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3PART I   POTENTIAL IMPACTS OF SYNTHETIC BIOLOGY ON BIOLOGICAL DIVERSITY  

PART II   GAPS AND OVERLAPS WITH THE PROVISIONS OF THE CONVENTION AND OTHER AGREEMENTS

One of the functions of the Subsidiary Body on Scientific, Technical and Technological Advice to the 
Convention on Biological Diversity is to identify new and emerging issues relating to the conservation 
and sustainable use of biodiversity. To streamline the work of the Subsidiary Body, the Conference of the 
Parties, in decision IX/29, provided guidance on the procedure for the identification of new and emerging 
issues and on the review of proposals.

The Conference of the Parties first turned its attention to synthetic biology at its tenth meeting in 
2010, where Parties, other Governments and relevant organizations were, inter alia, invited to apply 
the precautionary approach to the field release of synthetic life, cell, or genome into the environment. 
Consideration of synthetic biology as a substantive issue was subsequently placed on the agenda of 
the Subsidiary Body on Scientific, Technical and Technological Advice at its sixteenth meeting in 2012, 
and since then it has been debated intensively. 

Synthetic biology is a loosely-defined term for a range of techniques stemming from the combination of 
different disciplines, which adds a challenge to the debate. Moreover, as this field develops quickly, there 
are many unknowns regarding what products and applications will be technically feasible, commercially 
viable, and safe both for human health and biodiversity. In addition, questions of the adequacy of existing 
regulations to deal with current and anticipated components, organisms and products of synthetic biology 
as well as the social and ethical implications of synthetic biology are being raised.

The current document aims to support the international debate, and bridge gaps between the science-policy 
interface, by providing technical information on the potential positive and negative impacts on biodiversity 
that synthetic biology might entail as well as how adequately existing regulations cover the components, 
organisms and products of synthetic biology. This document was developed on the basis of information 
and views submitted by Parties to the Convention on Biological Diversity and other stakeholders. It was 
complemented by background research to address relevant issues under the Convention. An earlier 
draft of this document was reviewed by the Subsidiary Body on Scientific, Technical and Technological 
Advice at its eighteenth meeting, and revised in light of the comments provided during that meeting and 
through a subsequent peer-review process.

It is my hope that this document will help inform the discussions on synthetic biology and that it provides 
a constructive contribution to the expert process established by the Conference of the Parties in decision 
XII/24.

Braulio Ferreira de Souza Dias
Executive Secretary, 
Convention on Biological Diversity

 FOREWORD 
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4 synthetic biology

In decision X/13, the Conference of the Parties invited Parties, other Governments and relevant organizations 
to submit information on, inter alia, synthetic biology for consideration by the Subsidiary Body on Scientific, 
Technical and Technological Advice (SBSTTA), in accordance with the procedures outlined in decision IX/29, 
while applying the precautionary approach to the field release of synthetic life, cell or genome into the 
environment. 

Following the consideration of information on synthetic biology by the SBSTTA at its sixteenth meeting, the 
Conference of the Parties, in decision XI/11, requested the Executive Secretary to, inter alia, invite additional 
information on the subject, to compile and synthesize this information and to consider possible gaps and 
overlaps with the applicable provisions of the Convention, its Protocols and other relevant agreements. 
A synthesis of this information was to be prepared, peer reviewed and subsequently considered by the 
SBSTTA. The resulting documents, UNEP/CBD/SBSTTA/18/INF/3 and 4, were made available to the 
eighteenth meeting of the SBSTTA, and, in accordance with the resulting recommendation, subjected to 
another round of peer review. 

On the basis of the comments made at the eighteenth meeting of the SBSTTA and additional comments 
provided through a peer-review process that took place in July and August 2014, the documents were 
substantially revised and issued as information documents for consideration by the twelfth meeting of the 
Conference of the Parties to the Convention on Biological Diversity (UNEP/CBD/COP/12/INF/11 and 12). 
In decision XII/24, the Conference of the Parties established an Ad Hoc Technical Expert Group (AHTEG) 
and requested the Executive Secretary to convene a moderated open-ended online forum in support of 
the work of the AHTEG. 

The current document represents the text from the two information documents submitted to the Conference 
of the Parties, with minor editorial corrections, and is being issued as part of the CBD Technical Series to 
support the work of the AHTEG. It consists of two parts: 

Part I: Potential positive and negative impacts of components, organisms and products resulting from 
synthetic biology techniques on the conservation and sustainable use of biodiversity, and associated social, 
economic and cultural considerations; and

Part II: Possible gaps and overlaps with the applicable provisions of the convention, its protocols and other 
relevant agreements related to components, organisms and products resulting from synthetic biology 
techniques.

acknowledgements
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8 synthetic biology

a. executive summary 

Synthetic biology falls within the scope of biotechnology, 
as defined by the Convention on Biological Diversity i.e. “... 
any technological application that uses biological systems, 
living organisms, or derivatives thereof, to make or modify 
products or processes for specific use.” Synthetic biology 
methodologies and techniques share various degrees 
of overlap with those of “modern biotechnology” and, 
in particular, the “application of in vitro nucleic acid 
techniques […] that overcome natural physiological 
reproductive or recombination barriers and that are 
not techniques used in traditional breeding and 
selection” as defined in the Cartagena Protocol 
on Biosafety.

While there is no internationally agreed definition of “synthetic 
biology”, key features of synthetic biology include the “de 
novo” synthesis of genetic material and an engineering-based 
approach to develop components, organisms and products. 
Synthetic biology builds on modern biotechnology 
methodologies and techniques such as high 
throughput DNA technologies and bioinformatics. 
There is general agreement that the processes 
of synthetic biology aim to exercise control in 
the design, characterization and construction of 
biological parts, devices and systems to create 
more predictable biological systems. The areas of 
research that are considered “synthetic biology” 
include DNA-based circuits, synthetic metabolic 
pathway engineering, synthetic genomics, protocell 
construction, and xenobiology:

 � DNA-based circuits involve the rational design of 
sequences of DNA to create biological circuits with 
predictable, discrete functions, which can then 
be combined in modular fashion in various cell 
hosts. Genetic circuits are seen to function in a 
manner analogous to electronic logic components, 
like switches and oscillators;

 � Synthetic metabolic pathway engineering aims to 
redesign or rebuild metabolic pathways, to 
synthesize a specific molecule from the “cell 
factory.” A synthetic pathway (typically based 
on naturally occurring DNA sequences that are 
computer ‘optimized’) is added to the cell, and 

then classic genetic engineering tools may be 
used to increase the desired output;

 � Synthetic genomics focuses on the genome as the 
“causal engine” of the cell. Top-down synthetic 
genomics starts with a whole genome, from which 
researchers gradually remove “non-essential” 
genes to pare down to the smallest possible 
genome size at which the cell can function as 
desired. The primary goal is to craft a simplified 
“chassis” to which modular DNA “parts” can 
be added. Bottom-up synthetic genomics aims 
to build functional genomes from pieces of 
synthesized DNA. At this point, natural genomes 
are needed as models because of the many 
DNA sequences that are necessary but have 
unknown functions;

 � Protocell construction aims to create the simplest 
possible components to sustain reproduction, 
self-maintenance, metabolism and evolution. Thus 
this research seeks to design for less complexity 
at the cellular level (rather than at the genome 
level as in the case of genome-level engineering);

 � Xenobiology (also known as chemical synthetic 
biology) is the study and development of life 
forms based on biochemistry not found in 
nature. Xenobiology aims to alter DNA and RNA 
to produce XNA (xeno-nucleic acids) and novel 
proteins. Xenobiology is often cited as a potential 
“built-in” biocontainment mechanism to prevent 
gene transfer to wild organisms.

Current and near-term commercial and industrial applications 
of synthetic biology aim at creating micro-organisms that 
synthesise products for fuels, pharmaceuticals, chemicals, 
flavorings and fragrances. The majority of these 
applications of synthetic biology engineer microbes, 
such as the frequently-used E. coli, baker’s yeast 
(Saccharomyces cerevisiae) and microalgae, to 
produce alternatives to naturally-occurring or 
petroleum-based molecules. One such example is 
the production of artemisinic acid in engineered yeast 
with the aim of manufacturing an alternative to the 
naturally occurring anti-malarial drug artemisinin, 

Source: Macroscopic Solutions, LLC
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which is derived from Artemisia plants. Another 
example is the production of fuels such as biodiesel 
and isobutanol using synthetic biology techniques. 
Synthetic biology techniques are also being explored 
and used for the production of pharmaceutical drugs 
(e.g. to lower blood sugar levels in adults with 
type 2 diabetes) and flavourings/fragrances (e.g. 
vanillin). Although many of the anticipated results 
of synthetic biology are highly speculative, synthetic 
biology, in combination with modern biotechnology 
techniques, is producing current and near-term 
commercial products and industrial processes.  The 
global synthetic biology market was estimated to 
be $1.1 billion in 2010, and predicted to be $10.8 
billion by 2016. This market includes products for 
practicing synthetic biology techniques, such as 
commercially-available stretches of synthesized DNA 
and the BioBrick™ Assembly Kit, as well as products 
produced using synthetic biology techniques.

Components, organisms and products of synthetic biology 
may have some positive impacts on the conservation and 
sustainable use of biodiversity. Many of the applications of 
synthetic biology aim at developing more efficient and 
effective ways to respond to challenges associated 
with bioenergy, environment, wildlife, agriculture, 
health and chemical production. Potentially, positive 
impacts may be realized in a number of ways, 
including, for example:

 � The development of micro-organisms designed 
for bioremediation and biosensors resulting in 
pollution control and remediation of environmental 
media;

 � Synthesizing products such as chemicals or drug 
precursors that are currently extracted from plant 
or animal sources, thereby reducing the pressure 
on wild species that are currently threatened due 
to over harvesting or hunting;

 � Developing organisms designed to generate 
biofuels which may lead to decreased dependence 
on non-renewable energy sources;

 � In building on the achievements of modern 
biotechnology in producing agricultural crops that 
are tolerant to abiotic stress and pests, synthetic 
biology techniques that are more bioinformatics 
and computer assisted may potentially have 
the capability to further refine expression and 
environmental persistence of the products in 
the organism;

 � Restoring genetic diversity through reintroducing 
extinct alleles, or even “de-extinction” of species.

Organisms and products of synthetic biology could also have 
some negative impacts on the conservation and sustainable 
use of biodiversity including, for example:

 � Microbes that are intended for release into 
the environment could have adverse effects 
due to their potential for survival, persistence 
and transfer of genetic material to other micro-
organisms; 

 � Potential undesired consequences could result 
from the use of “gene drive” systems to spread 
traits aimed at the suppression or extirpation of 
populations of disease vectors (e.g. mosquitoes). 
One such undesired consequence could be 
the introduction of new diseases through the 
replacement of the population of the original 
disease vector by another vector species (“niche 
substitution”);

 � Possible toxic and other negative effects on non-
target organisms such as soil micro-organisms, 
beneficial insects, other animals and plants;

 � Potential negative impacts to the conservation 
and sustainable use of biodiversity could 
arise from the transfer of genetic material to 
wild populations via vertical gene transfer and 
introgression.

Synthetic biology applications could also have indirect 
negative impacts on the conservation and sustainable use 
of biodiversity arising from a large-scale increase in the 
utilization of biomass. Much of the synthetic biology 
research is focused on designing organisms that 
will use biomass as feedstock to produce fuels, 
chemicals, and pharmaceuticals. Some applications, 
e.g. fuel production, would require high amounts of 
biomass, which could lead to a rapid decline in soil 
fertility and structure, and contribute to biodiversity 
loss and climate change through direct and indirect 
land-use change. 

The level of exposure of the environment to organisms 
and products of synthetic biology will determine the level 
of biosafety-related concerns. In order to mitigate 
some of the potential negative impacts on the 
conservation and sustainable use of biodiversity 
posed by organisms developed through synthetic 
biology, containment strategies can be used during 
their handling. Most of the current and near-term 
applications of synthetic biology involve living 
organisms that are intended for contained use in 
research laboratories and industrial settings. Limited 
biosafety concerns have been raised for organisms 

Source: Macroscopic Solutions, LLC
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being kept under strict containment conditions 
and focus on ensuring that appropriate measures 
are in place to prevent contact with the external 
environment through unintentional or unauthorized 
releases. Where applicable, organisms produced 
through synthetic biology may also be placed under 
contained use outside of laboratories and industrial 
facilities by using physical measures to limit their 
exposure to the environment. However, there is 
no consensus regarding the degree of physical 
containment that is needed for organisms developed 
through synthetic biology. Another emerging strategy 
is the use of synthetic biology techniques to develop 
organisms that have integrated biocontainment traits 
as in-built biosafety measures. This can include, for 
example, the use of trophic containment, introduction 
of suicide genes or xenobiology, i.e. the use of 
nucleic acids that contain components that are not 
found in nature and, therefore, should not hybridize 
with naturally occurring organisms. There is, however, 
debate on the efficacy of any biocontainment strategy 
and whether such systems will ever be fully functional 
or fail proof.

Applications where the organisms that have been produced 
using synthetic biology techniques and are intended for 
environmental release will likely raise different biosafety 
concerns than those of organisms intended for contained 
use.  Organisms produced through synthetic biology 
and introduced into the environment may have 
adverse effects on the conservation and sustainable 
use of biodiversity. This includes the potential for 
invasiveness of the organism which may lead to 
an adverse effect on native species through the 
destruction of habitat or a disruption of the trophic 
cascade. Genes from organisms developed through 
synthetic biology techniques could also transfer to 
unrelated species through horizontal or vertical gene 
transfer which may lead to a loss of genetic diversity 
and an unintended spread of phenotypic traits. Other 
unintentional adverse effects may occur and must be 
assessed on a case-by-case basis. Current provisions 
and procedures established under the Cartagena 
Protocol on Biosafety, at the international level, and 
in many existing national biosafety legislations, at 
the national level, can effectively cover these areas 
of biosafety concerns.

Existing biosafety risk assessment frameworks are likely 
to be sufficient to assess the risks of current and near-
term applications of synthetic biology on the conservation 
and sustainable use of biodiversity. As synthetic biology 
develops, this assessment may need to be revisited. 
Most existing biosafety regulations, including the 
Cartagena Protocol on Biosafety, rely on case-by-
case assessments of risks which take into account 
the environment which will be exposed to the 
organism, the characteristics of the organism and 
its intended uses. Current and near-term commercial 

applications of synthetic biology build on techniques 
of modern biotechnology to create organisms 
with novel combinations of genetic material. As 
such, the general risk assessment methodology 
for living modified organisms is expected to be 
applicable to organisms produced through synthetic 
biology, albeit specific consideration will likely be 
needed to identify any gaps that exist in the risk 
assessment methodologies that are currently in 
place for living modified organisms and propose 
guidance on how to fill such gaps. If and when future 
commercial applications of synthetic biology evolve 
to use techniques that do not rely on the in vitro 
manipulation of nucleic acids to cause inheritable 
changes in an organism, current risk assessment 
methodologies for living modified organisms may 
no longer be suitable. Some researchers reflect 
concern for the “unknown unknowns” of synthetic 
biology in their call for significantly increased funding 
for dedicated synthetic biology risk research. They 
argue that no one yet understands the risks that 
synthetic organisms pose to the environment, what 
kinds of information are needed to support rigorous 
assessments, or who should collect such data.

Synthetic biology could cause major economic shifts with 
positive and negative consequences. If research in 
synthetic biology develops as many anticipate – or 
if current commercial and industrial applications 
of synthetic biology expand in scale – synthetic 
biology could cause an economic paradigm shift 
towards economies in which biotechnology, or 
industries based on the use of biological resources, 
contribute a much more significant share. However, 
how developing countries would fare in such a global 
“bioeconomy” is not self-evident. As seen with other 
technologies, it is possible that synthetic biology 
applications would contribute to economic growth 
if adopted as niche technologies by developing 
economies. Moreover, synthetic biology could 
benefit the economies of developing countries 
through specific applications where the tropics and 
sub-tropics could be major sources of the biomass 
needed as feedstock for bio-based processes. It is 
also possible that a biotechnology-led bioeconomy 
would reinforce inequitable trends in international 
trade; that the scale of extraction and use of 
biomass to provide for a global bioeconomy could be 
ecologically unsustainable; and that natural products 
currently grown or harvested would be displaced by 
industrial production from micro-organisms resulting 
from synthetic biology techniques. The shape of new 
bioeconomies and their social, economic and cultural 
impacts will likely be influenced by government 
policies and regulations.

From a health and social perspective, synthetic biology may 
bring benefits but also unintended effects. In relation to 
human health, further developments in synthetic 
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biology could lead to positive impacts by helping to 
understand disease mechanisms and through the 
discovery of new drugs, development of vaccines, 
gene therapies and diagnostic tools. As is historically 
the case in human health research, unintentional 
negative effects from drugs and therapies resulting 
from synthetic biology techniques may trigger 
unanticipated adverse effects on human health. 
Synthetic biology techniques may provide tools to 
better detect and identify pathogenic agents and 
responding to biosecurity threats. On the other 
hand, the components, organisms or products of 
synthetic biology used in research may also be used 
for damaging results, such as creating biological 
weapons or pathogens that target natural resources. 
In addition to the potential negative environmental 
impacts mentioned in paragraphs 5 and 6 above, 
there is also concern around the social impacts 
of increased biomass use for the production of 
fuels, chemicals and pharmaceuticals by organisms 
engineered through synthetic biology. For example, 
an increase in the demand for biomass could 
cause communities to lose access to local natural 
resources and small-scale subsistence farming to be 
replaced by large-scale commercial farming practices.

Like other modern biotechnologies, synthetic biology 
raises ethical questions around the level of predictability 
of its positive and negative impacts, and how to weigh 
anticipated impacts and the possibility of unexpected 
impacts. Ethicists debate whether the threshold 
between the modification of existing organisms 

and the creation of de novo organisms has been 
crossed, and what the ethical implications of this 
might be. There are also concerns surrounding the 
effect of synthetic biology on the public perception 
of biodiversity and conservation. For example, one 
of the specific applications of synthetic biology are 
“de-extinction” projects which raise ethical issues, 
such as how best to weigh and balance a project’s 
potential harms and benefits, how limited resources 
for conservation should be directed, and whether 
support for in situ conservation might be seen as 
less pressing due to the expectation that ‘lost’ 
species can be resurrected.

Intellectual property right regimes are still developing around 
synthetic biology, and could impact the development of 
the field and specific applications. Two main models 
of intellectual property for synthetic biology 
techniques, components, organisms and products 
seem to be forming: a system with heavy reliance 
on patenting the components, organisms and 
products of synthetic biology, and a system based 
on a combination of patenting the end organisms and 
products of synthetic biology while sharing the use 
of the components (e.g. DNA sequences, methods, 
software) used in the development of such organisms 
and products. Depending on the intellectual property 
rights regime that is mostly applied, innovation in 
synthetic biology may be encouraged, stifled, or 
directed towards certain kinds of applications or 
users.

Source: Michael McCullough
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b. preamble 

Synthetic biology falls within the scope of 
biotechnology, as defined by the Convention on 
Biological Diversity i.e. “... any technological 
application that uses biological systems, living 
organisms, or derivatives thereof, to make or 
modify products or processes for specific use.” 
Synthetic biology methodologies and techniques 
share various degrees of overlap with those of 
“modern biotechnology” and, in particular, the 
“application of in vitro nucleic acid techniques […] 
that overcome natural physiological reproductive or 
recombination barriers and that are not techniques 
used in traditional breeding and selection” as defined 
in the Cartagena Protocol on Biosafety.

During the peer-review process of this document, 
many reviewers noted that current and near-term1  
commercial applications of synthetic biology build 

on techniques of modern biotechnology to create 
organisms with novel combinations of genetic 
material. As a result, many of the examples of 
organisms developed through synthetic biology 
which are given throughout the document are also 
“living modified organisms” (LMOs) as defined in 
the Cartagena Protocol on Biosafety as “…any living 
organism that possesses a novel combination of 
genetic material obtained through the use of modern 
biotechnology”.

The term “classic genetic engineering” is used in this 
document, where necessary, to distinguish organisms 
resulting uniquely from modern biotechnology 
techniques from those organisms resulting from 
synthetic biology techniques combined with modern 
biotechnology.

1 For the purposes of this document, “near-term” applications are those 
expected to be fully developed during the next 5 to 10 years.

Source: EMSL

Source: PNNL
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c. technical background on synthetic 
biology 

1. IntRodUctIon

While there is no internationally agreed definition 
of “synthetic biology”, key features of synthetic 
biology include the “de novo” synthesis of genetic 
material and an engineering-based approach to 
develop components, organisms and products. 
Synthetic biology builds on modern biotechnology 
methodologies and techniques such as high 
throughput DNA technologies and bioinformatics.

One of the most commonly cited definitions of 
synthetic biology is: (i) the design and construction 
of new biological parts, devices, and systems, and (ii) 
the re-design of existing, natural biological systems 
for useful purposes.2 Furthermore, following a 
request by the European Commission, a consultative 
process among three Scientific Committees arrived 
at an operational definition whereby synthetic 
biology “is the application of science, technology 
and engineering to facilitate and accelerate the 
design, manufacture and/or modification of genetic 
materials in living organisms to alter living or non-
living materials” (European Commission 2014).

Synthetic biology represents a shift in the driving 
forces of biology, from discovery and observation 
to hypothesis and synthesis (Benner and Sismour 
2005; Kitney and Freemont 2012; Lim et al. 2012; 
Sole et al. 2007). Synthetic biology tools provide 
opportunities for the “empirical validation of model-
driven hypotheses” (Esvelt and Wang 2013). Weber 
and Fussenegger (2012) refer to it as “analysis by 
synthesis”. While research in synthetic biology may 
lead to findings on the “origin of life” and a greater 
understanding of the essential functions of genomes, 

the majority of research is focused on commercial 
and industrial applications (EGE 2009; Lam et al. 
2009; O’Malley et al. 2007; IRGC 2010). 

The term “synthetic” has been used by geneticists 
and biologists decades before the term “synthetic 
biology” was coined, e.g. “synthetic lethality” 
(Lucchesi 1967) and “synthetic phenotype” (Guarente 
1993). In fact, the synthesis of DNA molecules dates 
over 30 years ago (Gait 1984). The current use 
of the term “synthetic biology” arose in the early 
2000s to distinguish this emerging area of science 
from classic genetic engineering (O’Malley et al. 
2007; Campos 2009). In 2004, the Massachusetts 
Institute of Technology (MIT, USA) hosted “the First 
International Meeting on Synthetic Biology,” SB1.0.3 
In 2007 the number of annual academic publications 
on synthetic biology first exceeded 100 (Oldham 
et al. 2012). The global synthetic biology market 
reached nearly $2.1 billion in 2012 and $2.7 billion 
in 2013. This market is expected to grow to $11.8 
billion in 2018 with a compound annual growth rate 
of 34.4% over the five-year period from 2013 to 
2018.4  Forty countries are in the “core landscape 
of research” on synthetic biology; most research 
happens in the USA and European countries, but 
other sites of major research include China, Brazil, 
India, Mexico, Argentina, South Africa and Singapore 
(Oldham et al. 2012). Oldham et al. (2012) found 
530 funding sources for published synthetic 
biology research, the majority from government 
agencies and national coalitions such as the US 
National Science Foundation, the European Union 

2 This definition is found at www.syntheticbiology.org, hosted on 
OpenWetWare. The site was started by individuals at MIT and Harvard 
and can be edited by “all members of the Synthetic Biology community.” 
Accessed on 6 May 2013.

3 In July 2013, SB6.0, the “Sixth International Meeting on Synthetic 
Biology” was held in London, UK. 

4 See Synthetic Biology: Global Markets, at http://www.bccresearch.
com/market-research/biotechnology/synthetic-biology-bio066c.html, 
accessed on 17 September 2014.

Source: PNNL

Source: PNNL
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Framework programme, and the Human Frontier 
Science Foundation.5 A 2013 mapping of synthetic 
biology research and commercial production by the 
Woodrow Wilson International Center for Scholars 
(WWICS 2013a) found a total of 508 unique entities 
conducting synthetic biology research, which includes 
192 companies and 204 universities. The top five 
application focuses of designers/manufacturers 
conducting synthetic biology research were medicine; 
specialty/fine chemicals; fuels and fuel additives; 
plastics, polymers and rubbers; and plant feedstocks 
for microbe consumption (WWICS 2013a). 

Disagreement over a definition for synthetic biology 
is tied to differing views on the novelty of the field 
of synthetic biology and its relationship with classic 
genetic engineering (Nielsen & Keasling 2011; 
PCSBI 2010; Zhang et al. 2011). Synthetic biology 
applications use many techniques that are primarily 
extensions of classic genetic engineering aided by 
greater computing power. As such, there are two 
ways in which synthetic biology is often distinguished 
from classic genetic engineering: (i) in terms of 
the methods that are adopted, and (ii) in terms 
of the sophistication and complexity of the work 
(Tait 2009). Even within scientific communities, 
there are differences of opinion on whether 
synthetic biology is revolutionary or an incremental 

advancement of biotechnology (PCSBI 2010; Zhang 
et al. 2011). This range of viewpoints leads to 
different perspectives, both on the status of current 
synthetic biology applications and on expectations 
for the future of synthetic biology. The majority of 
current and near-term commercial and industrial 
applications of synthetic biology use synthetic 
DNA-circuits and metabolic pathway engineering. 
These two approaches are rooted in techniques 
of classic genetic engineering and, depending 
on one’s perspective, may not be considered 
synthetic biology. Thus, synthetic biology deals 
almost entirely with theoretical applications and is 
currently mostly restricted to research laboratories.6 
From a broader view, commercial, industrial, and 
research applications of synthetic biology are already 
happening and are rapidly proliferating (Industrial 
Biotechnology 2014). Expectations for the future 
of synthetic biology also differ. If synthetic biology 
lives up to its perceived potential, predictable 
and rational design of biological components and 
systems could usher in a new paradigm for biology. 
But it is unclear if or when this will happen. Many 
of the future synthetic biology applications aim at 
positively impacting biodiversity and would require 
environmental release, thus posing different biosafety 
concerns as compared to the current uses under 
containment (Anderson et al. 2012). 

5 The Human Frontier Science Program 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 (Oldham et al. 2012, 10).

6 As reported by CBD Parties in their submissions on new and emerging 
issues that synthetic biology is at the phase of concept testing in 
laboratories.

Source: Steve Jurvetson Source: PNNL
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box 1.                             definition of synthetic biology

Richard Kitney 
and Paul Freemont 
(synthetic biologists)

There is, in some quarters, still doubt about the definition of synthetic biology. This is not 
a view held by the international synthetic biology community….The accepted definition is 
‘‘synthetic biology aims to design and engineer biologically based parts, novel devices and 
systems – as well as redesigning existing, natural biological systems.’’ (Kitney and Freemont 
2012)

US Presidential 
Commission for the 
Study of Bioethical 
Issues

Synthetic biology is the name given to an emerging field of research that combines elements 
of biology, engineering, genetics, chemistry, and computer science. The diverse but related 
endeavors that fall under its umbrella rely on chemically synthesized DNA, along with 
standardized and automatable processes, to create new biochemical systems or organisms with 
novel or enhanced characteristics. (PCSBI 2010)

International Civil 
Society Working 
Group on Synthetic 
Biology

Synthetic biology broadly refers to the use of computer-assisted, biological engineering to design 
and construct new synthetic biological parts, devices and systems that do not exist in nature 
and the redesign of existing biological organisms, particularly from modular parts. Synthetic 
biology attempts to bring a predictive engineering approach to genetic engineering using genetic 
‘parts’ that are thought to be well characterized and whose behavior can be rationally predicted. 
(ICSWGSB 2011)

Carolyn M.C. Lam, 
Miguel Godinho, and 
Vítor A.P. Martins dos 
Santos (synthetic 
biologists

Synthetic biology is a field that aims to create artificial cellular or non-cellular biological 
components with functions that cannot be found in the natural environment as well as systems 
made of well-defined parts that resemble living cells and known biological properties via a 
different architecture. (Lam et al. 2009)

Scientific Committees 
to the European 
Commission

SynBio is the application of science, technology and engineering to facilitate and accelerate the 
design, manufacture and/or modification of genetic materials in living organisms to alter living or 
non-living materials (European Commission 2014).*

UK Royal Academy of 
Engineering

Synthetic biology aims to design and engineer biologically based parts, novel devices and 
systems as well as redesigning existing, natural biological systems (RAE 2009).

Thomas Murray 
(bioethicist)

“Synthetic biology embodies: a faith that biological systems can be brought to heel, and 
made predictable and controllable; a stance toward the intricacy of biological organisms 
aptly described by Tom Knight as an “alternative to understanding complexity is to get rid 
of it”; a confidence that biological entities can be hacked apart and reassembled to satisfy 
human curiosity and to serve important, legitimate human purposes; a hope that error 
and malevolence can be deterred, contained or out manoeuvred through the vigilance of 
governments and, especially, the collective efforts of well-intentioned scientists, engineers 
and garage biologists” (Various 2009).

* The first preliminary opinion on “Synthetic Biology – Definition” comprises a survey of more than 30 definitions 
(European Commission 2014).

Source: Macroscopic Solutions, LLC
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2. sUPPoRtIng tecHnologIes

Synthetic biology relies on a suite of supporting 
technologies, which are also used in classic genetic 
engineering, that have become dramatically faster 
and less expensive since the 1990s (RAE 2009; 
Garfinkel and Friedman 2010). Computational 
modeling and the connected fields of bio-informatics 
and information sciences have catalyzed synthetic 
biology research by making simulation possible and 
in silico testing of biological systems (Schmidt 2009; 
Esvelt and Wang 2013). The ability to sequence 
DNA – to determine the order of nucleotides within 
a molecule of DNA – is key to all areas of synthetic 
biology research. Scientists have been able to 
sequence and analyze DNA since the 1970s, but 
high-throughput next generation sequencing methods 
and computer programmes make it possible to read 
longer lengths of DNA at much faster speeds for 
less money, often by aligning short sequences of 
overlapping stretches of DNA through computer 
analysis. Using metagenomic tools, scientists are 
able to sequence many microbial organisms in 
an environment at once and thus identify novel, 
potentially useful, systems (RAE 2009). The term 
“omics” is sometimes used to group the profiling 
techniques that analyze biological systems at 
the genomic, transcriptomic, proteomic and 
metaboliclevels (Joyce and Palsson 2006).

The ability to chemically synthesize DNA also 
dates to the early 1970s (Garfinkel et al. 2007). 
The introduction of automated DNA synthesis 
machines has saved time and effort on the part of 
researchers using synthesized DNA for experiments 
(Garfinkel and Friedman 2010; Schmidt 2009). 
Oligonucleotides, short strands of DNA between 25 
to 100 nucleotides in length, can still be produced 
in individual laboratories, but it is becoming far more 
common for laboratories to simply order them from 
commercial companies (Garfinkel et al. 2007). Using 
proprietary techniques, machines can also create 
DNA strands up to the size of a gene, hundreds or 
thousands of base pairs in length. Techniques for 
DNA assembly have also advanced, with laboratories 
having developed various in vivo assembly systems 
by which genome-length DNA strands can be 
assembled at once within a cell (Baker 2011). For 
example, the “Gibson assembly” isothermal method 
uses a reagent-enzyme mix to assemble multiple 
fragments of DNA in a single reaction (Gibson et 
al. 2009). DNA synthesis technologies are not yet 
“mature enough for the convenient and economical 
engineering of large genomes” (Ma et al. 2012). 
Nonetheless, it is widely anticipated that tools for 
DNA synthesis will continue to dramatically drop in 

price and expand the size and reliability of production 
(POST 2008; Carlson 2009; Schmidt 2010). J. Craig 
Venter has described the movement of biological 
information into and out of computers as “biological 
teleportation”: sequencing on-site genomes, placing 
and retrieving sequence information on the internet, 
and converting them back into DNA sequences 
(Industrial Biotechnology 2014).

Directed evolution is a supporting biotechnology 
method often employed for synthetic biology (Cobb 
et al. 2012; Erickson et al. 2011). Researchers 
create a range of variations in a biological entity 
and apply selective pressure to them with the goal 
of identifying those with desired properties. This 
can be done physically in the laboratory or on a 
computer (in silico), using bioinformatic tools to 
predict the fitness of sequences (Cobb et al. 2012). 
Various tools can be used to create the variations. 
For example, through gene knockout, single or 
multiple genes are either disabled or removed from a 
genome (Burgard et al. 2003). Another technique is 
gene shuffling, in which DNA is randomly fragmented 
and reassembled, and the results are tested for 
such properties as increased enzyme activity and 
improved functions of specific proteins (Skerker et 
al. 2009). Furthermore, genome shuffling can be 
used to rapidly evolve the genomes of microbes. For 
example, Harvard’s Wyss Institute has developed 
a technology called multiplex automated genome 
engineering (MAGE).7 They used MAGE to optimize a 
pathway in Escherichia coli, simultaneously modifying 
24 genetic components, producing over 4.3 billion 
combinatorial genomic variants per day, which were 
then screened for desirable traits (Wang et al. 2009). 
Such techniques can be applied to microbes already 
transformed with or built from synthetic DNA, as 
a way to further fine tune for specific results, and 
can also be used for de novo protein synthesis 
(Reetz and Carballeira 2007; Hidalgo et al. 2008; 
Dougherty and Arnold 2009).

Synthetic biology also employs techniques for 
genome editing using sequence-specific nucleases, 
such as zinc finger nucleases (ZFN), transcription 
activator-like effector nucleases (TALEN), and 
clustered regularly interspaced short palindromic 
repeats (CRISPR) which can be engineered to bind to 
DNA sequences in specific manners (Carroll 2013; 
Lienert 2014). TALENs were used, for example, to 
create a mutation in rice aiming at increasing its 

7 See http://wyss.harvard.edu/viewpage/330/, accessed on 23 March 
2013.



17Part I   PotentIal ImPacts of synthetIc bIology on bIologIcal dIversIty  

resistance to the bacterial pathogen Xanthomonas 
oryzae, which causes a blight disease responsible 
for significant losses in rice productivity (Li et al. 
2012). Other synthetic biology approaches rely 
on techniques for epigenetic modifications, such 
as RNA-directed DNA Methylation (RDDM), which 

was first described by Wassenegger et al. (1994). 
Epigenetic modifications are caused by chemical 
additions to DNA and histones that are associated 
with changes in gene expression and are heritable 
but do not alter the primary DNA sequence (Law 
and Jacobsen 2010).

3. aReas oF sYntHetIc BIologY ReseaRcH

There is general agreement that the processes 
of synthetic biology aim to exercise control in 
the design, characterization and construction of 
biological parts, devices and systems to create 
more predictable biological systems (Nuffield 
2012; ICSWGSB 2011; Kitney and Freemont 2012; 
PCSBI 2010; ECNH 2010). Sometimes described 
as a “converging technology,” synthetic biology 
brings together and builds upon multiple fields, 
including engineering, molecular biology, information 
technology, nanobiotechnology, and systems biology 

(also known as systeomics) (EGE 2009; PCSBI 
2010; RAE 2009). Synthetic biology uses available 
technologies for genetic modification, but in particular 
aims at the acceleration and facilitation of the 
process; this includes increasing its predictability 
(European Community 2014).

The areas of research that are considered “synthetic 
biology”8 include DNA-based circuits, synthetic 
metabolic pathway engineering, synthetic genomics, 
protocell construction, and xenobiology.

3.1  DNA-based circuits

The goal of this area of synthetic biology research is 
the rational design of sequences of DNA to create 
biological circuits with predictable, discrete functions, 
which can then be combined in modular fashion in 
various cell hosts. Genetic circuits are seen to function 
as electronic logic components, like switches and 
oscillators (Lam et al 2009; Heinemann and Panke 
2006). The idea of interchangeable, discrete parts that 
can be combined in modular fashion is “one of the 
underlying promises of the whole approach of synthetic 
biology” (Garfinkel and Friedman 2010). Initial circuits 
were conceptually simple, such as the “Toggle Switch” 
(Gardner et al. 2000) and the “repressilator” (Elowitz 
& Liebler 2000); these have been combined and 
built upon to create more sophisticated “devices”, 
such as biosensors (Marchisio & Rudolf 2011). The 
cells used in this research are often prokaryotic, but 
research is also occurring in eukaryotic cells such 
as yeasts and mammalian cells (Lienert et al. 2014; 
Marchisio & Rudolf 2011; Wieland & Fussenegger 
2012). DNA-based circuits and synthetic metabolic 
pathway engineering (see section 3.2) are sometimes 
considered together because DNA-based circuits are 
often deployed in engineering metabolic pathway 
changes (Pauwels et al. 2012). 

This is the area of synthetic biology that most directly 
aims to “make biology into an engineering discipline” 
(O’Malley et al. 2007). Bioengineer Drew Endy’s 
foundational 2005 paper in Nature, applied three 
ideas from engineering to biology: standardization 
of basic biological parts and conditions to support 
their use; the decoupling of design from fabrication; 
and using hierarchies of abstraction so that one 
could work at a specific level of complexity without 

regard to other levels. One of the earliest and highest 
profile standardization systems for the design of 
DNA “parts” was established by scientists and 
engineers at MIT in 2003. BioBricks™, sequences 
of DNA encoding a biological function, are intended 
to be modular parts that can be mixed and matched 
by researchers designing their own devices and 
systems. A major platform for demonstrated uses 
of BioBricks™ has been the annual International 
Genetically Engineered Machine competition (iGEM).9 
The iGEM Foundation (which runs the competition) 
also hosts an open website, the Registry of 
Standard Biological Parts,10 where researchers 
share the DNA sequences for parts designed 
following BioBrick™ standards.  Since 2004, 
iGEM has provided a platform for undergraduate 
students to build biological systems using existing 
BioBricks™ and designing original parts.11 It has 
grown rapidly, launching a high school division in 
2011 and an Entrepreneurial Division in 2012. The 
2012 iGEM competition had 190 teams, with over 

8 Other areas of research sometimes included within synthetic biology 
include engineered synthetic multicellularity and the design of microbia 
consortia that communicate across species and coordinate towards 
human-specified ends (Lam et al. 2009; Maharbiz 2012). These areas 
are not discussed in this document because they are not frequently 
included when synthetic biology is discussed, and commentators have 
not addressed them in terms of their implications for ethics, biosafety, 
biosecurity, or other aspects.

9 See http://igem.org/About, accessed 22 Feb. 2013.

10 See http://parts.igem.org/Main_Page, accessed 15 August 2014.

11 As discussed in section 7.3 on social aspects of containment, the 
iGEM competition also requires that participants reflect upon potential 
impacts of their projects.
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3000 participants from 34 countries. Thanks to the 
Registry of Standard Biological Parts and iGEM, and 
perhaps also its appealing and accessible analogy 
with Lego® pieces, this is one of the most publicly 
prominent areas of synthetic biology research, 
experimentation and development (O’Malley et al. 
2007; Collins 2012; ECNH 2010; PCSBI 2010). 
Although the Registry of Standard Biological Parts is 
a non-profit organization, there are also commercial 
entities using proprietary systems to produce 
libraries of modular parts. For example, Intrexon, 
a privately held biotechnology company, advertises 
its UltraVector® platform as “an operating system 
comprising advanced DNA construction technologies, 
cellular and protein engineering, computational 
models and statistical methods which facilitate the 
rapid design, testing and production of complex 
biological systems”.12 

The current reality of DNA circuit construction is far 
from the simplified modularity of engineering; but 
modularity continues to be promised on the horizon. 
In 2006, Heinemann & Panke (2006) noted that the 

design process for genetic networks was still an 
iterative process, containing “considerable elements 
of trial and error”. In 2012, this was still the case, 
as Schmidt and de Lorenzo (2012) explained that 
the ability to forward-engineer devices with more 
than 20 genes or parts was limited by a lack of 
understanding of genes, still requiring reliance on 
trial and error. Additionally, the Registry of Standard 
Biological Parts includes thousands of parts, but 
many are undefined, incompletely characterized, and/
or do not work as described (Kwok 2010; Baker 
2011).13 In 2009, the International Open Facility 
Advancing Biotechnology (BIOFAB) was formed, 
initially with a grant from the US National Science 
Foundation, to address these problems. BIOFAB has 
been working to create a library of professionally 
developed and characterized parts in the public 
domain (Baker 2011; Mutalik et al. 2013a, b).14 In 
2013, BIOFAB announced that its researchers had 
established mathematical models to predict and 
characterize “thousands of high quality standard 
biological parts”.15 

3.2. Synthetic metabolic pathway engineering

This is an area of research that aims to redesign or 
rebuild metabolic pathways in order to synthesize 
a specific molecule from a “cell factory” (Lam et 
al. 2009; Nielsen and Keasling 2011). There is 
disagreement over whether metabolic pathway 
engineering may indeed be considered an approach 
of synthetic biology or as classic genetic engineering, 
which was rebranded as synthetic biology to take 
advantage of the hype over synthetic biology (Porcar 
and Pereto 2012; Various 2009). In support of the 
former, Nielsen and Keasling (2011) explain that 
while in metabolic engineering done through classic 
genetic engineering, an organism that naturally 
produces the desired chemical is improved through 
strain breeding or genetic modification to increase 
production, synthetic biology enables scientists to 
start with a “platform cell factory” that would not 
naturally produce any of the chemical. A synthetic 
pathway (rationally designed or based on a natural 
sequence but computer optimized) is added to the 
cell, and then classic genetic engineering tools may 
be used to increase the desired output (Nielsen 
and Keasling 2011; Venter 2010). Some also claim 
that the aim of synthetic biology to systematically 
engineer metabolic interactions sets it apart from 
metabolic engineering done through classic genetic 
engineering (Arkin and Fletcher 2006; Lam et al. 
2009), and that synthetic biology tools make it 

possible to build non-natural pathways that would be 
difficult to produce with classic genetic engineering 
techniques (Pauwels et al. 2013). Regardless of 
whether metabolic pathway engineering is considered 
a tool of synthetic biology or not, it, nevertheless, 
relies on in vitro nucleic acid techniques, and as 
such organisms created through its use clearly fall 
under the definition of LMOs as per the Cartagena 
Protocol on Biosafety.

Many of the first-wave synthetic biology commercial 
applications use metabolic pathway engineering to 
replicate naturally occurring molecules (Wellhausen 
and Mukunda 2009). The majority of the existing 
and near-term synthetic biology projects listed in 
section 4 below falls in this category. Although initial 
expectations were that synthetic biology metabolic 
engineering would efficiently produce cheap 
biofuels, companies have found it easier to enter 
the commercial markets of higher-value and lower-

12 Intrexon Corp. (http://dna.com/OurApproach/UltraVector).

13 iGEM claims to have changed its evaluation criteria to encourage 
teams to submit well-characterized and -measured parts. These 
changes were made in 2011 and are consequently not reflected in 
the papers referenced. The 2013 iGEM contest website noted significant 
improvement in the quality of part documentation in the last few 
years, as well as the continued presence of parts that needed to 
be discontinued (http://2013.igem.org/Welcome, accessed on 16 
Jan. 2014).

14 See http://www.biofab.org, accessed on 25 March 2013.

15 See http://biofab.synberc.org/content/bootstrapping-biotechnology-
engineers-cooperate-realize-precision-grammar-programming-cells, 
accessed on 19 August 2014.
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volume products, such as cosmetics, pharmaceutical, 
and specialty chemicals (Hayden 2014; Keasling 
2012; WWICS 2012). A major focus of research is 
on engineering microbes, such as the frequently-
used E. coli and Saccharomyces cerevisiae (baker’s 
yeast), to produce substances such as fuels (such 
as Amyris’ Biofene), medicines (such as Sanofi’s 

semi-synthetic artemisinin), and flavoring/fragrances 
(such as Evolva’s vanillin). Other microorganisms that 
are a focus of metabolic pathway engineering are 
microalgae, including the prokaryotic cyanobacteria 
and eukaryotic algae such as Chlamydomonas and 
Nannochloropsis.

3.3. Genome-level engineering

This area of synthetic biology research focuses 
on the genome as the “causal engine” of the cell 
(O’Malley et al. 2007).16 Rather than designing short 
DNA sequences or engineering specific metabolic 
pathways, researchers work at the whole-genome 
level. There are two strategies for genome-level 
engineering: top down and bottom up.

Top-down genome-engineering starts with a whole 
genome, from which researchers gradually remove 
non-essential genes to pare it down to the smallest 
possible genome size at which the cell can continue 
to function as desired. The primary goal is to craft a 
simplified “chassis” to which modular DNA “parts” 
can be added (O’Malley et al. 2007; Lam et al. 
2009). The smaller genome is meant to reduce 
cellular complexity and thus the potential for 
unexpected interactions (RAE 2009; Sole et al. 2007; 
Heinemann and Panke 2006). Although the genomes 
of E. coli and Mycoplasma genitalium have been 
successfully reduced by 8 to 21%, many essential 
genes with unknown functions remain (Lam et al. 
2009). Porcar and Pereto argue that we are “still 
far” from a true chassis (2012).

Bottom-up genome-engineering aims to build 
functional genomes from fragments of synthesized 
DNA; it is also referred to as “synthetic genomics” 
(EGE 2009; Garfinkel et al. 2007; König et al. 2013). 
Thus far, researchers have reproduced the viral 

genomes of polio (Cello et al. 2002) and the 1918 
Spanish influenza (Basler et al. 2001; Tumpey et al. 
2005). In 2010, the J. Craig Venter Institute (JCVI) 
published the successful synthesis and assembly of 
the genome of Mycoplasma mycoides (1.08 million 
base pair long), and its transplantation into a M. 
capricolum cell stripped of its genome (Gibson et 
al. 2010). In their article in Science, the authors 
described their work as being in sharp contrast to 
more classic genetic engineering, because they had 
produced cells based on computer-designed genome 
sequences (Ibid.). Furthermore, the first synthetic 
chromosome of Saccharomyces cerevisiae has been 
synthesized recently (Annaluru et al. 2014). Others 
have pointed out that the synthetic genome was 
almost entirely copied from an existing genome; 
de novo organisms are not being designed (Porcar 
and Pereto 2012). Natural genomes are needed 
as models because many DNA sequences are 
necessary but have unknown functions. As Gibson 
et al. (2010) acknowledge, there is still no single 
cellular system in which the biological roles of all of 
the genes are understood. Still, the authors argue 
that their success paves the way for synthesizing 
and transplanting more novel genomes (Gibson et 
al. 2010). And, by assembling the longest genome 
yet from synthetic DNA, the JCVI researchers’ in vivo 
assembly demonstrated a way to bypass the length-
limits of DNA synthesis machines (Ma et al. 2012).

3.4. Protocell construction

Like the search for a minimal genome, researchers 
seeking to create a protocell are driven to design for 
less complexity at the cellular rather than genome 
level. Protocells have been described as “models 
of artificial cells that have some properties of living 
systems but are not yet fully alive” (Armstrong et al. 
2012). Protocell research aims to create the simplest 
possible components to sustain reproduction, 
self-maintenance and evolution (Lam et al. 2009; 
Sole et al. 2007). This is understood to require 
three things: a container or membrane to confine 
reactions; a metabolism so that energy can be 

stored; and molecules to carry information in order 
to adapt to changing environments (EASAC 2010; 
Sole et al. 2007). Research is aiming to achieve 
compartmentalization through approaches such as 
lipid-based vesicles, inorganic nanoparticle based 
membrane vesicles, and membrane-free peptide/
nucleotide droplet formation (see Pauwels et al. 
2013). Cell-free approaches attempt to eliminate 
cells altogether to provide a more controllable 
biochemical context for synthetic biology devices 
(RAE 2009; Pauwels et al. 2013). 

16 This section and the next on protocells are sometimes categorized 
together, and sometimes top-down and bottom-up genomic engineering 
are separated, but all are commonly included within the scope of 
synthetic biology.
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Research in this area is vibrant, but thus far 
restricted to a basic level. Although many protocell 
scientists are seeking to identify new biotechnology 
production systems, much protocell research is 
intended to explore the origin of life (Budin and 
Szostak 2010; Lim et al. 2012; Schmidt 2010). 

Potential protocell applications include the 
development of smart “paints” that fix carbon dioxide 
into inorganic carbonate, chemical agents that 
convert environmental waste toxins into harmless 
chemicals, and alternative methods of producing 
biofuels (Armstrong et al. 2012). 

3.5. Xenobiology

Xenobiology (also known as chemical synthetic 
biology) is the study of unusual life forms, based 
on biochemistry that is not found in nature (Pauwels 
et al. 2012; Schmidt 2010).17 Xenobiology aims to 
alter the “biochemical building blocks of life,” such 
as by modifying genetic information to produce xeno-
nucleic acids (XNA) or by producing novel proteins 
(Joyce 2012; Schmidt 2009). One approach to 
producing XNA is to modify the nucleotide bases of 
DNA beyond A, G, C, and T, incorporating alternative 
synthetic nucleotides into DNA (Joyce 2012; Pinheiro 
and Holliger 2012; Pinheiro et al. 2012; Sutherland 
et al. 2013). Candidate bases are being tested for 
inclusion into DNA with success; Pinheiro et al. 
(2012) engineered six alternative genetic polymers 
capable of base pairing with DNA and polymerases 
that could synthesize XNA from a DNA template 
and reverse transcribe XNA back into DNA. This is 
not yet a “synthetic genetic system” because DNA 
is still necessary at multiple points in the process 
(Joyce 2012), but it shows that synthetic polymers 
are capable of heredity and Darwinian evolution, 
meaning “DNA & RNA are not functionally unique as 
genetic materials” (Pinheiro et al. 2012). Another 
approach to XNA is to replace the “backbone” that 
the bases connect to or the sugar moiety. Thus, 
instead of deoxyribonucleic acid (DNA), information 
is stored via peptide nucleic acids (PNA), glycerol 
nucleic acids (GNA), and flexible nucleic acids (FNA) 
(Pinheiro and Holliger 2012). A third approach is 
to modify the nucleotides’ pyrophosphate leaving 
group (Jang et al. 2013). Another area of research is 
the production of novel proteins that are stable but 
not found in nature (“never-born-proteins”) (Schmidt 
2009). There are 20 common amino acids, but 
researchers have identified in the laboratory over 
50 unnatural amino acids that can be incorporated 
into a peptide (Hartman et al. 2007). Recently, a 
bacterium was produced where one base pair of the 
original DNA was altered to XNA resulting is the first 
organism to stably propagate an expanded genetic 
code (Malyshev et al. 2014).

Xenobiology is often cited as a potential built-in 
biological containment mechanism (see section 7.2) 
to prevent gene transfer to and from wild organisms 
(Esvelt and Wang 2013; PCSBI 2010; RAE 2009; 

Schmidt 2009; Schmidt 2011; Skerker et al. 
2009). The physical transfer of genetic material 
might still occur, but in theory natural polymerases 
would be unable to accurately read the XNA, and 
would thus not lead to the production of a protein 
(Schmidt 2009). This goal is often described as 
producing “orthogonal” systems, where modifying 
one component does not result in side effects to 
other components in the system (Moe-Behrens 
et al. 2013; Schmidt 2010). Orthogonality is 
a foundational property of engineering, and 
synthetic biologists are attempting to achieve its 
expression within living systems. Scientists aim 
at using synthetic biology to achieve two types 
of orthogonality: first, parts and devices inserted 
into a cellular chassis may be orthogonal to the 
chassis’ own genome and proteome, which in 
theory should prevent unpredictable interactions 
and enhance the predictability of designs; second, 
organisms resulting from synthetic biology may 
be orthogonal to the biotic environment in which 
they are released, which should help prevent 
horizontal gene transfer as described earlier. This 
claim, however, is untested as xenobiology is in an 
early stage of development (Pauwels et al. 2012). 
Furthermore, orthogonality is a property of systems, 
but there is quite a diverse understanding within 
synthetic biology of what a system is, and therefore 
to what extent orthogonality can be attributed 
to it (Delgado and Porcar 2013). A key issue is 
whether one chooses to understand the system as a 
composition of parts, or whether one puts the focus 
on the relational nature of living systems and their 
emergent properties.  Orthogonality has often been 
presented as a relative property of natural systems 
(de Lorenzo 2010a, 2011), and therefore one that 
can be enhanced by using design approaches 
in synthetic biology. A question is whether living 
systems are naturally orthogonal at all, or whether 
they could be engineered as if they were (Calvert 
2010). Many scholars in related disciplines such 
as systems biology would be skeptical about the 
idea that synthetic biology can produce systems 
to work in orthogonal ways or that orthogonality 
could be engineered as an inherent property of the 
systems (Noble 2006). This is especially so in sub-
fields such as ecology and developmental biology, 

17 Joyce (2012) also describes this as “alternative biology.”
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in which the relational nature of living systems 
is emphasized and natural complexity is seen as 
an emerging property of the system, rather than 
something to be deleted or simplified. In short, that 
emergence, and unpredictable change and behaviour 
are what ultimately characterize life itself. König et 
al. (2013) cite the recent Pinheiro et al. (2012) work 
to warn that natural polymerases might be able to 
evolve to recognize XNA, necessitating additional 
“firewall levels” to act as a biosafety tool. In their 
work, Marris and Jefferson (2013) have highlighted 
additional challenges of orthogonality as an approach 
to biosafety. Heinemann and Traavik (2004) note that 
a powerful mechanism of change by horizontal gene 
transfer (see section 6.2) is through recombination 

with DNA sequences of low overall DNA similarity. 
Thus, it can be expected that any potential to pair 
between unintended xeno-base combinations and 
the xeno-bases and canonical DNA nucleotides will 
potentially create new avenues for recombination.

Research in xenobiology is also being used to 
explore the basic physical properties that led DNA 
and RNA to be the genetic material of life (Chaput 
et al. 2012; Pauwels et al. 2012). It is hoped that 
xenobiology will be usefully applied to biotechnology 
and molecular medicine, but “significant research 
challenges remain” before we see commercial 
application in this area (Chaput et al. 2012; Joyce 
2012; Sutherland et al. 2013).

4. cURRent and neaR-teRm PRodUcts InVolVIng sYntHetIc 
BIologY

This section provides examples of products for 
synthetic biology and products from synthetic biology 

that are commercially available or near to becoming 
available on the market. 

4.1. Products for synthetic biology

Synthetic oligonucleotides and DNA are widely 
commercially available. As of 2010, at least 50 
companies produce gene-length segments of double-
stranded DNA, primarily based in the USA, Germany 
and China (Tucker 2010). For those who want to 
synthesize their own oligonucleotides, equipment 
and reagents are commercially available; used 
oligonucleotide synthesizers are even available on 
the internet from laboratories that have switched 
to purchasing DNA from companies (Garfinkel and 
Friedman 2010).

The Registry of Standard Biological Parts hosts 
a collection of open source code for DNA parts 

following BioBrick™ standards. For amateurs and 
those who are new to synthetic biology, New England 
BioLabs Inc. offers the BioBrick™ Assembly Kit, 
which provides enough restriction enzymes and ligase 
to carry out 50 reactions for 253 USD.18 The Kit 
does not contain DNA parts, but the materials to 
digest and ligate the parts into one DNA plasmid. 
The iGEM Foundation holds a repository of the 
physical DNA of BioBrick™ parts. Each year, they 
send out a Distribution Kit to iGEM teams containing 
over 1,000 samples of parts as lyophilized DNA.19 
Registered iGEM teams and laboratory groups can 
order samples of other parts not included in the 
Distribution Kit by writing to the iGEM Foundation.20 

4.2. Products from synthetic biology

Products are categorized below based on the 
stage at which synthetic biology organisms are 
used and the products replaced by the synthetic 
biology versions. The majority of current and near-
term commercial and industrial applications of 
synthetic biology engineer microbes that replicate 
naturally-occurring or petroleum-based molecules for 
pharmaceuticals, fuels, chemicals, flavorings and 
fragrances (Wellhausen and Mukunda 2009). While 
start-up companies often use the term “synthetic 
biology,” established companies with a history in 
classic genetic engineering rarely do (WWICS 2010). 
This can add to the lack of clarity regarding which 
products are produced using synthetic biology. Many 
of these products are the result of synthetic DNA-
circuits and metabolic pathway engineering; thus 

some of the comments on previous versions of this 
document contended that some of these products 
are the result of classic genetic engineering rather 
than synthetic biology. Examples of products in this 
section have been specifically described as synthetic 
biology by sources such as the Biotechnology 
Industry Organization and the WWICS synthetic 
biology project (BIO 2013; WWICS 2010 & 2012).

18 See: https://www.neb.com/products/e0546-biobrick-assembly-kit, 
accessed 23 Feb. 2014.

19 See: http://partsregistry.org/Help:Distribution_Kits, accessed 6 May 
2013.

20 See: http://partsregistry.org/Help:Requesting_Parts, accessed 6 May 
2013.
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4.2.1. Production of molecules that are otherwise 
produced from petroleum

The commercially available and near-to-market 
products in this section are the products of organisms 
resulting from synthetic biology techniques. The 
organisms themselves remain in contained industrial 
settings. 

Companies have started to produce fuels such as 
biodiesel and isobutanol by engineering metabolic 
pathways in microbes and microalgae. In 2010, 
Solazyme sold over 80,000 liters of algal-derived 
marine diesel and jet fuel to the U.S. Navy, and 
have an on-going contract with the U.S. Department 
of Defense for marine fuel.21  Amyris’ “Renewable 
Diesel”, which is based on Biofene produced by 
yeast, is used by approximately 300 public transit 
buses in Sao Paulo and Rio de Janeiro, Brazil.22  In 
2012 Synthetic Genomics, Inc. purchased 81 acres 
in a south California desert near the Salton Sea to 
scale up and test algal strains in open ponds for 
the production of fuel (Synthetic Genomics, Inc. 
2012). Calysta Energy™ converts methane and other 
components of natural gas into liquid hydrocarbons 
that can be used to make fuels and chemicals. 
Calysta engineered the metabolic pathways of 
methanotrophs (methane-using bacteria), using 
what it describes as synthetic biology.23 

Chemicals previously produced using synthetic 
chemistry are now being produced using synthetic 
biology. Predictions within the chemical industry 
are that about two-thirds of organic chemicals 
derived from petroleum could be produced from 
“renewable raw materials” (BIO 2013). DuPont 
Tate and Lyle BioProducts have been producing Bio-
PDO™ (1,3-propanediol) since 2006, using corn as 
feedstock and proprietary microorganisms.24 The 
same company, in partnership with Genomatica, 
produced more than 2,000 metric tons of 
1,4-butanediol (BDO) in 2012 using engineered E. 
coli.25  Myriant’s production facility in Louisiana, 
USA was scheduled to start production in 2013 of 
bio-succinic acid, planning on 30 million pounds 
of bio-succinic acid annually from microorganisms 
with altered metabolic pathways (BIO 2013; Myriant 
undated).26 

A growing interest in bioplastics has resulted in 
many systems of production, some of which employ 
synthetic biology. Metabolix’s proprietary microbes 
use sugar to create biopolymers on a commercial 
scale (BIO 2013).

4.2.2. Production of naturally-occurring molecules 

The commercially available and near-to-market 
products in this section are the products of organisms 
resulting from synthetic biology techniques. The 
organisms themselves are intended to remain in 
contained industrial settings. Synthetic biology is 
being explored as an alternative source of such 
products because naturally-occurring products are 
expensive to produce using traditional chemical 
synthesis and/or require relatively large quantities 
of their natural source (Erickson et al. 2011).

“Major flavor and fragrance houses such as 
Givaudan, Firmenich, and International Flavors and 
Fragrances [IFF] are intrigued by the possibility of 
using biotechnology to produce key components 
of essential oils from abundant sugar feedstocks 
via fermentation,” according to a 2012 article 
in Chemical and Engineering News (Bomgardner 
2012). Allylix27 and Isobionics28 are two companies 
employing synthetic biology to produce synthetic bio-
based versions of valencene (orange) and nootkatone 
(grapefruit) (Bomgardner 2012; WWICS 2012). In 
2013, IFF and Swiss-based Evolva entered into pre-
production phase of what they describe as “natural 
vanillin” from yeast-based fermentation (IFF and 
Evolva 2013). As of early 2014, this vanillin is 
anticipated to be the “first major synthetic-biology 
food additive to hit supermarkets” (Hayden 2014). 
Some claim that, because the vanillin is produced 
by a living organism (the engineered yeast) and 
the yeast is not present in the final product, it can 
be described as “natural” and, in some cases, 
depending on the specific regulatory framework, it 
may not be required to be labeled in any particular 
way (Hayden 2014). Evolva is using similar 
synthetic-biology based processes in its research 
and development of key saffron components and 
stevia (WWICS 2012).29 

21 See http://solazyme.com/fuels, accessed 4 June 2013.

22 S e e :  h t t p : / / w w w . a m y r i s . c o m / C o n t e n t / D e t a i l .
aspx?ReleaseID=166andNewsAreaID=21andClientID=1, accessed 
on 10 May 2013.

23 See: http://www.calystaenergy.com/technology.html, accessed 22 
Jan. 2014.

24 See http://www.duponttateandlyle.com, accessed 5 June 2013.

25 See http://www.genomatica.com, accessed 5 June 2013.

26 The Biotechnology Industry Organization's (BIO) comments on an earlier 
draft of this document pointed out Myriant bio-succinic acid as not 
produced by synthetic biology (“Myriant’s bio-succinic acid is produced 
by an organism that contains no foreign DNA and was generated by 
standard techniques of gene deletion and selection for faster growing 
natural mutants. No “Synthetic Biology” was used.”) The BIO (2013) 
document “Current Uses of Synthetic Biology for Renewable Chemicals, 
Pharmaceuticals, and Biofuels” identifies Myriant's bio-succinic acid 
as a product of synthetic biology, as does WWICS (2012).

27 See http://www.allylix.com, accessed 6 June 2013.

28 See http://www.isobionics.com, accessed 6 June 2013.

29 See http://www.evolva.com/products/saffron, accessed 6 June 2013.
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Synthetic biology production of otherwise naturally 
sourced molecules for cosmetics and personal care 
products are coming onto the market, too. Squalene, 
an emollient, has historically been sourced from 
the livers of deep sea sharks although recently 
plant-based alternatives have become available 
(ETC 2013a; WWICS 2012). In 2011, Amyris 
brought a synthetic biology-produced squalane30 to 
the Japanese market, marketed as Neossance™ 
Squalane. Using Brazilian sugarcane as feedstock, 
Amyris modified yeasts to produce the hydrocarbon 
farnesene, which can be finished as squalane 
(WWICS 2012; Centerchem undated). In September 
2013, Solazyme and Unilever signed a commercial 
supply agreement for an initial supply of at least 
10,000 metric tons of Solazyme Tailored™ Algal Oil 
(Solazyme 2013). Unilever reportedly plans to use 
the oil for its personal care products (Cardwell 2013).

Perhaps the most famous pharmaceutical produced 
using synthetic biology techniques is the anti-malarial 
semi-synthetic artemisinin. In 2013, Sanofi started 
producing a yeast that was genetically engineered 
to produce artemisinic acid (see section 10). It is 
as yet unclear whether the synthetic production 
will complement or replace the thousands of 
small-scale farmers of Artemisia sp., the natural 
source of artemisinin, in Asia and Africa (Sanofi 
and PATH 2013; ETC 2013a). The issues raised 
by the production of semi-synthetic artemisin go 
deeper that an evaluation of the balance between the 
health benefits to populations in countries affected 
by malaria and the potential loss of income and 
livelihoods for farmers growing Artemesia bushes 
as a crop. A crucial issue is that the claimed or 
hoped-for health benefits for local populations do not 
simply depend of an increased supply of artemisisin 
(synthetic or not), but also requires a complex set of 
interrelated political, economic and social conditions 
(Marris 2013).

Shikimic acid is another example of naturally-
occurruing molecule being produced with synthetic 
biology tools. The popular anti-influenza drug 
Tamiflu, which rose in importance during the 
swine flu pandemic, is made from shikimic acid 
traditionally sourced from the star anise plant. The 
pharmaceutical company La Roche started producing 
shikimic acid via fermentation by engineering the 
metabolic pathway of bacteria. The ETC Group 
identifies this process as synthetic biology (ETC 
2013a) and Rawat et al. (2013) described it as 
“rational strain design by metabolic pathway 
engineering”.

Many other naturally-occurring molecules are 
expected to be produced in agricultural crops through 
the use of “precision genome engineering” which 
combines classic genetic engineering with some 
techniques of synthetic biology. Voytas and Gao 
(2014) have recently published a paper discussing 
the opportunities and regulatory challenges of 
precision genome engineering.

4.2.3. Industrial and pharmaceutical use of 
organisms resulting from synthetic biology 
techniques

Synthetic biology is being used in an attempt to 
design cheaper and more efficient industrial systems 
of production, potentially providing savings in energy 
use, reduced toxic waste products, and reduced use 
of chemicals for processing (BIO 2013; Erickson et 
al. 2013). For example, the pharmaceutical company 
DSM Sinochem introduced and optimized two genes 
into a penicillin-producing microbial strain, making 
a process for producing the synthetic antibiotic 
cephalexin that they claim to be faster, cheaper, 
and less energy-intensive (Erickson et al. 2011).

Enzymes modified by synthetic biology techniques 
are being explored and used for the production 
of pharmaceuticals and biofuels. For example, 
Januvia©, a medicine for type II diabetes, is produced 
by Merck using an enzyme modified by synthetic 
biology techniques by Codexis (BIO 2013).

4.2.4. Commercially available micro-organisms 
resulting from synthetic biology techniques

In this category, organisms resulting from synthetic 
biology techniques are themselves for sale. These 
micro-organisms resulting from synthetic biology 
techniques are largely marketed for their ability to 
produce specific desired chemicals, and thus seem 
to be intended for contained industrial uses.

New companies are starting to offer “made to 
order” microorganisms, produced in part using 
synthetic biology. For example, Ginkgo BioWorks™31 
promises “scale-up-ready organisms in six months” 
for customers such as sugar refiners, flavor and 
fragrance companies, and other producers of fine 
chemicals. Ginkgo BioWorks™  uses a “proprietary 
CAE (Computer-Aided Engineering) suite to produce 
organisms designed to specification,” including 
proprietary DNA assembly technology and CAM 
(Computer-Aided Manufacturing) tools to fabricate 
and analyze candidate organisms. Tom Knight, co-
creator of BioBricks™, is a co-founder of Ginkgo 

30 Squalene is the natural compound, and squalane is the hydrogenated 
form of the compound. Squalane is more commonly used in cosmetics 
and as a lubricant.

31 See: http://ginkgobioworks.com/tech.html, accessed 6 March 2013.
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BioWorks™. While open-source BioBricks™ are 
restricted to three combinations in one reaction, 
Knight’s redesigned system for proprietary use can 
reportedly combine up to 10 parts in one reaction 
(Baker 2011). Ginkgo BioWorks™ advertises its 
customers as including DARPA (the US Defense 
Advanced Research Projects Agency), NIST (the US 
National Institute of Standards and Technology), 
and ARPA-e (the US Advanced Research Projects 
Agency – Energy).32

4.2.5. Commercially available multi-cellular 
organisms resulting from synthetic biology 
techniques

In this category, multi-cellular organisms resulting 
from synthetic biology techniques are being 
developed for release on the market.  No multi-
cellular organism appears to be currently on the 
commercial market. The prospective uses in this 
category are intended for environmental release.

Agricultural crops are being developed with genes 
modified using synthetic biology technology, 
intended as feedstock for biofuels. Agrivida, Inc. 
uses proprietary INzyme™ technology, described 

by the Biotechnology Industry Organization (BIO) 
as a “novel approach to synthetic biology,” to grow 
biomass feedstock with dormant biodegrading 
enzymes that are activated after harvest with the 
aim of reducing the cost and energy of breaking down 
feedstock for the fermentation process to produce 
ethanol (BIO2013). In June 2012, Agrivida, Inc. 
announced that it had launched its “first significant 
field production” of modified corn in US Department 
of Agriculture-permitted field trials (Agrivida 2012). 
It should be noted that, while others use the term 
synthetic biology to describe the technology used 
to design and engineer the enzyme sequences (BIO 
2013; Lipp 2008; Schmidt 2012), Agrivida does 
not, instead using terms such as engineering; an 
example of the lack of clear boundaries between 
classic genetic engineering and synthetic biology.33 
Similarly, Syngenta’s Enogen corn contains alpha 
amylase enzyme in its endosperm with the aim of 
facilitating ethanol production. The ETC Group (2013) 
lists it as an application of synthetic biology, but 
Syngenta does not use the term ‘synthetic biology’ 
in describing its design and production (Syngenta 
2012).

33 See also: http://www.agrivida.com/technology/overviewtechnology.
html, accessed 4 February 2014.

32 See: http://ginkgobioworks.com/partner.html, accessed 23 March 
2013.

Source:Source: Macroscopic Solutions, LLC
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d. potential impacts oF the components,  
organisms and products resulting 
From synthetic biology techniQues on 
the conservation and sustainable use 
oF biological diversity 

The conservation of biodiversity is one of three 
primary objectives of the CBD. The CBD’s text 
defines ex situ conservation as “the conservation 
of components of biological diversity outside their 
natural habitats,” and in situ conservation as “the 
conservation of ecosystems and natural habitats and 
the maintenance and recovery of viable populations 
of species in their natural surroundings and, in 
the case of domesticated or cultivated species, in 
the surroundings where they have developed their 
distinctive properties” (CBD, Art 2). The conservation 
of biological diversity occurs at all levels: genes, 
species and ecosystems.

Furthermore, in the context of the CBD, sustainable 
use is defined as “the use of components of 
biological diversity in a way and at a rate that does 
not lead to the long-term decline of biodiversity, 
thereby maintaining its potential to meet the needs 
and aspirations of present and future generations” 
(Art. 2). Sustainable use encompasses ecological, 
economic, social, cultural, and political factors 
(Glowka et al. 1994).

5. aPPlIcatIons oF sYntHetIc BIologY and tHeIR PotentIal 
PosItIVe and negatIVe ImPacts

Although synthetic biology is often referred to 
as a coherent and single discipline presenting 
uniform benefits and dangers, the different areas 
of synthetic biology research represent different 
potential impacts, both negative and positive, on 
biodiversity-related issues.

This section discusses the potential impacts of 
components, organisms and products resulting from 
synthetic biology techniques on the conservation 
and sustainable use of biodiversity. A number of 

specific areas of current and potential applications 
of synthetic biology are described along with 
potential positive and negative impacts of these 
applications on the conservation and sustainable 
use of biodiversity. Table 1 at the end of this section 
summarizes examples of the potential positive and 
negative impacts of synthetic biology applications 
on conservation and sustainable use of biodiversity. 
Biosafety concerns of a more general nature are 
examined in section 6.

Source: Christine Cooper

Source: Macroscopic Solutions, LLC
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5.1. Bioenergy applications

Bioenergy applications, particularly through fuel 
production, are a significant focus of synthetic biology 
research (WWICS 2013a). As discussed above 
(section 4.2.1), biofuels produced using synthetic 
biology techniques are beginning to reach the stages 
of field testing, pilot runs, and relatively small-scale 
production. One area of research is to use synthetic 
biology tools to develop enzymes that break down 
a wider range of biomass more effectively, making 
it possible to utilize agricultural waste such as corn 
stalks and straw, and woody biomass (PCSBI 2010). 
Other approaches are to use synthetic biology to 
develop plants with more readily convertible biomass, 
or to engineer photosynthetic algae (including 
microalgae such as cyanobacteria) to produce more 
bio-oil (Georgianna & Mayfield 2012; PCSBI 2010). 
One goal of synthetic biology energy research is the 
production of consolidated bioprocessing platforms, 
such as E. coli engineered to both degrade biomass 
(without the external addition of enzymes) and convert 
biomass into biofuels (Bokinsky et al. 2011). The 
UKSBRCG (2012) describes synthetic biology research 
towards producing an artificial leaf that could convert 
solar energy into a carbon-based liquid fuel. The PCSBI 
(2010) describes synthetic biology research towards 
producing hydrogen fuel, from engineered algae to 
using starch and water via a synthetic enzymatic 
pathway. Synthetic biology tools are also expected 
to help design ways to harvest currently inaccessible 
hydrocarbons, such as coal bed methane (PCSBI 
2010).

Claims that there could be significant benefits for 
biodiversity from replacing fossil fuel energy sources 
with bioenergy are based on the premise that these 
approaches could reduce global dependence on fossil 
fuels and cut harmful emissions at a significant scale 
(PCSBI 2010). Through the CBD’s cross-cutting 
programme on climate change and biodiversity, 
CBD bodies have documented and assessed the 
interlinkages between the two areas.34 Synthetic 
biology tools may be used in designing “next 
generation” biofuels that, it is hoped, will overcome 
challenges of “first generation” biofuels made from 
food crops (Webb & Coates 2012).

Potential negative impacts could result from the 
increased utilization of biomass for synthetic biology 
applications. “Biomass” is generally used to refer 
to the use of “non-fossilized biological and waste 
materials as a feedstock” (ETC 2011). Much synthetic 
biology research aims at designing organisms that 
will use biomass as feedstock to produce fuels, 
chemicals, and pharmaceuticals at greater efficiencies 
than have previously been possible (PCSBI 2010). For 

example: Solazyme (see above) uses heterotrophic 
algae, i.e. algae that are able to feed on sugar for 
their energy source rather than utilizing sunlight to 
produce sugar through photosynthesis. The advantage 
of heterotrophic algae is that they yield more oil but 
the clear disadvantage is they have to be fed, in this 
case with sugar, which in turn has to be sourced 
from biomass grown on land. Some products, such 
as biofuels, are relatively low-value and high volume, 
and thus would require large amounts of biomass. 
As described in CBD Technical Series 65: Biofuels 
and Biodiversity, there are contradicting studies on 
the sustainability of utilizing waste feedstocks such 
as corn stover and straw (Webb & Coates 2012). 
A number of studies in ecology, agronomy, and 
environmental history find that biomass extraction 
from existing agricultural practices is already leading to 
a decline in soil fertility and structure (Blanco-Canqui 
and Lal 2009; Wilhelm et al. 2007; Smil 2012). 
Studies done in the US have found that removing corn 
stover from fields would require significant additional 
use of nitrogen, phosphorous and potassium fertilizers 
(Blanco-Canqui and Lal 2009; Fixen 2007). In addition 
to the potential loss of ecological functions of the 
soil biomass, there is also concern around the social 
impacts of increased biomass removal. Some civil 
society groups are concerned that, in part due to 
increased demand from synthetic biology, the tropics 
and sub-tropics will be targeted for their biomass and 
lead to economic and environmental and cultural 
injustice (ETC 2010; FOE et al. 2012; FOE 2010). 
They predict that communities will lose local access 
to resources, sustainable uses will be displaced, and 
environmental harm will be caused by establishing 
plantations in former forests, harvesting natural 
grasslands, and placing pressures on “marginal” 
lands such as deserts and wetlands (ETC 2010). 
While synthetic biology techniques promise to open up 
new sources of energy, such as algae and seaweed, 
the ETC Group has expressed concern that these 
uses will encroach on coastal and desert ecosystems 
and their traditional uses (ETC 2013). The US PCSBI 
noted: “On balance, many anticipate the potential 
efficiencies and attendant reduction in reliance 
on fossil fuels offered by energy production using 
synthetic biology would offset anticipated risks to 
the environmental ecosystem as it exists today. But 
considerable uncertainty remains” (PCSBI 2010).

As will be discussed in more detail in section 6, there 
are biosafety considerations related to the accidental 
or intentional release of organisms resulting from 
synthetic biology techniques used for bioenergy 
purposes. For example, microalgae resulting from 
synthetic biology techniques for bioenergy purposes 

34 See: http://www.cbd.int/climate, accessed 13 Feb. 2014.
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may have ecological impacts, particularly if grown 
in open ponds and thus with a higher chance of 
accidental release (Snow & Smith 2012). Moreover, 
micro-organisms may be used in small-scale 
decentralized bioreactors (e.g. for production of 
biofuels on farms), and this could be considered to 
constitute a new kind of category in-between contained 
use in large industrial fermenters and full deliberate 
release. Marris and Jefferson (2013) argued that 

there are blurred boundaries between contained 
use and deliberate release of genetically modified 
micro-organisms (GMMO), and “these boundaries 
are likely to be further challenged if and when the 
GMMO applications envisaged by synthetic biologists 
for environmental, agricultural and mining uses enter 
the regulatory system, because those applications 
cover a whole spectrum in terms of the nature, scale, 
and time-horizon of the release”.

5.2. Environmental applications

Another area of synthetic biology research is in 
environmental applications, most of which would 
require environmental release or contained use35  
outside of the laboratory of organisms resulting from 
synthetic biology techniques. Scientists anticipate 
the use of engineered microbial consortia, in part 
using tools of synthetic biology, to enhance mining 
metal recovery and to aid in acid mine drainage 
bioremediation (Brune and Bayer 2012). Synthetic 
biology techniques are being used to design whole-
cell biosensors that will indicate the presence of a 
target, such as arsenic in drinking water. French et 
al. (2011) describe their work growing out of an iGEM 
project to design an arsenic biosensor that would be 
suitable for field use in developing countries, using 
freeze-dried transformed E. coli that change color 
in the presence of arsenic. The arsenic biosensor 
work is now being further developed by the “Arsenic 
Biosensor Collaboration” (http://arsenicbiosensor.
org). In another example of an environmental 
application, the 2011 European Regional Jamboree 
winning iGEM project involved engineering E. coli to 
secrete auxin, a plant hormone intended to promote 
root growth. The Imperial College (UK) team proposed 
pre-coating seeds with the bacteria, to be planted 
in areas at risk from desertification.36 

Since recombinant DNA technology was first 
introduced, the use of genetically engineered 
micro-organisms for bioremediation and other 
environmental applications “has been a holy grail” 
– much desired but constantly out of reach (Skerker 
et al. 2009). Synthetic biologists see the failure 
to deliver the anticipated or desired benefits as 
due to the lack of sophistication of classic genetic 
engineering techniques (Marris and Jefferson 
2013). As a result, synthetic biologists are generally 
optimistic about the potential for synthetic biology to 

succeed where previous modified micro-organisms 
for environmental release have failed (Garfinkel 
and Friedman 2012; PCSBI 2010; Schmidt and de 
Lorenzo 2012; Skerker et al. 2009). If so, synthetic 
biology could provide less toxic and more effective 
tools for bioremediation, which would positively 
impact local biodiversity.

If synthetic biology succeeds in producing microbes 
that are sufficiently hardy for release into the 
environment, such microbes may raise significant 
biosafety concerns depending on their potential to 
survive and persist (König et al. 2013), as well as 
on their potential to interact with their immediate 
environment causing adverse effects. Some of 
these micro-organisms might present significant 
challenges for the risk assessment approaches that 
are currently in use by regulatory processes (see 
section 6). The WWICS Synthetic Biology Project 
held several workshops on aspects of the safety of 
environmental release of organisms resulting from 
synthetic biology, identifying key areas of uncertainty 
and areas for research, and discussing what “safety” 
means in the context of synthetic biology (see WWICS 
2013b for notes from workshops from 2000 to 
2012). One question is how an organism designed 
for environmental release can be robust enough to 
accomplish its intended task but not persist and 
become problematic (Anderson et al. 2012). Those 
optimistic about the role of microbes resulting from 
synthetic biology techniques tend to acknowledge the 
possibility of invasiveness and unintended effects, 
but they also invoke the (not yet realized) promise 
of xenobiology and other orthogonal systems with 
built-in biological containment measures (Marris 
and Jefferson 2013; PCSBI 2010; Schmidt and 
de Lorenzo 2012; Skerker et al. 2009).

35 “Contained use”, as defined in the Cartagena Protocol on Biosafety, 
article 3, paragraph (b), means any operation, undertaken within a 
facility, installation or other physical structure, which involves living 
modified organisms that are controlled by specific measures that 
effectively limit their contact with, and their impact on, the external 
environment.

36 See http://2011.igem.org/Team:Imperial_College_London, accessed 
on 5 June 2013. The team developed a bio-cotainment strategy (“Gene 
Guard”) intended to prevent horizontal gene transfer, in response to 

concerns about the release of their organism into the environment. 
As French et al. (2011) explain, iGEM projects may not be as well-
characterized as experiments reported on in peer-reviewed literature, 
but they are often based on highly creative ideas and can presage 
possible future applications in areas of synthetic biology. For this 
reason, they are often referenced when the powerful possibilities of 
synthetic biology are discussed. Dana et al. (2012) cite this project in 
their article on designing appropriate biosafety systems for synthetic 
biology.
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5.3. Applications to alter wildlife populations

Synthetic biology techniques are being explored 
for their potential to alter wildlife populations for 
conservational, health and agricultural purposes. 
Such potential uses of synthetic biology could have 
positive impacts on the health of humans, wildlife 
and ecosystems. The 2013 conference “How will 
synthetic biology and conservation shape the future 
of nature?” and an article in PLOS Biology (Redford 
et al. 2013) has sparked conversation between 
synthetic biologists and conservationists. At the 
conference, ideas for potential synthetic biology 
projects for conservation were identified, including 
adapting coral to temperature and acidity, attacking 
the fungus that causes white-nose syndrome in 
bats, and finding solutions to the crashing of bee 
populations.37 Redford et al. (2013) suggest that 
synthetic biology applications in agriculture and 
bioenergy could alleviate pressure on ecosystems, 
aiding conservation. Furthermore, specific species 
or populations of wildlife may also be the target of 
synthetic biology applications to eradicate or control 
populations. For example, synthetic biology could be 
used to create “gene drive” systems that may be 
used to spread traits to control diseases borne by 
insect vectors, such as mosquitoes, by suppressing 
populations, potentially to the point of extinction 
(Weber and Fussenegger 2012) similar to what has 
been done by Oxitec to produce genetically modified 
mosquitoes with the aim of controlling dengue fever 
carriers.38 Researchers have introduced a synthetic 
homing endonuclease-based gene drive system into 
mosquitoes in the laboratory, which could be used to 
increase the transmission of genetic modifications 
to wild populations of mosquitoes (Windbichler et al. 
2011). Regarding the use of endonuclease-based 
gene drive systems to alter populations, Esvelt et 
al. (2014) hypothesize that this technique could 
also be used, for example, to restore vulnerability to 
pest and weeds which have acquired resistance to 
pesticides and herbicides by replacing the resistance 
genes with their ancestral forms, and to promote 
biodiversity by controlling or even eradicating invasive 
species. Concerns arising from the use of gene-
drive systems to alter wild populations are raised 
by Esvelt et al. (2014) and Oye et al. (2014), who 
also propose possible risk management options 
before the development of any actual RNA-guided 
gene drives. As suggested by Oye et al. (2014), 
for emerging technologies that affect the global 
commons, concepts and applications should be 

published in advance of construction, testing, 
and release. This lead time would enable public 
discussion of environmental and security concerns, 
research into areas of uncertainty, and development 
and testing of safety features. It would also allow 
adaptation of regulations and conventions in light of 
emerging information on benefits, risks, policy gaps, 
and, more importantly, it would allow broadly inclusive 
and well-informed public discussion to determine if, 
when, and how gene drives should be used. There 
would also be biosafety considerations, including 
negative impacts on the health of humans, wildlife 
and ecosystems, relating to the use of organisms 
resulting from synthetic biology techniques designed 
for environmental release (section 6).

Popular press has given significant attention to 
the project of “de-extinction”, which could involve 
synthetic biology techniques, along with advanced 
cloning and other tools of modern biotechnology. 
De-extinction was the subject of a day-long TEDx 
conference in Washington, DC (USA), and was the 
cover story of National Geographic in March 2013.39  
Research around the world is underway to restore 
extinct species such as the passenger pigeon, woolly 
mammoth, and the gastric brooding frog. Some (but 
not all) of the work towards bringing extinct species 
back to life involves techniques of synthetic biology, 
such as synthetic genome engineering. At the TEDx 
conference, George Church described innovations 
in DNA delivery and directed splicing into existing 
genomes to adapt the genomes of existing species to 
produce the physiological traits of the extinct species, 
such as tusks and woolly hair (Church 2013). It 
must be noted that de-extinction initiatives will only 
succeed if and when the decades-old challenges of 
cloning are overcome (Campbell 2004). Although de-
extinction has not yet been achieved beyond viruses, 
conservationists and synthetic biologists are starting 
to discuss the potential impacts on biodiversity and 
ecosystems (Friese and Marris 2014).

Some conservationists anticipate positive direct 
and indirect ecological benefits from de-extinction. 
Stewart Brand, president of the Long Now Foundation, 
has argued that restoring keystone species such 
as woolly mammoths would help restore ecological 
richness as well as serve as flagship species to 
inspire ecosystem protection (Brand 2013a). Stanley 
Temple sees a potential use in reviving extinct alleles 

37 For an overview of the meeting, see Rob Carlson's blog “Harry Potter 
and the Future of Nature” at http://www.synthesis.cc/2013/05/the-
economics-of-artemsinin-and-malaria.html, accessed on 5 June 2013.

38 Oxitec’s ongoing field trials of OX513A Aedes aegypti: http://
www.oxitec.com/health/our-products/aedes-agypti-ox513a/
ongoing-field-trials-of-ox513a-aedes-aegypti/.

39 The webcast of the 15 March 2013 conference is accessible at: http://
longnow.org/revive/tedxdeextinction, accessed on 15 March 2013.
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of species whose genetic diversity is dangerously 
low, or when “we’ve solved the issue that caused 
them to go extinct” (Temple 2013). Restoration of 
certain species could help restore ecosystems that 
rely on the ecological functions of those species 
(Seddon et al. 2014). Among possible indirect 
impacts, some are hopeful that the promises of 
synthetic biology and de-extinction will provide a 
new paradigm for biodiversity-advocacy, replacing 
crisis with a message of hope (Anderson 2013; 
Brand 2013; Burney 2013; Redford 2013). Kent 
Redford argues that conservation biology started 
as a “crisis discipline”, and that after 30 years 
people have “stopped listening.” His lesson from 
this is that “hope is the answer: hope is what gets 
people’s attention” (Redford 2013). Similarly, David 
Burney describes his “poor man’s Jurassic Park” 
efforts at re-wilding abandoned agricultural land as 
“trafficking in a very rare and valuable commodity 
in conservation: hope” (Burney 2013).

The use of synthetic biology for de-extinction projects 
and, more broadly, conservation projects also raises 
concerns. As discussed more fully in section 6, 
there is the possibility of direct negative impacts 
on biodiversity, such as organisms resulting from 
synthetic biology techniques becoming invasive or 
negatively affecting host ecosystems.40 There is 
also concern about indirect impacts of the promises 
of synthetic biology and de-extinction such as co-
evolution of other organisms (including pathogens, 
parasites, symbionts, predators, prey/food, co-
inhabitants, commensalism, etc.) and diseases. 
A prominent concern among conservationists is 
that the hunt for synthetic biology solutions will 
divert focus, significant funds and other resources 
from other conservation efforts (Ehrenfeld 2013; 

Ehrlich 2014; Pimm 2013; Temple 2013). The 
editors of Scientific American warn that de-extinction 
“threatens to divert attention from the modern 
biodiversity crisis” (Editors, 2013). Stuart Pimm 
points out that his work with poor people in Brazil 
and Madagascar does not generate money for his 
university, unlike that of molecular biologists, and 
that de-extinction “can only perpetuate” the trend 
of university de-investment in ecology and field 
biology while “seduc(ing) granting agencies and 
university deans into thinking they are saving the 
world” (Pimm 2013). These concerns about diversion 
of resources from other conservation efforts are 
particularly keen because of the speculative nature 
of de-extinction projects and their high price tags 
(Ehrenfeld 2013; Ehrlich 2014). In comments to an 
earlier draft of this document, one organization noted 
that, outside of synthetic biology and conservation 
communities, publicity around de-extinction has 
prompted research policy communities to consider 
responsible conduct of research and prioritization 
of research areas. Another concern is that support 
for in situ conservation may decrease with the 
expectation that extinct species will be resurrected 
(ICSWGSB 2011; ETC 2007; Ehrenfeld 2013; Norton 
2010; Pimm 2013; Redford et al. 2013; Temple 
2013). Biologist David Ehrenfeld (2013) worries 
about what happens “when Members of Congress 
think it (extinction) is just a bump in the road?” 
Conservation biologist Stanley Temple (2013) notes 
the possibility that de-extinction research may have a 
de-stabilizing effect on conservation, leading to a net 
loss as less charismatic species are allowed to slip 
away. In an editorial in PLoS Biology, Redford et al. 
(2013) describe the potentially reduced willingness 
to conserve endangered species as a “moral hazard” 
of de-extinction research.

5.4. Agricultural applications

There are hopes that synthetic biology tools and 
techniques will advance agricultural efficiency 
and lessen negative environmental impacts of 
agricultural production. The UK Synthetic Biology 
Roadmap predicts that “Synthetic biology has the 
potential to make food crops less vulnerable to 
stresses such as drought, saline water or pests 
and diseases; and/or to create new plants that can 
produce, in the field, large volumes of substances 
useful to man” (UKSBRCG 2012). In 2009, the RAE 
(2009) anticipated that, within 10 years, synthetic 
biology would be used to engineer new types of 

pesticides that are “very specific” and do not persist 
in the environment past their usefulness. The US 
PCSBI (2010) anticipates high yield and disease 
resistant feedstocks that can be supplemented 
with micro-organisms to minimize water use and 
replace chemical fertilizers. A columnist for The 
Guardian enthusiastically wrote that: “Current 
GM crops are the Ford Cortinas of agriculture, but 
synthetic biologists aim to make Ferrari plants 
that perform photosynthesis more efficiently by 
harvesting light from wider regions of the spectrum, 
or even capture nitrogen directly from the air so 

40 Redford et al. (2013) acknowledge the possibility of novel organisms 
becoming invasive or affecting the integrity of the host ecosystem. A 
professor of biotechnology, Subrat Kumar, recently wrote in Nature that 
the risk of a revived extinct species becoming invasive “are negligible 
compared with the scientific and social benefits of reviving the lost 
species” (Kumar 2013).
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they won’t need nitrogen fertiliser” (McFadden 
2012). There also hopes that the use of synthetic 
biology in agricultural production sectors will foster 
‘‘sustainable intensification’’ and thus reduce land 
conversion into farmland and increase protection of 
wild habitats (Redford et al. 2013). There are hopes 
that synthetic biology can be used to design plants to 
serve as feedstocks for micro-organisms that would 
need less chemical pesticides and fertilizers, which 
could have positive ecological impacts (PCSBI 2010). 
These examples all relate to potential applications 
of synthetic biology to agriculture. Thus far, it is 
unclear whether there are commercialized agricultural 
applications of synthetic biology.41

Possible applications of synthetic biology for 
agriculture could also lead to negative impacts 

on biodiversity. As with other potential future 
applications of synthetic biology, many of the 
potential synthetic biology projects for agriculture 
would involve the release of organisms resulting 
from synthetic biology techniques. As discussed in 
section 6, this could lead to the possibility of negative 
impacts at an ecological level (such as organisms 
resulting from synthetic biology techniques becoming 
invasive, disrupting food webs or having other 
negative effects on non-target species) or through 
the transfer of DNA from vertical or horizontal gene 
flow (König et al. 2013; Wright et al. 2013). If and 
when these applications near commercialization, a 
rigorous, science-based evaluation of the potential 
impacts would be needed on a case-by-case basis 
(see section 8).

5.5. Applications to replace natural materials

Synthetic metabolic engineering and DNA-based 
device construction are being used to produce 
chemicals and molecules that are otherwise 
sourced from wild and cultivated plants and animals. 
Groups from industry and civil society have pointed 
to potential positive and negative impacts on 
biodiversity. Applications that are on the market 
or near commercialization are mostly the result 
of synthetic metabolic pathway engineering, and 
therefore are not universally recognized as resulting 
from synthetic biology techniques. Moreover, it should 
also be noted that these processes involve micro-
organisms not meant to be intentionally released 
into the environment (although risks of unintentional 
release may still apply, as discussed in section 6).42 

Molecules produced through synthetic biology could 
promote the conservation of plants and animals 
that are currently unsustainably harvested from 
the wild or through unsustainable cultivation. One 
possible example is squalene, an emollient used 
in high-end cosmetics and personal care products 
that has historically been sourced from the livers 
of deep sea sharks (ETC 2013a; WWICS 2012). In 
recent years, plant-based squalene, primarily from 
olives, became available as an alternative source to 
sharks. Unilever has already replaced squalene from 
sharks with the plant-based version in response to a 
campaign by Oceana to preserve deep sea sharks.  
Companies point to the price volatility and limited 
availability of the squalene sourced from olives, 
and some manufacturers continue to use deep sea 

sharks,43 according to a French NGO (BLOOM 2012; 
Centerchem undated). In 2011, Amyris brought a 
synthetic biology-produced squalene to the Japanese 
market, marketed as Neossance™ squalane44. Using 
Brazilian sugarcane as feedstock, Amyris transformed 
yeasts to produce the hydrocarbon farnesene, 
which can be finished as squalene (WWICS 2012; 
Centerchem undated). Synthetic biology-produced 
squalene could potentially help to ease pressure 
on deep sea shark populations. Another example 
is palm oil, one of the industrial uses of which 
is to manufacture surfactants. The Biotechnology 
Industry Organization (2013) references concerns 
with the production of oil palm harming rainforest 
ecosystems, and points to industrial synthetic biology 
research to convert agricultural waste materials 
(soybean hulls) into surfactants.

The replacement of natural products with products 
resulting from synthetic biology could lessen the 
pressure on natural habitats but could also disrupt 
in-situ conservation projects. For example, Evolva 
and International Flavors and Fragrances, Inc. plan 
to market their vanillin, which is produced through 
fermentation in yeast (see section 4.2.2), as a 
natural product in the EU,45 and hope to have a 
competitive advantage over other synthetic forms 
of vanillin, which are currently produced from 

41 As discussed in section 4.2.5, crops have been engineered with enzyme 
sequences in order to break down the feedstock for fermentation in 
making biofuels. Whether the techniques used to design and engineer 
the enzymes are indeed “synthetic biology” is a point of contention 
(BIO 2013; Lipp 2008; Schmidt 2012).

42 Many national biosafety frameworks regulate these micro-organisms 
under provisions for GMOs/LMOs destined for contained use.

43 According to Oceana’s website: http://oceana.org/en/our-work/
protect-marine-wildlife/sharks/learn-act/shark-squalene, accessed 
21 March 2013.

44 Squalene is the natural compound, and squalane is the hydrogenated 
form of the compound. Squalane is more commonly used in cosmetics 
and as a lubricant.

45 On their website, Evolva states: “Recent EU regulatory changes have 
strengthened the competitive advantage of the proposed product. New 
EU rules state that only substances or preparations derived directly from 
an animal or vegetable material may be labelled “natural”. Available at: 
http://www.evolva.com/products/vanilla, accessed on 21 March 2013.

Source: Macroscopic Solutions, LLC
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petrochemicals and paper pulp. While the developers 
of vanillin claim that their product offers the world 
a clear alternative to the petrochemical variety of 
vanillin without introducing a new environmental 
threat to rainforests and endangered species, the 
ETC Group warns that its large-scale production 
could negatively impact the many small-scale farmers 
involved in the production of cured vanilla beans (ETC 
2013a). Vanilla orchids are commonly produced by 
inter-cropping with rainforest trees as ‘tutors’ for 
vanilla vines to grow on. ETC Group is concerned 

that this agro-ecological method of cultivation and 
livelihood for an estimated 200,000 people could 
be disrupted (ETC 2013a). ETC Group has also 
highlighted concerns over the key role of biomass 
as a base for synthetic biology industrial processes, 
as discussed above in section 5.1 (ETC 2013b). 
Related to this, ETC Group questions whether a 
switch from monoculture oil palm plantations to 
monoculture sugar plantations (for feedstock for 
synthetic biology processes) is an improvement for 
biodiversity (ETC 2013a).

5.6. Applications for chemical production

A significant potential use of synthetic biology is the 
engineering of plants and microbes to produce raw 
materials that are currently produced using synthetic 
chemistry (Garfinkel and Friedman 2010; Philp et 
al. 2013). For example, some bioplastics, such 
as polylactic acid plastics, use synthetic biology 
techniques and are made from biomass such 
as sugar cane instead of petroleum (Philp et al. 
2013). DuPont produces bio-based 1,3 propanediol 
by fermenting corn sugar with a “patented micro-
organism” that converts glucose to propanediol.46  
Consolidated bioprocessing (CBP) aims to engineer 
what would be several processing steps into the 
functions of one microorganism, resulting in cost 
savings (Philp et al. 2013; Garfinkel and Friedman 
2010). Synthetic biology is also being explored for 
new industrial processes, such as research into 
harvesting reserves of hydrocarbons with microbial 
digestion (PCSBI 2010).

Industry and civil society have predicted positive and 
negative impacts on biodiversity from the application 
of synthetic biology to produce chemicals. Such 

products and processes may result in decreased 
use of non-renewable resources and “less impactful 
manufacturing processes in general” (Garfinkel and 
Friedman 2010). Civil society groups have expressed 
concern that, as synthetic biology companies shift 
their focus from biofuels to the smaller but more 
lucrative markets of chemicals, the “same polluting 
companies” are taking the lead in developing 
bioplastics (ETC 2010; ICSWGSB 2011). The ETC 
Group questions whether the use of synthetic 
biology is leading to “greener” products or industrial 
processes. They point to the use of synthetic biology 
and biomass to produce products with similar 
problems as the non-synthetic biology versions, such 
as bio-based PVC (which still requires chlorine in its 
production) and many bio-plastics (some of which 
cannot compost, or would do so only in industrial 
composters) (ETC 2010). In a review article, König 
et al. (2013) note that some methods of producing 
biodegradable plastics may have more environmental 
impacts such as the release of carcinogens and 
eutrophication than fossil-based polymers.

6. geneRal BIosaFetY conceRns

This section focuses on biosafety concerns related 
to the accidental or intentional release of organisms 
resulting from synthetic biology techniques that 
are applicable to all types of applications seen in 

section 5 above. These include concerns related 
to ecosystem-level impacts, gene flow, and the 
emergence of unpredictable properties.

6.1. Ecosystem-level impacts

Unintentional or intentional release of organisms 
resulting from synthetic biology techniques to 
ecosystems outside of a contained laboratory or 
production facility could negatively impact biodiversity. 
One set of concerns center on the possibility of 
such organisms’ survival and persistence. For 
example, organisms resulting from synthetic biology 

techniques could displace existing species because 
of fitness advantages (intentional or otherwise) and 
become invasive (Redford et al. 2013; Snow and 
Smith 2012; Wright et al. 2013). The International 
Civil Society Working Group on Synthetic Biology 
(ICSWGSB 2011) expresses concern that organisms 
resulting from synthetic biology techniques could 

46 See: http://www2.dupont.com/Renewably_Sourced_Materials/en_US/
proc-buildingblocks.html, accessed on 23 Feb. 2014. The ICSWGSB 
(2011) identifies this process as using synthetic biology techniques. 
Esvelt & Wang identify DuPont's work on propanediol as a “great 
example of genome-level metabolic engineering” (2013).

Source: Macroscopic Solutions, LLC
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become a new class of pollutants if they persist, 
for example algae that continues to produce oils 
or organisms engineered to break down sugarcane 
degrading sugar in the local environment. Even if 
the organisms did not persist for long periods, they 
could disrupt ecosystems and habitats, for example, 
if algae engineered for biofuel production escaped 
containment and bloomed (Redford et al. 2013; 
Snow and Smith 2012; Wright et al. 2013). 

Notwithstanding that risk assessments must 
be carried out on a case-by-case basis, there 
is disagreement within the scientific and policy 
communities over the degree and probability of 
harm that organisms resulting from synthetic 
biology techniques that are intended for contained 
use could cause if released (RAE 2009; Lorenzo 
2010; Snow 2011; Zhang et al. 2011; Dana et al. 
2012; Snow & Smith 2012; Tait & Castle 2012). 
A common argument is that an accidental release 
of organisms resulting from synthetic biology that 
are intended for contained use would likely not lead 
to survival and propagation because engineered 
changes generally lead to reduced fitness (Garfinkel 
and Friedman 2010; Lorenzo 2010; RAE 2009; 
Moe-Behrens et al. 2013). On the other hand, 
the limit of detection for relevant microbes may 
be too high (i.e. a large population of microbes is 
needed in order to be detectable) to extrapolate 
their extinction, and microorganisms that have 
been released into an environment may have long 
lag times before they develop into a population 
that is large enough to be detected or to cause 
an ecological change. For example, it was popular 
for some decades to speculate that the rise of 
antibiotic resistance in medically relevant bacteria 
would disappear if the associated antibiotics were 
temporarily withdrawn. This did not turn out to be 
the case. After resistance levels fell below detection 
and the drug was reintroduced, resistance emerged 
unexpectedly rapidly. Assumptions that resistance 
rendered these bacteria less fit in the absence of the 
antibiotic also turned out to be frequently incorrect 
(Heinemann et al. 2000).  Snow (2011) and Snow 
and Smith (2012) point out that (i) the majority 
of research in synthetic biology uses microbes as 
hosts, (ii) microbes have a particularly high potential 
for rapid evolutionary change, and (iii) modified 
microbes resulting from synthetic biology techniques 
that seem innocuous or weak might survive due 

to mutations. Ecologists and commentators urging 
caution point out that organisms resulting from 
synthetic biology techniques cannot be retrieved 
once released (Dana et al. 2012; Snow and Smith 
2012; FOE et al. 2012). Wright et al. (2013) note 
that even genetically modified microorganisms 
that may be programmed to “self-destruct” pose 
an environmental risk, as their DNA can potentially 
be scavenged by other organisms after they have 
died (see section 6.2 below). 

Some anticipated future applications of synthetic 
biology would require the intentional release of 
organisms resulting from synthetic biology techniques 
into the environment (Anderson et al. 2012), which 
may present additional complexities and types of 
potential negative impacts. Many synthetic biologists 
are aiming to design microorganisms that are 
sufficiently hardy for release into the environment 
(section 5.2). Belgium’s Biosafety and Biotechnology 
Unit notes that “risk assessors and regulators have 
relatively little experience considering the potential 
risks [sic] posed by the intentional release of micro-
organisms,” and that environmental microbiology is 
more complex that of higher organisms (Pauwels et 
al. 2012). They go on to say that it is still “premature” 
to address potential challenges since they consider 
environmental applications of synthetic biology to 
still be several years away (Pauwels et al. 2012). 
Marris and Jefferson (2013) also note that regulatory 
agencies in the United States, Europe and elsewhere, 
which have been conducting risk assessment for 
crops resulting from modern biotechnology, have very 
little experience of risk assessment for genetically 
modified micro-organisms. Rodemeyer, writing for 
the WWICS Synthetic Biology Project, further notes 
that regulatory agencies have had “relatively little 
experience considering the potential risks [sic] posed 
by the eventual evolution of genetically engineered 
microorganisms intended for non-contained use”; 
most GMOs/LMOs that have been intentionally 
introduced into the environment are annual food 
crops, therefore, evolution has not been seen as 
a relevant risk factor (Rodemeyer 2009). Risk 
assessment of microorganisms resulting from 
modern biotechnology is among the topics identified 
by a group of experts established by the Parties 
to the Cartagena Protocol on Biosafety for the 
development of guidance (CBD 2014).

6.2. Gene flow

Altered DNA could be transferred from organisms 
resulting from synthetic biology techniques to 
other organisms, either by sexual or horizontal 
gene flow/transfer. Sexual or “vertical” gene flow 
occurs when genes from one organism are passed 
on to populations of the same species or a related 

species through reproduction (Hill et al. 2004). This 
can occur through pollen exchange, particularly if 
an engineered crop is in close proximity to wild 
relatives, as may occur in centers of biodiversity 
(Rhodes 2010). Gene flow into an ecosystem 
can also occur via seed dispersal and vegetative 



33Part I   PotentIal ImPacts of synthetIc bIology on bIologIcal dIversIty  

propagation. An example from the past decades 
of genetically modified crop use is the reported 
presence of transgenes in landraces of maize (Quist 
and Chapela 2001; Piñeyro-Nelson et al. 2009) and 
of recombinant proteins in wild populations of cotton 
in Mexico (Wegier et al. 2011).  

Genes from organisms resulting from synthetic 
biology techniques could also transfer to unrelated 
species through horizontal gene transfer (HGT). HGT 
is a naturally occurring phenomenon that may happen 
in three ways: 1) transformation, in which naked DNA 
is picked up and incorporated by an organism; 2) 
conjugation, through DNA transfer from one organism 
to another by plasmid; and 3) transduction, through 
DNA transfer from one organism to another by virus 
(Snow and Smith 2012; Hill et al. 2004). Much is 
not understood about HGT, including its frequency 
and mechanisms of transfer, but recent research has 
found that HGT plays a role not just in the evolution 
of bacteria and archaea, but also in the evolution of 
eukaryotic genomes (Rocha 2013; Schönknecht et 
al. 2013). HGT is common among microbes (Hill et 
al. 2004; Rocha 2013). HGT from symbiotic algae 
to animals has been observed, in the uptake of 
an algal nuclear gene by a sea slug to become 
photosynthetic (Rumpho et al. 2008). HGT thus 
represents a potential mechanism for the transfer 
of altered genetic material, which is possible even 
if the original organism produced through synthetic 
biology has died (Wright et al. 2013). Gebhard and 
Smalla (1999), for example, have shown that DNA 
from genetically modified sugar beet could persist in 
soil for two years. The potential for HGT, taking into 
account the potential persistence of the modified 
genetic elements in the environment, is an important 
consideration in the risk assessment of organisms 
resulting from modern biotechnology and synthetic 
biology.

The transfer of genetic material from an organism 
resulting from synthetic biology techniques to another 
organism may change biodiversity at a genetic 
level (genotype) and may spread undesirable traits 
(phenotype). Some scientists, commentators, and 
civil society groups have expressed concern that 
the spread of novel DNA may result in undesirable 
traits in other organisms, such as those encoding  
antibiotic resistance (commonly used as a marker in 
synthetic biology and classic genetic engineering) or 
the production of enzymes that break down cellulose 
(ICSWGSB 2011; Tucker and Zilinskas 2006; Wright 
et al. 2013). Even if no undesirable phenotypes 
are detected, the spread of synthetically designed 
DNA into other species is considered by some to 
be “genetic pollution” (FOE 2010; ICSWGSB 2011; 
Marris and Jefferson 2013; Wright et al. 2013). 
There is disagreement whether genetic pollution 
in itself is harmful. Marris and Jefferson (2013) 
identify synthetic biologists and environmental NGOs 
as generally assuming that the transfer of genetic 
material needs to be prevented, while the European 
regulatory system does not consider the transfer of 
genetic material as an adverse effect in itself, but 
a potential mechanism by which adverse effects 
could occur. 

It is also important to note that unpredictable 
consequences and ecological harms may result 
from HGT into modified organisms. HGT from wild 
organisms into modified ones may, for example, 
inactivate biological containment devices or 
complement engineered auxotrophies, allowing the 
modified organisms to survive in areas where they 
are not intended to go (see section 7.2).

6.3. Emergence of unpredictable properties

The scientific community speculates that synthetic 
biology could result in radically different forms of 
life, with “unpredictable and emergent properties” 
(RAE 2009; Garfinkel and Friedman 2010; Mukunda 
et al. 2009). However, there is no agreement over 
the significance of such unexpected possibilities. 
Pauwels et al. (2013) explain that, even if the 
sources of genetic sequences are known and 
understood, it may be difficult to assess how all of 
the new circuits or parts will interact or to predict 
the possibility of unexpected emergent properties. 
Similarly, Schmidt and de Lorenzo (2012) explain 
that: “It is paradoxical that such an impressive 
ability to synthesize DNA does not match our much 
more limited knowledge to forward-engineer genetic 
devices with more than 20 genes or biological parts. 
This places the synthetic biology field in a territory 

where designing new-to-nature properties will still rely 
for some time on trial-and-error approaches where 
emergence of unexpected, perhaps undesirable traits 
might certainly occur”. Dana et al. (2012) reflect a 
concern that “no one yet understands the risks that 
synthetic organisms pose to the environment, what 
kinds of information are needed to support rigorous 
assessments, or who should collect such data”.

In discussions of the danger of unforeseen 
results in synthetic biology, a common example 
is an experiment in 2000 using classic genetic 
engineering technology. An engineered mousepox 
intended to induce infertility was unexpectedly 
virulent, killing all of the unvaccinated mice and 
half of the vaccinated mice (Jackson et al. 2001, 
cited or described in: Douglas and Savulescu 2010; 
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Garrett 2011; Mukunda et al. 2009; Schmidt & 
de Lorenzo 2012; Wilson 2013). Some scientists 
question how “unexpected” the increased virulence 
was (Müllbacher & Lobigs 2001) (although the 
researchers who inadvertently developed a lethal 
mouse virus continue to insist that, even if increased 
virulence could have been predicted, it was still 
surprising that immunized mice were susceptible 
to the virus (Selgelid & Weir 2010)). Although not a 
result of synthetic biology techniques, the mousepox 
case is raised in the context of synthetic biology 
as an example of the potential for producing more 

pathogenic products (Douglas & Savulescu 2010; 
Schmidt & de Lorenzo 2012; Wilson 2013) and 
the possible limits of predictive knowledge (Garrett 
2011; Mukunda et al. 2009). One commentator 
noted about the mousepox case: “While the problem 
of unforeseen results is not unique to synthetic 
genomics, the combining of multiple sources of 
DNA sequence (not just, say, a bacterial vector 
and a specific gene as is exemplified by standard 
recombinant DNA techniques), particularly when this 
can occur very rapidly, may be of some concern” 
(Fleming 2006). 

7. stRategIes FoR contaInment

Containment strategies to prevent the unintentional 
release of organisms resulting from synthetic biology 
techniques and/or exposing the environment to such 
organisms may be physical (e.g. physical barriers) 
or biological (e.g. inhibited ability to reproduce or 
survive outside of contained system) (Schmidt 

and Lorenzo 2012). Both physical and biological 
containment strategies are being explored as 
means to reduce the risks and potential negative 
impacts of organisms resulting from synthetic biology 
techniques.

7.1. Physical containment

The UK Healthy and Safety Laboratory noted that 
research and production of organisms resulting from 
synthetic biology under contained use conditions could 
be used to develop evidence on how to regulate future 
applications that may involve intentional release, in a 
step-by-step approach (Bailey et al. 2012). Future uses 
of synthetic biology may straddle the line between 
containment and release. For example, French et al. 
(2011) consider their prospective arsenic biosensor 
that may be used in a contained device - but outside of 
a laboratory - as raising less concerns than biosensors 
that are designed for direct introduction into the 
environment. Moreover, the level of containment 
of organisms developed through synthetic biology 
will also influence the likelihood of their accidental 
environmental release. For example, because of their 
need for exposure to sunlight and carbon dioxide 
(WWICS 2013), algae that are grown in open ponds 
may be more prone to accidental release than 
organisms contained in laboratory facilities.

It is widely acknowledged among microbial biologists 
and ecologists that physical containment is never 
fail-proof (Moe-Behrens et al. 2013; Schmidt and 
Lorenzo 2012; Snow 2010; Wright et al. 2013; Marris 
and Jefferson 2013). One of the conclusions that 
Schmidt and de Lorenzo (2012) draw from decades 
of research and use of recombinant DNA is that 
“it is naïve to think that engineered organisms 
have never escaped the laboratory. They often 
have, and massively”. Synthetic biologists Wright 
et al. (2013) call it prudent to include some form 
of physical containment, but caution that “failure 

in [the physical containment] is a matter of when, 
not if”. The disagreement is thus largely not about 
whether engineered organisms will escape physical 
containment, but rather over the degree of concern 
this should elicit and the appropriate responses. 

There is significant disagreement over how stringent 
physical containment measures should be for 
synthetic biology, stemming from disagreement over 
the seriousness of the threats posed by organisms 
resulting from synthetic biology techniques (EGE 2009; 
FOE et al. 2012; Garfinkel et al. 2007, Marlière 2009). 
Requiring synthetic biology research to take place 
only in BSL 3 or 4 laboratories would significantly 
restrict synthetic biology research to a few laboratories 
(Garfinkel et al. 2007). Principles for the Oversight 
of Synthetic Biology, collaboratively drafted by civil 
society groups and endorsed by 111 organizations, 
calls for the strictest levels of containment of synthetic 
biology (FOE et al. 2012). They do not specify a 
specific Biosafety Level, but more generally call for 
physical, geographical and biological confinement 
strategies that prevent the release of organisms 
resulting from synthetic biology techniques into 
the biosphere (Ibid.). Tucker and Zilinskas, experts 
in nonproliferation policy, declared “it would be 
prudent to [...] treat synthetic microorganisms as 
dangerous until proven harmless. According to this 
approach, all organisms containing assemblies of 
BioBricks would have to be studied under a high 
level of biocontainment (Biosafety Level, BSL, 3 or 
even 4) until their safety could be demonstrated in a 
definitive manner” (Tucker and Zilinskas 2006). On 
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the other hand, the US Presidential Commission for 
the Study of Bioethical Issues (PCSBI 2010) found 
that the NIH Guidelines’ existing guidance on the BSL 
for any specific experimental agents and designs 
were adequate for synthetic biology at its current 
stage of development. The Center for Genetics and 
Society published an open letter signed by 58 civil 
society groups who consider that the “Commission’s 
recommendations fall short of what is necessary 
to protect the environment, workers’ health, public 
health”.47

The Cartagena Protocol on Biosafety, in article 3(b), 
defines contained use as “any operation, undertaken 
within a facility, installation or other physical structure, 
which involves living modified organisms that are 
controlled by specific measures that effectively 
limit their contact with, and their impact on, the 
external environment”. The Cartagena Protocol does 
not elaborate on how these measures are to be 
implemented but, at their seventh meeting, the Parties 
to the Protocol will deliberate on the development of 
tools and guidance to facilitate the implementation of 
the Protocol’s provisions on contained use of LMOs.48

7.2. Biological containment

In reference to the need for containment, researchers 
sometimes note that engineered organisms generally 
have reduced fitness, referencing past experience 
with genetically modified micro-organisms (Bassler 
2010; WWICS 2011; de Lorenzo 2010). However, 
some synthetic biologists see synthetic biology as 
providing tools that could result in hardier organisms, 
and lack of fitness does not discount the possibility 
of the transfer of genetic material to other organisms. 
Therefore, among synthetic biologists and in policy 
discussions, a commonly suggested response to 
the limitations of physical containment and the 
possibility of organisms successfully designed for 
environmental release is that synthetic biology 
be used to design organisms with “built-in safety 
features” (RAE 2009; Marlière 2009; Moe-Behrens et 
al. 2013; PCSBI 2010; Wright et al. 2013). In 2009, 
synthetic biologist Philippe Marlière argued that most 
experts see physical containment as “a futile tribute 
to superstition”, and that biological containment 
was the “surest if not simplest way to avoid risks of 
dissemination and contamination” (Marlière 2009). 
There are four general areas of research that aim 
to develop built-in biological containment: induced 
lethality; horizontal gene transfer prevention; trophic 
containment; and semantic containment. 

The idea of engineered induced lethality (also 
referred to as “kill switch” or “suicide gene”) is 
frequently raised as a solution to the problem 
of survival and persistence (PCSBI 2010; Venter 
2010), but there are significant constraints to its 
effectiveness. The US Presidential Commission for 
the Study of Bioethical Issues (PCSBI) frequently 
mentioned “suicide genes or other types of self-
destruction triggers” as a way to reap the benefits 
of synthetic biology while avoiding potential harms 
(PCSBI 2010). This is also a popular suggestion 
among iGEM teams as a way to respond to biosafety 
concerns (Guan et al. 2013). However, as recently 
discussed by Wright et al. (2013), Schmidt and de 

Lorenzo (2012), and Moe-Behrens et al. (2013), 
kill switches in microbes are prone to failure. The 
selective pressure acting to inactivate or lose suicide 
genes (i.e. through mutation) is expected to be 
stronger than for other genes, precisely because the 
suicide genes are expressly designed to kill the host 
cell. Moreover, while suicide genes are intended to 
be active only under certain conditions, there may be 
varying amounts of “leaky” expression, which means 
that the selective pressure is present even under 
normal conditions where the host cells are intended 
to thrive. Wright et al. (2013) corroborate this notion 
by writing that “dependency devices based solely 
on toxins seem designed for failure due to their 
inability to withstand mutation over time”. 

Trophic containment is another suggested biological 
barrier where auxotrophic organisms are designed 
to be unable to synthesize a compound that is 
required for its survival and that cannot be found 
outside a controlled environment (Marlière 2009; 
Moe-Behrens et al. 2013; PCSBI 2010; Wright et 
al. 2013). Once auxotrophic microbes escape, they 
die without the necessary compound. There are 
some drawbacks to auxotrophic containment. The 
compound required for survival might be available in 
the environment to which it escapes (Moe-Behrens 
et al. 2013). Even if the compound is not present 
in the environment, organisms may parasitically 
rely on metabolites from other organisms, or gene 
transfer could revert the containment by introducing 
the necessary gene (Moe-Behrens et al. 2013; Wright 
et al. 2013). Moe-Behrens et al. note that only a 
few of the genetic safeguard approaches, including 
engineered auxotrophy, have met the recommended 
limit of engineered microbe survival of less than 
1000 cells per 2 litres (Moe-Behrens et al. 2013). A 
related method of containment that is being explored 
in influenza research involves modifying the influenza 
virus to express specific micro-RNA target sites. This 
was found to attenuate influenza pathogenicity in 

48 Document UNEP/CBD/BS/COP-MOP/7/15 on “Contained use of 
living modified organisms” is available at http://bch.cbd.int/protocol/
meetings/documents.shtml?eventid=5193.

47 Available at http://www.geneticsandsociety.org/article.php?id=5517.
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different species that express the specific micro-
RNA (Langlois et al. 2013). It is hoped that a similar 
approach could add extra precaution when studying 
other pathogens (Devitt 2013).

Another containment strategy is preventing horizontal 
gene transfer (HGT); this is also still in development. 
Scientists from UC Berkeley’s Department of 
Bioengineering suggest that synthetic biology 
organisms could eventually be engineered to prevent 
HGT, through strategies such as deleting certain 
plasmid sequences, producing phage-resistant 
strains, and mutating specific genes in order to 
prevent the uptake of DNA from the environment 
(Skerker et al. 2009). Skerker et al. (2009) express 
confidence that HGT can be understood sufficiently 
enough to be prevented. Other synthetic biologists 
acknowledge that minimizing the uptake of ‘free’ 
DNA via transformation (as opposed to conjugation 
or transduction) continues to be challenging (Wright 
et al. 2013). Ecologists and social scientists identify 
HGT as a key area for risk research (Dana et al. 
2012; Snow and Smith 2012). 

Semantic containment would require creating 
organisms that “cannot communicate with the extant 
biochemistry of the existing live world” (Schmidt 
and Lorenzo 2012). Xenobiology is the main area 
of research exploring the creation of orthogonal 
biological systems. By introducing unnaturally 
occurring nucleotides or an alternate backbone 
besides ribose or deoxyribose into the nucleic acid 
of micro-organisms, a cellular information system 
that retains the original functions but cannot be 
read by naturally occurring enzymes (Marlière 2009; 
Schmidt and Lorenzo 2012; Wright et al. 2013). 
Orthogonal systems based on xenobiology “offer 
significant hope for microbial cells designed to have 
minimal genetic interaction with nature” (Wright et 
al. 2013), but synthetic biologists acknowledge 
that they are years (possibly decades) away from 
achieving truly orthogonal organisms resulting from 
synthetic biology techniques, let alone demonstration 

of containment (Moe-Behrens et al. 2013; Wright 
et al. 2013). Furthermore, xenobiology organisms’ 
effects on natural organisms are unclear. Recent 
research suggests that alternative backbone nucleic 
acids can bind with natural DNA and RNA, with toxic 
effects (Moe-Behrens et al. 2013; Sutherland et 
al. 2013).

According to Wright et al. (2013), “The current 
consensus in the synthetic biology research 
community is that multiple biosafety mechanisms 
will be needed to ensure system redundancy in case 
of component inactivation”. The same authors also 
note that the higher the complexity, the more prone 
it may be to failure; thus, safety components must 
be chosen carefully.

Civil society groups, conservation biologists, 
and social scientists have urged that biological 
containment strategies based on synthetic biology 
not be relied upon as biosafety measures until 
thorough risk assessments have been carried out 
(King 2010; FOE et al. 2012; Snow 2010; Sutherland 
et al. 2013). The 111 organizations endorsing 
Principles for Oversight of Synthetic Biology called 
for the restriction of xenobiology research within 
laboratories (FOE et al. 2012). The ICSWGSB calls on 
the CBD COP to recommend that Parties not approve 
biocontainment strategies based on synthetic biology 
“for field testing until appropriate scientific data 
can justify such testing, and for commercial use 
until appropriate, authorized and strictly controlled 
scientific assessments with regard to, inter alia, 
their ecological and socio-economic impacts and 
any adverse effects for biological diversity, food 
security and human health have been carried out 
in a transparent manner and the conditions for 
their safe and beneficial use validated” (ICSWGSB 
2011). These groups are responding to what they 
perceive as overly optimistic expectations of many 
synthetic biology commentators for the promise of 
built-in biosafety.

7.3. Social aspects of containment

Because containment strategies occur within social 
and institutional systems, the effectiveness and 
types of containment depend on the conditions of 
use and characteristics of the users of synthetic 
biology technologies (Marris and Jefferson 2013). 
As noted in comments made by one Party on an 
earlier draft of this document, this requires dialogue 
between synthetic biologists, regulators, and social 
scientists.

As a converging field, synthetic biology has attracted 
people from outside of the life sciences. While 

this is generally seen as a positive trend, it also 
represents potential challenges for containment. 
Many newcomers to the biology laboratories have 
potentially not had formal biosafety training, and 
therefore may not know or be able to follow proper 
protocols for human and environmental safety 
(Schmidt 2009; NSABB 2010). Professionals 
attracted to synthetic biology, such as chemists, 
physicists, engineers, and computer scientists, “may 
not have been sensitized to the ethical, social and 
legal norms of the traditional life sciences research 
communities” (NSABB 2010). Others are early in 

Source: Macroscopic Solutions, LLC
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their careers in laboratories. For example, the annual 
iGEM competitions involve college and high school 
students in synthetic biology experiments (Guan et 
al. 2013).49

Some experiments in synthetic biology are carried 
out by amateur biologists, sometimes referred 
to as “bio-hackers”, or the do-it-yourself biology 
(DIYbio) community (Ledford 2010; Schmidt 2009; 
Guan et al. 2013). There is contention over how 
many people are engaging in modern biotechnology 
outside of formal laboratories and the sophistication 
of the research and synthesis they are able to do 
(Bennett et al. 2009). Some civil society groups 
have expressed concerns that such independent 
researchers have neither the knowledge nor the tools 
to properly dispose of wastes or prevent release into 
the environment and have urged that DIYbio and 
bio-hackers be individually licensed in addition to 
their laboratories being licensed (EcoNexus 2011; 
FOE 2010).

Beyond the matter of laboratory safety practices, 
there is a broader concern that synthetic biology 
practitioners lack an understanding of ecosystem 
and biodiversity science. At the US PCSBI hearings, 

the President of the Hastings Center, Tom Murray, 
stated:

“As the relative participation of biologists, 
familiar with the complexities and the 
non-linearities of biological systems 
diminishes, so may an appreciation 
of consequences of intentional or 
unintentional perturbations of, for 
example, eco systems. It is just not the 
way they think about it. Biologists are 
trained or at least particularly whole 
organism biologists even microbial 
biologists do think about whole organisms 
and think about environments and 
ecosystems. That is less true about some 
molecular biologists, and probably less 
true about some of the other people that 
are now coming into synthetic biology…. 
Why is this important? We need to make 
sure the people who are on the leading 
edge of synthetic biology understand 
the complexities of the systems they 
will eventually purport to tinker with” 
(Murray 2010). 

8. adeQUacY oF cURRent metHodologIes FoR enVIRonmental 
RIsk assessment

Perspectives on the adequacy of environmental risk 
assessments and regulatory structures designed 
for GMOs/LMOs resulting from classic genetic 
engineering in addressing organisms resulting 
from synthetic biology will depend, in part, on 
the perceived novelty of synthetic biology. Writing 
for the WWICS Synthetic Biology Project, Michael 
Rodemeyer noted that near-term products “derived 
from well-understood bacterial hosts and natural 
genetic sequences” and intended for contained use 
are “likely comparable in risk to currently produced 
genetically engineered organisms” (Rodemeyer 
2009). Similarly, national government reports - such 
as the US Presidential Commission on the Study 
of Bioethical Issues (PCSBI 2010), the Belgian 
Biosafety and Biotechnology Unit (Pauwels et al. 
2012), and the UK Health and Safety Laboratory 
(Bailey et al. 2012) and UK Synthetic Biology 
Roadmap Coordination Group (UKSBRCG 2012) 
- express the view that their regulatory regimes 
and risk assessment methodologies for genetically 
modified organisms sufficiently apply to the current 

and near-term results of synthetic biology techniques. 
Most of these documents also, however, stress that 
regulators need to continue to monitor developments 
in the field, implying that changes may be necessary 
depending on how synthetic biology develops (Bailey 
et al. 2012; Pauwels et al. 2012; UKSBRCG 2012). 
Rodemeyer (2009), for example, notes that risk 
assessment will be challenged as the complexity 
of organisms increases as novel gene sequences 
are more significantly modified, and as genetic 
components are assembled from a greater variety 
of sources. From the perspective of the ICSWGSB 
(2011), current developments of synthetic biology 
techniques already demand new risk assessment 
procedures and regulatory responses. The ICSWGSB 
(2011) argue that, as current risk assessment 
methodologies have a strong element of comparison 
with the risks posed by the recipient or parental 
organism,50 they are inadequate for organisms 
produced using synthetic biology techniques that 
have no analog in the natural world.

49 iGEM notes that the teams work in BSL1 or BSL2 laboratory spaces at 
high schools, universities, or similar institutions. The teams are required 
to follow all applicable laws and university biosafety rules.

50 Among the general principles for risk assessment, Annex III of the 
Cartagena Protocol on Biosafety states that “risks associated with 
living modified organisms [...] should be considered in the context of 
the risks posed by the non-modified recipients or parental organisms 
in the likely potential receiving environment.”

Source: Macroscopic Solutions, LLC
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There is also disagreement over the amount of 
resources that should be channeled to the research 
of the risks of organisms resulting from synthetic 
biology techniques. Some researchers reflect concern 
for the “unknown unknowns” of synthetic biology 
in their call for significantly increased funding for 
dedicated synthetic biology risk research. They 
argue that no one yet understands the risks that 
synthetic organisms pose to the environment, what 
kind of information is needed to support rigorous 
assessments, or who should collect such data. For 
example, Dana et al. (2012), writing as employees of 
the Synthetic Biology Project at the Woodrow Wilson 
International Center for Scholars (WWICS) and Ohio 
State University, argued for a minimal investment of 
$20-30 million in synthetic biology environmental risk 
research over the next 10 years to address areas 
such as: the difference in physiology of naturally 
occurring organisms and organisms resulting from 
synthetic biology techniques; how microbes could 
alter habitats, food webs and biodiversity; the rate 
of evolution of organisms resulting from synthetic 
biology techniques; and understanding processes 
of gene transfer. Tait and Castle (2012), writing 
from the UK ESRC Innovation Centre, responded 
that the investment proposed by Dana et al. was 
not yet justified. Tait and Castle (2012) also noted 
that “the questions raised by Dana et al. should be 
considered as part of any risk-governance system 
for synthetic biology”. Their disagreement thus 
seems to be around the scale of dedicated risk 
research, and not the content. Synthetic biologist de 
Lorenzo (2010b) argues that the results of current 
synthetic biology research, as well as organisms and 
commercial products resulting from current synthetic 
biology applications (i.e., not yet orthogonal systems 
such as xenobiology) are sufficiently familiar, and 
that the risk assessments conducted on a case-
by-case basis for GMOs/LMOs produced through 
classic genetic engineering are still appropriate.

Social scientists Zhang et al. (2011) recommend 
recognition of the full range of scientific uncertainties 
relating to synthetic biology. Drawing on the work 
of Brian Wynne (1992) and Andy Stirling (2008; 
2010), Zhang et al. (2011) note that risks describe 
situations in which possible kinds of damage and 
their probabilities can be known. Other kinds of 
limited scientific certainty can be described as 
uncertainty (when the types of harm can be identified, 

but not their probabilities), ambiguity (where the 
measurement or meanings of the kinds of harm 
are contested), and ignorance (where neither the 
outcomes nor probabilities can be characterized) 
(Wynne 1992; Stirling 2010). Zhang et al. (2011) 
warn that, as with other emerging technologies, 
there has been a tendency among governments to 
respond to synthetic biology as if it represents only 
identifiable and measurable risks.

Most existing biosafety regulations, including the 
Cartagena Protocol on Biosafety, rely on case-by-case 
assessments of environmental risks which take into 
account any environment which may be exposed to 
the organism, the characteristics of the organism and 
its intended uses. Current and near-term commercial 
applications of synthetic biology build on techniques 
of modern biotechnology to create organisms 
with novel combinations of genetic material. As 
such, the general risk assessment methodology 
for living modified organisms is expected to be 
applicable to organisms produced through synthetic 
biology, albeit specific considerations will likely be 
needed to identify any gaps that may exist in the 
methodologies that are currently in place to assess 
the environmental risks of living modified organisms 
and propose guidance on how to fill such gaps. The 
need for developing risk assessment guidance that 
focuses specifically on organisms developed using 
synthetic biology techniques was already foreseen 
by a group of experts representing the Parties to 
the Cartagena Protocol on Biosafety (CBD 2014).

A revised risk assessment methodology may 
not necessarily demand the set-up of regulatory 
regimes distinct from existing biosafety regimes 
covering GMOs/LMOs. If and when future 
commercial applications of synthetic biology evolve 
to use techniques that do not rely on the in vitro 
manipulation of nucleic acids to cause inheritable 
changes in an organism, current methodologies for 
environmental risk assessment may no longer be 
suitable as these organisms would no longer fall 
within the scope of many biosafety instruments.

For a more in-depth analysis of the gaps and overlaps 
with the applicable provisions of the Convention 
on Biological Diversity, its Protocols, and other 
applicable international instruments see document 
UNEP/CBD/COP/12/INF/12.51

51 Available at http://www.cbd.int/doc/?meeting=COP-12.

Source: Macroscopic Solutions, LLC
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table 1.                           examples of potential positive and negative impacts of synthetic biology applications
                                       on conservation and sustainable use of biodiversity

specific area of 
application

potential positive and negative impacts* on conservation and sustainable use of 
biodiversity

Bioenergy 
applications of 
synthetic biology

At a significant scale, these approaches could reduce global dependence on fossil fuels 
and cut harmful emissions (PCSBI 2010)
Synthetic biology tools may be used in designing “next generation” biofuels that, it is hoped, 
will overcome challenges of “first generation” biofuels made from food crops (Webb & 
Coates 2012)
Use of biomass as feedstock in synthetic biology processes may be an environmentally 
beneficial shift from non-renewable resources (Erickson et al. 2011; Georgianna & Mayfield 
2012) 

Synthetic biology bioenergy applications could lead to increased extraction of biomass from 
agricultural land, which may decrease soil fertility (ICSWGSB 2011; Fixen 2007)
Increased demand for biomass may lead to displacement of local sustainable uses and 
environmental harm in tropical and sub-tropical communities (ETC 2010; FOE et al. 2012; 
FOE 2010)
If synthetic biology techniques open up new sources of energy such as algae and seaweed, 
increased demand may encroach on traditional uses (ETC 2013)

Environmental 
applications of 
synthetic biology

Micro-organisms resulting from synthetic biology techniques may work as biosensors, 
helping to identify areas contaminated with specific pollutants (French et al. 2011)

Microbes that are intended for release into the environment could have adverse effects 
due to their potential for survival, persistence and transfer of genetic material to other 
micro-organisms

Applications to alter 
wildlife populations

Synthetic biology techniques might help to identify and treat wildlife diseases (Allendorf et al. 
2010)

Synthetic biology techniques may be used to restore extinct species (“de-extinction”), restoring 
ecological richness (Church 2013; Redford et al. 2013)

De-extinction may provide a new paradigm for biodiversity advocacy, based on hope instead of 
crisis (Brand 2013; Redford 2013) 

RNA-guided gene drives could potentially prevent the spread of disease, and control damaging 
invasive species (Esvelt et al. 2014)  

Synthetic biology techniques may be used to target threats to wildlife, such as the spread of 
diseases borne by insect vectors (Weber and Fussenegger 2012; Esvelt et al. 2014)

Proposed synthetic biology solutions might divert funds and other resources from other 
conservation efforts (Ehrenfeld 2013; Ehrlich 2013). 

Proposed synthetic biology solutions might move policy-makers away from addressing 
underlying causes for biodiversity loss (Redford et al. 2013)

‘Moral hazard’’ may reduce society’s willingness to support measures to conserve endangered 
species (Redford et al. 2013) 

Synthetic biology capability may lead to decreased support for in situ conservation with 
impacts on support for existing protected areas (Redford et al. 2013)

Potential undesired consequences could result from the use of “gene drive” systems to 
spread traits aimed at the suppression or extirpation of populations of disease vectors (eg. 
mosquitoes).  One such undesired consequence could be the introduction of new diseases 
through the replacement of the population of the original disease vector by another vector 
species (“niche substitution”)

Near-certain spread across political borders, i.e. unintentional or unauthorized transboundary 
movements, of mosquitoes and other insects used to control diseases (Esvelt et al. 2014)

Source: PNNL
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table 1 continued.           examples of potential positive and negative impacts of synthetic biology applications
                                       on conservation and sustainable use of biodiversity

specific area of 
application

potential positive and negative impacts* on conservation and sustainable use of 
biodiversity

Agricultural 
applications of 
synthetic biology

The potential for organisms resulting from synthetic biology techniques in the agricultural 
production sectors might foster ‘‘sustainable intensification’’ and ‘‘land sparing’’ to reduce 
land conversion and increase protection of wild habitats (Redford et al. 2013)

Reduced use of chemical pesticides and fertilizers could have positive ecological impacts 
(PCSBI 2010). 

RNA-guided gene drives could potentially support agriculture by reversing pesticide and 
herbicide resistance in insects and weeds (Esvelt et al. 2014).

Industrial uses created by synthetic biology might drive significant land use change towards 
feedstock production (could be a beneficial or negative impact) (Redford et al. 2013)

Possible toxic and other negative effects on non-target organisms such as soil micro-
organisms, beneficial insects, other animals and plants;

Potential negative impacts to the conservation and sustainable use of biodiversity could 
arise from the transfer of genetic material to wild populations via vertical gene transfer and 
introgression

Applications of 
synthetic biology 
to replace natural 
materials

Molecules produced through synthetic biology could enable conservation of plants 
and animals currently unsustainably harvested from the wild or through unsustainable 
cultivation (BIO 2012)

Synthetic biology products could displace products that are key to in-situ conservation 
projects (ETC 2013a)

Applications of 
synthetic biology to 
replace materials 
made with synthetic 
chemistry

Synthetic biology alternatives for chemical products and industrial processes may lead to 
decreased use of non-renewable resources and less environmentally harmful manufacturing 
processes (Garfinkel & Friedman 2010)

Transition to sustainable production and consumption (which protects biodiversity) may be 
promoted (Redford et al. 2013)

Synthetic biology alternatives for chemical products and industrial processes may not 
actually be “greener,” such as current bioplastics (ETC 2010) 

Industrial uses created by synthetic biology might drive significant land use change towards 
feedstock production (could be a beneficial or negative impact) (Erickson et al. 2011; 
Redford et al. 2013)

* In addition to the specific examples of potential adverse effects listed in this table, general biosafety considerations 
(section 6) also apply, as appropriate, to the accidental or deliberate release of organisms developed through synthetic 
biology listed in this table.

Source: Macroscopic Solutions, LLC

Source: Macroscopic Solutions, LLC



41Part I   PotentIal ImPacts of synthetIc bIology on bIologIcal dIversIty  

e. social, economic and cultural 
considerations associated With the 
components, organisms and products 
resulting From synthetic biology 
techniQues

This section discusses potential positive and negative 
impacts of the components, organisms and products 
resulting from synthetic biology with regard to social, 
economic and cultural considerations. Table 2 at the 

end of this section provides examples of potential 
positive and negative impacts in the context of 
biosecurity, economic, health, ethical and intellectual 
property.

9. BIosecURItY consIdeRatIons RelatIng to BIodIVeRsItY

A common definition of biosecurity is an effort 
to “prevent misuse or mishandling of biological 
agents and organisms with an intent to do harm” 
(PCSBI 2010). Synthetic biology presents potential 
challenges to biosecurity, as well as potential tools 
to aid in security efforts.

Biosecurity concerns related to biodiversity include 
the use of synthetic biology to create destructive 
pathogens targeting agriculture or other natural 
resource bases. Existing livestock and crop diseases 
could be made more lethal, and novel pathogens 
designed to impact agricultural biodiversity (Kaebnick 
2009).52  Mukunda et al., writing from MIT and 
Boston University, predict that biological weapons 
customized to attack specific groups are highly likely 
in the long term (10 or more years) (Mukunda et 
al. 2009).

There is heated debate as to the level of threat 
of biological weapons, but broad consensus that 
advances in biotechnology are likely to increase the 
dangers posed by biological weapons (Mukunda et 
al. 2009). Mukunda et al. (2009) classify potential 
impacts of synthetic biology on offense as primarily 

increasing capabilities for acquisition of biological 
weapons and, in the long term, the effects of 
such weapons, including enhanced lethality and 
infectiousness.

Infectious viruses have been created using what 
some consider as synthetic biology techniques; it 
is predicted that the creation of bacterial pathogens 
may be possible. In 2005, researchers at the US 
Centers for Disease Control and Prevention (CDC) 
constructed a virus with the complete coding 
sequences of the eight viral gene segments of 
the extinct 1918 Spanish influenza virus, following 
genomic RNA retrieved from autopsy materials and 
the remains of a victim found buried in the Alaskan 
permafrost (Tumpey et al. 2005). An infectious 
poliovirus was produced in an American laboratory 
in 2002, using oligonucleotides ordered from a 
commercial supplier (Cello et al. 2002).53 Mukunda 

52 Most literature on biosecurity considerations of synthetic biology focuses 
on human targets, but this analysis applies to biodiversity-associated 
biosecurity as well.

53 These two examples are frequently noted when discussing synthetic 
biology (see Douglas & Savulescu 2010; Mukunda et al. 2009; RAE 
2009). However, one organization commented on an earlier draft of this 
document that some argue the techniques used in both of these cases 
are not synthetic biology. Both of these projects involved sequencing 
parts or all of the target viral genome, and then synthesizing the 
necessary oligonucleotides (Cello et al. 2002; Tumpey et al. 2005). 
Tumpey et al. (2005) generated the influenza viruses using a “reverse 
genetics system.” Cello et al. (2002) assembled the poliovirus entirely 
from oligonucleotides.

Source: Christine Cooper
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et al. rate the synthesis of viruses as “relatively 
easy” at present, and thus synthetic biology may 
be expanding the pool of actors able to acquire 
agents for biological warfare. In the medium term 
future, they anticipate the creation of new organisms 
with novel properties (Mukunda et al. 2009). This 
aligns with the 2007 analysis by Garfinkel et al. that 
synthesizing highly pathogenic viruses will become 
easier, and that pathogenic bacteria may eventually 
be possible. At the time, Garfinkel et al. (2007) 
noted that over the next five years, “constructing an 
infectious virus [would] remain more difficult than 
obtaining it from nature or from laboratory stocks,” 
but that this could be reversed within 10 years.

Synthetic biology could provide tools for responding 
to biosecurity risks. The US PCSBI claims it is 
“easy to anticipate potential benefits” of synthetic 

biology to biosecurity, such as identifying biological 
agents of concern and countering biosecurity threats 
(PCSBI 2010). Synthetic biologist Drew Endy urges 
that synthetic biology be understood in terms of 
its “net contribution to risk exposure and not only 
risk creation” (Endy 2005, Fig. 3). Thus, although 
synthetic biology can be used to create threats, 
tools such as DNA synthesis can help identify 
and respond to biological threats, for example by 
accelerating the ability to analyze the pathogen 
and more rapidly synthesize vaccines or vaccine 
precursors (Endy 2005). Similarly, Mukunda et al. 
point out that synthetic biology could be used for 
defense, such as improved surveillance to detect 
pathogenic agents, accelerate vaccine production, 
and provide therapies for some pathogens (Mukunda 
et al. 2009).

10. economIc consIdeRatIons RelatIng to BIodIVeRsItY

The global market for synthetic biology products 
is growing rapidly, as are investments in synthetic 
biology research. As seen in section 1, the global 
synthetic biology market is expected to grow to $11.8 
billion in 2018. While smaller than the estimated 
global market for nanotechnology ($20.1 billion in 
2011, $48.9 billion in 2017), synthetic biology’s 
predicted compound annual growth rate of 45.8% 
outshines nanotechnology’s 18.7%.54 The WWICS 
Synthetic Biology Project estimates that the US and 
European governments funded over a half billion 
USD in synthetic biology research between 2005 
and 2010 (WWICS 2010).

There is no clearly agreed definition or scope to the 
term “bioeconomy”; definitions either focus on the 
tool of biotechnology or on the use of biomass as 
a fuel and raw material. The 2009 OECD document 
The Bioeconomy to 2030: Designing a Policy Agenda 
defines bioeconomy as “a world where biotechnology 
contributes to a significant share of economic 
output.” (OECD 2009). The United States’ White 
House’s National Bioeconomy Blueprint similarly 
defines bioeconomy as “economic activity that is 
fueled by research and innovation in the biological 
sciences” (US White House 2012). The European 
Commission’s definition of bioeconomy is broader: 
“an economy using biological resources from the 

land and sea, as well as waste, as inputs to food 
and feed, industrial and energy production. It 
also covers the use of bio-based processes for 
sustainable industries” (EC 2012).55 Civil society 
groups’ definitions of the bioeconomy are similar 
to that of the European Commission.56 The Global 
Forest Coalition describes it as a post-fossil fuel 
economy, “heavily based on the use of biomass, 
both as a fuel and as a raw material from which to 
manufacture a wide range of products, including 
plastics and chemicals” (Hall 2012). The ETC 
Group sees the bioeconomy as relying on three 
inter-related and reinforcing concepts: the biomass 
economy, moving from fossil and mineral resources 
to biological raw materials; the biotech economy, in 
which genetic sequences are the building blocks 
for designed biological production systems; and 
the bioservices economy, in which new markets in 
ecosystem services enable trading of ecological 
credits (ETC 2010).

States, industry, and civil society identify synthetic 
biology as playing a potentially significant role in 
the bioeconomy. The Government of the United 
States of America names synthetic biology as an 
emerging technology that “holds vast potential for 
the bioeconomy, as engineered organisms could 
dramatically transform modern practices in high-

54 See http://www.bccresearch.com/report/nanoparticles-biotechnology-
drug-development-delivery-bio113a.html. Accessed on 17 April 2013.

55 The EC’s Strategy describes the bioeconomy as including the sectors 
of “agriculture, forestry, fisheries, food and pulp and paper production, 
as well as parts of chemical, biotechnological and energy industries” 
(EC 2012b).

56 For all of these actors, the bioeconomy is a narrower concept than 
UNEP’s “Green Economy” (an economy “that results in improved human 
well-being and social equity, while significantly reducing environmental 
risks and ecological scarcities”) (UNEP 2011).

Source: Macroscopic Solutions, LLC
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impact fields such as agriculture, manufacturing, 
energy generation, and medicine” (US White House 
2012). Industry analysts see a “bright future” in the 
bio-based economy for developers of biochemicals, 
biomaterials, bioactive ingredients, and processing 
aids (Huttner 2013). The ETC Group describes 
synthetic biology as a “game-changer,” expanding 
the “commercial possibilities for biomass” (ETC 
2010).

State-led policies and strategies are driven by 
the anticipated benefits of an expanded global 
bioeconomy. The EC is pursuing the bioeconomy 
to “reconcil(e) demands for sustainable agriculture 
and fisheries, food security, and the sustainable 
use of renewable biological resources for 
industrial purposes, while ensuring biodiversity 
and environmental protection” (EC 2012a, 1). 
The European Commission three-part Action 
Plan includes: investing in research, innovation 
and skills; reinforcing policy interaction and 
stakeholder engagement; and enhancing markets 
and competitiveness (EC 2012b). The US Obama 
Administration is prioritizing the bioeconomy 
“because of its tremendous potential for growth” 
as well as its potential to “allow Americans to live 
longer, healthier lives, reduce our dependence 
on oil, address key environmental challenges, 
transform manufacturing processes, and increase the 
productivity and scope of the agricultural sector while 
growing new jobs and industries” (US White House 
2012). Brazil is aligning its strategies to become the 
“No.1 Global Bioeconomy,” building on its natural 
resources base and extensive biodiversity.57 And 
States that have not yet developed bioeconomy-
specific strategies are adopting the language of 
the bioeconomy, such as the Malaysian Minister 
of Natural Resource and Environment identifying 
bioeconomy as key to transforming Malaysia into 
a high-income country.58

Engagement by some civil society groups on synthetic 
biology is significantly motivated by anticipated 
dangers of an expanded global bioeconomy. Some 
civil society groups have expressed deep concern 
over the methods by which a transition from fossil 
fuels to renewable resources is proposed. As 
described in section 5.1, a major concern is that 
the necessary scale of extraction and use of biomass 
for a global bioeconomy is ecologically unsustainable 

(Hall 2012; ETC 2011; ICSWGSB 2011; FOE et 
al. 2012). The new bioeconomy also potentially 
threatens “older “bio-based” economies represented 
by billions of people with preexisting claims on the 
land and coastal waters where biomass grows” 
(ETC 2011). The ETC Group cites the World Health 
Organization statistic that 3 billion people depend on 
firewood as the primary source of fuel for heat and 
cooking, and that 2 billion people rely on animals 
as the main source of power for agriculture and 
transport (ETC 2011). Many civil society groups 
express concern that these biodiversity-based 
economies depend on the same natural resource 
as the new bioeconomy, and therefore stand to be 
displaced by land and resource grabs (ETC 2011; 
ICSWGSB 2011; Hall 2012).

Many of the first wave synthetic biology commercial 
applications replicate naturally-occurring molecules 
that are expensive or difficult to source outside 
the laboratory or produce in the laboratory using 
synthetic chemistry (Wellhausen and Mukunda 
2009). Product displacement can potentially ease 
negative pressures on wild or cultivated species, 
but it can also displace cultivation practices, often 
in topical and sub-tropical regions.

The anti-malarial semi-synthetic drug artemisinin 
is a high-profile example of the complicated trade-
offs that may result from product substitutions. 
The artemisinin project of Prof. Jay Keasling of UC 
Berkeley has been the most popular example of 
the promise of synthetic biology, and particularly 
of synthetic metabolic engineering, for the past 
seven years (Collins 2012; Garfinkel et al. 2007; 
Garfinkel and Friedman 2010; Heinemann and Panke 
2006; PCSBI 2010). The shrub Artemisia annua 
has been used in China for centuries to treat a 
variety of illnesses, including malaria (White 2008). 
Although announced to the rest of the world in 1979, 
global politics and issues of price kept artemisinin 
largely inaccessible. It was not until 2004 that 
the World Health Organization (WHO) and Global 
Fund for AIDS, Tuberculosis and Malaria switched 
to Artemisinic-based Combination Therapy (ACT) 
(Enserink 2005; Milhous and Weina 2010; White 
2008). Since then, the availability - and thus price - 
of artemisinin has varied wildly, as a combination of 
bad weather and a glut of new producers has led to 
year-to-year price swings (Peplow 2013). The Gates 

57 See http://www12.senado.gov.br/internacional/05-18-2012/
brazil-can-become-a-leader-in-bioeconomy-says-director-of-national-
industry-confederation; http://www.iica.int/Eng/prensa/IICAConexion/
IICAConexion2/2012/N13/secundaria4.aspx; and http://www.process-
worldwide.com/management/markets_industries/articles/345478/. 
Accessed on 23 April 2013.

58 See http://www.mysinchew.com/node/81046. Accessed on 23 April 
2013.

Source: Macroscopic Solutions, LLC
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Foundation gave two grants totaling $53.3 million 
to the Institute for OneWorld Health to help Prof. 
Jay Keasling of UC Berkeley engineer the molecular 
production of artemisinic acid from yeast (Sanders 
2013). In 2006, Keasling’s group announced their 
success in engineering the metabolic pathway of 
yeast using 12 new synthetic genetic sequences 
to produce high levels of artemisinic acid (Ro et 
al. 2006). OneWorldHealth, Amyris (a commercial 
synthetic biology company co-founded by Keasling), 
and pharmaceutical company Sanofi partnered to 
produce semi-synthetic artemisinin. The term “semi-
synthetic” is used because Sanofi has developed 
a proprietary photochemical method to convert 
artemisinic acid into artemisinin (Sanders 2013). 
In 2013, Sanofi announced the launch of large-
scale production upon regulatory approval, with plans 
to produce 35 tons of artemisinin that year and 
50 to 60 tons by 2014, the equivalent of 80-150 
million ACT treatments (Sanofi and PATH 2013). 
Thus far, Sanofi has exported approximately 400 
kg of semi-synthetic artemisinin to India, the bulk 
in one shipment worth US$ 350/kg.59 

There are potential public health benefits from semi-
synthetic artemisinin. For seven years, synthetic 
biology has been described as a cheaper and 
more efficient way to produce artemisinin than its 
natural plant source, although a price still has not 
been named (Garfinkel et al. 2007; PCSBI 2010; 
RAE 2009).60 Because production of artemisinin 
is following a “no profit, no loss” model and UC 
Berkeley included humanitarian use terms in the 
intellectual property license, it has been expected 
to be affordable and lead to a “stable cost and 
steady supply” (Sanders 2013; US PTO 2013). Many 
analysts anticipate that this will lead to positive 
public health outcomes (Wellhausen and Mukunda 
2009; Peplow 2013). Keasling has also argued that, 
because individual Artemisia growers sometimes sell 
to producers of artemisinin monotherapies (which 
can lead to artemisinin resistance), semi-synthetic 
production will lead to a more easily controlled 
market (Thomas 2013).

Semi-synthetic artemisinin may displace cultivation 
of Artemisia by tens of thousands of small-scale 
farmers. A. annua is primarily cultivated on farms 
in China, Vietnam, East Africa and Madagascar; the 
average crop area per farmer in China and Africa is 

around 0.2 hectares (A2S2 2013). Sources within 
the Artemisinin trade estimate that up 100,000 
people (smallholders and wild pickers) depend upon 
artemisinin for their livelihoods, with a wider social 
impact when families are factored in to calculation 
(ETC Group 2013; Charles Giblain61 2014 pers. 
comm.). Initially, semi-synthetic artemisinin was 
described as a complement to natural cultivation. For 
example, at the 2013 annual artemisinin conference, 
the semi-synthetic artemisinin consortium 
communicated their production was intended 
to be a complementary source to supplement 
plant-based artemisinin, that the estimated price 
would be between US$ 350 and 400, and that 
the semi-synthetic product would act as a price 
regulator.62  But, at an April 2013 conference on 
synthetic biology and conservation, Keasling noted 
that “moves are afoot to replace the entire world 
supply [of artemisinin]”. Civil society organizations 
have long been concerned that this might be an 
impact of semi-synthetic artemisinin (Thomas 2013; 
FOE et al. 2012). Thomas (2013) noted that “early 
on, it was not about replacing the agricultural form 
[…] and now I think it is nearly inevitable that it 
will shift over”. The ICSWGSB agrees that malaria 
drugs must be accessible and affordable, but they 
question the value of pursuing a high-tech solution 
over decentralized, sustainable approaches such 
as supporting expanded smallholder production 
(ICSWGSB 2011). Moreover, Marris (2013) notes 
that a crucial issue in the debate between the 
potential health benefits of artemisinin and the 
potential loss of income and livelihoods for farmers 
growing Artemesia bushes as a crop is that the 
hoped-for health benefits for local populations do not 
simply depend of an increased supply of artemisisin 
(synthetic or not), but also require a complex set of 
interrelated political, economic and social conditions.

As noted in several comments on an earlier draft 
of this document, the displacement of small-scale 
farmers’ crops is not an impact unique to synthetic 
biology, nor are the experiences of these farmers 
pre-determined. Indeed, the displacement of natural 
products by synthetic-biology produced versions 
follows a “tradition of major technological advances 
that have displaced former methods of production” 
(Wellhausen and Mukunda 2009). Wellhausen and 
Mukunda see semi-synthetic artemisinin and other 
commercial synthetic biology applications as possibly 

59 See: http://www.infodriveindia.com/, accessed 21 Feb. 2014.

60 According to A2S2's tracking of artemisinin imports into India, the 
average monthly price of artemisinin has been dropping over the past 
two years, down to US$ 267.51/kg (excl. duty) in December 2013. 
See: http://www.a2s2.org/market-data/artemisinin-imports-into-india.
html, accessed 21 Feb. 2014. Thus far, Sanofi imports of semi-synthetic 
artemisnin to India have been for more than this.

61 Giblain, CEO of Bionexx in Madagascar, calculated this number based 
on the Madagascar and Chinese workforces engaged with production 
and wild picking of Artemisia.

62 See: http://www.a2s2.org/upload/5.ArtemisininConferences/1.201
3Kenya/2013ArtemisininConferenceFinalReport.pdf, accessed on 
21 Feb. 2014.

%20http://www.a2s2.org/upload/5.ArtemisininConferences/1.201%203Kenya/2013ArtemisininConferenceFinalReport.pdf
%20http://www.a2s2.org/upload/5.ArtemisininConferences/1.201%203Kenya/2013ArtemisininConferenceFinalReport.pdf
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improving health and thus the standard of living in 
developing countries, while simultaneously displacing 
laborers, exports, and the tax base of those same 
countries (Ibid.). Using the historical examples of 
natural rubber and indigo dyes’ competition with 
chemically produced alternatives, they explain that 
sometimes displacement results in impoverishment 
and sometimes the natural version continues to 
hold on to some share of the market (Ibid.). They 
see a role for national governments in facilitating 
industrial restructuring and redistributing any benefits 
to the “economic losers” (Ibid.). The ETC Group 
has described Artemisia growers as the “canaries 
in the coalmine,” providing an early example of 
the risks that synthetic biology production poses 
to smallholder producers (ETC 2010). The ETC 
Group asks what benefits developing countries 
will experience when the product being displaced 
is not medicine for a tropical disease. They point 
to synthetic-biology produced isoprene (rubber), 
currently in development by Genencor and Goodyear, 
which could displace smallholders in Asia producing 
natural rubber (ETC 2007; 2010).

Although artemisinin is a more high-profile example, 
other synthetic biology versions of natural products 
are on the near-term horizon. The near-term 
commercialization of synthetic-biology-produced 
lauric acids could compete with production from 
coconut and palm kernel oils (ETC Group 2013). 
Coconut is a major export crop for the Philippines, 
primarily from owner-operated farms averaging 2.4 
hectares (ETC Group 2013). Palm kernel oil from oil 
palm primarily comes from large industrial farms in 
Indonesia and Malaysia. Unilever's investment in 
Solazyme is related to a desire to move away from 
the environmentally destructive crop (ETC Group 
2013). Tamiflu producer La Roche produces some 
of its shikimic acid with modified E. coli, as opposed 
to star anise (ETC Group 2013; Rawat et al. 2013).

Some are optimistic for developing countries in the 
global bioeconomy; those who express concern have 

differing degrees of confidence that harm can be 
mitigated or avoided. The US PCSBI sees synthetic 
biology as bringing potential benefits to developing 
countries, “where health, access to resources, and 
economic stability are closely linked to one another 
and to disparities in health and welfare” (PCSBI 
2010). The example of artemisinin is frequently put 
forward as an example of how synthetic biology can 
significantly improve the health, and thus economies, 
of developing countries (Ibid.; Garfinkel et al. 
2007; RAE 2009). A biotechnology-led bioeconomy 
could also, however, reinforce trends towards the 
dominance of knowledge-based economies, and 
the further consolidation of international trade by 
a few rich states and trans-national corporations 
(Rhodes 2010). The civil society Principles for 
the Oversight of Synthetic Biology insists that the 
development of synthetic biology must “not deepen 
economic and social injustices” through product 
displacement, increased biomass cultivation and 
extraction, or the further privatization and control 
of naturally occurring processes and products (FOE 
et al. 2012). Others recognize the potential that 
developing countries might fail to benefit from 
or even be harmed by synthetic biology’s role in 
the global bioeconomy, but see ways that these 
potential harms can be mitigated. For example, the 
UK Royal Academy of Engineering recognizes the 
potential for global inequalities to be “exacerbated” 
by synthetic biology through product displacement 
of developing country exports (RAE 2009). Garfinkel 
and Friedman see many potential synthetic biology 
applications, such as treating neglected tropical 
diseases, as potentially most useful to those who 
can least afford it (Garfinkel and Friedman 2010). 
But in both cases, these are considered challenges 
that can be addressed through product-specific 
arrangements (such as the Gates Foundation’s 
support of artemisinin research and the Sanofi-
Aventis no-profit/no-loss model of production) and 
engagement with the public (Garfinkel and Friedman 
2010; RAE 2009).

11. HUman HealtH consIdeRatIons RelatIng to BIodIVeRsItY

Through the CBD’s cross-cutting programme on 
“health and biodiversity,” it is recognized that “we 
cannot have healthy societies without biodiversity” 
(CBD 2012). Biodiversity provides sources of 
medicine, food, clean air and fresh water; loss of 
biodiversity can negatively impact human health 
through increased contact with diseases and the 
loss of substances used as medicines or in medical 
research (Ibid). Synthetic biology may be used for 
advanced medical interventions but also could have 
unintended impacts on health and biodiversity.

Classic genetic engineering has been used for over 
three decades to engineer bacteria to produce 
molecules such as insulin and vaccines (PCSBI 
2010). As with other areas of current and potential 
future synthetic biology applications, researchers 
and industries deploying synthetic biology tools are 
building on the history of established biotechnology, 
and the lines between “synthetic biology” and classic 
genetic engineering are not always clear.
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Health applications are a major focus of synthetic 
biology research; much of it is still at the stage of 
basic research, but some is in commercialization. 
According to WWICS (2013a), the top application 
focus of biological systems designers and 
manufacturers conducting synthetic biology research 
is medicine. Synthetic biology may provide tools 
for better understanding disease mechanisms by 
“rebuilding and studying them in a context isolated 
from their high degree of natural interconnectivity” 
(Lienert et al. 2014). For example, the oft-cited 
study synthesizing the 1918 Spanish influenza virus 
provided insight into the pathogen's virulence factors 
(Tumpey et al. 2005; Weber & Fussenegger 2012). 
Synthetic biology may be used in drug discovery 
through developing drug screening platforms 
(Pauwels et al. 2012). One of the expectations for 
xenobiology is that XNA could be used in diagnostic 
tests (PCSBI 2010). One focus of synthetic 
biology research and development is the design 
of organisms to produce drugs and vaccines. As 
discussed in more detail in section 4.2.2, semi-
synthetic artemisinin for the treatment of malaria is 
already being produced using metabolic engineering 
techniques that many consider to be synthetic biology 
(Sanders 2013). In 2013, researchers at Novartis 
and Synthetic Genomics published an approach to 
rapidly generate influenza vaccine viruses, using 
an enzymatic, cell-free gene assembly technique, 
producing an accurate vaccine more quickly than 
previously possible (Dormitzer et al. 2013). J. Craig 
Venter, founder and CEO of Synthetic Genomics, 
refers to this as “reverse vaccinology” (Industrial 
Biotechnology 2014). Another approach referred to 
as “SAVE” (synthetic attenuated virus engineering) 
(Coleman et al. 2008) was used to rationally redesign 
the genome of an influenza virus, resulting in an 
attenuated virus with hundreds of nucleotide changes 
(Mueller et al. 2010). Still at the research stage 
are synthetic biology devices that would provide 
therapeutic treatment, for example through 
reprogramming mammalian cells to tackle diseases 
through prosthetic gene networks, controlling the 

timed delivery of drugs, more controlled approaches 
to gene therapy, and engineering micro-organisms 
to target, penetrate regress tumors (Forbes 2010; 
Khalil & Collins 2010; Wieland & Fussenegger 
2012). In December 2013, two companies using 
synthetic biology techniques, Intrexon and Agilis 
Biotherapeutics, LLC, announced a collaboration 
focused on DNA-therapeutics for Friedreich's ataxia 
(FRDA), a rare genetic neurodegenerative disease 
(Intrexon Corp. 2013a). The RAE (2009) anticipates 
that in the longer term (10 and 25 years) synthetic 
biology will help to make personalized drugs and 
highly adaptive vaccines and antibiotics.

It is difficult to anticipate specific negative impacts, 
but broad categories of potential concerns have 
been identified related to human health impacts. 
As discussed earlier, synthetic biology may have 
negative ecological impacts related to biosafety 
(section 6), which could then negatively impact 
human health. Accidental release of organisms 
resulting from synthetic biology could possibly also 
have negative impacts on human health (PCSBI 
2010; RAE 2009). As was noted by the European 
Group on Ethics in Science and New Technologies, it 
is hard to predict the “long-term health-related risks 
associated with the ecological effects” of synthetic 
biology (EGE 2009). The coalition of civil society 
groups that developed Principles for the Oversight of 
Synthetic Biology (FOE et al. 2012) as well as the US 
Presidential Commission for the Study of Bioethical 
Issues (PCSBI 2010) identify synthetic biology 
laboratory workers as potentially at risk because 
of accidental exposure. There is also the possibility 
that medicines and therapies resulting from synthetic 
biology techniques may trigger unanticipated adverse 
effects on human health (König et al. 2013; PCSBI 
2010). Indirect negative effects to human health 
could arise if medicines and therapies produced with 
synthetic biology technologies are inaccessible to 
some countries because of broad patents and patent 
“thickets” (see section 13) (König et al. 2013).

12. etHIcal consIdeRatIons RelatIng to BIodIVeRsItY

Ethical considerations of biodiversity and of how 
humans relate to biodiversity are recognized as 
important in the context of the CBD. For example, 
CBD COP10 established the Tkarihwaié:ri Code of 
Ethical Conduct to Ensure Respect for the Cultural 
and Intellectual Heritage of Indigenous and Local 
Communities (Decision X/42). The Tkarihwaié:ri Code 
identifies general ethical principles, including: prior 
informed consent and/or approval and involvement 
of ILCs; the fair and equitable sharing of benefits 
with ILCs; and the precautionary approach, including 

relevant ILCs and the use of local criteria and 
indicators in the prediction and assessment of 
potential harms to biodiversity (Decision X/42, 
Annex A, Section 2(A)).

Starting as early as 1999, ethicists have actively 
engaged with the new tools and techniques of 
synthetic biology (Cho et al. 1999). Common 
considerations have included the ethical debate 
on whether to ban publications of dual use science 
discoveries and whether synthetic biologists are 
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“playing God” (Boldt and Müller 2008; Douglas and 
Savulescu 2010; Kaebnick 2009; RAE 2009). This 
section focuses on ethical considerations that relate 
to biodiversity.

Ethicists disagree whether synthetic biology 
introduces “new” ethical issues based on the 
ability to create life rather than modify existing 
organisms. Ethicists Joachim Boldt and Oliver 
Müller see synthetic biology as having crossed a 
threshold from the mere manipulation of life to its 
“creation” from scratch, thus potentially changing 
our approach to nature (Boldt and Müller 2008). They 
are concerned that the ability to design significant 
portions of organisms may “lead to an overestimation 
of how well we understand nature’s processes 
and our own needs and interests” (Ibid.). Ethicist 
Christopher Preston invokes Aristotle’s distinction 
between the natural and artifact, arguing that de novo 
organisms, “with no causal chain of viable organisms 
connecting […] with the historical evolutionary 
process” should have less value (Preston 2008). 
A number of commentators counter that such 
arguments overestimate the current abilities of 
synthetic biology. Scientists have thus far replicated 
existing genomes and modified existing cells; this is 
different from creating a novel organism from scratch 
(Garfinkel and Friedman 2010; Kaebnick 2009). 
Social scientists Claire Marris and Nikolas Rose 
caution against engaging in “speculative ethics” on 
the assumption that the scientific feat of life-from-
scratch is already accomplished (Marris and Rose 
2012). Philosopher Beth Preston (2013) argues that 
synthetic biology presents no new ethical issues; 
she considers the advent of agriculture as the truly 
revolutionary moment in human society, and synthetic 
biology as simply continuing the kinds of human 
relationships to the natural world established by 
agriculture. On the other hand, Parens et al. (2009) 
find it important for society to start conversations 
around the ethics of molding the natural world.

Some areas of synthetic biology research are 
based on a reductionist view of the world; there is 
disagreement on the ethical implications of this. 
Reductionism is the idea that complex entities 
can be completely explained by the properties of 
their component parts (Calvert 2008). With the 
discovery of DNA, the biological sciences took 
a reductionist turn, attempting to explain life by 
breaking it down to chemical and physical processes 
(Cho et al. 1999). In recent years, epigenetics has 
expanded understanding of genes to acknowledge 
that environmental context has important impacts 
on gene expression. In some areas of biological 
sciences, reductionism is seen as a dated and 
misguided theory that ignores biological complexity. 
Some synthetic biologists use synthetic biology to 
try to bypass this complexity, using reductionist 

logic to design organisms that are less complex 
(Calvert 2008; EGE 2009). It is an empirical question 
whether emergence and complexity can be avoided 
by biological design, but there are also ethical 
implications of a commitment to reductionism. A 
reductionist view of life might undermine the special 
status of living things, if life is seen as “producible, 
controllable and at our disposal” (Boldt and Müller 
2008; Cho et al. 1999; ECNH 2010). A similar 
concern is that synthetic biology moves humanity 
towards instrumentalism, by which organisms are 
assigned value based on their instrumental use 
(EGE 2009). A common counterpoint to these 
arguments is that life does not necessarily hold 
such a special status; for example, bacteria are not 
generally given moral status (ECNH 2010; Douglas 
and Savulescu 2010). Also, there is not yet evidence 
that reductionist synthetic biology science has led 
to a ‘slippery slope’ of valuing others less (ECNH 
2010). Whether an instrumental view of life is 
problematic depends on how anthropocentric one’s 
ethical stance is (EGE 2009).

Synthetic biology raises ethical issues around harms, 
benefits and risks. Anderson et al. say: “The ability 
to create synthetic organisms, combined with our 
inability to control them with solid guarantees, 
raises the need to consider the ethical implications” 
(2012). Considerations of biosafety and biosecurity 
are sometimes discussed as ethical questions of 
weighing and balancing potential harms and benefits 
(Boldt and Müller 2008; Cho et al. 1999; Douglas 
and Savulescu 2010; EGE 2009). Some risks 
might be deemed not morally acceptable because 
of the severity of harm and/or the probability of 
harm occurring (Schmidt et al. 2009). This raises 
questions about what level of predictability should 
be required, and how to weigh possible negative 
impacts against positive impacts (Anderson et al. 
2012). The distribution of potential harms and 
benefits related to synthetic biology products and 
technologies is also an ethical matter (Schmidt 
et al. 2009; Nuffield 2012; Parens et al. 2009). 
What would be an equitable distribution of synthetic 
biology related harms and benefits, and how can 
that distribution be achieved? Ethical issues around 
harms and benefits also incorporate discussions on 
global justice, and the potential impacts of synthetic 
biology on the “technology divide” (EGE 2009).

Questions of synthetic biology’s impact on attitudes 
to biodiversity and conservation are being asked. 
The US Presidential Commission for the Study of 
Bioethical Issues (PCSBI) brings up the concern 
of the “broader effect on how society views and 
protects biodiversity” (PCSBI 2010). The conveners 
of a 2013 conference “How will synthetic biology and 
conservation shape the future of nature?” ask how 
synthetic biology will change public perceptions of 
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what is natural, and if it will “challenge the ethical 
basis for conservation action” (Redford et al. 
2013). Philosopher Brian Norton speculates that 
synthetic biology could “encourage an inaccurate 
model of biodiversity protection as maintaining 
an inventory of biological units” (Norton 2010). 
Building on this, Redford et al. note the increasing 
importance of ecosystem services in valuing 
biodiversity, and ask what will happen if ecosystems 
with synthesized elements are able to out-compete 
natural ecosystems, “delivering more services 
with less biodiversity” (Redford et al. 2013). More 
optimistically, renowned physicist and mathematician 
Freeman Dyson (2007) imagines a future in which 
biotech will “give us an explosion of diversity of 
new living creatures […] Designing genomes will 
be a personal thing, a new art form as creative as 
painting or sculpture.” Dyson paints this as a largely 
positive direction for our world, although one with 
dangers that will need to be managed.

Synthetic biology is seen by some to raise ethical 
issues related to intellectual property (IP) rights; 
others consider synthetic biology as a way to avoid 
ethical challenges to ‘patenting life.’ Considerations 
of justice include the distribution of material and 
non-material goods. The application of intellectual 
property rights to synthetic biology, such as patents 
on DNA sequences or organisms resulting from 
synthetic biology, could restrict the global distribution 
of products and knowledge (ICSWGSWB 2011; 
Schmidt et al. 2009; ECNH 2010). Civil society 
groups strongly critique the way that IP regimes 
have been used in agricultural biotechnology to 
concentrate power with a few corporations, and they 
see similar patterns of use occurring in synthetic 
biology (ETC 2010; FOE 2010; ICSWGSWB 2011) 
Using synthetic biology to design and synthesize DNA 
sequences is also, however, seen by some as a way 
to avoid ethical and legal challenges – particularly 
those related to patenting the sequence information 
of naturally occurring DNA (Torrance 2010).

13. IntellectUal PRoPeRtY consIdeRatIons Related to 
BIodIVeRsItY

Intellectual property rights for synthetic biology 
has been described as a potential “perfect storm”; 
biotechnology and software already pose serious 
challenges to the patent system, and synthetic 
biology’s combination of those two areas presents 
significant challenges (Rai and Boyle 2007). In 
the field of biotechnology, patents have created an 
“anti-commons” problem, where broad, ambiguous 
patent claims restrict the innovation of others (Oye 
and Wellhausen 2009; Henkel and Maurer 2009; 
Torrance 2010). Narrow patents, on the other 
hand, can cause patent “thickets,” where complex 
designs that incorporate many individual parts face 
an unmanageable number of patents (Rutz 2009; 
Henkel and Maurer 2009; Rai and Boyle 2007). 
There is also the possibility that, like with electronics 
and software, a tipping dynamic will lead to one 
solution dominating an industry because it is the 
first to establish common standards (Henkel and 
Maurer 2007; Henkel and Maurer 2009).

As the field of synthetic biology develops, two main 
models of intellectual property (IP) for synthetic 
biology components, organisms, products, and 
techniques seem to be forming (Calvert 2012). The 
first heavily relies on patents and is exemplified by 
the approach of the J. Craig Venter Institute (JCVI) 
(Gibson et al. 2008; Gibson et al. 2010; Glass 
et al. 2007). While working at the US National 
Institutes of Health in the 1980s, J. Craig Venter 

attracted attention and criticism for leading patent 
applications of thousands of short DNA sequences 
(Calvert 2012). In the 1990s, his Institute of 
Genomic Research (now part of JCVI) sequenced 
and patented one of the smallest known bacterial 
genomes, M. genitalium. In 2007, scientists at his 
institute applied for a “minimal bacterial genome” 
patent (Calvert 2012; Glass et al. 2007). This 
is still pending; NGOs and commentators have 
expressed concern at its attempted breadth (ETC 
2007; ETC 2011; Calvert 2012). The other main 
model is the BioBrick™ system, modeled on open-
source software. On the iGEM’s Registry of Standard 
Biological Parts, contributing researchers post their 
BioBrick™ parts (DNA-sequences that incorporate 
standardized sections) on pages accessible to the 
general public, which allows users to exchange 
parts and share their experience. Following a 
similar philosophy of exchange, the BioBricks 
Foundation has independently developed a BioBrick™ 
Public Agreement that is essentially a contractual 
agreement between “Users” and “Contributors” 
of parts. Contributors may hold patents on the 
parts, but they promise not to assert any present 
or future proprietary rights against Users. Unlike 
open source software, Users have no obligation to 
openly share the devices or parts they make with 
the BioBricks™. They can patent novel devices if 
they want to, meaning that they can build private, 
proprietary systems on the open platform (Calvert 
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2012; BioBricks Foundation 2013). As in open-source 
software, proponents consider this approach as more 
likely to lead to innovation as well as furthering 
transparency and openness (Calvert 2012).

IP regimes for synthetic biology could have a variety 
of impacts on biodiversity and related considerations. 
In the USA, each patent application costs $10,000 
(Henkel and Maurer 2009). If patenting becomes 
established as the necessary method of claiming of 
intellectual property rights on synthetic biology, the 
high cost could influence the kinds of applications 
of synthetic biology that are pursued (high profit 
applications targeting wealthy populations), as 
well as the types of organizations (continuing 

concentration of ownership and control in large 
transnational corporations) (ICSWGSB 2011; ETC 
2007; Redford et al. 2013). If patent “thickets” form 
in certain areas of synthetic biology applications, this 
could also restrict its accessibility by less wealthy 
countries (Redford et al. 2013). A strong concern of 
civil society groups is that strong IP regimes could 
also restrict access to information for carrying out 
independent, effective risk assessments (ICSWGSB 
2011). Finally, it is possible that an additional 
challenge for conservation biologists and synthetic 
biologists to work together could be that the types 
of biological knowledge used by synthetic biologists 
are “much more restricted” (Redford et al. 2013).

table 2.                           examples of potential positive and negative impacts of synthetic biology 
                                       with regard to social, economic and cultural considerations 

social, economic 
and cultural 
considerations

possible positive and negative impacts of synthetic biology

Biosecurity

Synthetic biology techniques may provide tools for better detecting and identifying 
pathogenic agents, and responding to biosecurity threats, for example through accelerated 
vaccine production (Endy 2005; Mukunda et al. 2009; PCSBI 2010)

Synthetic biology techniques may raise a “dual use” challenge, in that the substances used 
by research for positive ends may also be used for damaging results, such as creating 
destructive pathogens that target natural resources (Kaebnick 2009; Mukunda et al. 2009)

Economic

Synthetic biology is widely anticipated to play a significant role in the bioeconomy, which 
could benefit the economic growth (and human health and environment) of countries (EC 
2012a; US White House 2012)

Synthetic biology alternatives for natural products may lead to product displacement in 
developing countries, but potential harms may be addressed through product-specific 
arrangements and public engagement (Garfinkel & Friedman 2010; RAE 2009) or the 
natural version may still hold on to some share of the market, or the benefits of the 
synthetic biology versions may outweigh the losses (Wellhausen & Mukunda 2009)

Products from synthetic biology, such as artemisinin, may improve the health of the people 
of developing countries and thus their economies (PCSBI 2010)

Synthetic biology alternatives to natural products may lead to product displacement, 
harming the economies of developing countries and displacing the livelihoods of small-
scale farmers and pickers (ETC 2013a; ICSWGSWB 2011)

The necessary scale of extraction and use of biomass for a global economy may be 
ecologically unsustainable and rely on the same biomass resources as traditional 
economies (ETC 2011; Hall 2012; ICSWGSB 2011)

Health

Synthetic biology may:

 � help to study disease mechanisms (Lienert et al. 2014)
 � aid in diagnostics (PCSBI 2010)
 � aid in drug discovery through developing drug screening platforms (Pauwels et al. 2012)
 � help design organisms to produce drugs and vaccines (Dormitzer et al. 2013; Mueller et 

al. 2010; Ro et al. 2006)
 � help design therapeutic treatments (Khalil & Collins 2010; Wieland & Fussenegger 2012)

Source: Macroscopic Solutions, LLC
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table 2. continued           examples of potential positive and negative impacts of synthetic biology 
                                       with regard to social, economic and cultural considerations

social, economic 
and cultural 
considerations

possible positive and negative impacts of synthetic biology

Health

Synthetic biology applications may result in the possibility of direct harm to patients’ health 
if engineered organisms / viruses trigger unanticipated adverse effects (König et al. 2013; 
PCSBI 2010)

Synthetic biology may result in the possibility of direct harm for workers in synthetic biology 
laboratories (FOE et al. 2012; PCSBI 2010)

Patent thickets and broad patents may restrict access to drugs and therapies (König et al. 
2013)

Ethical

Ethical discussions around synthetic biology are not structured around potential “positive” 
and “negative” impacts, but rather broad considerations:

Ethical analysis may help determine how to weigh and balance possible negative impacts 
of synthetic biology against possible positive impacts, as well as explore what equitable 
distribution of synthetic biology-related harms and benefits would look like and how to achieve 
this (Anderson et al. 2012; EGE 2009; Nuffield 2012; Parens et al. 2009)

On the one hand, the ability to design significant portions of organisms may change 
humanity’s approach to nature and lead humanity to overestimating our understanding of 
nature’s processes (Boldt & Müller 2008); on the other hand, ethical discussions should not 
be based on assumptions that synthetic biology is able to do more than it can (Marris & Rose 
2012)

On the one hand, where synthetic biology research is based on a reductionist view of the 
world, it may undermine the special status of living things (Boldt & Müller 2008; Cho et al. 
1999; ECNH 2010), on the other hand, “life” does not necessarily hold special status, and 
there is no evidence that synthetic biology science is leading to a “slippery slope” of devaluing 
some forms of life (ECNH 2010)

Intellectual property

A model of IP based on open-source software may lead to greater innovation, transparency, 
and openness (Calvert 2012)

Using synthetic biology to design and synthesize DNA sequences may avoid ethical and 
legal challenges related to patenting natural DNA sequences (Torrance 2010)

Synthetic biology may extend private ownership of genetic material, restricting access for 
public benefit (Redford et al. 2013; ECNH 2010; Schmidt et al. 2009)

Strong IP regimes could restrict access to information for carrying out independent risk 
assessments (ICSWGSB 2011)

Source: Macroscopic Solutions, LLC

Source: Macroscopic Solutions, LLC



51Part I   PotentIal ImPacts of synthetIc bIology on bIologIcal dIversIty  

F. reFerences

A2S2. 2013. Timeline: From Artemisia to ACT. Available at: http://www.a2s2.org/market-data/from-
artemisia-to-act/from-artemisia-to-act.html, accessed on 24 April 2013.

Agrivida. 2012. Press Release: Agrivida Launches Significant Field Production of Early Stage INzymeTM 
Crops. Available at: http://www.agrivida.com/news/releases/2012jun5.html, accessed on 20 
March 2013.

Allendorf, Fred W., Paul A. Hohenlohe & Gordon Luikart. 2010. Genomics and the future of conservation 
genetics. Nature Review Genetics 11: 697-709.

Andersen, Jens Tønne, Thomas Schäfer, Per Linå Jørgensen, Søren Møller. 2001. Using inactivated microbial 
biomass as fertilizer: the fate of antibiotic resistance genes in the environment. Research in 
Microbiology 152: 823-833.

Anderson, Chris. 2013. TED Welcomes You. Webcast from TedX DeExtinction event. Available at: http://new.
livestream.com/tedx/DeExtinction, accessed on 16 March 2013.

Anderson, James, Natalja Strelkowa, Guy-Bart Stan, Thomas Douglas, Julian Savulescu, Mauricio Barahona 
& Antonis Papachristodoulou. 2012. Engineering and ethical perspectives in synthetic biology. 
EMBO Reports 13(7): 584-590.

Annaluru, Narayana, et al. 2014. Total Synthesis of a Functional Designer Eukaryotic Chromosome. Science 
344: 55-58.

Armstrong, Rachel, Markus Schmidt & Mark Bedau. 2012. Other Developments in Synthetic Biology. In 
Synthetic Biology: Industrial and Environmental Applications, edited by Markus Schmidt. Weinheim 
(Germany): Wiley-Blackwell, 145-156.

Bailey, Claire, Heather Metcalf, & Brian Crook. 2012. Synthetic biology: A review of the technology, and 
current and future needs from the regulatory framework in Great Britain. Research Report 944. 
Health and Safety Executive. Available at: http://www.hse.gov.uk/research/rrpdf/rr944.pdf, 
accessed on 10 Jan. 2014.

Baker, Monya. 2011. Technology Feature: The Next Step for the Synthetic Genome. Nature 473: 403-408.

Balmer, Andrew & Paul Martin. 2008. Synthetic Biology: Social and Ethical Challenges. Biotechnology 
and Biological Sciences Research Council (UK). Available at: http://www.bbsrc.ac.uk/web/files/
reviews/0806_synthetic_biology.pdf, accessed on 13 Jan. 2014. 

Basler, Christopher F., Ann H. Reid, Jody K. Dybing, Thomas A. Janczewski, Thomas G. Fanning,Hongyong 
Zheng, Mirella Salvatore, Michael L. Perdue, David E. Swayne, Adolfo García-Sastre, Peter Palese 
& Jeffery K. Taubenberger. 2001. Sequence of the 1918 pandemic influenza virus nonstructural 
gene (NS) segment and characterization of recombinant viruses bearing the 1918 NS genes. 
Proceedings of the National Academy of Sciences of the United States of America 98(5): 2746-
2751.

Bassler, Bonnie. 2010. Transcript from Meeting 1, Session 1 of the US Presidential Commission on Bioethics. 
Available at: http://bioethics.gov/node/164, accessed on 5 June 2013.

Bennett, Gaymon, Nils Gilman, Anthony Stavrianakis and Paul Rabinow. 2009. From synthetic biology to 
biohacking: are we prepared? Natural Biotechnology 27(12): 1109-1111. 

Source: PNNL

http://www.a2s2.org/market-data/from-artemisia-to-act/from-artemisia-to-act.html
http://www.a2s2.org/market-data/from-artemisia-to-act/from-artemisia-to-act.html
http://www.agrivida.com/news/releases/2012jun5.html
http://new.livestream.com/tedx/DeExtinction
http://new.livestream.com/tedx/DeExtinction
http://www.hse.gov.uk/research/rrpdf/rr944.pdf
http://www.bbsrc.ac.uk/web/files/reviews/0806_synthetic_biology.pdf
http://www.bbsrc.ac.uk/web/files/reviews/0806_synthetic_biology.pdf


52 synthetic biology

Berg, Paul, David Baltimore, Sydney Brenner, Richard O. Roblin III, and Maxine F. Singer. 1975. Asilomar 
Conference on Recombinant DNA Molecules. Science 188: 991-994.

Benner, Steven A. and A. Michael Sismour. 2005. Synthetic biology. Nature Reviews Genetics 6: 533-543.

BioBricks Foundation. 2013. The BioBrick™ Public Agreement. Available at: https://biobricks.org/bpa/, 
accessed on 4 May 2013.

Biotechnology Industry Organization. 2013. Current Uses of Synthetic Biology for Renewable Chemicals, 
Pharmaceuticals, and Biofuels. Available at: http://www.bio.org/sites/default/files/Synthetic-
Biology-and-Everyday-Products-2012.pdf, accessed on 7 March 2013.

Blanco-Canqui, Humberto and R. Lal. 2009. Corn Stover Removal for Expanded Uses Reduces Soil Fertility 
and Structural Stability. Soil Science Society of American Journal 73: 418-426.

BLOOM Association. 2012. The hideous price of beauty: An investigation into the market of deep-sea shark 
liver oil. Available at: http://www.bloomassociation.org/download/ENG_Squalene_4%20pager.
pdf, accessed on 21 March 2013.

Bokinsky, Gregory, Pamela P. Peralta-Yahyaa, Anthe Georgea, Bradley M. Holmes, Eric J. Steen, Jeffrey 
Dietrich, Taek Soon Lee, Danielle Tullman-Ercek, Christopher A. Voigt, Blake A. Simmons, & Jay 
D. Keasling. 2011. Synthesis of three advanced biofuels from ionic liquid-pretreated switchgrass 
using engineered Escherichia coli. Proceedings of the National Academy of Sciences 108(50): 
19949-19954.

Boldt, Joachim and Oliver Müller. 2008. Commentary: Newtons of the Leaves of Grass. Nature Biotechnology 
26(4): 387-389.

Bomgardner, Melody M. 2012. The Sweet Smell of Microbes. Chemical and Engineering News 90(29). 
Available at: http://cen.acs.org/articles/90/i29/Sweet-Smell-Microbes.html, accessed on 5 June 
2013.

Brand, Stewart. 2013. Opinion: The Case for Reviving Extinct Species. National Geographic: Daily News. 
Available at: http://news.nationalgeographic.com/news/2013/03/130311-deextinction-reviving-
extinct-species-opinion-animals-science/, accessed on 16 March 2013.

Brune, Karl D. & Travis S. Bayer. 2012. Engineering microbial consortia to enhance biomining and 
bioremediation. Frontiers in Microbiology 3: 203.

Buck, Matthias and Clare Hamilton. 2011. The Nagoya Protocol on Access to Genetic Resources and the 
Fair and Equitable Sharing of Benefits Arising from their Utilization to the Convention on Biological 
Diversiyt. RECIEL (Review of European Community and International Environmental Law) 20(1): 
47-61.

Budin, Itay & Jack W. Szostak. 2010. Expanding Roles for Diverse Physical Phenomena During the Origin of 
Life. Annual Review of Biophysics 39: 245-263.

Burgard, Anthony P., Priti Pharkya, & Costas D. Maranas. 2003. OptKnock: A Bilevel Programming Framework 
for Identifying Gene Knockout Strategies in Microbial Strain Optimization. Biotechnology and 
Bioengineering 84(6): 647-657.

Burney, David. 2013. Rewilding, Ecological Surrogacy, and Now… De-extinction? Webcast from TedX 
DeExtinction event. Available at: http://new.livestream.com/tedx/DeExtinction, accessed on 16 
March 2013.

Campos, Luis. 2009. That Was the Synthetic Biology That Was. In Synthetic Biology: The Technoscience and 
Its Societal Consequences, eds. Markus Schmidt, Alexander Kelle, Agomoni Ganguli-Mitra, and 
Huid de Vriend. New York: Springer, 5-22.

Callaway, Ewen. 2013. Glowing plants spark debate: Critics irked over planned release of engineered 
organism. Nature 498: 15-16. 

Calvert, Jane. 2008. The Commodification of Emergence: Systems Biology, Synthetic Biology and Intellectual 
Property. BioSocieties 3: 383-398.

Calvert, Jane. 2010. Synthetic biology: constructing nature? The Sociological Review 58: 95-112.

Calvert, Jane. 2012. Ownership and sharing in synthetic biology: A ‘diverse ecology’ of the open and the 
proprietary? BioSocieties 7: 169-187.

https://biobricks.org/bpa/
http://www.bio.org/sites/default/files/Synthetic-Biology-and-Everyday-Products-2012.pdf
http://www.bio.org/sites/default/files/Synthetic-Biology-and-Everyday-Products-2012.pdf
http://www.bloomassociation.org/download/ENG_Squalene_4%20pager.pdf
http://www.bloomassociation.org/download/ENG_Squalene_4%20pager.pdf
http://cen.acs.org/articles/90/i29/Sweet-Smell-Microbes.html
http://news.nationalgeographic.com/news/2013/03/130311-deextinction-reviving-extinct-species-opinion-animals-science/
http://news.nationalgeographic.com/news/2013/03/130311-deextinction-reviving-extinct-species-opinion-animals-science/
http://new.livestream.com/tedx/DeExtinction


53Part I   PotentIal ImPacts of synthetIc bIology on bIologIcal dIversIty  

Campbell, Nick. 2004. Turning back time. Nature Milestones 5. doi:10.1038/nrn1453. Available at: http://
www.nature.com/milestones/development/milestones/full/milestone5.html; accessed on 10 
September 2014. 

Carlson, R. 2009. The changing economics of DNA synthesis. Nature Biotechnology 27: 1091-1094.

Cardwell, Diane. 2013. Unilever to Buy Oil Derived from Algae from Solazyme. The New York Times, Sept. 25, 
2013, B3. Available at: http://www.nytimes.com/2013/09/25/business/energy-environment/
unilever-to-buy-oil-derived-from-algae-from-solazyme.html?partner=rss&emc=rss&_r=2&, 
accessed on 7 Jan. 2013. 

Carroll, Dana. 2013. Staying on target with CRISPR-Cas. Nature Biotechnology 31(9): 807-809.

CBD. 2014. Report of the Ad Hoc Technical Expert Group on Risk Assessment and Risk Management under 
the Cartagena Protocol on Biosafety (document UNEP/CBD/BS/AHTEG-RA&RM/5/6). Available 
at http://bch.cbd.int/protocol/meetings/documents.shtml?eventid=5389, accessed on 17 
September 2014.

Cello, Jeronimo, Aniko V. Paul, & Eckard Wimmer. 2002. Chemical Synthesis of Poliovirus cDNA: Generation 
of Infectious Virus in the Absence of Natural Template. Science 297: 1016-1018. 

Centerchem. Undated. Neossance™ Squalane. Available at: http://www.centerchem.com/PDFs/
NEOSSANCE%20SQUALANE%20-20Datasheet%20F%200312.pdf, accessed on 4 June 2013.

Chaput, John C., Hanyang Yu, & Su Zhang. 2012. The Emerging World of Synthetic Genetics. Cheistry & 
Biology 19: 1360-1371.

Church, George. 2013. Hybridizing with Extinct Species. Webcast from TedX DeExtinction event. Available at: 
http://new.livestream.com/tedx/DeExtinction, accessed on 16 March 2013.

Church, George. 2004. A Synthetic Biohazard Non-Proliferation Proposal. Available at http://arep.med.
harvard.edu/SBP/Church_Biohazard04c.htm, accessed on 5 March 2013.

Cobb, Ryan E., Tong Si, and Huimin Zhao. 2012. Directed evolution: an evolving and enabling synthetic 
biology tool. Current Opinion in Chemical Biology 16(3-4): 285-291.

Coleman, J. Robert, Dimitris Papamichail, Steven Skiena, Bruce Futcher, Eckard Wimmer, & Steffen Mueller. 
2008. Virus Attenuation by Genome-Scale Changes in Codon Pair Bias. Science 320: 1784-1787.

Collins, James. 2012. Bits and pieces come to life. Nature 483: S8-S10.

Dana, Genya V., Todd Kuiken, David Rejeski and Allison A. Snow. 2012. Four Steps to Avoid a Synthetic-
Biology Disaster. Nature 483: 29.

Delgado, Ana, Manuel Porcar. 2013. Designing de novo: interdisciplinary debates in synthetic biology. 
Systems and Synthetic Biology 7: 41-50.

de Lorenzo, Victor. 2010a. Synthetic biology: something old, something new. BioEssays 32: 267-270.

de Lorenzo, Victor. 2010b. Environmental biosafety in the age of synthetic biology: do we really need a 
radical new approach? BioEssays 32: 926-931.

de Lorenzo, Victor. 2011. Beware of metaphors. Chasses and orthogonality in synthetic biology. Bioengineered 
Bugs 2: 3-7. Available at: https://www.landesbioscience.com/journals/bioe/deLorenzoBBUGS2-1.pdf; accessed on 
9 September 2014.

Devitt, Elizabeth. 2013. ‘Molecular biocontainment’ proposed to ease flu research worry. Nature Medicine 
19(9): 1077.

Dormitzer, Philip R., Pirada Suphaphiphat, Daniel G. Gibson, David E. Wentworth, Timothy B. Stockwell, 
Mikkel A. Algire, Nina Alperovich, Mario Barro, David M. Brown, Stewart Craig, Brian M. Dattilo, 
Evgeniya A. Denisova, Ivna De Souza, Markus Eickmann, Vivien G. Dugan, Annette Ferrari, Raul C. 
Gomila, Liqun Han, Casey Judge, Sarthak Mane, Mikhail Matrosovich, Chuck Merryman, Giuseppe 
Palladino, Gene A. Palmer, Terika Spencer, Thomas Strecker, Heidi Trusheim, Jennifer Uhlendorff, 
Yingxia Wen, Anthony C. Yee, Jayshree Zaveri, Bin Zhou, Stephan Becker, Armen Donabedian, Peter 
W. Mason, John I. Glass, Rino Rappuoli, & J. Craig Venter. 2013. Synthetic Generation of Influenza 
Vaccine Viruses for Rapid Response to Pandemics. Science: Translational Medicine 5(185): 
185ra68.

http://www.nature.com/milestones/development/milestones/full/milestone5.html
http://www.nature.com/milestones/development/milestones/full/milestone5.html
http://www.nytimes.com/2013/09/25/business/energy-environment/unilever-to-buy-oil-derived-from-algae-from-solazyme.html?partner=rss&emc=rss&_r=2&
http://www.nytimes.com/2013/09/25/business/energy-environment/unilever-to-buy-oil-derived-from-algae-from-solazyme.html?partner=rss&emc=rss&_r=2&
http://bch.cbd.int/protocol/meetings/documents.shtml?eventid=5389
http://www.centerchem.com/PDFs/NEOSSANCE%20SQUALANE%20-20Datasheet%20F%200312.pdf
http://www.centerchem.com/PDFs/NEOSSANCE%20SQUALANE%20-20Datasheet%20F%200312.pdf
http://new.livestream.com/tedx/DeExtinction
https://www.landesbioscience.com/journals/bioe/deLorenzoBBUGS2-1.pdf


54 synthetic biology

Dougherty, Michael J., and Frances H. Arnold. 2009. Directed evolution: new parts and optimized function. 
Current Opinion in Biotechnology 20: 486-491. 

Douglas, Thomas and Julian Savulescu. 2010. Synthetic Biology and the Ethics of Knowledge. Journal of 
Medical Ethics 36: 687-693.

Dyer, George A., J. Antonio Serratos-Hernández, Hugo R. Perales, Paul Gepts, Alma Piñeyro-Nelson, Angeles 
Chávez, Noé Salinas-Arreortua, Antonio Yúnez-Naude, J. Edward Taylor, Elena R. Alvarez-Buylla. 
2009. Dispersal of Transgenes through Maize Seed Systems in Mexico. PloS ONE 4(5): e5734.

Dymond, Jessica, Sarah M. Richardson, Candice E. Coombes, Timothy Babatz, Heloise Muller, Narayana 
Annaluru, William J. Black, Joy W. Schwerzmann, Junbiao Dai, Derek L. Lindstrom, Annabel C. 
Boeke, Daniel E. Gottschling, Srinivasan Chandrasegaran, Joel S. Bader, & Jef D. Boeke. 2011. 
Synthetic chromosome arms function in yeast and generate phenotypic diversity by design. Nature 
477: 471-476.

Dyson, Freeman. 2007. Our Biotech Future. The New York Review of Books, accessible at: www.nybooks.
com/articles/archives/2007/jul/19/our-biotech-future, accessed on 27 Feb. 2013.

Dzieza, Josh. 2013. Plant That Glow in the Dark Spark Heated Debate. The Daily Beast. Available at: http://
www.thedailybeast.com/articles/2013/08/18/plants-that-glow-in-the-dark-spark-heated-debate.
html, accessed on 7 Jan. 2014.

EcoNexus. 2011. Synthetic Biology: Submission to the CBD. Available at: http://www.cbd.int/doc/emerging-
issues/econexus-synthetic-biology-2011-013-en.pdf, accessed on 7 June 2013.

Editors. 2013. Why Efforts to Bring Extinct Species Back from the Dead Miss the Point. Scientific American 
308(6). Available at: http://www.scientificamerican.com/article/why-efforts-bring-extinct-species-
back-from-dead-miss-point/, accessed on 20 Jan. 2014. 

Ehrenfeld, David. 2013. Extinction Reversal? Don’t Count on It. Webcast from TedX DeExtinction event. 
Available at: http://new.livestream.com/tedx/DeExtinction, accessed on 16 March 2013.

Ehrlich, Paul H. 2014. Counterpoint: The Case Against De-Extinction: It’s a Fascinating but Dumb Idea. Yale 
Environment 360. Available at: http://e360.yale.edu/feature/the_case_against_de-extinction_
its_a_fascinating_but_dumb_idea/2726/, accessed 13 Jan. 2014.

Elowitz, Michael B. & Stanislas Leibler. 2000. A synthetic oscillatory network of transcriptional regulators. 
Nature 403: 335-338.

Endy, Drew. 2005. Foundations for engineering biology. Nature 438: 449-453.

Enserink, Martin. 2005. Source of new hope against malaria is in short supply. Science 307: 33.

Erickson, Brent, Rina Singh, and Paul Winters. 2011. Synthetic Biology: Regulating Industry Uses of New 
Biotechnologies. Science 333, 1254-1256. 

Esvelt, Kevin M. and Harris H. Wang. 2013. Genome-scale engineering for systems and synthetic biology. 
Molecular Systems Biology 9:641.

Esvelt, Kevin M., Andrea L. Smidler, Flaminia Catteruccia, and George M. Church. 2014. Concerning RNA-
guided gene drives for the alteration of wild populations. Concerning RNA-guided gene drives for the 
alteration of wild populations. eLife 2014;10.7554/eLife.03401. Available at: http://elifesciences.
org/content/early/2014/07/17/eLife.03401, accessed on 18 August 2014.

ETC Group. 2007. Extreme Genetic Engineering: An Introduction to Synthetic Biology. Available at: www.
etcgroup.org/files/publication/602/01/synbioreportweb.pdf, accessed on 27 Feb. 2013.

ETC Group. 2010. The New Biomassters: Synthetic Biology and the Next Assault on Biodiversity and 
Livelihoods. Montreal: ETC Group.

ETC Group (ETC). 2013a. Potential Impacts of Synthetic Biology on Livelihoods and Biodiversity: Eight Case 
Studies on Commodity Replacement: A Submission to the Convention on Biological Diversity from 
ETC Group July 2013. Available at: http://www.cbd.int/doc/emerging-issues/emergingissues-
2013-07-ETCGroup%281%29-en.pdf, accessed on 8 Jan. 2014.

ETC Group. 2013b. Synthetic Biology: the Bioeconomy of Landlessness and Hunger. Available at: http://www.
cbd.int/doc/emerging-issues/emergingissues-2013-07-ETCGroup%282%29-en.pdf, accessed on 
8 Jan. 2014.

http://www.nybooks.com/articles/archives/2007/jul/19/our-biotech-future/
http://www.nybooks.com/articles/archives/2007/jul/19/our-biotech-future/
http://www.thedailybeast.com/articles/2013/08/18/plants-that-glow-in-the-dark-spark-heated-debate.html
http://www.thedailybeast.com/articles/2013/08/18/plants-that-glow-in-the-dark-spark-heated-debate.html
http://www.thedailybeast.com/articles/2013/08/18/plants-that-glow-in-the-dark-spark-heated-debate.html
http://www.cbd.int/doc/emerging-issues/econexus-synthetic-biology-2011-013-en.pdf
http://www.cbd.int/doc/emerging-issues/econexus-synthetic-biology-2011-013-en.pdf
http://www.scientificamerican.com/article/why-efforts-bring-extinct-species-back-from-dead-miss-point/
http://www.scientificamerican.com/article/why-efforts-bring-extinct-species-back-from-dead-miss-point/
http://new.livestream.com/tedx/DeExtinction
http://e360.yale.edu/feature/the_case_against_de-extinction_its_a_fascinating_but_dumb_idea/2726/
http://e360.yale.edu/feature/the_case_against_de-extinction_its_a_fascinating_but_dumb_idea/2726/
http://elifesciences.org/content/early/2014/07/17/eLife.03401
http://elifesciences.org/content/early/2014/07/17/eLife.03401
http://www.etcgroup.org/files/publication/602/01/synbioreportweb.pdf
http://www.etcgroup.org/files/publication/602/01/synbioreportweb.pdf
http://www.cbd.int/doc/emerging-issues/emergingissues-2013-07-ETCGroup(1)-en.pdf
http://www.cbd.int/doc/emerging-issues/emergingissues-2013-07-ETCGroup(1)-en.pdf
http://www.cbd.int/doc/emerging-issues/emergingissues-2013-07-ETCGroup(2)-en.pdf
http://www.cbd.int/doc/emerging-issues/emergingissues-2013-07-ETCGroup(2)-en.pdf


55Part I   PotentIal ImPacts of synthetIc bIology on bIologIcal dIversIty  

European Academies Science Advisory Council. 2010. Realizing European potential in synthetic biology: 
scientific opportunities and good governance. German Academy of Sciences Leopoldina. Available 
at: http://www.cbd.int/doc/emerging-issues/emergingissues-2013-10-EASAC-SyntheticBiology-
en.pdf, accessed on 10 Jan. 2014.

European Commission. 2012a. Press Release: Commission Proposes Strategy for Sustainable Bioeconomy 
in Europe. Available at: http://europa.eu/rapid/press-release_IP-12-124_en.htm, accessed on 20 
April 2013.

European Commission. 2012b. Innovating for Sustainable Growth: A Bioeconomy for Europe (Communication 
from the commission to the european parliament, the council, the european economic and 
social committee and the committee of the regions). Available at: http://ec.europa.eu/research/
bioeconomy/pdf/201202_innovating_sustainable_growth_en.pdf, accessed on 20 April 2013.

European Commission. 2014. Preliminary Opinion on Synthetic Biology I: Definition. Available at http://
ec.europa.eu/health/scientific_committees/emerging/docs/scenihr_o_044.pdf, accessed on 19 
August 2014.

European Group on Ethics in Science and New Technologies to the European Commission (EGE). 2009. 
Opinion No. 25: Ethics of Synthetic Biology. Luxembourg: Publications Office of the European 
Union. Available at: http://ec.europa.eu/bepa/european-group-ethics/docs/opinion25_en.pdf, 
accessed on 30 April 2013.

Federal Ethics Committee on Non-Human Biotechnology. 2010. Synthetic biology – Ethical considerations. 
ECNH: Berne. Available at: http://www.ekah.admin.ch/fileadmin/ekah-dateien/dokumentation/
publikationen/e-Synthetische_Bio_Broschuere.pdf, accessed on 5 June 2013.

Fixen, Paul E. 2007. Potential Biofuels Influence on Nutrient Use and Removal in the U.S. Better Crops 91(2): 
12-14.

Fleming, Diane O. 2006. Risk Assessment of Synthetic Genomics: A Biosafety and Biosecurity Perspective. 
In Working Papers for Synthetic Genomics: Risks and Benefits for Science and Society. 105-164. 
Available at: http://www.jcvi.org/cms/fileadmin/site/research/projects/synthetic-genomics-
report/Commissioned-Papers-Synthetic-Genomics-Governance.pdf, accessed on 8 May 2013.

Forbes, Nell S. 2010. Engineering the perfect (bacterial) cancer therapy. Nature Reviews Cancer 10(11): 
785-794.

French, Christopher E., Kim de Mora, Nimisha Joshi, Alistair Elfick, James Haseloff, & James Ajioka. 2011. 
Synthetic biology and the art of biosensor design. In The Science and Applications of Synthetic 
and Systems Biology: Workshop Summary. Institute of Medicine (US) Forum on Microbial Threats. 
Washington DC: National Academics Press. 

Friends of the Earth (FOE). 2010. Synthetic Solutions to the Climate Crisis: The Dangers of Synthetic Biology 
for Biofuels Production. Available at: http://libcloud.s3.amazonaws.com/93/59/9/529/1/
SynBio-Biofuels_Report_Web.pdf, accessed on 6 June 2013.

Friends of the Earth U.S., International Center for Technology Assessment, ETC Group (FOE et al.). 2012. 
Principles for the Oversight of Synthetic Biology. Available at: http://libcloud.s3.amazonaws.
com/93/ae/9/2287/2/Principles_for_the_oversight_of_synthetic_biology.pdf, accessed on 6 
June 2013.

Friese, Carrie, Claire Marris. 2014. Making De-Extinction Mundane? PLoS Biol 12: e1001825. doi:10.1371/
journal.pbio.1001825.

Gait, Michael J. 1984. Oligonucleotide synthesis, a practical approach. IRL Press. Oxford. pp 217. ISBN 
0-904147-74-6

Gardner, Timothy S., Charles R. Cantor & James J. Collins. 2000. Construction of a genetic toggle switch in 
Escherichia coli. Nature 403: 339–342.

Garfinkel, Michele S. and Robert M. Friedman. 2010. Synthetic biology and synthetic genomics. In Future of 
International Environmental Law, edited by David Leary and Balakrishna Pisupati, New York: UNU 
Press, 269-291.

Garfinkel, Michele S., Drew Endy, Gerald L. Epstein, and Robert M. Friedman. 2007. Synthetic Genomics: 
Options for Governance. J. Craig Venter Insitute, Center for Strategic and International Studies, and 
Massachusetts Institute of Technology.

http://www.cbd.int/doc/emerging-issues/emergingissues-2013-10-EASAC-SyntheticBiology-en.pdf
http://www.cbd.int/doc/emerging-issues/emergingissues-2013-10-EASAC-SyntheticBiology-en.pdf
http://europa.eu/rapid/press-release_IP-12-124_en.htm
http://ec.europa.eu/research/bioeconomy/pdf/201202_innovating_sustainable_growth_en.pdf
http://ec.europa.eu/research/bioeconomy/pdf/201202_innovating_sustainable_growth_en.pdf
http://ec.europa.eu/health/scientific_committees/emerging/docs/scenihr_o_044.pdf
http://ec.europa.eu/health/scientific_committees/emerging/docs/scenihr_o_044.pdf
http://ec.europa.eu/bepa/european-group-ethics/docs/opinion25_en.pdf
http://www.ekah.admin.ch/fileadmin/ekah-dateien/dokumentation/publikationen/e-Synthetische_Bio_Broschuere.pdf
http://www.ekah.admin.ch/fileadmin/ekah-dateien/dokumentation/publikationen/e-Synthetische_Bio_Broschuere.pdf
http://www.jcvi.org/cms/fileadmin/site/research/projects/synthetic-genomics-report/Commissioned-Papers-Synthetic-Genomics-Governance.pdf
http://www.jcvi.org/cms/fileadmin/site/research/projects/synthetic-genomics-report/Commissioned-Papers-Synthetic-Genomics-Governance.pdf
http://libcloud.s3.amazonaws.com/93/59/9/529/1/SynBio-Biofuels_Report_Web.pdf
http://libcloud.s3.amazonaws.com/93/59/9/529/1/SynBio-Biofuels_Report_Web.pdf
http://libcloud.s3.amazonaws.com/93/ae/9/2287/2/Principles_for_the_oversight_of_synthetic_biology.pdf
http://libcloud.s3.amazonaws.com/93/ae/9/2287/2/Principles_for_the_oversight_of_synthetic_biology.pdf


56 synthetic biology

Garrett, Laurie. 2011. The Bioterrorist Next Door: Man-made killer bird fle is here. Can – should – governments 
try to stop it? Foreign Policy. Available at http://www.foreignpolicy.com/articles/2011/12/14/
the_bioterrorist_next_door, accessed on 19 March 2013.

Gebhard, Frank, and Kornelia Smalla. 1999. Monitoring field releases of genetically modified sugar beets 
for persistence of transgenic plant DNA and horizontal gene transfer. FEMS Microbiology Ecology 
28: 261-272.

Georgianna, D. Ryan & Stephen P. Mayfield. 2012. Review: Exploiting diversity and synthetic biology for the 
production of algal biofuels. Nature 488: 329-335.

Gibson, Daniel G., Gwynedd A. Benders, Cynthia Andrews-Pfannkoch, Evgeniya A. Denisova, Holly Baden-
Tillson, Jayshree Zaveri, Timothy B. Stockwell, Anushka Brownley, David W. Thomas, 

Gibson, Daniel G., Lei Young, Ray-Yuan Chuang, J Craig Venter, Clyde A Hutchison III, & Hamilton O Smith. 
2009. Enzymatic assembly of DNA molecules up to several hundred kilobases. Nature Methods 
6(5): 343-345.

Gibson, Daniel G., John I. Glass, Carole Lartigue, Vladimir N. Noskov, Ray-Yuan Chuang, Mikkel A. Algire, 
Gwynedd A. Benders, Michael G. Montague, Li Ma, Monzia M. Moodie, Chuck Merryman, Sanjay 
Vashee, Radha Krishnakumar, Nacyra Assad-Garcia, Cynthia Andrews-Pfannkoch, Evgeniya A. 
Denisova, Lei Young, Zhi-Qing Qi, Thomas H. Segall-Shapiro, Christopher H. Calvey, Prashanth P. 
Parmar, Clyde A. Hutchison III, Hamilton O. Smith, J. Craig Venter. 2010. Creation of a bacterial cell 
controlled by a chemically synthesized genome. Science 329, 52-56.

Glass, John I., Smith, H.O., Hutchinson III, C.A., Alperovich, N. and Assad-Garcia, N (Inventors). J. Craig 
Venter Institute, Inc. (Assignee). 2007. Minimal bacterial genome. United States Patent Application 
20070122826.

Glowka, Lyle, Francoise Burhenne-Guilmin and Hugh Synge in collaboration with Jeffrey A. McNeely and 
Lothar Gündling. 1994. A Guide to the CBD. Environmental Policy and Law Paper No. 30. Gland 
and Cambridge: IUCN.

Greiber, Thomas, Sonia Peña Moreno, Mattias Åhrén, Jimena Nieto Carrasco, Evanson Chege Kamau, Jorge 
Cabrera Medaglia, Maria Julia Oliva and Frederic Perron-Welch in cooperation with Natasha Ali 
and China Williams. 2012. An Explanatory Guide to the Nagoya Protocol on Access and Benefit-
sharing. Gland: IUCN.

Grushkin, Daniel, Todd Kuiken, & Piers Millet. 2013. Seven Myths and Realities about Do-It-Yourself Biology. 
WWICS Synthetic Biology Project. Available at: http://www.synbioproject.org/process/assets/
files/6676/7_myths_final.pdf, accessed on 16 Jan. 2014.

Guan, Zheng-Jun, Markus Schmidt, Lei Pei, Wei Wei, and Ke-Ping Ma. 2013. Biosafety Considerations of 
Synthetic Biology in the International Genetic Engineered Machine (iGEM) Competition. BioScience 
63(1): 25-34.

Guarente L. 1993. Synthetic enhancement in gene interaction: a genetic tool come of age. Trends in 
Genetics 9: 362-366. DOI: 10.1016/0168-9525(93)90042-G

Hall, Ronnie. 2012. Bio-economy versus Biodiversity. Global Forest Coalition. Available at: http://
globalforestcoalition.org/wp-content/uploads/2012/04/Bioecono-vs-biodiv-report-with-frontage-
FINAL.pdf, accessed on 18 April 2013.

Hayden, Erika Check. 2014. Synthetic-biology firms shift focus. Nature 505: 598.

Heinemann, Jack A., and Terje Traavik. 2004. Problems in monitoring horizontal gene transfer in field trials 
of transgenic plants. Nature Biotechnology 22: 1105-1109.

Heinemann, Matthias and Sven Panke. 2006. Synthetic biology – putting engineering into biology. 
Bioinformatics 22(22): 2790-2799.

Henkel, Joachim and Stephen M. Maurer. 2007. The economics of synthetic biology. Molecular Systems 
Biology 3(117): 1-4.

Henkel, Joachim and Stephen M. Maurer. 2009. Parts, property and sharing. Nature Biotechnology 27(12): 
1095-1098.

Hidalgo, Aurelio, Anna Schließmann, Rafael Molina, Juan Hermoso and Uwe T. Bornscheuer. 2008. A one-
pot, simple methodology for cassette randomisation and recombination for focused directed 
evolution. Protein Engineering, Design and Selection 21: 567-576.

http://www.synbioproject.org/process/assets/files/6676/7_myths_final.pdf
http://www.synbioproject.org/process/assets/files/6676/7_myths_final.pdf
http://globalforestcoalition.org/wp-content/uploads/2012/04/Bioecono-vs-biodiv-report-with-frontage-FINAL.pdf
http://globalforestcoalition.org/wp-content/uploads/2012/04/Bioecono-vs-biodiv-report-with-frontage-FINAL.pdf
http://globalforestcoalition.org/wp-content/uploads/2012/04/Bioecono-vs-biodiv-report-with-frontage-FINAL.pdf


57Part I   PotentIal ImPacts of synthetIc bIology on bIologIcal dIversIty  

Huttner, Jack. 2013. Growing the Bio-Based Economy. Industrial Biotechnology 9(1): 6-9.

Hylton, Wil S. 2012. Craig Venter’s Bugs Might Save the World. New York Times Magazine. Available at: 
http://www.nytimes.com/2012/06/03/magazine/craig-venters-bugs-might-save-the-world.html, 
accessed on 23 March 2013.

IFF and Evolva. 2013. Press Release: IFF and Evolva enter pre-production phase for natural vanillin for global 
food and flavor markets. Available at: http://www.evolva.com/sites/default/files/press-releases/
evolva-iff-5feb2013-en_0.pdf, accessed on 21 March 2013.

Industrial Biotechnology. 2014. A Conversation with J. Craig Venter, PhD. Industrial Biotechnology 10(1): 
7-10.

International Association Synthetic Biology (IASB). 2009. Code of Conduct for Best Practices in Gene 
Synthesis. Available at: http://www.ia-sb.eu/tasks/sites/synthetic-biology/assets/File/pdf/iasb_
code_of_conduct_final.pdf, accessed on 7 June 2013.

International Civil Society Working Group on Synthetic Biology (ICSWGSB). 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 Use of 
Synthetic Biology. Available at: https://www.cbd.int/doc/emerging-issues/Int-Civil-Soc-WG-
Synthetic-Biology-2011-013-en.pdf, accessed on 4 June 2013.

International Gene Synthesis Consortium (IGSC). 2009. Harmonized Screening Protocol. Available at: http://
www.genesynthesisconsortium.org/wp-content/uploads/2012/02/IGSC-Harmonized-Screening-
Protocol1.pdf, accessed on 7 June 2013.

International Risk Governance Council (IRGC). 2010. Guidelines for the Appropriate Risk Governance 
of Synthetic Biology. Available at: http://irgc.org/wp-content/uploads/2012/04/irgc_SB_
final_07jan_web.pdfhttp://irgc.org/wp-content/uploads/2012/04/irgc_SB_final_07jan_web.pdf, 
accessed on 5 June 2013.

Intrexon Corporation. 2013a. Agilis Biotherapeutics and Intrexon to Pursue Transformative Therapies for 
Rare Genetic Disease (31 December 2013). Available at: http://investors.dna.com/phoenix.
zhtml?c=249599&p=irol-newsArticle&ID=1887291&highlight=, accessed on 27 Jan. 2014.

Intrexon Corporation. 2013b. UltraVector®: The key to rapid development and customization. Available at: 
http://dna.com/OurApproach/UltraVector, accessed on 15 August 2014.

Jackson, Ronald J., Alistair J. Ramsay, Carina D. Christensen. et al. 2001. Expression of mouse interleukin-4 
by a recombinant ectromelia virus suppresses cytolytic lymphocyte responses and overcomes 
genetic resistance to mousepox. Journal of Virology 75(3): 1205-1210.

Jang, Mi-Yeon, Xiao-Ping Song, Mathy Froeyen, Philippe Marlière, Eveline Lescrinier, Jef Rozenski, & Piet 
Herdewijn. 2013. A Synthetic Substrate of DNA Polymerasae Deviating from the Bases, Sugar, and 
Leaving Group of Canonical Deoxynucleoside Triphosphates. Chemistry & Biology 20: 416-423.

Joyce, Andrew R., and & Bernhard Ø. Palsson. 2006. The model organism as a system: integrating ‘omics’ 
data sets. Nature Reviews Molecular Cell Biology 7: 198-210. doi:10.1038/nrm1857

Joyce, Gerald F. 2012. Toward an alternative biology. Science 336: 307-308.

Kaebnick, Gregory E. 2009. Commentary: Should Moral Objections to Synthetic Biology Affect Public Policy? 
Nature Biotechnology 27(12): 1106-1108.

Keasling, Jay D. 2012. A constructive debate. Nature 492: 188-189.

Kelle, Alexander. 2009. Ensuring the security of synthetic biology – towards a 5P governance strategy. 
Systemic and Synthetic Biology 3: 85-90.

Khalil, Ahmad S. & James J. Collins. 2010. Synthetic biology: applications come of age. Nature Reviews 
Genetics 11: 367-379.

King, Nancy. 2010. Transcript from Meeting 1, Session 3 of the US Presidential Commission on Bioethics. 
Available at: http://bioethics.gov/node/166, accessed on 15 May 2014.

Kitney, Richard and Paul Freemont. 2012. Synthetic biology – the state of play. FEBS Letters 586: 2029-
2036.

König, Harald, Daniel Frank, Reinhard Heil & Christopher Coenen. 2013. Synthetic Genomics and Synthetic 
Biology Applications between Hopes and Concerns. Current Genomics 14: 11-24.

http://www.nytimes.com/2012/06/03/magazine/craig-venters-bugs-might-save-the-world.html
http://www.evolva.com/sites/default/files/press-releases/evolva-iff-5feb2013-en_0.pdf
http://www.evolva.com/sites/default/files/press-releases/evolva-iff-5feb2013-en_0.pdf
http://www.ia-sb.eu/tasks/sites/synthetic-biology/assets/File/pdf/iasb_code_of_conduct_final.pdf
http://www.ia-sb.eu/tasks/sites/synthetic-biology/assets/File/pdf/iasb_code_of_conduct_final.pdf
https://www.cbd.int/doc/emerging-issues/Int-Civil-Soc-WG-Synthetic-Biology-2011-013-en.pdf
https://www.cbd.int/doc/emerging-issues/Int-Civil-Soc-WG-Synthetic-Biology-2011-013-en.pdf
http://www.genesynthesisconsortium.org/wp-content/uploads/2012/02/IGSC-Harmonized-Screening-Protocol1.pdf
http://www.genesynthesisconsortium.org/wp-content/uploads/2012/02/IGSC-Harmonized-Screening-Protocol1.pdf
http://www.genesynthesisconsortium.org/wp-content/uploads/2012/02/IGSC-Harmonized-Screening-Protocol1.pdf
http://irgc.org/wp-content/uploads/2012/04/irgc_SB_final_07jan_web.pdf
http://irgc.org/wp-content/uploads/2012/04/irgc_SB_final_07jan_web.pdf
http://investors.dna.com/phoenix.zhtml?c=249599&p=irol-newsArticle&ID=1887291&highlight
http://investors.dna.com/phoenix.zhtml?c=249599&p=irol-newsArticle&ID=1887291&highlight


58 synthetic biology

Kumar, Subrat. 2012. Extinction Need Not Be Forever. Nature 492(7427): 9.

Kwok, Roberta. 2010. Five hard truths for synthetic biology (news feature). Nature 463, 288-290.

Laird, Sarah and Rachel Wynberg. 2012. Bioscience at a Crossroads: Implementing the Nagoya Protocol 
on Access and Benefit Sharing in a Time of Scientific, Technological and Industry Change. SCBD. 
Available at https://www.cbd.int/abs/doc/protocol/factsheets/policy/policy-brief-01-en.pdf, 
accessed on 6 June 2013.

Lam, Carolyn M.C., Miguel Godinho, and Vítor A.P. Martins dos Santos. 2009. An Introduction to Synthetic 
Biology in Markus Schmidt et al (eds), Synthetic Biology: The Technoscience and its Societal 
Consequences. Springer: 23-48.

Langlois, Ryan A., Randy A Albrecht, Brian Kimble, Troy Sutton, Jillian S Shapiro, Courtney Finch, Matthew 
Angel, Mark A Chua, Ana Silvia Gonzalez-Reiche, Kemin Xu, Daniel Perez, Adolfo García-Sastre, 
& Benjamin R tenOever. 2013. MicroRNA-based strategy to mitigate the risk of gain-of-function 
influenza studies. Nature Biotechnology 31(9): 844-847.

Ledford, Heidi. 2011. News: Transgenic grass skirts regulators. Nature 475: 274-275.

Li, T., B. Liu, M.H. Spalding, D.P. Weeks, B. Yang. 2012. High-efficiency TALEN-based gene editing produces 
disease-resistant rice. Nature Biotechnology 30:390-392.

Lienert, Florian, Jason J. Lohmueller, Abhishek Garg & Pamela A. Silver. 2014. Synthetic biology in 
mammalian cells: next generation research tools and therapeutics. Nature Reviews Molecular Cell 
Biology 15: 95-107.

Lim, Wendell A., Rebecca Alvania, and Wallace F. Marshall. 2012. Cell Biology 2.0. Trends in Cell Biology 
(special issue – synthetic cell biology) 22(12): 611-612.

Lipp, Elizabeth. 2008. Synthetic Biology Finds a Niche in Fuel Alternatives. Genetic Engineering & 
Biotechnology News 28(20). Available at: http://www.synbiosafe.eu/uploads/pdf/08_11_GEN_
Synthetic_Biology_Finds_Niche_in_Fuel_Alternatives.pdf, accessed on 4 Feb. 2014.

Lucchesi, John C. 1967. Synthetic lethality and semi-lethality among functionally related mutants of 
drosophila melanogaster. Genetics 59: 37-44. Available at: 
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC1211931/pdf/37.pdf, accessed on 19 August 
2014.

Lukacs, Martin. 2013. Kickstarter must not fund biohackers’ glow-in-the-dark plants. The Guardian. Available 
at: http://www.theguardian.com/environment/true-north/2013/jun/06/kickstarter-money-glow-
in-the-dark-plants, accessed on 16 Feb. 2014.

Luzar, Charles. 2013. Kickstarter Bans GMOs in Wake of Glowing Plant Campaign. Crowdfund Insider. 
Available at: http://www.crowdfundinsider.com/2013/08/20031-kickstarter-bans-gmos-in-wake-
of-glowing-plant-fiasco/, accessed on 7 Jan. 2014.

Ma, Siying, Nicholas Tang, and Jingdong Tian. 2012. DNA synthesis, assembly and applications in synthetic 
biology. Current Opinion in Chemical Biology 16: 260-267.

Maharbiz, Michael M. 2012. Synthetic multicellularity. Trends in Cell Biology (special issue – synthetic cell 
biology) 22: 617-623.

Malyshev, Denis A., Kirandeep Dhami, Thomas Lavergne, Tingjian Chen, Nan Dai, Jeremy M. Foster, Ivan R. 
Corrêa, Floyd E. Romesberg (2014) A semi-synthetic organism with an expanded genetic alphabet. 
Nature 509: 385-388.

Marchisio, Mario Andrea & Fabian Rudolf. 2011. Synthetic biosensing systems. The International Journal of 
Biochemistry and Cell Biology 43: 310-319.

Marlière, Philippe. 2009. The farther, the safer: a manifesto for securely navigating synthetic species away 
from the old living world. System and Synthetic Biology 3: 77-84.

Marris, Claire and Catherine Jefferson. 2013. Scoping report for workshop: Synthetic Biology: Containment 
and release of engineered micro-organisms.

Marris, Claire and Nikolas Rose. 2012. Let’s get real on synthetic biology. New Scientist 214: 28-29.

McFadden, Johnjoe. 2012. Synthetic biology: the best hope for mankind’s future. The Guardian. Available 
at: http://www.theguardian.com/commentisfree/2012/mar/29/synthetic-biology-best-hope-
mankind, accessed on 13 Feb. 2014.

https://www.cbd.int/abs/doc/protocol/factsheets/policy/policy-brief-01-en.pdf
http://www.synbiosafe.eu/uploads/pdf/08_11_GEN_Synthetic_Biology_Finds_Niche_in_Fuel_Alternatives.pdf
http://www.synbiosafe.eu/uploads/pdf/08_11_GEN_Synthetic_Biology_Finds_Niche_in_Fuel_Alternatives.pdf
http://www.theguardian.com/environment/true-north/2013/jun/06/kickstarter-money-glow-in-the-dark-plants
http://www.theguardian.com/environment/true-north/2013/jun/06/kickstarter-money-glow-in-the-dark-plants
http://www.crowdfundinsider.com/2013/08/20031-kickstarter-bans-gmos-in-wake-of-glowing-plant-fiasco/
http://www.crowdfundinsider.com/2013/08/20031-kickstarter-bans-gmos-in-wake-of-glowing-plant-fiasco/
http://www.theguardian.com/commentisfree/2012/mar/29/synthetic-biology-best-hope-mankind
http://www.theguardian.com/commentisfree/2012/mar/29/synthetic-biology-best-hope-mankind


59Part I   PotentIal ImPacts of synthetIc bIology on bIologIcal dIversIty  

Mikkel A. Algire, Chuck Merryman, Lei Young, Vladimir N. Noskov, John I. Glass, J. Craig Venter, Clyde A. 
Hutchison III, Hamilton O. Smith. 2008. Complete Chemical Synthesis, Assembly, and Cloning of a 
Mycoplasma genitalium Genome. Science 319: 1215-1220.

Milhous, Wilbur K. and Peter J. Weina. 2010. Perspective: The Botanical Solution for Malaria. Science 
327(5963): 279-280.

Mishler, Dennis M., and Justin P. Gallivan. 2014. A family of synthetic riboswitches adopts a kinetic trapping 
mechanism. Nucleic Acids Research 42: 6753-6761. doi: 10.1093/nar/gku262. Available at 
http://nar.oxfordjournals.org/content/42/10/6753.full, accessed on 19 August 2014.

Moe-Behrens, Gerd H. G., Rene Davis, and Karmella A. Haynes. 2013. Preparing synthetic biology for the 
world. Frontiers of Microbiology 4:5.1-5.10.

Moreno, Eduardo. 2012. Design and Construction of “Synthetic Species. PLoS ONE 7:1-6.

Mueller, Steffen, J Robert Coleman, Dimitris Papamichail, Charles B Ward, Anjaruwee Nimnual, Bruce 
Futcher, Steven Skiena & Eckard Wimmer. 2010. Live attenuated influenza virus vaccines by 
computer-aided rational design. Nature Biotechnology 28: 723-726.

Mukunda, Gautam, Kenneth A. Oye, and Scott C. Mohr. 2009. What rough beast? Synthetic biology, 
uncertainty, and the future of biosecurity. Politics and the Life Sciences 28: 2-26.

Murray, Tom. 2010. Transcript from Meeting 3, Session 3 of the US Presidential Commission on Bioethics. 
Available at http://bioethics.gov/node/181, accessed on 7 June 2013.

Mutalik, Vivek K., Joao C. Guimaraes, Guillaume Cambray, Colin Lam, Marc Juul Christoffersen, Quynh-Anh 
Mai1, Andrew B Tran, Morgan Paull, Jay D Keasling, Adam P Arkin and Drew Endy. 2013a. Precise 
and reliable gene expression via standard transcription and translation initiation elements. Nature 
Methods 10: 354-360.

Mutalik, Vivek K., Joao C Guimaraes, Guillaume Cambray, Quynh-Anh Mai, Marc Juul Christoffersen, Lance 
Martin, Ayumi Yu, Colin Lam, Cesar Rodriguez, Gaymon Bennett, Jay D Keasling, Drew Endy and 
Adam P Arkin, 2013b. Quantitative estimation of activity and quality for collections of functional 
genetic elements. Nature Methods 10: 347-353.

Myriant. Undated. Bio-Succinic Acid. Available at: http://www.myriant.com/media/press-kit-files/Myriant-
BioSFactSheet-0513.pdf, accessed on 5 June 2013. 

National Institutes of Health (NIH). 2013. “Guidelines for Research Involving Recombinant or Synthetic 
Nucleic Acid Molecules Available at: http://oba.od.nih.gov/oba/rac/Guidelines/NIH_Guidelines.pdf, 
accessed on 16 Jan. 2014. 

National Science Advisory Board for Biosecurity (NSABB). 2010. Addressing Biosecurity Concerns Related to 
Synthetic Biology. Available at: http://oba.od.nih.gov/biosecurity/pdf/NSABB%20SynBio%20DRAFT%20Report-
FINAL%20%282%29_6-7-10.pdf, accessed on 4 May 2013.

Nielsen, Jens and Jay D. Keasling. 2011. Correspondence: Synergies between synthetic biology and 
metabolic engineering. Nature Biotechnology 29: 693-695.

Noble, Denis. 2008. The Music of Life: Biology beyond Genes. Oxford: Oxford University Press. 176 pp.

Norton, Brian. 2010. Transcript from Meeting 2, Session 5 of the US Presidential Commission on Bioethics. 
Available at http://bioethics.gov/cms/node/175, accessed on 20 March 2013.

Nuffield Council on Bioethics (Nuffield). 2012. Emerging biotechnologies: technology, choice and the public 
good. London: Nuffield Council on Bioethics. Available at: www.nuffieldbioethics.org, accessed Jan. 
21, 2013.

Oldham, Paul, Stephen Hall, and Geoff Burton. 2012. Synthetic Biology: Mapping the Scientific Landscape. 
PLoS ONE 7: e34368.

O’Malley, Maureen A., Alexander Powell, Jonathan F. Davies, and Jane Calvert. 2008. Knowledge-making 
distinctions in synthetic biology. BioEssays 30: 57-65.

Organisation for Economic Co-operation and Development (OECD). 2009. The Bioeconomy to 2030: 
Designing a Policy Agenda. Available at: http://www.oecd.org/futures/long-termtechnologicalsoci
etalchallenges/42837897.pdf, accessed on 17 April 2013.

http://nar.oxfordjournals.org/content/42/10/6753.full
http://www.myriant.com/media/press-kit-files/Myriant-BioSFactSheet-0513.pdf
http://www.myriant.com/media/press-kit-files/Myriant-BioSFactSheet-0513.pdf
http://oba.od.nih.gov/oba/rac/Guidelines/NIH_Guidelines.pdf
http://oba.od.nih.gov/biosecurity/pdf/NSABB%20SynBio%20DRAFT%20Report-FINAL%20(2)_6-7-10.pdf
http://oba.od.nih.gov/biosecurity/pdf/NSABB%20SynBio%20DRAFT%20Report-FINAL%20(2)_6-7-10.pdf
http://bioethics.gov/cms/node/175
http://www.oecd.org/futures/long-termtechnologicalsocietalchallenges/42837897.pdf
http://www.oecd.org/futures/long-termtechnologicalsocietalchallenges/42837897.pdf


60 synthetic biology

Oye, Kenneth A. and Rachel Wellhausen. 2009. The Intellectual Commons and Property in Synthetic Biology, 
in Markus Schmidt et al (eds), Synthetic Biology: The Technoscience and its Societal Consequences. 
Springer: 121-140.

Oye, Kenneth A., Kevin Esvelt, Evan Appleton, Flaminia Catteruccia, George Church, Todd Kuiken, Shlomiya 
Bar-Yam Lightfoot, Julie McNamara, Andrea Smidler, and James P. Collins. 2014. Regulating gene 
drives. Science 345: 626-628. Available at: http://www.sciencemag.org/content/345/6197/626.
full, accessed on 18 August 2014.

Parens, Erik, Josephine Johnston and Jacob Moses. 2009. Ethical Issues in Synthetic Biology: An Overview 
of the Debates. Washington, D.C.: Woodrow Wilson International Center for Scholars. Available 
at: http://www.synbioproject.org/process/assets/files/6334/synbio3.pdf, accessed on 30 April 
2013.

Parliamentary Office of Science and Technology (POST). 2008. Synthetic Biology. postnote 296: 1-4. Available 
at: http://www.parliament.uk/documents/post/postpn298.pdf, accessed on 6 June 2013.

Pauwels, Katia, Nicolas Willemarck, Didier Breyer, & Philippe Herman. 2012. Synthetic Biology: Latest 
developments, biosafety considerations and regulatory challenges. Biosafety and Biotechnology 
Unit (Belgium). Available at http://www.biosafety.be/PDF/120911_Doc_Synbio_SBB_FINAL.pdf, accessed 
on 8 Jan. 2014.

Pauwels, Katia, Ruth Mampuys, Catherine Golstein, Didier Breyer, Philippe Herman, Marion Kaspari, Jean-
Christophe Pagès, Herbert Pfister, Frank van der Wilk, and Birgit Schönig. 2013. Event report: 
SynBio Workshop (Paris 2012) – Risk assessment challenges of Synthetic Biology. Journal für 
Verbraucherschutz und Lebensmittelsicherheit 8: 215-226. 

Peplow, Mark. 2013. News: Malaria drug made in yeast causes market ferment. Nature 494(7436): 160-
161.

Philp, Jim C., Rachael J. Ritchie, and Jacqueline E.M. Allan. 2013. Synthetic biology, the bioeconomy and a 
societal quandary. Trends in Biotechnology 31: 269-272.

Pimm, Stuart. 2013. Opinion: The Case against Species Revival. National Geographic: Daily News. Available 
at: http://news.nationalgeographic.com/news/2013/03/130312—deextinction-conservation-
animals-science-extinction-biodiversity-habitat-environment, accessed on 4 June 2013.

Piñeyro-Nelson, A., J. Van Heerwaarden, H.R. Perales, J.A. Serratos-Hernández, A. Rangel, M.B. Hufford,  
P. Gepts, A. Garay-Arroyo, R. Rivera-Bustamante, And E.R. Álvarez-Buylla. 2009. Transgenes in 
Mexican maize: molecular evidence and methodological considerations for GMO detection in 
landrace populations. Mol. Ecol. 18: 750–761.  doi:  10.1111/j.1365-294X.2008.03993.x

Pinheiro, Vitor B. and Philipp Holliger. 2012. The XNA world: progress towards replication and evolution of 
synthetic genetic polymers. Current Opinion in Chemical Biology 16: 245-252.

Pinheiro,V.itor B., Alexander I. Taylor, Christopher Cozens, Mikhail Abramov, Marleen Renders, Su Zhang, 
John C. Chaput, Jesper Wengel, Sew-Yeu Peak-Chew, Stephen H. McLaughlin, Piet Herdewijn and 
Philipp Holliger. 2012. Synthetic genetic polymers capable of heredity and evolution. Science 336: 
341-344.

Pollack, Andrew. 2010. Exploring Algae as Fuel. The New York Times, July 26, 3010, B1. Available at: http://
www.nytimes.com/2010/07/26/business/energy-environment/26algae.html?pagewanted=all&_
r=1&, accessed on 13 Jan. 2014.

Pollack, Andrew. 2013. A Dream of Trees Aglow at Night. The New York Times, May 8, 2013, B1. Available at: 
http://www.nytimes.com/2013/05/08/business/energy-environment/a-dream-of-glowing-trees-
is-assailed-for-gene-tinkering.html?hpwand_r=1and, accessed on 5 June 2013.

Porcar, Manuel and Juli Pereto. 2012. Are we doing synthetic biology? Systems and Synthetic Biology 6: 
79-83.

Presidential Commission for the Study of Bioethical Issues (PCSBI). 2010. New Directions: The Ethics of 
Synthetic Biology and Emerging Technologies. DC: PCSBI. Accessible at: www.bioethics.gov, 
accessed on 27 Feb. 2013. 

Preston, Beth. 2013. Synthetic biology as red herring. Studies in History and Philosophy of Biological and 
Biomedical Sciences 44: 649-659. 

Preston, Christopher J. 2008. Synthetic Biology: Drawing a Line in Darwin’s Sand. Environmental Values 
17(1): pp. 23-39.

http://www.sciencemag.org/content/345/6197/626.full
http://www.sciencemag.org/content/345/6197/626.full
http://www.synbioproject.org/process/assets/files/6334/synbio3.pdf
http://www.parliament.uk/documents/post/postpn298.pdf
http://www.biosafety.be/PDF/120911_Doc_Synbio_SBB_FINAL.pdf
http://www.nytimes.com/2010/07/26/business/energy-environment/26algae.html?pagewanted=all&_r=1&
http://www.nytimes.com/2010/07/26/business/energy-environment/26algae.html?pagewanted=all&_r=1&
http://www.nytimes.com/2010/07/26/business/energy-environment/26algae.html?pagewanted=all&_r=1&
http://www.nytimes.com/2013/05/08/business/energy-environment/a-dream-of-glowing-trees-is-assailed-for-gene-tinkering.html?hpw&_r=1&
http://www.nytimes.com/2013/05/08/business/energy-environment/a-dream-of-glowing-trees-is-assailed-for-gene-tinkering.html?hpw&_r=1&
http://www.bioethics.gov/


61Part I   PotentIal ImPacts of synthetIc bIology on bIologIcal dIversIty  

Quist, David, Chapela Ignacio. 2001. Transgenic DNA introgressed into traditional maize landraces in 
Oaxaca, Mexico. Nature 414:541-543.

Rai, Arti and James Boyle. 2007. Synthetic Biology: Caught between property rights, the public domain, and 
the commons. PLoS Biology 5(3): e58.

Rawat, Garima, Priyanka Tripathi, & R. K. Saxena. 2013. Expanding horizons of shikimic acid. Applied 
Microbiology and Biotechnology 97(10): 4277-4877.

Redford, Kent. 2013. Tainted Species? Question and Answer session. Webcast from TedX DeExtinction 
event. Available at: http://new.livestream.com/tedx/DeExtinction, accessed on 16 March 2013.

Redford, Kent H., William Adams, and Georgina M. Mace. 2013. Synthetic Biology and the Conservation of 
Nature: Wicked Problems and Wicked Solutions. PLoS Biology 11(4): 1-4.

Rees, Martin. 2013. Editorial: Denial of Catastrophic Risks. Science 339(6124): 1123.

Reetz, Manfred T., and José D.Carballeira (2007) Iterative saturation mutagenesis (ISM) for rapid directed 
evolution of functional enzymes. Nature Protocols 2: 891-903. 

Relman, David. 2010. Transcript from Meeting 2, Session 7 of the US Presidential Commission on Bioethics. 
Available at http://bioethics.gov/cms/node/177, accessed on 22 April 2013.

Rhodes, Catherine. 2010. International Governance of Biotechnology. London: Bloomsbury Publishing PLC.

Ro, Dae-Kyun, Eric M. Paradise, Mario Ouellet, Karl J. Fisher, Karyn L. Newman, John M. Ndungu, Kimberly 
A. Ho, Rachel A. Eachus, Timothy S. Ham, James Kirby, Michelle C. Y. Chang, Sydnor T. Withers, 
Yoichiro Shiba, Richmond Sarpong & Jay D. Keasling. 2006. Production of the antimalarial drug 
precursor artemisinic acid in engineered yeast. Nature 440: 940-943.

Rocha, Eduardo P. C. 2013. Perspectives: With a Little Help from Prokaryotes. Science 339:1154-1155.

Rodemeyer, Michael. 2009. New Life, Old Bottles: Regulating First-Generation Products of Synthetic Biology. 
WWICS Synthetic Biology Project.

The Royal Academy of Engineering (RAE). 2009. Synthetic Biology: scope, applications and implications. 
The Royal Academy of Engineering: London.

Rumpho, Mary E., Jared M. Worfula, Jungho Leeb, Krishna Kannana, Mary S. Tylerc, Debashish Bhattacharyad, 
Ahmed Moustafad, and James R. Manharte. 2008. Horizontal gene transfer of the algal nuclear 
gene psbO to the photosynthetic sea slug Elysia chlorotica. PNAS 105(46): 17867-17871.

Rutherford, Mark. 2012. Synthetic biology and the rise of the ‘spider goats.’ The Observer, Jan. 14, 2012. 
Available at: http://www.guardian.co.uk/science/2012/jan/14/synthetic-biology-spider-goat-
genetics, accessed on 22 Feb. 2013.

Rutz, Berthold. 2009. Synthetic biology and patents: A European perspective. EMBO reports 10: S14-17.

Ryder, Oliver. 2013. Genetic Rescue and Biodiversity Banking. Webcast from TedX DeExtinction event. 
Available at: http://new.livestream.com/tedx/DeExtinction, accessed on 16 March 2013.

Sanders, Rober. 2013. Launch of antimalarial drug a triumph for UC Berkeley, synthetic biology. UC Berkeley 
News Center. Available at: http://newscenter.berkeley.edu/2013/04/11/launch-of-antimalarial-
drug-a-triumph-for-uc-berkeley-synthetic-biology/, accessed on 24 April 2013.

Sanofi & PATH. 2013. Press Release: Sanofi and PATH announce the launch of large-scale production 
of semisynthetic artemisinin against malaria. Available at: http://www.path.org/news/press-
room/422/, accessed on 4 Feb. 2014.

Schmidt, Markus. 2009. Do I understand what I can create? In Synthetic Biology: The Technoscience and Its 
Societal Consequences, eds. Markus Schmidt, Alexander Kelle, Agomoni Ganguli-Mitra, and Huid 
de Vriend. New York: Springer, 81-100.

Schmidt, Markus. 2010. Xenobiology: A new form of life as the ultimate biosafety tool. BioEssays 32: 322-
331.

Schmidt, Markus (ed). 2012. Synthetic Biology: Industrial and Environmental Applications. Weinheim 
(Germany): Wiley-Blackwell.

Schmidt, Markus, Alexander Kelle, Agomoni Ganguli-Mitra, and Huid de Vriend (eds.). 2009. Synthetic 
Biology: The Technoscience and Its Societal Consequences. New York: Springer.

http://new.livestream.com/tedx/DeExtinction
http://bioethics.gov/cms/node/177
http://www.guardian.co.uk/science/2012/jan/14/synthetic-biology-spider-goat-genetics
http://www.guardian.co.uk/science/2012/jan/14/synthetic-biology-spider-goat-genetics
http://new.livestream.com/tedx/DeExtinction
http://newscenter.berkeley.edu/2013/04/11/launch-of-antimalarial-drug-a-triumph-for-uc-berkeley-synthetic-biology/
http://newscenter.berkeley.edu/2013/04/11/launch-of-antimalarial-drug-a-triumph-for-uc-berkeley-synthetic-biology/
http://www.path.org/news/press-room/422/
http://www.path.org/news/press-room/422/


62 synthetic biology

Schmidt, Markus and Víctor de Lorenzo. 2012. Synthetic constructs in/for the environment: Managing the 
interplay between natural and engineered biology. FEBS Letters 586: 2199-2206.

Schönknecht, Gerald, Wei-Hua Chen, Chad M. Terns, et al. 2013. Gene Transfer from Bacteria and Archaea 
Facilitated Evolution of an Extremophilic Eukaryote. Science 339: 1207-1210.

Seddon, Philip J., Axel Moehrenschlager & John Ewen. 2014. Reintroducing extinct species: selecting 
DeExtinction candidates. Trends in Ecology & Evolution (in press). Available at: http://dx.doi.
org/10.1016/j.tree.2014.01.007, accessed on 21 Feb. 2014.

Selgelid, Michael J. & Lorna Weir. 2010. The mousepox experience: An interview with Ronald Jackson and 
Ian Ramshaw on dual-use research. EMBO Reports 11: 18-24.

Service, Robert F. 2006. Synthetic Biologists Debate Policing Themselves. Science 312: 1116.

Skerker, Jeffrey M., Julius B. Lucks, and Adam P. Arkin. 2009. Evolution, Ecology and the Engineered 
Organism: Lessons for Synthetic Biology. Genome Biology 10: 114.1-114.7.

Smil, Vaclav. 2012. Harvesting the Biosphere: What We Have Taken from Nature. Cambridge. MIT Press.

Snow, Allison A. 2010. Transcript from Meeting 1, Session 3 of the US Presidential Commission on Bioethics. 
Available at http://bioethics.gov/node/166, accessed on 7 June 2013.

Snow, Allison A. and Val H. Smith. 2012. Genetically Engineered Algae for Biofuels: A Key Role for Ecologists. 
BioScience 62(8): 765-768.

Solazyme. 2013. Solazyme and Unilever Sign Commercial Supply Agreement for Tailored Algal Oil. Available 
at: http://solazyme.com/media/2013-09-25, accessed on 8 Jan. 2014.

Sole, Ricard V., Andreea Munteanu, Carlos Rodriguez-Caso, and Javier Macia. 2007. Synthetic protocell 
biology: from reproduction to computation. Philosophical Transactions of the Royal Society B 
362:1727-1739.

Specter, Michael. 2009. A life of its own: where will synthetic biology lead us. The New Yorker. Available 
at: http://www.newyorker.com/reporting/2009/09/28/090928fa_fact_specter, accessed on 22 
Feb. 2013.

Stirling, Andy. 2008. Science, Precaution, and the Politics of Technological Risk: Converging Implications in 
Evolutionary and Social Scientific Perspectives. Annals of New York Academy of Sciences 1128: 
95-110.

Stirling, Andy. 2010. Keep It Complex. Nature 468: 1029-1031.

Subbaraman, Nidhi. 2011. Science snipes at Oxitec transgenic-mosquito trial. Nature Biotechnology 29: 
9-11.

Sutherland, William J., Sarah Bardsley, Mick Clout, et al. 2013. A horizon scan of global conservation issues 
for 2013. Trends in Ecology and Evolution 28(1): 16-22.

Syngenta. 2012. Enogen® Technology. Available at: http://www.syngenta.com/country/us/en/
agriculture/seeds/corn/enogen/Documents/enogen_trifold_FINAL.pdf, accessed on 10 Jan. 
2014.

Synthetic Genomics, Inc. 2012. Press Release: Synthetic Genomics Inc. Purchases 81 Acre Site in South 
California Desert for Scale up and Testing of Innovative Algae Strains. Available at: http://www.
syntheticgenomics.com/media/press/052412.html, accessed on 22 March 2013.

Tait, Joyce. 2009. Governing Synthetic Biology: Processes and Outcomes, in Synthetic Biology: The 
Technoscience and Its Societal Consequences, Markus Schmidt et al. (eds). New York: Springer: 
141-154.

Tait, Joyce and David Castle. 2012. Correspondence: Balanced regulation of synthetic biology. Nature 484: 
37.

Temple, Stanley. 2013. De-extinction: A Game-changer for Conservation Biology. Webcast from TedX 
DeExtinction event. Available at: http://new.livestream.com/tedx/DeExtinction, accessed on 16 
March 2013.

Tumpey, Terrence M., Christopher F. Basler, Patricia V. Aguilar, et al. 2005. Characterization of the 
Reconstructed 1918 Spanish Influenza Pandemic Virus. Science 310 (5745): 77-80.

http://solazyme.com/media/2013-09-25
http://www.newyorker.com/reporting/2009/09/28/090928fa_fact_specter
http://www.syngenta.com/country/us/en/agriculture/seeds/corn/enogen/Documents/enogen_trifold_FINAL.pdf
http://www.syngenta.com/country/us/en/agriculture/seeds/corn/enogen/Documents/enogen_trifold_FINAL.pdf
http://www.syntheticgenomics.com/media/press/052412.html
http://www.syntheticgenomics.com/media/press/052412.html
http://new.livestream.com/tedx/DeExtinction


63Part I   PotentIal ImPacts of synthetIc bIology on bIologIcal dIversIty  

Terrill, Damn and Ralf Wagner. 2010. Transcript from Meeting 2, Session 7 of the US Presidential Commission 
on Bioethics. Available at http://bioethics.gov/cms/node/177, accessed on 22 April 2013.

Thomas, Jim. 2013. Synthetic anti-malarial compound is bad news for artemisia farmers. The Guardian: 
Poverty Matters Blog. Available at: http://www.guardian.co.uk/global-development/poverty-
matters/2013/apr/12/synthetic-malaria-compound-artemisia-farmers, accessed on 24 April 
2013.

Torrance, Andrew W. 2010. Synthesizing Law for Synthetic Biology. Minnesota Journal of Law, Science and 
Technology 11(2): 629-665.

Tucker, Jonathan B. 2010. Double-Edged DNA: Preventing the Misuse of Gene Synthesis. Issues in Science 
and Technology 26(3). Available at http://www.issues.org/26.3/tucker.html; accessed on 7 May 
2013.

Tucker, Jonathan B. and Raymond A. Zilinskas. 2006. The Promise and Perils of Synthetic Biology. The New 
Atlantis: A Journal of Technology and Society 12: 25-45.

UK Synthetic Biology Roadmap Coordination Group (UKSBRCG). 2012. A Synthetic Biology Roadmap for 
the UK. Technology Strategy Board. Available at: http://www.rcuk.ac.uk/documents/publications/
SyntheticBiologyRoadmap.pdf, accessed on 9 May 2013.

UNEP. 2011. Towards a Green Economy: Pathways to Sustainable Development and Poverty Eradication. 
Available at: www.unep.org/greeneconomy/Portals/88/documents/ger/ger_final_dec_2011/
Green%20EconomyReport_Final_Dec2011.pdf, accessed on 18 April 2013.

US Patent and Trademark Office (US PTO). 2013. Patents for Humanity: 2013 Award Winners. Available at: 
http://www.uspto.gov/patents/init_events/patents_for_humanity/awards2013.jsp, accessed on 
24 April 2013.

U.S. White House. 2012. National Bioeconomy Blueprint. Available at: http://www.whitehouse.gov/sites/
default/files/microsites/ostp/national_bioeconomy_blueprint_april_2012.pdf, accessed on 18 
April 2013.

Various. 2009. What’s in a name? Nature Biotechnology 27: 1071-1073.

Various. 2010. Life after the synthetic cell. Nature 465: 422-424.

Venter, J. Craig. 2010. Transcript from Meeting 1, Session 2 of the US Presidential Commission on Bioethics. 
Available at: http://bioethics.gov/cms/node/165, accessed on 25 March 2013.

Voosen, Paul. 2012. Biotech: “I found it cool to try to build a species with my own hands.” Greenwire. 
Available at: http://eenews.net/public/Greenwire/2012/08/16/1, accessed on 26 March 2013.

Voytas, Daniel F., and Caixia Gao. 2014. Precision Genome Engineering and Agriculture: Opportunities and 
Regulatory Challenges. PLoS Biology 12: e1001877. doi:10.1371/journal.pbio.1001877. Available 
at: www.plosbiology.org/article/info%3Adoi%2F10.1371%2Fjournal.pbio.1001877, accessed on 
10 September 2014.

Wade, Nicholas. 2010. Researchers say they created a “synthetic cell.” The New York Times, May 21, 2010, 
A17. Available at: http://www.nytimes.com/2010/05/21/science/21cell.html?_r=0, accessed on 
25 Feb. 2013.

Wang, Harris H., Farren J. Isaacs, Peter A. Carr, Zachary Z. Sun, George Xu, Craig R. Forest and George 
M. Church. 2009. Letters: Programming cells by multiplex genome engineering and accelerated 
evolution. Nature 460: 894-899.

Wassenegger, Michael, Sabine Heimes, Leonhard Riedel, and Heinz L. Sänger. 1994. RNA-directed de novo 
methylation of genomic sequences in plants. Cell 76: 567-576.

Webb, Annie & David Coates. 2012. Biofuels and Biodiversity. Secretariat of the Convention on Biological 
Diversity. Montreal, Technical Series No. 65.

Weber, Wilfried & Martin Fussenegger. 2012. Emerging biomedical applications of synthetic biology. Nature 
Reviews Genetics 13: 21-35.

Wellhausen, Rachel and Gautam Mukunda. 2009. Aspects of the political economy of development and 
synthetic biology. Systems and Synthetic Biology 3: 115-123.

http://bioethics.gov/cms/node/177
http://www.guardian.co.uk/global-development/poverty-matters/2013/apr/12/synthetic-malaria-compound-artemisia-farmers
http://www.guardian.co.uk/global-development/poverty-matters/2013/apr/12/synthetic-malaria-compound-artemisia-farmers
http://www.issues.org/26.3/tucker.html
http://www.rcuk.ac.uk/documents/publications/SyntheticBiologyRoadmap.pdf
http://www.rcuk.ac.uk/documents/publications/SyntheticBiologyRoadmap.pdf
http://www.unep.org/greeneconomy/Portals/88/documents/ger/ger_final_dec_2011/Green%20EconomyReport_Final_Dec2011.pdf
http://www.unep.org/greeneconomy/Portals/88/documents/ger/ger_final_dec_2011/Green%20EconomyReport_Final_Dec2011.pdf
http://www.uspto.gov/patents/init_events/patents_for_humanity/awards2013.jsp
http://www.whitehouse.gov/sites/default/files/microsites/ostp/national_bioeconomy_blueprint_april_2012.pdf
http://www.whitehouse.gov/sites/default/files/microsites/ostp/national_bioeconomy_blueprint_april_2012.pdf
http://eenews.net/public/Greenwire/2012/08/16/1
http://www.plosbiology.org/article/info%3Adoi%2F10.1371%2Fjournal.pbio.1001877
http://www.nytimes.com/2010/05/21/science/21cell.html?_r=0


64 synthetic biology

Wegier A., Piñeyro-Nelson A., Alarcón J., Gálvez-Mariscal A., Álvarez-Buylla E.R. & D. Piñero. 2011. Recent 
long-distance transgene flow into wild populations conforms to historical patterns of gene flow 
in cotton (Gossypium hirsutum) at its centre of origin. Molecular Ecology 20(19):4182-94. doi: 
10.1111/j.1365-294X.2011.05258.x.

White, N. J. 2008. Qinqhaosu (Artemisinin): The Price of Success. Science 320: 330-334.

Wieland, Markus & Martin Fussenegger. 2012. Engineering Molecular Circuits Using Synthetic Biology in 
Mammalian Cells. Annual Review of Chemical and Biomolecular Engineering 3: 209-234. 

Wilhelm, W.W., Jane M. Johnson, Douglas L. Karlen and David T. Lightle. 2007. Corn Stover to Sustain Soil 
Organic Carbon Further Constrains Biomass Supply. Agronomy Journal 99(6): 1665-1667.

Wilson, Grant S. 2013. Minimizing Global Catastrophic and Existential Risks from Emerging Technologies 
Through International Law. Virginial Environmental Law Journal 31(2). Also available at SSRN: 
http://ssrn.com/abstract=2179094.

Windbechler, Nikolai, Miriam Menichelli, Philippos Aris Papathanos, Summer B. Thyme, Hui Li, Umut Y. Ulge, 
Blake T. Hovde, David Baker, Raymond J. Monnat, Austin Burt & Andrea Crisanti. 2011. A synthetic 
homing endonuclease-based gene drive system in the human malaria mosquito. Nature 473: 212-
215.

Woodrow Wilson International Center for Scholars (WWICS). 2013a. Tracking the Growth of Synthetic Biology: 
Findings for 2013. Available at: http://www.cbd.int/doc/emerging-issues/emergingissues-2013-
07-WilsonCenter-Synbio_Maps_Findings-en.pdf, accessed on 19 Jan. 2014.

Woodrow Wilson International Center for Scholars (WWICS). 2013b. Workshop Summary Reports. 
Available at: http://www.cbd.int/doc/emerging-issues/emergingissues-2013-07-WilsonCenter-
WorkshopSummaryReports-en.pdf, accessed on 19 Jan. 2014.

Woodrow Wilson International Center for Scholars (WWICS). 2012. Draft: Inventory of Synthetic Biology 
Products – Existing and Possible. Available at: https://www.cbd.int/doc/emerging-issues/
emergingissues-2013-07-WilsonCenter-SynbioApplicationsInventory-en.pdf; accessed on 4 Dec. 
2014.

Woodrow Wilson International Center for Scholars (WWICS). 2010. Trends in Synthetic Biology Resarch 
Funding in the United States and Europe. Available at: http://www.synbioproject.org/, accessed 
14 March 2013.

World Health Organization (WHO). 2011. Pandemic influenza preparedness framework for the sharing of 
influenza viruses and access to vaccines and other benefits. Geneva: WHO Press. Available at: 
http://www.who.int/influenza/pip/en/, accessed on 20 March 2013.

World Health Organization (WHO). 2004. Laboratory Biosafety Manual, 3rd Edition. Available at: http://www.
who.int/csr/resources/publications/biosafety/Biosafety7.pdf, accessed on 5 March 2013.

Wright, Oliver, Guy-Bart Stan, and Tom Ellis. 2013. Building-in Biosafety for Synthetic Biology. Microbiology 
159: 1221-1235.

Wynne, Brian. 1992. Uncertainty and Environmental Learning: Reconceiving Science and Policy in the 
Preventive Paradigm. Global Environmental Change 2(2): 111-127.

Xu, Hong-Tao, Bao-Liang Fan, Shu-Yang Yu, Yin-Hua Huang, Zhi-Hui Zhao, Zheng-Xing Lian, Yun-Ping Dai, 
Li-Li Wang, Zhao-Liang Liu, Jing Fei, & Ning Li. 2007. Construct Synthetic Gene Encoding Artificial 
Spider Dragline Silk Protein and its Expression in Milk of Transgenic Mice. Animal Biotechnology 
18(1): 1-12.

Yang, Jianjun, Leslie A. Barr, Stephen R. Fahnestock & Zhan-Bin Liu. 2009. High yield recombinant silk-like 
protein production in transgenic plants through protein targeting. Transgenic Research 14: 313-
324.

Zhang, Joy Y., Claire Marris and Nikolas Rose. 2011. The Transnational Governance of Synthetic 
Biology: Scientific uncertainty, cross-borderness and the ‘art’ of governance. BIOS Working 
Papers. Available at: http://royalsociety.org/uploadedFiles/Royal_Society_Content/policy/
publications/2011/4294977685.pdf, accessed on 5 June 2013.

http://ssrn.com/abstract=2179094
http://www.cbd.int/doc/emerging-issues/emergingissues-2013-07-WilsonCenter-Synbio_Maps_Findings-en.pdf
http://www.cbd.int/doc/emerging-issues/emergingissues-2013-07-WilsonCenter-Synbio_Maps_Findings-en.pdf
http://www.cbd.int/doc/emerging-issues/emergingissues-2013-07-WilsonCenter-WorkshopSummaryReports-en.pdf
http://www.cbd.int/doc/emerging-issues/emergingissues-2013-07-WilsonCenter-WorkshopSummaryReports-en.pdf
https://www.cbd.int/doc/emerging-issues/emergingissues-2013-07-WilsonCenter-SynbioApplicationsInventory-en.pdf
https://www.cbd.int/doc/emerging-issues/emergingissues-2013-07-WilsonCenter-SynbioApplicationsInventory-en.pdf
http://www.synbioproject.org/
http://www.who.int/influenza/pip/en/
http://www.who.int/csr/resources/publications/biosafety/Biosafety7.pdf
http://www.who.int/csr/resources/publications/biosafety/Biosafety7.pdf
http://royalsociety.org/uploadedFiles/Royal_Society_Content/policy/publications/2011/4294977685.pdf
http://royalsociety.org/uploadedFiles/Royal_Society_Content/policy/publications/2011/4294977685.pdf


65Part II   gaPs and overlaPs wIth the ProvIsIons of the conventIon and other agreements

 part ii

PossIBle gaPs and oVeRlaPs wItH tHe aPPlIcaBle PRoVIsIons 
oF tHe conVentIon, Its PRotocols and otHeR ReleVant 
agReements Related to comPonents, oRganIsms and 
PRodUcts ResUltIng FRom sYntHetIc BIologY tecHnIQUes

Lead authors:

Simone Schiele and Deborah Scott

Contributing authors:

Dina Abdelhakim, Kathryn Garforth, Beatriz Gomez Castro, Larissa Schmidt and David Cooper

Part II should be cited as: 

Schiele, S., Scott, D., Abdelhakim, D., Garforth, K., Gomez Castro, B., Schmidt, L. and Cooper, H.D. (2015). 
Possible gaps and overlaps with the applicable provisions of the Convention, its Protocols and other 
relevant agreements related to components, organisms and products resulting from synthetic biology 
techniques. Part II of: Synthetic biology. Secretariat of the Convention on Biological Diversity. Montreal, 
Technical Series No. 82, 54 pages.

Source: Microphyt

Source: Macroscopic Solutions, LLC



66 synthetic biology

 contents

a. executive summary 68

b. scope & methods 73

c. general rules oF customary international laW, treaties and 
standards addressing the potential risks arising From the 
application oF synthetic biology techniQues  76

1. InteRnatIonal law and PRIncIPles aPPlIcaBle to comPonents, oRganIsms and PRodUcts 
ResUltIng FRom sYntHetIc BIologY ........................................................................................... 76
1.1. State responsibility and liability of private actors ....................................................................................77
1.2. Prevention of transboundary harm to the environment ............................................................................78
1.3.  Duty to undertake an environmental impact assessment  ........................................................................79
1.4. Precautionary approach ..........................................................................................................................80

2. conVentIon on BIologIcal dIVeRsItY ......................................................................................... 81
2.1. Principle of the Convention (Article 3) .....................................................................................................81
2.2. Impact assessment and minimizing adverse impacts (Article 14(a) and (b)) ..........................................81
2.3. Biosafety provisions associated with LMOs (Article 8(g) and 19(4)) .......................................................81

2.3.1. “Living modified organisms” ........................................................................................................82
2.3.2. “Are likely to have adverse environmental impacts” / “potential adverse impacts” ......................83
2.3.3. “Use and release of living modified organisms ............................................................................83
2.3.4 Decisions of the Conference of the Parties referring to synthetic biology .....................................84

3. caRtagena PRotocol on BIosaFetY ........................................................................................... 84
3.1. LMOs and components, organisms and products of synthetic biology .....................................................85

3.1.1. Living organisms..........................................................................................................................85
3.1.2. Novel combination............ ..........................................................................................................86
3.1.3. Modern biotechnology .................................................................................................................86

3.2. Possible exemptions to certain provisions of the Cartagena Protocol ......................................................86
3.2.1 Exclusion from provisions of the Cartagena Protocol: pharmaceuticals for humans that are 

addressed by other relevant international agreements or organizations (Article 5) ......................86
3.2.2. Exemptions from the Advanced Informed Agreement provisions ..................................................87

3.3. Application of Annex III Risk Assessment to synthetic biology .................................................................88
3.4. Nagoya – Kuala Lumpur Supplementary Protocol on Liability and Redress to the Cartagena Protocol on 

Biosafety .................................................................................................................................................89

4.  conVentIon on tHe PRoHIBItIon oF tHe deVeloPment, PRodUctIon and stockPIlIng oF 
BacteRIologIcal (BIologIcal) and toxIn weaPons and on tHeIR destRUctIon .................... 90
4.1. Overview of main provisions ....................................................................................................................90
4.2. Microbial or other biological agents, or toxins .........................................................................................91
4.3. Prophylactic, protective or other peaceful purposes .................................................................................91
4.4. Relevant conclusions by intersessional meetings of State Parties ...........................................................92

5. tHe agReement on tHe aPPlIcatIon oF sanItaRY and PHYtosanItaRY measURes (tHe "sPs 
agReement") ................................................................................................................................. 93
5.1. Sanitary or phytosanitary measures ........................................................................................................93
5.2. Pests, diseases, disease-carrying organisms or disease-causing organisms ............................................94
5.3. Additives, contaminants, toxins or disease-causing organisms in foods, beverages or feedstuffs  ............95

Source: Macroscopic Solutions, LLC



6.  tHe InteRnatIonal Plant PRotectIon conVentIon (IPPc) ........................................................ 96
6.1. Overview of main provisions ....................................................................................................................96
6.2. Phytosanitary measures ..........................................................................................................................97

7. tHe woRld oRganIsatIon FoR anImal HealtH ........................................................................... 98

8. codex alImentaRIUs .................................................................................................................... 99

d. treaties addressing access to genetic resources, beneFit-
sharing From their utiliZation, technology transFer and 
intellectual property rights that could be relevant to the 
application oF synthetic biology techniQues  100

9.  conVentIon on BIologIcal dIVeRsItY ....................................................................................... 100
9.1. Access and Benefit-sharing of Genetic Resources (Article 15) ............................................................. 100

9.1.1.  Genetic resources for their use in synthetic biology .................................................................. 100
9.1.2  Genetic resources originating from synthetic biology ................................................................ 101

9.2. Technology Transfer and Cooperation (Articles 16-19) ......................................................................... 102

10. nagoYa PRotocol on access to genetIc ResoURces and tHe FaIR and eQUItaBle sHaRIng oF 
BeneFIts aRIsIng FRom tHeIR UtIlIzatIon to tHe conVentIon on BIologIcal dIVeRsItY ..... 103
10.1. Synthetic biology and the “utilization of genetic resources”  ................................................................ 103
10.2. Benefit-sharing and the degree of modification of genetic resources  .................................................. 104
10.3. Derivatives and synthetic biology .......................................................................................................... 104

11. InteRnatIonal tReatY on Plant genetIc ResoURces FoR Food and agRIcUltURe ............... 105
11.1. Overview of main provisions ................................................................................................................. 105
11.2. Multilateral system of access and benefit-sharing  ............................................................................... 106

12. tHe wto agReement on tRade Related asPects oF IntellectUal PRoPeRtY RIgHts .......... 107
12.1. Overview of main provisions ................................................................................................................. 107
12.2. Patents ................................................................................................................................................. 107

13. tHe InteRnatIonal conVentIon FoR tHe PRotectIon oF new VaRIetIes oF Plants (UPoV 
conVentIon) ............................................................................................................................... 109
13.1. Overview of main provisions ................................................................................................................. 109
13.2. Breeder’s right ...................................................................................................................................... 109
13.3. Exceptions to the breeder’s right .......................................................................................................... 110

e. selF-regulation by the scientiFic community 111

F. conclusions 112

g. reFerences 114

67Part II   gaPs and overlaPs wIth the ProvIsIons of the conventIon and other agreements

 

Source: Macroscopic Solutions, LLC



68 synthetic biology

a. executive summary

Overview

Synthetic biology as such has not been addressed in the 
text of multilateral treaties. However, a multitude of treaties, 
customary rules and general principles of law, as well as 
other regulatory instruments and mechanisms, could apply 
to all or some forms of what has been described as synthetic 
biology. Most of these treaties were developed 
before the term synthetic biology became widely 
used and, as such, only in a few cases contain 
explicit references to components, organisms and 
products resulting from synthetic biology techniques 
and their potential impacts. Depending on the 
circumstances, existing treaties may address: the 
transfer and handling of components, organisms 
and/or products resulting from synthetic biology 
techniques; the use of components, organisms and 
products resulting from synthetic biology techniques 
for a specific purpose, in particular for hostile 
purposes or in armed conflict; the rights associated 
with components, organisms and products resulting 
from synthetic biology techniques, e.g. patentability; 
and access to genetic resources used in synthetic 
biology techniques, and sharing of benefits arising 
from their utilization.

General rules of customary international law and 
treaties addressing the potential risks arising from 

the application of synthetic biology techniques

State responsibility describes the rules governing the general 
conditions under which a State is responsible for wrongful 
actions or omissions, and the resulting legal consequences. 
The rules on State responsibility require a breach 
of an obligation without defining these obligations. 
They provide only a general framework for addressing 
breaches of international law, including customary 
rules of international law and treaty obligations. 
The rules on State responsibility therefore do not 
address the conditions under which synthetic biology 
techniques would be permitted or prohibited. Under 
the rules on State responsibility, States are not as 
such responsible for acts for private actors unless 

one of the recognized relationships exists. However, 
a State might have to address the actions of private 
actors in order to fulfil its own obligation. A State 
could be in breach of an obligation if it fails to take 
necessary measures to prevent effects caused by 
private actors.

States are under a general obligation to ensure that activities 
within their jurisdiction or control respect the environment of 
other States or of areas beyond national jurisdiction or control. 
This duty to respect the environment does not mean, 
however, that any environmental harm, pollution, 
degradation or impact is generally prohibited. The 
duty prohibits a State from causing significant 
transboundary harm and obliges a State of origin 
to take adequate measures to control and regulate 
in advance sources of such potential harm. States 
have to exercise “due diligence” before carrying out 
potentially harmful activities. What constitutes “due 
diligence” would largely depend on the circumstances 
of each case. Establishing State responsibility for 
any harm from a synthetic biology technique would 
require that (i) the application of a synthetic biology 
technique can be attributed to a particular State and 
(ii) that it can be associated with a significant and 
particular harm to the environment of other States 
or of areas beyond national jurisdiction or control.

States have the duty to carry out an environmental impact 
assessment for activities that may have a significant adverse 
impact in a transboundary context, in particular, on a shared 
resource. An environmental impact assessment (EIA) 
is required in many domestic legal orders and the 
International Court of Justice has recently recognized 
that the accepted practice among States amounts 
to “a requirement under general international law”. 
Thus, where there is a risk that a proposed industrial 
activity may have a significant adverse impact in a 
transboundary context, the requirement to carry out 
an environmental impact assessment applies even 
in the absence of a treaty obligation to this effect. 

Source: BASF
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The precautionary principle or approach is relevant but its 
legal status and content in customary international law has 
not been clearly established, and the implications of its 
application to synthetic biology techniques are unclear. 
There is no uniform formulation or usage for 
the precautionary approach and its legal status 
in customary international law has not yet been 
clearly established, although it has been invoked 
several times by some States. The preamble of 
the Convention on Biological Diversity includes 
the following paragraph: “Noting also that where 
there is a threat of significant reduction or loss of 
biological diversity, lack of full scientific certainty 
should not be used as a reason for postponing 
measures to avoid or minimize such a threat”.  
The Conference of the Parties, in decision XI/11, 
explicitly addressed the matter of synthetic biology 
and, recognizing the development of technologies 
associated with synthetic life, cells or genomes 
and the scientific uncertainties of their potential 
impact on the conservation and sustainable use of 
biological diversity, urged Parties and invited other 
Governments to take a precautionary approach, in 
accordance with the preamble of the Convention 
and with Article 14, when addressing threats of 
significant reduction or loss of biological diversity 
posed by organisms, components and products 
resulting from synthetic biology, in accordance with 
domestic legislation and other relevant international 
obligations. In its decisions addressing biofuels, 
the Conference of the Parties also urged Parties 
and other Governments to apply the precautionary 
approach to the introduction and use of living 
modified organisms for the production of biofuels 
as well as to the field release of synthetic life, cell, 
or genome into the environment, and to monitor 
technology associated with biofuels.

Living organisms resulting from current synthetic biology 
techniques are “living modified organisms resulting from 
biotechnololgy” as defined by the Convention on Biological 
Diversity and subject to its biosafety provisions (Articles 8(g) 
and 19). While its provisions on biosafety address 
potential negative impacts, the Convention also 
recognizes potential positive effects of biotechnology 
and provides for the access to and transfer of 
technologies, including biotechnology, that are 
relevant to the conservation and sustainable use of 
biological diversity. Where living modified organisms 
resulting from synthetic biology techniques are 
likely to have adverse environmental impacts that 
could affect the conservation and sustainable use 
of biological diversity, taking also into account the 
risks to human health, Parties are required, as far as 
possible and as appropriate, to establish or maintain 
means to regulate, manage or control these risks 

at the national level. In addition, the Convention 
contains information sharing requirements for 
exporting countries. 

Living organisms resulting from current synthetic biology 
techniques fall under the definition of “living modified 
organisms” under the Cartagena Protocol for Biosafety. 
Therefore, the requirements of the Cartagena Protocol 
pertaining to the transboundary movement, transit, handling 
and use of living modified organisms that may have adverse 
effects on the conservation and sustainable use of biological 
diversity, taking also into account risks to human health, 
also apply. Currently, living organisms resulting 
from synthetic biology techniques fulfil the criteria 
of (i) possessing a novel combination of genetic 
material, and (ii) resulting from the use of modern 
biotechnology and are, therefore, “living modified 
organisms” as defined in the Cartagena Protocol 
on Biosafety. The fulfillment of the above criteria 
may need to be reassessed if and when future 
technological advances of synthetic biology lead 
to the creation of living organisms possessing 
novel combinations of genetic material, which 
are heritable and do not result from the use of 
in vitro nucleic acid techniques or cell fusion. 
Some organisms resulting from synthetic biology 
techniques may fall under exemptions from the 
Advanced Informed Agreement provisions for living 
modified organisms, if they are in transit, intended 
for contained use or for direct use as food or feed, or 
for processing. The Cartagena Protocol will not apply 
to the transboundary movement of living organisms 
produced through synthetic biology that are 
pharmaceuticals for humans and addressed by other 
relevant international agreements or organizations. 
Although living organisms produced through synthetic 
biology may present characteristics that are not 
common to all living modified organisms, Annex III 
of the Protocol, including general principles, points 
to consider and methodology for risk assessment 
are still fully applicable to living organisms produced 
through synthetic biology and to products thereof, 
namely, “processed materials that are of living 
modified organism origin, containing detectable novel 
combinations of replicable genetic material obtained 
through the use of modern biotechnology”. To ensure 
the effective application of the provisions in Annex 
III, it may be necessary to identify elements of risk 
assessment methodologies that would be specific 
or particularly relevant to assessing the risks of 
living organisms developed through synthetic biology.  

Once entered into force, the Nagoya – Kuala Lumpur 
Supplementary Protocol on Liability and Redress to the 
Cartagena Protocol on Biosafety will require Parties to 
provide at the national level for rules and procedures that 
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address damage from living modified organisms resulting 
from synthetic biology techniques, where such damage 
falls under the definition set out in Article 2 of the 
Supplementary Protocol. 

The Biological Weapons Convention addresses, in part 
through legally-binding rights and obligations, microbial 
or other biological agents or toxins, including those which 
are components, organisms and products resulting from 
synthetic biology techniques, and provides a forum where 
further guidance for this aspect of synthetic biology could be 
developed. Parties to the Convention have confirmed 
that certain components, organisms and products 
resulting from synthetic biology techniques fall 
under the scope of “microbial or other biological 
agents, or toxins whatever their origin or method of 
production”, which the Convention regulates. Where 
those agents or toxins are “of types and in quantities 
that have no justification for prophylactic, protective 
or other peaceful purposes”, the Convention, among 
others: (i) prohibits that its parties develop, produce, 
stockpile or otherwise acquire or retain them; (ii) 
requires its parties with those agents or toxins in 
their possession or under their jurisdiction or control, 
to destroy, or to divert them to peaceful purposes, 
(iii) prohibits their transfer; (iv) prohibits assisting, 
encouraging, or inducing any State, group of States 
or international organizations to manufacture or 
otherwise acquire them; and (v) requires its Parties 
to take necessary measures at the national level. In 
addition, the Convention contains the obligation to 
facilitate, and the right to participate in, the fullest 
possible exchange of equipment, materials and 
scientific and technological information, where they 
are used for peaceful purposes. Different meetings 
of the parties to the convention have acknowledged 
the potential positive and negative impacts from, 
among others, synthetic biology, and agreed on the 
value of promoting appropriate oversight measures to 
identify and manage risks, exploring approaches for 
developing guiding principles that could be tailored 
to national circumstances, sharing information 
about oversight frameworks, guiding principles, 
and practical experience, and the elaboration of 
models to inform risk assessment and oversight 
of scientific research activities that have significant 
dual-use potential, while promoting access to, and 
use of, the technologies they reviewed, including 
through the development of inexpensive and field-
portable applications.

Some applications of synthetic biology could, depending on 
the specific case, be considered as causing risks to animal 
or plant life or health arising from the entry, establishment 
or spread of pests, diseases, disease-carrying organisms 
or disease-causing organisms; or as risks to human or 
animal life or health arising from additives, contaminants, 
toxins or disease-causing organisms in foods, beverages or 

feedstuffs. If this is the case, measures taken by WTO 
members to address these risks would count as 
sanitary and phytosanitary measures in the sense 
of the Agreement on the Application of Sanitary 
and Phytosanitary Measures of the World Trade 
Organization (SPS Agreement) and would have to 
comply with the requirements thereof. Measures 
that directly or indirectly affect international trade 
are allowed, as long as they are supported by a risk 
assessment or taken in accordance with international 
standards recognized under the SPS Agreement. The 
SPS Agreement explicitly recognizes the international 
standards, guidelines and recommendations 
developed by three organizations: For food safety the 
Codex Alimentarius Commission; for animal health 
and zoonoses the relevant international standards, 
guidelines and recommendations developed by the 
World Organisation for Animal Health (OIE); for plant 
health, those developed by the International Plant 
Protection Convention. In particular, components, 
organisms and products resulting from synthetic 
biology may be intentionally or unintentionally 
released to the environment, leading to biosafety 
concerns. Depending on the circumstances, they 
could be considered to pose risks to animal or plant 
life or health, through ecosystem-level impacts or 
the transfer of synthetic DNA. While guidance exists 
as to the application of standards to living modified 
organisms, it is not for all forms of synthetic biology 
techniques clear how these standards could be 
applied. The standard setting organizations Codex 
Alimentarius Commission, World Organisation for 
Animal Health or International Plant Protection 
Convention have not explicitly addressed synthetic 
biology.

Treaties addressing access to genetic resources, 
benefit-sharing from their utilization, and 

intellectual property rights that could be relevant 
to the application of synthetic biology techniques

In the cases where synthetic biology utilizes genetic 
resources and requires access to those resources, the access 
requirements of the Convention would, in general, apply 
and thus require prior informed consent (unless otherwise 
determined) and the negotiation of mutually agreed terms. 
Components used in synthetic biology include virtual/
digital information on functional units of heredity. 
In this context, it is not clear whether the virtual/
digital information about genes and other genetic 
elements can be considered “genetic resources” or 
“genetic material” in accordance with the definitions 
contained in Article 2 of the Convention. It is also 
unclear to what extent other components used in 
synthetic biology and the products thereof may be 
considered “genetic resources” as defined by the 
Convention.
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Synthetic biology applications may be considered as a way of 
utilizing genetic resources as defined in the Nagoya Protocol. 
Synthetic biology also raises a number of questions 
in relation to the application of the Nagoya Protocol 
to derivatives. In this regard, it needs to be noted 
that there are different interpretations regarding how 
the Nagoya Protocol applies to derivatives. National 
implementation of the Nagoya Protocol can assist 
in further clarifying the definition of “utilization” as 
well as the scope of access and benefit-sharing 
requirements in relation to derivatives. The 
negotiation of mutually agreed terms can assist 
parties to an access and benefit-sharing agreement 
to clarify until which extent of the value chain the 
obligations to share benefits would continue to apply 
to components, organisms and products resulting 
from synthetic biology, including derivatives and their 
subsequent applications.

The International Treaty on Plant Genetic Resources for 
Food and Agriculture may be relevant to synthetic biology 
with regard to the access to genetic resources for use in 
synthetic biology processes and the sharing of the benefits 
arising from commercialization. Its Article 12 requires 
parties to provide facilitated access to plant genetic 
resources for food and agriculture to other parties, 
including to legal and natural persons under their 
jurisdiction. This access is to be granted pursuant to 
a standard material transfer agreement (MTA) through 
the Multilateral System under certain conditions. 
Synthetic biology research that does not include 
chemical, pharmaceutical and/or other non-food/feed 
industrial uses can access, in accordance with the 
relevant provisions of the ITPGRFA, the plant genetic 
resources for food and agriculture listed in Annex I to 
the treaty, a pool of 64 food and forage crops. These 
plant genetic resources cannot be protected through 
an intellectual property right in the form received from 
the Multilateral System. Under Article 13 of ITPGRFA 
Parties agreed that benefits arising from the use, 
including commercial, of plant genetic resources for 
food and agriculture under the Multilateral System 
shall be shared fairly and equitably through the 
exchange of information, access to and transfer 
of technology, capacity-building, and the sharing of 
the benefits arising from commercialization. The 
functioning and scope of the Multilateral System 
is currently under review by the Governing Body of 
the ITPGRFA. 

It appears that, in accordance with the Agreement on Trade-
Related Aspects of Intellectual Property Rights (TRIPS), patents 
should be available under national law of WTO members (other 
than LDCs) for innovative products and techniques in the field 
of synthetic biology, provided that they constitute inventions 
that comply with the general patentability standards. Select 
products of synthetic biology techniques may fall under the 
subject matter exclusions provided by Article 27, paragraphs 2 

and 3 of the TRIPS Agreement and may therefore be excluded 
from patentability by some WTO members. The patentability 
of synthetic biology products and techniques may 
have both positive and negative implications, as 
it may encourage research and investments into 
and restrict access to and application of both 
technologies with potentially positive and potentially 
negative implications for biodiversity. The possibility 
to exclude certain synthetic biology products and 
techniques from patentability if prevention of their 
commercial exploitation is necessary to protect ordre 
public or morality, including to protect human, animal 
or plant life or health or to avoid serious prejudice 
to the environment, in accordance with Article 27, 
paragraphs 2 of the TRIPS Agreement may help to 
avoid some negative effects that may result from 
commercialisation of synthetic biology techniques. 

The results of current synthetic biology research that is focused 
on modifying existing “natural” genomes could qualify for 
the “breeder’s right” (a sui generis form of protection for 
intellectual property rights on plant varieties) under the UPOV 
Convention. As far as synthetic biology research may 
in the future result in the production of entirely 
novel genomes, it may be able to produce new plant 
varieties which could be protected by breeder’s rights, 
including varieties that are deemed essentially 
derived from a protected variety.

Gaps in the current regulatory framework

Some general principles of international law such as the 
duty to avoid transboundary harm, and the need to conduct 
an environmental impact assessment (EIA), together with 
the rules of State responsibility may provide some guidance 
relevant to addressing potential negative impacts resulting 
from the application of synthetic biology techniques, but 
would still form an incomplete basis to address all potential 
negative impacts. Uncertainties exist with regard to 
their application in the absence of specific guidance. 
In addition, they may not be able to address the 
scope of the risks associated with some forms 
of synthetic biology techniques. Specific potential 
impacts of specific synthetic biology products might 
violate particular rules, but this cannot be determined 
unless there is greater confidence in estimates of 
such potential impacts. 

Potential gaps may exist with regard to components and 
products resulting from synthetic biology techniques that are 
not living modified organisms. Such gaps could occur 
where components and products resulting from 
synthetic biology techniques do not fall within the 
scope of a treaty regime. For example, components 
and products resulting from synthetic biology 
techniques that are not living modified organisms 
will not be subject to the requirements pertaining 
to the transboundary movement, transit, handling 
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and use of all living modified organisms that may 
have adverse effects on the conservation and 
sustainable use of biological diversity contained 
in the Cartagena Protocol, nor the provisions on 
liability and redress contained in the Nagoya – Kuala 
Lumpur Supplementary Protocol. 

A number of treaties exist which, in general, provide for 
mechanisms, procedures or institutions that can address 
potential negative effects associated with the application 
of synthetic biology techniques, but where no specific 
guidance exists for their application. Even though the 
requirements of the Cartagena Protocol pertaining to 
the transboundary movement, transit, handling and 
use of all living modified organisms that may have 
adverse effects on the conservation and sustainable 
use of biological diversity, taking also into account 
risks to human health, apply to most, if not all, 
organisms resulting from current synthetic biology 
techniques, it may be necessary, for example, to 
identify elements of risk assessment methodologies 
that would be specific for living organisms developed 
through synthetic biology in order to ensure the 
effective application of the provisions in Annex III 
to the Cartagena Protocol. As another example, 
States may be able to establish import restrictions 
on components, organisms and products resulting 
from synthetic biology techniques in accordance 

with the Agreement on the Application of Sanitary 
and Phytosanitary Measures of the World Trade 
Organization. However, while specific guidance has 
been developed for the application of standards to 
living modified organisms, for example under the 
International Plant Protection Convention, no such 
guidance exists for other components, organisms and 
products resulting from synthetic biology techniques. 

In sum, the components, organisms and products resulting 
from synthetic biology would fall under the scope of a number 
of regulatory mechanisms. While some instruments 
are sufficiently broad to address some of the 
current issues related to synthetic biology, gaps 
still exist relating to the practical implementation 
of these instruments to ensure the conservation 
and sustainable use of biodiversity, and the fair 
and equitable sharing of the benefits arising from 
the utilization of genetic resources.  Discussions 
in international fora may be needed with a view to 
addressing the gaps identified in this note in an 
appropriate, consistent, comprehensive and adaptive 
manner. This could include a need to consider how 
to address potential impacts of very low probability 
but very high magnitude. Further discussions may 
also be needed if and when the advances in synthetic 
biology lead to the emergence of new gaps.

Source: PNNL
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b. scope & methods

The Executive Secretary has been asked to consider 
possible gaps and overlaps with the applicable 
provisions of the Convention, its Protocols and 
other relevant agreements related to components, 
organisms and products resulting from synthetic 
biology techniques. 

In response to this request, this document provides 
an overview of the provisions of the Convention, 
the Cartagena Protocol on Biosafety, the Nagoya – 
Kuala Lumpur Supplementary Protocol on Liability 
and Redress to the Cartagena Protocol on Biosafety 
and the Nagoya Protocol on Access to Genetic 
Resources and the Fair and Equitable Sharing of 
Benefits Arising from their Utilization, which may be 
particularly relevant for components, organisms and 
products resulting from synthetic biology techniques 
and their potential impacts on the conservation and 
sustainable use of biological diversity and associated 
social, economic and cultural considerations. 
Those impacts have been discussed in Part I of 
this document on potential positive and negative 
impacts of components, organisms and products 
resulting from synthetic biology techniques on the 
conservation and sustainable use of biodiversity.

In addition, the Executive Secretary was also required 
to consider “other agreements” which are part of 
the existing international regulatory framework that 
may be applicable to synthetic biology techniques. 
Apparently, synthetic biology as such has not been 
addressed in the text of multilateral treaties, while 
some treaty bodies have considered this issue. 
However, the international regulatory framework 
includes a multitude of treaties, actual and potential 
customary rules and general principles of law, as well 
as other regulatory instruments and mechanisms, 
that could apply to all or some forms of what has 
been described as synthetic biology. Therefore, this 
document discusses the following elements of the 
current international regulatory framework:

 � International law and other principles that are 
generally applicable to States, and by virtue of 
their universal nature, are relevant to all synthetic 
biology techniques; and

 � Provisions of the Convention, the Cartagena 
Protocol, the Nagoya – Kuala Lumpur 
Supplementary Protocol on Liability and Redress 
to the Cartagena Protocol and the Nagoya 
Protocol;

 � Provisions of other treaties that may be applicable 
to synthetic biology techniques. 

Most of these treaties were developed before the 
term synthetic biology became widely used and, as 
such, only in a few cases contain explicit references 
to components, organisms and products resulting 
from synthetic biology techniques and their potential 
impacts. For their respective Parties, they could 
apply, however, to: 

 � the transfer and handling of components, 
organisms and products resulting from synthetic 
biology techniques (Cartagena Protocol, Nagoya 
– Kuala Lumpur Supplementary Protocol on 
Liability and Redress to the Cartagena Protocol, 
Agreement on the Application of Sanitary and 
Phytosanitary Measures of the World Trade 
Organization, International Plant Protection 
Convention, standards of the World Organization 
for Animal Health, and the Codex Alimentarius); 

 � the use of components, organisms and products 
resulting from synthetic biology techniques for a  
specific purpose, in particular for hostile purposes 
or in armed conflict (Convention on the Prohibition 
of the Development, Production and Stockpiling 
of Bacteriological (Biological) and Toxin Weapons 
and on their Destruction);

 � rights associated with components, organisms 
and products resulting from synthetic biology 
techniques, e.g. patentability (Agreement on Trade 
Related Aspects of Intellectual Property Rights 
and International Convention for the Protection 
of New Varieties of Plants); and

 � access to genetic resources used in synthetic 
biology techniques, and sharing of benefits 
arising from their utilization (Nagoya Protocol, 
International Treaty on Plant Genetic Resources 
for Food and Agriculture). 

Source: PNNL
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In order to assess gaps and overlaps in the existing 
international regulatory framework, this document 
examines the extent to which the Convention and 
its Protocols and other elements of the existing 
international legal framework explicitly or implicitly 
address components, organisms and products 
resulting from synthetic biology techniques and 
their potential impacts on the conservation and 
sustainable use of biological diversity and associated 
social, economic and cultural considerations as 
identified in Part I of this document on potential 
impacts. Acknowledging that lex specialis instruments 
are in many circumstances an appropriate 
mechanism for governing issues such as specific 
impacts on biodiversity from synthetic biology 
techniques, this document examines whether existing 
instruments, in toto, address all potential negative 
impacts resulting from the application of synthetic 
biology techniques. 

As discussed in Part I of this document on potential 
impacts,63 synthetic biology techniques may result 
in a wide variety of components, organisms and 
products and for a variety of uses. It is beyond 
the scope of the present document to discuss all 
international regulatory instruments that would 
apply to different products. This document only 
discusses the Convention on the Prohibition of 
the Development, Production and Stockpiling of 
Bacteriological (Biological) and Toxin Weapons and 
on their Destruction in the context of the use of 
products of synthetic biology techniques for a specific 
purpose, as synthetic biology has been discussed 
explicitly under this Convention. 

Further, the scope of this document also excludes a 
discussion of national legal frameworks for synthetic 
biology. For example, extensive national regulations 
exist, which addresses pharmaceutical products and 
the exposure to hazardous chemicals. A number of 
reports are available where the legal frameworks of 
individual countries have been analyzed.64

This document draws as far as possible on 
published literature. Literature is available on the 
components, organisms and products resulting from 
synthetic biology and their potential impacts on 
the conservation and sustainable use of biological 
diversity and associated social, economic and cultural 

considerations (see Part I of this document on 
potential impacts) and also on the general scope and 
provisions of the elements of the existing regulatory 
framework discussed in this document (see list of 
references at the end of this document). Only a 
small number of publications, however, are available 
which apply the existing regulatory framework to 
synthetic biology.65 The parts of this document that 
discuss the applicability of existing rules and treaty 
provisions to components, organisms and products 
resulting from synthetic biology therefore include 
partly an original analysis not part of peer-reviewed 
literature. It should be noted in this context that 
this document is made available for the information 
of Parties to the Convention and is not intended to 
affect the rights and obligations of Parties to the 
Convention or its Protocols.

Some aspects of the current international legal 
framework constitute binding rules within the 
meaning of Article 38 ICJ Statute. Binding rules 
include: treaties, customary law, and general 
principles of law. Other aspects are not legally 
binding but nonetheless provide guidance to States. 
Modern treaties often establish institutions and 
procedures in order to ensure implementation. This 
usually includes quasi-legislative bodies such as a 
Conference of the Parties to the treaty which has the 
mandate to decide on details not set out in the treaty 
and expert bodies which offer interpretations of treaty 
articles. Decisions taken by such quasi-legislative 
bodies are, as such, not binding unless the treaty 
so provides. However, decisions by meetings of the 
Conference of Parties may, as appropriate under 
the respective treaty, be referred to as an aid when 
interpreting the provisions of a treaty. Decisions of 
the meetings of the Conference of Parties decide on 
technical details that are unresolved by the treaty, 
and can specify how Parties are to implement and 
develop the regime. 

Apart from existing rules and guidelines, it is 
important to keep in mind that many international 
regimes and institutions have a mandate that would 
allow them to address components, organisms 
and products resulting from synthetic biology, or 
some aspects of the topic in the future, even if 
they have not done so to date. In addition, there 

63 UNEP/CBD/COP/12/INF/11.

64 For example: C. Bailey, H. Metcalf, B. Crook and H. Hill. 2012. Synthetic 
Biology: A review of the technology, and current and future needs from 
the regulatory framework in Great Britain, Prepared by the Health 
and Safety Laboratory for the Health and Safety Executive. Accessible 
at http://www.hse.gov.uk/research/rrpdf/rr944.pdf; Presidential 
Commission for the Study of Bioethical Issues (PCSBI). 2010. New 
Directions: The Ethics of Synthetic Biology and Emerging Technologies. 
DC: PCSBI. Accessible at: www.bioethics.gov; S. Bar-Yam, J. Byers-
Corbin, R. Casagrande, F. Eichler, A. Lin, M. Oesterreicher, P. Regardh, 

R.D. Turlington and K.A. Oye. 2012. The regulation of synthetic biology: 
A guide to United States and European Union regulations, rules and 
guidelines, SynBERC and iGEM Verion 9.1. Accessible at http://synberc.
org/sites/default/files/Concise%20Guide%20to%20Synbio%20
Regulation%20OYE%20Jan%202012_0.pdf; and S. R. Carter, M. 
Rodermeyer, M. S. Garfinkel, and R. M. Friedman. 2014. Synthetic 
Biology and the U.S. Biotechnology Regulatory System: Challenges 
and Options. J. Craig Venter Institute.

65 For example, OECD (2014), Emerging Policy Issues in Synthetic Biology, 
OECD Publishing. http://dx.doi.org/10.1787/9789264208421-en. 

Source: Macroscopic Solutions, LLC
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are other instruments that could be of interest or 
relevance, regardless of their legal status. These 
include, for instance, self-organized standards by 
international organizations, the scientific community 
or recommendations by relevant civil society 
organisations. A number of international institutions 
have developed guidance around various aspects of 
biotechnology which may apply to synthetic biology 
research and applications, including:

 � On biosafety: OECD 1986: Recombinant DNA 
Safety Considerations; OECD 1992: Safety 
Considerations for Biotechnology; FAO Voluntary 
Code of Conduct on Responsible Fisheries; 
UNIDO Voluntary Code of Conduct for the 
Release of Organisms into the Environment; 
UNEP International Technical Guidelines for Safety 

in Biotechnology; FAO 1996 - Code of Conduct 
for the Import and Release of Exotic Biological 
Control Agents; 

 � On access and benefit sharing: CGRFA - 
International Undertaking on Plant Genetic 
Resources; WHO 2011: Pandemic influenza 
preparedness framework for the sharing of 
influenza viruses and access to vaccines and 
other benefits; FAO International Code of Conduct 
for Plant Germplasm Collecting and Transfer; and

 � Codes of conduct for research: OECD 2007 Best 
Practices Guidelines for Biological Resource 
Centres; WHO 2012 Responsible life sciences 
research for global health security: A guidance 
document (biosafety and biosecurity); WHO Lab 
Biosafety Manual.

Source: Macroscopic Solutions, LLC
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Besides general rules of customary international 
law, the Convention, the Cartagena Protocol and its 
Nagoya – Kuala Lumpur Supplementary Protocol 
on Liability and Redress, a number of other 
agreements and standards could be relevant to 
addressing the potential risks arising from the 

application of synthetic biology. They include the 
Biological Weapons Convention, the Agreement 
on the Application of Sanitary and Phytosanitary 
Measures of the World Trade Organisation, and the 
International Plant Protection Convention (IPPC).

1. InteRnatIonal law and PRIncIPles aPPlIcaBle to 
comPonents, oRganIsms and PRodUcts ResUltIng FRom 
sYntHetIc BIologY66

International law includes a number of overarching 
rules and principles that are common legal ground and 
might apply to all activities related to components, 
organisms and products resulting from synthetic 
biology techniques. Treaties only apply to those States 
that are Party to them. In contrast, customary law 
applies to States regardless of whether they are a 
Party to, and bound by, a particular treaty.67

Some aspects of customary law, reviewed here, 
have a scope that may be relevant to components, 
organisms and products resulting from synthetic 
biology techniques. These rules and principles may, in 
particular, be discussed in the context of addressing 

potential negative effects from synthetic biology 
techniques. It will not be possible to draw specific 
conclusions on the extent to which these rules 
and principles will apply and have consequences 
for specific synthetic biology techniques, as this 
depends on the particularities of each specific case. 
A brief description of commonly discussed rules and 
principles that could apply to synthetic biology is 
nonetheless included in this document in order to 
illustrate their general limits. 

It should be noted that the status of some concepts 
as legal principles or rules is disputed or their precise 
meaning is unclear.

c. general rules oF customary 
international laW, treaties and 
standards addressing the potential 
risks arising From the application oF 
synthetic biology techniQues 

66 The descriptive parts of this chapter have been taken from the following 
study and have been adapted to the present document: Secretariat 
of the Convention on Biological Diversity (2012). Geoengineering 
in Relation to the Convention on Biological Diversity: Technical and 
Regulatory Matters, Montreal, Technical Series No. 66.

67 Except for so-called “persistent objectors”.

Source: IRRI
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1.1. State responsibility and liability of private actors

State responsibility describes the rules governing the 
general conditions under which a State is responsible 
for wrongful actions or omissions, and the resulting 
legal consequences. The rules on State responsibility 
presuppose a breach of an international obligation 
by a State. However, the rules on State responsibility 
do not define the requirements of the obligation 
which is said to have been breached. Instead, they 
deal with the consequences of such breach. 

The rules on State responsibility were codified and 
developed by the International Law Commission’s 
Articles on Responsibility of States for Internationally 
Wrongful Acts, which for the most part reflect 
customary law (Annex to UNGA Res. A/RES/56/83 
of 12.12.2001, “Articles on State Responsibility”).68

The rules on State responsibility do not define 
obligations relating to synthetic biology in the sense 
that they determine which activities are permitted 
or prohibited. Instead, in the absence of specific 
rules, the rules on State responsibility provide 
a basic legal framework for activities related to 
synthetic biology in case they breach other existing 
international obligations.69

State responsibility does not as such require fault 
or negligence of the State. The conduct required 
or prohibited and the standards to be observed 
depend on the specific obligation in question. The 
consequences of State responsibility include legal 
obligations to cease the activity, to offer appropriate 
assurances and guarantees of non-repetition, if 
circumstances so require, and to make full reparation 
for the injury caused (Articles 30 and 31 of the 
Articles on State Responsibility).

The existence of “circumstances precluding 
wrongfulness”, such as self-defence or force majeure 
(Chapter V of the Articles on State Responsibility), 
may preclude international responsibility 

notwithstanding a breach of an international 
obligation. One of these recognised circumstances is 
necessity. Article 25 reflects that “necessity may not 
be invoked by a State (…) unless the act is the only 
way for the State to safeguard an essential interest 
against a grave and imminent peril” and “does not 
seriously impair the essential interest of the State 
or States toward which the obligation exists, or to 
the international community as a whole.” It further 
provides that “necessity may not be invoked by 
a State as a ground for precluding wrongfulness 
if (…) the State has contributed to the situation 
of necessity.” (Article 25 of the Articles on State 
Responsibility). This may be relevant if synthetic 
biology techniques, as anticipated, are used to 
design and construct organisms with environmental 
functions such as bioremediation and pollution 
control (see section 5.2 of Part I of this document 
on potential impacts70). However, the fact-specific 
nature of circumstances precluding wrongfulness 
and their limitation to situations virtually beyond 
the control of a State limits their utility as an ex 
ante legal justification. 

Synthetic biology techniques may be conducted 
by both State-governed and private entities. The 
customary international law of State responsibility, 
as reflected by the Articles on State Responsibility, 
addresses the circumstances under which the 
conduct of non-State actors may be attributable 
to a State. In general, the conduct of non-State 
actors is not attributable to a State unless one of 
the relationships outlined in the Draft Articles is 
present (e.g., a private actor exercising elements 
of governmental authority).  Separately, a primary 
legal obligation (e.g., a treaty) may obligate a State 
to ensure the activities of its nationals conform to a 
certain standard, as in the example of Article 139 
of the United Nations Convention on the Law of the 
Sea. A State could be in breach of an obligation 

68 The rules relevant to the present document are customary law, 
althoughsome other concepts in the Articles on State Responsibility 
may not be universally accepted. Previous drafts of the Articles on State 
Responsibility had introduced the concept of “international crimes”, 
which included serious breaches of certain environmental obligations. 
However, that concept was subsequently dropped and does not appear 
in the final outcome of the ILC’s work.

69 In addition, and as a result of a separate stream of work, the 
International Law Commission has also drafted a separate set of 
articles regarding harmful effects of “hazardous” acts, even where 
such acts are not in breach of an international obligation, although 
such principles only refer to the allocation of loss, see for instance the 
work of the ILC on Draft Articles on Prevention of Transboundary Harm 
from Hazardous Activities, UN Doc A/56/10. This could include making 
private actors liable under domestic law, cf. ILC, Draft principles on 
the allocation of loss in the case of transboundary harm arising out of 
hazardous activities, UN Doc. A/66/10, paragraph 66, in particular 
principle 4.2. In contrast to many of the Articles on State Responsibility, 
these draft articles do not reflect customary law.

70 UNEP/CBD/COP/12/INF/11.

Source: PNNL
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if it fails to take necessary measures to prevent 
effects caused by private actors. It depends on 
the obligation in question to what extent a State 
has to address private actors in order to fulfil its 
own obligation. 

In addition, a State can be under an explicit and 
specific obligation to address private actors. 
Specifically, international law can impose a duty on 

States to provide in their internal law that non state 
actors are liable for certain acts. For instance, the 
2010 Nagoya-Kuala Lumpur Supplementary Protocol 
on Liability and Redress to the Cartagena Protocol on 
Biosafety requires States to address private actors 
through domestic rules on liability. However, there 
is no general obligation on States to do this.

1.2. Prevention of transboundary harm to the environment

The International Court of Justice, in the Gabcikovo-
Nagymaros case, and in its advisory opinion on the 
Legality of the Threat or Use of Nuclear Weapons, 
confirmed the “existence of the general obligation 
of States to ensure that activities within their 
jurisdiction and control respect the environment of 
other States or of areas beyond national control is 
now part of the corpus of international law relating 
to the environment.”71 In the Pulp Mills case, the 
Court used a slightly different wording:72 “It is ‘every 
State’s obligation not to allow knowingly its territory 
to be used for acts contrary to the rights of other 
States’ (Corfu Channel (United Kingdom v. Albania), 
Merits, Judgment, I.C.J. Reports 1949, p. 22). A 
State is thus obliged to use all the means at its 
disposal in order to avoid activities which take place 
in its territory, or in any area under its jurisdiction, 
causing significant damage to the environment of 
another State.” The Court further clarified that “the 
principle of prevention, as a customary rule, has 
its origins in the due diligence that is required of a 
State in its territory.”73

Article 3 of the Convention, entitled “Principle”, 
states that “States have in accordance with the 
Charter of the United Nations and the principles of 
international law the sovereign right to exploit their 
own resources pursuant to their own environmental 
policies, and the responsibility to ensure that 
activities within their jurisdiction or control do not 
cause damage to the environment of other States or 
of areas beyond the limits of national jurisdiction”. 
Principle 2 of the Rio Declaration contains similar 
language.74

The duty not to cause transboundary harm does 
not mean that any environmental harm, pollution, 
degradation or impact is for that reason generally 
prohibited (Birnie et al. 2009). Considering the 
differences in wording used when referring to the 
duty not to cause transboundary harm, the precise 
content of this duty has not been defined. From the 
wording used by the ICJ in the Pulp Mills case, it 
appears that an alleged breach of the duty to not 
harm the environment, establishing responsibility 
of a State for an activity related to synthetic biology 
would require the following elements: 

 � Significant damage to the environment of another 
State;

 � Activity caused by the State in question / lack 
of due diligence;

 � No circumstances precluding wrongfulness (see  
section 1.1 above).

Many synthetic biology research and commercial 
applications have the potential for transboundary 
impacts through economic, social, and cultural 
impacts. Direct impacts on the transboundary 
environment, however, would depend on the specific 
application of synthetic biology. Currently, intentional 
environmental release of organisms resulting from 
synthetic biology techniques seem to be limited to 
a few instances such as the Glowing Plant, which 
will be distributed within the United States (see 
section 4.2.5 of Part I of this document on potential 
impacts75). Anticipated applications of synthetic 
biology include the production of micro-organisms 

71 ICJ, Case concerning the Gabcikovo-Nagymaros Project (Hungary v. 
Slovakia), ICJ Reports 1997, 7, paragraph 53; and Legality of the Threat 
or Use of Nuclear Weapons (Advisory Opinion - General Assembly), ICJ 
Reports 1996, 22, paragraph 29.

72 The earliest version of this concept can be found in the Trail Smelter 
Arbitration, where the arbitral tribunal stated that ”under principles 
of international law (…) no State has the right to use or permit of its 
territory in such a manner as to cause injury by fumes on or in the 
territory of another or the properties therein, if the case is of serious 
consequence and the injury is established by clear and convincing 
evidence”, see Trail Smelter Arbitration (United States v. Canada, 
Reports of International Arbitral Awards, vol.3, 1938 (1941), p. 1965).

73 ICJ, Case concerning Pulp Mills on the River Uruguay (Argentia v. 
Uruguay), ICJ Reports 2010, 14, paragraph 101.

74 31 ILM 876 (1992); cf. principle 21 of the preceding 1972 Declaration 
of the UN Conference on the Human Environment (Stockholm 
Declaration), 11 ILM 1416 (1972).

75 UNEP/CBD/COP/12/INF/11.
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specifically designed for environmental release, 
such as for bioremediation of ocean oil spills (see 
section 5.2 of Part I of this document on potential 
impacts). Alleged environmental harm could, for 
example, also include that organisms resulting 
from synthetic biology techniques displace existing 
species because of engineered fitness advantages 
and become invasive (Redford et al. 2013; Snow 
and Smith 2012; Wright et al. 2013).

While the wording of Article 3 of the Convention 
requires “damage”, the wording of the ICJ in the Pulp 
Mills case requires “significant damage”. For both 
cases it is not clear what degree of environmental 
harm would constitute such damage. “Significant” 
could be understood to establish a de minimis 
threshold and to require a certain intensity of 
damage, which appears to be more than just any 
damage. Whether damage caused by synthetic 
biology techniques is “significant” will have to be 
established for the particular case in question.76 

While the ICJ did not elaborate on the specific 
requirements for causality, a potential claimant State 
may have to establish a causal link between the 
particular synthetic biology activity and, for example, 
the displacement of a certain species.

In the Pulp Mills case, the ICJ also appears to require 
an element of due diligence, providing for a prohibitive 
function of the duty not to cause transboundary 
harm.77 According to this view, the concept obliges 
every State of origin to take adequate measures 
to control and regulate in advance sources of 
potential significant transboundary harm.” (Beyerlin 
and Marauhn 2011). It is, however, not clear which 
measures States are required to take in order to 
prevent such harm. Generally, a State will not be 
in breach of the obligation relevant here unless 
it fails to apply due diligence.78 What diligence is 
“due”, however, depends on the circumstances 
of the particular case related to components, 
organisms and products resulting from synthetic 
biology techniques.

In sum, the obligation to prevent transboundary 
harm depends on the particularities of the specific 
case and is mainly retrospective. International law 
provides only very limited means to obtain advance 
provisional measures in order to stop activities that 
could be in breach of international obligations.79 
Therefore, the duty not to cause transboundary 
harm may not be a sufficient instrument to address 
potential negative impacts from synthetic biology 
techniques, in particular potential impacts of very 
low probability but very high magnitude.

1.3.  Duty to undertake an environmental impact assessment 

A further general rule which may be considered to 
address potential negative impacts resulting from 
synthetic biology techniques is the duty to carry out 
an environmental impact assessment. 

While Article 14 of the Convention also addresses 
environmental impact assessment, the requirement 
to carry out an environmental impact assessment 

for industrial activities that may have a significant 
adverse impact in a transboundary context has even 
become customary international law and applies 
to States in the absence of treaty obligations. 
The ICJ has recently recognized that the accepted 
practice amongst States amounted to “a requirement 
under general international law to undertake an 
environmental impact assessment where there is 

76 The Nagoya – Kuala Lumpur Supplementary Protocol on Liability and 
Redress to the Cartagena Protocol on Biosafety provides, in its Article 4, 
a list of factors as basis for determining whether a particular damage 
is “significant”, see section 2.3.4 below.

77 Note that the exact relationship between the two dimensions of the 
no harm concept is still subject to a significant degree of unclarity. All 
sources seem to agree though that the obligation to prevent represents 
an essential aspect of the obligation not to cause significant harm. 
(Handl 2007).

78 Cf. ILC, Articles on State Responsibility, UN Doc. A/56/10, para 77, 
Chapter III para 2; ILC, Draft articles on prevention of transboundary 
harm from hazardous activities, UN Doc. A/56/10, paragraph 98, 
Article 3 paragraph 8.

79 In recent years the ICJ has only granted two applications for provisional 
measures, in cases involving the imminent execution of prisoners, 
LaGrand Case (Germany v. United States of America), Provisional 
Measures, order of 03.03.1999; Avena and Other Mexican Nationals 
(Mexico v. United States of America), order of 05.02.2003. All other 
applications were rejected, see Armed Activities on the Territory of the 
Congo (New Application: 2002) (Democratic Republic of the Congo v. 
Rwanda), order of 10.07.2002; Certain Criminal Proceedings in France 
(Republic of the Congo v. France), order of 17.06.2003; Pulp Mills 
on the River Uruguay (Argentina v. Uruguay), orders of 13.07.2006 
and 23.01.2007; Questions relating to the Obligation to Prosecute 
or Extradite (Belgium v. Senegal), order of 28.05.2009; Proceedings 
instituted by the Republic of Costa Rica against the Republic of 
Nicaragua, press release of 19.11.2010; all available at http://
www.icj-cij.org.
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a risk that the proposed industrial activity may have 
a significant adverse impact in a transboundary 
context, in particular, on a shared resource”.80

As discussed in the previous section, some of the 
potential applications of synthetic biology could 
result in transboundary impacts and could in certain 
cases have the potential to cause significant adverse 
impacts.81 The ICJ referred to activities that “may” 
have a significant adverse impact. However, it does 
not establish a threshold of probability for “may.” 

Independently of the required threshold, it is 
a matter of disagreement among synthetic 
biologists, ecologists, industry and civil society, 
how well the potential dangers related to synthetic 
biology are known and can be assessed. Some 
synthetic biologists and the Biotechnology Industry 
Organization have argued that the vast majority of 
synthetic biology research does not present novel 
risks and that sufficient knowledge is available to 
characterize associated risks (de Lorenzo 2010; 
Erickson et al. 2011). Others, however, are much 
more cautious about the potential unanticipated 
risks of synthetic biology (Dana et al. 2012; FOE et 
al. 2012; ICSWGSB 2011; Snow and Smith 2012; 
Tucker and Zilinskas 2006). In their comment 
in Nature, Dana et al. (2012) call for a minimal 
investment of 20-30 million USD in synthetic biology 
risk research over the next 10 years. They state: 
“No one yet understands the risks that synthetic 
organisms pose to the environment, what kinds 
of information are needed to support rigorous 
assessments, or who should collect such data” 

(Dana et al. 2012). One of the four identified areas 
of necessary risk research is how microbes could 
alter habitats, food webs, and biodiversity (Dana 
et al. 2012).

Significant adverse impacts that may occur include 
low-probability and high-consequence. In a March 
2013 Science editorial, Martin Rees, former president 
of the UK Royal Society, identified synthetic biology 
as a potential existential threat, albeit in a “sci-fi 
scenario (Rees 2013).82 

The ICJ left it to the States to determine the specific 
content of the impact assessment required. It 
specified the following details: 

 � The duty to carry out an environmental impact 
assessment for industrial activities that may have 
a significant adverse impact in a transboundary 
context involves “having regard to the nature and 
magnitude of the proposed development and 
its likely adverse impact on the environment as 
well as to the need to exercise due diligence in 
conducting such an assessment.” 

 � The impact assessment has to be carried out 
prior to the implementation of the activity. 

 � Continuous monitoring of the activity’s effect on 
the environment is required. 

As a legal rule in customary international law, 
the duty to carry out an environmental impact 
assessment for industrial activities that may have 
a significant adverse impact in a transboundary 
context is an important development that might 
require clarification as to its precise implications.

1.4. Precautionary approach

The Conference of the Parties to the Convention, in 
paragraph 4 of decision XI/11, urged Parties and 
invited other Governments to take a precautionary 
approach, in accordance with the preamble and with 
Article 14 of the Convention, when addressing threats 
of significant reduction or loss of biological diversity 
posed by organisms, components and products 
resulting from synthetic biology, in accordance with 

domestic legislation and other relevant international 
obligations. 

Several multilateral environmental treaties and other 
instruments include precaution under various labels, 
such as “precautionary principle”, “a precautionary 
approach”, “the precautionary approach” or 
“precautionary measures”. Some States refer to 

80 ICJ, Case concerning Pulp Mills on the River Uruguay (Argentia v. 
Uruguay), ICJ Reports 2010, paragraphs 204 -206.

81 In a comment to an earlier draft of this document, a Party noted 
its opinion that, while applications of synthetic biology (or other 
biotechnology) involving micro-organisms for intentional release “add 
a layer of complexity to the risk assessment”, “addressing potential 
challenges in environmental risk assessment is premature since 
environmental applications of synthetic biology are not expected to 
materialize before several years.” Another reviewer noted, however, that 
the fact that we do not yet know enough (or have the right monitoring 
infrastructure) to carry out good environmental impact assessments 
of many synthetic biology applications calls for the development of the 
knowledge and techniques to carry out such assessments.

82 Rees writes: “Synthetic biology likewise offers huge potential for 
medicine and agriculture, but in the sci-fi scenario where new organisms 
can be routinely created, the ecology (and even our species) might not 
long survive unscathed....Some would dismiss such concerns as an 
exaggerated jeremiad: After all, societies have survived for millennia, 
despite storms, earthquakes, and pestilence. But these human-induced 
threats are different—they are newly emergent, so we have a limited 
time base for exposure to them and can’t be so sanguine that we would 
survive them for long, or that governments could cope if disaster strikes. 
That is why a group of natural and social scientists in Cambridge, UK, 
plans to inaugurate a research program to identify the most genuine 
of these emergent risks and assess how to enhance resilience against 
them” (Rees 2013).
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a “precautionary principle”, while others consider 
that formulations of precaution are too varied to be 
referred to as a “principle”. Under the Convention, 
a precautionary approach has been introduced in 
the preamble recognizing that “where there is a 
threat of significant reduction or loss of biological 
diversity, lack of full scientific certainty should not 
be used as a reason for postponing measures to 
avoid or minimize such a threat”. The decisions 

of the Conference of the Parties have frequently 
been based on and stressed the importance of the 
precautionary approach (see for example decisions 
II/10, V/8 and IX/20). 

There is no uniform formulation or usage for the 
precautionary approach and its legal status in 
customary international law has not been clearly 
established, although it has been invoked several 
times (Beyerlin and Marauhn 2011).

2. conVentIon on BIologIcal dIVeRsItY

The objectives of the Convention on Biological 
Diversity are: the conservation of biological diversity, 
the sustainable use of its components, and access 
to genetic resources and the fair and equitable 
sharing of the benefits arising out of their utilization 

(Article 1). The Convention text does not specifically 
refer to synthetic biology. Depending on the scope of 
synthetic biology’s definition, the following Convention 
provisions could be relevant83:

2.1. Principle of the Convention (Article 3)

Article 3 of the Convention provides that “States 
have in accordance with the Charter of the United 
Nations and the principles of international law 
the sovereign right to exploit their own resources 
pursuant to their own environmental policies, and 
the responsibility to ensure that activities within 

their jurisdiction or control do not cause damage to 
the environment of other States or of areas beyond 
the limits of national jurisdiction”. For a discussion 
of this principle in the context of synthetic biology 
techniques see section 1.2 above.

2.2. Impact assessment and minimizing adverse impacts (Article 14(a) and (b))

Article 14(a) of the Convention commits each Party 
to, as far as possible and as appropriate, “introduce 
appropriate procedures requiring environmental 
impact assessment of its proposed projects that 
are likely to have significant adverse effects on 
biological diversity (…).” Article 14(b) requires each 
Party, as far as possible and as appropriate, to 
“introduce appropriate arrangements to ensure that 
the environmental consequences of its programmes 
and policies that are likely to have significant adverse 
impacts on biological diversity are duly taken into 
account”. 

This provision requires Parties that do not have 
procedures for environmental impact assessments 
for their proposed projects, which are likely to cause 
significant adverse effects on biological diversity, 
to introduce such procedures (Glowka et al. 1994). 

Where synthetic biology projects are projects of a 
Party and are likely to have significant adverse effects 
on biological diversity, they should be covered by 
the environmental impact assessment procedures 
required by Article 14(a).

The Convention does not define further what is 
understood by “likely” and “significant”. As noted in 
section 1.2 above, “significant” could be understood 
to establish a de minimis threshold and to require a 
certain intensity of impact. As has been discussed 
above, the probability of potential negative impacts of 
synthetic biology techniques is for many applications 
not clear. In addition, the interpretation of “likely” 
and “significant” may also have to take into account 
the case of low-probability, high-impact scenarios 
which some synthetic biology applications may pose.

2.3. Biosafety provisions associated with LMOs (Article 8(g) and 19(4))

The majority of the Convention’s work on biosafety 
has focused on the negotiation, in response to Article 
19, paragraph 3 of the Convention, and subsequent 
on-going implementation of the Cartagena Protocol 
on Biosafety (SCBD 2005). The Convention itself 
addresses biosafety through Articles 8(g) and 19, 
paragraph 4. 

Article 8(g) requires Parties, as far as possible and 
as appropriate, to “establish or maintain means to 
regulate, manage or control the risks associated with 
the use and release of living modified organisms 
resulting from biotechnology which are likely to have 
adverse environmental impacts that could affect 

83  Articles 15 and 16-19 are discussed in section 3.1 below. 
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the conservation and sustainable use of biological 
diversity, taking also into account the risks to human 
health.” Article 19, paragraph 4 states that Parties 
shall provide any available information about their 
use and safety regulations in handling any living 
modified organism resulting from biotechnology that 
may have adverse effect on the conservation and 
sustainable use of biological diversity, as well as 
any available information on the potential adverse 
impact of the specific organisms concerned to a Party 
into which those organisms are to be introduced.

“Biotechnology” is defined in Article 2 of the 
Convention as any technological application that uses 
biological systems, living organisms, or derivatives 
thereof, to make or modify products or processes 
for specific use (Article 2). According to the IUCN 
Guide to the Convention on Biological Diversity, this 
definition was “designed to include both present and 
future technologies and processes” (Glowka et al. 
1994). The Convention does not define “biological 
systems,” “living organisms,” or “derivatives 
thereof” (see Article 2). According to Cartagena 
Protocol (Article 3(i)), “modern biotechnology” is 
defined as the application of: (a) in vitro nucleic acid 
techniques, including recombinant 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. 

Synthetic biology is widely referred to as a type of 
“biotechnology” (Nuffield 2012; Garfinkel et al. 2007; 
Heinemann and Panke 2006). Much of the synthetic 
biology research and most of its commercialized 
products involve the use of living organisms, and thus 
it would be classified as biotechnology as defined 
by the Convention. 

The extent to which biosafety provisions of the 
Convention apply to synthetic biology depends on 
the interpretation of “living modified organisms 
resulting from biotechnology”; “likely to have 
adverse environmental impacts” and “potential 
adverse impacts”, and “use and release”, which 
are discussed in the following sections.

2.3.1. “Living modified organisms”

The text of the Convention does not define “living 
modified organisms.” According to the IUCN Guide 
to the Convention, negotiators replaced the term 
“genetically modified organisms” with “living 
modified organisms” in order to broaden the scope 
of obligations under the relevant articles (Glowka et 

al. 1994). Unlike the Cartagena Protocol’s definition 
of living modified organisms (see section 2.3), which 
applies to organisms obtained through the use of 
modern biotechnology, the Convention’s use of the 
term is meant to include organisms whose genetic 
material is modified through traditional techniques, 
such as selective breeding and artificial insemination, 
as well as “organisms whose genetic material 
is more directly modified through, for example, 
recombinant DNA technology” (Glowka et al. 1994). 

The Convention does not define “living organisms” 
either; the Cartagena Protocol defines “living 
organism” as “any biological entity capable of 
transferring or replicating genetic material, including 
sterile organisms, viruses and viroids” (Article 
3(h) Cartagena Protocol). Whether an organism 
resulting from synthetic biology techniques would be 
considered a living modified organism in the context 
of the Convention might depend on which products 
of synthetic biology are considered as “living”:84 The 
areas of research that are considered “synthetic 
biology” include DNA-based circuits, synthetic 
metabolic pathway engineering, synthetic genomics, 
protocell construction, and xenobiology:

 � DNA-based circuits involve the rational design of 
sequences of DNA to create biological circuits with 
predictable, discrete functions, which can then 
be combined in modular fashion in various cell 
hosts. Genetic circuits are seen to function in a 
manner analogous to electronic logic components, 
like switches and oscillators; 

 � Synthetic metabolic pathway engineering aims to 
redesign or rebuild metabolic pathways, to 
synthesize a specific molecule from the “cell 
factory.” A synthetic pathway (typically based 
on naturally occurring DNA sequences that are 
computer ‘optimized’) is added to the cell, and 
then classic genetic engineering tools may be 
used to increase the desired output; 

 � Synthetic genomics focuses on the genome as the 
“causal engine” of the cell. Top-down synthetic 
genomics starts with a whole genome, from which 
researchers gradually remove “non-essential” 
genes to pare down to the smallest possible 
genome size at which the cell can function as 
desired. The primary goal is to craft a simplified 
“chassis” to which modular DNA “parts” can 
be added. Bottom-up synthetic genomics aims 
to build functional genomes from pieces of 
synthesized DNA. At this point, natural genomes 
are needed as models because of the many DNA 
sequences that are necessary but have unknown 
functions;  

84 As noted in tPart I of this document on potential impacts, some areas of 
synthetic biology are still at the basic research stage, notably protocell 
construction and xenobiology.
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 � Protocell construction aims to create the simplest 
possible components to sustain reproduction, 
self-maintenance, metabolism and evolution. Thus 
this research seeks to design for less complexity 
at the cellular level (rather than at the genome 
level as in the case of genome-level engineering); 

 � Xenobiology (also known as chemical synthetic 
biology) is the study and development of life 
forms based on biochemistry not found in 
nature. Xenobiology aims to alter DNA and RNA 
to produce XNA (xeno-nucleic acids) and novel 
proteins. Xenobiology is often cited as a potential 
“built-in” biocontainment mechanism to prevent 
gene transfer to wild organisms. 

2.3.2. “Are likely to have adverse environmental 
impacts” / “potential adverse impacts”

Both Articles 8(g) and 19, paragraph 4 use 
probability-based language - “are likely to have 
adverse environmental impacts” and “potential 
adverse impacts”. An initial matter of interpretation 
is establishing the thresholds of probability for 
“likely” and “may.” The IUCN Guide to the Convention 
suggests that assessing the likelihood of risk could 
be guided by three primary criteria: (i) familiarity 
with the organism and its characteristics; (ii) the 
organism’s contemplated application; and (iii) the 
environment into which the organism will or could 
be released (Glowka et al. 1994).

The Cartagena Protocol on Biosafety may also be 
relevant in this regard. According to its Article 15 
and Annex III on risk assessment, the purpose of 
conducting a risk assessment under the Protocol is to 
identify and evaluate the “potential adverse effects” 
of LMOs on the conservation and sustainable use 
of biological diversity in the likely potential receiving 
environment, taking also into account risks to human 
health. Paragraph 8 of Annex III outlines a number 
of steps to meet this objective, providing that a risk 
assessment is entailed, as appropriate:

 � An identification of any novel genotypic and 
phenotypic characteristics associated with the 
living modified organism that may have adverse 
effects on biological diversity in the likely potential 
receiving environment, taking also into account 
risks to human health;

 � An evaluation of the likelihood of these adverse 
effects being realized, taking into account the 
level and kind of exposure of the likely potential 
receiving environment to the living modified 
organism;

 � An evaluation of the consequences should these 
adverse effects be realized;

 � An estimation of the overall risk posed by the 
living modified organism based on the evaluation 

of the likelihood and consequences of the 
identified adverse effects being realized;

 � A recommendation as to whether or not the risks 
are acceptable or manageable, including, where 
necessary, identification of strategies to manage 
these risks; and

 � Where there is uncertainty regarding the level of 
risk, it may be addressed by requesting further 
information on the specific issues of concern or 
by implementing appropriate risk management 
strategies and/or monitoring the living modified 
organism in the receiving environment.

As discussed in section 1.3 above, it is a matter of 
disagreement among synthetic biologists, ecologists, 
industry, and civil society, on how well the potential 
dangers related to synthetic biology are known and 
can be assessed. 

2.3.3. “Use and release of living modified organisms

Article 8(g) addresses “risks associated with the 
use and release” of living modified organisms. 
One possible interpretation of this text is that two 
categories of risks are included – risks associated 
with the use of living modified organisms and risks 
associated with the release of living modified 
organisms. The text could also be interpreted to 
consider only those risks associated with both the 
use and release of living modified organisms. 

Some anticipated future uses of synthetic biology 
may require environmental release, and would thus 
seem to fall within this aspect of Article 8(g). Current 
commercial and industrial uses of synthetic biology 
are primarily organisms resulting from synthetic 
metabolic engineering that perform specific industrial 
processes (such as enzymes to degrade biomass) 
or produce specific compounds (such as yeast 
producing artemisinic acid). With some notable 
exceptions, the organisms resulting from synthetic 
biology techniques themselves are not currently 
on the market or meant for environmental release 
(see sections 3 and 5 of Part I of this document 
on potential impacts on near term and existing 
products).85 There are, however, wide variations in 
the kinds of and degree of containment, for example, 
synthetically-modified algae that may be grown in 

85 The International Civil Society Working Group on Synthetic Biology 
(ICSWGSB) recommends that the Conference of the Parties urge Parties 
to “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 knowledge, practices and innovations” (ICSWGSB 2011). 
In comments to an earlier draft of this document, an organization noted 
that the terms “adequate scientific basis” and “due consideration” are 
subjective and need to be further defined.
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open ponds to micro-organisms used in decentralized 
bioreactors that may be prone to leakage (Marris 
and Jefferson 2013). 

In sum, many of the examples of organisms 
developed through synthetic biology can be 
considered as “living modified organisms resulting 
from biotechnology” as defined by the Convention on 
Biological Diversity and, as such, would be subject to 
its biosafety provisions as per Articles 8(g) and 19.

2.3.4 Decisions of the Conference of the Parties 
referring to synthetic biology

Two decisions of the Conference of the Parties refer 
directly to synthetic biology. The relevant paragraphs 
are as follows: 

 � Decision X/37 “Biofuels and biodiversity”, paragraph 16: 
“The COP urges Parties and other Governments to 
apply the precautionary approach in accordance 
with the Preamble to the Convention, and the 
Cartagena Protocol, to the introduction and use 
of living modified organisms for the production of 
biofuels as well as to the field release of synthetic 
life, cell, or genome into the environment, 
acknowledging the entitlement of Parties, in 
accordance with domestic legislation, to suspend 
the release of synthetic life, cell, or genome into 
the environment.” 

 � Decision XI/11 “New and emerging issues relating to 
the conservation and sustainable use of biodiversity”, 
paragraph 4: “The COP, recognizing the development 
of technologies associated with synthetic life, 
cells or genomes, and the scientific uncertainties 
of their potential impact on the conservation 
and sustainable use of biological diversity, urges 
Parties and invites other Governments to take a 
precautionary approach, in accordance with the 
preamble of the Convention and with Article 14, 
when addressing threats of significant reduction 
or loss of biological diversity posed by organisms, 
components and products resulting from synthetic 
biology, in accordance with domestic legislation 
and other relevant international obligations.” 

A further decision that may be interpreted as referring 
to synthetic biology:

 � Decision XI/27 “Biofuels and biodiversity”, paragraph 6: 
“The COP, recognizing also the rapidly developing 
technology associated with biofuels, urges 
Parties and other Governments to monitor 
these developments, and recalls decision IX/2, 
paragraph 3(c)(i), which urged Parties and 
invited other Governments, inter alia, to apply 
the precautionary approach in accordance with 
the preamble of the Convention on Biological 
Diversity.” 

3. caRtagena PRotocol on BIosaFetY

The Cartagena Protocol on Biosafety (Cartagena 
Protocol) applies to the transboundary movement, 
transit, handling and use of all living modified 
organisms (LMOs) that may have adverse effects 
on the conservation and sustainable use of biological 
diversity, taking also into account risks to human 
health (Article 4 Cartagena Protocol). Article 1 
of the Cartagena Protocol explicitly refers to the 
precautionary approach contained in Principle 
15 of the Rio Declaration on Environment and 
Development. The Cartagena Protocol has 167 
Parties and entered into force in 2003. 

In 2012, the Ad Hoc Technical Expert Group (AHTEG) 
on Risk Assessment and Risk Management of the 
Cartagena Protocol identified the risk assessment 
of LMOs produced through synthetic biology among 
a set of topics for the development of further 
guidance (CPB AHTEG 2012, Annex IV). This was 
“noted” by the sixth meeting of the Conference of 
the Parties serving as the meeting of the Parties 
to the Cartagena Protocol on Biosafety (COP-MOP 
6), which also established a new AHTEG on Risk 
Assessment and Risk Management to “Consider 

the development of guidance on new topics of risk 
assessment and risk management, selected on the 
basis of the Parties' needs and their experiences and 
knowledge concerning risk assessment” (BS-VI/12 
Annex 1(c)). In 2014, the AHTEG on Risk Assessment 
and Risk Management once again identified the risk 
assessment of LMOs produced through synthetic 
biology as a possible topic for the development of 
further guidance.86

This section first examines which organisms and 
products of synthetic biology might be considered 
as LMOs in the context of the Cartagena Protocol. 
The applicability of exemptions to certain Cartagena 
Protocol provisions are considered for LMOs produced 
through synthetic biology, as based on current 
and near-term research and commercialization of 
synthetic biology. Risk assessments undertaken 
pursuant to the Cartagena Protocol must be carried 
out in accordance with Annex III (Article 15 Cartagena 
Protocol); the general principles, methodology, and 
points to consider of Annex III are examined for 
application to synthetic biology.

86 Document UNEP/CBD/BS/AHTEG-RA&RM/5/6, paragraph 38(h).
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3.1. LMOs and components, organisms and products of synthetic biology

The Cartagena Protocol defines LMOs as “any living 
organism that possesses a novel combination of 
genetic material obtained through the use of modern 
biotechnology” (Article 3(g) Cartagena Protocol). To 
be considered LMOs, the applications of synthetic 
biology would thus have to: i) be a living organism, ii) 
possess a novel combination of genetic material, and 
iii) result from the use of modern biotechnology. It 
should be stressed that these terms are intrinsically 
interlinked, such that a novel combination of genetic 
material that did not result from the use of modern 
biotechnology would not be considered an LMO in 
the context of the Cartagena Protocol.

3.1.1. Living organisms

The Cartagena Protocol defines a “living organism” 
as “any biological entity capable of transferring 
or replicating genetic material, including sterile 
organisms, viruses and viroids” (Article 3(h) 
Cartagena Protocol). “Genetic material” is not 
defined in the Cartagena Protocol; in the Convention 
it is defined as any material “containing functional 
units of heredity” (Article 2).  Given this definition, 
many areas of research in synthetic biology would be 
considered as producing living organisms, including 
microbes produced by genome-level engineering and 
cells altered by synthetic metabolic engineering (see 
section 2.3.1 above).

Two outstanding questions regarding the scope of 
“living organisms” in the relation to current uses 
of synthetic biology are: i) products of organisms 
resulting from synthetic biology techniques; and ii) 
naked DNA and constituent parts.

3.1.1.1 Products of organisms resulting from                   
synthetic biology techniques 

According to the IUCN Explanatory Guide to the 
Cartagena Protocol on Biosafety, the products of 
LMOs (referred to as “products thereof”) were 
extensively discussed during the negotiations of 
the Cartagena Protocol (Mackenzie et al. 2003). 
“Products thereof” in the context of the Cartagena 
Protocol seem to primarily refer to LMOs that have 
been processed. They are included in notifications 
under Annex I and risk assessments under Annex 
III if they contain “detectable novel combinations 
of replicable genetic material obtained through the 
use of modern biotechnology” (Article 20, paragraph 
3(c); Annex I, paragraph (i); and Annex III, paragraph 
5 Cartagena Protocol). 

Organisms resulting from synthetic biology 
techniques that are currently used for commercial 
purposes are largely micro-organisms that have 

been altered to produce specific compounds, 
such as specialized chemicals, fuels, flavors, and 
pharmaceuticals (Wellhausen and Mukunda 2009). 
The compounds are not simply processed LMOs; 
they are the by-products of microbes or microbial 
fermentation of biomass. They may fall within the 
Protocol’s definition of “products thereof” if they 
contain nucleic acids containing a novel combination 
of genetic material. However, products that are in 
commercial use, such as vanillin and artemisinic 
acid, are generally highly refined and would not be 
expected to contain nucleic acids.

3.1.1.2 DNA and constituent parts

The situation is less clear with regard to DNA and 
constituent parts. According to the IUCN Explanatory 
Guide to the Carta gena Protocol on Biosafety, the 
consensus decision was to not directly include 
plasmids or DNA in the Article 3(h) definition of 
living organisms (Mackenzie et al. 2003). DNA and 
parts produced for synthetic biology have been 
transported through postal mail for decades. For 
example, New England BioLabs Inc. offers the 
BioBrick Assembly Kit for sale over the internet. 
Components of the kit include destination plasmids 
and the upstream and downstream parts as purified 
DNA.87 Purified DNA is also mailed from commercial 
DNA synthesis firms, often in a lyophilized (freeze-
dried) form. Furthermore, because long stretches of 
DNA can be fragile, commercial DNA synthesis firms 
sometimes incorporate gene- and genome-length 
pieces of DNA into more stable DNA molecules (e.g. 
artificial chromosones) and living cells for shipment 
(Garfinkel et al. 2007). If novel DNA is inserted into 
living cells for shipment, those cells seem to clearly 
qualify as “living organisms” as per the Cartagena 
Protocol. Otherwise, “naked” DNA and parts may not 
qualify as “living organisms” under the Cartagena 
Protocol.

The Cartagena Protocol provisions on risk 
assessment and the minimum required information 
to be included in notifications under some of the 
Protocol’s procedures may apply to naked DNA 
and its constituent parts resulting from synthetic 
biology techniques if they contain “detectable novel 
combinations of replicable genetic material obtained 
through the use of modern biotechnology” (Annex 
I(i); and Annex III, paragraph 5 Cartagena Protocol). 

87 Ginkgo BioWorks and New England BioLabs Inc. Undated. BioBricktm 
Assembly Manual: Version 1.0. Available at http://ginkgobioworks.com/
support/BioBrick_Assembly_Manual.pdf, accessed 6 March 2013.

88 Changes can be deliberate, as in “watermark” sequences of DNA or 
“codon optimized” sections, or accidental (see: Gibson et al. 2010).
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In practice, however, many countries do not apply the 
Cartagena Protocol’s provisions on risk assessment 
and the minimum required information to naked 
DNA and its constituent parts because they are 
considered to be components rather than products 
of LMOs. 

3.1.2. Novel combination 

A “novel combination of genetic material” can 
result from a novel form or a novel arrangement 
of the functional units of heredity, regardless of 
whether or not this leads to a phenotypic change 
(Mackenzie et al. 2003). Most applications of 
synthetic biology are focused on producing novel 
genetic materials. Organisms resulting from synthetic 
biology techniques modeled after natural organisms 
(such as the Spanish influenza virus and the JCVI 
bacterial genome) are not exact copies of the 
originals, and thus would qualify as novel.88 The 
use of directed evolution techniques that do not 
incorporate new genetic material, such as “gene 
shuffling,” would likely still be considered to result 
in ‘novel combinations’ because they rearrange 
existing genetic material (Mackenzie et al. 2003). 

3.1.3. Modern biotechnology

As stated in section 2.3 above, “modern biotechnology” 
is defined in the Cartagena Protocol as:

“the application of: 

a. In vitro nucleic acid techniques, 
including recombinant 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” (Article 3(i) Cartagena Protocol). 

The negotiators of the Cartagena Protocol recognized 
that new techniques for modifying genetic information 
would continue to be developed (Mackenzie et al. 
2003). According to the IUCN explanatory guide, 
although the definition gives two specific examples 
of in vitro nucleic acid techniques, other techniques 
cannot be excluded from the definition so long as 
they overcome natural physiological reproductive or 
recombination barriers and are not techniques used 
in traditional breeding and selection. The techniques 
and tools of synthetic biology represent an expanding 
frontier of biotechnology, but current applications 
can be considered to remain within the Cartagena 
Protocol’s definition of modern biotechnology. 

3.2. Possible exemptions to certain provisions of the Cartagena Protocol

The Cartagena Protocol applies to the transboundary 
movement, transit, handling and use of all LMOs 
that may have adverse effects on the conservation 
and sustainable use of biological diversity, taking 
also into account risks to human health (Article 
4 Cartagena Protocol). The text provides limited 
exemptions of some LMOs to some provisions, as 
outlined in the following subsections.

3.2.1 Exclusion from provisions of the Cartagena 
Protocol: pharmaceuticals for humans that 
are addressed by other relevant international 
agreements or organizations (Article 5)

The Cartagena Protocol does “not apply to the 
transboundary movement of living modified 
organisms which are pharmaceuticals for humans 
that are addressed by other relevant international 
agreements or organizations” (Article 5 Cartagena 
Protocol). According to the Biotechnology Industry 
Organization (BIO), synthetic biology is already being 
used to produce pharmaceuticals for humans. 
Synthetic biology and directed evolution technology 
were used by Codexis to discover and develop a 
transaminase to enable a biocatalytic route for 
the production of Sitagliptin, a treatment for type II 

diabetes marketed as Januvia by Merck (BIO 2013). 
The pharmaceutical company, DSM has also used 
synthetic biology to improve the process of the 
commercial production of the antibiotic, Cephalexin, 
by introducing and optimizing genes in a penicillin-
producing microbial strain (Ibid). Furthermore Sanofi 
intends to produce 35 tons of “semi-synthetic”89  
artemisinin for malaria treatment in 2013 (Sanofi 
and PATH 2013). In 2013, researchers at Novartis 
and Synthetic Genomics published an approach to 
rapidly generate influenza vaccine viruses, using 
an enzymatic, cell-free gene assembly technique, 
producing an accurate vaccine more quickly than 
previously possible (Dormitzer et al. 2013). Another 
approach referred to as “SAVE” (synthetic attenuated 
virus engineering) (Coleman et al. 2008) was used 
to rationally redesign the genome of an influenza 
virus, resulting in an attenuated virus with hundreds 
of nucleotide changes (Mueller et al. 2010). Still at 
the research stage are synthetic biology devices that 
would provide therapeutic treatment, for example 

89 The term “semi-synthetic” is used because Sanofi has developed a 
proprietary photochemical method to convert artemisinic acid into 
artemisinin (Sanders 2013).
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through reprogramming mammalian cells to tackle 
diseases through prosthetic gene networks (see 
Wieland & Fussenegger 2012), controlling the timed 
delivery of drugs, and more controlled approaches to 
gene therapy (see Khalil & Collins 2010). Synthetic 
biology techniques are anticipated to play a major 
role in future pharmaceutical development and 
production (RAE 2009). 

Where synthetic biology organisms are being used as 
“biofactories” to produce pharmaceuticals such as in 
the case of artemisinin; the organisms themselves 
are not pharmaceuticals. These organisms therefore 
are not eligible for exemption under Article 5 (see 
Mackenzie et al. 2003). Vaccines produced using 
synthetic biology techniques, however, would likely 
be considered pharmaceuticals under Article 5 of the 
Cartagena Protocol.90 Future advances in synthetic 
biology, such as gene therapy through artificial 
chromosomes and modifying bacteria and viruses 
to identify malignant cells and deliver therapeutic 
agents may be considered pharmaceuticals. 

LMOs that are pharmaceuticals for humans must 
also be addressed by other relevant international 
agreements or organizations to be exempted from 
the Cartagena Protocol. It is unclear to what extent 
LMOs that are pharmaceuticals for humans would 
need to be “addressed” by other international 
agreement or organization to qualify for the Article 
5 exemption. In particular, it is an open question 
whether the agreement or organization must address 
the biodiversity impacts of the LMO (Mackenzie et 
al. 2003).

Currently, none of the organisms produced through 
synthetic biology that are intended to be used as 
pharmaceuticals for humans are directly addressed 
by other relevant international agreements or 
organizations. For example, a commonly invoked 
promise of synthetic biology is the rapid development 
of vaccines using viruses (RAE 2009; PCSBI 2010). 
Therefore, such living organisms would fall under 
the Cartagena Protocol’s scope.

3.2.2. Exemptions from the Advanced Informed 
Agreement provisions

There are limited exemptions to the requirements of 
the Advance Informed Agreement procedure (Article 
7 Cartagena Protocol).

3.2.2.1 "Contained use" (Article 6)
Under the Cartagena Protocol, provisions for 
Advanced Informed Agreement (AIA) do not apply 
to the transboundary movement of LMOs “destined 
for contained use undertaken in accordance with 
the standards of the Party of import” (Article 6, 
paragraph 2 Cartagena Protocol).91 Contained use 
is defined as an operation, “undertaken within a 
facility, installation or other physical structure,” in 
which the LMOs’ contact with and impact on the 
external environment is “effectively limit(ed)” by 
“specific measures” (Article 3(b) Cartagena Protocol). 
Negotiations on this topic concentrated on whether 
chemical or biological barriers could be considered 
as sufficient containment, or whether physical 
containment was necessary (van der Meer 2002; 
Mackenzie et al. 2003). Ultimately, the text focuses 
on the effectiveness of containment measures, rather 
than the type of measure. The question of degree 
and quality of effectiveness is also left up to the 
Party to determine (Mackenzie et al. 2003). 

At least three issues have been raised by some 
civil society groups in relation to synthetic biology 
and the “contained use” AIA exemption.  First, the 
ICSWGSB (2011) argues that containment facilities 
that Parties consider to effectively contain LMOs may 
be unsuitable to contain organisms resulting from 
synthetic biology techniques.92 Importing countries 
may need advance information in order to “judge 
the effectiveness of available containment” (Ibid). 
The ICSWSB calls on the Convention of the Parties 
serving as the meeting of the Parties to the Protocol 
(COP-MOP) to exclude synthetic genetic parts and 
LMOs produced by synthetic biology from the 
“contained use” exemption under the AIA provisions 
“at least until effective containment methods can be 
demonstrated” (Ibid). Some comments received on 
an earlier draft to this document strongly question 
the claim that containment strategies for organisms 
resulting from synthetic biology techniques would 
need to be different from those for other LMOs.

A second issue is whether specific members of the 
synthetic biology community should be considered 
able to provide for “contained use.” EcoNexus, a 
European civil society group, has raised doubts as 
to whether DIYbio (do-it-yourself biology) individuals 
and collectives can ever be considered a “contained 
use” operation (EcoNexus 2011). EcoNexus does 

90 The IUCN Guide to the Cartagena Protocol reports that living modified 
organisms that are pharmaceuticals for humans are “principally 
genetically engineered vaccines” (Mackenzie et al. 2003). In 
comments to an earlier version of this document, one organization 
noted that “continued research and development of vaccines, whether 
for humans or animals, may be discouraged if synthetic biology is 
further included within the Cartagena Protocol.”

91 The Cartagena Protocol does not require that Parties regulate such 
LMOs according to the AIA provisions, but Parties are still free to use 
national legislation to require AIA and risk assessment (Mackenzie 
et al. 2003).

92 This concern is premised on the ICSWGSB's view that organisms 
resulting from synthetic biology techniques, such as de novo organisms 
designed and constructed in the lab, may be significantly different 
from other organisms, including conventionally genetically-modified 
organisms, in that they lack analogs in the natural world (ICSWGSB 
2011).
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not consider “garage biotech facilities” as contained 
use, and is concerned that AIA “might become close 
to impossible” in such instances (EcoNexus 2011).  
The recent WWICS report on DIYbio found that 92% 
of DIYers work in group spaces (not alone), that few 
DIYers are using “sophisticated” synthetic biology, 
and most work in labs that are rated as Biological 
Safety Level 1 (Grushkin et al. 2013). Considering 
the current status of the synthetic biology practiced 
by DIYers, the WWICS report finds that DIYers present 
a low risk to the environment. It does, however, note 
that future boundaries between home and group labs 
may be porous, leading to experiments being carried 
in transit and possibly spilling, and issues around the 
disposal of lab waste (Grushkin et al. 2013). These 
are issues around contained use, although again, 
Grushkin et al. (2013) do not see these as current 
problems, but possible future concerns depending 
on the development of synthetic biology and the 
DIYbio communities.  

A third and more general issue, which is not limited 
to LMOs produced by synthetic biology, is that 
Parties could be faced with “regulatory arbitrage” 
if a laboratory imports a synthetic biology LMO 
for contained use and then makes a domestic 
application to release the synthetic biology LMO from 
containment (ICSWGSB 2011). Domestic standards 
for risk assessment may be lower than the minimums 
provided in the Cartagena Protocol’s Annex III. The 
ICSWGSB recommends that the Cartagena Protocol 
be revised such that “any agent receiving an LMO 
into containment without obtaining prior informed 
consent may only release that LMO after it has been 
approved under a risk assessment process at least 
as strong as that specified in Annex III” (ICSWGSB 
2011). 

3.2.2.2 LMOs “intended for direct use as food or 
feed, or for processing” (Article 11)

The AIA procedure does not apply to the 
transboundary movement of LMOs intended for direct 
use as food or feed, or for processing (LMO-FFPs), 
although developing country Parties or Parties with 
an economy in transition may, in the absence of 
a domestic regulatory framework, declare through 
the Biosafety Clearing-House that their decision 

prior to the first import of an LMO-FFP will be taken 
according to a risk assessment and a decision 
made within a predictable timeframe (Article 7, 
paragraph 2 and Article 11, paragraph 6 Cartagena 
Protocol). Furthermore, a Party that makes a final 
decision regarding domestic use of an LMO that may 
be subject to transboundary movement for direct 
use as food or feed, or for processing is to inform 
Parties through the Biosafety Clearing-House and this 
information is to include a risk assessment report 
consistent with Annex III of the Protocol (Article 11, 
paragraph 1 and Annex II (j) Cartagena Protocol). 
LMO-FFPs must be accompanied by documentation 
that “clearly identifies that they “may contain” 
living modified organisms and are not intended for 
intentional introduction into the environment” (Article 
18, paragraph 2(a) Cartagena Protocol). Different 
procedures apply, therefore, as documentation 
requirements vary according to the nature of the 
LMO concerned and its intended use in the Party of 
import (Mackenzie et al. 2003).

3.2.3. LMOs that may be identified by the COP- 
MOP as “not likely to have adverse effects” 
(Article 7(4))

The Cartagena Protocol provides opportunities for 
Parties to cooperate to identify LMOs that are “not 
likely to have adverse effects on the conservation 
and sustainable use of biological diversity, taking 
also into account risks to human health” (Article 
7, paragraph 4 Cartagena Protocol). Parties must 
formally identify an LMO that is “not likely to have 
adverse effects” through a COP-MOP decision. Such 
LMOs would then be exempted from the AIA procedure 
(Article 7, paragraph 4 Cartagena Protocol). To date, 
the COP-MOP has not identified any LMO that is “not 
likely to have adverse effects.” In 2012, Parties to 
the Cartagena Protocol were invited to provide the 
Executive Secretary with “scientific information that 
may assist in the identification of living modified 
organisms or specific traits that may have or that 
are not likely to have adverse effects”  (BS-VI/12, 
paragraph 11).93 The Executive Secretary was 
requested to create sections in the Biosafety Clearing-
House where the information could be submitted 
and easily retrieved (BS-VI/12, paragraph 12). 

3.3. Application of Annex III Risk Assessment to synthetic biology

Under Article 15, paragraph 2, a risk assessment 
must be carried out for a Party of import to make 
a decision as per Article 10 for an intentional 
transboundary movement to proceed (Article 10 and 
Article 15, paragraph 2, Cartagena Protocol). Risk 
assessments must be “carried out in a scientifically 
sound manner, in accordance with Annex III and 
taking into account recognized risk assessment 

techniques” (Article 15, paragraph 1 Cartagena 
Protocol). A risk assessment as per Annex III is 

93 When considering risk management Parties shall also cooperate to 
identify LMOs or specific traits of LMOs that “may have adverse effects,” 
and “take appropriate measures” regarding their treatment (Article 
16, paragraph 5 Cartagena Protocol). This provision also asks Parties 
to make an assessment of the likelihood of impacts. As with Article 7, 
paragraph 4, Parties have not yet identified any LMOs or traits that 
fall under this category.

Source: Macroscopic Solutions, LLC
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also required if a developing country Party or a Party 
with an economy in transition that does not have a 
domestic regulatory framework decides to import 
an LMO-FFP and has indicated that its decision prior 
to import will be taken on this basis (Article 11, 
paragraph 6(a) Cartagena Protocol). 

Annex III of the Cartagena Protocol provides general 
principles, methodology, and points to consider 
in a risk assessment. The methodology of a risk 
assessment as per Annex III requires: hazard 
identification; evaluation of likelihood of effects; 
evaluation of consequences of those effects if 
they occur; and characterization of risks based 
on the likelihood and consequences of effects 
(Annex III, paragraph 8, Cartagena Protocol). 
The risk assessment may take into account the 
characteristics of the recipient organisms, donor 
organisms, receiving environment, the introduced 
modification, and the identity of the LMO (Annex III, 
paragraph 9, Cartagena Protocol). The Parties have 
also developed further guidance on risk assessment 
of living modified organisms including a roadmap for 
risk assessment of LMOs that supplements Annex 
III of the Protocol as well as guidance on the risk 
assessment of specific types of LMOs and traits as 
well as the monitoring of LMOs released into the 
environment.94

Although LMOs produced through synthetic 
biology may present characteristics that are not 
common to all LMOs, Annex III of the Protocol, 
including its general principles, points to consider 
and methodology are still fully applicable to living 
organisms produced through synthetic biology and 
may also apply to “products thereof” that contain 
“detectable novel combinations of replicable genetic 
material obtained through the use of modern 
biotechnology” (Article 20, paragraph 3(c), Annex 
I(i); and Annex III, paragraph 5 Cartagena Protocol). 

In addition, it could be discussed whether the risk 
assessment process of Annex III, which is based 
on the characteristics of the recipient and donor 
organisms and the added traits, might be adequate 
for synthetic biology organisms that have been 
developed to include genetic material from several 
donor organisms that may have also been optimised. 
In these cases, there might not be an appropriate 
comparator. One author considers that in this 
context that the risk assessment process outlined 
in Annex III of the Cartagena Protocol “cannot deal 
with such biocircuit systems” (Schmidt 2009). 
Unlike conventional genetic engineering techniques, 
synthetic biology may make the transfer of “whole 
systems,” rather than single traits, possible. The 
reliance on the consideration of individual traits may 
be insufficient, because it is the interactions among 
the parts that has “no comparable counterpart in 
nature, making it more difficult to predict the cell’s 
full behavioral range with a high degree of certainty” 
(Ibid.). Schmidt asks whether the characteristics 
of such a network can be predicted to a degree of 
certainty that would allow a “reasonable estimation” 
of risk (Ibid.). He identifies a number of challenges 
to standard risk assessment, including what will 
happen when one or several parts evolve to change 
their functions, and how to measure robustness and 
reliability in the case of biological circuits.  Schmidt’s 
response is not to suggest adaptations in risk 
assessment methods, but rather to suggest potential 
biosafety engineering options in designing biocircuits, 
such as Event Tree Analysis and Fault Tree Analysis. 
The ICSWGSB’s analysis of the Cartagena Protocol 
finds that Annex III’s risk assessment procedures are 
inadequate – particularly in cases where biological 
parts and devices do not have an analog in the 
natural world (ICSWGSB 2011).

3.4. Nagoya – Kuala Lumpur Supplementary Protocol on Liability and Redress to the Cartagena Protocol on Biosafety

The objective of the Nagoya-Kuala Lumpur 
Supplementary Protocol on Liability and Redress to 
the Cartagena Protocol (Supplementary Protocol) is 
to contribute to the conservation and sustainable 
use of biological diversity, taking also into account 
risks to human health, by providing international rules 
and procedures in the field of liability and redress 
relating to living modified organisms. 

The issue of liability and redress for damage resulting 
from the transboundary movements of LMOs was one 
of the themes on the agenda during the negotiation 
of the Biosafety Protocol. The negotiators were, 

however, unable to reach any consensus regarding 
the details of a liability regime under the Protocol. 
In 2010, the Conference of the Parties serving as 
the meeting to the Parties to the Cartagena Protocol 
adopted the Supplementary Protocol. It has not yet 
entered into force. 

This Supplementary Protocol applies to damage 
resulting from living modified organisms which 
find their origin in a transboundary movement 
and are (i) intended for direct use as food, feed, 
or for processing; (ii) destined for contained use; 
or (iii) intended for intentional introduction into the 

94 The “Guidance on Risk Assessment of Living Modified Organisms” is 
available via http://bch.cbd.int/onlineconferences/guidance_ra.shtml.

Source: Macroscopic Solutions, LLC
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environment (Article 3 Supplementary Protocol). It 
applies to damage resulting from any authorized use 
of the living modified organisms, damage resulting 
from unintentional transboundary movements as 
referred to in Article 17 of the Cartagena Protocol, as 
well as damage resulting from illegal transboundary 
movements as referred to in Article 25 of the 
Cartagena Protocol. 

The Supplementary Protocol provides in Article 12 
that Parties shall provide, in their domestic law, 
for rules and procedures that address damage. 
“Damage” is defined by the Supplementary Protocol 
(Article 2) as an adverse effect on the conservation 
and sustainable use of biological diversity, taking 
also into account risks to human health, that is 
measurable or otherwise observable taking into 
account, wherever available, scientifically-established 
baselines recognized by a competent authority that 
takes into account any other human induced variation 
and natural variation. Whether an adverse effect 
is “significant” is to be determined on the basis 
of factors, such as (i) the long-term or permanent 
change, to be understood as change that will not 
be redressed through natural recovery within a 
reasonable period of time; (ii) the extent of the 
qualitative or quantitative changes that adversely 
affect the components of biological diversity; (iii) the 
reduction of the ability of components of biological 
diversity to provide goods and services; and (iv) the 
extent of any adverse effects on human health in 

the context of the Protocol. A causal link needs to 
be established between the damage and the living 
modified organism in question in accordance with 
domestic law (Article 4 Supplementary Protocol). 

As discussed in section 3.1 above, organisms 
resulting from synthetic biology techniques may fall 
under the definition of a “living modified organism” 
under the Cartagena Protocol. Further, as described 
in 5 of Part I of this document, it is possible that 
living modified organisms resulting from synthetic 
biology techniques could cause adverse effects on 
the conservation and sustainable use of biological 
diversity. For example, unintentionally released 
organisms may transfer the inserted genetic 
material and thus change biodiversity at a genetic 
level, intentionally released organisms may become 
invasive due to engineered fitness advantages. 
As has been discussed, there appears to be 
significant controversy as to the scope and therefore 
“significance” of the potential damages. The 
applicability of the provisions of the Supplementary 
Protocol would have to be assessed for particular 
cases.  

Once entered into force, the Supplementary Protocol 
will require Parties to provide, in their domestic law, 
for rules and procedures that address damage 
from organisms resulting from synthetic biology 
techniques, where such damage falls under the 
definition set out in Article 2 of the Supplementary 
Protocol. 

4.  conVentIon on tHe PRoHIBItIon oF tHe deVeloPment, 
PRodUctIon and stockPIlIng oF BacteRIologIcal 
(BIologIcal) and toxIn weaPons and on tHeIR destRUctIon

The Convention on the Prohibition of the 
Development, Production and Stockpiling of 
Bacteriological (Biological) and Toxin Weapons and 
on their Destruction (Biological Weapons Convention 
– BWC) entered into force in 1975 and currently has 

168 Parties. This agreement may apply to the use of 
components, organisms and products resulting from 
synthetic biology techniques for hostile purposes 
or in armed conflict.95 

4.1. Overview of main provisions

The core provision of the Biological Weapons 
Convention is its Article 1 in which each Party to this 
Convention undertakes never in any circumstance 
to develop, produce, stockpile or otherwise acquire 
or retain: (i) microbial or other biological agents, or 
toxins whatever their origin or method of production, 
of types and in quantities that have no justification for 
prophylactic, protective or other peaceful purposes; 

or (ii) weapons, equipment or means of delivery 
designed to use such agents or toxins for hostile 
purposes or in armed conflict.

Further, where such agents, toxins, weapons, 
equipment and means of delivery are in the 
possession or under the jurisdiction and control of 
a Party, the Party is obliged to destroy or divert them 

95 Relevant in this context is also the Australia Group, an informal forum of 
countries which, through the harmonisation of export controls, seeks to 
ensure that exports do not contribute to the development of chemical or 
biological weapons. The 41 states participating in the Australia Group 
are parties to the Chemical Weapons Convention and the Biological 
Weapons Convention. Coordination of national export control measures 
assists Australia Group participants to fulfil their obligations under those 

conventions. The Australia Group meets annually to discuss ways of 
increasing the effectiveness of participating countries’ national export 
licensing measures to prevent potential proliferators from obtaining 
materials for chemical or biological weapons programs. Since 2007, 
meetings of the Australia Group have discussed synthetic biology, see 
www.australiagroup.net.

Source: Macroscopic Solutions, LLC
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to peaceful purposes not later than nine months 
after the entry into force of the Convention (Article 
II BWC). Article III prohibits the transfer of agents, 
toxins, weapons, equipment and means of delivery 
to any recipient, and Article IV requires each Party to 
take any necessary measures at the national level 
to prohibit and prevent the development, production, 
stockpiling, acquisition or retention of the agents, 
toxins, weapons, equipment and means of delivery. 
Other provisions address consultation among Parties 
(Article V BWC), establish a complaint system (Article 
VI BWC) and assistance in the case of a violation of 
obligations under the Convention (Article VII BWC). 

Article X of the Biological Weapons Convention 
requires its Parties to facilitate, and have the right 

to participate in, the fullest possible exchange of 
equipment, materials and scientific and technological 
information for the use of bacteriological (biological) 
agents and toxins for peaceful purposes. It also 
states that the Biological Weapons Convention 
has to be implemented in a manner designed to 
avoid hampering the economic or technological 
development of its Parties or international 
cooperation in the field of peaceful bacteriological 
(biological) activities, including the international 
exchange of bacteriological (biological) agents and 
toxins and equipment for the processing, use or 
production of bacteriological (biological) agents and 
toxins for peaceful purposes in accordance with the 
provisions of the Convention. 

4.2. Microbial or other biological agents, or toxins

The described obligations can apply to components, 
organisms and products resulting from synthetic 
biology techniques as far as they are microbial or 
other biological agents, or toxins. This matter has 
been addressed by a number of Review Conferences 
under the Biological Weapons Convention.96

The Second Review Conference reiterated that “the 
Convention unequivocally applies to all natural or 
artificially created microbial or other biological 
agents or toxins whatever their origin or method of 
production. Consequently, toxins (both proteinaceous 
and non-proteinaceous) of a microbial, animal or 
vegetable nature and their synthetically produced 
analogues are covered” (BWC 1986).

The Sixth Review Conference in 2006 adopted 
a final declaration covering the full scope of the 
Convention which stated “that the Convention is 
comprehensive in its scope and that all naturally 
or artificially created or altered microbial and 

other biological agents and toxins, as well as their 
components, regardless of their origin and method of 
production and whether they affect humans, animals 
or plants, of types and in quantities that have no 
justification for prophylactic, protective or other 
peaceful purposes, are unequivocally covered by 
Article I”; and further that “Article I applies to all 
scientific and technological developments in the 
life sciences and in other fields of science relevant 
to the Convention” (BWC 2006). Thus, any of the 
areas of synthetic biology research and techniques 
of synthetic biology would be covered if used to 
produce such agents or toxins. 

The Seventh Review Conference in 2012 reaffirmed 
this scope and included in the 2012-2015 
intersessional programme of the Convention a 
standing agenda item on review of developments 
in the field of science and technology related to 
the Convention.97

4.3. Prophylactic, protective or other peaceful purposes

The prohibition in Article I of the Biological Weapons 
Convention to develop, produce, stockpile or 
otherwise acquire or retain biological agents and 
toxins is not absolute. It applies only to types 
and to quantities that have no justification for 
prophylactic, protective or other peaceful purposes. 
During the negotiations of the Convention, it was 
clarified that the term “prophylactic” encompasses 
medical activities, such as diagnosis, therapy and 
immunization, whereas the term “protective” covers 
the development of protective masks and clothing, air 
and water filtration systems, detection and warning 
devices, and decontamination equipment, and must 

not be interpreted as permitting possession of 
biological agents and toxins for defence, retaliation 
or deterrence. The term “other peaceful purposes” 
was not defined during the negotiations, but may 
be understood to include scientific experimentation 
(Goldblat 1997). For the use of bacteriological 
(biological) agents and toxins for the described 
peaceful purposes, Article X of the Biological 
Weapons Convention applies – the obligation to 
facilitate, and the right to participate in, the fullest 
possible exchange of equipment, materials and 
scientific and technological information. 

96 A Review Conference is a conference of State Parties, which, in 
accordance with Article XII of the Convention reviews the operation of 
the Convention and also considers, among others, new scientific and 
technological developments relevant to the Convention.

97 For references to working documents under the Biological Weapons 
Convention that address synthetic biology, see UNICRI 2011.

Source: Macroscopic Solutions, LLC
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4.4. Relevant conclusions by intersessional meetings of State Parties

The meeting of the States Parties to the Biological 
Weapons Convention in 2012 reviewed various 
enabling technologies, including: bioinformatics; 
computational biology; DNA microarrays; gene 
synthesis technology; high-throughput mass 
spectrometry; high-throughput sequencing; 
nanotechnology; synthetic biology; systems biology; 
and whole-genome directed evolution. Parties agreed 
that these developments could provide for faster, 
cheaper, and easier application of biological science 
and technology (BWC 2012, paragraph 28).

Parties identified opportunities for maximising 
benefits from these enabling technologies while 
minimizing risks of their application for prohibited 
purposes, including, for example, supporting (BWC 
2012, paragraph 31):

 � Efforts to ensure the fullest possible exchange 
of equipment, materials and scientific and 
technological information and in full conformity 
with the provisions of the Convention;

 � Enhanced national oversight of dual use research 
of concern without hampering the fullest possible 
exchange of knowledge and technology for 
peaceful purposes;

 � Continued discussion under the Convention on 
oversight of dual use research of concern;

 � Improved use by relevant national agencies of 
available sequence and function data;

 � Enhanced reference databases to support 
identification of agents by relevant national 
agencies; and

 � Promotion of the beneficial applications of gene 
synthesis technologies while ensuring their use 
is fully consistent with the peaceful object and 
purpose of the Convention.

Parties recognized that the Convention is relevant to 
an increasing convergence of scientific disciplines, 
in particular biology and chemistry. They also noted 
the value of using codes of conduct on a voluntary 
basis and of various national measures (BWC 2012, 
paragraph 33), such as:

 � Promoting interaction between relevant national 
agencies and the scientific community;

 � Strengthening linkages between biosafety 
and biosecurity training and broader issues of 
responsible conduct;

 � Encouraging the addition of relevant elements to 
existing codes, where they exist, as an alternative 
to developing new codes;

 � Supporting the inclusion of relevant material in 
professional training courses;

 � Encouraging the development of practical tools for 
use by individuals and organizations to familiarize 
them with the provisions of the Convention; as 
well as

 � Enabling specific outreach for those working 
outside of institutional research and commercial 
environments.

At their meeting in 2013, Parties identified certain 
developments in science and technology that 
have potential benefits for the Convention and 
agreed on the need to share information on these 
developments, including (BWC 2013, paragraph 29):

 � Improving identification of biological agents and 
toxins for both health and security purposes, 
resulting from advances in life science research, 
including metagenomics, immunological methods, 
molecular probes, amplification of nucleic acids, 
and in microbial forensics;

 � Advances in comparative genomics, which would 
increase the capacity to investigate alleged use 
of biological weapons;

 � Improved, more efficient and economical vaccine 
and diagnostic technologies, resulting from 
advances in:

o Identifying new targets and reducing the 
timescale for the development of vaccines, 
drugs and diagnostics;

o Production of vaccines including through 
developments in single-use or disposable 
bioreactor systems, which can increase yield, 
cost-effectiveness, portability and safety, and 
novel vaccine production methods, including 
cell cultures and cell suspension bioreactors, 
recombinant DNA, metabolic engineering and 
synthetic biology, chemical peptide synthesis; 
and transgenic animals and plants;

o Vaccine distribution and delivery, such as 
encapsulation in silk matrices, nano-vesicles, 
and nanotechnology-based patches;

o Point-of-care diagnostic systems suitable for 
use in low resource settings resulting from 
advances in microfluidics, nanotechnology, 
lateral flow immunoassays and new techniques 
emerging from multidisciplinary collaborations 
that combine different approaches into simple 
devices;

 � Enhanced epidemiological capacity including for 
identifying unknown pathogens, outbreak sources 
and animal reservoirs, resulting from advances 
in faster and less expensive high-throughput 
DNA sequencing, along with parallel advances 
in computational biology.
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At the same meeting, Parties also noted the value 
of a number of activities in order to further seize 
opportunities for maximizing benefits from advances 
in science and technology while minimizing the risk 
of their application for prohibited purposes, including 
(BWC 2013, paragraph 31):

 � Promoting access to, and use of, the technologies 
they reviewed, including through the development 
of inexpensive and field-portable applications;

 � Promoting appropriate oversight measures to 
identify and manage such risks, ensuring that 
they are proportional to the assessed risk, take 
into account both risks and benefits, and avoid 
hampering legitimate peaceful activities;

 � Recognizing that a one-size-fits-all approach is 
unsuitable, exploring approaches for developing 
guiding principles that could be tailored to national 
circumstances;

 � Undertaking efforts to engage the scientific 
community, research funding organizations and, 

when appropriate, industry in dialogue about how 
best to identify and manage these risks;

 � Sharing information about oversight frameworks, 
guiding principles, and practical experience with 
other States Parties;

 � Continuing discussion under the Convention 
on dual use research, bringing in a wide range 
of national and international stakeholders and 
focusing on specific instances in order to better 
understand options for mitigating risks; and

 � The elaboration of models to inform risk 
assessment and oversight of scientific research 
activities that have significant dual-use potential, 
which should be carried out during all phases of 
the research cycle.

However, no concrete steps towards the development 
of an oversight framework, guiding principles, or 
models to inform risk assessment and oversight of 
scientific research have been undertaken to date.

5. tHe agReement on tHe aPPlIcatIon oF sanItaRY and 
PHYtosanItaRY measURes (tHe "sPs agReement")

The Agreement on the Application of Sanitary 
and Phytosanitary Measures of the World Trade 
Organization (SPS Agreement) is part of the system 
of multilateral trade rules of the World Trade 
Organization (WTO). The SPS Agreement attempts 
to strike a balance between, on one hand, reaffirming 
the rights of WTO members to adopt and enforce 

measures that are necessary to protect human, 
animal or plant life or health, and, on the other 
hand, making sure that these measures are not 
excessively trade restrictive. The SPS Agreement 
applies to all sanitary and phytosanitary measures 
that directly or indirectly affect international trade 
(Article 1 SPS Agreement).

5.1. Sanitary or phytosanitary measures

Sanitary or phytosanitary measures can take 
many forms, including laws, decrees, regulations, 
requirements; testing, inspection, certification 
and approval procedures; quarantine treatments; 
requirements associated with the transport of 
animals or plants; sampling procedures; and 
methods of risk assessment. The SPS Agreement 
defines sanitary and phytosanitary measures as any 
measure applied with one of the following objectives 
(Article 1, paragraph 2 in conjunction with Annex A, 
paragraph 1 SPS Agreement):

 � to protect animal or plant life or health within 
the territory of the Member from risks arising 
from the entry, establishment or spread of pests, 
diseases, disease-carrying organisms or disease-
causing organisms; 

 � to protect human or animal life or health within 
the territory of the Member from risks arising from 
additives, contaminants, toxins or disease-causing 
organisms in foods, beverages or feedstuffs;

 � to protect human life or health within the territory 
of the Member from risks arising from diseases 
carried by animals, plants or products thereof, 
or from the entry, establishment or spread of 
pests; or

 � to prevent or limit other damage within the territory 
of the Member from the entry, establishment or 
spread of pests.

WTO members have the right to take sanitary and 
phytosanitary measures that are necessary for the 
protection of human, animal or plant life or health, 
even if these measures result in trade restrictions. 
However, these measures have to be consistent 
with the provisions of the SPS Agreement (Article 
2, paragraph 1 SPS Agreement). Requirements 
include, for example, that the measures must be 
based on scientific principles, must not unjustifiably 
discriminate in their effect on other WTO members' 
exports, and must not be more trade-restrictive than 
is necessary to achieve the appropriate level of 
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sanitary or phytosanitary protection (Articles 2, 3 
and 5 SPS Agreement).

The SPS Agreement encourages WTO members to 
harmonize their sanitary and phytosanitary measures 
on the basis of international standards, guidelines 
and recommendations, since harmonization reduces 
costs for producers and traders and generally 
facilitates trade. Sanitary and phytosanitary 
measures that conform to international standards, 
guidelines or recommendations are deemed to be 
necessary to protect health, and are presumed to 
be consistent with the SPS Agreement. For such 
measures that conform to international standards, 
WTO members thus e.g. do not have to provide a 
scientific justification. 

The SPS Agreement explicitly recognizes 
the international standards, guidelines and 
recommendations developed by three organizations: 
for food safety, the Codex Alimentarius 
Commission; for animal health and zoonoses, 
the relevant international standards, guidelines 
and recommendations developed by the World 
Organisation for Animal Health (OIE); for plant 
health, those developed by the International Plant 
Protection Convention (IPPC). For matters not covered 
by these three organizations, there is a possibility 
that the Committee on Sanitary and Phytosanitary 
Measures under the SPS Agreement could identify 
standards developed by other relevant international 
organizations, but so far there has never been a 
proposal to recognize another standard-setting body.

If no relevant international standard exists, or 
when a WTO member wishes to deviate from an 
existing international standard, measures have to be 
based on a risk assessment. A risk assessment is 
defined as the evaluation of the likelihood of entry, 
establishment or spread of a pest or disease within 
the territory of an importing member according to the 
sanitary or phytosanitary measures which might be 
applied, and of the associated potential biological 
and economic circumstances. Risk assessments 
must take into account risk assessment techniques 
developed by the relevant international organizations. 
Risk assessments also have to take into account 
available scientific evidence; relevant processes and 
production methods; prevalence of specific diseases 
or pests; existence of pest- or disease-free areas; 
relevant ecological and environmental conditions; 
and quarantine or other treatment.

In situations where relevant scientific evidence is 
insufficient to carry out a risk assessment, the SPS 
Agreement allows members to adopt provisional 
sanitary and phytosanitary measures on the basis 
of the available pertinent information, including 
that from relevant international organizations and 
from measures applied by other members. When 
they adopt such provisional measures, members 
have to try to obtain additional information to allow 
them to carry out a risk assessment, and review 
the provisional measure within a reasonable period 
of time.

5.2. Pests, diseases, disease-carrying organisms or disease-causing organisms

Sanitary and phytosanitary measures may be 
relevant to components, organisms and products 
resulting from synthetic biology if they result in pests, 
diseases, disease-carrying organisms or disease-
causing organisms with negative impacts on human, 
animal or plant life or health. The SPS Agreement, 
however, does not define “diseases, disease-carrying 
organisms or disease-causing organisms”, nor 
“pests”. A footnote clarifies that, for the purpose 
of the definitions of the SPS Agreement (Article 
1, paragraph 2 in conjunction with Annex A SPS 
Agreement), “pests” include weeds. The WTO Panel 
on the Biotech dispute,98 in its report, understood 
pests as an animal or plant which is destructive, or 
causes harm to the health of other animals, plants 
or humans, or other harm, or a troublesome or 
annoying animal or plant (WTO Dispute Settlement 
Report, Biotech, 2006). As has been discussed in 

sections 2.3.1 and 3.1.1 above, organisms resulting 
from synthetic biology techniques are expected to 
constitute “living modified organisms” under the 
Convention on Biological Diversity and its Cartagena 
Protocol. As the Biotech dispute was concerned 
with genetically modified plants, the panel report 
of this dispute may help an understanding of how 
the provisions of the SPS Agreement may apply to 
organisms and products resulting from synthetic 
biology techniques.

The Panel applied a wide interpretation of the term 
plant life or health. It held that “the potential effects 
of genetically modified plants relate to situations 
where genetically modified plants grow where 
they are undesired”. In such situations, due to a 
potential competitive advantage, persistence and 
invasiveness, genetically modified plants may crowd 
out or eliminate other plants. Competitive pressure 

98 The conclusions and recommendations contained in a dispute 
settlement report become only binding upon the parties to the dispute. 
Subsequently established panels are not bound by interpretations 
contained in previous reports.
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from genetically modified plants may also affect the 
genetic diversity of remaining plant populations, 
putting at risk the survival of certain plant species. 
As these potential effects of genetically modified 
plants impact negatively on the ability of other plants 
to exist and survive in the affected area, (…) they 
can be considered to cause harm to the “life or 
health” of other plants” (WTO Dispute Settlement 
Report, Biotech, 2006).

With regard to the scope of what is considered 
as an “animal or plant” in its definition of a pest, 
the Panel noted that the International Standard 
for Phytosanitary Measures (ISPM) No. 11 of the 
International Plant Protection Convention states that 
a living modified organism may be deemed to be a 
“pest” if the living modified organism is associated 
with “adverse effects of gene flow or gene transfer 
including, for example (…) transfer of pesticide or 
pest resistance genes to compatible species”. The 
Panel noted further that Annex 3 of ISPM No. 11 
“does not suggest that the transgene should or 
could be viewed as a “pest” in its own right” (WTO 
Dispute Settlement Report, Biotech, 2006).

In addition, the Panel stated that “even if a genetically 
modified plant which cross-breeds with other plants 
were not itself viewed as a “pest”, the cross-breeds 
could be regarded as “pests” for the purposes of 
Annex A(1) [of the SPS Agreement], to the extent they 
have undesired introduced traits (such as herbicide 
or insect resistance) and harm animal, plant or 
human life or health or result in other damage”. It 
also noted that “even if a genetically modified plant 
to which insect populations develop resistance were 
not viewed as a “pest”, (…) the resistant target or 
non-target organisms (i.e., the resistant insects) 
could be regarded as “pests” within the meaning 
of Annex A(1) [of the SPS Agreement], inasmuch as 
they present a risk to animal, plant or human life or 
health or result in other damage” and further that 
“to the extent that genetically modified plants may 
result in changes in animal or plant populations 
(including in target organism populations), this 
may increase or decrease the food available for 
particular non-target animal populations and thus 
enhance, or detract from, the fitness and health of 
these animal populations, which in turn may have 
a deleterious effect on the life or health of plants, 

e.g., by affecting their ability to reproduce, etc. These 
effects would thus impact on the genetic diversity 
of an ecosystem, including populations of species, 
(…) by causing harm to the life or health” (WTO 
Dispute Settlement Report, Biotech, 2006). 

With regard to the definition of “diseases, disease-
carrying organisms or disease-causing organisms”, 
the Panel observed that the common (dictionary) 
definition of the term “disease” as it appears in 
Annex A(1)(a) of the SPS Agreement is “a disorder 
of structure or function in an animal or plant of 
such a degree as to produce or threaten to produce 
detectable illness or disorder”. Regarding the term 
“disease-carrying organisms” and “disease-causing 
organisms” the Panel noted the definitions of the 
World Health Organization, which defines a disease-
carrying organism as a “vector” and a disease-
causing organism as a “pathogen”. It stated that 
European Union Directives 90/220 and 2001/18 
thus seek to prevent genetically modified plants 
from introducing or spreading diseases, and from 
altering the susceptibility of animals or plants to 
pathogens, which might facilitate the introduction 
or spread of disease-causing organisms (that is, 
pathogens) or create new disease-carrying organisms 
(vectors), and that, in light of this, the Directives can 
be considered as sanitary or phytosanitary measures 
under Annex A, paragraph 1 (a) of the SPS Agreement 
(WTO Dispute Settlement Report, Biotech, 2006).

These explanations show that organisms resulting 
from synthetic biology could, depending on the 
specific case, be considered as causing risks 
to animal or plant life or health arising from the 
entry, establishment or spread of pests, diseases, 
disease-carrying organisms or disease-causing 
organisms. As discussed in section 6 of Part I of 
this document on potential impacts, organisms 
and products resulting from synthetic biology 
may be intentionally or unintentionally released to 
the environment, leading to biosafety concerns. 
Depending on the circumstances, they could be 
considered to pose risks to animal or plant life 
or health, through ecosystem-level impacts or the 
transfer of synthetic DNA.99 WTO members may take 
measures to address these risks in accordance 
with the requirements summarized in the previous 
section.

5.3. Additives, contaminants, toxins or disease-causing organisms in foods, beverages or feedstuffs 

Components, organisms and products resulting from 
synthetic biology could arguably also be addressed 
through measures to protect human or animal life 
or health within the territory of a WTO Member from 
risks arising from additives, contaminants, toxins 
or disease-causing organisms in foods, beverages 
or feedstuffs (Annex A, paragraph 1 b).

The WTO Panel on the Biotech dispute also provided 
guidance for the case of genetically modified 
organisms. It held that “a genetically modified crop 

99 Potential health applications of synthetic biology are discussed in 
section 11 of Part I of this document on potential impacts.
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grown for the explicit purpose of providing food to 
animals, and in particular to farmed animals, would 
qualify as a “feedstuff”. A genetically modified crop 
that has been grown for a different purpose, but 
is eaten by animals, including wild fauna, can be 
considered to be a “food” for that animal. This 
would include, for example, pollen of the genetically 
modified crop which is consumed by insects and 
genetically modified plants consumed by non-target 
insects, deer, rabbits or other wild fauna.” The panel 
stated that “genetically modified seeds used for 
sowing purposes could also be considered animal 
“food”, for instance if these seeds are spilled next 
to a field or on a farm and are subsequently eaten 
by birds, etc.”

With regard to the definition of “additives” the 
Panel held that “genes, intentionally added for 
a technological purpose to genetically modified 
plants that are eaten or being used as an input 
into processed foods, can be considered “additives 
in foods” within the meaning of Annex A(1)(b). This 
should not be construed to mean, however, that 
all genes of a plant that is eaten or being used 
as input into processed foods could be classified 
as “additives” (WTO Dispute Settlement Report, 
Biotech, 2006).  

The Panel stated further that “contaminants” must 
be interpreted so as to have a meaning that differs 
from the meaning of the term “additive” and that 
the decisive element in this regard is that the 
presence of the substance which is said to “infect 
or pollute” is unintentional. Genes intentionally 
added to genetically modified plants that are eaten 
or used as inputs into processed foods would not 
be “contaminants” in and of themselves. Also, 
substances such as proteins which are produced by 
genetically modified plants, and which are intended, 
should not be considered to be “contaminants”. 
However, proteins produced through the unintended 
expression of modified genes in agricultural crops 
may be considered “contaminants” within the 

meaning of Annex A(1)(b) if these proteins “infect 
or pollute” (WTO Dispute Settlement Report, Biotech, 
2006).

With regards to the definition of “toxin” the Panel 
stated that “a poisonous substance which is 
produced during the metabolism or growth of a 
genetically modified crop could qualify as a “toxin” 
within the meaning of Annex A(1)(b).” It noted that 
“for an SPS measure to be covered by Annex A(1)
(b), the toxin which gives rise to risks for human or 
animal life or health would have to be present in 
“foods, beverages or feedstuffs”,” but recalled at the 
same time that “a genetically modified plant which is 
grown in a field may be eaten as food by wild fauna.” 
The Panel also stated that food allergens at issue in 
the dispute can be considered as “toxins”. The Panel 
did not give any guidance as to the interpretation of 
the term “disease-causing organisms” (WTO Dispute 
Settlement Report, Biotech, 2006).

Case-by-case assessments would be necessary to 
determine whether any components, organisms or 
products of synthetic biology would be covered by 
Annex A(1)(b). At this point, applications of synthetic 
biology do not seem to be focusing on developing 
food crops for human use, but the potential for 
synthetic biology to enhance agricultural efficiency 
and lessen its environmental impacts is often 
invoked (see section 5.4 of Part I of this document 
on potential impacts). Where organisms resulting 
from synthetic biology could be accessed by wild 
fauna, they may qualify as “feedstuffs.” For example, 
outdoor ponds of algae resulting from synthetic 
biology techniques may be accessible to wildlife 
(Snow & Smith 2012). Whether any components, 
organisms or products of synthetic biology that 
qualified as a food, beverage, or feedstuff would 
also be considered an additive, contaminant or toxin 
would, again, require a case-by-case assessment, 
taking into account the intended expressions of 
synthetic genetic sequences. 

6.  tHe InteRnatIonal Plant PRotectIon conVentIon (IPPc)

The International Plant Protection Convention (IPPC) 
promotes action to protect plants and plant products 
from the spread of pests, and sets out measures to 

control plant pests (see Article I IPPC). The latest 
version of the Convention entered into force in 2005; 
it has 181 Parties. 

6.1. Overview of main provisions

The main provisions of the IPPC include the 
requirement for each Party to establish a national 
plant protection organization with a specified 
mandate (Article IV IPPC) and to make arrangements 
for the issuance of phytosanitary certificates (Article 
V IPPC). Further, Parties may require, under certain 

conditions, phytosanitary measures for quarantine 
pests and regulated non-quarantine pests (Article 
VI IPPC). Parties also have sovereign authority to 
regulate, in accordance with applicable international 
agreements, the entry of plants and plant products 
and other regulated articles with the aim of preventing 
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the introduction and/or spread of regulated pests 
into their territories (Article VII, paragraph 1 IPPC). 
To this end, Parties may:

 � Prescribe and adopt phytosanitary measures 
concerning the importation of plants, plant 
products and other regulated articles, including, 
for example, inspection, prohibition on importation, 
and treatment;

 � Refuse entry or detain, or require treatment, 
destruction or removal from the territory of 
the contracting party, of plants, plant products 
and other regulated articles or consignments 
thereof that do not comply with the phytosanitary 
measures prescribed or adopted under 
subparagraph (a);

 � Prohibit or restrict the movement of regulated 
pests into their territories;

 � Prohibit or restrict the movement of biological 
control agents and other organisms of 
phytosanitary concern claimed to be beneficial 
into their territories. 

In order to minimize interference with international 
trade, Parties have to undertake these activities in 
conformity with a set of requirements provided in 
Article VII, paragraph 2. 

In Article X, Parties agree to cooperate in the 
development of international standards which 
they should take into account when undertaking 
activities related to the Convention. In accordance 
with these provisions, the international framework 
for plant protection includes International Standards 
for Phytosanitary Measures (ISPMs). The adopted 
standards under the IPPC100 provide guidance to its 
Parties on Phytosanitary Principles for the Protection 
of Plants, and the application of phytosanitary 
measures in international trade, with specific 
standards covering not only pest risk analysis 
but also import and export systems, post-border 
controls and surveillance and reporting on pests 
and diseases. 

6.2. Phytosanitary measures

The International Plant Protection Convention 
defines phytosanitary measures in Article 2 as any 
legislation, regulation or official procedure having the 
purpose to prevent the introduction and/or spread 
of pests. Pests, in turn, are defined as any species, 
strain or biotype of plant, animal or pathogenic agent 
injurious to plants or plant products. Plants are 
living plants and parts thereof, including seeds 
and germplasm. Plant products are defined as 
unmanufactured material of plant origin (including 
grain) and those manufactured products that, by 
their nature or that of their processing, may create 
a risk for the introduction and spread of pests. 

While the primary focus of the International Plant 
Protection Convention is on plants and plant products 
moving in international trade, it also covers research 
materials; biological control organisms; germplasm 
banks; containment facilities and anything else that 
can act as vectors for the spread of plant pests 
(e.g. containers, packaging materials, soil, vehicles, 
vessels and machinery). Regulated articles comprise 
any plant, plant product, storage place, packaging, 
conveyance, container, soil and any other organism, 
object or material capable of harbouring or spreading 
pests, deemed to require phytosanitary measures, 
particularly where international transportation is 
involved (see also Article 1, paragraph 3 IPCC). 

Annex 3 of ISPM No. 11 clarifies further for the case 
of living modified organisms that for phytosanitary 
risks related to gene flow, the living modified 

organism is acting more as a potential vector or 
pathway for introduction of a genetic construct 
of phytosanitary concern rather than as a pest in 
and of itself. Therefore, the term “pest” should 
be understood to include the potential of a living 
modified organism to act as a vector or pathway 
for introduction of a gene presenting a potential 
phytosanitary risk. Annex 3 of ISPM No. 11 contains 
a list of potential phytosanitary risks from living 
modified organisms. All these risks may apply, to 
varying degrees, to components, organisms and 
products resulting from synthetic biology. 

Other ISPMs which have been identified as relevant 
to living modified organisms (Convention on Biological 
Diversity 2012), and therefore may in some cases 
be relevant to components, organisms and products 
resulting from synthetic biology, include:

 � ISPM No. 12: Guidelines for phytosanitary 
certificates (2001)

 � ISPM No. 7: Export certification systems (1997)

 � ISPM No. 3: Guidelines for the export, shipment, 
import and release of biological control agents 
and other beneficial organisms (2005)

 � ISPM No. 20: Guidelines for a phytosanitary 
import regulatory system (2004)

 � ISPM No. 23: Guidelines for inspection (2005).

100 Available at: www.ippc.int/core-activities/standards-setting/
ispms#block-agenda-items-list.



98 synthetic biology

7. tHe woRld oRganIsatIon FoR anImal HealtH

The World Organisation for Animal Health was 
founded in 1924 as the Office International des 
epizooties (OIE) to provide international cooperation 
and coordination against the spread of animal 
diseases. Ninety years later, the core mandate of 
the organisation has been expanded to become the 
improvement of animal health world-wide.

The OIE standards, recognized by the SPS Agreement 
as the international standards for animal health 
including zoonosis, are published as the OIE 
Animal Health Codes (Terrestrial Animal Health 
Code and Aquatic Animal Health Code) and the OIE 
Manuals (Manual of Diagnostic Tests and Vaccines 
for Terrestrial Animals and Manual of Diagnostic 
Tests for Aquatic Animals). These international 
standards cover a wide range of animal health and 
veterinary public health matters. They include the 
obligation to issue notifications, undertake import 
risk analyses, surveillance, disease prevention and 
control measures, establish trade requirements for 
animals and animal products, and require the use 
of diagnostic tests and vaccines and others.

A sanitary measure under the OIE means a measure, 
such as those described in various chapters of 
the Terrestrial Code, destined to protect animal 
or human health or life within the territory of the 
Member Country from risks arising from the entry, 
establishment and/or spread of a hazard. A hazard 
is defined in the Terrestrial Code as a biological, 
chemical or physical agent in, or a condition of, an 
animal or animal product with the potential to cause 
an adverse health effect. 

As this definition is quite broad, components, 
organisms and products resulting from synthetic 
biology techniques could potentially fall thereunder. 
As mentioned previously, although current 
applications of synthetic biology are mostly in micro-
organisms, synthetic biology research in mammalian 
and other eukaryotic cells is making rapid progress. 
OIE standards may be relevant to synthetic biology 
techniques both in terms of synthetic biology helping 
to develop vaccines and therapies for animal 
diseases and in terms of possibly producing adverse 
health effects.

Source: Macroscopic Solutions, LLC
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102 These documents are available online at www.codexalimentarius.
org/standards/list-of-standards/.

101 For an introduction to the Codex Alimentarius see http://www.
codexalimentarius.org/about-codex/en/.

8. codex alImentaRIUs

The Codex Alimentarius Commission is a joint 
initiative of the Food and Agriculture Organization 
(FAO) and the World Health Organization (WHO) that 
was set up to establish international standards on 
foods.101

The Codex Alimentarius is a collection of 
internationally adopted food standards presented 
in a uniform manner. These are developed in order to 
attempt to ensure that products meet internationally 
accepted minimum quality levels, are safe, and do not 
present a health hazard. Standards are prescribed 
for individual foods and food groups, and general 
standards have also been adopted. In addition to 
specific standards, the Codex also includes “related 
texts”. Related texts include advisory instruments: 
statements of principle, codes of practice, guidelines 
and codes of technological practice. Some of these 
instruments apply to food and food products that 
have been derived from synthetic biology techniques. 

Standards adopted by the Codex Alimentarius 
Commission are not legally binding on Codex 
member States. Countries and organizations that 
are members of the World Trade Organization (WTO), 
however, have a general obligation under the SPS 
Agreement to base their sanitary or phytosanitary 
measures on international standards, guidelines 
or recommendations, where they exist, for the 
purpose of harmonizing these measures on as 
wide a basis as possible (Article 3, paragraph 1 
SPS Agreement). Annex A to the SPS Agreement 
defines the term ‘international standards, 
guidelines and recommendations’ to mean, in the 

context of food safety, the standards, guidelines 
and recommendations established by the Codex 
Alimentarius Commission (paragraph 3(a)). 

Documents relevant to components, organisms and 
products resulting from synthetic biology include, 
for example:102

 � Principles for the Risk Analysis of Foods Derived 
from Modern Biotechnology;

 � Guideline for the Conduct of Food Safety 
Assessment of Foods Derived from Recombinant-
DNA Plants” and its annex on “Food Safety 
Assessment of Foods Derived from Recombinant-
DNA Plants Modified for Nutritional or Health 
Benefits;

 � Guideline for the Conduct of Food Safety 
Assessment of Foods Produced using 
Recombinant-DNA Microorganisms;

 � Guideline for the Conduct of Food Safety 
Assessment of Foods Derived from Recombinant-
DNA Animals; and the

 � Annex on Food Safety Assessment in Situations 
of Low-level Presence of Recombinant-DNA Plant 
Material in Food.

These standards may apply if components, organisms 
and products resulting from synthetic biology are 
used as foods. The term “modern biotechnology” 
has the same definition under the Codex Alimentarius 
and the Cartagena Protocol. For an analysis see 
therefore sections 2.3 and 3.1.3 above.

Sources: Macroscopic Solutions, LLC
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Besides the Nagoya Protocol, the International 
Treaty on Plant Genetic Resources for Food and 
Agriculture (ITPGRFA) also addresses aspects of 
the fair and equitable sharing of benefits arising 
out of the use of specific genetic resources. The 
Agreement on Trade Related Aspects of Intellectual 

Property Rights and the International Convention for 
the Protection of New Varieties of Plants may provide 
for certain intellectual property rights associated 
with components, organisms and products resulting 
from synthetic biology techniques and are therefore 
discussed below.103

9.  conVentIon on BIologIcal dIVeRsItY

Depending on the scope of synthetic biology’s 
definition, the following Convention provisions 
could be relevant with regard to access to genetic 

resources and benefit-sharing from their utilization, 
as well as transfer of technologies:

9.1. Access and Benefit-sharing of Genetic Resources (Article 15)

9.1.1.  Genetic resources for their use in synthetic 
biology104

Article 15, paragraph 1 of the Convention recognizes 
the sovereign rights of States over their natural 
resources, and provides that the authority to 
determine access to genetic resources rests with 
national governments and is subject to national 
legislation. Article 15 may be particularly relevant to 
synthetic biology with regard to the access to genetic 
resources for use in synthetic biology processes. 

While the Nagoya Protocol on Access to Genetic 
Resources and the Fair and Equitable Sharing of 
Benefits Arising from their Utilization details much 
more precise obligations in relation to access and 
benefit-sharing for its Parties, Article 15 of the 
Convention continues to apply to all Parties of the 
Convention.105

Article 15 includes the provisions that Parties shall 
endeavour to create conditions to facilitate access 
to genetic resources for environmentally sound 

103 A treaty which may be relevant for the specific procedure of patent 
application is the Budapest Treaty on the International Recognition of 
the Deposit of Microorganisms for the Purpose of Patent Procedure. 
The Budapest Treaty eliminates the need to deposit microorganisms 
in each country where patent protection is sought. This treaty is 
not further discussed in the present dcoument as procedural 
requirements lie beyond its scope.

104 It should be noted that this document is made available for the 
information of Parties to the Convention and is not intended to 
affect the rights and obligations of Parties to the Convention or 
its Protocols.   

105 Section 3.2 on the Nagoya Protocol discusses a number of questions 
raised by synthetic biology techniques that could also be applicable 
to Article 15.

d. treaties addressing access to genetic 
resources, beneFit-sharing From 
their utiliZation, technology transFer 
and intellectual property rights that 
could be relevant to the application oF 
synthetic biology techniQues 

Source: Macroscopic Solutions, LLC

Source: iGEM Foundation
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uses by other Contracting Parties (paragraph 2); 
that granted access shall be on mutually agreed 
terms (paragraph 4) and subject to prior informed 
consent, unless otherwise determined by the Party 
providing the genetic resources (paragraph 5); and 
that “Parties shall take legislative, administrative 
or policy measures … with the aim of sharing in 
a fair and equitable way the results of research 
and development and the benefits arising from the 
commercial and other utilization of genetic resources 
with the Contracting Party providing such resources” 
(paragraph 7).

In the cases where synthetic biology utilizes genetic 
resources and requires access to those resources, 
the access requirements of the Convention would, 
in general, apply and thus require prior informed 
consent (unless otherwise determined) and the 
negotiation of mutually agreed terms. 

However, there are cases where it is not clear that 
the material accessed for its use in synthetic biology 
can be considered “genetic resources” or “genetic 
material” in accordance with the definitions contained 
in Article 2 of the Convention. The Convention defines 
“genetic resources” as genetic material of actual or 
potential value. Additionally, “genetic material” is 
defined as any material of plant, animal, microbial or 
other origin containing functional units of heredity. 

Therefore, “genetic material” includes material from 
any origin so long as it contains “functional units of 
heredity”. Functional units of heredity are not defined 
in the text of the Convention. Schei and Tvedt (2010) 
argue that because the word “functional” introduces 
a dynamic element, the term “genetic material” can 
be interpreted in line with contemporary knowledge 
and technology. When the Convention was negotiated, 
the general understanding was that functional units 
of heredity distinguished genes from “junk” DNA. 
Today, however, scientific understandings of heredity 
have changed dramatically; junk DNA is no longer 
considered “junky,” and some suggest that functional 
units of heredity may need to be interpreted beyond 
the gene itself (Schei and Tvedt 2010).

As said above, the Convention defines “genetic 
resources” as genetic material of actual or potential 
value. “Value” within the context of the Convention 
includes not just economic value, but also ecological, 
genetic, social, scientific, educational, cultural, 
recreational and aesthetic values (Preamble). 
Schei and Tvedt (2010) argue that because the 
definition refers to both types of value – actual 
and potential – it encompasses the state of art of 
technology as well as dynamic future realizations 
of value.  Synthetic biology tools and techniques 
are aiding researchers in discovering new aspects 

of value in materials (Laird and Wynberg 2012). 
Synthetic biology is opening up new ways to capture 
increased value from genetic materials, and thus 
may affect Parties’ interpretations of the definitions 
of “genetic resources” and “genetic material” as 
contained in the Convention and, by reference, the 
Nagoya Protocol.

For example, components used in synthetic biology 
include virtual/digital information on functional units 
of heredity, such as specific DNA sequences. As 
noted previously, analysts have noted a growing 
trend in research away from physical transfers of 
biological material and towards electronic transfers 
of information, within biotechnology more broadly as 
well as specifically with the use of synthetic biology 
tools and techniques (Oldham 2004; Schei and 
Tvedt 2010; Laird and Wynberg 2012; ICSWGSB 
2011). Researchers are utilizing information about 
the genetic composition – for example, the DNA 
sequences - instead of the physical genetic resource.  

There could be differing interpretations of whether 
virtual/digital information about genes and other 
genetic elements can be considered “genetic 
resources” or “genetic material” in accordance with 
the definitions contained in the Convention. In an 
analysis commissioned by the Executive Secretary, 
Schei and Tvedt (2010) argue that the informational 
aspect of functional units of heredity is part of a 
dynamic understanding of the definition. Schei and 
Tvedt note that the “value” of functional units of 
heredity can be captured in its genetic structure 
and in the information of the nucleotide sequence 
(Schei and Tvedt 2010). They appear to suggest 
that the standing definition of the Convention of 
genetic resources could be interpreted to include 
digital DNA sequences.    

Others interpret the matter differently. For example, 
the ICSWGSB suggests that the Conference of the 
Parties to invite Parties to the Nagoya Protocol to 
consider extending agreements on access and 
benefit-sharing to cover digital sequences (ICSWGSB 
2011) because it considers the Nagoya Protocol as 
not covering digital sequences and products derived 
from natural sequences using synthetic biology. 

9.1.2  Genetic resources originating from synthetic 
biology

Another open question is whether the components, 
organisms and products resulting from synthetic 
biology can be considered “genetic resources” under 
the Convention. 

For example, there are different areas of 
synthetic biology research that may raise different 
considerations regarding whether they constitute 

Source: Macroscopic Solutions, LLC
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genetic resources within the definition of the 
Convention: 

 � DNA-based parts and devices, synthetic metabolic 
pathway engineering, and genome-level engineering 
– These areas of research involve designing 
and synthesizing stretches of DNA, RNA, and 
whole genomes. The organisms resulting from 
these synthetic biology techniques contain 
DNA. However, the products these organisms 
are designed to create, such as pharmaceutical 
molecules and fuel, generally do not contain DNA.   

 � Protocell construction – Protocell research aims 
to create the simplest possible components 
to sustain reproduction, self-maintenance and 
evolution (Lam et al. 2009; Sole et al. 2007). 
Protocell designs usually contain some kind 
of information-carrying molecule; these could 
possibly be understood to functionally operate 
as “units of heredity.” However, some protocell 
research is attempting to develop cells without 
the ability to evolve or replicate (PCSBI 2010; 
Sole et al. 2007; Schmidt et al. 2009). Depending 
on the meaning of functional units of heredity, 
such cells may not fall within the definition of 
“genetic material.”  

 � Xenobiology – As with protocells, research in 
this area is far from commercialization or use 

(Sutherland et al. 2013; Joyce 2012). This 
research focuses on altering the basic form 
of nucleic and amino acids, for example by 
creating nucleic acids with novel bases or novel 
backbones. Whether this would be considered 
“genetic material” depends on whether XNA, 
xDNA, and other modified forms of information-
carrying molecules would be considered to 
operate as functional units of heredity. One 
of the hoped-for results of this research is 
orthogonal organisms whose altered information 
molecules would lead to semantic containment 
(see section 7.2 of Part I of this document on 
potential impacts). These organisms may still 
be able to reproduce themselves, however, so 
they may be understood to contain functional 
units of heredity.

The consideration of the components, organisms and 
products resulting from synthetic biology as genetic 
resources within the context of the Convention would 
raise some questions regarding the application of the 
principle of state sovereignty over genetic resources 
and access and benefit-sharing obligations as well 
as the application of the Convention’s provisions 
regarding the conservation and sustainable use of 
biodiversity.

9.2. Technology Transfer and Cooperation (Articles 16-19)

The Convention has established a programme of work 
on technology transfer and cooperation based on 
Articles 16 to 19 (see decision VII/29). Article 16, 
paragraph 1 provides that each Party will undertake 
“to provide and/or facilitate access for and transfer 
to other Contracting Parties of technologies that 
are relevant to the conservation and sustainable 
use of biological diversity or make use of genetic 
resources and do not cause significant damage 
to the environment”. Article 16 explicitly includes 
“biotechnology” in the provisions on access to and 
transfer of technology (Article 16, paragraph 1). 
As discussed above in sections 2.3 and 3.1.3, 
technologies associated with synthetic biology may, 
on a case-by-case basis, fall under the definition 
of biotechnology.

Technologies associated with synthetic biology may 
fulfill both criteria set out in Article 16, paragraph 1: 
(i) be of relevance to conservation and sustainable 
use of biodiversity, and (ii) use genetic resources and 
not cause significant damage to the environment. 
Case-by-case assessments would be needed to 
determine whether specific technologies apply. 
Generally speaking, some areas of synthetic 
biology research do aim to produce applications 
relevant to conservation and sustainable use, such 
as de-extinction and the creation of microbes for 

pollution remediation (see section 5.2 of Part I of 
this document on potential impacts). Such areas of 
research are mostly considered to still be far from 
application or commercialization. Other areas, such 
as engineering microbes to produce molecules that 
are otherwise naturally-occurring for use as flavors 
and fragrances, are close to commercialization, and 
may be relevant to conservation and sustainable use 
depending on the natural product being displaced 
(see section 5.5 of Part I of this document on 
potential impacts). As discussed above, much of 
synthetic biology research could be considered 
to “make use of genetic resources.” Whether or 
not specific synthetic biology technologies cause 
significant damage to the environment would require 
an impact assessment. 

Developing countries are to be provided “fair and 
most favorable terms” to access to and transfer 
of technologies (Article 16, paragraph 2) that 
“are relevant to the conservation and sustainable 
use of biological diversity or make use of genetic 
resources and do not cause significant damage to 
the environment” (Article 16, paragraph 1). Article 
19 also specifically addresses developing countries, 
holding that Parties “shall take all practicable 
measures to promote and advance priority access 
on a fair and equitable basis by Contracting Parties, 
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106 See http://www.cbd.int/abs/nagoya-protocol/signatories/default.
shtml.

especially developing countries, to the results and 
benefits arising from biotechnologies based upon 
genetic resources provided by those Contracting 
Parties” (Article 19, paragraph 2), and that they 
shall “provide for the effective participation in 
biotechnological research activities by those 
Contracting Parties, especially developing countries, 
which provide the genetic resources for such 
research, and where feasible in Contracting Parties” 
(Article 19, paragraph 1).

A 2012 article in PLoS ONE determined the global 
landscape of synthetic biology research, based on 

the location of authors in Web of Science publications 
(Oldham et al. 2012). While the majority of synthetic 
biology publications come out of the USA, followed 
by the UK, Germany, France and Switzerland, other 
countries are on the map. The authors specifically 
point out the presence of emerging major economies, 
such as China, Brazil, and India, along with Mexico, 
Argentina, South Africa and Singapore (Oldham et al. 
2012). Thus, synthetic biology research is occurring 
in some of the “mega-diverse” countries. 

10. nagoYa PRotocol on access to genetIc ResoURces and tHe 
FaIR and eQUItaBle sHaRIng oF BeneFIts aRIsIng FRom tHeIR 
UtIlIzatIon to tHe conVentIon on BIologIcal dIVeRsItY

Depending on the scope of synthetic biology’s 
definition, the following Nagoya Protocol provisions 
could be relevant with regard to access to genetic 
resources and benefit-sharing from their utilization.

The Nagoya Protocol on Access to Genetic Resources 
and the Fair and Equitable Sharing of Benefits Arising 
from their Utilization to the Convention on Biological 
Diversity (the Nagoya Protocol) was adopted on 29 
October 2010 and will enter into force on 12 October 
2014.106 

The Nagoya Protocol aims to support the 
implementation of the third objective of the 
Convention and builds on its provisions, including 

Article 15, by setting out core obligations for 
Parties in relation to access to genetic resources 
and traditional knowledge associated with genetic 
resources, benefit-sharing and compliance. 

Article 2 of the Nagoya Protocol provides that the 
definitions of the Convention apply to the Protocol, 
and consequently, discussions on the definitions of 
“genetic resources” and “genetic material” included 
in section 3.1.1 are also relevant for this chapter. 

The following examines additional issues relevant 
to the application of the Nagoya Protocol to uses 
of synthetic biology.

10.1. Synthetic biology and the “utilization of genetic resources” 

Article 2 of the Nagoya Protocol addresses the use 
of terms in the Protocol. It provides that the terms 
defined in Articles 2 of the Convention also apply 
to the Protocol. It defines “utilization of genetic 
resources” as conducting research and development 
on the genetic and/or biochemical composition of 
genetic resources, including through the application 
of biotechnology. Furthermore, “biotechnology” as 
defined in Article 2 of both the Convention and 
the Protocol means any technological application 
that uses biological systems, living organisms, or 
derivatives thereof, to make or modify products or 
processes for specific use. These definitions can 
help to clarify the issue of scope of access and 
benefit-sharing obligations. 

The Nagoya Protocol adds also the definition of 
“derivative” as a naturally occurring biochemical 
compound resulting from the genetic expression 
or metabolism of biological or genetic resources, 
even if it does not contain functional units of 

heredity. Synthetic biology applications may be a 
way of “utilizing” genetic resources as defined in 
the Nagoya Protocol. 

The definitions can also help to determine which 
activities related to synthetic biology would be within 
the scope of the Nagoya Protocol. For example, 
as previously discussed (section 2.3.3 above), a 
major focus of current synthetic biology research 
is on designing organisms that will use biomass 
as feedstock to produce fuels, chemicals, and 
pharmaceuticals (PCSBI 2010). Synthetic biology 
companies such as Amyris are locating their facilities 
in Brazil in order to be near sources of sugarcane 
for use as feedstock for such micro-organisms. If 
used solely as a feedstock, this use of sugarcane 
would likely not fall within the “utilization of genetic 
resources.” However, if research was conducted on 
the sugarcane to determine if it was an appropriate 
feedstock or if it could be transformed to be more 
suitable, this research could be interpreted as 
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“utilization” within the terms of the Nagoya Protocol, 
and access to the sugarcane for this purpose 
would be subject to applicable access obligations 

of the Nagoya Protocol and domestic legislation 
or regulatory requirements implementing these 
obligations.

10.2. Benefit-sharing and the degree of modification of genetic resources 

Synthetic biology techniques provide ways to modify 
naturally occurring genetic resources so that they 
better serve specific purposes. One method is by 
directed evolution, such as the Wyss Institute’s MAGE 
machine which can generate billions of different 
mutant genomes per day, performing up to 50 
different genome alterations at nearly the same time, 
using synthetic DNA (Wang et al. 2009).107 Another 
method is to use computers to design a stretch of 
DNA so that it is “codon-optimized” and the gene 
more efficiently expresses the characteristics in 
the target organism as desired by the researchers 
(Endy 2005) (see also sections 2 and 3 of Part I 
of this document on potential impacts).

The use of these synthetic biology techniques 
raises questions as regards to until what extent 
the results of modifications of a natural genetic 
resource continue to be subject to the benefit-
sharing obligations. Article 5, paragraph 1 of the 
Nagoya Protocol requires that benefits arising from 
the utilization of genetic resources “as well as 
subsequent applications and commercialization” 
shall be shared in a fair and equitable way. It also 

provides that “such sharing shall be upon mutually 
agreed terms”. According to Greiber, this is meant 
to extend benefit-sharing to processes and products 
developed along the value chain (Greiber et al. 2012). 

The ICSWGSB interprets the Nagoya Protocol 
as not covering “products derived from natural 
sequences using synthetic biology tools such 
as directed evolution techniques,” and calls for 
Parties to the Protocol to include them (ICSWGSB 
2011). In comments to this draft document, one 
organization similarly interprets the Nagoya Protocol 
as not covering such products, and believes that 
expansion of the Nagoya Protocol to such products 
would go “much further down the value chain than 
is appropriate.”

National implementation and the negotiation of 
mutually agreed terms can assist parties to an 
access and benefit-sharing agreement to clarify 
until which extent of the value chain the obligations 
to share benefits would continue to apply to 
components, organisms and products resulting 
from synthetic biology.

10.3. Derivatives and synthetic biology108

The Nagoya Protocol in its Article 2 defines a 
“derivative” as a naturally occurring biochemical 
compound resulting from the genetic expression or 
metabolism of biological or genetic resources, even 
if it does not contain functional units of heredity.

Synthetic biology raises a number of questions in 
relation to the application of the Nagoya Protocol to 
derivatives. For instance, whether or not biochemical 
compounds produced by synthesized organisms 
could be considered a “derivative” as defined by 
the Protocol. 

For example, a valuable natural derivative is isoprene, 
the major molecule of rubber. The enzyme isoprene 
synthase has only been found in plants – namely, 
Hevea brasiliensis, the rubber tree – but plant genes 
are not efficiently expressed in microorganisms 
(Erickson et al. 2011). The Genencor Division of 
Danisco and Goodyear Tire and Rubber Company 
have partnered in research to develop “BioIsoprene,” 
using synthetic biology in the “construction of a gene 
that encodes the same amino acid sequence as 

the plant enzyme but is optimized for expression in 
engineered microorganisms” (Erickson et al. 2011). 

An initial question is whether genetic resources from 
H. brasiliensis were actually accessed and “utilized” 
in the context of the Protocol. A separate question 
might be whether access to derivatives of organisms 
resulting from synthetic biology techniques – such 
as isoprene – would also be covered by the Nagoya 
Protocol (see similar discussion on access to genetic 
resources originating from synthetic biology in 
section 9.1.1 above)

There are different interpretations regarding how the 
Nagoya Protocol applies to derivatives. It could be 
argued that the benefit-sharing obligations apply to 
derivatives through linkages with the definitions of 
utilization of genetic resources and biotechnology 
(Article 2 Nagoya Protocol, see Greiber et al. 2012; 
Nijar 2011). Another possible interpretation is that 
the operative provisions of the Protocol apply only 
to genetic resources, and not to derivatives.109

107 See http://wyss.harvard.edu/viewpage/330/, accessed on 23 
March 2013.

108 It should be noted that this document is made available for the 
information of Parties to the Convention and is not intended to 

affect the rights and obligations of Parties to the Convention or 
its Protocols.

109 See Nijar (2011) for descriptions of the arguments for differing 
interpretations of the role of derivatives in the Nagoya Protocol.
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National implementation of the Nagoya Protocol 
can assist in further clarifying the definition of 
“utilization” as well as the scope of access and 
benefit-sharing requirements in relation to derivatives. 
The negotiation of mutually agreed terms can assist 
parties to access and benefit-sharing agreements 

to clarify until which extent of the value chain the 
obligations to share benefits would continue to apply 
to components, organisms and products resulting 
from synthetic biology, including derivatives and their 
subsequent applications.

11. InteRnatIonal tReatY on Plant genetIc ResoURces FoR 
Food and agRIcUltURe

The International Treaty on Plant Genetic Resources 
for Food and Agriculture (ITPGRFA) entered into 
force in 2004 and has 131 Parties as of 2014. In 
adopting the Nagoya Protocol on Access to Genetic 
Resources and the Fair and Equitable Sharing 
of Benefits Arising from their Utilization to the 
Convention on Biological Diversity, the Conference 
of the Parties to the Convention on Biological 
Diversity recognized the ITPGRFA as one of the 
“complementary instruments” that constitute the 
International Regime on access and benefit-sharing 

and recognized that the objectives of the ITPGRFA 
are the conservation and sustainable use of plant 
genetic resources for food and agriculture and the 
fair and equitable sharing of the benefits arising 
out of their use, in harmony with the Convention on 
Biological Diversity, for sustainable agriculture and 
food security. Depending on the scope of synthetic 
biology’s definition, the following provisions could be 
relevant with regard to access to genetic resources 
and benefit-sharing from their utilization.

11.1. Overview of main provisions

Article 2 of the ITPGRFA defines plant genetic 
resources for food and agriculture as any genetic 
material of plant origin of actual or potential value for 
food and agriculture. “Genetic material” is defined 
as any material of plant origin, including reproductive 
and vegetative propagating material, containing 
functional units of heredity. These definitions are 
similar to those of the Convention, which defines 
genetic resources as genetic material of actual 
or potential value, and genetic material as any 
material of plant, animal, microbial or other origin 
containing functional units of heredity (Article 2). 
For an analysis see therefore also section 9.1.1 
above. The main difference between the two treaties 
is that the definitions under the ITPGRFA only refer 
to material of plant origin. However, plant genetic 
resources are the raw material and indispensable 
for crop genetic improvement.

As discussed in section 5.4 of Part I of this document 
on potential impacts, agricultural applications of 
synthetic biology are a focus of current research, 
as is the production of specialized plant feedstocks 
for bioenergy purposes. According to the IUCN 
explanatory guide to the ITPGRFA, the treaty text 
is ambiguous in whether functional units of heredity 
are in themselves PGRFA or are components of 
PGRFA (Moore & Tymowski 2005). Thus, if synthetic 
biology research is based upon DNA sequences of 
PGRFA, it may be a matter of interpretation whether 
the research is utilizing PGRFA. 

According to Article 5 of the ITPGRFA, Parties are 
required, subject to certain qualifiers, to promote an 
integrated approach to the exploration, conservation 

and sustainable use of plant genetic resources for 
food and agriculture which includes, in particular, 
the following activities which may be relevant for 
synthetic biology techniques: 

 � Promote the collection of plant genetic resources 
for food and agriculture and relevant associated 
information on those plant genetic resources that 
are under threat or are of potential use;

 � Promote in situ conservation of wild crop relatives 
and wild plants for food production, including in 
protected areas, by supporting, inter alia, the 
efforts of indigenous and local communities;

 � Cooperate to promote the development of an 
efficient and sustainable system of ex situ 
conservation, giving due attention to the need 
for adequate documentation, characterization, 
regeneration and evaluation, and promote 
the development and transfer of appropriate 
technologies for this purpose with a view to 
improving the sustainable use of plant genetic 
resources for food and agriculture; and

 � Monitor the maintenance of the viability, degree of 
variation, and the genetic integrity of collections of 
plant genetic resources for food and agriculture; 
and

 � Take steps to minimize or, if possible, eliminate 
threats to plant genetic resources for food and 
agriculture.

These obligations are relevant for synthetic biology in 
that they support the availability of a broad resource 
base upon which synthetic biology techniques can 
draw. 
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11.2. Multilateral system of access and benefit-sharing 

In Article 10, paragraph 2 of the ITPGRFA, Parties 
established a multilateral system to facilitate access 
to plant genetic resources for food and agriculture, 
and to share, in a fair and equitable way, the benefits 
arising from the utilization of these resources, on 
a complementary and mutually reinforcing basis. 
The Multilateral System applies to the plant genetic 
resources for food and agriculture listed in Annex 
I to the treaty, a pool of 64 food and forage crops, 
established according to criteria of food security 
and interdependence. Some of these Annex I crops 
are the focus of synthetic biology research. One 
example is the modification of maize to be a more 
efficient biofuel feedstock (see section 5.1 of Part I 
of this document on potential impacts). Also, some 
synthetic biology research is focused on modifying 
micro-organisms to produce substances that would 
substitute for Annex I crops, such as lauric acids that 
are currently produced in part from coconuts (see 
section 10 of Part I of this document on potential 
impacts)  

Article 12 requires Parties to provide facilitated 
access to plant genetic resources for food and 
agriculture to other Parties, including to legal and 
natural persons under their jurisdiction. This access 
is to be granted pursuant to a standard material 
transfer agreement (MTA) through the Multilateral 
System under certain conditions, including:

 � Access shall be provided solely for the purpose 
of utilization and conservation for research, 
breeding and training for food and agriculture, 
provided that such purpose does not include 
chemical, pharmaceutical and/or other non-food/
feed industrial uses. 

 � Recipients shall not claim any intellectual property 
or other rights that limit the facilitated access 
to the plant genetic resources for food and 
agriculture, or their genetic parts or components, 
in the form received from the Multilateral System;

 � Access to plant genetic resources for food and 
agriculture under development, including material 
being developed by farmers, shall be at the 
discretion of its developer, during the period of 
its development; and

 � Access to plant genetic resources for food and 
agriculture protected by intellectual and other 
property rights shall be consistent with relevant 
international agreements, and with relevant 
national laws.

Under Article 13 of ITPGRFA the Parties agree that 
benefits arising from the use, including commercial, 
of plant genetic resources for food and agriculture 

under the Multilateral System shall be shared fairly 
and equitably through the exchange of information, 
access to and transfer of technology, capacity-
building, and the sharing of the benefits arising 
from commercialization. 

The latter is achieved through a requirement in 
the Material Transfer Agreement that a recipient 
who commercializes a product that is a plant 
genetic resource for food and agriculture and that 
incorporates material accessed from the Multilateral 
System shall pay to a trust fund, especially 
established for this purpose, an equitable share 
of the benefits arising from the commercialization 
of that product. Such payment is not required when 
the product is available without restriction to others 
for further research and breeding, in which case the 
recipient who commercializes shall be encouraged 
to make such payment.

While the Multilateral System applies only to the plant 
genetic resources for food and agriculture set out 
in Annex I to ITPGRFA, genetic resources not listed 
in Annex I and held by the International Agricultural 
Centres and other international institutions, that have 
signed an agreement with the ITPGRFA’s Governing 
Body, are to be exchanged under similar terms and 
conditions as the Multilateral System. It is to be 
noted that some countries now apply, on a voluntary 
basis, the ITPGRFA’s standard material transfer 
agreement to plant genetic resources for food and 
agriculture not listed in Annex I to the ITPGRFA, 
which means that the conditions of the Multilateral 
System, ostensibly, also apply to those crops.

The Governing Body of the ITPGRFA, at its Fifth 
Session, decided to establish an Ad Hoc Open-
ended Working Group to Enhance the Functioning 
of the Multilateral System of Access and Benefit-
sharing with the mandate to develop a range of 
measures that will: (a) increase use-based payments 
and contributions to the Benefit-sharing Fund in a 
sustainable and predictable long-term manner, and 
(b) enhance the functioning of the Multilateral System 
by additional measures, which might include the 
possibility to expand the coverage of the Multilateral 
System over more crops. The Governing Body is to 
consider and decide on these measures at its Sixth 
Session in 2015. 

With regard to the transfer of technology, Parties 
committed to providing and/or facilitating access to 
technologies for the conservation, characterization, 
evaluation and use of plant genetic resources for 
food and agriculture. According to the IUCN Guide to 
the ITPGRFA, technologies for the use of plant genetic 

Source: Macroscopic Solutions, LLC



107Part II   gaPs and overlaPs wIth the ProvIsIons of the conventIon and other agreements

resources include both traditional plant breeding 
techniques and biotechnological methods, such as 

molecular markers and recombinant DNA technology 
(Moore & Tymowski 2005).

12. tHe wto agReement on tRade Related asPects oF 
IntellectUal PRoPeRtY RIgHts (tRIPs)

The WTO Agreement on Trade Related Aspects 
of Intellectual Property Rights (TRIPS) came into 
effect on 1 January 1995 and is to date the most 

comprehensive multilateral agreement on intellectual 
property.

12.1. Overview of main provisions

According to its Article 7 (objective), the protection 
and enforcement of intellectual property rights 
should contribute to the promotion of technological 
innovation and to the transfer and dissemination of 
technology, to the mutual advantage of producers and 
users of technological knowledge and in a manner 
conducive to social and economic welfare, and to 
a balance of rights and obligations. 

The TRIPS Agreement sets out the minimum 
standards of protection that each Member has to 
provide for the different areas of intellectual property, 
including copyright and related rights; trademarks; 
patents; and the protection of new varieties of plants, 

among others. For each area, the TRIPS Agreement 
defines the subject-matter to be protected, the rights 
to be conferred and permissible exceptions to those 
rights, as well as the minimum duration of protection. 
For components, organisms and products resulting 
from synthetic biology techniques, patents and 
protection of plant varieties are most relevant, but 
copyright and trademarks have also been discussed 
in the literature (Torrance 2010). Least developed 
country Members are currently not obliged to give 
effect to the substantive standards of TRIPS (apart 
from general non-discrimination principles) until 
2021, a deadline that has been extended twice 
and may be extended again. 

12.2. Patents

In general, while discovery and invention both play 
an important role in synthetic biology, only inventions 
are treated as a patentable subject matter under 
the TRIPS Agreement. Article 27, paragraph 1 of 
the TRIPS Agreement states that patents shall 
be available for any inventions, whether products 
or processes, in all fields of technology, provided 
that they are new, involve an inventive step and 
are capable of industrial application. The TRIPS 
agreement, however, provides no definition or 
interpretation of these criteria. Thus, WTO Members 
have considerable leeway in applying them (UNCTAD-
ICTSD 2004).

The criterion of “novelty” is generally understood to 
mean that the invention has a new feature which must 
not have been disclosed or available to the public 
prior to the patent application date - the inventor is 
granted a patent for something new (UNCTAD-ICTSD 
2004). In addition, the invention must not merely 
be something new, but also involve an “inventive 
step”, representing a sufficient development over 
prior art. Depending on the standards that WTO 
members require for this step, this requirement 
can serve to exclude trivial or routine “inventions” 
from being patented (UNCTAD-ICTSD 2004). In 
this context, according to patent practice in some 
countries, discoveries of things already existing in 
nature are deemed unpatentable in their naturally 

occurring form, on the basis that they are mere 
discoveries and not inventions as such (UNCTAD-
ICTSD 2004). Thirdly, the invention must be useful 
and capable of industrial application, which aims 
at a direct technical result (UNCTAD-ICTSD 2004).

It has been argued that many components, 
organisms and products resulting from synthetic 
biology techniques fulfil these criteria. In particular, 
while there has been some controversy in the past 
as to whether, for example, DNA sequences should 
constitute patentable subject matter, considering 
that they are derived from natural (“genomic”) DNA 
sequences, novel genes constructed using synthetic 
biology techniques will more clearly fulfil the criteria 
(Torrance 2010).

While patentable inventions may in principle be found 
in all areas of technology, the TRIPS Agreement 
permits, but does not require, WTO Members to 
exclude on public policy grounds certain inventions 
from the scope of patentable subject matter, even 
when they otherwise meet the substantive and formal 
conditions for patentability. Paragraph 2 of Article 
27 states that WTO members may exclude from 
patentability inventions, the prevention within their 
territory of the commercial exploitation of which is 
necessary to protect ordre public or morality, including 
to protect human, animal or plant life or health or to 
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avoid serious prejudice to the environment, provided 
that such exclusion is not made merely because the 
exploitation is prohibited by their law. Components, 
organisms and products resulting from synthetic 
biology techniques could therefore be excluded from 
patentability in the territory of a WTO member, if the 
prevention of their commercial exploitation in that 
territory is necessary in order to protect human, 
animal or plant life or health or to avoid serious 
prejudice to the environment. WTO jurisprudence 
has so far not addressed the specific requirements 
of this exception. 

Some synthetic biology technologies may be 
considered as contrary to ordre public or morality 
in some countries. The WTO Handbook gives possible 
examples of inventions contrary to morality, such 
as “processes for the cloning of human beings or 
for modifying the germ line identity of humans.” If 
a WTO Member considered it necessary to protect 
morality by preventing the commercial exploitation 
of components, organisms and products resulting 
from synthetic biotechnologies, this, too, would give 
grounds for their exclusion from patentable subject 
matter.

Article 27, paragraph 3 of the TRIPS agreement 
allows WTO members to exclude from patentability: 
(a) diagnostic, therapeutic and surgical methods 
for the treatment of humans or animals; and (b) 
plants and animals other than micro-organisms, and 
essentially biological processes for the production 
of plants or animals other than non-biological and 
microbiological processes. It states, however, that 
WTO members have to provide for the protection of 
plant varieties either by patents or by an effective 
sui generis system or by any combination thereof. 

A significant focus of synthetic biology research 
is on medical applications – including diagnosis, 
therapeutic treatment, and the production of 
drugs and vaccines. It would appear that medical 
applications of synthetic biology could be excludable 
from patentability to the extent that they constitute 
diagnostic, therapeutic and surgical methods for the 
treatment of humans or animals. 

“Plants and animals”, which can be excluded from 
patentability, are understood to include plants as 
such (including transgenic plants), plant varieties 
(including hybrids), plant cells, seeds and other 
plant materials, as well as animals (including 
transgenic) and animal races (UNCTAD-ICTSD 2004). 
While current applications of synthetic biology 
are mostly in micro-organisms, synthetic biology 
research in mammalian and other eukaryotic cells 
is making rapid progress (Annaluru et al. 2014; 
Lienert et al. 2014; Wieland & Fussenegger 2012), 

and the products of such applications could fall 
under excludable “plants and animals”. For micro-
organisms which include bacteria, fungi, algae, 
protozoa or viruses, patents need to be available, 
as far as they are novel, non-obvious and useful 
in accordance with Article 27, paragraph 1 of the 
TRIPS agreement (UNCTAD-ICTSD 2004).

The possibility of excluding the patentability of 
“essentially biological processes” does not extend 
to “non-biological” processes for the production 
of plants or animals or any process that uses or 
modifies microorganisms, such as methods based on 
modern biotechnology like the insertion of genes in a 
plant (UNCTAD-ICTSD 2004). Although there is room 
for interpretation in the exact meaning of “essentially 
biological processes,” the chemical synthesis of DNA 
sequences seems to fall outside of this. 

Thus, it seems possible for select products of 
synthetic biology techniques to be excluded from 
patentability through Article 27, paragraph 3 of 
TRIPS.

A significant extent of the impact of intellectual 
property in the field of synthetic biology concerns 
not what formal legal standards are in place, but 
how intellectual property is managed – for instance, 
whether patents are applied for and how they are 
licensed. The TRIPS Agreement does not regulate 
this aspect directly, although it provides scope 
for action to deal with abusive licensing practices 
and provides for public policy exceptions to patent 
rights; hence, within the TRIPS framework, a wide 
spectrum of approaches to obtaining and managing 
patents in this area can be discerned. Accordingly, 
as the field of synthetic biology develops, two main 
models of intellectual property for synthetic biology 
components, organisms, products, and techniques 
seem to be forming (Calvert 2012). The first heavily 
relies on patents and is exemplified by the approach 
of the J. Craig Venter Institute (JCVI) (Gibson et al. 
2008; Gibson et al. 2010; Glass et al. 2007). In 
the 1990s, J. Craig Venter's Institute of Genomic 
Research (now part of JCVI) sequenced and patented 
one of the smallest known bacterial genomes, M. 
genitalium. In 2007, scientists at his institute applied 
for a “minimal bacterial genome” patent (Calvert 
2012; Glass et al. 2007). This patent application 
is still pending; NGOs and commentators have 
expressed concern at its attempted breadth (ETC 
2007; ETC 2010; Calvert 2012). 

The other main model is the BioBrickTM system, 
modeled on open-source software. On iGEM’s 
Registry of Standard Biological Parts, contributing 
researchers post their BioBrickTM parts (DNA 
sequences that incorporate standardized sections) on 
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pages accessible to the general public.110 Following 
a similar approach, the BioBricks Foundation has 
independently developed a BioBrickTM Public 
Agreement that is essentially a contractual 
agreement between “Users” and “Contributors” 
of parts. Contributors may hold patents on the 
parts, but they promise not to assert any present 
or future proprietary rights against users. Unlike 
open source software, users have no obligation 

to openly share the devices or parts they make 
with the BioBricks. They can patent novel devices 
if they want to, meaning that they can build private, 
proprietary systems on the open platform (Calvert 
2012; BioBricks Foundation 2013). While modeled 
on open-source, this BioBrick system essentially 
relies on the availability of patent processes, of 
which researchers can decide whether or not to 
make use. 

13. tHe InteRnatIonal conVentIon FoR tHe PRotectIon oF new 
VaRIetIes oF Plants (UPoV conVentIon)

The International Union for the Protection of New 
Varieties of Plants (UPOV) was established by 
the International Convention for the Protection of 
New Varieties of Plants (UPOV Convention). The 
UPOV Convention came into force in 1968 and 
was revised in 1972, 1978, and 1991, in order to 
reflect technological developments in plant breeding 

and experience acquired with the application of the 
Convention.111 UPOV has 72 members. The main 
objective of UPOV is to provide and promote an 
effective system of plant variety protection with the 
aim of encouraging the development of new varieties 
of plants, for the benefit of society. 

13.1. Overview of main provisions

The UPOV Convention sets forth standards, including 
national treatment, for the granting of “breeders’ 
rights” as a sui generis form of protection for new 
plant varieties. A plant variety in accordance with 
Article 1, paragraph (vi) of the Convention is defined 
as a plant grouping within a single botanical taxon of 
the lowest known rank, which grouping, irrespective 
of whether the conditions for the grant of a breeder's 
right are fully met, can be

 � defined by the expression of the characteristics 
resulting from a given genotype or combination 
of genotypes,

 � distinguished from any other plant grouping 
by the expression of at least one of the said 
characteristics and

 � considered as a unit with regard to its suitability 
for being propagated unchanged.

The Explanatory Notes on the Definition of Variety 
under the 1991 Act of the UPOV Convention 
(document UPOV/EXN/VAR/1) states as follows:

“4. The definition of “variety” under the 1991 Act 
of the UPOV Convention starts by stating that it is 
“a plant grouping within a single botanical taxon 
of the lowest known rank, … ” thereby confirming 
that a variety may not, for example, consist of 
plants of more than one species.

“5. The definition that a variety means a “plant 
grouping” clarifies that the following, for example, 
do not correspond to the definition of a variety:

 � a single plant; (however, an existing variety may 
be represented by a single plant or part(s) of 
a plant, provided that such a plant or part(s) 
of the plant could be used to propagate the 
variety)

 � a trait (e.g. disease resistance, flower color)

 � a chemical or other substance (e.g. oil, DNA)

 � a plant breeding technology (e.g. tissue 
culture).”

13.2. Breeder’s right

In order to be eligible for protection, a plant variety 
must meet the following requirements (Article 5 
UPOV Convention):

 � “Novelty - propagating or harvested material of 
the variety must not have been sold or otherwise 
disposed of to others, by or with the consent of 
the breeder in the territory of the UPOV member 

where the applicant seeks protection for more 
than one year, nor for more than four years in 
any other territory and six years in the case of 
vines and trees (Article 6). 

 � “Distinctness - the variety must be clearly 
distinguishable from any other variety whose 
existence is a matter of common knowledge at 
the time of the filing of the application (Article 7).

110 Following an approach described as “Get & Give (& Share), see 
http://parts.igem.org/Help:Philosophy.

111 Unless otherwise stated, reference to the UPOV Convention in the 
following refers to the 1991 Act of the UPOV Convention.
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 � “Uniformity - subject to the variation that may 
be expected from the particular features of its 
propagation, the variety must be sufficiently 
uniform in its relevant characteristics (Article 8).

“Stability - the variety is stable if its relevant 
characteristics remain unchanged after repeated 
propagation or, in the case of a particular cycle of 
propagation, at the end of each such cycle (Article 
9 UPOV Convention). […]” Where plant varieties 
resulting from synthetic biology techniques fulfil these 
criteria, the breeder has the possibility to obtain a 
breeder’s right, which includes that (i) production 
or reproduction (multiplication); (ii) conditioning for 
the purpose of propagation; (iii) offering for sale; (iv) 
selling or other marketing; (v) exporting; (vi) importing, 
and (vii) stocking for any of these purposes, requires 
the authorization of the breeder (Article 14 UPOV 
Convention). The breeder’s right is granted by an 
individual UPOV member.

In addition, the breeder’s right can be obtained for 
varieties which are essentially derived from the 
protected variety, a variety that requires the repeated 
use of the protected variety, or a variety which was 
not clearly distinguishable from the protected variety 

(Article 14, paragraph 5(a)). This may be relevant 
for synthetic biology as the UPOV Convention states 
that essentially derived varieties may be obtained 
for example by the selection of a natural or induced 
mutant, or of a somaclonal variant, the selection 
of a variant individual from plants of the initial 
variety, backcrossing, or transformation by genetic 
engineering (Article 14, paragraph 5 c)). 

To qualify for the breeder’s right, essentially derived 
varieties need to (i) be predominantly derived from 
the initial variety, or from a variety that is itself 
predominantly derived from the initial variety, 
while retaining  the expression of the essential 
characteristics that result from the genotype or 
combination of genotypes of the initial variety; (ii) 
be clearly distinguishable from the initial variety; 
and (iii) except for the differences which result from 
the act of derivation, conform to the initial variety 
in essential characteristics that result from the 
genotype or combination of genotypes of the initial 
variety. Where both the essentially derived variety 
and the initial variety are protected by breeders’ 
rights, the activities listed in Article 14, paragraph 1 
with regard to the essentially derived variety require 
the authorization of both breeders (UPOV 2009a). 

13.3. Exceptions to the breeder’s right

Article 15 to the UPOV Convention provides for 
certain exceptions to the breeder’s right. According 
to paragraph 1, compulsory exemptions address (i) 
acts which are both private and for non-commercial 
purposes; (ii) the use of a protected variety for 
experimental purposes; and (iii) the use of protected 
varieties for the purpose of breeding new plant 
varieties. The commercialization of a new variety 
would not require the authorization of the breeder 
of the protected variety, except where the new variety 
is an essentially derived variety, a variety that requires 
the repeated use of the protected variety or was a 
variety which was not clearly distinguishable from 

the protected variety in accordance with Article 14, 
paragraph 5 of the UPOV Convention. UPOV members 
may, under an optional exception in Article 15, 
paragraph 2 of the UPOV Convention, allow farmers 
to save harvested material for further propagation 
under certain circumstances (UPOV 2009b). While 
the TRIPS agreement leaves open the option of 
excluding from the scope of patentability inventions 
whose commercial exploitation needs to be prohibited 
to address these concerns, Article 17 of the UPOV 
Convention allows its members to restrict the free 
exercise of a breeder's right for reasons of public 
interest.
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e. selF-regulation by the scientiFic 
community

Self-regulation in this context does not mean that 
scientific practices are unregulated by national or 
other levels of government. Rather, it refers to a 
portion of the scientific community agreeing amongst 
themselves on certain conduct, generally additional 
to any existing legal or regulatory obligations. Self-
regulation is sometimes discussed as an option in 
lieu of formal statutory oversight (see Balmer & Martin 
2008), but it is rarely a matter of either/or. 

In the past, scientists in biotechnology have practiced 
“self-regulation.” In 1975, US scientists working on 
recombinant DNA technologies agreed to a short-lived 
moratorium on some aspects of their work, in the 
Asilomar Declaration (Berg et al. 1975). The Asilomar 
Declaration acknowledged areas of uncertainties 
around hazards of rDNA, and the difficulty in obtaining 
accurate estimates of risk. They identified broad types 
of experiments that could be matched with some 
confidence to minimal or moderate containment 
strategies, and chose to defer experiments on 
highly pathogenic organisms, toxic genes, and large 
scale experiments (Berg et al. 1975). After Asilomar, 
precautions for rDNA experiments gradually relaxed. 
Schmidt and de Lorenzo suggest this happened 
because few accidents occurred despite increasing 
use of rDNA (Schmidt and Lorenzo 2010). The 
Biotechnology Industry Organization explains that, as 
use of rDNA grew, a “culture of safety” strengthened 
(Erickson et al. 2011). The ETC Group instead sees 
the Asilomar Declaration as a strategic move to pre-
empt greater government oversight and narrow the 
focus of concern (ETC 2007). 

Synthetic biologists have talked about self-regulation 
but have not made any concrete agreements. The 
2006 “SB2.0” international conference on synthetic 
biology was initially anticipated to produce an 
“Asilomar-like” declaration, particularly with regards to 
the need for screening sequences. There are differing 
accounts as to why the draft declaration was never 
voted on or passed. According to some, there was 
concern that a call for self-regulation would be seen as 
“closed-shop” governance, and that society generally 
is “different” now (Campos 2009; Service 2006). 
The ETC Group, on the other hand, claims there was 
internal disagreement over whether to boycott non-
compliant gene synthesis companies (ETC 2007). 

Some scholars argue that Asilomar-like self-
governance is an inappropriate model for synthetic 
biology. Bennett et al. argue against assumptions of 
a cohesive community of experts that can exclude 
the public and make “gentleman’s agreements” in 
today’s context of aggressive patenting, internet news, 
and global security conditions (Bennett et al. 2009). 

The technological approaches to commercial 
surveillance are voluntarily undertaken and overseen 
by industry. Industry bodies such as the Biotechnology 
Industry Organization (BIO) argue that commercial 
self-regulation in DNA synthesis is sufficient, because 
“(at) this early stage of development, synthetic biology 
does not pose novel threats that are fundamentally 
different from those faced by the current biotechnology 
industry” (Erickson et al. 2011).
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F. conclusions

Some general principles of international law such 
as the duty to avoid transboundary harm, and 
the need to conduct an environmental impact 
assessment (EIA), together with the rules of State 
responsibility may provide some guidance relevant 
to addressing potential negative impacts resulting 
from the application of synthetic biology techniques, 
but would still form an incomplete basis to address 
all potential positive and negative impacts. There 
exist a range of uncertainties of their application 
in the absence of specific guidance. 

In addition, they may not be able to address the 
scope of the risks associated with some forms 
of synthetic biology techniques. Specific potential 
impacts of specific synthetic biology products might 
violate particular rules, but this cannot be determined 
unless there is greater confidence in estimates of 
such potential impacts. 

However, living organisms resulting from current 
synthetic biology techniques are “living modified 
organisms resulting from biotechnololgy” as 
defined by the Convention on Biological Diversity 
and therefore subject to its biosafety provisions 
(Articles 8(g) and 19). Living organisms resulting from 
current synthetic biology techniques also fall under 
the definition of “living modified organisms” under 
the Cartagena Protocol for Biosafety. Therefore, the 
requirements of the Cartagena Protocol pertaining 
to the transboundary movement, transit, handling 
and use of living modified organisms that may have 
adverse effects on the conservation and sustainable 
use of biological diversity, taking also into account 
risks to human health, also apply.

Gaps could occur where components and products 
resulting from synthetic biology techniques do not 
fall within the scope of a treaty regime. For example, 
components and products resulting from synthetic 
biology techniques that are not living modified 
organisms will not be subject to the requirements 
pertaining to the transboundary movement, transit, 
handling and use of all living modified organisms 
that may have adverse effects on the conservation 

and sustainable use of biological diversity contained 
in the Cartagena Protocol, nor the provisions on 
liability and redress contained in the Nagoya – Kuala 
Lumpur Supplementary Protocol. 

A number of treaties exist which, in general, provide 
for mechanisms, procedures or institutions that 
could address potential negative effects associated 
with the application of synthetic biology techniques, 
but where no specific guidance exists for their 
application. For example, States may be able to 
establish import restrictions on components, 
organisms and products resulting from synthetic 
biology techniques in accordance with the SPS 
Agreement. However, while specific guidance has 
been developed for the application of standards 
to living modified organisms, for example in ISPM 
No. 11 under the IPPC, no such guidance exists for 
components and products resulting from synthetic 
biology techniques. In addition, treaties like the SPS 
Agreement focus mainly on trade-related measures, 
which may not be sufficient to address all potential 
risks associated with synthetic biology techniques. 

Most regulatory mechanisms discussed in the 
present document were developed before the term 
synthetic biology became widely used and therefore 
they were not intended to cope with the scope and 
scale that some of the potential impacts of synthetic 
biology may have, including those with low and very 
low probability, but very high impacts. The only 
exception is the Biological Weapons Convention, 
which prohibits that its parties develop, produce, 
stockpile or otherwise acquire or retain microbial 
or other biological agents or toxins of types and in 
quantities that have no justification for prophylactic, 
protective or other peaceful purposes. While some 
treaties include frameworks for risk assessment, 
sufficient information may not be available for all 
synthetic biology techniques to effectively conduct 
risk assessments. It is a matter of disagreement 
among synthetic biologists, ecologists, industry and 
civil society, how well the potential dangers related 
to synthetic biology are known and can be assessed.
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Synthetic biology also raises a number of questions 
with regard to access and benefit-sharing. This 
includes whether the material being accessed for 
use in synthetic biology can be considered “genetic 
resources” or “genetic material” and whether the 
components, organisms and products resulting from 
synthetic biology constitute “derivatives” as defined 
in the Nagoya Protocol.

The International Treaty on Plant Genetic Resources 
for Food and Agriculture may also be relevant to 
synthetic biology with regard to the access to 
genetic resources for use in synthetic biology 
processes and the sharing of the benefits arising 
from commercialization. Its Article 12 requires 
parties to provide facilitated access to plant genetic 
resources for food and agriculture to other parties, 
including to legal and natural persons under their 
jurisdiction. This access is to be granted pursuant to 
a standard material transfer agreement (MTA) through 
the Multilateral System under certain conditions. 
Synthetic biology research that does not include 
chemical, pharmaceutical and/or other non-food/
feed industrial uses can access, in accordance 
with the relevant provisions of the ITPGRFA, the 
plant genetic resources for food and agriculture 
listed in Annex I to the Treaty, a pool of 64 food 
and forage crops. These plant genetic resources 
and their genetic parts and components cannot be 
protected through an intellectual property right that 
limits the facilitated access to them, in the form 
received from the Multilateral System. 

It appears that, in accordance with the Agreement on 
Trade-Related Aspects of Intellectual Property Rights 
(TRIPS), patents should be available under national 

law of WTO members (other than LDCs) for innovative 
products and techniques in the field of synthetic 
biology, provided that they constitute inventions that 
comply with the general patentability standards. The 
results of current synthetic biology research that is 
focused on modifying existing “natural” genomes 
could also qualify for the “breeder’s right” (a sui 
generis form of protection for intellectual property 
rights on plant varieties) under the UPOV Convention. 
As far as synthetic biology research may in the future 
result in the production of entirely novel genomes, 
it may be able to produce new plant varieties which 
could be protected by breeder’s rights, including 
varieties that are deemed essentially derived from 
a protected variety.

In sum, the components, organisms and products 
resulting from synthetic biology would fall under the 
scope of a number of regulatory mechanisms. While 
some instruments are sufficiently broad to address 
some of the current issues related to synthetic 
biology, gaps still exist relating to the practical 
implementation of these instruments to ensure the 
conservation and sustainable use of biodiversity, and 
the fair and equitable sharing of the benefits arising 
from the utilization of genetic resources. Discussions 
in international fora may be needed with a view to 
addressing the gaps identified in this document in an 
appropriate, consistent, comprehensive and adaptive 
manner. This could include a need to consider how 
to address potential impacts of very low probability 
but very high magnitude. Further discussions may 
also be needed if and when the advances in synthetic 
biology lead to the emergence of new gaps.
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