.

<?xml version="1.0" ?>
<rdf:RDF xmlns:rdf="http://www.w3.0rg/1999/02/22-rdf-syntax-ns#" xmlns:dcterms="http://purl.org/dc/terms/" xmlns:prov="http://www.
w3.org/ns/prov#" xmlns:sbol="http://sbols.org/v2#">
<sbol:Model rdf:about="http://www.sbolstandard.org/examples/pIKE_Toggle_1">
<sbol:persistentIdentity rdf:resource="http://www.sbolstandard.org/examples/pIKE_Toggle_1"/>
<sbol:displayId>pIKE_Toggle_1</sbol:displayId>
<dcterms:title>pIKE_Toggle_1 toggle switch</dcterms:title>
<sbol:source rdf:resource="http://virtualparts.org/part/pIKE_Toggle_1"/>
<sbol:language rdf:resource="http://identifiers.org/edam/format_2585"/>
<sbol: framework rdf:resource="http://identifiers.org/biomodels.sbo/SBO:0000062"/>
</sbol:Model>

</rdf:RDF>
7.9 ModuleDefinition a< g
The ModuleDefinition class represents a grouping of structural and functional entities in a biological design. The azf _3
primary usage of this class is to assert the molecular interactions and abstract function of its child entities. ©3 -2

As shown in Figure 15, these child entities are aggregated via the functionalComponents modules properties,
while representation of their abstract function is accomplished via the roles property. More detailed descriptions
of the function of a ModuleDefinition are provided by its interactions and models properties. Lastly, since
ModuleDefinition objects can be more abstract and represent entities of engineering design rather than biology, a7
they can have designated “inputs” and “outputs” expressed by the direction properties onits FunctionalComponent
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TopLevel

/\

ModuleDefinition

modules models
T‘ -roles[0..*] : URI
Module interactions functionalComponents
0..* 0..*

Interaction | FunctionalComponent

Figure 15: Diagram of the ModuleDefinition class and its associated properties.

objects.

The roles property
The roles property is an OPTIONAL set of URTs that clarifies the intended function of a ModuleDefinition.

These URIs might identify descriptive biological roles, such as “metabolic pathway” and “signaling cascade,” but
they can also identify identify “logical” roles, such as “inverter” or “AND gate”, or other abstract roles for describing
the function of design. Interpretation of the meaning of such roles currently depends on the software tools that read
and write them.

The modules property

The modules property is OPTIONAL and MAY specify a set of Module objects contained by the ModuleDefinition.
Note that the set of relations between Module and ModuleDefinition objects is strictly acyclic.

While the ModuleDefinition class is analogous to a specification sheet for a system of interacting biological
elements, the Module class represents the occurrence of a particular subsystem within the system. Hence, this
class allows a system design to include multiple instances of a subsystem, all defined by reference to the same
ModuleDefinition. For example, consider the ModuleDefinition for a network of two-input repressor devices in
which the particular repressors have not been chosen yet. This ModuleDefinition could contain multiple Module
objects that refer to the same ModuleDefinition of an abstract two-input repressor device.

The functionalComponents property

The functionalComponents property is OPTIONAL and MAY specify a set of FunctionalComponent objects con-
tained by the ModuleDefinition.

Just as a Module represents an instance of a subsystem in the overall system represented by a ModuleDefinition,
a FunctionalComponent represents an instance of a structural entity (represented by a ComponentDefinition)
in the system. This concept allows a ModuleDefinition to assert different interactions for separate copies of the
same structural entity if needed. For example, a ModuleDefinition might contain multiple FunctionalComponent
objects that refer to the same promoter ComponentDefinition, but assert different interactions for these promoter
copies based on their separate positions in another ComponentDefinition that represents the structure of the
entire system.

The interactions property

The interactions property is OPTIONAL and MAY specify a set of Interaction objects within the ModuleDefinition.
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The Interaction class provides an abstract, machine-readable representation of entity behavior within a ModuleDefinition

(whereas a more detailed model of the system might not be suited to machine reasoning, depending on its implemen-
tation). Each Interaction contains Participation objects that indicate the roles of the FunctionalComponent
objects involved in the Interaction.

The models property
The models property is OPTIONAL and MAY specify a set of URI references to Model objects.

Model objects are placeholders that link ModuleDefinition objects to computational models of any format. A
ModuleDefinition object can link to more than one Model since each might encode system behavior in a different
way or at a different level of detail.

Serialization

The serialization of ModuleDefinition has the following form:

<sbol:ModuleDefinition rdf:about="...">
. properties inherited from identified ...
zero or more <sbol:role rdf:resource="..."/> elements
zero or more <sbol:model rdf:resource="..."/> elements
zero or more <sbol:functionalComponent>
<sbol:FunctionalComponent rdf:about="...">...</sbol:FunctionalComponent >

</sbol: functionalComponent> elements
zero or more <shol:module>
<sbol:Module rdf:about="...">...</sbol:Module>
</sbol:module> elements
zero or more <shol:interaction>
<sbol:Interaction rdf:about="...">...</sbol:Interaction>
</sbol:interaction> elements
</sbol:ModuleDefinition>

The example below shows a simple ModuleDefinition containing two components, a FunctionalComponent for
a DNA sequence encoding constitutive expression of GFP and another for the GFP protein expressed from this
sequence, plus an interaction describing that relation.

<sbol:ModuleDefinition rdf:about="http://sbolstandard.org/example/md/GFP_expression">
<sbol: functionalComponent>
<sbol:FunctionalComponent rdf:about="http://sbolstandard.org/example/md/GFP_expression/GFP_protein">
<sbol:definition rdf:resource="http://sbolstandard.org/example/GFP"/>
<sbol:access rdf:resource="http://sbols.org/v2#public"/>
<sbol:direction rdf:resource="http://sbols.org/v2#output"/>
</sbol:FunctionalComponent>
</sbol: functionalComponent>
<sbol: functionalComponent>
<sbol:FunctionalComponent rdf:about="http://sbholstandard.org/example/md/GFP_expression/Constitutive_GFP">
<sbol:definition rdf:resource="http://sbolstandard.org/example/GFP_generator" />
<sbol:access rdf:resource="http://sbols.org/v2#public"/>
<sbol:direction rdf:resource="http://sbhols.org/v2#none"/>
</sbol:FunctionalComponent>
</sbol: functionalComponent>
<sbol:interaction>
<sbol:Interaction rdf:about="http://sbolstandard.org/example/md/GFP_expression/express_GFP">

</sbol:Interaction>

</sbol:interaction>
</sbol:ModuleDefinition>

7.9.1 Module

The Module class represents the usage or occurrence of a ModuleDefinition within a larger design (that is, another
ModuleDefinition).
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/\

- Module
definition mapsTos
—<>1 0.* MapsTo

ModuleDefinition

Figure 16: Diagram of the Module class and its associated properties.

The definition property

The definition property is a REQUIRED URI that refers to the ModuleDefinition for the Module.

The definition property MUST NOT refer to the same ModuleDefinition as that which contains the Module.

Furthermore, Module objects MUST NOT form a cyclical chain of references via their definition properties and
the ModuleDefinition objects that contain them. For example, consider the Module objects A and B and the
ModuleDefinition objects X and Y. The reference chain “X contains A, A is defined by Y, Y contains B, and B is
defined by X” is cyclical.

The mapsTo property

The mapsTos property is an OPTIONAL set of MapsTo objects that refer to and link ComponentInstance objects
together within the heterarchy of Module, ModuleDefinition, ComponentInstance, and ComponentDefinition
objects.

Section 7.7.3 contains a detailed description of the MapsTo class.
Serialization

The serialization of Modules has the following form.

<shol:Module rdf:about="...">
. properties inherited from identified ...
one <sbol:definition rdf:resource="..."/> element
zero or more <sbol:mapsTo>
<sbol:MapsTo rdf:about="...">...</sbol:MapsTo>

</sbol:mapsTo> element
</sbol:Module>

The example below specifies a TetR inverter that is being used as a part of a genetic toggle switch:

<sbol:Module rdf:about="http://sbolstandard.org/example/toggle_switch/tetr_inverter">
<sbol:definition rdf:resource="http://sbolstandard.org/example/tetr_inverter"/>

</sbol:Module>

7.9.2 FunctionalComponent

A FunctionalComponent is an instance of a ComponentDefinition being used as part of a ModuleDefinition.
The ModuleDefinition describes how the that describes how the FunctionalComponent interacts with others and
summarizes their aggregate function.

The FunctionalComponent class inherits from the ComponentInstance class and therefore has the definition,
access, and mapsTos properties. In addition, it has a direction property that specifies whether it serves as an
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input, output, both, or neither with regards to the ModuleDefinition that contains it.
The direction property

Each FunctionalComponent MUST specify via the direction property whether it serves as an input, output, both,
or neither for its parent ModuleDefinition object. The value for this property MUST be one of the URIs given in
Table 10.

Direction URI Description
http://sbols.org/v2#in Indicates that the FunctionalComponent is an input.
http://sbols.org/v2#out Indicates that the FunctionalComponent is an output.

http://sbols.org/v2#inout Indicates that the FunctionalComponent is both an input and output
http://sbols.org/v2#none Indicates that the FunctionalComponent is neither an input or output.

Table 10: REQUIRED URIs for the direction property.

The direction property is a means to encode how a designer thinks about the “purpose” of a connection in a
system. In SBOL, such a connection is represented with a FunctionalComponent, and a system is represented as
with a ModuleDefinition. For example, consider a system that has been designed to sense the concentration of
the cell-to-cell signaling molecule 30CgHSL and report it via the concentration of another gene product. In this
system, the concentration of 30CgHSL is being sensed by the system, so the FunctionalComponent for 30CgHSL
would have a direction of “input.” In turn, the concentration of the reporter gene product is intended to be
read/consumed by other biological systems, so the FunctionalComponent for this product would have adirection
of “output.” The CDS encoding the product, however, is not intended to directly transfer information into or out of
the ModuleDefinition for the system, so its FunctionalComponent would have a direction of “neither.”

Serialization

The serialization of a FunctionalComponent has the following form.

<sbol:FunctionalComponent rdf:about="...">
. properties inherited from identified ...
one <sbol:definition rdf:resource="..."/> element
one <sbol:access rdf:resource="..."/> element
one <sbol:direction rdf:resource="..."/> element
zero or more <sbol:mapsTo rdf:resource="..."/> elements

</sbol:FunctionalComponent>

In the example below, the functional component is defined as a public input/output. The component refers to the
Part:BBa_R0010 promoter from the iGEM Parts Registry.

<sbol:FunctionalComponent rdf:about="http://sbolstandard.org/example/laci_inverter/promoter">
<sbol:definition rdf:resource="http://www.partsregistry.org/BBa_R0010"/>
<sbol:access rdf:resource="http://sbols.org/v2#public"/>
<sbol:direction rdf:resource="http://sbols.org/v2#inout"/>

</sbol:FunctionalComponent>

7.9.3 Interaction

170

creativecommons.org/licenses/by-nc-nd/3.0/).

-NoDerivs 3.0 Unported License (http:
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The Interaction class provides more detailed description of how the FunctionalComponent objects of aModuleDefinitden-

are intended to work together. For example, this class can be used to represent different forms of genetic regulation
(e.g., transcriptional activation or repression), processes from the central dogma of biology (e.g. transcription and
translation), and other basic molecular interactions (e.g., non-covalent binding or enzymatic phosphorylation).
Each Interaction includes a types property that refers to descriptive ontology terms and a participations
property that describes which FunctionalComponent objects participate in the Interaction.
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/\

Interaction

articipations
-types[1..¥] : URI 2 O * Participation

Figure 17: Diagram of the Interaction class and its associated properties.

The types property
The types property is a REQUIRED set of URIs that describes the behavior represented by an Interaction.

The types property MUST contain one or more URIs that MUST identify terms from appropriate ontologies. It is
RECOMMENDED that at least one of the URIs contained by the types property refer to a term from the occurring
entity branch of the Systems Biology Ontology (SBO). (See http://www.ebi.ac.uk/sho/main/) Table 11 provides
alist of possible SBO terms for the types property and their corresponding URIs.

Interaction Type URI for SBO Term
Inhibition http://identifiers.org/biomodels.sbo/SBO: 0000169
Stimulation http://identifiers.org/biomodels.sbo/SBO:0000170

Genetic Production http://identifiers.org/biomodels.sbo/SBO:0000589
Non-Covalent Binding  http://identifiers.org/biomodels.sbo/SB0:0000177

Table 11: SBO terms to specify the types property of an Interaction.

If an Interaction is well described by one of the terms from Table 11, then its types property MUST contain the
URI that identifies this term. Lastly, if the types property of an Interaction contains multiple URIs, then they
MUST identify non-conflicting terms. For example, the SBO terms “stimulation” and “inhibition” would conflict.

The participations property

The participations property is an OPTIONAL and MAY contain a set of Participation objects, each of which
identifies the roles that its referenced FunctionalComponent plays in the Interaction.

Even though an Interaction generally contains at least one Participation, the case of zero Participation
objects is allowed because it is plausible that a designer might want to specify that an Interaction will exist, even
ifits participants have not yet been determined.

Serialization

The serialization of an Interaction has the following form.

<sbol:Interaction rdf:about="...">
. properties inherited from identified ...
one or more <sbol:type rdf:resource="..."/> elements
zero or more <sbol:participation>
<sbol:Participation rdf:about="...">...</sbol:Participation>

</sbol:participation> elements
</sbol:Interaction>

The example below shows an Interaction representing an inhibition relationship (SBO:0000169) between a
repressor (SBO:0000020, full Participation details shown) and a promoter:
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<sbol:Interaction rdf:about="http://sbolstandard.org/example/laci_inverter/LacI_pLacI">
<sbol:type rdf:resource="http://identifiers.org/biomodels.sbo/SB0:0000169"/>
<sbol:participation>
<sbol:Participation rdf:about="http://sbolstandard.org/example/laci_inverter/LacI_pLacI/P03023">
<sbol:role rdf:resource="http://identifiers.org/biomodels.sbo/SBO:0000020"/>
<sbol:participant rdf:resource="http://sholstandard.org/example/laci_inverter/TF"/>
</sbol:Participation>
</sbol:participation>
<sbol:participation>
<sbol:Participation rdf:about="...">

</sbol:Participation>
</sbol:participation>
</sbol:Interaction>

/\

Participation

-roles[0..*] : URI O—M|pant

1

| FunctionalComponent

Figure 18: Diagram of the Participation class and its associated properties.

7.9.4 Participation
Each Participation represents how a particular FunctionalComponent behaves in its parent Interaction.
The roles property

The roles property is an OPTIONAL set of URTs that describes the behavior of a Participation (and by extension
its referenced FunctionalComponent) in the context of its parent Interaction.

The roles property MAY contain one or more URIs that MUST identify terms from appropriate ontologies. It is
RECOMMENDED that at least one of the URIs contained by the types property refer to a term from the participant
role branch of the SBO. Table 12 provides a list of possible SBO terms for the roles property and their corresponding
URIs.

Participation Role URI for SBO Term

Inhibitor http://identifiers.org/biomodels.sbo/SBO:0000020
Stimulator http://identifiers.org/biomodels.sbo/SB0: 0000459
Reactant http://identifiers.org/biomodels.sbo/SB0: 0000010
Product http://identifiers.org/biomodels.sbo/SBO: 0000011
Ligand http://identifiers.org/biomodels.sbo/SBO: 0000280

Non-Covalent Complex  http://identifiers.org/biomodels.sbo/SBO:0000253

Table 12: SBO terms to specify the roles property of a Participation.

IfaParticipation is well described by one of the terms from Table 12, then its roles property MUST contain the
URI that identifies this term. Lastly, if the roles property of a Participation contains multiple URTs, then they
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MUST identify non-conflicting terms. For example, the SBO terms “stimulator” and “inhibitor” would conflict. 1

The participant property 2
The participant property MUST specify precisely one FunctionalComponent object that plays the designated s
role in its parent Interaction object. 4
Serialization .
The serialization of Participation objects has the following form. s
<sbol:Participation rdf:about="..."> 8
. properties inherited from identified ... 9

zero or more <shol:role rdf:resource="..."/> elements 10
one <sbol:participant rdf:resource="..."/> element 1
</sbol:Participation> 13
In the example below, the role of participating FunctionalComponent is defined to be inhibitor, using the 1
SBO: 0000020 term. This component is specified using the participant property of the Participation entity. 15
16

<sbol:Participation rdf:about="http://sbolstandard.org/example/laci_inverter/LacI_pLacI/P03023"> 17
<sbol:role rdf:resource="http://identifiers.org/biomodels.sbo/SBO:0000020"/> 18
<sbol:participant rdf:resource="http://sholstandard.org/example/laci_inverter/TF"/> 19
</sbol:Participation> 39
7.10 Collection
The Collection class is a class that groups together a set of TopLevel objects that have something in common. 23
Some examples of Collection objects: 21
B Results of a query to find all ComponentDefinition objects in a repository that function as promoters. 25

B AsetoflModuleDefinition objects representing a library of genetic logic gates. 2

B AModuleDefinitionforacomplexdesign, and all of the ModuleDefinition, ComponentDefinition, Sequence, 2
and Model objects used to provide its full specification. 2

TopLevel

Collection

members
0..*

Figure 19: Diagram of the Collection class and its associated properties.

The members property 2
The members property of a Collection is OPTIONAL and MAY contain a set of URI references to zero or more %0
TopLevel objects. 5
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Section 7.11  Annotation and Extension of SBOL

Serialization

The serialization of a Collection has the following form:

<sbol:Collection rdf:about="...">
. properties inherited from identified ...
zero or more <sbol:member rdf:resource="..."/> element
</sbol:Collection>

The example below shows the serialization of a Collection object grouping together a library of constitutive
promoters.

<?xml version="1.0" ?>
<rdf:RDF xmlns:rdf="http://www.w3.0rg/1999/02/22-rdf-syntax-ns#" xmlns:dcterms="http://purl.org/dc/terms/" xmlns:prov="http://www.
w3.org/ns/prov#" xmlns:sbol="http://sbols.org/v2#">
<sbol:Collection rdf:about="http://parts.igem.org/Promoters/Catalog/Anderson">
<sbol:persistentIdentity rdf:resource="http://parts.igem.org/Promoters/Catalog/Anderson"/>
<sbol:displayId>Anderson</sbol:displayId>
<dcterms:title>Anderson promoters</dcterms:title>
<dcterms:description>The Anderson promoter collection</dcterms:description>
<sbol:member rdf:resource="http://partsregistry.org/Part:BBa_J23119"/>

<sbol:member rdf:resource="http://partsregistry.org/Part:BBa_J23118"/>
</sbol:Collection>
</rdf:RDF>

7.11  Annotation and Extension of SBOL

SBOL does not currently represent all types of biological design data, since many of these data types (e.g., biological
context and design performance metrics) lack a clear consensus on their proper representation. In addition, some
types of biological data are not directly relevant to design and are therefore outside of the scope of SBOL.

To enable representation of these data, SBOL allows developers to embed custom data within SBOL objects and
documents, such that these data can be exchanged without being damaged or lost. This annotation and extension
mechanism is designed to enable new types of data to be easily incorporated into the SBOL standard once there is
community consensus on their proper representation.

Several methods are supported for connecting the SBOL data model with other types of application-specific data:

B Custom data can be added to an SBOL object by annotating that object with non-conflicting properties. These
properties could contain 1iteral data types such as Strings or URIs that require a resolution mechanism
to obtain external data. An example is annotating a ComponentDefinition with a property that contains a
String description and URT for the parts registry from which its source data was originally imported.

® Custom datain the form of independent objects can be added to an SBOL document by creating GenericTopLevel -

objects and annotating them as described above. An example is a GenericTopLevel object that is annotated
such that it represents a data sheet that describes the performance of a ModuleDefinition in a particular
context.

® Finally, just as custom objects can be embedded in an SBOL document, external documents can embed or
refer to SBOL objects. Support for this last case is not explicitly provided in this specification. Rather, this
case depends on the external non-SBOL system managing its relationship to SBOL and data serialized in
RDF/XML, and is included here for completeness.

7.11.1 Annotating SBOL objects

Each Identified object MAY contain any number of Annotation objects that store data in the form of name/value
property pairs. The gName is REQUIRED and MUST contain a QName, which is composed of a namespace, an
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Section 7.11  Annotation and Extension of SBOL

OPTIONAL prefix, and a local name. The gName property MUST be stored in the data model to allow for proper
serialization as described below. The value property is also REQUIRED and MUST contain a literal (i.e, a
String, Integer, Double, Boolean), URI, or NestedAnnotations object. A NestedAnnotations object MUST

contain nestedQName and nestedURI properties, and it MAY contain an annotations property that contains zero
or more Annotation objects.

Identified

annotations
0.%

Annotation

-gName[1] : QName value -
‘ﬁ AnnotationValue |
annotations
T 1 7
Literal URI NestedAnnotations

-nestedQName[1] : QName
-nestedURI[1] : URI

Figure 20: Diagram of the Annotation class and its association with Identified and AnnotationValue objects,
which is used for annotating SBOL entities with application specific data.

Serialization

The serialization of an Annotation has the following form:

<?xml version="1.0" ?>

<rdf:RDF xmlns:rdf="http://www.w3.0rg/1999/02/22-rdf-syntax-ns#"
xmlns:sbol="http://sbols.org/v2#"
xmlns:prefix1="NAMESPACE_1"
xmlns:prefix2="NAMESPACE_2"
xmlns:nestedObjectPrefix="A_NESTED_OBJECT_NAMESPACE"

>
<sbol:A_TOPLEVELOBJECT rdf:about="...">

zero or more <prefix1:LOCAL_NAME_1>A_LITERAL</prefix1:LOCAL_NAME_1> elements
zero or more <prefixl:LOCAL_NAME_2 rdf:resource=URI/> elements
zero or more <prefix2:LOCAL_NAME_3>

<nestedObjectPrefix:NESTED_LOCAL_NAME rdf:about="...">

</nestedObjectPrefix:NESTED_LOCAL_NAME>
</prefix2:LOCAL_NAME_3> elements
</sbol:TOPLEVELOBJECT>

The gName property specifies a namespace, prefix, and local part/name. The use of such qualified names is described
in detail by the W3C (http://www.w3.0rg/TR/1999/REC-xml-names-19990114/#ns-using). Essentially, the
"xmlns" property defines the prefix String to use as an alias for the namespace. The prefix can be any String. Its
use is OPTIONAL, since it simply replaces the full namespace, thereby making the serialization easier for a human
to read.

The first form of Annotation shown above is for an Annotation that contains a literal asits value. The second
form is for an Annotation that contains a URI as its value. Finally, the third form is for an Annotation that
contains a NestedAnnotations object as its value. In the last case, the nestedQName property specifies the nested
namespace, nested prefix, and nested local part/name, while the nestedURI property species the URI for the
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Section 7.11  Annotation and Extension of SBOL

NestedAnnotations object.

The example below shows how the serialization for a promoter ComponentDefinition can be annotated with
custom data. Annotations are added containing the relevant information from the iGEM Parts Registry. Each
property serialization of an Annotation is qualified with the http: //www.partsregistry.org/ namespace, which
is prefixed using pr. The first Annotation is named pr: group. It specifies the iGEM group that has designed the
promoter and has a String value. The second Annotation is named pr:experience. It contains a URI value that
is serialized as an RDF resource and can be resolved to the information Web page on the Parts Registry for the
promoter. Finally, the third Annotation is named pr:information. It contains a NestedAnnotations object that
is serialized as shown and includes information about the regulatory details of the promoter using Annotations
that correspond to Parts Registry categories.

<?xml version="1.0" 7>
<rdf:RDF xmlns:pr="http://partsregistry.org" xmlns:rdf="http://www.w3.0rg/1999/02/22-rdf-syntax-ns#" xmlns:dcterms="http://purl.
org/dc/terms/" xmlns:prov="http://www.w3.org/ns/prov#" xmlns:sbol="http://sbols.org/v2#">
<sbol:ComponentDefinition rdf:about="http://partsregistry.org/cd/BBa_J23119">
<sbol:persistentIdentity rdf:resource="http://partsregistry.org/cd/BBa_]23119"/>
<sbol:displayId>BBa_J23119</sbol:displayId>
<pr:group>iGEM2006_Berkeley</pr:group>
<pr:experience rdf:resource="http://parts.igem.org/cgi/partsdb/part_info.cgi?part_name=BBa_]23119"/>
<pr:information>
<pr:Information rdf:about="http://parts.igem.org/cgi/partsdb/part_info.cgi?part_name=BBa_J23119">
<pr:sigmafactor>//rnap/prokaryote/ecoli/sigma70</pr:sigmafactor>
<pr:regulation>//regulation/constitutive</pr:regulation>
</pr:Information>
</pr:information>
<dcterms:title>J23119</dcterms:title>
<dcterms:description>Constitutive promoter</dcterms:description>
<sbol:type rdf:resource="http://www.biopax.org/release/biopax-level3.owl#DnaRegion"/>
<sbol:role rdf:resource="http://identifiers.org/so/S0:0000167"/>
</sbol:ComponentDefinition>
</rdf:RDF>

7.11.2 GenericTopLevel

Custom data can also be embedded at the top level of an SBOL document. The GenericTopLevel class is used
to represent top-level entities whose purpose is to contain a set of annotations that are independent of any other
class of SBOL object. Entities that have independent existence and are not recognized by the SBOL standard are
deserialized to GenericTopLevel objects. These GenericTopLevel objects can be safely used by tools to exchange
non-SBOL data.

Aswith other TopLevel objects, GenericTopLevel objects MAY include the properties displayId, name, description,

etc. The type of data annotating a GenericTopLevel object is indicated using the REQUIRED rdfType property,
which MUST contain a QName. As before with the gName property, the rdfType property is used to set the namespace,
prefix, and local part/name during serialization.

Serialization

The serialization of the GenericTopLevel class has the following form, where the prefix, namespace, and local
part/name are defined by the rdfType property:

<?xml version="1.0" 7>

<rdf:RDF xmlns:rdf="http://www.w3.0rg/1999/02/22-rdf-syntax-ns#"
xmlns:sbol="http://sbols.org/v2#"
xmlns:applicationPrefix="APPLICATION_NAMESPACE"
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Section 7.11  Annotation and Extension of SBOL

TopLevel

/\

GenericTopLevel
-rdfType[1] : QName

Figure 21: Diagram of the GenericTopLevel class and its associated properties, which is used for embedding externally
defined entities into SBOL documents.

<applicationPrefix:APPLICATION_OBJECT_NAME rdf:about="...">

. properties inherited from identified ...

. any non-conflicting application-specific properties ...
</applicationPrefix:APPLICATION_OBJECT_NAME>

The example below shows how a datasheet object can be added to an SBOL document using the GenericTopLevel
class. The J23119 promoter ComponentDefinition is annotated with the myapp: datasheet property that contains
the URI of a TopLevel Datasheet object. The Datasheet object is further annotated with the transcription rate and
URI for the actual characterization data using the myapp: transcriptionRate and myapp: characterizationData
properties, respectively. As specified by their rdfType and gName properties, the TopLevel Datasheet object and
all Annotation objects in this example are serialized with the custom http://www.myapp.org/ namespace and
myapp prefix.

<?xml version="1.0" 7>

<rdf:RDF xmlns:myapp="http://www.myapp.org/" xmlns:rdf="http://www.w3.0rg/1999/02/22-rdf-syntax-ns#" xmlns:dcterms="http://purl.
org/dc/terms/" xmlns:prov="http://www.w3.org/ns/prov#" xmlns:sbol="http://sbols.org/v2#">

<sbol:ComponentDefinition rdf:about="http://www.partsregistry.org/cd/BBa_J23119">
<sbol:persistentIdentity rdf:resource="http://www.partsregistry.org/cd/BBa_J23119"/>
<sbol:displayId>BBa_J23119</sbol:displayId>
<prov:wasDerivedFrom rdf:resource="http://www.partsregistry.org/Part:BBa_J23119"/>
<myapp:datasheet rdf:resource="http://www.partsregistry.org/gen/datasheetl"/>
<dcterms:title>J23119</dcterms:title>
<dcterms:description>Constitutive promoter</dcterms:description>
<sbol:type rdf:resource="http://www.biopax.org/release/biopax-level3.owl#DnaRegion"/>
<sbol:role rdf:resource="http://identifiers.org/so/S0:0000167"/>

</sbol:ComponentDefinition>

<myapp:Datasheet rdf:about="http://www.partsregistry.org/gen/datasheetl">
<sbol:persistentIdentity rdf:resource="http://www.partsregistry.org/gen/datasheetl"/>
<sbol:displayId>datasheetl</sbol:displayId>
<myapp:characterizationData rdf:resource="http://www.myapp.org/measurement/1"/>
<myapp:transcriptionRate>1</myapp:transcriptionRate>
<dcterms:title>Datasheet 1</dcterms:title>

</myapp:Datasheet>

</rdf:RDF>
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Mapping Between SBOL 1.1 and SBOL 2.0

Figure 22 depicts the mapping of SBOL 1.1 classes to SBOL 2.0 classes, indicating corresponding classes/properties
by color. The SBOL 2.0 Model and ModuleDefinition classes have no SBOL 1.1 equivalent, and thus are not shown.
In particular:

® SBOL 1.1 Collection objects containing DnaComponent objects map to SBOL 2.0 Collection objects that
contain ComponentDefinition objects with DNA types properties.

B SBOL 1.1 DnaComponent objects maps to SBOL 2.0 ComponentDefinition objects with DNA types properties.

® SBOL 1.1 DnaSequence objects maps to an SBOL 2.0 Sequence objects with ITUPAC DNA encoding properties.

178

8

® SBOL 1.1 SequenceAnnotationobjects withbioStart and bioEnd properties map to SBOL 2.0 SequenceAnnotatieon

objects that contain Range objects.

® SBOL 1.1 SequenceAnnotation objects that lack bioStart and bioEnd properties map to an SBOL 2.0
SequenceAnnotation objects that contain GenericLocation objects.

® Each SBOL 1.1 SequenceAnnotation also maps to an SBOL 2.0 Component, which represents the instantiation
or usage of the appropriate ComponentDefinition.

® Each SBOL 1.1 precedes property maps to an SBOL 2.0 SequenceConstraint that specifies a precedes
restriction property.

‘ SBOL Version 1.1 ‘ SBOL Version 2.0

3 members
[_collection | Sequence. me
‘ ‘ . sequences
1] : String 0.* —
-encoding[1] : URI C Definition
0.* -types[1..4] : URI Constraints _~ |—eduenceConstraint
-roles[0..*] : URI * e
~restriction[1] : URI
|__DnaComponent dnaSequence Annotations somponens
0.1 0. definition
“type[0.7]: URI >1 i 0.* subject object |1
1 1
sub DnaSequence
i locations
Component annotations c:
1 0.* -nucleotides[1] : String 1. . component __Component |
AN -access[1] : URI
precedes
-bioStart[0..1] : Integer > 0 0.* _ .
-bioEnd[0..1] : Integer > 0 Range GenericLocation
-strand|0. '+ or "
-start[1] : Integer > 0 ~orientation[0..1] : URI

-end[1] : Integer > 0
-orientation[0..1] : URI

Figure 22: The mapping from the SBOL 1.1 data model to the SBOL 2.0 data model, indicating corresponding class-
es/properties by color.

Section 8 Mapping Between SBOL 1.1 and SBOL 2.0 Page 47 of 89

Unauthenticated

doi:10.2390/biecoll-jib-2015-272 Download Date | 12/8/17 1:34 AM

10

11



179
Journal of Integrative Bioinformatics, 12(2):272, 2015 http://journal.imbio.de

Data Model Examples :

This section illustrates how to use the SBOL data model by specifying the design of a Lacl/TetR toggle switch similar 2

to those constructed in Gardner et al. (2000). This design is visualized conceptually in Figure 23 and in detail in s
Figure 24. 4
Conceptually, the toggle switch is constructed from two mutually repressing genes. With repressors Lacl and TetR, 5
this results in a bi-stable system that will tend to settle into a state where precisely one of the two repressors is s
strongly expressed, repressing the other. Each of these repressors can have its activity disrupted by a small molecule 7
(IPTG for Lacl, aTc for TetR), which enables the system to be “toggled” from one state to the other by dosing it with s
the appropriate small molecule. 0

IPTG

T

aTlc

Figure 23: Conceptual diagram of Lacl/TetR toggle switch: the Lacl and TetR transcription factors are arranged to mutually
repress each other’s expression, creating a bi-stable system. Transition between the two states is triggered by the
small-molecule signals aTc (which disrupts TetR repression) and IPTG (which disrupts Lacl repression).

The Lacl/TetR toggle switch is modeled in SBOL as two parallel hierarchies of structure and function. The structural 10
hierarchy of the toggle switch is represented using ComponentDefinitions: 1

® The base elements of the hierarchy are DNA components, transcription factor proteins, and small molecules. 12

As an example, Figure 25 is a UML diagram of the ComponentDefinition objects that represent these ele- 18

ments. "

B Base elements are composed to form more complex structures at the top of the hierarchy, including genes 5

and non-covalent complexes between transcription factor proteins and small molecules. As an example, 16

Figure 26 is a UML diagram of the composite ComponentDefinition objects that represent the TetR gene and 17

IPTG-LacI complex. 18

The functional hierarchy of the toggle switch is represented using ModuleDefinitions: 10

B The base elements of the hierarchy are Lacl-dependent repression of TetR expression (the Lacl inverter) and 20

TetR-dependent repression of Lacl (the TetR inverter). As an example, Figure 27 is a UML diagram of the 21

ModuleDefinition that represents the Lacl inverter. 2

B Base elements are composed to form the toggle switch at the top of the hierarchy. As an example, Figure 28 is 23

a UML diagram of the ModuleDefinition that represents the toggle switch. 2
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Section

Toggle Switch I lOulpul I Ilnpul
—
IPTG-Lacl i

1
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Lacl Inverter

TetR Inverter

—— . —— E ---? Lacl

QOutput Lacl  Input

cTetR 1
TetR TetR TetR

-Q---d-——----- © +— == nRva

Input | Qutput

aTc (:3 > O. <
1
Inpulu Oulputu

Figure 24: Design of a Lacl/TetR toggle switch. This design is composed of two inverter sub-designs, each containing a
single gene. These genes mutually repress each other’s expression via their encoded protein transcription factors, Lacl and
TetR. Furthermore, both Lacl and TetR are bound by specific small molecules that sequester them and prevent them from
acting as repressors. In this design, arrows represent different molecular interactions, including the repression of pLac via
Lacl, the non-covalent binding of IPTG to Lacl, the transcription of TetR mRNA, and the translation of TetR. Dashed lines
serve to map between transcription factors in the inverter sub-designs and those in the overall toggle switch design.
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Section
ComponentDefinition ComponentDefinition ComponentDefinition ComponentDefinition
-displayld : "TetR_mRNA" -displayld : "TetR" -displayld : "IPTG" -displayld : "Lacl"
-types : [RNA] -types : [Protein] -types : [Small Molecule] -types : [Protein]
-roles : [MRNA] -roles : [] -roles : [Effector] -roles : []
sequence sequence sequence sequence
Sequence Sequence Sequence Sequence
-elements : "auguccag..." -elements : "MSRLDK..." -elements : "CC(C)S[C..." -elements : "MKPVTL..."
-encoding : [IUPAC RNA -encoding : IUPAC Protein -encoding : SMILES -encoding : IUPAC Protein
ComponentDefinition ComponentDefinition ComponentDefinition ComponentDefinition
-displayld : "BBa_R0010" -displayld : "BBa_J61120" -displayld : "BBa_C0040" -displayld : "BBa_0015"
-types : [DNA] -types : [DNA] -types : [DNA] -types : [DNA]
-roles : [Promoter] -roles : [RBS] -roles : [CDS] -roles : [Terminator]
sequence sequence sequence sequence
Sequence Sequence Sequence Sequence
-elements : "caatacgc...” -elements : "aaagagg..." -elements : "atgtccag..." -elements : "ccaggcat...”
-encoding : IUPAC DNA -encoding : IUPAC DNA -encoding : IUPAC DNA -encoding : IUPAC DNA

Figure 25: ComponentDefinition objects for the Lacl inverter. These include ComponentDefinition objects based
on DNA parts from the iIGEM Parts Registry and ComponentDefinition objects that represent TetR mRNA, TetR,
Lacl, and IPTG. Each ComponentDefinition is associated with a Sequence that has an TUPAC DNA/RNA or TUPAC
protein encoding, except the ComponentDefinition of IPTG, which is associated with a Sequence that has a
SMILES encoding.
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Section

ComponentDefinition

-displayld : "IPTG_Lacl_Complex" Component Component
-types : Complex
-roles : []

-displayld : "IPTG"

-displayld : "Lacl"
-access : Public

-access : Public

definition definition

Sequence ComponentDefinition ComponentDefinition

-elements : "caatacgcaaaccgcctctcccegegegtt...”

-displayld : "IPTG"
sequences -encoding : IUPAC DNA

:c.lisplayld :"Lacl"

ComponentDefinition

-displayld : "TetR_Gene"
-types : [DNA]
-roles : [Gene, Engineered Gene]

[sequenceAnnotation | [sequenceAnnotation |

[SequenceAnnotation |

[sequenceAnnotation |

component component component component
locations locations

locations locations
Range Range Range Range
-start : 1 -start : 55 -start : 67 -start : 1195
-end : 54 -end : 66 -end : 1194 -end : 1322
-orientation : Inline -orientation : Inline -orientation : Inline -orientation : Inline
Component Component

Component

Component
-displayld : "pLac"

-displayld : "Elowitz_RBS"
-access : Public

-displayld : "cTetR"
-access : Public

-displayld : "Double_T"
-access : Public

-access : Public

definition definition

definition

definition

ComponentDefinition

ComponentDefinition ComponentDefinition

ComponentDefinition

-displayld : "BBa_R0010"

-displayld : "BBa_J61120" -displayld : "BBa_C0040"

-displayld : "BBa_0015"

Figure 26: Composite ComponentDefinition objects for the Lacl inverter. In the case of the ComponentDefinition
that represents the TetR gene, its sub-Component objects are located as Ranges along its Sequence using
SequenceAnnotation objects. The ComponentDefinition that represents the IPTG-Lacl complex, however, has
no Sequence and its sub-Component objects are composed without any data about their relative positions.
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Section

ModuleDefinition

-displayld : "Lacl_Inverter"

FunctionalComponent

-displayld

:"TetR_Gene"
-access : Private
-direction :

None

Interaction

Interaction

-types : [Inhibition]

-displayld : "Lacl_Repression”

-displayld : "TetR_Production”
-type : [Genetic Production]

Participation

Participation

Participation

Participation

“roles : [inhibitor]

.-Foles 1]

-roles : [Promoter]

:r.oles :[1]

Participation

-roles : [Product]

participant

participant

participant

participant

FunctionalComponent FunctionalComponent participant FunctionalComponent FunctionalComponent
-displayld : "Lacl" -displayld : "pLac" -displayld : "cTetR" -displayld : "TetR"
-access : Public -access : Private -access : Private -access : Public
-direction : Input -direction : None -direction : None -direction : Output

definition definition definition definition

ComponentDefinition ComponentDefinition model ComponentDefinition ComponentDefinition
-displayld : "Lacl" -displayld : "BBa_R0010" -displayld : "BBa_C0040" -displayld : "TetR"

Model

-source : Lacl_Inverter.xml
-language : SBML
-framework : Continuous

Figure 27: ModuleDefinition of the Lacl inverter. This ModuleDefinition contains FunctionalComponent ob-
Jjects that instantiate the ComponentDefinition objects for the Lacl/TetR transcription factors and TetR gene. The
FunctionalComponent for the TetR gene as a whole does not participate in any Interaction and merely indicates that
the function of the gene is described by the Lacl inverter ModuleDefinition. The remaining FunctionalComponent
objects participate in a repression Interaction and a genetic production Interaction, thereby indicating which biologi-
cal structures carry out the function of the Lacl inverter ModuleDefinition. In this case, the transcription and translation
of TetR are represented as a single genetic production Interaction that abstracts away the presence of the intermediate
TetR mRNA. In addition, this ModuleDefinition is also associated with a continuous Model written in the SBML source
file “Lacl_Inverter.xml.”
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local

Section
ModuleDefinition
-displayld : "Lacl_TetR_Toggle"
Interaction Interaction
-displayld : "IPTG_Binding" -displayld : "aTc_Binding"
-types : [Non-Covalent Binding] -types : [Non-Covalent Binding]
Participation Participation Participation Participation Participation Participation
-roles : [Ligand] -roles : [Non-Covalent -roles : [Ligand] -roles : [Ligand] -roles : [Non-Covalent -roles : [Ligand]
Complex] Complex]
\Lparticipam \Lparticipanw
participant FunctionalComponent participant FunctionalComponent participant
articipant
-displayld : "IPTG_Lacl_Complex" -displayld : "aTc_TetR_Complex"
-access : Private local -access : Private
-direction : None \L local -direction : None
FunctionalComponent —>1_FunctionalComponent " -
unctl P unct ne FunctionalComponent < FunctionalComponent
-displayld : "IPTG" ~displayld : "Lacl" e .
-access : Public -access : Public -dlsplayl.d'; -brl‘_?lR 'd'Splayl_d# EITC
-direction : Input -direction : Output raccess : Public raccess - Public
-direction : Output local -direction : Input

Module

Module

-displayld : "Lacl_Inverter"

MapsTo

MapsTo

-refinement : Verify Identical

-refinement : Verify Identical

0

O

-displayld : "TetR_Inverter"

MapsTo

MapsTo

-refinement : Verify Identical

-refinement : Verify Identical

O

0|

|

remote

remote

ModuleDefinition

ModuleDefinition /

-displayld : "Lacl_Inverter"

-displayld : "TetR_Inverter"

remote

FunctionalComponent

FunctionalComponent

FunctionalComponent

FunctionalComponent

-displayld : "Lacl"
-access : Public
-direction : Input

-displayld : "TetR"
-access : Public
-direction : Output

-displayld : "Lacl"
-access : Public
-direction : Output

-displayld : "TetR"
-access : Public
-direction : Input

FunctionalComponent

FunctionalComponent

FunctionalComponent

FunctionalComponent

-displayld : "pLac"
-access : Private
-direction : None

-displayld : "cTetR"
-access : Private
-direction : None

-displayld : "cLacl"
-access : Private
-direction : None

-displayld : "pTet"
-access : Private
-direction : None

remote

Figure 28: Composite ModuleDefinition of the Lacl/TetR toggle switch. This ModuleDefinition contains the Module
objects that instantiate Lacl and TetR inverter ModuleDefinition objects. It also contains FunctionalComponent
objects that instantiate the ComponentDefinition objects for the Lacl/TetR transcription factors and IPTG/aTc small
molecules. These FunctionalComponent objects each participate in a non-covalent binding Interaction. To com-
plete the composition of the toggle switch, MapsTo objects are used to indicate that the output of the Lacl inverter
ModuleDefinition is identical to the input of the TetR inverter ModuleDefinition and vice versa.
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10 SBOL RDF Serialization 1

In order for SBOL objects to be readily stored and exchanged, it is important that they are able to be serialized, i.e., 2
converted to a sequence of bytes that can be stored in a file or exchanged over a network. The serialization format s
for SBOL is designed to meet several competing requirements. First, SBOL needs to support ad-hoc annotations and 4
extensions. Second, SBOL needs to support processing by general database and semantic web software tools that 5
have little or no knowledge of the SBOL data model. Finally, it ought to be relatively simple to write a new software s
implementation, so that SBOL can be readily used even in software environments where community-maintained 7
implementations are not available. s
To meet these goals, the canonical serialization of SBOL has been selected to be a strict dialect of RDF/XML Beckett 9
and McBride (2004), a syntactic standard defined for Semantic Web data exchange. This serialization provides a 10
standard base from which to meet further requirements. Moreover, it allows any RDF/XML-aware software tool to 1
consume and operate on an SBOL file without needing any customization to support SBOL. Where possible, we 12
have re-used predicates from widely-used terminologies (such as Dublin Core DCMI Usage Board (2012)) to expose 18
as much of the data as practical to such standard RDF tooling. 1
Arbitrary RDF/XML, however, provides a sometimes problematically large amount of flexibility in how equiva- 15
lent data can be serialized. This flexibility can result in different serializations when processing RDF/XML files 1
using standard off-the-shelf XML tools, such as DOM-O0 mappings. To address this issue, we define a canonical 17
association between the nesting of data structures within the SBOL UML data model and the RDEF/XML file. For 18
all ownership associations (filled diamonds), the RDF/XML for the owned entity is embedded within the owner’s 19
RDF/XML (note, however, that the property values MAY be listed in any order). For all associations that are by 20
reference (open diamonds), the RDF/XML for the referenced property is linked via a resource URI. For example, 21
the serialization of a ComponentDefinition embeds the serializations of the SequenceConstraint and Component 2
objects associated with it. Those SequenceConstraint objects, however, link to the Component objects with a URT 2
rather than embedding another copy. 2

Every SBOL document MUST be a valid RDF/XML document. Accordingly, each SBOL document starts with an 2

XML declaration that has its XML version set to “1.0.” As shown in the example below, this declaration is then 2
followed by an rdf:RDF XML element that includes the namespace declarations for RDE, Dublin Core, PROV, and 27
SBOL. The SBOL namespace, which is http://sbols.org/v2#, is used to indicate which entities and properties in 28
the SBOL document are defined by SBOL, and MUST NOT be used for any entities or properties not defined in this 2
specification. %0
31

<?xml version="1.0" 7> 32
<rdf:RDF xmlns:rdf="http://www.w3.0rg/1999/02/22-rdf-syntax-ns#" xmlns:dcterms="http://purl.org/dc/terms/" xmlns:prov="http://www. 33
w3.org/ns/prov#" xmlns:sbol="http://sbols.org/v2#"> 34

ere 35
</rdf:RDF> 3%

All first-class SBOL data types (i.e., those enumerated in Section 7) have an associated identifying URI. In the s

RDE this is the resource URI used by instances of that type. For example, ComponentDefinition has the type %
URI sbol:ComponentDefinition. Properties and associations are then asserted as nested RDF/XML assertions. o
Section 7 provides the serialization template and an example at the end of its description of each data type. All of s
the data types that are TopLevel are so named because they always appear at the top-most level of the RDF/XML 2
serialization. All other data types will always appear nested within their parent container and, ultimately, some s
TopLevel object. For example, a ComponentDefinition is a TopLevel and therefore listed at the top-most level 44
of the RDF/XML serialization, and contains its SequenceConstraint objects, since they are not TopLevel. Its 4
Sequence, however, is also TopLevel and is therefore not nested within and instead linked via a URI. 46
Each instance of a first-class SBOL data type MAY have annotations attached, as described in Section 7.11. These 4
annotations are composed of a name and a value. They are serialized to RDF as a conceptual triple with the subject a8
being the identity of the instance they annotate, the predicate being the name of the annotation, and the object 4
Section 10 SBOL RDF Serialization Page 54 of 89

Unauthenticated

doi:10.2390/biecoll-jib-2015-272 Download Date | 12/8/17 1:34 AM



Journal of Integrative Bioinformatics, 12(2):272, 2015 http://journal.imbio.de

Section

being the value of that annotation. Annotation values are always nested within the RDF/XML serialization of
the instance that they annotate. For example, a ModuleDefinition might add a DOI annotation that links to the
scientific article that first described the system that it represents.

SBOL also supports top-level, user-defined data, again as described in Section 7.11. This is to allow non-standardized
but necessary information to be carried around as part of a design. For example, a particular sub-community
might have an internal standard for genetic device characterization data sheets. Such data can be represented as
a GenericTopLevel object with internal structured annotations. For example, each individual data sheet might
be contained in its own GenericTopLevel instance. This custom data is serialized into the RDF/XML in the
usual way, as an RDF/XML block at the top level of the file. Other objects can refer to this entity through their
annotations by reference, and this generic top-level entity can refer to other entities via references. For example,
a ModuleDefinition might use an annotation to refer to the data sheet GenericTopLevel that documents its
properties.

By adopting this paradigm of RDF/XML serialization, SBOL is able to adapt to future changes in the standard without
requiring large-scale alterations to the RDF files. Since exactly the same scheme is used to serialize annotations as is
used to serialize specification-defined properties and associations, it is possible to update the SBOL standard to
recognize a different range of properties and associations. Those properties not recognized by the specification will
always be available through the API as annotations. Similarly, by allowing arbitrary top-level entities in a SBOL file,
we enable future specifications or extensions to ratify the structure of other top-level objects. These entities would
then become part of the explicit data model, but the identical RDF serialization would be used. Applications lacking
support for a given extension can safely read in, manipulate, and write out the top-level data that is not understood,
treating it as a top-level structured annotation, without data loss or corruption. Finally, the very regimented control
of nesting versus referencing also allows the XML structure to be very predictable, enabling XML/DOM-based
tooling to work with SBOL RDF/XML files safely.
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Recommended Best Practices

11.1 Use of the Version Property

Once an SBOL object has been published where others might have access it (e.g., to an online repository), it might
be the case that other objects come to depend on the particular contents of the published object. Thus, in order to
avoid creating conflicting data, if a person wants to change the properties of a published object, they SHOULD do
so by making a new copy of object that incorporates the change and has an identity property that contains a new
URI.

The relationship between the old and new objects (i.e., that the new object was derived from the old object), however,
isnot visible unless it is explicitly declared. This is RECOMMENDED to be done using the persistentIdentity, and
version properties. The preferred practice for declaring such a relationship is to use the same persistentIdentity
for both objects, but give the newer object a later version. Then, when the new object is published, it can be clear to
both humans and machines that this object is intended to update the previously published object. In this way, when
a user wants the latest version of an object, they can obtain it by referencing the object via its persistentIdentity
and rely on a tool to find the object with that persistentIdentity and the latest version.

As stated in Section 7.4, it is RECOMMENDED that version numbering follow the conventions of semantic versions
(http://semver.org/), particularly as implemented by Maven (http://maven.apache.org/). This convention
represents versions as sequences of numbers and qualifiers separated by the characters . and - and compared in
lexicographical order (for example, 1 < 1.3.1 < 2.0-beta). For a full explanation, see the linked resources.

11.2 Compliant SBOL Objects

Maintaining unique identity URIs for all SBOL objects can be a very challenging implementation task. To reduce
this burden, users of SBOL 2.0 are encouraged to follow a few simple rules when constructing the identity
properties and related properties for SBOL objects. When these rules are followed in constructing an SBOL object,
we say that this object is compliant. These rules are as follows:

1. The identity of a compliant SBOL object MUST begin with a URI prefix that maps to a domain over which
the user has control. Namely, the user can guarantee uniqueness of identities within this domain.

2. The persistentIdentity and displayId properties are REQUIRED of a compliant SBOL object.

3. The persistentIdentity of a compliant TopLevel object MUST end with a delimiter ('/’, '#, or ) followed
by the displayId of the object.

4. The persistentIdentity of a compliant SBOL object that is not also a TopLevel object MUST begin with
the persistentIdentity ofits parent object and be immediately followed by a delimiter ('/’,'#, or ") and
the displayId of the compliant object.

5. If a compliant SBOL object is not given a version, then its identity and persistentIdentity properties
MUST contain the same URI.

6. If a compliant SBOL object has a version, then its identity property MUST contain a URI of the form
"(persistentldentity)/(version)".

7. The version of a compliant SBOL object that is not also a TopLevel object MUST contain the same String
as the version property of the compliant object’s parent object.

8. Theidentity, persistentIdentity, displayId, and version properties ofacompliant SBOL object MUST
NOT be changed once set.

All examples in this specification use compliant URTs.
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Section 11.3 Annotations: Embedded Objects vs. External References

11.3 Annotations: Embedded Objects vs. External References

When annotating an SBOL document with additional information, there are two general methods that can be used:

B Embed the information in the SBOL document, either as non-SBOL properties or GenericTopLevel objects.

m Store the information separately and annotate the SBOL document with URIs that point to it.

In theory, either method can be used in any case. (Note that a third case not discussed here is to use SBOL to
annotate external objects with linking to SBOL documents, rather than annotate SBOL documents with links
external objects.)

In practice, embedding massive amounts of non-SBOL data into SBOL documents is likely to cause problems
for people and software tools trying to manage and exchange such documents. Therefore, it is RECOMMENDED
that small amounts of information (e.g., design notes or preferred graphical layout) be embedded in the SBOL
model, while large amounts of information (e.g., the contents of the scientific publication from which a model was
derived or flow cytometry data that characterizes performance) be linked with URIs pointing to external resources.
The boundary between “small” and “large” is left deliberately vague, recognizing that it will likely depend on the
particulars of a given SBOL application.

11.4 Completeness and Validation

RDF documents containing serialized SBOL objects might or might not be entirely self-contained. A SBOL document
is self-contained or “complete” if every SBOL object referred to in the document is contained in the document. It is
RECOMMENDED that serializations be complete whenever practical. In order words, when serializing an SBOL
object, serialize all of the other objects that it points to, then serialize all of the other objects that these objects point
to, etc., until the document is complete.

It is important to note that there is no guarantee that an RDF document contains valid SBOL. When an RDF
document is deserialized to SBOL objects, the program doing so SHOULD verify that all of the property val-
ues encoded therein have the right data type (e.g., that the object pointed to by the sequences property of a
ComponentDefinition is really a Sequence). For complete files, this validation can be carried out entirely locally.
For files that are not complete, an implementation either needs to have a means of validating those external refer-
ences (e.g., by retrieving them from various repositories), or it needs to mark them as unverified and not depend on
their correctness.

11.5 Recommended Ontologies for External Terms

External ontologies and controlled vocabularies are an integral part of SBOL. SBOL uses URIs to access existing
biological information through these resources. New SBOL specific terms are defined only when necessary. For
example, ComponentDefinition types, such as DNA or protein, are described using BioPAX terms. Similarly, the
roles of a DNA ComponentDefinition are described via SO terms. Although RECOMMENDED ontologies have
been indicated in relevant sections where possible, other resources providing similar terms can also be used. A
summary of these external sources can be found in Table 13.
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Section 11.5 Recommended Ontologies for External Terms

SBOL Entity Property Preferred External Resource More Information 1
ComponentDefinition types BioPAX http://www.biopax.org 2
roles SO (DNA or RNA) http://www.sequenceontology.org 3
roles CHEBI (small molecule) https://www.ebi.ac.uk/chebi/ 4
Interaction types SBO (occurring entity branch) http://www.ebi.ac.uk/sbo/main/ 5
Participation roles SBO (participant roles branch) http://www.ebi.ac.uk/sbo/main/ 6
Model language EDAM http://bioportal.bioontology.org/ 7
ontologies/EDAM
framework SBO (modeling framework branch) http://www.ebi.ac.uk/sbho/main/ 8

Table 13: Preferred external resources from which to draw values for various SBOL properties.
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Validation Rules

This section summarizes all the conditions that either MUST be or are RECOMMENDED to be true of an SBOL
Version 2.0 document. There are different degrees of rule strictness. Rules of the former kind are strict SBOL
validation rules—data encoded in SBOL MUST conform to all of them in order to be considered valid. Rules of
the latter kind are consistency rules that SBOL data are RECOMMENDED to adhere to as a best practice. To help
highlight these differences, we use the following symbols next to the rule numbers:

¥ A checked box indicates a strong REQUIRED condition for SBOL conformance. If a SBOL document does not
follow this rule, it does not conform to the SBOL specification. (Mnemonic intention behind the choice of
symbol: “This MUST be checked.”)

A Atriangle indicates a weak REQUIRED condition for SBOL conformance. While this rule MUST be followed, it
can be difficult, if not impossible, for a machine to automatically check whether the rule has been followed.
(Mnemonic intention behind the choice of symbol: “This is a cause for warning.”)

% Astarindicates a RECOMMENDED condition for following best practices. This rule is not strictly a matter
of SBOL conformance, but its recommendation comes from logical reasoning. If an SBOL document does
not follow this rule, it is still valid SBOL, but it might have degraded functionality in some tools. (Mnemonic
intention behind the choice of symbol: “You're a star if you heed this.”)

The validation rules listed in the following subsections are all believed to be stated or implied in the rest of this
specification document. They are enumerated here for convenience and to provide a “master checklist” for SBOL
validation. In case of a conflict between this section and other portions of the specification (though there are
believed to be none), this section is considered authoritative for the purpose of determining the validity of an SBOL
document.

For convenience and brevity, we use the shorthand “sbol:x” to stand for an attribute or element name x in the
namespace for the SBOL specification, using the namespace prefix sbol. In reality, the prefix string can be different
from the literal “sbol” used here (and indeed, it can be any valid XML namespace prefix that the software chooses).
We use “sbol:x” because it is shorter than to write a full explanation everywhere we refer to an attribute or element
in the SBOL specification namespace.

General rules for an SBOL document

sbol-10101 &  An SBOL document MUST declare the use of the following XML namespace:
“http://sbols.org/v2#”.
Reference: Section 10 on page 54

sbol-10102 /'  An SBOL document MUST declare the use of the following XML namespace:
“http://www.w3.0rg/1999/02/22-rdf-syntax-ns#".
Reference: Section 10 on page 54

sbol-10103 & If an SBOL document includes any name or description properties, then it MUST declare the
use of the following XML namespace:
“http://purl.org/dc/terms/”.
Reference: Section 10 on page 54

sbol-10104 & If an SBOL document includes any wasDerivedFrom properties, then it MUST declare the use
of the following XML namespace:
“http://www.w3.org/ns/prov#”.
Reference: Section 10 on page 54
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Section

Rules for the Identified class

sbol-10201 & The identity property of an Identified objectis REQUIRED and MUST contain a URT that
adheres to the syntax defined by:
“http://www.w3.0rg/1999/02/22-rdf-syntax#about”
Reference: Section 7.4 on page 16

sbol-10202 A The identity property of an Identified object MUST be globally unique.
Reference: Section 7.4 on page 16

sbol-10203 «f The persistentIdentity property of an Identified objectis OPTIONAL and MAY contain
a URI that MUST adhere to the syntax defined by:
“http://www.w3.0rg/1999/02/22-rdf-syntax#about”
Reference: Section 7.4 on page 16

sbol-10204 & The displayId property of an Identified object is OPTIONAL and MAY contain a String
that MUST be composed of only alphanumeric or underscore characters and MUST NOT
begin with a digit.
Reference: Section 7.4 on page 16

sbol-10205 %  The displayId property of an Identified object SHOULD be locally unique.
Reference: Section 7.4 on page 16

sbol-10206 &/ The version property of an Identified objectis OPTIONAL and MAY contain a String that
MUST be composed of only alphanumeric characters, underscores, hyphens, or periods and
MUST begin with a digit.
Reference: Section 7.4 on page 16

sbol-10207 %  The version property of an Identified object SHOULD follow the conventions of semantic
versioning as implemented by Maven.
Reference: Section 7.4 on page 16

sbol-10208 «f The wasDerivedFrom property of an Identified objectis OPTIONAL and MAY contain a URI.
Reference: Section 7.4 on page 16

sbol-10209 & The wasDerivedFrom property of an Identified object MUST NOT contain a URI reference
to the Identified object itself.
Reference: Section 7.4 on page 16

sbol-10210 A Identified objects MUST NOT form circular reference chains via their wasDerivedFrom
properties.
Reference: Section 7.4 on page 16

sbol-10211 A If the wasDerivedFrom property of one Identified object refers to another Identified
object with the same persistentIdentity property, then version property of the second
Identified object MUST precede that of the first if both objects have a version.
Reference: Section 7.4 on page 16

sbol-10212 & The name property of an Identified object is OPTIONAL and MAY contain a String.
Reference: Section 7.4 on page 16

sbol-10213 & The description property of an Identified objectis OPTIONAL and MAY contain a String.
Reference: Section 7.4 on page 16

sbol-10214 @  The annotations property of an Identified object is OPTIONAL and MAY contain a set of
Annotation objects.
Reference: Section 7.4 on page 16
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Section

sbol-10215 %  The displayId property of a compliant Identified object is REQUIRED. 1
Reference: Section 11.2 on page 56 2

sbol-10216 %  The persistentIdentity property of a compliant TopLevel object is REQUIRED and MUST s
contain a URI that ends with a delimiter ('/’, '#, or ") followed by the displayId of the 4
TopLevel object. 5
Reference: Section 11.2 on page 56 6

sbol-10217 %  The persistentIdentity property of a compliant Identified object that is not also a 7
TopLevel objectis REQUIRED and MUST contain a URI that begins with the persistentIdentity e
of the compliant object’s parent and is immediately followed by a delimiter ('/’, '#, or ') and °
the displayId of the compliant object. 10
Reference: Section 11.2 on page 56 ol

org/licenses/by-nc-nd/3.0/).

sbol-10218 % If a compliant Identified object has no version property, thenits identity property MUST 12
contain the same URI as its persistentIdentity property. Otherwise, the compliant object’s
identity property MUST contain a URI that begins with its persistentIdentity and is
immediately followed by a delimiter ('/’,'#, or ’’) and its version.

Reference: Section 11.2 on page 56

sbol-10219 %  The version property of a compliant Identified object that is not also a TopLevel object
is REQUIRED to contain the same String as the version property of the compliant object’s
parent.
Reference: Section 11.2 on page 56

Rules for the TopLevel class
sbol-10301 &/ A TopLevel object MUST inherit all properties of the Identified class.
Reference: Section 7.5 on page 19
Rules for the Sequence class

sbol-10401 & A Sequence MUST inherit all properties of the TopLevel class.
Reference: Section 7.6 on page 19

sbol-10402 «f The elements property of a Sequence is REQUIRED and MUST contain a String.
Reference: Section 7.6 on page 19

sbol-10403 & The encoding property of Sequence is REQUIRED and MUST contain a URI.
Reference: Section 7.6 on page 19

sbol-10404 A The encoding property of a Sequence MUST indicate how the elements property of the
Sequence is to be formed and interpreted.
Reference: Section 7.6 on page 19

sbol-10405 A The elements property of a Sequence MUST be consistent with its encoding property.
Reference: Section 7.6 on page 19

sbol-10406 A The encoding property of a Sequence MUST contain a URI from Table 1 if it is well-described
by this URT.
Reference: Section 7.6 on page 19

Rules for the ComponentDefinition class

sbol-10501 & A ComponentDefinition MUST inherit all properties of the TopLevel class. “
Reference: Section 7.7 on page 21 a1
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Section

The types property of a ComponentDefinition is REQUIRED and MUST contain a non-
empty set of URTs.
Reference: Section 7.7 on page 21

The types property of a ComponentDefinition MUST NOT contain more than one URI from
Table 2.
Reference: Section 7.7 on page 21

Each URI contained by the types property of a ComponentDefinition MUST refer to an
ontology term that describes the category of biochemical or physical entity that is represented
by the ComponentDefinition.

Reference: Section 7.7 on page 21

The types property of a ComponentDefinition MUST contain a URI from Table 2 if it is well-
described by this URT.
Reference: Section 7.7 on page 21

All URIs contained by the types property of a ComponentDefinition MUST refer to non-
conflicting ontology terms.
Reference: Section 7.7 on page 21

The roles property of a ComponentDefinition is OPTIONAL and MAY contain a set of URTs.
Reference: Section 7.7 on page 21

Each URI contained by the roles property of a ComponentDefinition MUST refer to an on-
tology term that clarifies the potential function of the ComponentDefinition in a biochemical
or physical context.

Reference: Section 7.7 on page 21

Each URI contained by the roles property of a ComponentDefinition MUST refer to an
ontology term that is consistent with its types property.
Reference: Section 7.7 on page 21

The roles property of a ComponentDefinition MUST contain a URI from Table 3 if it is well-
described by this URI.
Reference: Section 7.7 on page 21

The roles property of a ComponentDefinition SHOULD only contain a URI provided in
Table 3 if one of its types is cross-listed with this URI.
Reference: Section 7.7 on page 21

The sequences property of a ComponentDefinition is OPTIONAL and MAY contain a set of
URTs.
Reference: Section 7.7 on page 21

Each URI contained by the sequences property of a ComponentDefinition MUST refer to a
Sequence object.
Reference: Section 7.7 on page 21

The Sequence objects referred to by the sequences property of a ComponentDefinition
MUST be consistent with each other, such that well-defined mappings exist between their
elements properties in accordance with their encoding properties.

Reference: Section 7.7 on page 21

The sequences property of a ComponentDefinition MUST NOT refer to Sequence objects
with conflicting encoding properties.
Reference: Section 7.7 on page 21
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Section
sbol-10516 A If the sequences property of a ComponentDefinition refers to one or more Sequence objects,

sbol-10517 A

sbol-10518 %

sbol-10519 &

sbol-10520 %

sbol-10521 &

sbol-10522 «f

sbol-10523 %

sbol-10524 «f

and one of the types of this ComponentDefinition comes from Table 2, then one of the
Sequence objects MUST have the encoding that is cross-listed with this type in Table 1.
Reference: Section 7.7 on page 21

If the sequences property of a ComponentDefinition refers to a Sequence with an encoding
from Table 1, then the types property of the ComponentDefinition MUST contain the type
from Table 2 that is cross-listed with this encoding in Table 1.

Reference: Section 7.7 on page 21

If a ComponentDefinition refers to more than one Sequence with the same encoding, then
the elements of these Sequence objects SHOULD have equal lengths.
Reference: Section 7.7 on page 21

The components property of a ComponentDefinitionis OPTIONAL and MAY contain a set of
Component objects.
Reference: Section 7.7 on page 21

If a ComponentDefinition in a ComponentDefinition-Component hierarchy refers to one or
more Sequence objects, and there exist ComponentDefinition objects lower in the hierarchy
that refer to Sequence objects with the same encoding, then the elements properties of these
Sequence objects SHOULD be consistent with each other, such that well-defined mappings
exist from the “lower level” elements to the “higher level” elements in accordance with their
shared encoding properties. This mapping is also subject to any restrictions on the positions
of the Component objects in the hierarchy that are imposed by the SequenceAnnotation or
SequenceConstraint objects contained by the ComponentDefinition objects in the hierar-
chy.

Reference: Section 7.7 on page 21

The sequenceAnnotations property of a ComponentDefinitionis OPTIONAL and MAY con-
tain a set of SequenceAnnotation objects.
Reference: Section 7.7 on page 21

The sequenceAnnotations property of a ComponentDefinition MUST NOT contain two or
more SequenceAnnotation objects that refer to the same Component.
Reference: Section 7.7 on page 21

If the sequences property of a ComponentDefinition refers to a Sequence with an TUPAC
encoding from Table 1, then each SequenceAnnotation that includes a Range and/or Cut in
the sequenceAnnotations property of the ComponentDefinition SHOULD specify a region
on the elements of this Sequence.

Reference: Section 7.7 on page 21

The sequenceConstraints property of a ComponentDefinitionis OPTIONAL and MAY con-
tain a set of SequenceConstraint objects.
Reference: Section 7.7 on page 21

Rules for the Componentinstance class

sbol-10601 & A ComponentInstance MUST inherit all properties of the Identified class.
Reference: Section 7.7.1 on page 24
sbol-10602 «f The definition property of a ComponentInstance is REQUIRED and MUST contain a URT.
Reference: Section 7.7.1 on page 24
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Section

sbol-10603 & The definition property of a ComponentInstance MUST NOT contain a URI reference to 1
the ComponentDefinition that contains the ComponentInstance. 2
Reference: Section 7.7.1 on page 24 s

sbol-10604 A The URI contained by the definition property MUST refer to a ComponentDefinition ob- 4
ject. 5
Reference: Section 7.7.1 on page 24

sbol-10605 A ComponentInstance objects MUST NOT form circular reference chains via their definition
properties and parent ComponentDefinition objects.
Reference: Section 7.7.1 on page 24

sbol-10606 &/ ThemapsTos property of a ComponentInstance is OPTIONAL and MAY contain a set of MapsTo
objects.
Reference: Section 7.7.1 on page 24

sbol-10607 &/ The access property of a ComponentInstance is REQUIRED and MUST contain a URI from
Table 4
Reference: Section 7.7.1 on page 24

Rules for the Component class

sbol-10701 & A Component MUST inherit all properties of the ComponentInstance class.
Reference: Section 7.7.1 on page 24

Rules for the MapsTo class

sbol-10801 & A MapsTo MUST inherit all properties of the Identified class.
Reference: Section 7.7.3 on page 26

sbol-10802 & The local property of a MapsTo is REQUIRED and MUST contain a URI.
Reference: Section 7.7.3 on page 26

sbol-10803 If a MapsTo is contained by a Component in a ComponentDefinition, then the local property
of the MapsTo MUST refer to another Component in the ComponentDefinition.
Reference: Section 7.7.3 on page 26

sbol-10804 If a MapsTo is contained by a FunctionalComponent or Module in a ModuleDefinition,
then the local property of the MapsTo MUST refer to another FunctionalComponent in
the ModuleDefinition.
Reference: Section 7.7.3 on page 26

sbol-10805 The remote property of a MapsTo is REQUIRED and MUST contain a URI.
Reference: Section 7.7.3 on page 26

sbol-10806 A The remote property of a MapsTo MUST refer to a ComponentInstance.
Reference: Section 7.7.3 on page 26

sbol-10807 A The ComponentInstance referred to by the remote property of a MapsTo MUST have an
access property that contains the URI http://sbols.org/v2#public.
Reference: Section 7.7.3 on page 26

sbol-10808 A If a MapsTo is contained by a ComponentInstance, then the remote property of the MapsTo
MUST refer to a Component in the ComponentDefinition thatisreferenced by the definition

property of the ComponentInstance. w
Reference: Section 7.7.3 on page 26 a1
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Section

sbol-10809 A If a MapsTo is contained by a Module, then the remote property of the MapsTo MUST refer 1

to a FunctionalComponent in the ModuleDefinition that is referenced by the definition 2
property of the Module. s
Reference: Section 7.7.3 on page 26 4
sbol-10810 & The refinement property of a MapsTo is REQUIRED and MUST contain a URI from Table 5. 5
Reference: Section 7.7.3 on page 26 0

sbol-10811 A Ifthe refinement property of aMapsTo contains the URL http://sbols.org/v2#verifyIldentical,

then the ComponentInstance objects referred to by local and remote properties of the s
MapsTo MUST refer to the same ComponentDefinition via their definition properties. s
Reference: Section 7.7.3 on page 26 10

Q
>
7
Q
2
5]
Q
=
8h

Rules for the SequenceAnnotation class

sbol-10901 & A SequenceAnnotation MUST inherit all properties of the Identified class.
Reference: Section 7.7.4 on page 29

sbol-10902 & The locations property of a SequenceAnnotation is REQUIRED and MUST contain a non-
empty set of Location objects.
Reference: Section 7.7.4 on page 29

sbol-10903 %  The Location objects contained by the locations property of a single SequenceAnnotation
SHOULD NOT specify overlapping regions.
Reference: Section 7.7.4 on page 29

sbol-10904 «f The component property is OPTIONAL and MAY contain a URI reference to a Component.
Reference: Section 7.7.4 on page 29

sbol-10905 & The Component referenced by the component property of a SequenceAnnotation MUST be
contained by the ComponentDefinition that contains the SequenceAnnotation.
Reference: Section 7.7.4 on page 29
Rules for the Location class

sbol-11001 @ A Location MUST inherit all properties of the Identified class.
Reference: Section 7.7.5 on page 30

sbol-11002 & The orientation property of a Location is OPTIONAL and MAY contain a URI from Table 6.
Reference: Section 7.7.5 on page 32
Rules for the Range class

sbol-11101 & A Range MUST inherit all properties of the Location class.
Reference: Section 7.7.5 on page 31

sbol-11102 & The start property of a Range is REQUIRED and MUST contain an Integer greater than zero.
Reference: Section 7.7.5 on page 31

sbol-11103 & The end property of a Range is REQUIRED and MUST contain an Integer greater than zero.
Reference: Section 7.7.5 on page 31

sbol-11104 & The value of the end property of a Range MUST be greater than or equal to the value of its
start property.
Reference: Section 7.7.5 on page 31 %
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Section

Rules for the Cut class

sbol-11201

sbol-11202

il

il

A Cut MUST inherit all properties of the Location class.
Reference: Section 7.7.5 on page 31

The at property is REQUIRED and MUST contain an Integer greater than or equal to zero.
Reference: Section 7.7.5 on page 31

Rules for the GenericLocation class

sbol-11301

o

A GenericLocation MUST inherit all properties of the Location class.
Reference: Section 7.7.5 on page 32

Rules for the SequenceConstraint class

sbol-11401 & A SequenceConstraint MUST inherit all properties of the Identified class.
Reference: Section 7.7.6 on page 32

sbol-11402 & The subject property is REQUIRED and MUST contain a URT reference to a Component.
Reference: Section 7.7.6 on page 32

sbol-11403 «f The Component referenced by the subject property of a SequenceConstraint MUST be
contained by the ComponentDefinition that contains the SequenceConstraint.
Reference: Section 7.7.6 on page 32

sbol-11404 The object property is REQUIRED and MUST contain a URI reference to a Component.
Reference: Section 7.7.6 on page 32

sbol-11405 & The Component referenced by the object property of a SequenceConstraint MUST be con-
tained by the ComponentDefinition that contains the SequenceConstraint.
Reference: Section 7.7.6 on page 32

sbol-11406 & The object property of a SequenceConstraint MUST NOT refer to the same Component as
the subject property of the SequenceConstraint.
Reference: Section 7.7.6 on page 32

sbol-11407 & The restriction property is REQUIRED and MUST contain a URI.
Reference: Section 7.7.6 on page 32

sbol-11408 A The URI contained by the restriction property of a SequenceConstraint MUST indi-
cate the type of structural restriction on the relative, sequence-based positions or orien-
tations of the Component objects referred to by the subject and object properties of the
SequenceConstraint.
Reference: Section 7.7.6 on page 32

sbol-11409 A If the restriction property of a SequenceConstraint contains the URI http://shols.org/
v2#precedes, then the position of the Component referred to by the subject property of the
SequenceConstraint MUST precede that of the Component referred to by its object property.
Reference: Section 7.7.6 on page 32

sbol-11410 A Ifthe restriction property of a SequenceConstraint contains the URI http://sbols.org/
v2#sameOrientationAs, then the orientation of the Component referred to by the subject
property of the SequenceConstraint MUST be the same as that of the Component referred to
by its object property.
Reference: Section 7.7.6 on page 32

sbol-11411 A If the restriction property of a SequenceConstraint contains the URI http://sbols.
org/v2#oppositeOrientationAs, then the orientation of the Component referred to by the
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Section

subject property of the SequenceConstraint MUST be opposite that of the Component re-
ferred to by its object property.
Reference: Section 7.7.6 on page 32

The URI contained by the restriction property SHOULD come from Table 7.
Reference: Section 7.7.6 on page 32

Rules for the Model class

sbol-11501 &

sbol-11502 o

sbol-11503 A

sbol-11504 o

sbol-11505 A

sbol-11506 A

sbol-11507 %

sbol-11508 &

sbol-11509 A

sbol-11510 A

sbol-11511 %

AModel MUST inherit all properties of the TopLevel class.
Reference: Section 7.8 on page 34

The source property is a REQUIRED and MUST contain a URI.
Reference: Section 7.8 on page 34

The URI contained by the source property of a Model MUST specify the location of the model’s
source file.
Reference: Section 7.8 on page 34

The language property is REQUIRED and MUST contain a URI.
Reference: Section 7.8 on page 34

The URI contained by the language property of a Model MUST specify the language in which
the model is encoded.
Reference: Section 7.8 on page 34

The language property of a Model MUST contain a URI from Table 8 if it is well-described by
this URI.
Reference: Section 7.8 on page 34

The language property of a Model SHOULD contain a URI that refers to a term from the EDAM
ontology.
Reference: Section 7.8 on page 34

The framework property is REQUIRED and MUST contain a URI.
Reference: Section 7.8 on page 34

The URI contained by the framework property of a Model MUST specify the modeling frame-
work of the model.
Reference: Section 7.8 on page 34

The framework property of a Model MUST contain a URI from Table 9 if it is well-described by
this URT.
Reference: Section 7.8 on page 34

The framework property SHOULD contain a URI that refers to a term from the modeling
framework branch of the SBO.
Reference: Section 7.8 on page 34

Rules for the ModuleDefinition class

sbol-11601 @  AModuleDefinition MUST inherit all properties of the TopLevel class.
Reference: Section 7.9 on page 35
sbol-11602 & The roles property is OPTIONAL and MAY contain a set of URTs.
Reference: Section 7.9 on page 35
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Section

sbol-11603 A Each URI contained by roles property of a ModuleDefinition MUST refer to a resource that 1

clarifies the intended function of the ModuleDefinition. 2
Reference: Section 7.9 on page 35 s
sbol-11604 «f The modules property OPTIONAL and MAY contain a set of Module objects. 4
Reference: Section 7.9 on page 35 5
sbol-11605 & The interactions property is OPTIONAL and MAY contain a set of Interaction objects. s
Reference: Section 7.9 on page 35 7

sbol-11606 The functionalComponents property is OPTIONAL and MAY contain a set of FunctionalComponenst
objects. 0
Reference: Section 7.9 on page 35 10

sbol-11607 & The models property is OPTIONAL and MAY contain a set of URIs. 1"

Reference: Section 7.9 on page 35 12

sbol-11608 A Each URI contained by the models property of a ModuleDefinition MUST refer to a Model. 13
Reference: Section 7.9 on page 35 14

Rules for the Module class 15
sbol-11701 &/  AModule MUST inherit all properties of the Identified class. 1
Reference: Section 7.9.1 on page 37 7

sbol-11702 & The definition property of a Module is REQUIRED and MUST contain a URI. 18
Reference: Section 7.9.1 on page 37 19

sbol-11703 &/ The URI contained by the definition property of Module MUST refer to aModuleDefinition. 20
Reference: Section 7.9.1 on page 37 21

sbol-11704 «f The definition property of aModule MUST NOT contain a URT reference to the ModuleDefinitione: 2

that contains the Module.
Reference: Section 7.9.1 on page 37

sbol-11705 A Module objects MUST NOT form circular reference chains via their definition properties
and parent ModuleDefinition objects.
Reference: Section 7.9.1 on page 37

sbol-11706 f The mapsTos property is OPTIONAL and MAY contain a set of MapsTo objects.
Reference: Section 7.9.1 on page 37
Rules for the FunctionalComponent class

sbol-11801 @/ A FunctionalComponent MUST inherit all properties of the ComponentInstance class.
Reference: Section 7.7.1 on page 24

sbol-11802 & The direction property of a FunctionalComponent is REQUIRED and MUST contain a URT
from Table 10.
Reference: Section 7.9.2 on page 38
Rules for the Interaction class

sbol-11901 &  An Interaction MUST inherit all properties of the Identified class.
Reference: Section 7.9.3 on page 39

sbol-11902 &/ The types property of an Interaction is REQUIRED and MUST contain a non-empty set of ]

URIs. 40
Reference: Section 7.9.3 on page 39 a1
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Section

sbol-11903 A Each URI contained by the types property of an Interaction MUST refer to an ontology term 1
that describes the behavior represented by the Interaction. 2
Reference: Section 7.9.3 on page 39 s

sbol-11904 A All URTs contained by the types property of an Interaction MUST refer to non-conflicting 4
ontology terms. 5
Reference: Section 7.9.3 on page 39 6

sbol-11905 %  Aleast one URI contained by the types property of an Interaction SHOULD refer to a term 7
from the occurring entity relationship branch of the SBO. s
Reference: Section 7.9.3 on page 39 o

sbol-11906 & The participations property of an Interaction is OPTIONAL and MAY contain a set of 10
Participation objects. 1
Reference: Section 7.9.3 on page 39

Q
>
7
Q
2
5]
Q
=
8h

Rules for the Participation class

sbol-12001 &  AParticipation MUST inherit all properties of the Identified class.
Reference: Section 7.9.4 on page 41

sbol-12002 «f The participant property of a Participation is REQUIRED and MUST contain a URT refer-
ence to a FunctionalComponent.
Reference: Section 7.9.4 on page 41

sbol-12003 & The FunctionalComponent referenced by the participant property of a Participation
MUST be contained by the ModuleDefinition that contains the Interaction which contains
the Participation.
Reference: Section 7.9.4 on page 41

sbol-12004 & The roles property of an Participation is OPTIONAL and MAY contain a set of URTs.
Reference: Section 7.9.4 on page 41

sbol-12005 A Each URI contained by the roles property of an Participation MUST refer to an ontology
term that describes the behavior represented by the Participation.
Reference: Section 7.9.4 on page 41

sbol-12006 A All URTs contained by the roles property of an Participation MUST refer to non-conflicting
ontology terms.
Reference: Section 7.9.4 on page 41

sbol-12007 %  Aleast one role in the set of roles SHOULD be a URI from the participant role branch of the
SBO.
Reference: Section 7.9.4 on page 41
Rules for the Collection class

sbol-12101 &/ A Collection MUST inherit all properties of the TopLevel class.
Reference: Section 7.10 on page 42

sbol-12102 & The members property of a Collection is OPTIONAL and MAY contain a set of URIs.
Reference: Section 7.10 on page 42

sbol-12103 A Each URI contained by the members property of a Collection MUST reference a TopLevel %

object. 40
Reference: Section 7.10 on page 42 a1
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Section

Rules for the Annotation class 1

sbol-12201 & The name property of an Annotation is REQUIRED and MUST contain a QName. 2
Reference: Section 7.11 on page 43 3
sbol-12202 «f The value property of an Annotation is REQUIRED and MUST contain an AnnotationValue. 4
Reference: Section 7.11 on page 43 5

sbol-12203 & An AnnotationValue MUST be a literal (a String, Integer, Double, or Boolean), URI, or 6
aNestedAnnotations object. 7
Reference: Section 7.11 on page 43 s

sbol-12204 «f The nestedQName property of a NestedAnnotations object is REQUIRED and MUST contain 0
a QName. 10
Reference: Section 7.11 on page 43

org/licenses/by-nc-nd/3.0/).

sbol-12205 «f The nestedURI property of a NestedAnnotations object is REQUIRED and MUST contain a
URI.
Reference: Section 7.11 on page 43

sbol-12206 f The annotations property of a NestedAnnotations object is OPTIONAL and MAY contain a
set of Annotation objects.
Reference: Section 7.11 on page 43
Rules for the GenericTopLevel class

sbol-12301 & A GenericTopLevel object MUST inherit all properties of the TopLevel class.
Reference: Section 7.11.2 on page 45

sbol-12302 & The rdfType property of a GenericTopLevel objectis REQUIRED and MUST contain a QName.
Reference: Section 7.11.2 on page 45
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B Examples of Serialization :

B.1 Simple Examples :

B.1.1 Serializing Sequence Objects s
This example shows the serialization of a Sequence. 4
B
<?xml version="1.0" 7> 6
<rdf:RDF xmlns:rdf="http://www.w3.0rg/1999/02/22-rdf-syntax-ns#" xmlns:dcterms="http://purl.org/dc/terms/" xmlns:prov="http://www. 7
w3.org/ns/prov#" xmlns:sbol="http://sbols.org/v2#"> 8
<sbol:Sequence rdf:about="http://partsregistry.org/seq/BBa_J23119"> 9
<sbol:persistentIdentity rdf:resource="http://partsregistry.org/seq/BBa_323119"/> 10
<sbol:displayId>BBa_J23119</sbol:displayId> 1
<prov:wasDerivedFrom rdf:resource="http://parts.igem.org/Part:BBa_J23119:Design"/> 12
<sbol:elements>ttgacagctagctcagtcctaggtataatgctage</sbol:elements> 13
<sbol:encoding rdf:resource="http://www.chem.gmul.ac.uk/iubmb/misc/naseq.html" /> 14
</sbol:Sequence> 15
</rdf:RDF> 15
B.1.2 Serializing ComponentDefinition Objects i
This example shows the serialization of a simple promoter ComponentDefinition and the Sequence to which it 19
refers. 20
21
<?xml version="1.0" 7> 22
<rdf:RDF xmlns:rdf="http://www.w3.0rg/1999/02/22-rdf-syntax-ns#" xmlns:dcterms="http://purl.org/dc/terms/" xmlns:prov="http://www. 23
w3.org/ns/prov#" xmlns:sbol="http://sbols.org/v2#"> 24
<sbol:ComponentDefinition rdf:about="http://partsregistry.org/cd/BBa_]23119"> 25
<sbol:persistentIdentity rdf:resource="http://partsregistry.org/cd/BBa_J23119"/> 26
<sbol:displayId>BBa_J23119</sbol:displayId> 27
<prov:wasDerivedFrom rdf:resource="http://partsregistry.org/Part:BBa_J23119"/> 28
<dcterms:title>J23119 promoter</dcterms:title> 29
<dcterms:description>Constitutive promoter</dcterms:description> 30
<sbol:type rdf:resource="http://identifiers.org/chebi/CHEBI:4705"/> 31
<sbol:type rdf:resource="http://www.biopax.org/release/biopax-level3.owl#DnaRegion"/> 32
<sbol:role rdf:resource="http://identifiers.org/so/S0:0000167"/> 33
<sbol:role rdf:resource="http://identifiers.org/so/S0:0000613"/> 34
<sbol:sequence rdf:resource="http://partsregistry.org/seq/BBa_]23119"/> 35
</sbol:ComponentDefinition> 36
<sbol:Sequence rdf:about="http://partsregistry.org/seq/BBa_]23119"> 37
<sbol:persistentIdentity rdf:resource="http://partsregistry.org/seq/BBa_J23119"/> 38
<sbol:displayId>BBa_J23119</sbol:displayId> 39
<prov:wasDerivedFrom rdf:resource="http://parts.igem.org/Part:BBa_]23119:Design"/> 40
<sbol:elements>ttgacagctagctcagtcctaggtataatgctage</sbol:elements> Bl
<sbol:encoding rdf:resource="http://www.chem.qmul.ac.uk/iubmb/misc/naseq.html"/> 42
</sbol:Sequence> 43
</rdf:RDF> 4%
B.1.3 Serializing SequenceConstraint Objects
This example shows the serialization of SequenceConstraint between two Component objects in a composite pro- a7
moter ComponentDefinition. In the example, the promoter ComponentDefinition has two sub-Components that a
instantiate the ComponentDefinition objects for a core promoter region and and a binding site. The SequenceConstraint
specifies that the core promoter region precedes the binding site. 50
51
<?xml version="1.0" 7> 52
<rdf:RDF xmlns:rdf="http://www.w3.0rg/1999/02/22-rdf-syntax-ns#" xmlns:dcterms="http://purl.org/dc/terms/" xmlns:prov="http://www. 53
w3.org/ns/prov#" xmlns:sbol="http://sbols.org/v2#"> 54
<sbol:ComponentDefinition rdf:about="http://partsregistry.org/cd/BBa_K174004"> 55
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Section B.1  Simple Examples

<sbol:persistentIdentity rdf:resource="http://partsregistry.org/cd/BBa_K174004"/> 1

<sbol:displayId>BBa_K174004</sbol:displayId> 2
<dcterms:title>pspac promoter</dcterms:title> 3
<dcterms:description>LacI repressible promoter</dcterms:description> 4
<sbol:type rdf:resource="http://www.biopax.org/release/biopax-level3.owl#DnaRegion"/> 5
<sbol:role rdf:resource="http://identifiers.org/so/S0:0000167"/> 6
<sbol:sequenceConstraint> 7
<sbol:SequenceConstraint rdf:about="http://partsregistry.org/cd/BBa_K174004/r1"> 8 ~
<sbol:persistentIdentity rdf:resource="http://partsregistry.org/cd/BBa_K174004/r1"/> 9 -
<sbol:displayId>rl</sbol:displayId> 10
<sbol:restriction rdf:resource="http://shols.org/v2#precedes" /> 1 o)
<sbol:subject rdf:resource="http://partsregistry.org/cd/pspac"/> 12 I
<sbol:object rdf:resource="http://partsregistry.org/cd/LacI_operator"/> 13 {
</sbol:SequenceConstraint> 14 ;
</sbol:sequenceConstraint> 15 3
</sbol:ComponentDefinition> 16 =
<sbol:ComponentDefinition rdf:about="http://partsregistry.org/cd/pspac"> 17
<sbol:persistentIdentity rdf:resource="http://partsregistry.org/cd/pspac"/> 18
<sbol:displayId>pspac</sbol:displayId> 19
<dcterms:title>constitutive promoter</dcterms:title> 20
<dcterms:description>pspac core promoter region</dcterms:description> 21
<sbol:type rdf:resource="http://www.biopax.org/release/biopax-level3.owl#DnaRegion"/> 22
<sbol:role rdf:resource="http://identifiers.org/so/S0:0000167"/> 23
</sbol:ComponentDefinition> 24
<sbol:ComponentDefinition rdf:about="http://partsregistry.org/cd/LacI_operator"> 25
<sbol:persistentIdentity rdf:resource="http://partsregistry.org/cd/LacI_operator"/> 26
<sbol:displayId>LacI_operator</sbol:displayId> 27
<dcterms:title>LacI operator</dcterms:title> 28
<dcterms:description>LacI binding site</dcterms:description> 29
<sbol:type rdf:resource="http://www.biopax.org/release/biopax-level3.owl#DnaRegion"/> 30
<sbol:role rdf:resource="http://identifiers.org/so/S0:0000057"/> 31
</sbol:ComponentDefinition> 32
</rdf:RDF> #OZ
~
5
B.1.4 Serializing Cut Location Objects S
SV 4

This example shows the serialization of a Cut Location.

<?xml version="1.0" 7>
<rdf:RDF xmlns:rdf="http://www.w3.0rg/1999/02/22-rdf-syntax-ns#" xmlns:dcterms="http://purl.org/dc/terms/" xmlns:prov="http://www.
w3.org/ns/prov#" xmlns:sbol="http://sbols.org/v2#">
<sbol:ComponentDefinition rdf:about="http://partsregistry.org/cd/BBa_J23119">
<sbol:persistentIdentity rdf:resource="http://partsregistry.org/cd/BBa_J23119"/>
<sbol:displayId>BBa_J23119</sbol:displayId>
<prov:wasDerivedFrom rdf:resource="http://partsregistry.org/Part:BBa_J23119"/>
<dcterms:title>J23119 promoter</dcterms:title>
<dcterms:description>Constitutive promoter</dcterms:description>
<sbol:type rdf:resource="http://www.biopax.org/release/biopax-level3.owl#DnaRegion"/>
<sbol:role rdf:resource="http://identifiers.org/so/S0:0000167"/>
<sbol:role rdf:resource="http://identifiers.org/so/S0:0000613"/>
<sbol:sequenceAnnotation>
<sbol:SequenceAnnotation rdf:about="http://partsregistry.org/cd/BBa_J23119/cutatl0">
<sbol:persistentIdentity rdf:resource="http://partsregistry.org/cd/BBa_J23119/cutatl10"/>
<sbol:displayId>cutatl10</sbhol:displayId>
<sbol:location>
<sbol:Cut rdf:about="http://partsregistry.org/cd/BBa_J23119/cutatl®/cutl">
<sbol:persistentIdentity rdf:resource="http://partsregistry.org/cd/BBa_]23119/cutatl10/cutl"/>
<sbol:displayId>cutl</sbol:displayId>
<sbol:at>10</sbol:at>
<sbol:orientation rdf:resource="http://shols.org/v2#inline"/>
</sbol:Cut>
</sbol:location>

22
</sbol:SequenceAnnotation> GQ:S'E
</sbol:sequenceAnnotation> 63
<sbol:sequenceAnnotation> 64
<sbol:SequenceAnnotation rdf:about="http://partsregistry.org/cd/BBa_J23119/cutatl2"> 65
<sbol:persistentIdentity rdf:resource="http://partsregistry.org/cd/BBa_J23119/cutatl2"/> 66
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<sbol:displayId>cutatl2</shol:displayId> 1

<sbol:location> 2
<sbol:Cut rdf:about="http://partsregistry.org/cd/BBa_J23119/cutatl2/cut2"> 3
<sbol:persistentIdentity rdf:resource="http://partsregistry.org/cd/BBa_]23119/cutatl2/cut2"/> 4
<sbol:displayId>cut2</sbol:displayId> 5
<sbol:at>12</sbol:at> 6
<sbol:orientation rdf:resource="http://sbhols.org/v2#inline"/>
</sbol:Cut> 8 <
</sbol:location> 9
</sbol:SequenceAnnotation> 0=
</sbol:sequenceAnnotation> 1 ;
<sbol:sequence rdf:resource="http://partsregistry.org/seq/BBa_]23119"/> 12 ;
</sbol:ComponentDefinition> 13 ?
<sbol:Sequence rdf:about="http://partsregistry.org/seq/BBa_]23119"> 14 ;
<sbol:persistentIdentity rdf:resource="http://partsregistry.org/seq/BBa_J23119"/> 15 5
<sbol:displayId>BBa_J23119</sbol:displayId> 16
<prov:wasDerivedFrom rdf:resource="http://parts.igem.org/Part:BBa_]23119:Design"/> 17
<sbol:elements>ttgacagctagctcagtcctaggtataatgctage</sbol:elements> 18
<sbol:encoding rdf:resource="http://www.chem.qmul.ac.uk/iubmb/misc/naseq.html"/> 19
</sbol:Sequence> 20 5
</rdf:RDF> 33 é
B.1.5 Serializing Model Objects ]
This example shows the serialization of a Model. In this example, the Model refers to an ODE model written in SBML 2
that can be accessed the identified source repository. 2
26
<?xml version="1.0" ?> 27
<rdf:RDF xmlns:rdf="http://www.w3.0rg/1999/02/22-rdf-syntax-ns#" xmlns:dcterms="http://purl.org/dc/terms/" xmlns:prov="http://www. 28
w3.org/ns/prov#" xmlns:sbol="http://sbols.org/v2#"> 2 -
<sbol:Model rdf:about="http://www.sbolstandard.org/examples/pIKE_Toggle_1"> 0
<sbol:persistentIdentity rdf:resource="http://www.sbolstandard.org/examples/pIKE_Toggle_1"/> 31 2
<sbol:displayId>pIKE_Toggle_1</sbol:displayId> 32 E
<dcterms:title>pIKE_Toggle_1 toggle switch</dcterms:title> B %
<sbol:source rdf:resource="http://virtualparts.org/part/pIKE_Toggle_1"/> 34.2 i

<sbol:language rdf:resource="http://identifiers.org/edam/format_2585"/>
<sbol: framework rdf:resource="http://identifiers.org/biomodels.sbo/SBO:0000062"/>
</sbol:Model>
</rdf:RDF>

B.1.6 Serializing ModuleDefinition Objects

This example shows the serialization of a simple ModuleDefinition. This ModuleDefinitionincludesan Interaction
that represents the translation of a protein.

<?xml version="1.0" 7>
<rdf:RDF xmlns:rdf="http://www.w3.0rg/1999/02/22-rdf-syntax-ns#" xmlns:dcterms="http://purl.org/dc/terms/" xmlns:prov="http://www.
w3.org/ns/prov#" xmlns:sbol="http://sbols.org/v2#">
<sbol:ModuleDefinition rdf:about="http://sbolstandard.org/example/md/GFP_expression">
<sbol:persistentIdentity rdf:resource="http://sbolstandard.org/example/md/GFP_expression"/>
<sbol:displayId>GFP_expression</sbol:displayId>
<sbol: functionalComponent>
<sbol:FunctionalComponent rdf:about="http://sbolstandard.org/example/md/GFP_expression/Constitutive_GFP">
<sbol:persistentIdentity rdf:resource="http://sbolstandard.org/example/md/GFP_expression/Constitutive_GFP"/>
<sbol:displayId>Constitutive_GFP</sbol:displayId>
<sbol:definition rdf:resource="http://sholstandard.org/example/GFP_generator"/>
<sbol:access rdf:resource="http://shols.org/v2#public"/>
<sbol:direction rdf:resource="http://sbols.org/v2#in"/>
</sbol:FunctionalComponent>
</sbol: functionalComponent>
<sbol: functionalComponent>

<sbol:FunctionalComponent rdf:about="http://sbolstandard.org/example/md/GFP_expression/GFP_protein"> 60
<sbol:persistentIdentity rdf:resource="http://sbolstandard.org/example/md/GFP_expression/GFP_protein"/> 6
<sbol:displayId>GFP_protein</sbol:displayId> 62
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<sbol:definition rdf:resource="http://sholstandard.org/example/GFP"/>
<sbol:access rdf:resource="http://sbols.org/v2#public"/>
<sbol:direction rdf:resource="http://sbols.org/v2#out"/>
</sbol:FunctionalComponent>
</sbol: functionalComponent>
<sbol:interaction>
<sbol:Interaction rdf:about="http://sbolstandard.org/example/md/GFP_expression/express_GFP">
<sbol:persistentIdentity rdf:resource="http://sbolstandard.org/example/md/GFP_expression/express_GFP"/>
<sbol:displayId>express_GFP</sbol:displayId>
<sbol:type rdf:resource="Transcription"/>
<sbol:participation>
<sbol:Participation rdf:about="http://sbholstandard.org/example/md/GFP_expression/express_GFP/Protein">
<sbol:persistentIdentity rdf:resource="http://sbolstandard.org/example/md/GFP_expression/express_GFP/Protein"/>
<sbol:displayId>Protein</sbol:displayId>
<sbol:participant rdf:resource="http://sbholstandard.org/example/md/GFP_expression/GFP_protein"/>
</sbol:Participation>
</sbol:participation>
<sbol:participation>
<sbol:Participation rdf:about="http://sbolstandard.org/example/md/GFP_expression/express_GFP/CDS">
<sbol:persistentIdentity rdf:resource="http://sholstandard.org/example/md/GFP_expression/express_GFP/CDS"/>
<sbol:displayId>CDS</sbol:displayId>
<sbol:participant rdf:resource="http://sbolstandard.org/example/md/GFP_expression/Constitutive_GFP"/>
</sbol:Participation>
</sbol:participation>
</sbol:Interaction>
</sbol:interaction>
</sbol:ModuleDefinition>
</rdf:RDF>
</rdf:RDF>

B.1.7 Serializing Application Specific Data Within SBOL Objects

This example shows the serialization of application-specific data from Annotation objects. A ComponentDefinition
that represents a promoter is annotated with custom data on the promoter’s sigma factor and how it is regulated.

<?xml version="1.0" 7>
<rdf:RDF xmlns:pr="http://partsregistry.org/" xmlns:rdf="http://www.w3.0rg/1999/02/22-rdf-syntax-ns#" xmlns:dcterms="http://purl.
org/dc/terms/" xmlns:prov="http://www.w3.org/ns/prov#" xmlns:sbol="http://sbols.org/v2#">
<sbol:ComponentDefinition rdf:about="http://partsregistry.org/cd/BBa_J23119">
<sbol:persistentIdentity rdf:resource="http://partsregistry.org/cd/BBa_J23119"/>
<sbol:displayId>BBa_J23119</sbol:displayId>
<pr:group>iGEM2006_Berkeley</pr:group>
<pr:experience rdf:resource="http://parts.igem.org/cgi/partsdb/part_info.cgi?part_name=BBa_]23119"/>
<pr:information>
<pr:Information rdf:about="http://parts.igem.org/cgi/partsdb/part_info.cgi?part_name=BBa_J23119">
<pr:sigmafactor>//rnap/prokaryote/ecoli/sigma70</pr:sigmafactor>
<pr:regulation>//regulation/constitutive</pr:regulation>
</pr:Information>
</pr:information>
<dcterms:title>J23119</dcterms:title>
<dcterms:description>Constitutive promoter</dcterms:description>
<sbol:type rdf:resource="http://www.biopax.org/release/biopax-level3.owl#DnaRegion"/>
<sbol:role rdf:resource="http://identifiers.org/so/S0:0000167"/>
</sbol:ComponentDefinition>
</rdf:RDF>

B.1.8 Serializing Application-Specific Data Outside SBOL Objects

This example shows the serialization of application-specific data from GenericTopLevel objects. Such data can be
referenced by other SBOL objects via Annotation objects.

<?xml version="1.0" 7>
<rdf:RDF xmlns:myapp="http://www.myapp.org/" xmlns:rdf="http://www.w3.0rg/1999/02/22-rdf-syntax-ns#" xmlns:dcterms="http://purl.
org/dc/terms/" xmlns:prov="http://www.w3.org/ns/prov#" xmlns:sbol="http://sbols.org/v2#">
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<sbol:ComponentDefinition rdf:about="http://www.partsregistry.org/cd/BBa_]23119">
<sbol:persistentIdentity rdf:resource="http://www.partsregistry.org/cd/BBa_J23119"/>
<sbol:displayId>BBa_J23119</sbol:displayId>
<prov:wasDerivedFrom rdf:resource="http://www.partsregistry.org/Part:BBa_J23119"/>
<myapp:datasheet rdf:resource="http://www.partsregistry.org/gen/datasheetl"/>
<dcterms:title>J23119</dcterms:title>
<dcterms:description>Constitutive promoter</dcterms:description>
<sbol:type rdf:resource="http://www.biopax.org/release/biopax-level3.owl#DnaRegion"/>
<sbol:role rdf:resource="http://identifiers.org/so/S0:0000167"/>

</sbol:ComponentDefinition>

<myapp:Datasheet rdf:about="http://www.partsregistry.org/gen/datasheetl">
<sbol:persistentIdentity rdf:resource="http://www.partsregistry.org/gen/datasheetl"/>
<sbol:displayId>datasheetl</sbol:displayId>
<myapp:characterizationData rdf:resource="http://www.myapp.org/measurement/1"/>
<myapp:transcriptionRate>1</myapp:transcriptionRate>
<dcterms:title>Datasheet 1</dcterms:title>

</myapp:Datasheet>

</rdf:RDF>

B.1.9 Serializing Collection Objects

This example shows the serialization of a Collection. This Collection represents a library of promoters.

<?xml version="1.0" ?>
<rdf:RDF xmlns:rdf="http://www.w3.0rg/1999/02/22-rdf-syntax-ns#" xmlns:dcterms="http://purl.org/dc/terms/" xmlns:prov="http://www.
w3.org/ns/prov#" xmlns:sbol="http://sbols.org/v2#">
<sbol:Collection rdf:about="http://parts.igem.org/Promoters/Catalog/Anderson">
<sbol:persistentIdentity rdf:resource="http://parts.igem.org/Promoters/Catalog/Anderson"/>
<sbol:displayId>Anderson</sbol:displayId>
<dcterms:title>Anderson promoters</dcterms:title>
<dcterms:description>The Anderson promoter collection</dcterms:description>
<sbol:member rdf:resource="http://partsregistry.org/Part:BBa_]23119"/>
<sbol:member rdf:resource="http://partsregistry.org/Part:BBa_]23118"/>
</sbol:Collection>
</rdf:RDF>

B.2 Complex Examples
B.2.1 PoPS Receiver

This example shows the serialization of the PoPS Receiver device designed by Canton and co-workers Canton
etal. (2008). In particular, this example includes the serialization of a ComponentDefinition that composes five
Component objects to define the structure of a detector for the cell-cell signaling molecule 30CgHSL. The five
components are arranged in a sequence: first come four Component objects that together implement constitutive
expression of the LuxR protein, which in turn responds to 30CgHSL: a constitutive promoter, 5’UTR, coding
sequence for LuxR, and terminator. Finally, after these objects comes the Component object for the pLuxR promoter,
which is activated in the presence of LuxR and 30CgHSL. Complete details of the device can be found in the cited
paper and also athttp://parts.igem.org/Part:BBa_F2620.

<?xml version="1.0" ?>
<rdf:RDF xmlns:pr="http://partsregistry.org" xmlns:rdf="http://www.w3.0rg/1999/02/22-rdf-syntax-ns#" xmlns:dcterms="http://purl.
org/dc/terms/" xmlns:prov="http://www.w3.org/ns/prov#" xmlns:sbol="http://sbols.org/v2#">
<sbol:ComponentDefinition rdf:about="http://partsregistry.org/cd/BBa_F2620">
<sbol:persistentIdentity rdf:resource="http://partsregistry.org/cd/BBa_F2620"/>
<sbol:displayId>BBa_F2620</sbol:displayId>
<dcterms:title>BBa_F2620</dcterms:title>
<dcterms:description>30C6HSL -&gt; PoPS Receiver</dcterms:description>
<sbol:type rdf:resource="http://www.biopax.org/release/biopax-level3.owl#DnaRegion"/>
<sbol:role rdf:resource="http://identifiers.org/so/S0:00001411"/>
<sbol:component>
<sbol:Component rdf:about="http://partsregistry.org/cd/BBa_F2620/pLuxR">
<sbol:persistentIdentity rdf:resource="http://partsregistry.org/cd/BBa_F2620/pLuxR"/>
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<sbol:displayId>pLuxR</sbol:displayId>
<sbol:access rdf:resource="http://shols.org/v2#public"/>
<sbol:definition rdf:resource="http://partsregistry.org/cd/BBa_R0062"/>
</sbol:Component>
</sbol:component>
<sbol: component>
<sbol:Component rdf:about="http://partsregistry.org/cd/BBa_F2620/1luxR">
<sbol:persistentIdentity rdf:resource="http://partsregistry.org/cd/BBa_F2620/1uxR"/>
<sbol:displayId>luxR</sbol:displayId>
<sbol:access rdf:resource="http://shols.org/v2#public"/>
<sbol:definition rdf:resource="http://partsregistry.org/cd/BBa_C0062"/>
</sbol:Component>
</sbol: component>
<sbol:component>
<sbol:Component rdf:about="http://partsregistry.org/cd/BBa_F2620/pTetR">
<sbol:persistentIdentity rdf:resource="http://partsregistry.org/cd/BBa_F2620/pTetR"/>
<sbol:displayId>pTetR</sbol:displayId>
<sbol:access rdf:resource="http://shols.org/v2#public"/>
<sbol:definition rdf:resource="http://partsregistry.org/cd/BBa_R0040"/>
</sbol:Component>
</sbol: component>
<sbol:component>
<sbol:Component rdf:about="http://partsregistry.org/cd/BBa_F2620/ter">
<sbol:persistentIdentity rdf:resource="http://partsregistry.org/cd/BBa_F2620/ter"/>
<sbol:displayId>ter</sbol:displayId>
<sbol:access rdf:resource="http://sbols.org/v2#public"/>
<sbol:definition rdf:resource="http://partsregistry.org/cd/BBa_B0015"/>
</sbol:Component>
</sbol:component>
<sbol:component>
<sbol:Component rdf:about="http://partsregistry.org/cd/BBa_F2620/rbs">
<sbol:persistentIdentity rdf:resource="http://partsregistry.org/cd/BBa_F2620/rbs"/>
<sbol:displayId>rbs</sbol:displayId>
http://sbols.org/v2#public"/>
<sbol:definition rdf:resource="http://partsregistry.org/cd/BBa_B0034" />
</sbol:Component>
</sbol:component>
<sbol:sequenceAnnotation>
<sbol:SequenceAnnotation rdf:about="http://partsregistry.org/cd/BBa_F2620/anno3">
<sbol:persistentIdentity rdf:resource="http://partsregistry.org/cd/BBa_F2620/anno3"/>
<sbol:displayId>anno3</sbol:displayId>
<sbol:location>
<sbol:Range rdf:about="http://partsregistry.org/cd/BBa_F2620/anno3/location3">
<sbol:persistentIdentity rdf:resource="http://partsregistry.org/cd/BBa_F2620/anno3/location3"/>
<sbol:displayId>location3</sbol:displayId>
<sbol:start>69</sbol:start>
<sbol:end>7708</sbol:end>
<sbol:orientation rdf:resource="http://sbhols.org/v2#inline"/>
</sbol:Range>
</sbol:location>
<sbol:component rdf:resource="http://partsregistry.org/cd/BBa_F2620/1uxR"/>
</sbol:SequenceAnnotation>
</sbol:sequenceAnnotation>
<sbol:sequenceAnnotation>
<sbol:SequenceAnnotation rdf:about="http://partsregistry.org/cd/BBa_F2620/anno5">
<sbol:persistentIdentity rdf:resource="http://partsregistry.org/cd/BBa_F2620/anno5"/>
<sbol:displayId>anno5</sbol:displayId>
<sbol:location>
<sbol:Range rdf:about="http://partsregistry.org/cd/BBa_F2620/anno5/location5">
<sbol:persistentIdentity rdf:resource="http://partsregistry.org/cd/BBa_F2620/anno5/location5"/>
<sbol:displayId>location5</sbol:displayId>
<sbol:start>901</sbol:start>
<sbol:end>956</sbol:end>
<sbol:orientation rdf:resource="http://shols.org/v2#inline"/>
</sbol:Range>
</sbol:location>
<sbol:component rdf:resource="http://partsregistry.org/cd/BBa_F2620/pLuxR"/>
</sbol:SequenceAnnotation>
</sbol:sequenceAnnotation>

<sbol:access rdf:resource=
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<sbol:sequenceAnnotation>
<sbol:SequenceAnnotation rdf:about="http://partsregistry.org/cd/BBa_F2620/annol">
<sbol:persistentIdentity rdf:resource="http://partsregistry.org/cd/BBa_F2620/annol"/>
<sbol:displayId>annol</sbol:displayId>
<sbol:location>
<sbol:Range rdf:about="http://partsregistry.org/cd/BBa_F2620/annol/locationl">
<sbol:persistentIdentity rdf:resource="http://partsregistry.org/cd/BBa_F2620/annol/locationl"/>
<sbol:displayId>locationl</sbol:displayId>
<sbol:start>1</sbol:start>
<sbol:end>55</sbol:end>
<sbol:orientation rdf:resource="http://shols.org/v2#inline"/>
</sbol:Range>
</sbol:location>
<sbol:component rdf:resource="http://partsregistry.org/cd/BBa_F2620/pTetR"/>
</sbol:SequenceAnnotation>
</sbol:sequenceAnnotation>
<sbol:sequenceAnnotation>
<sbol:SequenceAnnotation rdf:about="http://partsregistry.org/cd/BBa_F2620/anno4">
<sbol:persistentIdentity rdf:resource="http://partsregistry.org/cd/BBa_F2620/anno4"/>
<sbol:displayId>anno4</sbol:displayId>
<sbol:location>
<sbol:Range rdf:about="http://partsregistry.org/cd/BBa_F2620/anno4/locationd">
<sbol:persistentIdentity rdf:resource="http://partsregistry.org/cd/BBa_F2620/anno4/location4"/>
<sbol:displayId>locationd</sbol:displayId>
<sbol:start>771</sbol:start>
<sbol:end>900</sbol:end>
<sbol:orientation rdf:resource="http://shols.org/v2#inline"/>
</sbol:Range>
</sbol:location>
<sbol:component rdf:resource="http://partsregistry.org/cd/BBa_F2620/ter"/>
</sbol:SequenceAnnotation>
</sbol:sequenceAnnotation>
<sbol:sequenceAnnotation>
<sbol:SequenceAnnotation rdf:about="http://partsregistry.org/cd/BBa_F2620/anno2">
<sbol:persistentIdentity rdf:resource="http://partsregistry.org/cd/BBa_F2620/anno2"/>
<sbol:displayId>anno2</sbol:displayId>
<sbol:location>
<sbol:Range rdf:about="http://partsregistry.org/cd/BBa_F2620/anno2/location2">
<sbol:persistentIdentity rdf:resource="http://partsregistry.org/cd/BBa_F2620/anno2/location2"/>
<sbol:displayId>location2</sbol:displayId>
<sbol:start>56</sbol:start>
<sbol:end>68</sbol:end>
<sbol:orientation rdf:resource="http://shols.org/v2#inline"/>
</sbol:Range>
</sbol:location>
<sbol:component rdf:resource="http://partsregistry.org/cd/BBa_F2620/rbs"/>
</sbol:SequenceAnnotation>
</sbol:sequenceAnnotation>
</sbol:ComponentDefinition>
<sbol:ComponentDefinition rdf:about="http://partsregistry.org/cd/BBa_R0062">
<sbol:persistentIdentity rdf:resource="http://partsregistry.org/cd/BBa_R0062"/>
<sbol:displayId>BBa_R0062</sbol:displayId>
<dcterms:title>pLuxR</dcterms:title>
<dcterms:description>LuxR inducible promoter</dcterms:description>
<sbol:type rdf:resource="http://www.biopax.org/release/biopax-level3.owl#DnaRegion"/>
<sbol:role rdf:resource="http://identifiers.org/so/S0:0000167"/>
<sbol:sequence rdf:resource="http://partsregistry.org/seq/BBa_R0062"/>
</sbol:ComponentDefinition>
<sbol:ComponentDefinition rdf:about="http://partsregistry.org/cd/BBa_B0015">
<sbol:persistentIdentity rdf:resource="http://partsregistry.org/cd/BBa_B0015"/>
<sbol:displayId>BBa_B0015</sbol:displayId>
<dcterms:title>BBa_BO015</dcterms:title>
<dcterms:description>Double terminator</dcterms:description>
<sbol:type rdf:resource="http://www.biopax.org/release/biopax-level3.owl#DnaRegion"/>
<sbol:role rdf:resource="http://identifiers.org/so/S0:0000141"/>
<sbol:sequence rdf:resource="http://partsregistry.org/seq/BBa_B0015"/>
</sbol:ComponentDefinition>
<sbol:ComponentDefinition rdf:about="http://partsregistry.org/cd/BBa_C0062">
<sbol:persistentIdentity rdf:resource="http://partsregistry.org/cd/BBa_C0062"/>
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<sbol:displayId>BBa_C0062</sbol:displayId> 1

<dcterms:title>luxR</dcterms:title> 2
<dcterms:description>luxR coding sequence</dcterms:description> 3
<sbol:type rdf:resource="http://www.biopax.org/release/biopax-level3.owl#DnaRegion"/> 4
<sbol:role rdf:resource="http://identifiers.org/so/S0:0000316"/> 5
<sbol:sequence rdf:resource="http://partsregistry.org/seq/BBa_C0062"/> 6
</sbol:ComponentDefinition> 7
<sbol:ComponentDefinition rdf:about="http://partsregistry.org/cd/BBa_RO040"> 8 <
<sbol:persistentIdentity rdf:resource="http://partsregistry.org/cd/BBa_R0040"/> 9 P
<sbol:displayId>BBa_R0040</sbol:displayId> 10 T
<dcterms:title>pTetR</dcterms:title> 11 o)
<dcterms:description>TetR repressible promoter</dcterms:description> 12 ;
<sbol:type rdf:resource="http://www.biopax.org/release/biopax-level3.owl#DnaRegion"/> 13 7
<sbol:role rdf:resource="http://identifiers.org/so/S0:0000167"/> 14 ;
<sbol:sequence rdf:resource="http://partsregistry.org/seq/BBa_R0040"/> 15 ;
</sbol:ComponentDefinition> 16
<sbol:ComponentDefinition rdf:about="http://partsregistry.org/cd/BBa_B0034"> 17
<sbol:persistentIdentity rdf:resource="http://partsregistry.org/cd/BBa_B0034"/> 18
<sbol:displayId>BBa_B0034</sbol:displayId> 19
<dcterms:title>BBa_B0034</dcterms:title> 20
<dcterms:description>RBS based on Elowitz repressilator</dcterms:description> 21
<sbol:type rdf:resource="http://www.biopax.org/release/biopax-level3.owl#DnaRegion"/> 22
<sbol:role rdf:resource="http://identifiers.org/so/S0:0000139"/> 23
<sbol:sequence rdf:resource="http://partsregistry.org/seq/BBa_B0034"/> 24
</sbol:ComponentDefinition> 25
<sbol:Sequence rdf:about="http://partsregistry.org/seq/BBa_B0034"> 26
<sbol:persistentIdentity rdf:resource="http://partsregistry.org/seq/BBa_B0034"/> 27
<sbol:displayId>BBa_B0034</sbol:displayId> 28
<sbol:elements>aaagaggagaaa</shol:elements> 29
<sbol:encoding rdf:resource="http://www.chem.qgmul.ac.uk/iubmb/misc/naseq.html"/> 30
</sbol:Sequence> 31
<sbol:Sequence rdf:about="http://partsregistry.org/seq/BBa_R0040"> 32
<sbol:persistentIdentity rdf:resource="http://partsregistry.org/seq/BBa_R0040"/> B <
<sbol:displayId>BBa_R0040</sbol:displayId> 34 2
<sbol:elements>tccctatcagtgatagagattgacatccctatcagtgatagagatactgagcac</sbol:elements> 35 ;
<sbol:encoding rdf:resource="http://www.chem.qgmul.ac.uk/iubmb/misc/naseq.html"/> % ;
</sbol:Sequence> 372 /T

<sbol:Sequence rdf:about="http://partsregistry.org/seq/BBa_C0062">
<sbol:persistentIdentity rdf:resource="http://partsregistry.org/seq/BBa_C0062"/>
<sbol:displayId>BBa_C0062</sbol:displayId>
<shol:elements>atgcttatctgatatgactaaaatggtacattgtgaatattatttactcgcgatcatttatcctcattcta
tggttaaatctgatatttcaatcctagataattaccctaaaaaatggaggcaatattatgatgacgctaatttaataaaatatgat
cctatagtagattattctaactccaatcattcaccaattaattggaatatatttgaaaacaatgctgtaaataaaaaatctccaaa
tgtaattaaagaagcgaaaacatcaggtcttatcactgggtttagtttccctattcatacggctaacaatggcttcggaatgctta
gttttgcacattcagaaaaagacaactatatagatagtttatttttacatgcgtgtatgaacataccattaattgttccttctcta
gttgataattatcgaaaaataaatatagcaaataataaatcaaacaacgatttaaccaaaagagaaaaagaatgtttagcgtggge
atgcgaaggaaaaagctcttgggatatttcaaaaatattaggttgcagtgagcgtactgtcactttccatttaaccaatgcgcaaa
tgaaactcaatacaacaaaccgctgccaaagtatttctaaagcaattttaacaggagcaattgattgcccatactttaaaaattaa
taacactgatagtgctagtgtagatcac</sbhol:elements>
<sbol:encoding rdf:resource="http://www.chem.qgmul.ac.uk/iubmb/misc/naseq.html"/>

</sbol:Sequence>

<sbol:Sequence rdf:about="http://partsregistry.org/seq/BBa_R0062">
<sbol:persistentIdentity rdf:resource="http://partsregistry.org/seq/BBa_R0062"/>
<sbol:displayId>BBa_R0062</sbol:displayId>
<sbol:elements>acctgtaggatcgtacaggtttacgcaagaaaatggtttgttatagtcgaataaa</shol:elements>
<sbol:encoding rdf:resource="http://www.chem.qgmul.ac.uk/iubmb/misc/naseq.html"/>

</sbol:Sequence>

<sbol:Sequence rdf:about="http://partsregistry.org/seq/BBa_B0015">
<sbol:persistentIdentity rdf:resource="http://partsregistry.org/seq/BBa_B0015"/>
<sbol:displayId>BBa_B0015</sbol:displayId>
<shol:elements>ccaggcatcaaataaaacgaaaggctcagtcgaaagactgggectttegttttatctgttgtttgteggtg
aacgctctctactagagtcacactggctcaccttcgggtgggectttetgegtttata</sbol:elements>
<sbol:encoding rdf:resource="http://www.chem.qgmul.ac.uk/iubmb/misc/naseq.html"/>

</sbol:Sequence>

</rdf:RDF>
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Section B.2 Complex Examples

B.2.2 Toggle Switch 1

This example shows the serialization of the ComponentDefinition and ModuleDefinition objects for a Lacl/TetR 2
toggle switch similar to those constructed in Gardner et al. (2000). This design is essentially similar to the one s
presented in Section 9, except that it uses some alternate groupings in how the total design is built up out of smaller 4
entities. c
-
<?xml version="1.0" ?> 7
<rdf:RDF xmlns:rdf="http://www.w3.0rg/1999/02/22-rdf-syntax-ns#" xmlns:dcterms="http://purl.org/dc/terms/" xmlns:prov="http://www. 8
w3.org/ns/prov#" xmlns:sbol="http://sbols.org/v2#"> 9
<sbol:ModuleDefinition rdf:about="http://sbolstandard.org/example/toggle_switch"> 10
<sbol:persistentIdentity rdf:resource="http://sbolstandard.org/example/toggle_switch"/> il
<sbol:displayId>toggle_switch</sbol:displayId> 12
<sbol:role rdf:resource="http://sbolstandard.org/example/module_role/toggle_switch"/> 13
<sbol: functionalComponent> 14
<sbol:FunctionalComponent rdf:about="http://sbolstandard.org/example/toggle_switch/TetR"> 15
<sbol:persistentIdentity rdf:resource="http://sholstandard.org/example/toggle_switch/TetR"/> 16
<sbol:displayId>TetR</sbol:displayId> 17
<sbol:definition rdf:resource="http://identifiers.org/uniprot/Q6QR72"/> 18
<sbol:access rdf:resource="http://shols.org/v2#public"/> 19
<sbol:direction rdf:resource="http://sbols.org/v2#inout" /> 20
</sbol :FunctionalComponent> 21
</sbol: functionalComponent> 22
<sbol: functionalComponent> 23
<sbol:FunctionalComponent rdf:about="http://sbolstandard.org/example/toggle_switch/LacI"> 24
<sbol:persistentIdentity rdf:resource="http://sbolstandard.org/example/toggle_switch/LacI"/> 25
<sbol:displayId>LacI</sbol:displayId> 26
<sbol:definition rdf:resource="http://identifiers.org/uniprot/P83023"/> 27
<sbol:access rdf:resource="http://shols.org/v2#public"/> 28
<sbol:direction rdf:resource="http://sbols.org/v2#inout" /> 29
</sbol:FunctionalComponent> o 2
</sbol: functionalComponent> 31 o
<sbol:model rdf:resource="http://sbolstandard.org/example/toogleswitch"/> 32 ;
<sbol:module> 3 O
<sbol:Module rdf:about="http://sbolstandard.org/example/toggle_switch/tetr_inverter"> 34 /.;
<sbol:persistentIdentity rdf:resource="http://sbolstandard.org/example/toggle_switch/tetr_inverter"/> 35" !

<sbol:displayId>tetr_inverter</sbol:displayId>
<sbol:definition rdf:resource="http://sholstandard.org/example/tetr_inverter"/>
<sbol :mapsTo>
<sbol:MapsTo rdf:about="http://sbolstandard.org/example/toggle_switch/tetr_inverter/TetR_mapping">
<sbol:persistentIdentity rdf:resource="http://sbolstandard.org/example/toggle_switch/tetr_inverter/TetR_mapping"/>
<sbol:displayId>TetR_mapping</sbol:displayId>
<sbol:refinement rdf:resource="http://sbols.org/v2#useRemote" />
<sbol:remote rdf:resource="http://sbolstandard.org/example/tetr_inverter/TF"/>
<sbol:local rdf:resource="http://sbolstandard.org/example/toggle_switch/TetR"/>
</sbol:MapsTo>
</sbol :mapsTo>
</sbol:Module>
</sbol:module>
<sbol :module>
<sbol:Module rdf:about="http://sbolstandard.org/example/toggle_switch/laci_inverter">
<sbol:persistentIdentity rdf:resource="http://sbolstandard.org/example/toggle_switch/laci_inverter"/>
<sbol:displayId>laci_inverter</sbol:displayId>
<sbol:definition rdf:resource="http://sbholstandard.org/example/laci_inverter"/>
<sbol :mapsTo>
<sbol:MapsTo rdf:about="http://sbolstandard.org/example/toggle_switch/laci_inverter/LacI_mapping">
<sbol:persistentIdentity rdf:resource="http://sbolstandard.org/example/toggle_switch/laci_inverter/LacI_mapping"/>
<sbol:displayId>LacI_mapping</sbol:displayId>
<sbol:refinement rdf:resource="http://sbols.org/v2#useRemote" />
<sbol:remote rdf:resource="http://sholstandard.org/example/laci_inverter/TF"/>
<sbol:local rdf:resource="http://sbolstandard.org/example/toggle_switch/LacI"/>
</sbol:MapsTo>
</sbol :mapsTo>
</sbol:Module>

</sbol :module> 64
</sbol:ModuleDefinition> 65
<sbol:ModuleDefinition rdf:about="http://sbolstandard.org/example/laci_inverter"> 66
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Section B.2 Complex Examples

<sbol:persistentIdentity rdf:resource="http://sbolstandard.org/example/laci_inverter"/> 1

<sbol:displayId>laci_inverter</sbol:displayId> 2
<sbol:role rdf:resource="http://parts.igem.org/cgi/partsdb/pgroup.cgi?pgroup=inverter"/> 3
<sbol: functionalComponent> 4
<sbol:FunctionalComponent rdf:about="http://sbolstandard.org/example/laci_inverter/TF"> 5
<sbol:persistentIdentity rdf:resource="http://sbolstandard.org/example/laci_inverter/TF"/> 6
<sbol:displayId>TF</sbol:displayId> 7
<sbol:definition rdf:resource="http://identifiers.org/uniprot/P03023"/> 8 <
<sbol:access rdf:resource="http://shols.org/v2#public"/> 9 -
<sbol:direction rdf:resource="http://sbols.org/v2#inout" /> 10
</sbol:FunctionalComponent> 1 o)
</sbol: functionalComponent> 12 I,
<sbol: functionalComponent> 13 f
<sbol:FunctionalComponent rdf:about="http://sbolstandard.org/example/laci_inverter/promoter"> 14 z
<sbol:persistentIdentity rdf:resource="http://sholstandard.org/example/laci_inverter/promoter"/> 15 5
<sbol:displayId>promoter</sbol:displayId> 16 =
<sbol:definition rdf:resource="http://www.partsregistry.org/BBa_R0010"/> 17
<sbol:access rdf:resource="http://shols.org/v2#public"/> 18
<sbol:direction rdf:resource="http://sbols.org/v2#inout" /> 19
</sbol:FunctionalComponent> 20
</sbol: functionalComponent> 21
<sbol:interaction> 22
<sbol:Interaction rdf:about="http://sbolstandard.org/example/laci_inverter/LacI_pLacI"> 23
<sbol:persistentIdentity rdf:resource="http://sbolstandard.org/example/laci_inverter/LacI_pLacI"/> 24
<sbol:displayId>LacI_pLacI</sbol:displayId> 25
<sbol:type rdf:resource="http://identifiers.org/biomodels.sbo/SB0:0000169"/> 26
<sbol:participation> 27
<sbol:Participation rdf:about="http://sbolstandard.org/example/laci_inverter/LacI_pLacI/BBa_R0O010"> 28
<sbol:persistentIdentity rdf:resource="http://sbolstandard.org/example/laci_inverter/LacI_pLacI/BBa_R0010"/> 29
<sbol:displayId>BBa_R0010</sbol:displayId> 30
<sbol:role rdf:resource="http://identifiers.org/biomodels.sbo/SBO:0000598"/> 31
<sbol:participant rdf:resource="http://sbolstandard.org/example/laci_inverter/promoter"/> 32
</sbol:Participation> 3 O
</sbol:participation> 34 T
<sbol:participation> 35 ;
<sbol:Participation rdf:about="http://sbolstandard.org/example/laci_inverter/LacI_pLacI/P03023"> 36 ;
<sbol:persistentIdentity rdf:resource="http://sholstandard.org/example/laci_inverter/LacI_pLacI/P§3023"/> 37 é %

<sbol:displayId>P03023</sbol:displayId>
<sbol:role rdf:resource="http://identifiers.org/biomodels.sbo/SBO:0000020"/>
<sbol:participant rdf:resource="http://sbolstandard.org/example/laci_inverter/TF"/>
</sbol:Participation>
</sbol:participation>
</sbol:Interaction>
</sbol:interaction>
</sbol:ModuleDefinition>
<sbol:ModuleDefinition rdf:about="http://sbolstandard.org/example/tetr_inverter">
<sbol:persistentIdentity rdf:resource="http://sbolstandard.org/example/tetr_inverter"/>
<sbol:displayId>tetr_inverter</sbol:displayId>
<sbol:role rdf:resource="http://parts.igem.org/cgi/partsdb/pgroup.cgi?pgroup=inverter"/>
<sbol: functionalComponent>
<sbol:FunctionalComponent rdf:about="http://sbolstandard.org/example/tetr_inverter/TF">
<sbol:persistentIdentity rdf:resource="http://sbolstandard.org/example/tetr_inverter/TF"/>
<sbol:displayId>TF</sbol:displayId>
<sbol:definition rdf:resource="http://identifiers.org/uniprot/Q6QR72"/>
<sbol:access rdf:resource="http://shols.org/v2#public"/>
<sbol:direction rdf:resource="http://sbols.org/v2#inout" />
</sbol:FunctionalComponent>
</sbol: functionalComponent>
<sbol: functionalComponent>
<sbol:FunctionalComponent rdf:about="http://sbolstandard.org/example/tetr_inverter/promoter">
<sbol:persistentIdentity rdf:resource="http://sholstandard.org/example/tetr_inverter/promoter"/>
<sbol:displayId>promoter</sbol:displayId>
<sbol:definition rdf:resource="http://www.partsregistry.org/BBa_R0040"/>
<sbol:access rdf:resource="http://sbols.org/v2#public"/>
<sbol:direction rdf:resource="http://sbols.org/v2#inout"/>
</sbol:FunctionalComponent>

</sbol: functionalComponent> 67

<sbol:interaction> 68

<sbol:Interaction rdf:about="http://sbolstandard.org/example/tetr_inverter/LacI_pLacI"> 69
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<sbol:persistentIdentity rdf:resource="http://sbolstandard.org/example/tetr_inverter/LacI_pLacI"/>
<sbol:displayId>LacI_pLacI</sbol:displayId>
<sbol:type rdf:resource="http://identifiers.org/biomodels.sbo/SBO:0000169"/>
<sbol:participation>
<sbol:Participation rdf:about="http://sbolstandard.org/example/tetr_inverter/LacI_pLacI/Q6QR72">
<sbol:persistentIdentity rdf:resource="http://sbholstandard.org/example/tetr_inverter/LacI_pLacI/Q6QR72"/>
<sbol:displayId>Q6QR72</sbol:displayId>
<sbol:role rdf:resource="http://identifiers.org/biomodels.sbo/SB0:0000020"/>
<sbol:participant rdf:resource="http://sbolstandard.org/example/tetr_inverter/TF"/>
</sbol:Participation>
</sbol:participation>
<sbol:participation>
<sbol:Participation rdf:about="http://sbholstandard.org/example/tetr_inverter/LacI_pLacI/BBa_R0040">
<sbol:persistentIdentity rdf:resource="http://sbolstandard.org/example/tetr_inverter/LacI_pLacI/BBa_R0040"/>
<sbol:displayId>BBa_R0040</sbol:displayId>
<sbol:role rdf:resource="http://identifiers.org/biomodels.sbo/SBO:0000598"/>
<sbol:participant rdf:resource="http://sbolstandard.org/example/tetr_inverter/promoter"/>
</sbol:Participation>
</sbol:participation>
</sbol:Interaction>
</sbol:interaction>
</sbol:ModuleDefinition>
<sbol:Model rdf:about="http://sholstandard.org/example/toogleswitch">
<sbol:persistentIdentity rdf:resource="http://sholstandard.org/example/toogleswitch"/>
<sbol:displayId>toogleswitch</sbol:displayId>
<sbol:source rdf:resource="http://virtualparts.org/part/pIKE_Toggle_1"/>
<sbol:language rdf:resource="http://identifiers.org/edam/format_2585"/>
<sbol: framework rdf:resource="http://identifiers.org/biomodels.sbo/SBO:0000062"/>
</sbol:Model>
<sbol:ComponentDefinition rdf:about="http://www.virtualparts.org/part/pIKE_Toggle_1">
<sbol:persistentIdentity rdf:resource="http://www.virtualparts.org/part/pIKE_Toggle_1"/>
<sbol:displayId>pIKE_Toggle_1</sbol:displayId>
<dcterms:title>LacI/TetR Toggle Switch</dcterms:title>
<dcterms:description>LacI/TetR Toggle Switch</dcterms:description>
<sbol:type rdf:resource="http://www.biopax.org/release/biopax-level3.owl#DnaRegion"/>
<sbol:role rdf:resource="http://identifiers.org/so/S0:0000280"/>
<sbol:component>
<sbol:Component rdf:about="http://www.virtualparts.org/part/pIKE_Toggle_1/pIKERightCassette_1">
<sbol:persistentIdentity rdf:resource="http://www.virtualparts.org/part/pIKE_Toggle_1/pIKERightCassette_1"/>
<sbol:displayId>pIKERightCassette_1</sbol:displayId>
<sbol:access rdf:resource="http://shols.org/v2#public"/>
<sbol:definition rdf:resource="http://www.virtualparts.org/part/pIKERightCassette_1"/>
</sbol:Component>
</sbol:component>
<sbol:component>
<sbol:Component rdf:about="http://www.virtualparts.org/part/pIKE_Toggle_1/pIKELeftCassette_1">
<sbol:persistentIdentity rdf:resource="http://www.virtualparts.org/part/pIKE_Toggle_1/pIKELeftCassette_1"/>
<sbol:displayId>pIKELeftCassette_1</sbol:displayId>
<sbol:access rdf:resource="http://shols.org/v2#public"/>
<sbol:definition rdf:resource="http://www.virtualparts.org/part/pIKELeftCassette_1"/>
</sbol:Component>
</sbol: component>
<sbol:sequenceAnnotation>
<sbol:SequenceAnnotation rdf:about="http://www.virtualparts.org/part/pIKE_Toggle_1/anno2">
<sbol:persistentIdentity rdf:resource="http://www.virtualparts.org/part/pIKE_Toggle_1/anno2"/>
<sbol:displayId>anno2</sbol:displayId>
<sbol:location>
<sbol:Range rdf:about="http://www.virtualparts.org/part/pIKE_Toggle_1/anno2/location2">
<sbol:persistentIdentity rdf:resource="http://www.virtualparts.org/part/pIKE_Toggle_1/anno2/location2"/>
<sbol:displayId>location2</sbol:displayId>
<sbol:start>1286</sbhol:start>
<sbol:end>2834</sbol:end>
<sbol:orientation rdf:resource="http://shols.org/v2#inline"/>
</sbol:Range>
</sbol:location>
<sbol:component rdf:resource="http://www.virtualparts.org/part/pIKE_Toggle_1/pIKERightCassette_1"/>
</sbol:SequenceAnnotation>
</sbol:sequenceAnnotation>
<sbol:sequenceAnnotation>
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<sbol:SequenceAnnotation rdf:about="http://www.virtualparts.org/part/pIKE_Toggle_1/annol"> 1

<sbol:persistentIdentity rdf:resource="http://www.virtualparts.org/part/pIKE_Toggle_1/annol"/> 2
<sbol:displayId>annol</sbol:displayId> 3
<sbol:location> 4
<sbol:Range rdf:about="http://www.virtualparts.org/part/pIKE_Toggle_1/annol/locationl"> 5
<sbol:persistentIdentity rdf:resource="http://www.virtualparts.org/part/pIKE_Toggle_1/annol/locationl"/> 6
<sbol:displayId>locationl</sbol:displayId> 7
<sbol:start>1</sbol:start> 8 <
<sbol:end>1285</sbol:end> 9 -
<sbol:orientation rdf:resource="http://shols.org/v2#inline"/> 10
</sbol:Range> 1 o)
</sbol:location> 12 I,
<sbol:component rdf:resource="http://www.virtualparts.org/part/pIKE_Toggle_1/pIKELeftCassette_1"/> 13 f
</sbol:SequenceAnnotation> 14 z
</sbol:sequenceAnnotation> 15 3
</sbol:ComponentDefinition> 16 =
<sbol:ComponentDefinition rdf:about="http://www.partsregistry.org/BBa_J61130"> 17
<sbol:persistentIdentity rdf:resource="http://www.partsregistry.org/BBa_J61130"/> 18
<sbol:displayId>BBa_J61130</sbol:displayId> 19
<dcterms:title>BBa_]61101 RBS</dcterms:title> 20
<dcterms:description>RBS2</dcterms:description> 2
<sbol:type rdf:resource="http://www.biopax.org/release/biopax-level3.owl#DnaRegion"/> 22
<sbol:role rdf:resource="http://identifiers.org/so/S0:0000139"/> 23
<sbol:sequence rdf:resource="http://www.virtualparts.org/part/BBa_]61130"/> 24
</sbol:ComponentDefinition> 25
<sbol:ComponentDefinition rdf:about="http://www.partsregistry.org/BBa_C0012"> 26
<sbol:persistentIdentity rdf:resource="http://www.partsregistry.org/BBa_C0012"/> 27
<sbol:displayId>BBa_C0012</sbol:displayId> 28
<dcterms:title>lacI</dcterms:title> 29
<dcterms:description>lacI coding sequence</dcterms:description> 30
<sbol:type rdf:resource="http://www.biopax.org/release/biopax-level3.owl#DnaRegion"/> 31
<sbol:role rdf:resource="http://identifiers.org/so/S0:0000316"/> 32
<sbol:sequence rdf:resource="http://www.virtualparts.org/part/BBa_C0012"/> 33 S
</sbol:ComponentDefinition> 34 T
<sbol:ComponentDefinition rdf:about="http://www.partsregistry.org/ECK120033736"> 35 ;
<sbol:persistentIdentity rdf:resource="http://www.partsregistry.org/ECK120033736"/> 36 ;
<sbol:displayId>ECK120033736</sbol:displayId> w4 %

<dcterms:title>ECK120033736</dcterms:title>
<dcterms:description>Terminator2</dcterms:description>
<sbol:type rdf:resource="http://www.biopax.org/release/biopax-level3.owl#DnaRegion"/>
<sbol:role rdf:resource="http://identifiers.org/so/S0:0000141"/>
<sbol:sequence rdf:resource="http://www.virtualparts.org/part/ECK120033736"/>
</sbol:ComponentDefinition>
<sbol:ComponentDefinition rdf:about="http://www.partsregistry.org/BBa_R0040">
<sbol:persistentIdentity rdf:resource="http://www.partsregistry.org/BBa_R0040"/>
<sbol:displayId>BBa_R0040</sbol:displayId>
<dcterms:title>pTetR</dcterms:title>
<dcterms:description>pTet promoter</dcterms:description>
<sbol:type rdf:resource="http://www.biopax.org/release/biopax-level3.owl#DnaRegion"/>
<sbol:role rdf:resource="http://identifiers.org/so/S0:0000167"/>
<sbol:sequence rdf:resource="http://www.virtualparts.org/part/BBa_R0040"/>
</sbol:ComponentDefinition>
<sbol:ComponentDefinition rdf:about="http://identifiers.org/uniprot/Q6QR72">
<sbol:persistentIdentity rdf:resource="http://identifiers.org/uniprot/Q6QR72"/>
<sbol:displayId>Q6QR72</sbol:displayId>
<dcterms:title>TetR</dcterms:title>
<dcterms:description>TetR protein</dcterms:description>
<sbol:type rdf:resource="http://www.biopax.org/release/biopax-level3.owl#Protein"/>
<sbol:role rdf:resource="http://identifiers.org/biomodels.sbho/SBO:0000020"/>
</sbol:ComponentDefinition>
<sbol:ComponentDefinition rdf:about="http://identifiers.org/uniprot/P03023">
<sbol:persistentIdentity rdf:resource="http://identifiers.org/uniprot/P§3023"/>
<sbol:displayId>P03023</sbol:displayId>
<dcterms:title>LacI</dcterms:title>
<dcterms:description>LacI protein</dcterms:description> 5,
<sbol:type rdf:resource="http://www.biopax.org/release/biopax-level3.owl#Protein"/> 66

<sbol:role rdf:resource="http://identifiers.org/biomodels.sbo/SBO:0000020"/> 67
</sbol:ComponentDefinition> 68
<sbol:ComponentDefinition rdf:about="http://www.partsregistry.org/BBa_]61120"> 69
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<sbol:persistentIdentity rdf:resource="http://www.partsregistry.org/BBa_]61120"/> 1

<sbol:displayId>BBa_J61120</sbol:displayId> 2
<dcterms:title>BBa_]61101 RBS</dcterms:title> 3
<dcterms:description>RBS2</dcterms:description> 4
<sbol:type rdf:resource="http://www.biopax.org/release/biopax-level3.owl#DnaRegion"/> 5
<sbol:role rdf:resource="http://identifiers.org/so/S0:0000139"/> 6
<sbol:sequence rdf:resource="http://www.virtualparts.org/part/BBa_J61120"/> 7
</sbol:ComponentDefinition> 8 <
<sbol:ComponentDefinition rdf:about="http://www.partsregistry.org/BBa_E0040"> 9 -
<sbol:persistentIdentity rdf:resource="http://www.partsregistry.org/BBa_E0040"/> 10
<sbol:displayId>BBa_E0040</sbol:displayId> 1 o)
<dcterms:title>gfp</dcterms:title> 12 :,
<dcterms:description>gfp coding sequence</dcterms:description> 13 f
<sbol:type rdf:resource="http://www.biopax.org/release/biopax-level3.owl#DnaRegion"/> 14 Z
<sbol:role rdf:resource="http://identifiers.org/so/S0:0000316"/> 15 5
<sbol:sequence rdf:resource="http://www.virtualparts.org/part/BBa_E0040"/> 16 S
</sbol:ComponentDefinition> 17
<sbol:ComponentDefinition rdf:about="http://www.partsregistry.org/ECK120029600"> 18
<sbol:persistentIdentity rdf:resource="http://www.partsregistry.org/ECK120029600"/> 19
<sbol:displayId>ECK120029600</sbol:displayId> 20
<dcterms:title>ECK120029600</dcterms: title> 2
<dcterms:description>Terminatorl</dcterms:description> 22
<sbol:type rdf:resource="http://www.biopax.org/release/biopax-level3.owl#DnaRegion"/> 23
<sbol:role rdf:resource="http://identifiers.org/so/S0:0000141"/> 24
<sbol:sequence rdf:resource="http://www.virtualparts.org/part/ECK120029600"/> 25
</sbol:ComponentDefinition> 26
<sbol:ComponentDefinition rdf:about="http://www.virtualparts.org/part/pIKELeftCassette_1"> 27
<sbol:persistentIdentity rdf:resource="http://www.virtualparts.org/part/pIKELeftCassette_1"/> 28
<sbol:displayId>pIKELeftCassette_1</sbol:displayId> 29
<dcterms:title>TetR Inverter</dcterms:title> 30
<dcterms:description>TetR Inverter</dcterms:description> 31
<sbol:type rdf:resource="http://www.biopax.org/release/biopax-level3.owl#DnaRegion"/> 32
<sbol:role rdf:resource="http://identifiers.org/so/S0:0000280"/> 33 S
<sbol:component> 34 ';
<sbol:Component rdf:about="http://www.virtualparts.org/part/pIKELeftCassette_1/ECK120029600"> 35 ;
<sbol:persistentIdentity rdf:resource="http://www.virtualparts.org/part/pIKELeftCassette_1/ECK120029600"/> 36 ;
<sbol:displayId>ECK120029600</sbol:displayId> 37‘/'2

<sbol:access rdf:resource="http://shols.org/v2#public"/>
<sbol:definition rdf:resource="http://www.partsregistry.org/ECK120029600"/>
</sbol:Component>
</sbol: component>
<sbol:component>
<sbol:Component rdf:about="http://www.virtualparts.org/part/pIKELeftCassette_1/BBa_R0040">
<sbol:persistentIdentity rdf:resource="http://www.virtualparts.org/part/pIKELeftCassette_1/BBa_R0040"/>
<sbol:displayId>BBa_R0040</sbol:displayIld>
<sbol:access rdf:resource="http://sbols.org/v2#public"/>
<sbol:definition rdf:resource="http://www.partsregistry.org/BBa_R0040"/>
</sbol:Component>
</sbol:component>
<sbol:component>
<sbol:Component rdf:about="http://www.virtualparts.org/part/pIKELeftCassette_1/BBa_C0012">
<sbol:persistentIdentity rdf:resource="http://www.virtualparts.org/part/pIKELeftCassette_1/BBa_C0012"/>
<sbol:displayId>BBa_C0012</sbol:displayId>
<sbol:access rdf:resource="http://shols.org/v2#public"/>
<sbol:definition rdf:resource="http://www.partsregistry.org/BBa_C0012"/>
</sbol:Component>
</sbol: component>
<sbol:component>
<sbol:Component rdf:about="http://www.virtualparts.org/part/pIKELeftCassette_1/BBa_J61101">
<sbol:persistentIdentity rdf:resource="http://www.virtualparts.org/part/pIKELeftCassette_1/BBa_J61101"/>
<sbol:displayId>BBa_J61101</sbol:displayId>
<sbol:access rdf:resource="http://shols.org/v2#public"/>
<sbol:definition rdf:resource="http://www.partsregistry.org/BBa_]61101"/>
</sbol:Component>
</sbol:component>
<sbol:sequenceAnnotation>

<sbol:SequenceAnnotation rdf:about="http://www.virtualparts.org/part/pIKELeftCassette_1/anno4"> 67
<sbol:persistentIdentity rdf:resource="http://www.virtualparts.org/part/pIKELeftCassette_1/anno4"/> 68
<sbol:displayId>anno4</sbol:displayId> 69
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<sbol:location> h

<sbol:Range rdf:about="http://www.virtualparts.org/part/pIKELeftCassette_1/anno4/location4"> 2
<sbol:persistentIdentity rdf:resource="http://www.virtualparts.org/part/pIKELeftCassette_1/anno4/location4"/> 3
<sbol:displayId>location4</sbol:displayId> 4
<sbol:start>1198</sbol:start> 5
<sbol:end>1288</sbol:end> 6
<sbol:orientation rdf:resource="http://sbhols.org/v2#inline"/>

</sbol:Range> 8 <

</sbol:location> 9
<sbol:component rdf:resource="http://www.virtualparts.org/part/pIKELeftCassette_1/ECK120029600"/> 10
</sbol:SequenceAnnotation> 1 o)
</sbol:sequenceAnnotation> 12 I,
<sbol:sequenceAnnotation> 13 f
<sbol:SequenceAnnotation rdf:about="http://www.virtualparts.org/part/pIKELeftCassette_1/anno2"> 14 z
<sbol:persistentIdentity rdf:resource="http://www.virtualparts.org/part/pIKELeftCassette_1/anno2"/> 15 5
<sbol:displayId>anno2</sbol:displayId> 16 =
<sbol:location> 17

<sbol:Range rdf:about="http://www.virtualparts.org/part/pIKELeftCassette_1/anno2/location2"> 18
<sbol:persistentIdentity rdf:resource="http://www.virtualparts.org/part/pIKELeftCassette_1/anno2/location2"/> 19
<sbol:displayId>location2</sbol:displayId> 20
<sbol:start>56</sbol:start> 21
<sbol:end>68</sbol:end> 22
<sbol:orientation rdf:resource="http://shols.org/v2#inline"/> 23

</sbol:Range> 24

</sbol:location> 25
<sbol:component rdf:resource="http://www.virtualparts.org/part/pIKELeftCassette_1/BBa_J61101"/> 26
</sbol:SequenceAnnotation> 27
</sbol:sequenceAnnotation> 28
<sbol:sequenceAnnotation> 29
<sbol:SequenceAnnotation rdf:about="http://www.virtualparts.org/part/pIKELeftCassette_1/annol"> 30
<sbol:persistentIdentity rdf:resource="http://www.virtualparts.org/part/pIKELeftCassette_1/annol"/> 3
<sbol:displayId>annol</sbol:displayId> 32
<sbol:location> B8 O

<sbol:Range rdf:about="http://www.virtualparts.org/part/pIKELeftCassette_1/annol/locationl"> 34 i
<sbol:persistentIdentity rdf:resource="http://www.virtualparts.org/part/pIKELeftCassette_1/annol/locationl"/> 35 ;
<sbol:displayId>locationl</sbol:displayId> 36 ;
<sbol:start>1</sbol:start> w4 %

<sbol:end>55</sbol:end>
<sbol:orientation rdf:resource="http://shols.org/v2#inline"/>
</sbol:Range>
</sbol:location>
<sbol:component rdf:resource="http://www.virtualparts.org/part/pIKELeftCassette_1/BBa_R0040"/>
</sbol:SequenceAnnotation>
</sbol:sequenceAnnotation>
<sbol:sequenceAnnotation>
<sbol:SequenceAnnotation rdf:about="http://www.virtualparts.org/part/pIKELeftCassette_1/anno3">
<sbol:persistentIdentity rdf:resource="http://www.virtualparts.org/part/pIKELeftCassette_1/anno3"/>
<sbol:displayId>anno3</sbol:displayId>
<sbol:location>
<sbol:Range rdf:about="http://www.virtualparts.org/part/pIKELeftCassette_1/anno3/location3">
<sbol:persistentIdentity rdf:resource="http://www.virtualparts.org/part/pIKELeftCassette_1/anno3/location3"/>
<sbol:displayId>location3</sbol:displayId>
<sbol:start>69</sbol:start>
<sbol:end>1197</sbol:end>
<sbol:orientation rdf:resource="http://shols.org/v2#inline"/>
</sbol:Range>
</sbol:location>
<sbol:component rdf:resource="http://www.virtualparts.org/part/pIKELeftCassette_1/BBa_C0012"/>
</sbol:SequenceAnnotation>

</sbol:sequenceAnnotation>

</sbol:ComponentDefinition>

<sbol:ComponentDefinition rdf:about="http://www.partsregistry.org/BBa_J61101">
<sbol:persistentIdentity rdf:resource="http://www.partsregistry.org/BBa_]61101"/>
<sbol:displayId>BBa_J61101</sbol:displayId>
<dcterms:title>BBa_]61101 RBS</dcterms:title>
<dcterms:description>RBS1</dcterms:description>

<sbol:type rdf:resource="http://www.biopax.org/release/biopax-level3.owl#DnaRegion"/> 67

<sbol:role rdf:resource="http://identifiers.org/so/S0:0000139"/> 68

<sbol:sequence rdf:resource="http://www.virtualparts.org/part/BBa_J61101"/> 69
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</sbol:ComponentDefinition> 1

<sbol:ComponentDefinition rdf:about="http://www.partsregistry.org/BBa_R0010"> 2
<sbol:persistentIdentity rdf:resource="http://www.partsregistry.org/BBa_R0010"/> 3
<sbol:displayId>BBa_R0010</sbol:displayId> 4
<dcterms:title>plLacI</dcterms:title> 5
<dcterms:description>pLacI promoter</dcterms:description> 6
<sbol:type rdf:resource="http://www.biopax.org/release/biopax-level3.owl#DnaRegion"/> 7
<sbol:role rdf:resource="http://identifiers.org/so/S0:0000167"/> 8
<sbol:sequence rdf:resource="http://www.virtualparts.org/part/BBa_R0010"/> 9 -

</sbol:ComponentDefinition> 10

<sbol:ComponentDefinition rdf:about="http://identifiers.org/uniprot/P42212"> 11 o)
<sbol:persistentIdentity rdf:resource="http://identifiers.org/uniprot/P42212"/> 12 :
<sbol:displayId>P42212</sbol:displayId> 13 f
<dcterms:title>GFP</dcterms:title> 14 Z
<dcterms:description>GFP protein</dcterms:description> 15 ;
<sbol:type rdf:resource="http://www.biopax.org/release/biopax-level3.owl#Protein"/> 16
<sbol:role rdf:resource="http://identifiers.org/biomodels.sbo/SBO:0000011"/> 17

</sbol:ComponentDefinition> 18

<sbol:ComponentDefinition rdf:about="http://www.virtualparts.org/part/pIKERightCassette_1"> 19
<sbol:persistentIdentity rdf:resource="http://www.virtualparts.org/part/pIKERightCassette_1"/> 20
<sbol:displayId>pIKERightCassette_1</sbol:displayId> 21
<dcterms:title>LacI Inverter</dcterms:title> 22
<dcterms:description>LacI Inverter</dcterms:description> 23
<sbol:type rdf:resource="http://www.biopax.org/release/biopax-level3.owl#DnaRegion"/> 24
<sbol:role rdf:resource="http://identifiers.org/so/S0:0000280"/> 25
<sbol:component> 26

<sbol:Component rdf:about="http://www.virtualparts.org/part/pIKERightCassette_1/BBa_R0010"> 27
<sbol:persistentIdentity rdf:resource="http://www.virtualparts.org/part/pIKERightCassette_1/BBa_R0010"/> 28
<sbol:displayId>BBa_R0010</sbol:displayId> 29
<sbol:access rdf:resource="http://shols.org/v2#public"/> 30
<sbol:definition rdf:resource="http://www.partsregistry.org/BBa_R0010"/> 31

</sbol:Component> 32

</sbol: component> 33 <
<sbol:component> 34 ';
<sbol:Component rdf:about="http://www.virtualparts.org/part/pIKERightCassette_1/BBa_C0040"> 35 ;
<sbol:persistentIdentity rdf:resource="http://www.virtualparts.org/part/pIKERightCassette_1/BBa_C0040"/> 36 ;
<sbol:displayId>BBa_C0040</sbol:displayId> 37‘/'2

<sbol:access rdf:resource="http://shols.org/v2#public"/>
<sbol:definition rdf:resource="http://www.partsregistry.org/BBa_C0040"/>
</sbol:Component>
</sbol: component>
<sbol:component>
<sbol:Component rdf:about="http://www.virtualparts.org/part/pIKERightCassette_1/BBa_J61130">
<sbol:persistentIdentity rdf:resource="http://www.virtualparts.org/part/pIKERightCassette_1/BBa_J61130"/>
<sbol:displayId>BBa_J61130</sbol:displayId>
<sbol:access rdf:resource="http://shols.org/v2#public"/>
<sbol:definition rdf:resource="http://www.partsregistry.org/BBa_]61130"/>
</sbol:Component>
</sbol:component>
<sbol:component>
<sbol:Component rdf:about="http://www.virtualparts.org/part/pIKERightCassette_1/BBa_E0040">
<sbol:persistentIdentity rdf:resource="http://www.virtualparts.org/part/pIKERightCassette_1/BBa_E0040"/>
<sbol:displayId>BBa_E0040</sbol:displayId>
<sbol:access rdf:resource="http://shols.org/v2#public"/>
<sbol:definition rdf:resource="http://www.partsregistry.org/BBa_E0040"/>
</sbol:Component>
</sbol: component>
<sbol:component>
<sbol:Component rdf:about="http://www.virtualparts.org/part/pIKERightCassette_1/ECK120033736">
<sbol:persistentIdentity rdf:resource="http://www.virtualparts.org/part/pIKERightCassette_1/ECK120033736"/>
<sbol:displayId>ECK120033736</sbol:displayId>
<sbol:access rdf:resource="http://shols.org/v2#public"/>
<sbol:definition rdf:resource="http://www.partsregistry.org/ECK120033736"/>
</sbol:Component>
</sbol:component>
<sbol:component>

<sbol:Component rdf:about="http://www.virtualparts.org/part/pIKERightCassette_1/BBa_J61120"> 67
<sbol:persistentIdentity rdf:resource="http://www.virtualparts.org/part/pIKERightCassette_1/BBa_J61120"/> 68
<sbol:displayId>BBa_J61120</sbol:displayId> 69
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<sbol:access rdf:resource="http://shols.org/v2#public"/> 1

<sbol:definition rdf:resource="http://www.partsregistry.org/BBa_]61120"/> 2
</sbol:Component> 3
</sbol:component> 4
<sbol:sequenceAnnotation> 5
<sbol:SequenceAnnotation rdf:about="http://www.virtualparts.org/part/pIKERightCassette_1/annol"> 6
<sbol:persistentIdentity rdf:resource="http://www.virtualparts.org/part/pIKERightCassette_1/annol"/> 7
<sbol:displayId>annol</sbol:displayId> 8 <
<sbol:location> 9 =
<sbol:Range rdf:about="http://www.virtualparts.org/part/pIKERightCassette_1/annol/locationl"> 10
<sbol:persistentIdentity rdf:resource="http://www.virtualparts.org/part/pIKERightCassette_1/annol/locationl"/> 1 Q
<sbol:displayId>locationl</sbol:displayId> 12 I,
<sbol:start>1</sbol:start> 13 f
<sbol:end>55</sbol:end> 14 z
<sbol:orientation rdf:resource="http://shols.org/v2#inline"/> 15 5
</sbol:Range> 16 =
</sbol:location> 17
<sbol:component rdf:resource="http://www.virtualparts.org/part/pIKERightCassette_1/BBa_R§010"/> 18
</sbol:SequenceAnnotation> 19
</sbol:sequenceAnnotation> 20
<sbol:sequenceAnnotation> 21
<sbol:SequenceAnnotation rdf:about="http://www.virtualparts.org/part/pIKERightCassette_1/anno5"> 22
<sbol:persistentIdentity rdf:resource="http://www.virtualparts.org/part/pIKERightCassette_1/anno5"/> 23
<sbol:displayId>anno5</sbol:displayId> 24
<sbol:location> 25
<sbol:Range rdf:about="http://www.virtualparts.org/part/pIKERightCassette_1/anno5/location5"> 26
<sbol:persistentIdentity rdf:resource="http://www.virtualparts.org/part/pIKERightCassette_1/anno5/location5"/> 27
<sbol:displayId>location5</sbol:displayId> 28
<sbol:start>743</sbol:start> 29
<sbol:end>1463</sbol:end> 30
<sbol:orientation rdf:resource="http://shols.org/v2#inline"/> 31
</sbol:Range> 32
</sbol:location> B8 O
<sbol:component rdf:resource="http://www.virtualparts.org/part/pIKERightCassette_1/BBa_E0040"/> 34 i
</sbol:SequenceAnnotation> 35 ;
</sbol:sequenceAnnotation> 36 ;
<sbol:sequenceAnnotation> w4 %

<sbol:SequenceAnnotation rdf:about="http://www.virtualparts.org/part/pIKERightCassette_1/anno6">
<sbol:persistentIdentity rdf:resource="http://www.virtualparts.org/part/pIKERightCassette_1/anno6"/>
<sbol:displayId>anno6</sbol:displayId>
<sbol:location>
<sbol:Range rdf:about="http://www.virtualparts.org/part/pIKERightCassette_1/anno6/location6">
<sbol:persistentIdentity rdf:resource="http://www.virtualparts.org/part/pIKERightCassette_1/anno6/location6"/>
<sbol:displayId>location6</sbol:displayId>
<sbol:start>1464</sbol:start>
<sbol:end>1554</sbol:end>
<sbol:orientation rdf:resource="http://shols.org/v2#inline"/>
</sbol:Range>
</sbol:location>
<sbol:component rdf:resource="http://www.virtualparts.org/part/pIKERightCassette_1/ECK120033736"/>
</sbol:SequenceAnnotation>
</sbol:sequenceAnnotation>

<sbol:sequenceAnnotation>
<sbol:SequenceAnnotation rdf:about="http://www.virtualparts.org/part/pIKERightCassette_1/anno3">
<sbol:persistentIdentity rdf:resource="http://www.virtualparts.org/part/pIKERightCassette_1/anno3"/>
<sbol:displayId>anno3</sbol:displayId>
<sbol:location>
<sbol:Range rdf:about="http://www.virtualparts.org/part/pIKERightCassette_1/anno3/location3">
<sbol:persistentIdentity rdf:resource="http://www.virtualparts.org/part/pIKERightCassette_1/anno3/location3"/>
<sbol:displayId>location3</sbol:displayId>
<sbol:start>69</sbol:start>
<sbol:end>729</sbol:end>
<sbol:orientation rdf:resource="http://shols.org/v2#inline"/>
</sbol:Range>
</sbol:location>

<sbol:component rdf:resource="http://www.virtualparts.org/part/pIKERightCassette_1/BBa_C0040"/> 66
</sbol:SequenceAnnotation> 67
</sbol:sequenceAnnotation> 68
<sbol:sequenceAnnotation> 69
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<sbol:SequenceAnnotation rdf:about="http://www.virtualparts.org/part/pIKERightCassette_1/anno4"> 1

<sbol:persistentIdentity rdf:resource="http://www.virtualparts.org/part/pIKERightCassette_1/anno4"/> 2
<sbol:displayId>anno4</sbol:displayId> 3
<sbol:location> 4
<sbol:Range rdf:about="http://www.virtualparts.org/part/pIKERightCassette_1/anno4/location4"> 5
<sbol:persistentIdentity rdf:resource="http://www.virtualparts.org/part/pIKERightCassette_1/anno4/location4"/> 6
<sbol:displayId>location4</sbol:displayId> 7
<sbol:start>730</sbol:start> 8 <
<sbol:end>742</sbol:end> 9 -
<sbol:orientation rdf:resource="http://shols.org/v2#inline"/> 10
</sbol:Range> 1 o)
</sbol:location> 12 ;,
<sbol:component rdf:resource="http://www.virtualparts.org/part/pIKERightCassette_1/BBa_]61130"/> 13 ?
</sbol:SequenceAnnotation> 14 ;
</sbol:sequenceAnnotation> 15 ;
<sbol:sequenceAnnotation> 16
<sbol:SequenceAnnotation rdf:about="http://www.virtualparts.org/part/pIKERightCassette_1/anno2"> 17
<sbol:persistentIdentity rdf:resource="http://www.virtualparts.org/part/pIKERightCassette_1/anno2"/> 18
<sbol:displayId>anno2</sbol:displayId> 19
<sbol:location> 20
<sbol:Range rdf:about="http://www.virtualparts.org/part/pIKERightCassette_1/anno2/location2"> 2
<sbol:persistentIdentity rdf:resource="http://www.virtualparts.org/part/pIKERightCassette_1/anno2/location2"/> 22
<sbol:displayId>location2</sbol:displayId> 23
<sbol:start>56</sbol:start> 24
<sbol:end>68</sbol:end> 25
<sbol:orientation rdf:resource="http://shols.org/v2#inline"/> 26
</sbol:Range> 27
</sbol:location> 28
<sbol:component rdf:resource="http://www.virtualparts.org/part/pIKERightCassette_1/BBa_]61120"/> 29
</sbol:SequenceAnnotation> 30
</sbol:sequenceAnnotation> 31
</sbol:ComponentDefinition> 32
<sbol:ComponentDefinition rdf:about="http://www.partsregistry.org/BBa_C0040"> B <
<sbol:persistentIdentity rdf:resource="http://www.partsregistry.org/BBa_C0040"/> 34 :
<sbol:displayId>BBa_C0040</sbol:displayId> 35 ;
<dcterms:title>tetR</dcterms:title> % ;
<dcterms:description>tetR coding sequence</dcterms:description> 37 4 %

<sbol:type rdf:resource="http://www.biopax.org/release/biopax-level3.owl#DnaRegion"/>
<sbol:role rdf:resource="http://identifiers.org/so/S0:0000316"/>
<sbol:sequence rdf:resource="http://www.virtualparts.org/part/BBa_C0040"/>
</sbol:ComponentDefinition>
<sbol:Sequence rdf:about="http://www.virtualparts.org/part/BBa_J61101">
<sbol:persistentIdentity rdf:resource="http://www.virtualparts.org/part/BBa_J61101"/>
<sbol:displayId>BBa_J61101</sbol:displayId>
<sbol:elements>aaagacaggacc</shol:elements>
<sbol:encoding rdf:resource="http://www.chem.qmul.ac.uk/iubmb/misc/naseq.html"/>
</sbol:Sequence>
<sbol:Sequence rdf:about="http://www.virtualparts.org/part/BBa_J61120">
<sbol:persistentIdentity rdf:resource="http://www.virtualparts.org/part/BBa_J61120"/>
<sbol:displayId>BBa_J61120</sbol:displayId>
<sbol:elements>aaagacaggacc</shol:elements>
<sbol:encoding rdf:resource="http://www.chem.qgmul.ac.uk/iubmb/misc/naseq.html"/>
</sbol:Sequence>
<sbol:Sequence rdf:about="http://www.virtualparts.org/part/BBa_E0040">
<sbol:persistentIdentity rdf:resource="http://www.virtualparts.org/part/BBa_E0040"/>
<sbol:displayId>BBa_E0040</sbol:displayId>
<shol:elements>atgcgtaaaggagaagaacttttcactggagttgtcccaattcttgttgaattagatggtgatgttaatgggeac
aaattttctgtcagtggagagggtgaaggtgatgcaacatacggaaaacttacccttaaatttatttgcactactggaaaactacctgtt
ccatggccaacacttgtcactactttcggttatggtgttcaatgctttgcgagatacccagatcatatgaaacagcatgactttttcaag
agtgccatgcccgaaggttatgtacaggaaagaactatatttttcaaagatgacgggaactacaagacacgtgctgaagtcaagtttgaa
ggtgatacccttgttaatagaatcgagttaaaaggtattgattttaaagaagatggaaacattcttggacacaaattggaatacaactat
aactcacacaatgtatacatcatggcagacaaacaaaagaatggaatcaaagttaacttcaaaattagacacaacattgaagatggaage
gttcaactagcagaccattatcaacaaaatactccaattggcgatggccctgtecttttaccagacaaccattacctgtccacacaatct
gccctttcgaaagatcccaacgaaaagagagaccacatggtecttettgagtttgtaacagetgctgggattacacatggeatggatgaa
ctatacaaataataa</sbol:elements>
<sbol:encoding rdf:resource="http://www.chem.qmul.ac.uk/iubmb/misc/naseq.html"/>

</sbol:Sequence> 67
<sbol:Sequence rdf:about="http://www.virtualparts.org/part/ECK120033736"> 68
<sbol:persistentIdentity rdf:resource="http://www.virtualparts.org/part/ECK120033736"/> 69
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Section B.2 Complex Examples

<sbol:displayId>ECK120033736</sbol:displayId> 1

<shol:elements>ttcagccaaaaaacttaagaccgccggtcttgtecactaccttgecagtaatgcggtggacaggatcggeggtttt 2
cttttctcttctcaa</sbol:elements> 3
<sbol:encoding rdf:resource="http://www.chem.qmul.ac.uk/iubmb/misc/naseq.html"/> 4
</sbol:Sequence> 5
<sbol:Sequence rdf:about="http://www.virtualparts.org/part/BBa_R0010"> 6
<sbol:persistentIdentity rdf:resource="http://www.virtualparts.org/part/BBa_R0010"/> 7
<sbol:displayId>BBa_R0010</sbol:displayId> 8 <
<sbol:elements>tccctatcagtgatagagattgacatccctatcagtgatagagatactgagcac</sbol:elements> 9 P
<sbol:encoding rdf:resource="http://www.chem.qgmul.ac.uk/iubmb/misc/naseq.html"/> 0 2
</sbol:Sequence> 1 o)
<sbol:Sequence rdf:about="http://www.virtualparts.org/part/BBa_R0040"> 12 ;
<sbol:persistentIdentity rdf:resource="http://www.virtualparts.org/part/BBa_R0040"/> 13 ?
<sbol:displayId>BBa_R0040</sbol:displayId> 14 ;
<sbol:elements>tccctatcagtgatagagattgacatccctatcagtgatagagatactgagcac</sbol:elements> 15 ;
<sbol:encoding rdf:resource="http://www.chem.qgmul.ac.uk/iubmb/misc/naseq.html"/> 16
</sbol:Sequence> 17
<sbol:Sequence rdf:about="http://www.virtualparts.org/part/BBa_]61130"> 18
<sbol:persistentIdentity rdf:resource="http://www.virtualparts.org/part/BBa_J61130"/> 19
<sbol:displayId>BBa_J61130</sbol:displayId> 20
<sbol:elements>aaagaaacgaca</sbol:elements> 2
<sbol:encoding rdf:resource="http://www.chem.qgmul.ac.uk/iubmb/misc/naseq.html"/> 22
</sbol:Sequence> 23
<sbol:Sequence rdf:about="http://www.virtualparts.org/part/BBa_C0040"> 24
<sbol:persistentIdentity rdf:resource="http://www.virtualparts.org/part/BBa_C0040"/> 25
<sbol:displayId>BBa_C0040</sbol:displayId> 26
<shol:elements>atgtccagattagataaaagtaaagtgattaacagcgcattagagctgcttaatgaggtcggaatcgaaggttta 27
acaacccgtaaactcgcccagaagctaggtgtagagcagectacattgtattggcatgtaaaaaataagcgggetttgctcgacgectta 28
gccattgagatgttagataggcaccatactcacttttgccctttagaaggggaaagctggcaagattttttacgtaataacgctaaaagt 29
tttagatgtgctttactaagtcatcgcgatggagcaaaagtacatttaggtacacggcctacagaaaaacagtatgaaactctcgaaaat 30
caattagcctttttatgccaacaaggtttttcactagagaatgcattatatgcactcagcgetgtggggeattttactttaggttgegta 31
ttggaagatcaagagcatcaagtcgctaaagaagaaagggaaacacctactactgatagtatgccgecattattacgacaagctatcgaa 32
ttatttgatcaccaaggtgcagagccagecttcttattcggecttgaattgatcatatgcggattagaaaaacaacttaaatgtgaaagt B
gggtccgctgcaaacgacgaaaactacgctttagtagecttaataa</sbol:elements> 34 '/
<sbol:encoding rdf:resource="http://www.chem.qgmul.ac.uk/iubmb/misc/naseq.html"/> 35 ;
</sbol:Sequence> % ;
<sbol:Sequence rdf:about="http://www.virtualparts.org/part/BBa_C0012"> 37 2 %

<sbol:persistentIdentity rdf:resource="http://www.virtualparts.org/part/BBa_C0012"/>
<sbol:displayId>BBa_C0012</sbol:displayId>
<shol:elements>atggtgaatgtgaaaccagtaacgttatacgatgtcgcagagtatgccggtgtctcttatcagaccgttteccge
gtggtgaaccaggccagecacgtttctgcgaaaacgcgggaaaaagtggaageggegatggeggagetgaattacatteccaaccgegtg
gcacaacaactggcgggcaaacagtcgttgetgattggcgttgecacctecagtctggecctgeacgcgecgtegcaaattgtegeggeg
attaaatctcgcgecgatcaactgggtgccagegtggtggtgtcgatggtagaacgaageggegtcgaagectgtaaageggeggtgeac
aatcttctcgcgcaacgcgtcagtgggctgatcattaactatccgctggatgaccaggatgecattgetgtggaagetgectgeactaat
gttccggegttatttcttgatgtctctgaccagacacccatcaacagtattattttctcccatgaagacggtacgcgactgggegtggag
catctggtcgcattgggtcaccagcaaatcgcgctgttagegggeccattaagttetgteteggegegtctgegtetggetggetggeat
aaatatctcactcgcaatcaaattcagccgatagcggaacgggaaggcgactggagtgccatgtccggttttcaacaaaccatgcaaatg
ctgaatgagggcatcgttcccactgcgatgetggttgccaacgatcagatggegetgggegcaatgegegecattaccgagtecgggetyg
cgcgttggtgcggatatcteggtagtgggatacgacgataccgaagacagctcatgttatatcccgecgttaaccaccatcaaacaggat
tttcgectgctggggcaaaccagegtggaccgettgetgcaactctctcagggccaggeggtgaagggcaatcagetgttgeccgtctea
ctggtgaaaagaaaaaccaccctggcgcccaatacgcaaaccgectctecccgegegttggecgattcattaatgcagetggcacgacag
gtttcccgactggaaagcgggcaggctgcaaacgacgaaaactacgctttagtagcttaataa</sbol:elements>
<sbol:encoding rdf:resource="http://www.chem.qgmul.ac.uk/iubmb/misc/naseq.html"/>

</sbol:Sequence>

<sbol:Sequence rdf:about="http://www.virtualparts.org/part/ECK120029600">
<sbol:persistentIdentity rdf:resource="http://www.virtualparts.org/part/ECK120029600"/>
<sbol:displayId>ECK120029600</sbol:displayId>
<shol:elements>ttcagccaaaaaacttaagaccgccggtcttgtccactaccttgcagtaatgcggtggacaggatcggeggtttt
cttttctcttctcaa</sbol:elements>
<sbol:encoding rdf:resource="http://www.chem.qmul.ac.uk/iubmb/misc/naseq.html"/>

</sbol:Sequence>

</rdf:RDF>
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