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Abstract

This article uses data from Thomson Reuters Web of Science to map and analyse the scientific landscape for synthetic
biology. The article draws on recent advances in data visualisation and analytics with the aim of informing upcoming
international policy debates on the governance of synthetic biology by the Subsidiary Body on Scientific, Technical and
Technological Advice (SBSTTA) of the United Nations Convention on Biological Diversity. We use mapping techniques to
identify how synthetic biology can best be understood and the range of institutions, researchers and funding agencies
involved. Debates under the Convention are likely to focus on a possible moratorium on the field release of synthetic
organisms, cells or genomes. Based on the empirical evidence we propose that guidance could be provided to funding
agencies to respect the letter and spirit of the Convention on Biological Diversity in making research investments. Building
on the recommendations of the United States Presidential Commission for the Study of Bioethical Issues we demonstrate
that it is possible to promote independent and transparent monitoring of developments in synthetic biology using modern
information tools. In particular, public and policy understanding and engagement with synthetic biology can be enhanced
through the use of online interactive tools. As a step forward in this process we make existing data on the scientific
literature on synthetic biology available in an online interactive workbook so that researchers, policy makers and civil society
can explore the data and draw conclusions for themselves.

decision to publish, or preparation of the manuscript.

* E-mail: poldham@mac.com

Citation: Oldham P, Hall S, Burton G (2012) Synthetic Biology: Mapping the Scientific Landscape. PLoS ONE 7(4): e34368. doi:10.1371/journal.pone.0034368
Editor: Jack Anthony Gilbert, Argonne National Laboratory, United States of America
Received October 23, 2011; Accepted February 27, 2012; Published April 23, 2012

Copyright: © 2012 Oldham et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

Funding: The support of the Economic and Social Research Council (ESRC) is gratefully acknowledged. This work is part of the Research Programme of the ESRC
Genomics Network at Cesagen (ESRC Centre for Economic and Social Aspects of Genomics). The funders had no role in study design, data collection and analysis,

Competing Interests: The authors have declared that no competing interests exist.

Introduction

Synthetic biology is a growing focus of scientific and public
policy attention with respect to safety [1-3], security [4,5], ethics
[6-8], intellectual property [9-12] and the potential benefits or
negative impacts of this emerging field. Pioneering work by NGOs
such as the ETC Group and headlines announcing the creation of
artificial life have increasingly brought policy attention to bear on
synthetic biology [13]. In April of 2012 the Subsidiary Body on
Scientific, Technical and Technological Advice (SBSTTA) of the
United Nations Convention on Biological Diversity will consider
the potential implications of synthetic biology as a new and
emerging issue. Recommendations from SBSTTA will then go
forward to the Eleventh meeting of the governing Conference of
the Parties (COP11) in India in October 2012 for a decision.

Parties to the Convention on Biological Diversity will be
particularly interested in the potential implications of synthetic
biology for the three objectives of the convention: the conservation
of biodiversity; the sustainable use of biodiversity, and; the fair and
equitable sharing of benefits arising from the utilization of genetic
resources. SBSTTA and the Parties to the Convention are likely to
focus on the potential implications of the field release of synthetic
organisms, cells or genomes into the environment for biodiversity
in light of the objectives of the Convention and the precautionary
approach (decision X/13 para. 4).

This article aims to inform upcoming debates on the
governance of synthetic biology by establishing a baseline for
mapping the core of the scientific landscape for synthetic biology.
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We build on two recent advances in visualisation and interaction
with scientific information. The first is visualisations of networks of
words, organizations, authors and funding bodies using the open
source network mapping tool, Gephi. The second is the use of
Tableau analytics software to provide interactive visualisation of
information on publications about synthetic biology from
Thomson Reuters Web of Science.

The effect of these approaches is to improve the overall
transparency of synthetic biology to researchers, policy-makers
and civil society interested in the emergence of synthetic biology.
The growing availability of digital data and analytical tools
means that the critical links between data and analysis in social
scientific contributions to evidence based debates can be
maintained and presented in new ways. The emergence of these
tools opens up data to allow researchers, policy makers and civil
society to explore data for themselves, to raise their own
questions and draw their own conclusions. The data in this
article is available as an interactive Tableau workbook in
Workbook S1 for use with free Tableau Reader software and
online through the Synthetic Biology Scientific Landscape
Tableau Public workbook (Legends S1).

Methods

In approaching a new and emerging area of science and
technology within the scientific literature a variety of search
strategies may be used with Thomson Reuters or other publication
databases. The choices made in the development of search
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strategies affect the number and nature of the results. Thus,
searches of the Thomson Reuters Web of Rnowledge capture a wide
range of results across disciplines and publication sources but are
very limited in terms of data fields for analysis. In contrast,
Thomson Reuters Web of Science provides a narrower spectrum of
results from three major scientific indexes and conference
proceedings but includes all major data fields for analysis. We
selected Web of Science because of the large range of fields available
for text mining and analysis using software tools such as Vantage
Point from Search Technology Inc. All databases suffer from lag
times between the publication of articles and their appearance in
databases.

The second important methodological issue is the use of search
terms. We engaged in experimentation with a range of search
terms using corpus linguistics approaches and Natural Language
Processing to identify individual words and phrases of relevance
from samples of articles from Web of Science and reports on
synthetic biology. This revealed that, in the absence of a controlled
vocabulary, the terms used in synthetic biology such as
biotechnology or protein engineering are rapidly swamped by
uses of the same terms in other research areas. While it is tempting
to use ever more refined terms we came to the conclusion that
synthetic biology is a self-defining community of researchers from
a variety of disciplines who are articulating themselves around the
term synthetic biology and related terms such as synthetic
genomics. For this reason a simple search strategy focusing on
“synthetic biology”, “synthetic genomics”, “synthetic genome”
and “synthetic genomes” was used to capture the core landscape.
Other important contributions to the field are captured through
analysis of cited literature and exploration of the landscape of
researchers citing work in synthetic biology within their publica-
tions (below).

Searches were conducted using the topic field in Web of Science
which encompasses the title, abstract, author keywords and terms
appearing in the title of cited literature (keywords plus). The results
were then imported into Vantage Point software from Search
Technology Inc. for text mining and processing of geographical,
institutional and funding data fields. Publications citing this core
landscape were also selected in Web of Science to exclude self-
citations, deduplicated and processed in Vantage Point. The
processed data was then geocoded using Yahoo Place Finder and
exported for visualisation and geographical mapping in Tableau
Desktop and Gephi network mapping software. Data was
prepared for display in Tableau Public by splitting relevant fields
to extract values (i.e. country names). Gephi visualisations
deployed the Fruchterman-Reingold and Force Atlas algorithms
with nodes manually adjusted to ensure label clarity. The data
presented in this article is limited to the literature available in Web
of Science at the time searches were conducted in early January
2012. Data on literature citing the core landscape for synthetic
biology is limited to the 5,995 deduplicated citing publications
available in Web of Science at the time of search.

Results

The Rise of Synthetic Biology

As of January 2012 a total of 1,255 publications were listed in
Web of Science for synthetic biology and synthetic genomics in the
period to the end of December 2011 (Figure 1). These results
include publications and conference proceedings produced by
researchers active in the development of synthetic biology and
work by social scientists and others concerned with understanding
the implications of synthetic biology. This data can be explored in
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Workbook S1 and online through the Synthetic Biology Scientific
Landscape.

Viewed historically, references to synthetic biology appeared
sporadically in the literature in the early 1980s and 1990s [14-18].
These early works included recognition of the historical legacy of
Leduc’s (1912) La Biologie Synthétique [17] while work by Krimsky in
1982 anticipated much of the recent debates on the social, ethical
and economic implications of synthetic biology [15].

Following this brief flurry the record largely fell silent with the
exception of work in relation to rescuing synthetic genomic RNA
analogs from the rabies virus by Conzelmann et al and on the L-
protein of rift valley virus and the transcription of synthetic
genome-like RNA molecules by Bouloy et al during the mid-1990s
[19,20]. In the year 2000 Rawls featured work by Eric Kool and
declared the “debut” of synthetic biology [21-23]. However, it
was only in 2007 that the number of publications, excluding
conference proceedings and news items, exceeded 100 records. A
significant proportion of the literature takes the form of review
articles with a provisional total of 62 review articles against 207
articles in 2011 (Figure 1). This profile of review against research
articles suggests an emerging field. Compared with the emergence
of nanotechnology, which records a basic 15,924 publications in
Web of Science for the same period, synthetic biology remains small
scale.

Defining or characterising synthetic biology has become a
significant focus of discussion among researchers [24-30]. Three
characterisations of synthetic biology provide an insight into these
debates. Benner and Sismour identify two broad classes of
synthetic biologists [25]. The first class focus on assembling non-
natural or synthetic components to create chemical systems that
support Darwinian or biological evolution. The second class are
informed by engineering and focus on extracting interchangeable
parts from living systems to create construction units and devices
that may or may not be analogous with existing biological systems
(Benner and Sismour 2005: 553) Both classes focus on the
chemical synthesis of biological components ranging from gene
circuits to entire genomes. However, the first class is concerned
with understanding ‘natural’ biology while the latter focuses on
engineering.

Endy subdivides synthetic biologists into four main groups:
biologists, chemists, ‘re-writers’ and engineers [26]. For biologists,
synthetic biology provides a means to understand natural
biological systems. For chemists it is an extension of synthetic
chemistry leading to the development of novel molecules and
advancing research on the origin of life. For ‘re-writers’ synthetic
biology offers the promise of optimising biological systems
including ‘refactoring’ existing genomes [30]. Finally, for engineers
biology 1is classified as a ‘technology’ that requires ‘‘the
development of foundational technologies that make the design
and construction of engineered biological systems easier” (Endy
2005: 449).

De Lorenzo and Danchin describe synthetic biology as an
“inclusive theoretical and technical framework in which to
approach biological systems with the conceptual tools and
language imported from electrical circuitry and mechanical
manufacturing” to pursue “the rational combination of standard-
ised biological parts that are decoupled from their natural context”
[31]. From their perspective “The fundamental idea behind
synthetic biology is that any biological system can be regarded as a
combination of individual functional elements - not unlike those
found in man-made devices. These can therefore be described as a
limited number of parts that can be combined in novel
configurations to modify existing properties or to create new
ones” (De Lorenzo and Danchin 2008: 822).
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Figure 1. Publication Trends. Data from Web of Science topic search for synthetic biology or synthetic genomics or synthetic genome or synthetic
genomes in January 2012. Data for recent years may be partial due to lag times. This data can be explored in Workbook S1.

doi:10.1371/journal.pone.0034368.g001

The emergence of synthetic biology has been accompanied by
calls for independent evaluation and monitoring of this field,
notably by the 2010 report of the United States Presidential
Commission for the Study of Bioethical Issues [8]. Scientometrics
methods can contribute to such assessments by focusing on basic
questions of who, what and where in an empirically rigorous
manner. We turn first to the exploration of the language used in
synthetic biology to describe this field.

The Language of Synthetic Biology

Scientometrics approaches typically use key words and phrases
to explore emerging arcas of science [32,33]. A total of 36,262
individual words and phrases from the titles, abstracts and author
key words of publications were available for analysis from our
dataset of 1,255 publications. These terms were then reduced to
24,023 multi-word phrases and composite terms (i.c. biotechnol-
ogy, bionanotechnology) to focus on meaningful concepts and
categories. The terms were then grouped using word stemming to
capture variations of leading terms i.e. biological systems AND
artificial biological systems or metabolic engineering AND
metabolic pathway engineering. This method revealed that 356
terms capture 99% of records on synthetic biology. As we might
expect, the top unifying term is synthetic biology. When synthetic
biology was excluded the remaining 355 terms captured 88% of
records providing sufficient accuracy for representation of the
data. The 355 terms were then placed in a co-occurrence matrix
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that provides a quantitative measure of the number of records for
each term (nodes) and the strength of connections between terms
(edges). These relationships were then visualised using the open
source Gephi network analysis software (Figure 2).

Figure 2 reveals that synthetic biology is concerned with
biological systems using approaches from systems biology directed
to biotechnology that involves gene expression, gene networks,
metabolic engineering and genetic circuits, synthetic genes and
synthetic networks. As we move from central terms to the outer
periphery of the network less frequent terms such as biosafety,
bioethics, and intellectual property emerge to reveal the wider
spectrum of issues revolving around the core of synthetic biology.

Figure 3 narrows the focus to the top ranking phrases and
composite terms in more than 20 records across the dataset. In
considering these results it may be tempting to widen the search
criteria for synthetic biology to include additional top occurring
key terms to enhance data capture. For example, synthetic
biology is strongly associated with systems biology, protein
engineering, genetic engineering and nanotechnology. However,
synthetic biology would immediately be swamped by the results
from these much larger fields. In practice, synthetic biology is
being constructed from a combination of convergences and
overlaps with other areas of science and technology, some of
which, such as metabolic engineering, are new and emerging
areas of research.

3 April 2012 | Volume 7 | Issue 4 | 34368



Synthetic Biology Mapping

‘sama fime

dynamcal groperies.
gonetic regulatory notworks

Figure 2. Key Terms Network. A Fruchterman-Reingold representation in Gephi of the top 356 aggregated terms of 36,262 terms within Web of
Science literature for synthetic biology based on titles, abstracts and author keywords following stemming. Node size is based on the number of

records. Node positions have been adjusted to clarify labels.
doi:10.1371/journal.pone.0034368.9g002

Our understanding of the distinctiveness of synthetic biology is
improved by removing dominant terms to expose underlying
networks. This approach revealed the prominence of relations
between genetic circuits, gene networks, synthetic genes,
synthetic systems and gene regulatory networks [34,35]. Viewed
from this perspective synthetic biology is being constructed from
a core of work around genetic circuits and networks. Much
attention has understandably focused on the potential implica-
tions of synthetic cells, genomes and organisms. However, the
creation of synthetic circuits, synthetic genes, and synthetic gene
networks may eventually be more likely to find routine
expression in organisms and make their way into the wider
environment.

It is also important to note the incipient diversification of
synthetic biology. This is apparent in the case of mammalian
synthetic biology [36], cell free synthetic biology [37] and chemical
synthetic biology [38]. Genome engineering [39] can be classified
alongside genome-scale synthetic biology [40] and work in
synthetic genomics to create synthetic genomes as popularised
by the J. Craig Venter Institute. Other emerging variants of
synthetic biology include in-vitro synthetic biology [41], RNA
synthetic biology [42], cyanobacterial synthetic biology [43], plant
synthetic biology [44] and nano-enabled synthetic biology [43].
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While low in frequency, these modules or flavours of synthetic
biology suggest the diversification and potential fragmentation of
the field. This is important for policy debates because the longer
term implication is that synthetic biology may cease to be a
‘unitary’ object for policy action and become multiple in
applications to particular organisms or the components of
organisms.

Viewed purely from the perspective of key terms, synthetic
biology emerges as a research mobilisation around the term
“synthetic biology” and, to a lesser extent, “synthetic genomics”
that draws on methods, techniques and technologies from a
wider range of established and emergent research areas. That is,
synthetic biology is a rallying flag around which researchers are
articulating themselves focusing on genetic circuits, networks,
pathways and parts and extending to minimal cells, genome
transplantation, synthetic genomes and whole genome engineer-
ing. Synthetic biology draws on a variety of techniques from
systems biology, metabolic engineering, protein engineering and
genetic engineering but cannot simply be reduced to these
fields. Even as synthetic biology emerges as a rallying flag
around which researchers are articulating themselves it is also
diversifying and, at least potentially, fragmenting into specialist
areas focusing on particular approaches and classes of organism.
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Figure 3. Top Terms. A Fruchterman-Reingold representation in Gephi of the top aggregated terms for synthetic biology within Web of Science
based on titles, abstracts and author keywords appearing in more than 20 or more records following stemming. Node size is based on the number of

records. Node positions have been adjusted to clarify labels.
doi:10.1371/journal.pone.0034368.g003

As we will see below in exploring the citing landscape the
mmpacts of synthetic biology are also being disseminated and
picked up in multiple other fields.

Networks and Impacts

In total 40 countries are involved in the core landscape for
research on synthetic biology. Figure 4 displays the rankings and
locations of these countries and organizations. This data can be
explored in Workbook S1 and online through the Synthetic
Biology Scientific Landscape. Web of Science data reveals that
synthetic biology is dominated by the United States followed by
the UK, Germany, France and Switzerland. Emerging major
economies, notably China, Brazil, and India, along with Mexico,
Argentina, South Africa and Singapore are also appearing in the
core scientific landscape.

The emergence of networks of countries reflects the underlying
growth of international collaborative research networks between
mstitutions and research groups. Mapping of institutions and
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organizations revealed 682 organizations with offices in various
locations around the world. Figure 5 provides a visualisation of the
network of organizations with three or more records in Web of
Science data.

In terms of the volume of publications network mapping
reveals the prominence of the University of California at
Berkeley, the Swiss Federal Institute of Technology (ETH),
Harvard and MIT. The data does not discriminate by discipline
with the social sciences represented in work at Berkeley, Exeter
and Edinburgh while law is represented in work at Duke
University [7,10,46,47].

In practical and policy terms, this data informs us that any
regulatory measures that apply to synthetic biology will primarily
be targeted at the 682 organizations in 40 countries within this
network and any new organizations and countries that subse-
quently join the network. As we will see below, research results in
this field are increasingly being picked up by other researchers
resulting in the expansion of the number of countries and
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organizations involved in, or influenced by, research in synthetic
biology. Mapping of the scientific literature provides a basis for
engaging in dialogue with the spectrum of researchers and
institutions engaged in research on synthetic biology and for
monitoring synthetic biology over the long term using empirical
evidence.

In practice, inter-institutional collaborations are embodied in
individual researchers and research groups. In total, 2,934 authors
were identified in the available data from Web of Science for the core
landscape. Network mapping in Gephi using the modularity class
algorithm revealed 527 distinct research clusters or modules that
make up the primary human resources for synthetic biology
(Figure 6) [48]. Ranking authors purely by the number of
publications revealed the leading authors to be Fussenegger [49],
Benner [25], Keasling [50], Weber [51], Chen [52], Collins [24],
Silver [53], Weiss [54], Stano [55] and Zhang [56]. The details of
the network come into greater focus in Figure 7 that ranks all
authors with 5 or more publications within the data. This data
includes one social scientist [46] to capture the wider network of
those working on and writing about synthetic biology.

The citation of articles within the wider scientific literature
can provide important insights into research that is shaping an
emerging field and into the impacts of research in a particular
field. Researchers themselves are familiar with citation scores as
an indicator of prestige and they can be important for career

@ PLoS ONE | www.plosone.org

progression in some disciplines. However, citation scores need to
be approached with considerable caution. Citation scores are
heavily biased towards journal publications and publication and
citation practices vary significantly across disciplines such as
biology, computer science, mathematics and engineering [57].
This produces problems in assessing the importance of literature
in the case of interdisciplinary research [58]. Furthermore,
access to citation data may be limited and lacking in
transparency.

Taking these difficulties into account we avoid a ‘top cited’ style
analysis and seek to illuminate the scientific landscape for synthetic
biology in two ways. First, by examining the literature actually
cited by researchers inside the core landscape. Second, by
exploring the wider landscape of literature citing the core
landscape.

The literature cited by participants in a particular research
community provides important insights into research that is
shaping a field. In the case of the core landscape approximately
25,567 authors appear in 37,217 cited references. Unfortunately,
cited references are only available in raw form i.e. Elowitz MB,
2000, NATURE, V403, P335. This is compounded by a
requirement to retrieve cited references individually in Web of
Science. As such, it is not presently realistic to fully map and explore
the cited literature within synthetic biology.
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What can be achieved is an insight into the cited literature.
Figure 8 provides a summary of the top 30 references cited inside
the core landscape. This data is accessible in Workbook S1 and
online through the Synthetic Biology Scientific Landscape. The
top 5 publications cited inside this community are work by Elowitz
[34] on transcriptional regulation, Gardner [59] on a toggle switch
in E. colr, Gibson et. al [60] on the complete chemical synthesis of
the Mpycoplasma genitalium genome, Endy [26] on engineering
biology and Benner and Sismour [25] on synthetic biology. This
data can also be explored for all authors with five or more citations
in the core landscape in Workbook S1 and online through the
Synthetic Biology Scientific Landscape. Future research could
usefully focus on exploring the cited references to examine other
important articles in this field. The data presented here is a first
step in that process.

An insight into the wider impacts of existing research in
synthetic biology is provided by the literature citing publications in

@ PLoS ONE | www.plosone.org

the core landscape. Data on citing publications from the core
landscape was generated using the Citation Report function within
Web of Science. After excluding self-citations and publications in the
core dataset we identified 5,955 distinct citing publications
available in Web of Science. Trends within this wider landscape
can be explored in Workbook S1 and online through the Synthetic
Biology Scientific Landscape.

The citing literature reveals an expanded landscape involving
78 countries, approximately 3,000 organizations, and an estimated
19,751 researchers. In total 1,153 of the 2,934 researchers working
on synthetic biology are present in this landscape and dominate
the publication rankings. Of particular importance within this
landscape, in terms of the number of publications, is work by
Keasling on biofuels [61], Kell on systems biology and the
reconstruction of a yeast metabolic network [62], Baric in relation
to the GII.4 norovirus and related work on the SARS virus [63],
work by Conzelmann on the rabies virus and gene therapy [64],
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Figure 6. Author Network. This network map shows the relationships between 527 clusters of authors with publications on synthetic biology in
Web of Science. Node size is based on the number of publications for a given author.

doi:10.1371/journal.pone.0034368.9006

Fussenegger on gene therapy [65], and Nielsen on systems biology
in areas such as antibiotic production by microorganisms [66].
The citing landscape also reveals other authors working outside
the community of researchers writing on synthetic biology that
demonstrates both the impact and diversification of the influence
of this field. Notable here is work by Katz on biocomputing
[67,68], Dorrestein on the biosynthetic origin of natural products
from marine microorganisms and on multiplex sequencing of
peptide antibiotics [69,70], along with work by Flick on reverse
genetics of negative stranded RNA viruses including research on
Crimean-Congo hemorrhagic fever virus and Rift Valley fever
virus [71-73]. Looking beyond work directed towards potential
applications, research by Dunn focusing on metabolomics and
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mass spectrometry provides a reminder of the importance of
methodological development [74,75].

When viewed from the perspective of the language a defining
characteristic of the citing landscape is the absence of references to
synthetic biology, synthetic genomics and synthetic genomes. In
the absence of such unifying terms, the citing landscape is diffuse
and characterised by low frequency terms relative to the size of the
landscape. However, at the apex of this landscape we find
concentrations in work on E. coli by researchers in synthetic
biology such as Collins [76], along with the prominence of terms

such as gene expression [77], systems biology [78] and metabolic
engineering [79].
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Figure 7. Main Authors. This network map shows the network of authors with five or more publications on synthetic biology in Web of Science.
Node size is based on the number of publications for a given author. Node position has been manually adjusted from Figure 5 to clarify labels.

doi:10.1371/journal.pone.0034368.g007

The citing landscape is also important as an indicator of
knowledge transfer between countries and the emergence of
research groups informed by work in synthetic biology. The citing
landscape encompasses researchers from 78 countries. What is
immediately apparent is that countries such as China have risen
from 10™ place in the core landscape to 4t place and India has
risen from 18" to 16™ place while Brazil has also risen in the
rankings. What is less apparent is that researchers from the Africa
region are also beginning to appear in the literature. Examples of
this development include Egypt for chemoenzymatic and micro-
bial dynamic kinetic resolutions [80], Ghana on the SARS
coronavirus in bats [81], Nigeria in the case of an ethnobotanical
survey and cytotoxicity testing in plants for potential cancer
treatments [82] and South Africa in research on synthetic
promoters and genetic control through cis engineering [83]. Data
by countries within the citing landscape can be explored in
Workbook S1 and online through the Synthetic Biology Scientific
Landscape.

We are also witnessing the influence of research in synthetic
biology within other fields. In the case of the journal literature, a
quantitative insight into this influence is provided by comparing
Thomson Reuters Web of Science journal subject categories from the
core and the citing landscape (Figure 9). Figure 9 makes clear that
the core of synthetic biology is strongly situated in Biochemistry &
Molecular Biology, followed by Biotechnology & Applied
Microbiology and the interdisciplinary Science & Technology
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category. In the citing landscape these categories are reinforced
and shift in importance notably through the influence of synthetic
biology in chemistry. The impacts of synthetic biology are also
observed in the emergence of publications in Virology, Environ-
mental Sciences and Ecology, for subjects such as bioremediation,
and Immunology focusing on areas such as antibiotics, biofilms
and vaccine. Data on journal subject categories for the citing
landscape can be explored in Workbook S1 and online through
the Synthetic Biology Scientific Landscape. Future work in
exploring the emerging scientific landscape for synthetic biology
could build upon recent efforts to map the structure of the
scientific literature using journal subject categories and situate
synthetic biology within this structure [84-86].

The preceding analysis of the emerging networks and impacts of
synthetic biology within the scientific literature has demonstrated
the increasing internationalisation of synthetic biology and its
dissemination across a range of disciplines and research areas. We
now turn to analysis of the network of funding organizations
involved in supporting the core landscape for synthetic biology.

Funding

One of the potential opportunities to introduce appropriate
governance measures is provided by focusing on the institutions
and organizations that fund synthetic biology. Until recently, data
on funding for scientific research was largely obscured in
publication data. Web of Science now includes limited information
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Title Authors (1st) Year Source
A synthetic oscillatory netwark of transcriptional regulators Elowitz, Michael B 2000 NATURE 237
Construction of a genetic toggle switch in Escherichia coli Gardner, TS 2000 NATURE 197
Foundations for engineering biology Endy, Drew 2005 NATURE 153
Synthetic biology Benner, Steven A 2005 NATURE REVIEWS GENETICS 118
Complete chemical synthesis, assembly, and cloning of a Mycoplasma genitalium geno.. Gibson, Daniel G 2008 SCIENCE 111
Production of the antimalarial drug precursor artemisinic acid in engineered yeast Ro, D K 2008 NATURE 107
A synthetic multicellular system for programmed pattern formation Basu, Subhayu 2005 NATURE 100
Reconstruction of genetic circuits Sprinzak, D 2005 NATURE 86
Refinement and standardization of synthetic biological parts and devices Canton, B 2008 NATURE BIOTECHNOLOGY 82
Engineering a mevalonate pathway in Escherichia coli for production of terpenoids Martin, V.J J 2003 NATURE BIOTECHNOLOGY 82
Engineered gene circuits Hasty, Jeff 2002 NATURE 82
Programmable cells: Interfacing natural and engineered gene networks Kobayashi, H 2004 PNAS 80
Development of genetic circuitry exhibiting toggle switch or oscillatory behavior in Esche.. Atkinson, Mariette R 2003 CELL 80
Programmed population control by cell-cell communication and regulated killing You, Lingchong 2004 NATURE 76
Creation of a Bacterial Cell Controlled by a Chemically Synthesized Genome Gibson, D G 2010 SCIENCE 72
The second wave of synthetic biology: from modules to systems Purnick, Priscilla E. M 2009 NATURE REVIEWS MOLECUL.. 71
A fast, robust and tunable synthetic gene oscillator Stricker, Jesse 2008 NATURE 71
Environmentally controlled invasion of cancer cells by engineered bacteria Anderson, J 2006 JOURNAL OF MOLECULAR BI.. 69
Directed evolution of a genetic circuit Yokobayashi, Y 2002 PNAS | 66
An engineered epigenetic transgene switch in mammalian cells Kramer, Beat P 2004 NATURE BIOTECHNOLOGY 65
Chemical synthesis of poliovirus cDNA: Generation of infectious virus in the absence of .. Cello, J 2002 SCIENCE 64
Engineering stability in gene networks by autoregulation Becskei, Attila 2000 NATURE 163
Accurate multiplex gene synthesis from programmable DNA microchips Tian, Jingdong 2004 NATURE 62
Combinatorial synthesis of genetic networks Guet, CC 2002 SCIENCE 61
A tunable synthetic mammalian oscillator Tigges, Marcel 2009 NATURE 61
Generating a synthetic genome by whole genome assembly: phi X174 bacteriophage fro.. Smith, Hamilton O 2003 PNAS 60
RNA synthetic biology Isaacs, Farren J 2006 NATURE BIOTECHNOLOGY 58
A synthetic gene-metabolic oscillator Fung, E 2005 NATURE 56
Stochastic gene expression in a single cell Elowitz, Michael B 2002 SCIENCE 55
Genome transplantation in bacteria: Changing one species to another Lartigue, C 2007 SCIENCE 54
Engineering Escherichia coli to see light - These smart bacteria ‘photograph' a light patte.. Levskaya, A 2005 NATURE 54
Diversity-based, model-guided construction of synthetic gene networks with predicted fu.. Ellis, Tom 2009 NATURE BIOTECHNOLOGY 53

0 100 200

Citations Inside the Community

Figure 8. Key Articles in the Core Landscape. This figure shows the main articles cited by other authors inside the core landscape for synthetic
biology. Data is based on counts of citations in the cited literature field of publications in the core landscape. The data does not refer to total citations
for an author or article within the wider scientific literature. This data can be explored in Workbook S1.

doi:10.1371/journal.pone.0034368.9008

on sources of funding. For synthetic biology data is limited to 562
records representing 44% of records in our dataset published from
2007. Furthermore, data is restricted to information in Web of
Science, lacks standards of description, and does not provide an
insight into the size of awards. However, it is possible to gain a
partial insight into the nature of funding organizations and
emerging networks of funding organizations. After cleaning the
raw data we identified approximately 530 organizations as funding
sources for synthetic biology. Figure 10 provides a visualisation of
the top funding organizations that have supported research
appearing in three or more publications in Web of Science.

Funding is dominated by the National Institutes of Health
(NIH) and the National Science Foundation (NSF) in the United
States and the European Union Framework programme, followed
by the US Department of Energy, the combined agencies of the
US Department of Defense, the Biotechnology and Biological
Sciences Research Council in the UK (BBSRC), the Human
Frontier Science Foundation (HPSF), and the Swiss National
Science Foundation. The Human Frontier Science Program based
in Strasbourg is an international programme established by
Australia, Canada, France, Germany, India, Italy, Japan, South
Korea, Norway, New Zealand, Switzerland, the UK, the
European Union and the United States. The UK would rise in
the rankings measured on publications if its sister organizations
(the Engineering and Physical Sciences Research Council or
EPSRC) and the combined Research Councils UK were
aggregated.

The NIH has funded notable research on synthetic gene
oscillators [87], an ER mitochondria screening tethering complex
using a synthetic biology screen [88], work on synthetic genetic
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networks [89] and development of the proposed second wave of
synthetic biology in moving from modules to systems [27]. The
National Science Foundation has funded research focusing on
metabolic engineering for biofuel production [90-93], a synthetic
platform organism for biotechnological applications [94] and
biodegradation pathways [95]. European Union research funding
has supported work on bistability and epigenetic inheritance and
bet hedging in bacteria [96], a yeast synthetic network for assessing
the outcomes of reverse engineering and modelling [97] and
bioremediation [98]. The US Department of Energy, as is well
known from the work of the J. Craig Venter Institute, has been
funding research on biofuels [91,99] along with work on a
synchronized genetic clock for engineering genetic circuits [100]
and whole genome engineering [39]. The United States
Department of Defense, through the Defense Advanced Research
Projects Agency (DARPA), the Office of Naval Research, the Air
Force and the Army, emerges as an important co-funder of
research with other agencies in areas such as bacterial quorum
sensing with respect to biofilms and disease [27,87,101].

Funding by the Swiss National Science Foundation appears to
be more targeted towards biopharmaceutical applications and
work relating to mammals [36,51,102-104]. This highlights that
research funders may begin to focus on distinctive emerging
flavours of synthetic biology. In the UK the BBSRC has funded
work reviewing synthetic biology [105] has served as a co-funder
for work on bistability and epigenetics [96], designing and
encoding models for synthetic biology and engineering protein
assemblies [106,107].

Companies are represented in the data principally through
DuPont in work on genetic circuits [108,109] and renewable

April 2012 | Volume 7 | Issue 4 | 34368



S ubject Category

Synthetic Biology Mapping

Biochernis ry & Molecular Biology |
ooy AR
Biotechnology & Applied Microbiology |

Science & Technology - Other Topics NS
Microbiclogy | N
Cell Biology
Life Sciences & Biomedicine - Other Topics INNNINIEGEGEGEEEN
Mathematical & Computational Biology INNINEGEGEGEGEGEE
Pharmacology & Pharmacy [N
Physics TR
Genetics & Heredity INIIIIEEGEG__
Engineering NG
Computer Science NG
Biophysics |
Materials Science [NRRNENEGE
virology |
Plant Sciences [N
Mathematics [N
Polymer Science [N
Environmental Sciences & Ecology [N
Research & Experimental Medicine [
Immunology Il
Automation & Control Systems -
Agriculture [l
Food Science & Technology -
Energy & Fuels [Ji]
Evolutionary Biology [l
Infectious Diseases [l
Developmental Biology [l
History & Philosophy of Science [l
0 200

400 600

800

1000 1200 1600 2000 2200

Records

1400 1800
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carbohydrates as hydrogen carriers [110]. In computing Microsoft
has provided research funding for software and bioinformatics
related research and teaching in these fields [111,112] while IBM
has contributed to work in metabolic engineering [113]. Math-
works, a US company specialising in mathematical computing
software, also emerges as a sponsor of work on gene circuits [114].
Specialist synthetic biology companies such as LS9 emerge as
sponsors of work on microbial fuels [115] as well as the well known
work of Synthetic Genomics through the J. Craig Venter Institute.
Large pharmaceutical companies are represented by Pfizer in
research on PCR-less library mutagenesis [116] and Roche in the
development of the SynBioWave software suite [117]. Looking
outside this data Novartis is present as a funder of research
through work on vaccine development that links to collaborations
with the J. Craig Venter Institute and Synthetic Genomics [118].

Data by funding organization can be explored in Workbook S1
and online through the Synthetic Biology Scientific Landscape.
This type of information is rarely made visible and funding
networks may not be visible to the agencies engaged in supporting
research. We would emphasise that data on the funding network is
limited to 44% of available records and further work is desirable to
standardise funding data in future research. Furthermore, this data
is unlikely to fully or adequately reflect private sector involvement.
A fuller picture will be generated by ongoing work to map the
patent landscape. However, the predominance of organizations
funded by taxpayers within the scientific literature provides
important potential levers for policy makers under the Convention
on Biological Diversity seeking to promote respect for the letter
and spirit of the Convention.
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Discussion

193 governments are Parties to the Convention on Biological
Diversity. Additional countries, notably the United States, are
signatories but have not yet ratified the Convention. The rise of
synthetic biology is of relevance to the three objectives of the
Convention concerning the conservation, sustainable use and fair
and equitable benefit sharing arising from the utilization of genetic
resources. Synthetic biology is also relevant to the protocols
established under the Convention with respect to biosafety,
liability and redress, and access to genetic resources and benefit
sharing. We briefly address each of these areas before considering
proposals for a moratorium on the field release of synthetic
organisms, cells and components.

163 countries are Parties to the Cartagena Protocol on Biosafety
under the Convention that is concerned with regulation, risk
assessment and liability issues for the movement of Living
Modified Organisms (LMOs). Under Article 3(g) of the Cartagena
Protocol a living modified organism “means any living organism
that possesses a novel combination of genetic material obtained
through the use of modern biotechnology.” Article 3(i) defines
modern biotechnology as: “a) in_vitro nucleic acid techniques,
including recombination deoxyribonucleic acid (DNA) and direct
injection of nucleic acid into cells or organelles, or b) Fusion of
cells beyond the taxonomic family that overcome natural
physiological reproductive or recombination barriers and that
are not techniques used in traditional breeding and selection.” The
Cartagena Protocol establishes an advanced informed agreement
procedure to provide countries with a basis for making informed
decisions on whether to accept shipments of LMOs meeting the
above criteria.
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In October 2010 the Tenth Conference of the Parties adopted
the Nagoya-Kuala Lumpur Supplementary Protocol on Liability
and Redress to the Cartagena Protocol on Biosafety. This protocol
establishes international rules and procedures on liability and
redress relating to living modified organisms. These rules cover
situations involving damage arising from transboundary move-
ments of LMOs intended for direct use as food or feed, for what is
called “contained use” (i.e. in industrial facilities) and intentional
introduction into the environment. The rules also address damage
arising from authorized use of LMOs and unintentional and illegal
transhoundary movements.

The provisions of the Cartagena Protocol are likely to lead to
legal questions on whether the products of synthetic biology fall
within the scope of the Cartagena Protocol i.e. do the criteria
apply only to @ vitro techniques or approaches involving cell fusion
outside the taxonomic family that overcome natural reproductive
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or recombination barriers as set out in the Cartagena Protocol?
Furthermore, it may be that the Cartagena protocol only applies
to the physical transfer of LMOs and does not apply to material or
digital transfers of genetic sequences, components and parts that
may be later used to constitute an LMO [119]. Additional doubts
have also been expressed about whether the waiver on the
requirement for advanced informed agreement for transfers of
LMOs destined for contained use in a facility under Article 6.2 of
the Cartagena protocol should apply in the case of synthetic
organisms [119]. In the case of the Kuala Lumpur supplementary
protocol, this is limited in three ways. First, the rules apply only to
transboundary movements that occur after the supplementary
protocol has entered into force. Second, the rules are restricted to
damage occurring in areas under national jurisdiction (i.e.
excluding the high seas and treaty areas such as Antarctica).
Third, in the case of damage arising from transboundary
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movements of LMOs from countries that are not party to the
supplementary protocol then Parties are only able to apply
domestic implementing legislation for the protocol, rather than
seeking redress through an international body.

Synthetic biology is also relevant to the third objective of the
Convention on access to genetic resources and benefit sharing and
the recently concluded Nagoya Protocol on Access to Genetic
Resources and the Fair and Equitable Sharing of Benefits Arising
from their Utilization. Here concerns have been expressed with
regard to the use of artemisinin and the increasing ease with which
genetic material can be transformed into digital information,
transmitted, reproduced and manipulated [119]. Research on
natural product based drug discovery in synthetic biology is closely
linked with metabolic engineering [120] and reviving interest in
compounds from natural products [121] along with the use of
engineered microorganisms for drug development [122,123]. We
have also seen that research in synthetic biology is increasingly
informing wider research in the citing landscape on drug
discovery, antibiotics and vaccines.

We suggest that more detailed empirical analysis of the
implications of synthetic biology for access and benefit sharing is
desirable notably with respect to the source of materials and the
positive or negative economic implications of synthetic biology for
developing countries. Here we note that synthetic biology may
provide cost effective means for drug discovery and development.
Positive outcomes may be possible for developing countries where
drug discovery focuses on neglected diseases. The emerging
involvement of researchers from China, India, Brazil, Mexico and
South Africa in work on synthetic biology may provide positive
opportunities for funding bodies to promote research directed to
the needs of populations in developing countries. As part of this
process funding bodies could also be encouraged by Parties to the
Convention to contribute to the effective implementation of the
Nagoya Protocol on Access to Genetic Resources and Benefit
Sharing as the new international standard governing access and
benefit-sharing for genetic resources across a spectrum of research
fields.

The main focus of debate at SBSTTA and the 11" Conference
of the Parties to the Convention on Biological Diversity will be the
potential field release of synthetic life, cells or genomes into the
environment taking account of the precautionary principle. In
preparation for this debate a number of civil society organizations,
including the ETC Group, The Center for Food Safety, Econexus,
Friends of the FEarth USA, the International Center for
Technology Assessment and the Sustainability Council of New
Zealand have made individual and joint submissions on this topic.
The key recommendation by the International Civil Society
Working Group on Synthetic Biology ICSWGSB) is that:

“Parties to the Convention on Biological Diversity, in
accordance with the precautionary principle, which is key
when dealing with new and emerging scientific and
technological issues, should ensure that synthetic genetic
parts and living modified organisms produced by synthetic
biology are not released into the environment or approved
for commercial use until there is an adequate scientific basis
on which to justify such activities and due consideration is
given to the associated risks for biological diversity, also
including socio-economic risks and risks to the environment,
human health, livelihoods, culture and traditional knowl-
edge, practices and innovations” (ICSWGSB 2011: 5).
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These organizations further call upon governments to “‘submit
views and national experiences and identify gaps in the
governance of synthetic genetic parts and living modified
organisms produced by synthetic biology as developed for release
or commercial use” as a basis for further work under the
Convention (ICSWGSB 2011: 5). In addition they recommend
that countries conduct impact assessments for proposed synthetic
biology projects and that in the absence of reliable data on
biocontainment strategies “products incorporating such technol-
ogies should not be approved by Parties for field testing...” or
commercial use until there is adequate scientific data on their
environmental and socio-economic impacts (IGCSWGSB 2011: 6).
If adopted these recommendations would have serious implica-
tions for the conduct of scientific research in synthetic biology.

The first of these recommendations constitutes a call for a
moratorium on the environmental release of synthetic organisms
and synthetic parts and finds a precedent under the Convention in
a 2006 decision to introduce a de facto moratorium on Genetic Use
Restriction Technologies (GURTS or “Terminator” technologies)
(decision VIII/23 C) [124,125]. The specific recommendation on
biocontainment appears to reflect concerns about the scientific
credibility and implications of proposals that synthetic components
or organisms could be engineered to depend on non-natural
amino acids [126], or deploy ‘fail fast’ [127] or suicide mechanisms
to prevent survival in the natural environment [128].

The question of a potential moratorium on synthetic biology as
a field was considered as part of the 2010 United States
Presidential Commission for the Study of Bioethical Issues report
on synthetic biology [8]. In presenting its report the “PCBSI
concluded that synthetic biology is capable of significant but
limited achievements posing limited risks. Future developments
may raise further objections, but the Commission found no reason
to endorse additional federal regulations or a moratorium on work
in this field at this time. Instead, the Commission urges monitoring
and dialogue between the private and public sectors to achieve
open communication and cooperation” (PCBSI 2010: v). In
arriving at this conclusion the Commission sought to find a middle
ground between a moratorium on synthetic biology pending
assessment of all risks and “unfettered freedom for scientific
exploration”. The Commission recommended ‘“an ongoing
process of prudent vigilance that carefully monitors, identifies
and mitigates potential and realized harms over time” (PCBSI
2010: 8). With respect to moral objections, the Commission
argued that “Current objections to synthetic biology on moral
grounds are often based on concerns regarding activities that the
field is currently incapable of carrying out” (PCBSI 2010: 12).

However, while rejecting a moratorium on the field as a whole,
the Commission also recognised the potential high risks and
uncertainties around the deliberate release of synthesized organ-
isms and recommended an ongoing review “of the ability of
synthetic organisms to multiply in the natural environment and
identify, as needed, reliable containment and control mechanisms”
(PCBSI 2010: 130). In practice, therefore the recommendations
from civil society organizations and the US Presidential Commis-
sion for the Study of Bioethical Issues, as the major government
sponsored review to date, are not incompatible in their main
elements focusing on environmental risk and uncertainty. The
question becomes the appropriate course of action.

In considering synthetic biology a number of choices will be
available to SBSTTA and Parties to the Convention. Thus,
SBSTTA may recommend that greater time is taken to receive
information about synthetic biology and the implications of
potential release of synthetic components and organisms into the
environment before a decision is taken on regulating environmen-
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tal release. It would be open to SBSTTA to include a
recommendation to establish a technical expert group to consider
the available evidence and to develop detailed recommendations
for future consideration by the Conference of the Parties.

However, the Conference of the Parties, as the Convention’s
sovereign decision-making body, might decide to introduce a
moratorium on the release of synthetic organisms and components
based on the existing uncertainties and risks to biological diversity.
Such a decision would have major implications for future research
in synthetic biology across the spectrum of research areas in which
synthetic biologists are involved. The implications for synthetic
biologists would need to be balanced against the fundamental
importance of biological diversity to human welfare. The question
in this case would become whether a balance could be identified
which permitted the continued development of synthetic biology
as a field while safeguarding biological diversity.

If a moratorium is regarded as desirable by the Conference of
the Parties, the design of such a moratorium would merit careful
consideration. For example, a moratorium could be designed that
provided opportunities for regular periodic review to allow for the
development and testing of biocontainment and control strategies.
This approach would recognise the presently limited nature of
synthetic biology research directed to field release and the
limitations of existing research on engineered biocontainment
and control strategies. The existence of a moratorium might, as an
incidental benefit, send a strong signal to the ‘biohacking’
community on the acceptable limits of behaviour and encourage
wider professionalisation in a field involving a meeting of different
disciplines and standards. In short, a moratorium could buy time
for the field to develop appropriate standards.

Independent of the question of a moratorium, our research
reveals that targeting funding organizations provides a key
opportunity to promote appropriate governance in synthetic
biology. Specifically, Parties could invite funding organizations
to ensure that research they fund is supportive of, and does not run
counter to, the objectives of the Convention. This is standard
language within the text of the Convention. Such an invitation
would serve to promote greater awareness of the Convention
among public funding bodies and private foundations that
recognise the importance of international commitments on the
environment. Over the longer term more specific guidance could
be developed for funding organizations as understanding of this
field improves.

In the intervening period, Parties to the Convention should be
encouraged to seek further information on synthetic biology
through engagement with the scientific community and be
informed by independent scientific assessment of the actual and
potential risks to biological diversity posed by synthetic biology.
The research presented in this article on the core scientific
landscape for synthetic biology provides a basic platform for
identifying and engaging with the organizations and researchers
mvolved in synthetic biology and for the development of
transparent monitoring mechanisms to inform decision-making.

Conclusion

This article has aimed to contribute to upcoming debates on
synthetic biology under the United Nations Convention on
Biological Diversity by mapping the scientific landscape for
synthetic biology. Through the exploration of the core landscape
of synthetic biology and its impacts within the wider scientific
literature we have sought to contribute to the creation of a baseline
for wider understanding and engagement with this emerging field.
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To achieve this objective we have exploited the increasing
availability of digital tools for visualisation and interaction with
scientific data to promote engagement with this field of research.

Debate under the Convention on Biological Diversity on
synthetic biology is likely to focus on the question of a potential
moratorium on the field release of synthetic organisms, cells and
genomes into the environment. As a contribution to debate on this
issue we have established that the core landscape for synthetic
biology involves 2,934 researchers from 682 organizations in 40
countries who are supported by a network of approximately 530
funding organizations. These researchers are engaged in work on
genetic components, parts and organisms with potential for a wide
range of applications. This community has demonstrated a
considerable willingness to engage with civil society and policy
and to consider appropriate measures for governance. However, at
this early stage in the development of this field proposals regarding
biocontainment and control remain under developed. In consid-
ering the introduction of a possible moratorium on field release
Parties will be confronted by the challenge of balancing the
fundamental importance of biodiversity to human welfare with
recognition of the importance of the “freedom indispensable for
scientific research and creative activity” as set out in Article 15.3 of
the International Covenant on Economic, Social and Cultural
Rights.

In our view, if a moratorium is introduced on field release
opportunities should be provided for periodic review of biocon-
tainment and control measures to encourage further development
in this area. Furthermore, we have argued that important
opportunities exist for introducing appropriate governance
measures through the development of guidance for funding
bodies. Finally, the core contribution of this article has been to
promote the development of longer term monitoring capacity.
Taken together we believe that these proposals can help ensure
that any action taken under the Convention is balanced and
measured and does not unnecessarily impinge on positive
developments in research while remaining attentive to the
significant potential negative impacts of synthetic biology and
the need to ensure they are objectively assessed and addressed.

Supporting Information

Legends S1 Explanations for the Tableau Public Syn-
thetic Biology Scientific Landscape online workbook.
(DOC)

Workbook S1 Packaged Tableau Workbook for use with
Tableau Reader 7.0.
(ZIP)

Acknowledgments

The authors thank Professor Alan Porter (Georgia Tech) and Dr. Oscar
Forero (Cesagen) for their critical comments on the original manuscript.
We thank Dr. Luciano Kay at Georgia Tech for providing Vantage Point
export scripts for use with Gephi and staff at Search Technology Inc. for
their assistance with Vantage Point scripts used in this research.

Author Contributions

Conceived and designed the experiments: PDO. Performed the experi-
ments: PDO SH. Analyzed the data: PDO SH. Contributed reagents/
materials/analysis tools: PDO SH. Wrote the paper: PDO GB.
Contributed to the policy analysis in the paper and finalisation of the
manuscript: GB.

April 2012 | Volume 7 | Issue 4 | 34368



References

1.

20.

21.

22.

23.

24.

26.
27.

28.

32.

33.

34.

35.
36.

37.

Garfinkel MS, Endy D, Epstein GL, Friedman RM (2007) Synthetic genomics
- Options for governance. Biosecurity and Bioterrorism-Biodefense Strategy
Practice and Science 5: 359-361.

Schmidt M (2010) Xenobiology: A new form of life as the ultimate biosafety
tool. Bioessays 32: 322-331.

de Lorenzo V (2010) Environmental biosafety in the age of Synthetic Biology:
Do we really need a radical new approach? Bioessays 32: 926-931.

Miller S, Selgelid MJ (2007) Ethical and philosophical consideration of the
dual-use dilemma in the biological sciences. Science And Engineering
Ethics;11 (1): 137-149 JAN 2005 13: 523-580.

Kelle A (2009) Synthetic biology and biosecurity From low levels of awareness
to a comprehensive strategy. EMBO Reports 10: $23-527.

Roehr B (2010) US presidential ethics commission grapples with synthetic
biology. British Medical Journal 341: 2.

O’Malley MA, Calvert J, Dupre J (2007) The study of socioethical issues in
systems biology. American Journal of Bioethics 7: 67-78.

Presidential Commission for the Study of Bioethical Issues (2010) New
Directions: The Ethics of Synthetic Biology and Emerging Technologies.
Washington, ed. D.C.: Presidential Commission for the Study of Bioethical
Issues.

Kumar S, Rai A (2007) Synthetic biology: The intellectual property puzzle.
Texas Law Review 85: 1745-1768.

Rai A, Boyle J (2007) Synthetic biology: Caught between property rights, the
public domain, and the commons. PLOS Biology 5: 389-393.

Henkel J, Maurer SM (2009) Parts, property and sharing. Nature Biotechnol-
ogy 27: 1095-1098.

Rutz B (2010) Patentability of synthetic biology inventions in Europe.
Biotechnology Journal 5: 11-13.

ETC Group (2007) Extreme Genetic Engineering: An Introduction to
Synthetic Biology. ETC Group.

Hobom B (1980) Surgery of Genes - At the Doorstep of Synthetic Biology.
Medizinische Klinik 75: 14-21.

Krimsky S (1982) Social Responsibility in an Age of Synthetic Biology.
Environment 24: 2-&.

Hufford KD (1991) 2-Dimensional and 3-Dimensional, Deterministic, L-
Systems - An Exploration of Osmotic Precipitation Membranes. Cybernetics
and Systems 22: 647-669.

Zeleny M, Hufford KD (1992) The Application of Autopoiesis in Systems
Analysis - Are Autopoietic Systems also Social Systems. International Journal
of General Systems 21: 145-160.

Muller K (1993) Genetic-Engineering Without Politics - How The Explosive
Effects Of Synthetic Biology Are Being Suppressed By Scientific Commissions,
Ethics Commissions And Other Commissions. Argument 35: 991-992.
Conzelmann, Schnell (1994) Rescue of Synthetic Genomic RNA Analogs of
Rabies Virus by Plasmid-Encoded Proteins. Journal of Virology 68: 713-719.
Lopez N, Muller R, Prehaud C, Bouloy M (1995) The L-Protein Of Rift-Valley
Fever Virus Can Rescue Viral Ribonucleoproteins And Transcribe Synthetic
Genome-Like Rna Molecules. Journal of Virology 69: 3972-3979.

Rawls RL (2000) *Synthetic biology’ makes its debut. Chemical & Engineering
News 78: 49-4+.

Kool ET (2000) Synthetically modified DNAs as substrates for polymerases.
Current Opinion in Chemical Biology 4: 602-608.

Kool ET (2000) Roles of Watson-Crick and minor groove hydrogen bonds in
DNA replication. Cold Spring Harbor Symposia on Quantitative Biology 65:
93-102.

Collins JJ, Endy D, Hutchison CA, Roberts RJ (2010) Editorial-Synthetic
Biology. Nucleic Acids Research 38: 2513-2513.

Benner SA, Sismour AM (2005) Synthetic biology. Nature Reviews Genetics 7
(4): 241-241 APR 2006 6: 533-543.

Endy D (2005) Foundations for engineering biology. Nature 438: 449-453.
Purnick PEM, Weiss R (2009) The second wave of synthetic biology: from
modules to systems. Nature Reviews Molecular Cell Biology 10: 410-422.
O’Malley MA, Powell A, Davies JF, Calvert J (2008) Knowledge-making
distinctions in synthetic biology. Bioessays 30: 57-65.

Calvert J (2010) Synthetic biology: constructing nature? Sociological Review
58: 95-112.

Mackenzie A (2010) Design in synthetic biology. Biosocieties 5: 180-198.

de Lorenzo V, Danchin A (2008) Synthetic biology: discovering new worlds
and new words - The new and not so new aspects of this emerging research
field. EMBO Reports 9: 822-827.

Rip A, Courtial JP (1984) Co-Word Maps Of Biotechnology - An Example Of
Cognitive Scientometrics. Scientometrics 6: 381-400.

Courtial JP (1994) A Coword Analysis Of Scientometrics. Scientometrics 31:
251-260.

Elowitz MB, Leibler S (2000) A synthetic oscillatory network of transcriptional
regulators. Nature 403: 335-338.

Fung E (2005) A synthetic gene-metabolic oscillator. Nature 435: 118-122.
Greber D, Fussenegger M (2007) Mammalian synthetic biology: Engineering of
sophisticated gene networks. Journal of Biotechnology 130: 329-345.
Simpson ML (2006) Cell-free synthetic biology: a bottom-up approach to
discovery by design. Molecular Systems Biology 2.

@ PLoS ONE | www.plosone.org

39.

40.

41.

42.

43.

44.

46.

47.

48.

49.

50.

51.

52.

53.
54.

56.

58.

59.

60.

61.

62.

63.

64.

66.

67.

68.

69.

Synthetic Biology Mapping

Luisi PL (2007) Chemical aspects of synthetic biology. Chemistry &
Biodiversity 4: 603-621.

Carr PA, Church GM (2009) Genome engineering. Nature Biotechnology 27:
1151-1162.

Barrett CL, Kim TY, Kim HU, Palsson BO, Lee SY (2006) Systems biology as
a foundation for genome-scale synthetic biology. Current Opinion in
Biotechnology 17: 488-492.

Alterovitz G, Muso T, Ramoni MF (2010) The challenges of informatics in
synthetic biology: from biomolecular networks to artificial organisms. Briefings
in Bioinformatics 11: 80-95.

Isaacs FJ, Dwyer DJ, Collins JJ (2006) RNA synthetic biology. Nature
Biotechnology 24: 545-554.

Huang HH, Camsund D, Lindblad P, Heidorn T (2010) Design and
characterization of molecular tools for a Synthetic Biology approach towards
developing cyanobacterial biotechnology. Nucleic Acids Research 38:
2577-2593.

Bowen TA, Zdunek JK, Medford JI (2008) Cultivating plant synthetic biology
from systems biology. New Phytologist 179: 583-587.

Doktycz MJ, Simpson ML (2007) Nano-enabled synthetic biology. Molecular
Systems Biology 3.

Calvert J, Martin P (2009) The role of social scientists in synthetic biology.
Science & Society Series on Convergence Research. EMBO Reports 10:
201-204.

Maurer SM (2010) Standards for synthetic biology. Issues in Science and
Technology 26: 9-9.

Blondel VD, Guillaume J-L, Lambiotte R, Lefebvre E (2008) Fast unfolding of
communities in large networks. Journal of Statistical Mechanics: Theory and
Experiment 10: 10008.

Fussenegger M (2010) Synthetic Biology: Synchronized bacterial clocks. Nature
463: 301-302.

Keasling J (2009) Synthetic Biology in Pursuit of Inexpensive, Effective, Anti-
Malarial Drugs. Biosocieties 4: 275-282.

Weber W, Lienhart C, Baba MD-E, Fussenegger M (2009) A biotin-triggered
genetic switch in mammalian cells and mice. Metabolic Engineering 11:
117-124.

Chen B-S, Li C-W (2010) On the Interplay between Entropy and Robustness
of Gene Regulatory Networks. Entropy 12: 1071-1101.

Silver PA (2009) Making Biology Easier to Engineer. Biosocieties 4: 283-289.
Weiss R, Panke S (2009) Synthetic biology-paths to moving forward. Current
Opinion in Biotechnology 20: 447-448.

Kuruma Y, Stano P, Ueda T, Luisi PL (2009) A synthetic biology approach to
the construction of membrane proteins in semi-synthetic minimal cells.
Biochimica Et Biophysica Acta-Biomembranes 1788: 567-574.

Wang WG, Wang I, Wang HY, Si G, Tung CH, et al. (2010) Photocatalytic
Hydrogen Evolution by [FeFe] Hydrogenase Mimics in Homogeneous
Solution. Chemistry-An Asian Journal 5: 1796-1803.

Bornmann, Mutz, R, Neuhaus, C, Daniel, H-D (2008) Citation counts for
research evaluation: standards of good practice for analyzing bibliometric data
and presenting and interpreting results. Ethics in Science and Environmental
Politics 8: 93-102.

Wagner CS, Roessner JD, Bobb K, Klein JT, Boyack KW, et al. (2011)
Approaches to understanding and measuring interdisciplinary scientific
research (IDR): A review of the literature. Journal of Informetrics 5: 14-26.
Gardner TS (2000) Construction of a genetic toggle switch in Escherichia coli.
Nature 403: 339-342.

Gibson DG, Benders GA, Andrews-Pfannkoch C, Denisova EA, Baden-
Tillson H, et al. (2008) Complete chemical synthesis, assembly, and cloning of a
Mycoplasma genitalium genome. Science 319: 1215-1220.

Steen EJ, Kang YS, Bokinsky G, Hu ZH, Schirmer A, et al. (2010) Microbial
production of fatty-acid-derived fuels and chemicals from plant biomass.
Nature 463: 559-U182.

Herrgard MJ, Swainston N, Dobson P, Dunn WB, Arga KY, et al. (2008) A
consensus yeast metabolic network reconstruction obtained from a community
approach to systems biology. Nature Biotechnology 26: 1155-1160.
Lindesmith LC, Donaldson EF, Lobue AD, Cannon JL, Zheng DP, et al.
(2008) Mechanisms of GIL4 norovirus persistence in human populations.
PLOS Medicine 5: 269-290.

Finke S, Mueller-Waldeck R, Conzelmann KK (2003) Rabies virus matrix
protein regulates the balance of virus transcription and replication. Journal of
General Virology 84: 1613-1621.

Weber W, Fussenegger M (2006) Pharmacologic transgene control systems for
gene therapy. Journal of Gene Medicine 8: 535-556.

Rokem JS, Lantz AE, Nielsen J (2007) Systems biology of antibiotic production
by microorganisms. Natural Product Reports 24: 1262-1287.

Strack G, Ornatska M, Pita M, Katz E (2008) Biocomputing security system:
Concatenated enzyme-based logic gates operating as a biomolecular keypad
lock. Journal of the American Chemical Society 130: 4234423+,

Katz E, Privman V (2010) Enzyme-based logic systems for information
processing. Chemical Society Reviews 39: 1835-1857.

Simmons TL, Coates RC, Clark BR, Engene N, Gonzalez D, et al. (2008)
Biosynthetic origin of natural products isolated from marine microorganism-
invertebrate assemblages. Proc Natl Acad Sci U S A 105: 4587-4594.

April 2012 | Volume 7 | Issue 4 | 34368



71.

72.

73.

74.

~
o

76.

77.

78.

79.

80.

81.

82.

83.

84.

86.

87.

88.

89.

90.

91.

92.

93.

94.

96.

97.

98.

Mohimani H, Liu WT, Yang YL, Gaudencio SP, Fenical W, et al. (2011)
Multiplex De Novo Sequencing of Peptide Antibiotics. Journal of Computa-
tional Biology 18: 1371-1381.

Walpita P, Flick R (2005) Reverse genetics of negative-stranded RNA viruses:
A global perspective. FEMS Microbiol Lett 244: 9-18.

Flick R, Flick K, Feldmann H, Elgh F (2003) Reverse genetics for Crimean-
Congo hemorrhagic fever virus. Journal of Virology 77: 5997-6006.

Bouloy M, Flick R (2009) Reverse genetics technology for Rift Valley fever
virus: Current and future applications for the development of therapeutics and
vaccines. Antiviral Research 84: 101-118.

Dunn WB, Broadhurst DI, Atherton HJ, Goodacre R, Griffin JL (2011)
Systems level studies of mammalian metabolomes: the roles of mass
spectrometry and nuclear magnetic resonance spectroscopy. Chemical Society
Reviews 40: 387-426.

Dunn WB (2008) Current trends and future requirements for the mass
spectrometric investigation of microbial, mammalian and plant metabolomes.
Physical biology 5: 24.

Guido NJ, Wang X, Adalsteinsson D, McMillen D, Hasty J, et al. (2006) A
bottom-up approach to gene regulation. Nature 439: 856-860.

Kato A, Kiyotani K, Sakai Y, Yoshida T, Nagai Y (1997) The paramyxovirus,
Sendai virus, V protein encodes a luxury function required for viral
pathogenesis. EMBO Journal 16: 578-587.

Westerhoff HV, Winder C, Messiha H, Simeonidis E, Adamczyk M, et al.
(2009) Systems Biology: The elements and principles of Life. FEBS Letters 583:
3882-3890.

Mashego MR, Rumbold K, De Mey M, Vandamme E, Soctaert W, et al.
(2007) Microbial metabolomics: past, present and future methodologies.
Biotechnol Lett 29: 1-16.

Kamaruddin AH, Uzir MH, Aboul-Enein HY, Halim HNA (2009)
Chemoenzymatic and Microbial Dynamic Kinetic Resolutions. Chirality 21:
449-467.

Pfefferle S, Oppong S, Drexler JF, Gloza-Rausch F, Ipsen A, et al. (2009)
Distant Relatives of Severe Acute Respiratory Syndrome Coronavirus and
Close Relatives of Human Coronavirus 229E in Bats, Ghana. Emerg Infect Dis
15: 1377-1384.

Ashidi JS, Houghton PJ, Hylands PJ, Efferth T (2010) Ethnobotanical survey
and cytotoxicity testing of plants of South-western Nigeria used to treat cancer,
with isolation of cytotoxic constituents from Cajanus cajan Millsp leaves.
J Ethnopharmacol 128: 501-512.

Venter M (2007) Synthetic promoters: genetic control through cis engineering.
Trends in Plant Science 12 (4): 177-183 APR 2007 12: 118-124.

Porter AL, Youtie J (2009) How interdisciplinary is nanotechnology? Journal of
Nanoparticle Research 11: 1023-1041.

Leydesdorff' L, Rafols I (2009) A Global Map of Science Based on the ISI
Subject Categories. Journal of the American Society for Information Science
and Technology 60: 348-362.

Rafols, Porter, Leydesdorfl' (2010) Science overlay maps: a new tool for
research policy and library management. Journal Of The American Society for
Information Science & Technology 61: 1871-1887.

Stricker J, Cookson S, Bennett MR, Mather WH, Tsimring LS, et al. (2008) A
fast, robust and tunable synthetic gene oscillator. Nature 456: 516-U39.
Kornmann B, Currie E, Collins SR, Schuldiner M, Nunnari J, et al. (2009) An
ER-Mitochondria Tethering Complex Revealed by a Synthetic Biology
Screen. Science 325: 477-481.

Ellis T, Wang X, Collins JJ (2009) Diversity-based, model-guided construction
of synthetic gene networks with predicted functions. Nature Biotechnology 5:
465-471.

Nicolaou SA, Gaida SM, Papoutsakis ET (2010) A comparative view of
metabolite and substrate stress and tolerance in microbial bioprocessing: From
biofuels and chemicals, to biocatalysis and bioremediation. Metabolic
Engineering 12: 307-331.

Lee SK, Chou H, Ham TS, Lee TS, Keasling JD (2008) Metabolic engineering
of microorganisms for biofuels production: from bugs to synthetic biology to
fuels. Current Opinion in Biotechnology 19: 556-563.

Fischer CR, Tseng HC, Tai M, Prather KIJ, Stephanopoulos G (2010)
Assessment of heterologous butyrate and butanol pathway activity by
measurement of intracellular pathway intermediates in recombinant Esche-
richia coli. Applied Microbiology and Biotechnology 88: 265-275.

Bar-Even A, Noor E, Lewis NE, Milo R (2010) Design and analysis of synthetic
carbon fixation pathways. Proc Natl Acad Sci U S A 107: 8889-8894.

Foley PL, Shuler ML (2010) Considerations for the Design and Construction of
a Synthetic Platform Cell for Biotechnological Applications. Biotechnology and
Bioengineering 105: 26-36.

Finley SD, Broadbelt L], Hatzimanikatis V (2009) Thermodynamic Analysis of
Biodegradation Pathways. Biotechnology and Bioengineering 103: 532-541.
Veening JW, Smits WK, Kuipers OP (2008) Bistability, Epigenetics, and Bet-
Hedging in Bacteria. Annual Review Of Microbiology 62: 193-210.
Cantone I, Marucci L, Torio F, Ricci MA, Belcastro V, et al. (2009) A Yeast
Synthetic Network for In Vivo Assessment of Reverse-Engineering and
Modeling Approaches. Cell 137: 172-181.

de Lorenzo V (2008) Systems biology approaches to bioremediation. Current
Opinion in Biotechnology 19: 579-589.

@ PLoS ONE | www.plosone.org

16

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.
128.

Synthetic Biology Mapping

Alper H, Stephanopoulos G (2009) Engineering for biofuels: exploiting innate
microbial capacity or importing biosynthetic potential? Nature Reviews
Microbiology 7: 715-723.

Danino T, Mondragon-Palomino O, Tsimring L, Hasty J (2010) A
synchronized quorum of genetic clocks. Nature 463: 326-330.

Jayaraman A, Wood TK (2008) Bacterial quorum sensing: Signals, circuits,
and implications for biofilms and disease. Annual Review Of Biomedical
Engineering 10: 145-167.

Gitzinger M, Kemmer C, El-Baba MD, Weber W, Fussenegger M (2009)
Controlling transgene expression in subcutaneous implants using a skin lotion
containing the apple metabolite phloretin. Proc Natl Acad Sci U S A 106:
10638-10643.

Gitzinger M, Parsons J, Reski R, Fussenegger M (2009) Functional cross-
kingdom conservation of mammalian and moss (Physcomitrella patens)
transcription, translation and secretion machineries. Plant Biotechnology
Journal 7: 73-86.

Aubel D, Fussenegger M (2010) Mammalian synthetic biology - from tools to
therapies. Bioessays 32: 332-345.

Channon K, Bromley EHC, Woolfson DN (2008) Synthetic biology through
biomolecular design and engineering. Current Opinion in Structural Biology
18: 491-498.

Endler L, Rodriguez N, Juty N, Chelliah V, Laibe C, et al. (2009) Designing
and encoding models for synthetic biology. Journal of the Royal Society
Interface 6: 13.

Papapostolou D, Howorka S (2009) Engineering and exploiting protein
assemblies in synthetic biology. Molecular Biosystems 5: 723-732.

Tan C, Marguet P, You LC (2009) Emergent bistability by a growth-
modulating positive feedback circuit. Nature Chemical Biology 5: 842-848.
Tanouchi Y, Pai A, You L (2009) Decoding biological principles using gene
circuits. Molecular Biosystems 5: 695-703.

Jarboe LR, Zhang XL, Wang X, Moore JC, Shanmugam KT, et al. (2010)
Metabolic Engineering for Production of Biorenewable Fuels and Chemicals:
Contributions of Synthetic Biology. Journal of Biomedicine and Biotechnology.
18 p.

Richardson SM, Nunley PW, Yarrington RM, Bocke JD, Bader JS (2010)
GeneDesign 3.0 is an updated synthetic biology toolkit. Nucleic Acids Research
38: 2603-2606.

Dymond JS, Scheifele LZ, Richardson S, Lee P, Chandrasegaran S, et al.
(2009) Teaching Synthetic Biology, Bioinformatics and Engineering to
Undergraduates: The Interdisciplinary Build-a-Genome Course. Genetics
181: 13-21.

Na D, Kim TY, Lee SY (2010) Construction and optimization of synthetic
pathways in metabolic engineering. Current Opinion in Microbiology 13:
363-370.

May T, Eccleston L, Herrmann S, Hauser H, Goncalves J, et al. (2008)
Bimodal and Hysteretic Expression in Mammalian Cells from a Synthetic
Gene Circuit. PLOS One 3: 7.

Rude MA, Schirmer A (2009) New microbial fuels: a biotech perspective.
Current Opinion in Microbiology 12: 274-281.

Pirakitikulr N, Ostrov N, Peralta-Yahya P, Cornish VW (2010) PCRless library
mutagenesis via oligonucleotide recombination in yeast. Protein Science 19:
2336-2346.

Staab PR, Walossek J, Nellessen D, Grunberg R, Arndt KM, et al. (2010)
SynBioWave-a real-time communication platform for molecular and synthetic
biology. Bioinformatics 26: 2782-2783.

Bambini S, Rappuoli R (2009) The use of genomics in microbial vaccine
development. Drug Discovery Today 14: 252-260.

The International Civil Society Working Group on Synthetic Biology (2011) A
Submission to the Convention on Biological Diversity’s Subsidiary Body on
Scientific, Technical and Technological Advice (SBSTTA) on the Potential
Impacts of Synthetic Biology on the Conservation and Sustainable Use of
Biodiversity. Montreal: The International Civil Society Working Group on
Synthetic Biology.

Wilkinson B, Bachmann BO (2006) Biocatalysis in pharmaceutical preparation
and alteration. Current Opinion in Chemical Biology 10: 169-176.

Li JW-, Vederas JC (2009) Drug Discovery and Natural Products: End of an
Era or an Endless Frontier? Science 325: 161-165.

Ajikumar PK, Tyo K, Carlsen S, Mucha O, Phon TH, et al. (2008)
Terpenoids: Opportunities for biosynthesis of natural product drugs using
engineered microorganisms. Molecular Pharmaceutics 5: 167-190.

Weber W, Fussenegger M (2009) The impact of synthetic biology on drug
discovery. Drug Discovery Today 14: 956-963.

Eaton D, van Tongeren F, Louwaars L, Visser B, van der Meer I (2002)
Economic and policy aspects of ’terminator’ technology. Biotechnology and
Development Monitor (41): 19-22 MAR 2000.

Hills MJ, Hall L, Arnison PG, Good AG (2007) Genetic use restriction
technologies (GURTS): strategies to impede transgene movement. Trends in
Plant Science 12 (4): 177-183 APR 2007 12.

Pennisi E (2005) Synthetic biology - Synthetic biology remakes small genomes.
Science 310: 769-770.

Endy D (2005) Foundations for engineering biology. Nature 438: 449-453.
The Royal Academy of Engineering (2009) Synthetic Biology: scope,
applications and implications. London: The Royal Academy of Engineering.

April 2012 | Volume 7 | Issue 4 | 34368



