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BACKGROUND

1. In decision XI/11 on new and emerging issues mdgtd the conservation and sustainable use of
biodiversity the Conference of the Parties tooleraftthe proposals for new and emerging issuetingla
to the conservation and sustainable use of biosityeaind requested the Executive Secretary to:

@) Invite Parties, other Governments, relevargrivdtional organizations, indigenous and
local communities and other stakeholders to submagccordance with paragraphs 11 and 12 of dectisio
IX/29, additional relevant information on comporgmrganisms and products resulting from synthetic
biology techniques that may have impacts on thes@wation and sustainable use of biological diwgrsi
and associated social, economic and cultural cerdidns;

(b) Compile and synthesize relevant available métion, together with the accompanying
information;

(c) Consider possible gaps and overlaps with gpfiGable provisions of the Convention, its
Protocols and other relevant agreements relatesigponents, organisms and products resulting from
synthetic biology techniques;

(d) Make a synthesis of the above information,udioig an analysis of how the criteria set
out in paragraph 12 of decision 1X/29 apply to tiEsue, available for peer review and subsequent
consideration by a meeting of the Subsidiary BodySeientific, Technical and Technological Advice
prior to the twelfth meeting of the Conference bé tParties, in accordance with paragraph 13 of
decision IX/29;

2. In response this decision the Executive Secretapued notification 2013-0181 inviting
additional information on synthetic biology and erndok a review of information in accordance with
paragraph 5 of decision XI/12 with a view to enafplthe Subsidiary Body on Scientific, Technical and
Technological Advice to consider the proposal.

" UNEP/CBD/COP/12/1/Rev.1.

1 Available athttp://www.cbd.int/doc/notifications/2013/ntf-2018:8-emerging-issues-en.pdf
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3. An earlier version of this note was made availdbtethe information of the eighteenth meeting
of the Subsidiary Body on Scientific, Technical andlechnological Advice as
UNEP/CBD/SBSTTA/18/INF/3. The information note wdsveloped taking into account peer review
comments received from July to September 2013jraAgril 2014.

4. The current note is a substantially revised versiian takes into account comments made at the
eighteenth meeting of the Subsidiary Body on SifientTechnical and Technological Advice and
additional peer review comments received in Juty Aangust 2014.

5. It is accompanied by a second document focusingyaws and overlaps with the applicable
provisions of the Convention and its Protocols (enadailable as UNEP/CBD/COP/12/INF/12)2 for the
information of the twelfth meeting of the Conferencf the Parties to the Convention on Biological
Diversity.

2 Available athttp://www.cbd.int/doc/?meeting=COP-12
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A. EXECUTIVE SUMMARY

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

2. While there is no internationally agreed definition of “synthetic biology”, key features of
synthetic biology include the ‘tle novd synthesis of genetic material and an engineerinbased
approach to develop components, organisms and prodts. Synthetic biologybuilds on modern
biotechnology methodologies and techniques suchhigh throughput DNA technologies and
bioinformatics. There is general agreement thaptibeesses of synthetic biology aim to exercisearobn
in the design, characterization and constructiobiofogical parts, devices and systems to createemo
predictable biological systems. The areas of rebetitat are considered “synthetic biology” include
DNA-based circuits, synthetic metabolic pathway ieegring, synthetic genomics, protocell
construction, and xenobiology:

€) DNA-based circuitsinvolve the rational design of sequences of DNArtate biological
circuits with predictable, discrete functions, whican then be combined in modular fashion in variou
cell hosts. Genetic circuits are seen to functipa manner analogous to electronic logic componékés
switches and oscillators;

(b) Synthetic metabolic pathway engineeringaims to redesign or rebuild metabolic
pathways, to synthesize a specific molecule froen“tiell factory.” A synthetic pathway (typically ad
on naturally occurring DNA sequences that are cdempioptimized’) is added to the cell, and then
classic genetic engineering tools may be usedctease the desired output;

(©) Synthetic genomicdocuses on the genome as the “causal engine” afgtheTop-down
synthetic genomics starts with a whole genome, fndrich researchers gradually remove “non-essential”
genes to pare down to the smallest possible gersiraeat which the cell can function as desired. The
primary goal is to craft a simplified “chassis” which modular DNA “parts” can be added. Bottom-up
synthetic genomicgims to build functional genomes from pieces oftisggized DNA. At this point,
natural genomes are needed as models because matheDNA sequences that are necessary but have
unknown functions;

(d) Protocell construction aims to create the simplest possible componentsugiain
reproduction, self-maintenance, metabolism andutiml. Thus this research seeks to design for less
complexity at thecellular level (rather than at the genome level as in thsecof genome-level
engineering);

(e) Xenobiology (also known as chemical synthetic biology) is thelg and development of
life forms based on biochemistry not found in natuKenobiology aims to alter DNA and RNA to
produce XNA (xeno-nucleic acids) and novel protesnobiology is often cited as a potential “bunilt-
biocontainment mechanism to prevent gene transfefld organisms.

3. Current and near-term commercial and industrial applications of synthetic biology aim at
creating micro-organisms that synthesise productsof fuels, pharmaceuticals, chemicals, flavorings
and fragrances.The majority of these applications of syntheticldgry engineer microbes, such as the
frequently-used. coli, baker's yeastSaccharomyces cerevis)aand microalgae, to produce alternatives
to naturally-occurring or petroleum-based molecu@se such example is the production of artemisinic
acid in engineered yeast with the aim of manufamguan alternative to the naturally occurring anti-
malarial drug artemisinin, which is derived frofntemisiaplants. Another example is the production of
fuels such as biodiesel and isobutanol using stiatihology techniques. Synthetic biology technigjue
are also being explored and used for the produdfgoharmaceutical drugs (e.g. to lower blood sugar
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levels in adults with type 2 diabetes) and flavogsifragrances (e.g. vanillin)Although many of the
anticipated results of synthetic biology are higkbpeculative, synthetic biology, in combination hwit
modern biotechnology techniques, is producing ctiraed near-term commercial products and industrial
processes. The global synthetic biology market egisnated to be $1.1 billion in 2010, and predidte

be $10.8 billion by 2016. This market includes pretg for practicing synthetic biology techniquas;ts

as commercially-available stretches of synthesRdiA and the BioBrick™ Assembly Kit, as well as
products produced using synthetic biology techrsque

4, Components, organisms and products of synthetic biegy may have some positive impacts
on the conservation and sustainable use of biodivaty. Many of the applications of synthetic biology
aim at developing more efficient and effective waysespond to challenges associated with bioenergy
environment, wildlife, agriculture, health and chiesh production. Potentially, positive impacts magy
realized in a number of ways, including, for exaspl

(a) The development of micro-organisms designed forreediation and biosensors
resulting in pollution control and remediation ofveonmental media;

(b) Synthesizing products such as chemicals or drugupsers that are currently extracted
from plant or animal sources, thereby reducingptessure on wild species that are currently threate
due to over harvesting or hunting;

(©) Developing organisms designed to generate biofwdich may lead to decreased
dependence on non-renewable energy sources;

(d) In building on the achievements of modern biotedbgyin producing agricultural crops
that are tolerant to abiotic stress and pestshsyistbiology techniques that are more bioinforesand
computer assisted may potentially have the capahdi further refine expression and environmental
persistence of the products in the organism;

(e) Restoring genetic diversity through reintroducingjrect alleles, or even “de-extinction”
of species.

5. Organisms and products of synthetic biology couldlao have some negative impacts on the
conservation and sustainable use of biodiversitincluding, for example:

€) Microbes that are intended for release into thdrenment could have adverse effects
due to their potential for survival, persistencd gmansfer of genetic material to other micro-oigars;

(b) Potential undesired consequences could result fhemuse of “gene drive” systems to
spread traits aimed at the suppression or extmpaif populations of disease vectors (e.g. mosgsijto
One such undesired consequence could be the iotiodwf new diseases through the replacement of
the population of the original disease vector bgthear vector species (“niche substitution”);

(c) Possible toxic and other negative effects on nayetaorganisms such as soil micro-
organisms, beneficial insects, other animals aadtg|

(d) Potential negative impacts to the conservation ausdainable use of biodiversity could
arise from the transfer of genetic material to vpithulations via vertical gene transfer and intesgion.

6. Synthetic biology applications could also have indéct negative impacts on the conservation
and sustainable use of biodiversity arising from darge-scale increase in the utilization of biomass.
Much of the synthetic biology research is focuseddesigning organisms that will use biomass as
feedstock to produce fuels, chemicals, and phamtiseds. Some applications, e.g. fuel production,
would require high amounts of biomass, which cdeid to a rapid decline in soil fertility and stiue,
and contribute to biodiversity loss and climatergfethrough direct and indirect land-use change.
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7. The level of exposure of the environment to organiss and products of synthetic biology
will determine the level of biosafety-related conaes. In order to mitigate some of the potential
negative impacts on the conservation and sustanas® of biodiversity posed by organisms developed
through synthetic biology, containment strategias be used during their handling. Most of the aurre
and near-term applications of synthetic biologyoiwe living organisms that are intended for corgdin
use in research laboratories and industrial sedtihgmited biosafety concerns have been raised for
organisms being kept under strict containment dmrdi and focus on ensuring that appropriate measur
are in place to prevent contact with the extermalirenment through unintentional or unauthorized
releasesWhere applicable, organisms produced through stinthology may also be placed under
contained use outside of laboratories and induidt@lities by using physical measures to limieith
exposure to the environment. However, there is pasensus regarding the degree of physical
containment that is needed for organisms develtdedgh synthetic biology. Another emerging straiteg
is the use of synthetic biology techniques to dgwvarganisms that have integrated biocontainmaitstr
as in-built biosafety measures. This can includegkample, the use of trophic containment, intobidm

of suicide genes or xenobiology, i.e. the use afaia acids that contain components that are notdan
nature and, therefore, should not hybridize witturadly occurring organisms. There is, however,aleb
on the efficacy of any biocontainment strategy amether such systems will ever be fully functiooal

fail proof.

8. Applications where the organisms that have been pduced using synthetic biology
technigues and are intended for environmental relese will likely raise different biosafety concerns
than those of organisms intended for contained useOrganisms produced through synthetic biology
and introduced into the environment may have adveffects on the conservation and sustainable fuse o
biodiversity. This includes the potential for inixseness of the organism which may lead to an advers
effect on native species through the destructiohatfitat or a disruption of the trophic cascadendse
from organisms developed through synthetic bioltepghniques could also transfer to unrelated species
through horizontal or vertical gene transfer whitlay lead to a loss of genetic diversity and an
unintended spread of phenotypic traits. Other enitibnal adverse effects may occur and must be
assessed on a case-by-case basis. Current praeviaiwh procedures established under the Cartagena
Protocol on Biosafety, at the international lexaid in many existing national biosafety legislasioat

the national level, can effectively cover theseaaraf biosafety concerns.

9. Existing biosafety risk assessment frameworks arékkely to be sufficient to assess the risks

of current and near-term applications of synthetichiology on the conservation and sustainable use
of biodiversity. As synthetic biology develops, tlsi assessment may need to be revisitédost existing
biosafety regulations, including the Cartagenadtaton Biosafety, rely on case-by-case assessménts
risks which take into account the environment which be exposed to the organism, the charactessti
of the organism and its intended uses. Currennaagd-term commercial applications of synthetic dugl
build on techniques of modern biotechnology to trearganisms with novel combinations of genetic
material. As such, the general risk assessmentateltgy for living modified organisms is expected t
be applicable to organisms produced through syiath&ilogy, albeit specific consideration will likebe
needed to identify any gaps that exist in the aiskessment methodologies that are currently ire gtac
living modified organisms and propose guidance aw to fill such gaps. If and when future commercial
applications of synthetic biology evolve to usehtd@ques that do not rely on thevitro manipulation of
nucleic acids to cause inheritable changes in ganism, current risk assessment methodologies for
living modified organisms may no longer be suitalleme researchers reflect concern for the “unknown
unknowns” of synthetic biology in their call forgsificantly increased funding for dedicated synthet
biology risk research. They argue that no one yefetstands the risks that synthetic organisms faose
the environment, what kinds of information are regbtb support rigorous assessments, or who should
collect such data.

10. Synthetic biology could cause major economic shiftswith positive and negative
consequenceslf research in synthetic biology develops as mamycgate — or if current commercial
and industrial applications of synthetic biologypard in scale — synthetic biology could cause an
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economic paradigm shift towards economies in whitechnology, or industries based on the use of
biological resources, contribute a much more sicmitt share. However, how developing countries
would fare in such a global “bioeconomy” is notfsmlident. As seen with other technologies, it is
possible that synthetic biology applications woutthtribute to economic growth if adopted as niche
technologies by developing economies. Moreoverthgfit biology could benefit the economies of
developing countries through specific applicatiavisere the tropics and sub-tropics could be major
sources of the biomass needed as feedstock fobdsied processes. It is also possible that a
biotechnology-led bioeconomy would reinforce ing¢gbie trends in international trade; that the scéle
extraction and use of biomass to provide for a gldiioeconomy could be ecologically unsustainable;
and that natural products currently grown or haegsvould be displaced by industrial productiontro
micro-organisms resulting from synthetic biologgheiques. The shape of new bioeconomies and their
social, economic and cultural impacts will likelg mfluenced by government policies and regulations

11. From a health and social perspective, synthetic biogy may bring benefits but also
unintended effects.In relation to human health, further developmeéntsynthetic biology could lead to
positive impacts by helping to understand diseasehamnisms and through the discovery of new drugs,
development of vaccines, gene therapies and diigriosls. As is historically the case in humanltiea
research, unintentional negative effects from dragsl therapies resulting from synthetic biology
technigues may trigger unanticipated adverse sffeecthuman health. Synthetic biology techniques may
provide tools to better detect and identify pathigagents and responding to biosecurity threatsth®
other hand, the components, organisms or prodéisimehetic biology used in research may also lgel us
for damaging results, such as creating biologicahpons or pathogens that target natural resources.
addition to the potential negative environmentgbacts mentioned in paragraphs 5 and 6 above, ithere
also concern around the social impacts of increégemiass use for the production of fuels, chemicals
and pharmaceuticals by organisms engineered threyrghetic biology. For example, an increase in the
demand for biomass could cause communities to dosess to local natural resources and small-scale
subsistence farming to be replaced by large-seatenercial farming practices.

12. Like other modern biotechnologies, synthetic biolog raises ethical questionsaround the
level of predictability of its positive and negatie 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 creatibde novoorganisms has been crossed, and what the
ethical implications of this might be. There arsoatoncerns surrounding the effect of synthetitoip

on the public perception of biodiversity and comaéion. For example, one of the specific appliaaiof
synthetic biology are “de-extinction” projects whicaise ethical issues, such as how best to waigh a
balance a project's potential harms and benefitsy fimited resources for conservation should be
directed, and whether support for situ conservation might be seen as less pressing dubeto
expectation that ‘lost’ species can be resurrected.

13. Intellectual property right regimes are still devebping around synthetic biology, and could
impact the development of the field and specific ggications. Two main models of intellectual
property for synthetic biology techniques, compdsgnrganisms and products seem to be forming: a
system with heavy reliance on patenting the compisnerganisms and products of synthetic biology,
and a system based on a combination of patentmg@id organisms and products of synthetic biology
while sharing the use of the components (e.g. DNuences, methods, software) used in the
development of such organisms and products. Depgratfi the intellectual property rights regime tisat
mostly applied, innovation in synthetic biology mbg encouraged, stifled, or directed towards aertai
kinds of applications or users.

B. PREAMBLE
14. Synthetic biology falls within the scope of bioteology, as defined by the Convention on

Biological Diversity i.e. “... any technological glcation that uses biological systems, living arigans,
or derivatives thereof, to make or modify productsprocesses for specific use.” Synthetic biology
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methodologies and techniques share various degfeegerlap with those of “modern biotechnology”
and, in particular, the “application oh vitro nucleic acid techniques [...] that overcome natural
physiological reproductive or recombination bagiemd that are not techniques used in traditional
breeding and selection” as defined in the Cartaggotocol on Biosafety.

15. During the peer-review process of this documentpynaviewers noted that current and near-
ternt? commercial applications of synthetic biology bubd techniques of modern biotechnology to
create organisms with novel combinations of genetaterial. As a result, many of the examples of
organisms developed through synthetic biology wilaighgiven throughout the document are also “living
modified organisms” (LMOs) as defined in the Caeta@ Protocol on Biosafety as “...any living

organism that possesses a novel combination oftigematerial obtained through the use of modern
biotechnology”.

16. The term “classic genetic engineering” is usechis ocument, where necessary, to distinguish
organisms resulting uniquely from modern biotecbggltechniques from those organisms resulting from
synthetic biology techniques combined with modeatdzhnology.

C. TECHNICAL BACKGROUND ON SYNTHETIC BIOLOGY
1.Introduction

17. While there is no internationally agreed definitiofi “synthetic biology”, key features of
synthetic biology include the “de novo” synthesiggenetic material and an engineering-based apbroac
to develop components, organisms and products.h&iatbiology builds on modern biotechnology
methodologies and techniques such as high throadbiga technologies and bioinformatics.

18. One of the most commonly cited definitions of swiit biology is: (i) the design and
construction of new biological parts, devices, aydtems, and (ii) the re-design of existing, nadtura
biological systems for useful purposes.4 Furtheanfmllowing a request by the European Commission,
a consultative process among three Scientific Cdrees arrived at an operational definition whereby
synthetic biology “is the application of scienae;iinology and engineering to facilitate and acetdethe
design, manufacture and/or modification of genetiaterials in living organisms to alter living oom
living materials” (European Commission 2014).

19. Synthetic biology represents a shift in the drivifggces of biology, from discovery and
observation to hypothesis and synthesis (BenneS&rdour 2005; Kitney and Freemont 2012; Lim et al.
2012; Sole et al. 2007). Synthetic biology toolsvisle opportunities for the “empirical validatiori o
model-driven hypotheses” (Esvelt and Wang 2013bé&Nand Fussenegger (2012) refer to it as “analysis
by synthesis”. While research in synthetic biolagay lead to findings on the “origin of life” and a
greater understanding of the essential functiongesfomes, the majority of research is focused on
commercial and industrial applications (EGE 200&mLet al. 2009; O’Malley et al. 2007; IRGC 2010).

20. The term “synthetic” has been used by geneticistd biologists decades before the term
“synthetic biology” was coined, e.g. “synthetichality” (Lucchesi 1967) and “synthetic phenotype”
(Guarente 1993). In fact, the synthesis of DNA rooles dates over 30 years ago (Gait 1984). The
current use of the term “synthetic biology” arosethie early 2000s to distinguish this emerging afea
science from classic genetic engineering (O'Malley al. 2007; Campos 2009). In 2004, the

8 For the purposes of this document, “near-term’liapfions are those expected to be fully develogethg the next 5 to 10

years.

4 This definition is found avww.syntheticbiology.orghosted on OpenWetWare. The site was starteddividtuals at MIT

and Harvard and can be edited by “all members@Synthetic Biology community.” Accessed on 6 M&yL2.
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Massachusetts Institute of Technology (MIT, USA}ted “the First International Meeting on Synthetic
Biology,” SB1.0° In 2007 the number of annual academic publicationssynthetic biology first
exceedd 100 (Oldhanet al. 2012). The global synthetic biology market reachedrly $2.1 billion in
2012 and $2.7 billion in 2013. This market is expddo grow to $11.8 billion in 2018 with a compdun
annual growth rate of 34.4% over the five-year qubrirom 2013 to 2018.Forty countries are in the
“core landscape of research” on synthetic biologyst research happens in the USA and European
countries, but other sites of major research irelGtina, Brazil, India, Mexico, Argentina, Souttrisé

and Singapore (Oldhamt al. 2012). Oldhamet al. (2012) found 530 funding sources for published
synthetic biology research, the majority from gaoveent agencies and national coalitions such abthe
National Science Foundation, the European UniormEreork programme, and the Human Frontier
Science FoundatiohA 2013 mapping of synthetic biology research aachmercial production by the
Woodrow Wilson International Center for ScholarsMWCS 2013a) found a total of 508 unique entities
conducting synthetic biology research, which ine&id92 companies and 204 universities. The top five
application focuses of designers/manufacturers wttinty synthetic biology research were medicine;
specialty/fine chemicals; fuels and fuel additivelsistics, polymers and rubbers; and plant feedsttar
microbe consumption (WWICS 2013a).

21. Disagreement over a definition for synthetic biglag tied to differing views on the novelty of
the field of synthetic biology and its relationshijith classic genetic engineering (Nielsen & Kaagli
2011; PCSBI 2010; Zhang et al. 2011). Synthetidoliyp applications use many techniques that are
primarily extensions of classic genetic engineeaitged by greater computing power. As such, theze a
two ways in which synthetic biology is often digfinshed from classic genetic engineering: (i) imie

of the methods that are adopted, and (ii) in teofrthe sophistication and complexity of the worlai(T
2009). Even within scientific communities, there differences of opinion on whether synthetic lhglo

is revolutionary or an incremental advancementiotelchnology (PCSBI 2010; Zhang et al. 2011). This
range of viewpoints leads to different perspectiieasth on the status of current synthetic biology
applications and on expectations for the futursyoithetic biology. The majority of current and nesm
commercial and industrial applications of synthdticlogy use synthetic DNA-circuits and metabolic
pathway engineering. These two approaches aredaotechniques of classic genetic engineering and,
depending on one's perspective, may not be coesidgmthetic biology. Thus, synthetic biology deals
almost entirely with theoretical applications asdcurrently mostly restricted to research laboiaso
From a broader view, commercial, industrial, angeegch applications of synthetic biology are alyead
happening and are rapidly proliferating (Industia&btechnology 2014). Expectations for the futufe o
synthetic biology also differ. If synthetic biolodiwves up to its perceived potential, predictabtel a
rational design of biological components and systeould usher in a new paradigm for biology. Bus it
unclear if or when this will happen. Many of theuie synthetic biology applications aim at positjve
impacting biodiversity and would require environr@melease, thus posing different biosafety comger
as compared to the current uses under containfAade(son et al. 2012).

s In July 2013, SB6.0, the “Sixth International Mag on Synthetic Biology” was held in London, UK.
6

SeeSynthetic Biology: Global Marketat http://www.bccresearch.com/market-research/bioteldyy/synthetic-biology-
bio066c¢.html accessed on 17 September 2014.
7

The Human Frontier Science Program is an int@mak programme established by Australia, Canadmde, Germany,
India, Italy, Japan, South Korea, Norway, New Zed|s&witzerland, the UK, the European Union anduihited States (Oldham
etal.2012, 10).

8 As reported by CBD Parties in their submission;iew and emerging issues that synthetic biology the phase of

concept testing in laboratories.
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Box 1. Definitions of synthetic biology

Richard Kitney and Paul Freemont (synthetic biolgs)

There is, in some quarters, still doubt about teéndion of synthetic biology. This is not a vieheld by the
international synthetic biology community....The gueel definition is “synthetic biology aims to dgsi and
engineer biologically based parts, novel devices systems — as well as redesigning existing, niahicdogical
systems.” (Kitney and Freemont 2012)

US Presidential Commission for the Study of Bioethl Issues

Synthetic biology is the name given to an emerdielg of research that combines elements of bigleggineering,
genetics, chemistry, and computer science. Therghvbut related endeavors that fall under its utigbrely on
chemically synthesized DNA, along with standardizetd automatable processes, to create new biochke
systems or organisms with novel or enhanced charistits. (PCSBI 2010)

International Civil Society Working Group on Synthie Biology

Synthetic biology broadly refers to the use of catep-assisted, biological engineering to design @rgstruct new
synthetic biological parts, devices and systems dioanot exist in nature and the redesign of exgstiiological
organisms, particularly from modular parts. Synithbtology attempts to bring a predictive enginegrapproach td
genetic engineering using genetic ‘parts’ that dr@ught to be well characterized and whose behasdor be
rationally predicted. (ICSWGSB 2011)

Carolyn M.C. Lam, Miguel Godinho, and Vitor A.P. Mtins dos Santos (synthetic biologists)

SB is a field that aims to create artificial cediubr non-cellular biological components with fuoos that cannot b
found in the natural environment as well as systerade of well-defined parts that resemble livintiscend known
biological properties via a different architectufleam et al. 2009)

Scientific Committees to the European Commission

SynBio is the application of science, technologgl angineering to facilitate and accelerate thegieshanufacture
and/or modification of genetic materials in livimgganisms to alter living or non-living materialEufopean
Commission 2014).*

UK Royal Academy of Engineering

Synthetic biology aims to design and engineer lgjicially based parts, novel devices and systems elk as
redesigning existing, natural biological systemaER009).

Thomas Murray (bioethicist)

“Synthetic biology embodies: a faith that biolodicystems can be brought to heel, and made prétictand
controllable; a stance toward the intricacy of bgital organisms aptly described by Tom Knight m$aternative
to understanding complexity is to get rid of it”;canfidence that biological entities can be hackedrt and
reassembled to satisfy human curiosity and to sempmrtant, legitimate human purposesh@pethat error and
malevolence can be deterred, contained or out mamneé through the vigilance of governments andeeigly, the
collective efforts of well-intentioned scientisegineers and garage biologists” (Various 2009).

" The first preliminary opinion on “Synthetic Biology Definition” comprises a survey of more than Zimitions (European
Commission 2014).

mic

14
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2.Supporting technologies

22. Synthetic biology relies on a suite of supportieghnologies, which are also used in classic
genetic engineering, that have become dramatitadbgr and less expensive since the 1990s (RAE; 2009
Garfinkel and Friedman 2010). Computational modghmd the connected fields of bio-informatics and
information sciences have catalyzed synthetic bipleesearch by making simulation possible amd
silico testing of biological systems (Schmidt 2009; Esaed Wang 2013). The ability to sequence DNA
— to determine the order of nucleotides within detole of DNA — is key to all areas of synthetiolbgy
research. Scientists have been able to sequencenaihgze DNA since the 1970s, but high-throughput
next generation sequencing methods and computgrgmones make it possible to read longer lengths of
DNA at much faster speeds for less money, oftealigying short sequences of overlapping stretclies o
DNA through computer analysis. Using metagenomiglstoscientists are able to sequence many
microbial organisms in an environment at once &g identify novel, potentially useful, systems RA
2009). The term “omics” is sometimes used to grtg profiling techniques that analyze biological
systems at the genomic, transcriptomic, proteomitraetaboliclevels (Joyce and Palsson 2006).

23. The ability to chemically synthesize DNA also dateshe early 1970s (Garfinkel al. 2007).
The introduction of automated DNA synthesis machiias saved time and effort on the part of
researchers using synthesized DNA for experime@&rfinkel and Friedman 2010; Schmidt 2009).
Oligonucleotides, short strands of DNA between@®3Q0 nucleotides in length, can still be produiced
individual laboratories, but it is becoming far maommon for laboratories to simply order them from
commercial companies (Garfinket al. 2007). Using proprietary techniques, machines dso ereate
DNA strands up to the size of a gene, hundredhausands of base pairs in length. Techniques fok DN
assembly have also advanced, with laboratoriesnadeveloped variouis vivo assembly systems by
which genome-length DNA strands can be assembledca within a cell (Baker 2011). For example, the
“Gibson assembly” isothermal method uses a reagengme mix to assemble multiple fragments of
DNA in a single reaction (Gibsaet al. 2009). DNA synthesis technologies are not yet tmaenough
for the convenient and economical engineering afedlagenomes” (Mat al. 2012). Nonetheless, it is
widely anticipated that tools for DNA synthesis lvweibntinue to dramatically drop in price and expamea
size and reliability of production (POST 2008; Garl 2009; Schmidt 2010). J. Craig Venter has
described the movement of biological informatiotoiand out of computers as “biological teleportaitio
sequencing on-site genomes, placing and retrieséiogience information on the internet, and conwgrtin
them back into DNA sequences (Industrial Biotechggl2014).

24. Directed evolution is a supporting biotechnologytmoel often employed for synthetic biology
(Cobbet al.2012; Ericksoret al.2011). Researchers create a range of variatioa®ialogical entity and
apply selective pressure to them with the goaldehtifying those with desired properties. This t&n
done physically in the laboratory or on a compijiersilico), using bioinformatic tools to predict the
fitness of sequences (Cobbal.2012). Various tools can be used to create thetiamis. For examples,
through gene knockout, single or multiple genesedtieer disabled or removed from a genome (Burgard
et al. 2003). Another technique is gene shuffling, in ehiDNA is randomly fragmented and
reassembled, and the results are tested for suglenies as increased enzyme activity and improved
functions of specific proteins (Skerket al. 2009). Furthermore, genome shuffling can be usedpilly
evolve the genomes of microbes. For example, Hdiwalyss Institute has developed a technology
called multiplex automated genome engineering (MA&Ehey used MAGE to optimize a pathway in
Escherichia coli, simultaneously modifying 24 genetic components, dpoing over 4.3 billion
combinatorial genomic variants per day, which wiben screened for desirable traits (Wangl. 2009).
Such techniques can be applied to microbes alrzadgformed with or built from synthetic DNA, as a
way to further fine tune for specific results, arah also be used for de novo protein synthesist{Rewl
Carballeira 2007; Hidalgo et al. 2008; Doughertg Annold 2009).

g Seehttp://wyss.harvard.edu/viewpage/338¢cessed on 23 March 2013.
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25. Synthetic biology also employs techniques for gea@liting using sequence-specific nucleases,
such as zinc finger nucleases (ZFN), transcriptimtivator-like effector nucleases (TALEN), and
clustered regularly interspaced short palindrorejgeats (CRISPR) which can be engineered to bind to
DNA sequences in specific manners (Carroll 2018nkrt 2014). TALENs were used, for example, to
create a mutation in rice aiming at increasingdtsstance to the bacterial pathoge@mthomonas oryzae
which causes a blight disease responsible forfgigni losses in rice productivity (lat al 2012). Other
synthetic biology approaches rely on techniquegfigenetic modifications, such as RNA-directed DNA
Methylation (RDDM) which was first described by WWaseggeet al (1994). Epigenetic modifications
are caused by chemical additions to DNA and histotiet are associated with changes in gene
expression and are heritable but do not alter timegpy DNA sequence (Law and Jacobsen 2010).

3.Areas of synthetic biology research

26. There is general agreement that the processeqtifetic biology aim to exercise control in the
design, characterization and construction of biiglalg parts, devices and systems to create more
predictable biological systems (Nuffield 2012; IC6&B 2011; Kitney and Freemont 2012; PCSBI
2010; ECNH 2010). Sometimes described as a “comgrtechnology,” synthetic biology brings
together and builds upon multiple fields, includirmgineering, molecular biology, information
technology, nanobiotechnology, and systems biokadso known as systeomics) (EGE 2009; PCSBI
2010; RAE 2009). Synthetic biology uses availaldehnhologies for genetic modification, but in
particular aims at the acceleration and facilitatd the process; this includes increasing its iptadility
(European Community 2014).

27. The areas of research that are considered “syothailogy” 10 include DNA-based circuits,
synthetic metabolic pathway engineering, synthgdicomics, protocell construction, and xenobiology.

3.1. DNA-based circuits

28. The goal of this area of synthetic biology reseasctihe rational design of sequences of DNA to
create biological circuits with predictable, digerdunctions, which can then be combined in modular
fashion in various cell hosts. Genetic circuits seen to function as electronic logic componeriks, |
switches and oscillators (Lam et al 2009; Heinemand Panke 2006). The idea of interchangeable,
discrete parts that can be combined in modulaiidasis “one of the underlying promises of the whole
approach of synthetic biology” (Garfinkel and Friegh 2010). Initial circuits were conceptually simpl
such as the “Toggle Switch” (Gardner et al. 200@Q) the “repressilator’ (Elowitz & Liebler 2000);dke
have been combined and built upon to create mgrkisticated “devices”, such as biosensors (Marghisi
& Rudolf 2011). The cells used in this research aften prokaryotic, but research is also occuriing
eukaryotic cells such as yeasts and mammalian @eksert et al. 2014; Marchisio & Rudolf 2011;
Wieland & Fussenegger 2012). DNA-based circuits syrmthetic metabolic pathway engineering (see
section 3.2) are sometimes considered togetherubec®NA-based circuits are often deployed in
engineering metabolic pathway changes (Pauwels 2082).

29. This is the area of synthetic biology that mosedily aims to “make biology into an engineering
discipline” (O’'Malley et al. 2007). Bioengineer DveEndy’s foundational 2005 paper in Nature applied
three ideas from engineering to biology: standat@hn of basic biological parts and conditions to
support their use; the decoupling of design frobri€ation; and using hierarchies of abstractionhsd
one could work at a specific level of complexitythvaut regard to other levels. One of the earliest a
highest profile standardization systems for thagiesf DNA “parts” was established by scientistglan
engineers at MIT in 2003. BioBricks™, sequence®NA encoding a biological function, are intended
to be modular parts that can be mixed and matclyecesearchers designing their own devices and

10 Other areas of research sometimes included w@Bifnclude engineered synthetic multicellularitglahe design of

microbia consortia that communicate across spetidsoordinate towards human-specified ends (&&ah.2009; Maharbiz
2012). These areas are not discussed in this dotdwmeause they are not frequently included whersSiscussed, and
commentators have not addressed them in term&ivfithplications for ethics, biosafety, biosecurity other aspects.



UNEP/CBD/COP/12/INF/11
Page 14

systems. A major platform for demonstrated useBioBricks™ has been the annual International
Genetically Engineered Machine competition (iGElﬂiI).The iGEM Foundation (which runs the
competition) also hosts an open website, the RggidtStandard Biological Parté,where researchers
share the DNA sequences for parts designed follpidioBrick™ standards. Since 2004, iGEM has
provided a platform for undergraduate studentsuitdibiological systems using existing BioBricks™
and designing original part3.It has grown rapidly, launching a high school siwh in 2011 and an
Entrepreneurial Division in 2012. The 2012 iGEM gmtition had 190 teams, with over 3000
participants from 34 countries. Thanks to the Regisf Standard Biological Parts and iGEM, and
perhaps also its appealing and accessible analitQyLwgo® pieces, this is one of the most publicly
prominent areas of synthetic biology research, gxyantation and development (O’Malley al. 2007,
Collins 2012; ECNH 2010; PCSBI 2010). Although fRegistry of Standard Biological Parts is a non-
profit organization, there are also commercialtegiusing proprietary systems to produce libradgs
modular parts. For example, Intrexon, a privatelgldh biotechnology company, advertises its
UltraVector® platform as “an operating system coisipg advanced DNA construction technologies,
cellular and protein engineering, computational el®dnd statistical methods which facilitate theida

design, testing and production of complex biologiystems™*

30. The current reality of DNA circuit construction f&ar from the simplified modularity of
engineering; but modularity continues to be prochisa the horizon. In 2006, Heinemann & Panke
(2006) noted that the design process for genetieiarks was still an iterative process, containing
“considerable elements of trial and error”. In 201ds was still the case, as Schmidt and de Larenz
(2012) explained that the ability to forward-engindevices with more than 20 genes or parts watekim
by a lack of understanding of genes, still reqgjnialiance on trial and error. Additionally, thedwsry of
Standard Biological Parts includes thousands oftspabut many are undefined, incompletely
characterized, and/or do not work as described 2@L0; Baker 2011).15 In 2009, the International
Open Facility Advancing Biotechnology (BIOFAB) wdsrmed, initially with a grant from the US
National Science Foundation, to address these gmshIBIOFAB has been working to create a library of
professionally developed and characterized partsarpublic domain (Baker 2011; Mutalik et al. 28,13
b).16 In 2013, BIOFAB announced that its reseachead established mathematical models to predict
and characterize “thousands of high quality stash@élogical parts”.17

3.2. Synthetic metabolic pathway engineering

31. This is an area of research that aims to redesigrefwuild metabolic pathways in order to
synthesize a specific molecule from a “cell factqityam et al. 2009; Nielsen and Keasling 2011). fehe

is disagreement over whether metabolic pathwaynemging may indeed be considered an approach of
synthetic biology or as classic genetic enginggrimhich was rebranded as synthetic biology to take
advantage of the hype over synthetic biology (Poacal Pereto 2012; Various 2009). In support of the
former, Nielsen and Keasling (2011) explain thailevin metabolic engineering done through classic
genetic engineering an organism that naturally peced the desired chemical is improved throughrstrai

11 seenttp:/ligem.org/Aboytaccessed 22 Feb. 2013.
12

Seehttp://parts.igem.org/Main_Pagaccessed 15 August 2014.

13 As discussed in section 7.3 on social aspecteriainment, the iIGEM competition also requires fraticipants reflect

upon potential impacts of their projects.

14 Intrexon Corp. lfttp://dna.com/OurApproach/UltraVecjor

15 iGEM claims to have changed its evaluation créitén encourage teams to submit well-characterindd-measured parts.

These changes were made in 2011 and are consegquentkflected in the papers referenced. The 2GE3 contest website
noted significant improvement in the quality of fpdocumentation in the last few years, as welhascontinued presence of
parts that needed to be discontinuleip(//2013.igem.org/Welcomaccessed on 16 Jan. 2014).

16

Seehttp://www.biofab.orgaccessed on 25 March 2013.

o Seehttp://biofab.synberc.org/content/bootstrappingidstinology-engineers-cooperate-realize-precisiamgnar-

programming-cellsaccessed on 19 August 2014.
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breeding or genetic modification to increase preidug synthetic biology enables scientists to statth a
“platform cell factory” that would not naturally @duce any of the chemical. A synthetic pathway
(rationally designed or based on a natural sequeatceomputer optimized) is added to the cell, tireh
classic genetic engineering tools may be usedd®ase the desired output (Nielsen and Keasling;201
Venter 2010). Some also claim that the aim of sstithbiology to systematically engineer metabolic
interactions sets it apart from metabolic engimepdone through classic genetic engineering (Askid
Fletcher 2006; Lanet al. 2009), and that synthetic biology tools make isgible to build non-natural
pathways that would be difficult to produce wittasdic genetic engineering techniques (PaueieH.
2013). Regardless of whether metabolic pathwayremging is considered a tool of synthetic biology o
not, it, nevertheless, relies amvitro nucleic acid techniques, and as such organisnagectehrough its
use clearly fall under the definition of LMOs ag fiee Cartagena Protocol on Biosafety.

32. Many of the first-wave synthetic biology commerciapplications use metabolic pathway
engineering to replicate naturally occurring molesyWellhausen and Mukunda 2009). The majority of
the existing and near-term synthetic biology prigdisted in section 4 bellow falls in this categor
Although initial expectations were that synthetigldgy metabolic engineering would efficiently prox
cheap biofuels, companies have found it easiemterghe commercial markets of higher-value and
lower-volume products, such as cosmetics, pharntigeéuand specialty chemicals (Hayden 2014;
Keasling 2012; WWICS 2012). A major focus of resbars on engineering microbes, such as the
frequently-used E. coli and Saccharomyces cerevi{fiaker's yeast), to produce substances suclelas fu
(such as Amyris' Biofene), medicines (such as Sanofemi-synthetic artemisinin), and
flavoring/fragrances (such as Evolva's vanillinth€ microorganisms that are a focus of metabolic
pathway engineering are microalgae, including ttukgryotic cyanobacteria and eukaryotic algae such
as Chlamydomonas and Nannochloropsis.

3.3. Genome-level engineering

33. This area of synthetic biology research focusetherngenome as the “causal engine” of the cell
(O'Malley et al. 2007)*8 Rather than designing short DNA sequences or erging specific metabolic
pathways, researchers work at the whole-genomd. |&¥ere are two strategies for genome-level
engineering: top down and bottom up.

34. Top-down genome-engineering starts with a wholeogen from which researchers gradually
remove non-essential genes to pare it down to rialast possible genome size at which the cell can
continue to function as desired. The primary gedbicraft a simplified “chassis” to which modul2NA
“parts” can be added (O’Mallegt al. 2007; Lamet al. 2009). The smaller genome is meant to reduce
cellular complexity and thus the potential for upested interactions (RAE 2009; Sa¢ al. 2007,
Heinemann and Panke 2006). Although the genomé&s obli and Mycoplasma genitaliunhave been
successfully reduced by 8 to 21%, many essentiaégevith unknown functions remain (Lagt al.
2009). Porcar and Pereto argue that we are “atiliffom a true chassis (2012).

35. Bottom-up genome-engineering aims to build funalaenomes from fragments of synthesized
DNA, it is also referred to as “synthetic genomi@SGE 2009; Garfinkedt al. 2007; Kéniget al. 2013).
Thus far, researchers have reproduced the viralrges of polio (Cellet al. 2002) and the 1918 Spanish
influenza (Basleet al. 2001; Tumpeet al. 2005). In 2010, the J. Craig Venter Institute (JQMiblished
the successful synthesis and assembly of the gewdilycoplasma mycoided.08 million base pair
long), and its transplantation intohh capricolumcell stripped of its genome (Gibsen al. 2010). In
their article inSciencethe authors described their work as being ingsbantrast to more classic genetic
engineering, because they had produced cells basembmputer-designed genome sequentisd. ).
Furthermore, the first synthetic chromosomesatcharomyces cerevisibas been synthesized recently
(Annaluruet al 2014). Others have pointed out that the synttgitome was almost entirely copied
from an existing genomete novoorganisms are not being designed (Porcar and P2edid). Natural

18 This section and the next on protocells are sanesticategorized together, and sometimes top-dodibattom-up

genomic engineering are separated, but all are amynincluded within the scope of SB.
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genomes are needed as models because many DNAeeg@ee necessary but have unknown functions.
As Gibsonet al. (2010) acknowledge, there is still no single calfidystem in which the biological roles
of all of the genes are understood. Still, the axgttargue that their success paves the way fohegizing

and transplanting more novel genomes (Gibstoal. 2010). And, by assembling the longest genome yet
from synthetic DNA, the JCVI researcheis’vivo assembly demonstrated a way to bypass the length-
limits of DNA synthesis machines (M al.2012).

3.4. Protocell construction

36. Like the search for a minimal genome, researcheekisg to create a protocell are driven to
design for less complexity at the cellular ratheart genome level. Protocells have been described as
“models of artificial cells that have some propestiof living systems but are not yet fully alive”
(Armstronget al. 2012). Protocell research aims to create the sishgdossible components to sustain
reproduction, self-maintenance and evolution (Letnal. 2009; Soleet al. 2007). This is understood to
require three things: a container or membrane tdimm®e reactions; a metabolism so that energy can be
stored; and molecules to carry information in ortteadapt to changing environments (EASAC 2010;
Soleet al. 2007). Research is aiming to achieve compartmeatain through approaches such as lipid-
based vesicles, inorganic nanoparticle based membrasicles, and membrane-free peptide/nucleotide
droplet formation (see Pauwaeds al. 2013). Cell-free approaches attempt to eliminals @ltogether to
provide a more controllable biochemical contextdgnthetic biology devices (RAE 2009; Pauwetisl.
2013).

37. Research in this area is vibrant, but thus farimet to a basic level. Although many protocell
scientists are seeking to identify new biotechnglggoduction systems, much protocell research is
intended to explore the origin of life (Budin anzioStak 2010; Lirret al. 2012; Schmidt 2010). Potential
protocell applications include the development mig “paints” that fix carbon dioxide into inorgani
carbonate, chemical agents that convert envirormhemaste toxins into harmless chemicals, and
alternative methods of producing biofuels (Armsgehal. 2012).

3.5. Xenobiology

38. Xenobiology (also known as chemical synthetic lglais the study of unusual life forms, based
on biochemistry that is not found in nature (Pasvetlal. 2012; Schmidt 2010. Xenobiology aims to
alter the “biochemical building blocks of life,” cln as by modifying genetic information to produce
xeno-nucleic acids (XNA) or by producing novel gios (Joyce 2012; Schmidt 2009). One approach to
producing XNA is to modify the nucleotide bases @fA beyond A, G, C, and T, incorporating
alternative synthetic nucleotides into DNA (Joy€d.2; Pinheiro and Holliger 2012; Pinhegbal. 2012;
Sutherlancet al. 2013). Candidate bases are being tested for imciusto DNA with success; Pinheist

al. (2012) engineered six alternative genetic polyntapsable of base pairing with DNA and polymerases
that could synthesize XNA from a DNA template aaderse transcribe XNA back into DNA. This is not
yet a “synthetic genetic system” because DNA i séicessary at multiple points in the process ¢doy
2012), but it shows that synthetic polymers areabgp of heredity and Darwinian evolution, meaning
“DNA & RNA are not functionally unique as geneti@tarials” (Pinheireet al. 2012).Another approach

to XNA is to replace the “backbone” that the basesnect to or the sugar moiety. Thus, instead of
deoxyribonucleic acid (DNA), information is storeth peptide nucleic acids (PNA), glycerol nucleic
acids (GNA), and flexible nucleic acids (FNA) (P&ifo and Holliger 2012). A third approach is to
modify the nucleotides’ pyrophosphate leaving gréignget al. 2013). Another area of research is the
production of novel proteins that are stable but foand in nature (“never-born-proteins”) (Schmidt
2009). There are 20 common amino acids, but reseexrchave identified in the laboratory over 50
unnatural amino acids that can be incorporateddrgeptide (Hartmaet al. 2007). Recently, a bacterium
was produced where one base pair of the originah Msls altered to XNA resulting is the first orgamis

to stably propagate an expanded genetic code (Welyst al. 2014).

19 Joyce (2012) also describes this as “alternatigkoby.”
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39. Xenobiology is often cited as a potential builtbiological containment mechanism (see section
7.2) to prevent gene transfer to and from wild oig@s (Esvelt and Wang 2013; PCSBI 2010; RAE
2009; Schmidt 2009; Schmidt 2011; Skerkeal. 2009). The physical transfer of genetic materiajhhi

still occur, but in theory natural polymerases wiolgé unable to accurately read the XNA, and woulr t

not lead to the production of a protein (SchmidD20 This goal is often described as producing
“orthogonal” systems, where modifying one componeépes not result in side effects to other
components in the system (Moe-Behretsal. 2013; Schmidt 2010). Orthogonality is a foundation
property of engineering, and synthetic biologigts attempting to achieve its expression withinnigi
systems. Scientists aim at using synthetic biolmggchieve two types of orthogonality: first, paatsd
devices inserted into a cellular chassis may bkeogdnal to the chassis’ own genome and proteome,
which in theory should prevent unpredictable imtdoms and enhance the predictability of designs;
second, organisms resulting from synthetic biolowy be orthogonal to the biotic environment in viahic
they are released, which should help prevent hot@aene transfer as described earlier. This ¢laim
however, is untested as xenobiology is in an eathge of development (Pauwets al. 2012).
Furthermore, orthogonality is a property of system# there is quite a diverse understanding within
synthetic biology of what a system is, and theeeflr what extent orthogonality can be attributedt to
(Delgado and Porcar 2013). A key issue is whethse ohooses to understand the system as a
composition of parts, or whether one puts the famushe relational nature of living systems andrthe
emergent properties. Orthogonality has often lpresented as a relative property of natural sys{ems
Lorenzo 2010a, 2011), and therefore one that caenbanced by using design approaches in synthetic
biology. A question is whether living systems aegunally orthogonal at all, or whether they coukl b
engineered as if they were (Calvert 2010). Manykk in related disciplines such as systems byolog
would be skeptical about the idea that synthetiolgly can produce systems to work in orthogonalsvay
or that orthogonality could be engineered as aerifit property of the systems (Noble 2006). This is
especially so in sub-fields such as ecology ancldgmental biology, in which the relational natafe
living systems is emphasized and natural complégiseen as an emerging property of the systehemrat
than something to be deleted or simplified. In shtdrat emergence, and unpredictable change and
behaviour are what ultimately characterize lifelitsKdnig et al. (2013) cite the recent Pinheigd al.
(2012) work to warn that natural polymerases mightable to evolve to recognize XNA, necessitating
additional “firewall levels” to act as a biosafdtyol. In their work, Marris and Jefferson (2013véa
highlighted additional challenges of orthogonahty an approach to biosafety. Heinemann and Traavik
(2004) note that a powerful mechanism of changhldrizontal gene transfer (see section 6.2) is tjfiou
recombination with DNA sequences of low overall Di#nilarity. Thus it can be expected that any
potential to pair between unintended xeno-base omtibns and the xeno-bases and canonical DNA
nucleotides will potentially create new avenuesrémombination.

40. Research in xenobiology is also being used to egplee basic physical properties that led DNA
and RNA to be the genetic material of life (Chapttal. 2012; Pauwel®t al. 2012). It is hoped that
xenobiology will be usefully applied to biotechngloand molecular medicine, but “significant reskarc
challenges remain” before we see commercial agpitan this area (Chapwt al. 2012; Joyce 2012;
Sutherlancet al. 2013).

4.Current and near-term products involving synthetitology

41. This section provides examples of produftts syntheticbiology and productérom synthetic
biology that are commercially available or neabécoming available on the market.

4.1. Products for synthetic biology

42. Synthetic oligonucleotides and DNA are widely comeiedly available. As of 2010, at least 50
companies produce gene-length segments of doubledstd DNA, primarily based in the USA,
Germany and China (Tucker 2010). For those who weansynthesize their own oligonucleotides,
equipment and reagents are commercially availalseg oligonucleotide synthesizers are even availabl
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on the internet from laboratories that have swidctte purchasing DNA from companies (Garfinkel and
Friedman 2010).

43. The Registry of Standard Biological Parts host®léection of open source code for DNA parts
following BioBrick™ standards. For amateurs andsthavho are new to synthetic biology, New England
BioLabs Inc. offers the BioBrick™ Assembly Kit, vdfi provides enough restriction enzymes and ligase
to carry out 50 reactions for 253 USDThe Kit does not contain DNA parts, but the maierto digest
and ligate the parts into one DNA plasmid. The iGEMindation holds a repository of the physical DNA
of BioBrick™ parts. Each year, they send out a iiitigtion Kit to iGEM teams containing over 1,000
samples of parts as lyophilized DNARegistered iGEM teams and laboratory groups cder@amples

of other parts not included in the Distribution Kit writing to the iGEM Foundatioff.

4.2. Products from synthetic biology

44, Products are categorized below based on the stagiich synthetic biology organisms are used
and the products replaced by the synthetic biolegssions. The majority of current and near-term
commercial and industrial applications of synthdticlogy engineer microbes that replicate naturally
occurring or petroleum-based molecules for pharmideads, fuels, chemicals, flavorings and fragrance
(Wellhausen and Mukunda 2009). While start-up camgm often use the term “synthetic biology,”
established companies with a history in classiceierengineering rarely do (WWICS 2010). This can
add to the lack of clarity regarding which produate produced using synthetic biology. Many of ¢hes
products are the result of synthetic DNA-circuitel anetabolic pathway engineering; thus some of the
comments on previous versions of this documentermietd that some of these products are the result of
classic genetic engineering rather than synthaétiodly. Examples of products in this section haeerb
specifically described as synthetic biology by sesrsuch as the Biotechnology Industry Organization
and the WWICS synthetic biology project (BIO 20¥3WVICS 2010 & 2012).

4.2.1. Production of molecules that are otherwise produitech petroleum

45, The commercially available and near-to-market petelun this section are thproducts of
organisms resulting from synthetic biology techmeisjuThe organisms themselves remain in contained
industrial settings.

46. Companies have started to produce fuels such adiebal and isobutanol by engineering
metabolic pathways in microbes and microalgae. Qh02 Solazyme sold over 80,000 liters of algal-
derived marine diesel and jet fuel to the U.S. Nearyd have an on-going contract with the U.S.
Department of Defense for marine fG&lAmyris’ “Renewable Diesel”, which is based on Ripné
produced by yeast, is used by approximately 300ipttansit buses in Sao Paulo and Rio de Janeiro,
Brazil ** In 2012 Synthetic Genomics, Inc. purchased 81sdora south California desert near the Salton
Sea to scale up and test algal strains in openspfumdhe production of fuel (Synthetic Genomicss. |
2012). Calysta Energy™ converts methane and otiraponents of natural gas into liquid hydrocarbons
that can be used to make fuels and chemicals. @algagineered the metabolic pathways of
methanotrophs (methane-using bacteria), using ivbascribes as synthetic biology.

47. Chemicals previously produced using synthetic cBemniare now being produced using
synthetic biology. Predictions within the chemigadustry are that about two-thirds of organic cheats
derived from petroleum could be produced from “realele raw materials” (BIO 2013). DuPont Tate and

20 geehttps://www.neb.com/products/e0546-biobrick-assemhit, accessed 23 Feb. 2014.
21

Seehttp://partsreqistry.org/Help:Distribution_Kjtaccessed 6 May 2013.

22 geehttp://partsregistry.org/Help:Requesting_Paatxessed 6 May 2013.

Z  geehttp://isolazyme.com/fuelaccessed 4 June 2013.

% Seehttp://www.amyris.com/Content/Detail.aspx?ReleasglfsandNewsArealD=21andClientID=dccessed on 10 May

2013.
25

Seehttp://www.calystaenergy.com/technology.htiamtcessed 22 Jan. 2014.
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Lyle BioProducts have been producing Bio-PDO™ (@r@panediol) since 2006, using corn as feedstock
and proprietary microorganisisThe same company, in partnership with Genomagioajuced more
than 2,000 metric tons of 1,4-butanediol (BDO) @12 using engineerds. coli?” Myriant’s production
facility in Louisiana, USA was scheduled to stamduction in 2013 of bio-succinic acid, planning on
30 million pounds of bio-succinic acid annually framicroorganisms with altered metabolic pathways
(BIO 2013; Myriant undated.

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

4.2.2. Production of naturally-occurring molecules

49. The commercially available and near-to-market petelin this section are the produaif
organisms resulting from synthetic biology techeisjuThe organisms themselves are intended to remain
in contained industrial settings. Synthetic bioldgybeing explored as an alternative source of such
products because naturally-occurring products amgermsive to produce using traditional chemical
synthesis and/or require relatively large quargtiétheir natural source (Ericksenal.2011).

50. “Major flavor and fragrance houses such as Givauiamenich, and International Flavors and
Fragrances [IFF] are intrigued by the possibilifyusing biotechnology to produce key components of
essential oils from abundant sugar feedstocksern@mdntation,” according to a 2012 articleGhemical
and Engineering NewgBomgardner 2012). Allyli¥ and Isobionic¥ are two companies employing
synthetic biology to produce synthetic bio-basedsioms of valencene (orange) and nootkatone
(grapefruit) (Bomgardner 2012; WWICS 2012). In 20IEF and Swiss-based Evolva entered into pre-
production phase of what they describe as “natuaaillin” from yeast-based fermentation (IFF and
Evolva 2013). As of early 2014, this vanillin istiaipated to be the “first major synthetic-biolofpod
additive to hit supermarkets” (Hayden 2014). Sorant that, because the vanillin is produced by a
living organism (the engineered yeast) and thetyisa®t present in the final product, it can bealied

as “natural” and, in some cases, depending onptheific regulatory framework, it may not be reqdite

be labeled in any particular way (Hayden 2014). l#vdis using similar synthetic-biology based
processes in its research and development of kgprs@omponents and stevia (WWICS 2012).

51. Synthetic biology production of otherwise naturabpurced molecules for cosmetics and
personal care products are coming onto the matet, Squalene, an emollient, has historically been
sourced from the livers of deep sea sharks althaegkently plant-based alternatives have become
available (ETC 2013a; WWICS 2012). In 2011, Amypisught a synthetic biology-produced squatane
to the Japanese market, marketed as Neossance™ar8gudsing Brazilian sugarcane as feedstock,
Amyris modified yeasts to produce the hydrocarbamdsene, which can be finished as squalane
(WWICS 2012; Centerchem undated). In September 28&zyme and Unilever signed a commercial
supply agreement for an initial supply of at 1e&d8t000 metric tons of Solazyme Tailored™ Algal Oil
(Solazyme 2013). Unilever reportedly plans to beedil for its personal care products (Cardwell201

%6 geehttp://iwww.duponttateandlyle.caraccessed 5 June 2013.

27 Seehttp://www.genomatica.conaccessed 5 June 2013.

2 The Biotechnology Industry Organization's (BIO)ranents on an earlier draft of this document poimtedMyriant bio-

succinic acid asot produced by synthetic biology (“Myriant’s bio-suei acid is produced by an organism that contains n
foreign DNA and was generated by standard techeiqfigene deletion and selection for faster growiatral mutants. No
“Synthetic Biology” was used.”) The BIO (2013) docent “Current Uses of Synthetic Biology for Reneleabhemicals,
Pharmaceuticals, and Biofuels” identifies Myriatis-succinic acid as a product of synthetic biglags does WWICS (2012).

Seehttp://www.allylix.com accessed 6 June 2013.

Seehttp://www.isobionics.comaccessed 6 June 2013.

Seehttp://www.evolva.com/products/saffroaccessed 6 June 2013.

%2 squalene is the natural compound, and squalahe isydrogenated form of the compound. Squalanei® commonly

used in cosmetics and as a lubricant.
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52. Perhaps the most famous pharmaceutical produced agnthetic biology techniques is the anti-
malarial semi-synthetic artemisinin. In 2013, Sarsgifirted producing a yeast that was genetically
engineered to produce artemisinic acid (see sed®n It is as yet unclear whether the synthetic
production will complement or replace the thousamidsmall-scale farmers @&rtemisiasp., the natural
source of artemisinin, in Asia and Africa (SanafdaPATH 2013; ETC 2013a). The issues raised by the
production of semi-synthetic artemisin go deepat #n evaluation of the balance between the health
benefits to populations in countries affected byama and the potential loss of income and livetiti®

for farmers growing Artemesia bushes as a croprukial issue is that the claimed or hoped-for lnealt
benefits for local populations do not simply depafichn increased supply of artemisisin (synthetic o
not), but also requires a complex set of intereglgbolitical, economic and social conditions (Msrri
2013).

53. Shikimic acid is another example of naturally-ocaurg molecule being produced with synthetic
biology tools. The popular anti-influenza drug THwmiwhich rose in importance during the swine flu
pandemic, is made from shikimic acid traditionalburced from the star anise plant. The pharmaagutic
company La Roche started producing shikimic acid farmentation by engineering the metabolic
pathway of bacteria. The ETC Group identifies firiscess as synthetic biology (ETC 2013a) and Rawat
et al. (2013) described it as “rational strain desigmigtabolic pathway engineering”.

54. Many other naturally-occurring molecules are expécto be produced in agricultural crops
through the use of “precision genome engineeringictv combines classic genetic engineering with
some techniques of synthetic biology. Voytas and @814) have recently published a paper discussing
the opportunities and regulatory challenges ofipr@e genome engineering.

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

55. Synthetic biology is being used in an attempt teigie cheaper and more efficient industrial
systems of production, potentially providing sadrig energy use, reduced toxic waste products, and
reduced use of chemicals for processing (BIO 20E8ckson et al. 2013). For example, the
pharmaceutical company DSM Sinochem introducedagtichized two genes into a penicillin-producing
microbial strain, making a process for producing sinthetic antibiotic cephalexin that they claorbe
faster, cheaper, and less energy-intensive (Encisal. 2011).

56. Enzymes modified by synthetic biology techniqueg #&eing explored and used for the
production of pharmaceuticals and biofuels. Fomgpla, Januvia®©, a medicine for type Il diabetes, is
produced by Merck using an enzyme modified by sstittbiology techniques by Codexis (BIO 2013).

4.2.4. Commercially available micro-organisms resultingrfr synthetic biology techniques

57. In this category, organisms resulting from synthéiblogy techniques are themselves for sale.
These micro-organisms resulting from syntheticdmgltechniques are largely marketed for their ghili
to produce specific desired chemicals, and thum deée intended for contained industrial uses.

58. New companies are starting to offer “made to ordaitroorganisms, produced in part using
synthetic biology. For example, Ginkgo BioWorks™bmises “scale-up-ready organisms in six months”
for customers such as sugar refiners, flavor aadrénce companies, and other producers of fine
chemicals. Ginkgo BioWorks™ uses a “proprietary CAE (Computer-Aided Enginegyisuite to
produce organisms designed to specification,” itliclg proprietary DNA assembly technology and CAM
(Computer-Aided Manufacturing) tools to fabricatedaanalyze candidate organisms. Tom Knight, co-
creator of BioBricks™, is a co-founder @&finkgo BioWorks™. While open-source BioBricks™ are
restricted to three combinations in one reactionjgKt's redesigned system for proprietary use can
reportedly combine up to 10 parts in one reactiBakér 2011). Ginkgo BioWorks™ advertises its
customers as including DARPA (the US Defense AdednResearch Projects Agency), NIST (the US

33 Seehttp://ginkgobioworks.com/tech.htirdccessed 6 March 2013.
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National Institute of Standards and Technology)d &RPA-e (the US Advanced Research Projects
Agency — Energyj*

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

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

60. Agricultural crops are being developed with geneslified using synthetic biology technology,
intended as feedstock for biofuels. Agrivida, lnses proprietary INzyme™ technology, describedhey t
Biotechnology Industry Organization (BIO) as a “ebapproach to synthetic biology,” to grow biomass
feedstock with dormant biodegrading enzymes thataativated after harvest with the aim of reducing
the cost and energy of breaking down feedstocktli@ fermentation process to produce ethanol
(B102013). In June 2012, Agrivida, Inc. announcédttit had launched its “first significant field
production” of modified corn in US Department of riaylture-permitted field trials (Agrivida 2012}t |
should be noted that, while others use the ternthstic biology to describe the technology used to
design and engineer the enzyme sequences (BIO 2@43;2008; Schmidt 2012), Agrivida does not,
instead using terms such as engineering; an exaaipllee lack of clear boundaries between classic
genetic engineering and synthetic bioldyimilarly, Syngenta’s Enogen corn contains alphgylase
enzyme in its endosperm with the aim of facilitgtethanol production. The ETC Group (2013) listssit
an application of synthetic biology, but Syngent@sinot use the term 'synthetic biology' in desugilits
design and production (Syngenta 2012).

D. POTENTIAL IMPACTS OF THE COMPONENTS, ORGANISMS AND
PRODUCTS RESULTING FROM SYNTHETIC BIOLOGY TECHNIQUE S
ON THE CONSERVATION AND SUSTAINABLE USE
OF BIOLOGICAL DIVERSITY

61. The conservation of biodiversity is one of threenary objectives of the CBD. The CBD’s text
definesex situ conservation as “the conservation of componentiological diversity outside their
natural habitats,” anioh situ conservation as “the conservation of ecosysterdsatural habitats and the
maintenance and recovery of viable populationgpeties in their natural surroundings and, in trseaH
domesticated or cultivated species, in the surrimgsdwhere they have developed their distinctive
properties” (CBD, Art 2). The conservation of bigical diversity occurs at all levels: genes, specied
ecosystems.

62. Furthermore, in the context of the CBD, sustainalsle is defined as “the use of components of
biological diversity in a way and at a rate thaeslmot lead to the long-term decline of biodiversit
thereby maintaining its potential to meet the neadd aspirations of present and future generations
(Art. 2). Sustainable use encompasses ecologicahognic, social, cultural and political factors ¢@&ka

et al.1994).

5. Applications of synthetic biology and their poteatipositive and negative impacts

63. Although synthetic biology is often referred to ascoherent and single discipline presenting
uniform benefits and dangers, the different arebssymthetic biology research represent different
potential impacts, both negative and positive, indlikersity-related issues.

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

34 Seehttp://ginkgobioworks.com/partner.htpaccessed 23 March 2013.
35

See alsohttp://www.agrivida.com/technology/overviewtechnpyctml, accessed 4 February 2014.
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specific areas of current and potential applicatiohsynthetic biology are described along witheptitll
positive and negative impacts of these applications the conservation and sustainable use of
biodiversity. Table 1 at the end of this sectiommarizes examples of the potential positive andhtieg
impacts of synthetic biology applications on comation and sustainable use of biodiversity (page).
Biosafety concerns of a more general nature anmieveal in section 6.

5.1. Bioenergy applications

65. Bioenergy applications, particularly through fuebguction, are a significant focus of synthetic
biology research (WWICS 2013a). As discussed alfesetion 4.2.1), biofuels produced using synthetic
biology techniques are beginning to reach the stafiéield testing, pilot runs, and relatively sirsdale
production. One area of research is to use syothélogy tools to develop enzymes that break dawn
wider range of biomass more effectively, makingadissible to utilize agricultural waste such as corn
stalks and straw, and woody biomass (PCSBI 201fHeCapproaches are to use synthetic biology to
develop plantsvith more readily convertible biomass, or to enginghotosynthetic algae (including
microalgae such as cyanobacteria) to produce moreilb(Georgianna & Mayfield 2012; PCSBI 2010).
One goal of synthetic biology energy research éspgtoduction of consolidated bioprocessing platirm
such asE. coli engineered to both degrade biomass (without thermeadt addition of enzymes) and
convert biomass into biofuels (Bokinsky al. 2011). The UKSBRCG (2012) describes syntheticogjpl
research towards producing an artificial leaf tbatild convert solar energy into a carbon-baseddiqu
fuel. The PCSBI (2010) describes synthetic bioleggearch towards producing hydrogen fuel, from
engineered algae to using starch and water viathetjc enzymatic pathway. Synthetic biology tcale
also expected to help design ways to harvest diyrémaccessible hydrocarbons, such as coal bed
methane (PCSBI 2010).

66. Claims that there could be significant benefits Badiversity from replacing fossil fuel energy
sources with bioenergy are based on the premisehtbse approaches could reduce global dependence
on fossil fuels and cut harmful emissions at aificant scale (PCSBI 2010). Through the CBD's cross
cutting programme on climate change and biodiver€iBD bodies have documented and assessed the
interlinkages between the two aréaSynthetic biology tools may be used in designingxt generation”
biofuels that, it is hoped, will overcome challeagg “first generation” biofuels made from food pso
(Webb & Coates 2012).

67. Potential negative impacts could result from thereased utilization of biomass for synthetic
biology applications. “Biomass” is generally usedréfer to the use of “non-fossilized biologicaldan
waste materials as a feedstock” (ETC 2011). Muchthstic biology research aims at designing
organisms that will use biomass as feedstock tdym® fuels, chemicals, and pharmaceuticals ategreat
efficiencies than have previously been possibleSBIC2010). For example: Solazyme (see above) uses
heterotrophic algae, i.e. algae that are abledd fan sugar for their energy source rather thdizing
sunlight to produce sugar through photosynthegis. 8dvantage of heterotrophic algae is that theld yi
more oil but the clear disadvantage is they havgetfed, in this case with sugar, which in turn tuabe
sourced from biomass grown on land. Some prodeatd) as biofuels, are relatively low-value and high
volume, and thus would require large amounts ofmdiss. As described IBBD Technical Series 65:
Biofuels and Biodiversitythere are contradicting studies on the sustdihalof utilizing waste
feedstocks such as corn stover and straw (Webb &tg502012). A number of studies in ecology,
agronomy, and environmental history find that biemaxtraction from existing agricultural practiées
already leading to a decline in soil fertility asttucture (Blanco-Canqui and Lal 2009; Wilhednal.
2007; Smil 2012). Studies done in the US have fdhatiremoving corn stover from fields would reguir
significant additional use of nitrogen, phosphor@um potassium fertilizers (Blanco-Canqui and Lal
2009; Fixen 2007). In addition to the potentialslag ecological functions of the soil biomass, éhir
also concern around the social impacts of incredechass removal. Some civil society groups are
concerned that, in part due to increased demamd $smthetic biology, the tropics and sub-tropich e

36 Seehttp://www.cbd.int/climateaccessed 13 Feb. 2014.
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targeted for their biomass and lead to economicesmdonmental and cultural injustice (ETC 201080

et al. 2012; FOE 2010). They predict that communitied l@i$e local access to resources, sustainable
uses will be displaced, and environmental harm wél caused by establishing plantations in former
forests, harvesting natural grasslands, and plapmegsures on “marginal” lands such as deserts and
wetlands (ETC 2010). While synthetic biology techu@s promise to open up new sources of energy,
such as algae and seaweed, the ETC Group has seghre@ncern that these uses will encroach on doasta
and desert ecosystems and their traditional use€ @13). The US PCSBI noted: “On balance, many
anticipate the potential efficiencies and attendaduction in reliance on fossil fuels offered mery
production using synthetic biology would offset ieipiated risks to the environmental ecosystem as it
exists today. But considerable uncertainty remafRCSBI 2010).

68. As will be discussed in more detail in sectiont&re are biosafety considerations related to the
accidental or intentional release of organisms ltiegufrom synthetic biology techniques used for
bioenergy purposes. For example, microalgae reguftom synthetic biology techniques for bioenergy
purposes may have ecological impacts, particuladyown in open ponds and thus with a higher ckanc
of accidental release (Snow & Smith 2012). Morepwsicro-organisms may be used in small-scale
decentralized bioreactors (e.g. for production wfuzls on farms), and this could be considered to
constitute a new kind of category in-between comdiuse in large industrial fermenters and full
deliberate release. Marris and Jefferson (2013leatgthat there are blurred boundaries between
contained use and deliberate release of geneticadigified micro-organisms (GMMO), and “these
boundaries are likely to be further challengechid avhen the GMMO applications envisaged by syntheti
biologists for environmental, agricultural and migiuses enter the regulatory system, because those
applications cover a whole spectrum in terms ofrtfieire, scale, and time-horizon of the release”.

5.2. Environmental applications

69. Another area of synthetic biology research is iviremmental applications, most of which would
require environmental release or contained’usetside of the laboratory of organisms resultirgrf
synthetic biology techniques. Scientists anticiiateuse of engineered microbial consortia, in psitig
tools of synthetic biology, to enhance mining metatovery and to aid in acid mine drainage
bioremediation (Brune and Bayer 2012). Synthetitdgjy techniques are being used to design whole-cel
biosensors that will indicate the presence of getarsuch as arsenic in drinking water. Freatlal.
(2011) describe their work growing out of an iGEKbjpct to design an arsenic biosensor that would be
suitable for field use in developing countriesngsfreeze-dried transformesl coli that change color in
the presence of arsenic. The arsenic biosensor igorlow being further developed by the “Arsenic
Biosensor Collaboration” (http://arsenicbiosengg).o In another example of an environmental
application, the 2011 European Regional Jamboraaing iGEM project involved engineeririgy colito
secrete auxin, a plant hormone intended to promot¢ growth. The Imperial College (UK) team
proposed pre-coating seeds with the bacteria, fodreed in areas at risk from desertification.

70. Since recombinant DNA technology was first introeld, the use of genetically engineered
micro-organisms for bioremediation and other envinental applications “has been a holy grail” — much
desired but constantly out of reach (Skereal. 2009). Synthetic biologists see the failure todelithe
anticipated or desired benefits as due to the lakclsophistication of classic genetic engineering
techniques (Marris and Jefferson 2013). As a resutithetic biologists are generally optimistic abihe

87 “Contained use”, as defined in the Cartagena Robion Biosafety, article 3, paragraph (b), meansaperation,

undertaken within a facility, installation or othgnysical structure, which involves living modifiedganisms that are controlled
by specific measures that effectively limit theintact with, and their impact on, the external esvinent.

% Seehttp://2011.igem.org/Team:Imperial_College Londaccessed on 5 June 2013. The team developedcataioment

strategy (“Gene Guard”) intended to prevent horiabgene transfer, in response to concerns abeuetkase of their organism
into the environment. As Freneh al. (2011) explain, iGEM projects may not be as whbiacterized as experiments reported
on in peer-reviewed literature, but they are ofiased on highly creative ideas and can presagéjfmasure applications in
areas of synthetic biology. For this reason, theyodten referenced when the powerful possibiliGESB are discussed. Daet
al. (2012) cite this project in their article on desitg appropriate biosafety systems for SB.
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potential for synthetic biology to succeed wherevjmus modified micro-organisms for environmental

release have failed (Garfinkel and Friedman 2012SB 2010; Schmidt and de Lorenzo 2012; Skerker
et al.2009). If so, synthetic biology could provide lésgic and more effective tools for bioremediation,

which would positively impact local biodiversity.

71. If synthetic biology succeeds in producing microties are sufficiently hardy for release into the
environment, such microbes may raise significaasdiety concerns depending on their potential to
survive and persist (Konigt al. 2013), as well as on their potential to interadthwtheir immediate
environment causing adverse effects. Some of tém®-organisms might present significant challenge
for the risk assessment approaches that are dyrienise by regulatory processes (see sectioiilg.
WWICS Synthetic Biology Project held several wordss on aspects of the safety of environmental
release of organisms resulting from synthetic lgpladentifying key areas of uncertainty and arias
research, and discussing what “safety” means ircdimeext of synthetic biology (see WWICS 2013b for
notes from workshops from 2000 to 2012). One qaess how an organism designed for environmental
release can be robust enough to accomplish itedetk task but not persist and become problematic
(Andersonet al. 2012). Those optimistic about the role of microbesulting from synthetic biology
technigues tend to acknowledge the possibility mfasiveness and unintended effects, but they also
invoke the (not yet realized) promise of xenobiglognd other orthogonal systems with built-in
biological containment measures (Marris and Jeadfer2013; PCSBI 2010; Schmidt and de Lorenzo
2012; Skerkeet al.2009).

5.3. Applications to alter wildlife populations

72. Synthetic biology techniques are being exploredtli@ir potential to alter wildlife populations
for conservational, health and agricultural purgosch potential uses of synthetic biology cowddeh
positive impacts on the health of humans, wildified ecosystems. The 2013 conference “How will
synthetic biology and conservation shape the fubfireature?” and an article in PLOS Biology (Redfor
et al. 2013) has sparked conversation between synthetilogists and conservationists. At the
conference, ideas for potential synthetic biologpjexts for conservation were identified, including
adapting coral to temperature and acidity, attagkive fungus that causes white-nose syndrome & bat
and finding solutions to the crashing of bee pcl;imﬂm?g Redfordet al. (2013) suggest that synthetic
biology applications in agriculture and bioenergguld alleviate pressure on ecosystems, aiding
conservation. Furthermore, specific species or jadjpns of wildlife may also be the target of syetib
biology applications to eradicate or control potiolss. For example, synthetic biology could be used
create “gene drive” systems that may be used wasptraits to control diseases borne by insecovgct
such as mosquitoes, by suppressing populationgngatty to the point of extinction (Weber and
Fussenegger 2012) similar to what has been dor@xiigc to produce genetically modified mosquitoes
with the aim of controlling dengue fever carriétsResearchers have introduced a synthetic homing
endonuclease-based gene drive system into mossjuitdke laboratory, which could be used to inaeeas
the transmission of genetic modifications to wildpplations of mosquitoes (Windbichlet al. 2011).
Regarding the use of endonuclease-based gene siritems to alter populations, Esvettal (2014)
hypothesize that this technique could also be useedxample, to restore vulnerability to pest arekds
which have acquired resistance to pesticides anudiges by replacing the resistance genes withr the
ancestral forms, and to promote biodiversity bytaaling or even eradicating invasive species. &ons
arising from the use of gene-drive systems to altket populations are raised by Esvettal (2014) and
Oye et al (2014), who also propose possible risk managemoptibns before the development of any
actual RNA-guided gene drives. As suggested by &by (2014), for emerging technologies that affect
the global commons, concepts and applications dhioellpublished in advance of construction, testing,
and release. This lead time would enable publicudision of environmental and security concerns,

3% For an overview of the meeting, see Rob Carldaptg “Harry Potter and the Future of Nature” at

http://www.synthesis.cc/2013/05/the-economics-oémsinin-and-malaria.htméccessed on 5 June 2013.
40

Oxitec’s ongoing field trials of OX513Aedes aegypthttp://www.oxitec.com/health/our-products/aedesgaigy
ox513a/ongoing-field-trials-of-ox513a-aedes-aedypti
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research into areas of uncertainty, and developmedttesting of safety features. It would alsowallo
adaptation of regulations and conventions in lighémerging information on benefits, risks, polgaps,
and, more importantly, it would allow broadly inslue and well-informed public discussion to detereni

if, when, and how gene drives should be used. Thendd also be biosafety considerations, including
negative impacts on the health of humans, wildiifel ecosystems, relating to the use of organisms
resulting from synthetic biology techniques destjfar environmental release (section 6).

73. Popular press has given significant attention t® pmoject of “de-extinction”, which could
involve synthetic biology techniques, along withvadced cloning and other tools of modern
biotechnology. De-extinction was the subject ofg-tbng TEDx conference in Washington, DC (USA),
and was the cover story Nfational Geographién March 2013 Research around the world is underway
to restore extinct species such as the passenggormiwoolly mammoth, and the gastric brooding.frog
Some (but not all) of the work towards bringingiest species back to life involves techniques of
synthetic biology, such as synthetic genome engimgeAt the TEDx conference, George Church
described innovations in DNA delivery and direcgpdicing into existing genomes to adapt the genomes
of existing species to produce the physiologicatdrof the extinct species, such as tusks andlybalr
(Church 2013). It must be noted that de-extinctivtiatives will only succeed if and when the deesd
old challenges of cloning are overcome (CampbeD420Although de-extinction has not yet been
achieved beyond viruses, conservationists and stinthiologists are starting to discuss the po#énti
impacts on biodiversity and ecosystems (FrieseMaudis 2014).

74. Some conservationists anticipate positive direatl @amdirect ecological benefits from de-
extinction. Stewart Brand, president of the LongwNBoundation, has argued that restoring keystone
species such as woolly mammoths would help restoodogical richness as well as serve as flagship
species to inspire ecosystem protection (Brand 2013tanley Temple sees a potential use in reviving
extinct alleles of species whose genetic diveisiyangerously low, or when “we’ve solved the istha
caused them to go extinct” (Temple 2013). Restomatif certain species could help restore ecosystems
that rely on the ecological functions of those sdSeddoret al. 2014). Among possible indirect
impacts, some are hopeful that the promises ofhsfiat biology and de-extinction will provide a new
paradigm for biodiversity-advocacy, replacing aisiith a message of hope (Anderson 2013; Brand
2013; Burney 2013; Redford 2013). Kent Redford asgthat conservation biology started as a “crisis
discipline”, and that after 30 years people havweped listening.” His lesson from this is that fleois

the answer: hope is what gets people’s attentiBedford 2013). Similarly, David Burney describes hi
“poor man’s Jurassic Park” efforts at re-wildingaaoned agricultural land as “trafficking in a veaye
and valuable commaodity in conservation: hope” (Byr2013).

75. The use of synthetic biology for de-extinction aip and, more broadly, conservation projects
also raises concerns. As discussed more fully aticse 6, there is the possibility of direct negativ
impacts on biodiversity, such as organisms regyftiom synthetic biology techniques becoming invasi
or negatively affecting host ecosyste?ﬁﬂ'.here is also concern about indirect impacts effgftomises of
synthetic biology and de-extinction such as coatwoh of other organisms (including pathogens,
parasites, symbionts, predators, prey/food, colit@iats, commensalism, etc.) and diseases. A perhin
concern among conservationists is that the huntsferthetic biology solutions will divert focus,
significant funds and other resources from othearseovation efforts (Ehrenfeld 2013; Ehrlich 2014;
Pimm 2013; Temple 2013). The editorsSufientific Americamvarn that de-extinction “threatens to divert
attention from the modern biodiversity crisis” (Exdts, 2013). Stuart Pimm points out that his woithw
poor people in Brazil and Madagascar does not gememoney for his university, unlike that of
molecular biologists, and that de-extinction “camyqerpetuate” the trend of university de-investiria

41 The webcast of the 15 March 2013 conference iesaiftle athttp://longnow.org/revive/tedxdeextinctioaccessed on 15

March 2013.
42

Redfordet al.(2013) acknowledge the possibility of novel orgamshecoming invasive or affecting the integritytioé host
ecosystem. A professor of biotechnology, Subrat Kumecently wrote itNaturethat the risk of a revived extinct species
becoming invasive “are negligible compared with sheentific and social benefits of reviving thetlepecies” (Kumar 2013).
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ecology and field biology while “seduc(ing) gramiagencies and university deans into thinking tuey
saving the world” (Pimm 2013). These concerns alagrsion of resources from other conservation
efforts are particularly keen because of the spivel nature of de-extinction projects and theghhi
price tags (Ehrenfeld 2013; Ehrlich 2014). In comtseto an earlier draft of this document, one
organization noted that, outside of synthetic lgland conservation communities, publicity aroued d
extinction has prompted research policy communiteegonsider responsible conduct of research and
prioritization of research areas. Another concsrtinat support foin situconservation may decrease with
the expectation that extinct species will be restied (ICSWGSB 2011; ETC 2007; Ehrenfeld 2013;
Norton 2010; Pimm 2013; Redfoed al. 2013; Temple 2013). Biologist David Ehrenfeld (2pWorries
about what happens “when Members of Congress thirfkxtinction) is just a bump in the road?”
Conservation biologist Stanley Temple (2013) nthespossibility that de-extinction research mayehav
de-stabilizing effect on conservation, leading toed loss as less charismatic species are alloavstipt
away. In an editorial ifPLoS Biology Redfordet al. (2013) describe the potentially reduced willingness
to conserve endangered species as a “moral hagbdd*extinction research.

5.4. Agricultural applications

76. There are hopes that synthetic biology tools antrigues will advance agricultural efficiency
and lessen negative environmental impacts of dtwi@l production. TheUK Synthetic Biology
Roadmaypredicts that “Synthetic biology has the potertitaake food crops less vulnerable to stresses
such as drought, saline water or pests and diseaisé®r to create new plants that can producéh)en
field, large volumes of substances useful to madK$BRCG 2012). In 2009, the RAE (2009)
anticipated that, within 10 years, synthetic biglegould be used to engineer new types of pestidiokats
are “very specific” and do not persist in the eomiment past their usefulness. The US PCSBI (2010)
anticipates high yield and disease resistant feeldstthat can be supplemented with micro-organiems
minimize water use and replace chemical fertiliz&rsolumnist forThe Guardiarenthusiastically wrote
that: “Current GM crops are the Ford Cortinas af@dture, but synthetic biologists aim to make riaer
plants that perform photosynthesis more efficiertly harvesting light from wider regions of the
spectrum, or even capture nitrogen directly fromadir so they won't need nitrogen fertiliser” (MdEan
2012). There also hopes that the use of synth@iiody in agricultural production sectors will fest
“sustainable intensification” and thus reduce daconversion into farmland and increase protectibn
wild habitats (Redforet al 2013). There are hopes that synthetic biologylmnsed to design plants to
serve as feedstocks for micro-organisms that waeked less chemical pesticides and fertilizers, hic
could have positive ecological impacts (PCSBI 20Ibese examples all relate to potential applicatio
of synthetic biology to agriculture. Thus far, stunclear whether there are commercialized agurallt
applications of synthetic biolody.

77. Possible applications of synthetic biology for agliure could also lead to negative impacts on
biodiversity. As with other potential future appltons of synthetic biology, many of the potential
synthetic biology projects for agriculture wouldsitve the release of organisms resulting from sstith
biology techniques. As discussed in section 6, ¢bidd lead to the possibility of negative impaatsan
ecological level (such as organisms resulting freynthetic biology techniques becoming invasive,
disrupting food web®r having other negative effects on non-target isggor through the transfer of
DNA from vertical or horizontal gene flow (Konigt al. 2013; Wrightet al. 2013). If and when these
applications near commercialization, a rigorouggrse-based evaluation of the potential impactsldvou
be needed on a case-by-case basis (see section 8).

43 Asdiscussed in section 4.2.5, crops have beenesngd with enzyme sequences in order to break dbe/feedstock for

fermentation in making biofuels. Whether the tegies used to design and engineer the enzymesdaedirisynthetic biology”
is a point of contention (BIO 2013; Lipp 2008; S¢tin2012).
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5.5. Applications to replace natural materials

78. Synthetic metabolic engineering and DNA-based decienstruction are being used to produce
chemicals and molecules that are otherwise sodroedwild and cultivated plants and animals. Groups
from industry and civil society have pointed to guttal positive and negative impacts on biodivgrsit
Applications that are on the market or near comiakzation are mostly the result of synthetic melab
pathway engineering, and therefore are not unillgrsacognized as resulting from synthetic biology
techniques. Moreover, it should also be noted tthege processes involve micro-organisms not meant t
be intentionally released into the environmenth@lgh risks of unintentional release may still gppb
discussed in section &).

79. Molecules produced through synthetic biology coptdmote the conservation of plants and
animals that are currently unsustainably harvefsted the wild or through unsustainable cultivati@me
possible example is squalene, an emollient usbéyimend cosmetics and personal care producthésat
historically been sourced from the livers of deep sharks (ETC 2013a; WWICS 2012). In recent years,
plant-based squalene, primarily from olives, becarnadlable as an alternative source to sharks.eMeail

has already replaced squalene from sharks wittplédugt-based version in response to a campaign by
Oceana to preserve deep sea sh%?rkmmpanies point to the price volatility and linditavailability of

the squalene sourced from olives, and some manuméastcontinue to use deep sea sharks, accordag to
French NGO (BLOOM 2012; Centerchem undated). In124myris brought a synthetic biology-
produced squalene to the Japanese market, marlsteeossance™ squala‘ﬁeUsing Brazilian
sugarcane as feedstock, Amyris transformed yeagtsoduce the hydrocarbon farnesene, which can be
finished as squalene (WWICS 2012; Centerchem ud@laBynthetic biology-produced squalene could
potentially help to ease pressure on deep sea goaikations. Another example is palm oil, oneh# t
industrial uses of which is to manufacture surfatstaThe Biotechnology Industry Organization (2013)
references concerns with the production of oil pdlarming rainforest ecosystems, and points to
industrial synthetic biology research to converti@dtural waste materials (soybean hulls) into
surfactants.

80. The replacement of natural products with produessiiting from synthetic biology could lessen
the pressure on natural habitats but could alsomtis-situ conservation projects. For example, Evolva
and International Flavors and Fragrances, Inc. famarket their vanillin, which is produced thrbug
fermentation in yeast (see section 4.2.2), as@aalgtroduct in the EY’ and hope to have a competitive
advantage over other synthetic forms of vanillifickh are currently produced from petrochemicals and
paper pulp. While the developers of vanillin claimat their product offers the world a clear alt¢insato

the petrochemical variety of vanillin without inthacing a new environmental threat to rainforestd an
endangered species, the ETC Group warns thatrige-kcale production could negatively impact the
many small-scale farmers involved in the productibeured vanilla beans (ETC 2013a). Vanilla orshid
are commonly produced by inter-cropping with raiefi trees as ‘tutors’ for vanilla vines to grow. on
ETC Group is concerned that this agro-ecologicahiot of cultivation and livelihood for an estimated
200,000 people could be disrupted (ETC 2013a). EF@up has also highlighted concerns over the key
role of biomass as a base for synthetic biologws$tidal processes, as discussed above in section 5.
(ETC 2013b). Related to this, ETC Group questiorsether a switch from monoculture oil palm

44 Many national biosafety frameworks regulate theézo-organisms under provisions for GMOs/LMOstites for

contained use.

4 According to Oceana’s websiteitp://oceana.org/en/our-work/protect-marine-wflsharks/learn-act/shark-squalene

accessed 21 March 2013.
4_6

Squalene is the natural compound, and squaléhe tsydrogenated form of the compound. Squalan®i® commonly
used in cosmetics and as a lubricant.

4 On their website, Evolva states: “Recent EU ratquiy changes have strengthened the competitiveraalye of the

proposed product. New EU rules state that onlytsioes or preparations derived directly from amahir vegetable material
may be labelled “natural”. Available dtttp://www.evolva.com/products/vanillaccessed on 21 March 2013.
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plantations to monoculture sugar plantations (feedstock for synthetic biology processes) is an
improvement for biodiversity (ETC 2013a).

5.6. Applications for chemical production

81. A significant potential use of synthetic biology tise engineering of plants and microbes to
produce raw materials that are currently producgidgusynthetic chemistry (Garfinkel and Friedman
2010; Philpet al. 2013). For example, some bioplastics, such as quilgl acid plastics, use synthetic
biology techniques and are made from biomass sacbugar cane instead of petroleum (Pleilpal.
2013). DuPont produces bio-based 1,3 propanedidebyenting corn sugar with a “patented micro-
organism” that converts glucose to propanetfi@onsolidated bioprocessing (CBP) aims to engineer
what would be several processing steps into thetifums of one microorganism, resulting in cost sgsi
(Philp et al. 2013; Garfinkel and Friedman 2010). Synthetic liglas also being explored for new
industrial processes, such as research into hargestserves of hydrocarbons with microbial digasti
(PCSBI 2010).

82. Industry and civil society have predicted positared negative impacts on biodiversity from the
application of synthetic biology to produce cherscaSuch products and processes may result in
decreased use of non-renewable resources and iffgssctful manufacturing processes in general”
(Garfinkel and Friedman 2010). Civil society groups/e expressed concern that, as synthetic biology
companies shift their focus from biofuels to thealer but more lucrative markets of chemicals, the
“same polluting companies” are taking the lead eéwnadoping bioplastics (ETC 2010; ICSWGSB 2011).
The ETC Group questions whether the use of symth@tlogy is leading to “greener” products or
industrial processes. They point to the use oftftit biology and biomass to produce products with
similar problems as the non-synthetic biology vamsj such as bio-based PVC (which still requires
chlorine in its production) and many bio-plastissrfie of which cannot compost, or would do so amly i
industrial composters) (ETC 2010). In a reviewcdati Kdniget al. (2013) note that some methods of
producing biodegradable plastics may have more remviental impacts such as the release of
carcinogens and eutrophication than fossil-baségny@rs.

6. General biosafety concerns

83. This section focuses on biosafety concerns reladethe accidental or intentional release of
organisms resulting from synthetic biology techmig|that are applicable to all types of applicatisesn

in section 5 above. These include concerns relatedcosystem-level impacts, gene flow, and the
emergence of unpredictable properties.

6.1. Ecosystem-level impacts

84. Unintentional or intentional release of organismsuiting from synthetic biology techniques to
ecosystems outside of a contained laboratory atymtion facility could negatively impact biodivessi
One set of concerns center on the possibility ahsarganisms’ survival and persistence. For example
organisms resulting from synthetic biology techegjcould displace existing species because ofsfitne
advantages (intentional or otherwise) and becomasinme (Redforcet al. 2013; Snow and Smith 2012;
Wright et al. 2013). The International Civil Society Working Gmpon Synthetic Biology (ICSWGSB
2011) expresses concern that organisms resultimg $iynthetic biology technigues could become a new
class of pollutants if they persist, for examplgaal that continues to produce oils or organisms
engineered to break down sugarcane degrading suffa local environment. Even if the organisms did
not persist for long periods, they could disrum®stems and habitats, for example, if algae epgiuke

48 Seehttp://www2.dupont.com/Renewably Sourced MatermislUS/proc-buildingblocks.htmiccessed on 23 Feb. 2014.
The ICSWGSB (2011) identifies this process as uSiBdgechniques. Esvelt & Wang identify DuPont's kvon propanediol as a
“great example of genome-level metabolic enginegr{@013).
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for biofuel production escaped containment and rboled (Redfordet al. 2013; Snow and Smith 2012;
Wright et al. 2013).

85. Notwithstanding that risk assessments must beethmut on a case-by-case basis, there is
disagreement within the scientific and policy conmities over the degree and probability of harm that
organisms resulting from synthetic biology techeigjthat are intended for contained use could cduse
released RAE 2009; Lorenzo 2010; Snow 2011; Zhastgal. 2011; Daneet al. 2012; Snow & Smith
2012; Tait & Castle 2012). A common argument id #raaccidental release of organisms resulting from
synthetic biology that are intended for containseé would likelynot lead to survival and propagation
because engineered changes generally lead to ckditicess (Garfinkel and Friedman 2010; Lorenzo
2010; RAE 2009; Moe-Behrenst al 2013). On the other hand, the limit of detectfon relevant
microbes may be too high (i.e. a large populatibmirobes is needed in order to be detectable) to
extrapolate their extinction, and microorganisnet tiave been released into an environment may have
long lag times before they develop into a poputatizat is large enough to be detected or to canse a
ecological change. For example, it was popularstone decades to speculate that the rise of antibiot
resistance in medically relevant bacteria wouldplear if the associated antibiotics were temggrari
withdrawn. This did not turn out to be the casdaeAfesistance levels fell below detection anddhey
was reintroduced, resistance emerged unexpectedlglly. Assumptions that resistance rendered these
bacteria less fit in the absence of the antibial$o turned out to be frequently incorrect (Heinemat al.
2000). Snow (2011) and Snow and Smith (2012) pmintthat (i) the majority of research in synthetic
biology uses microbes as hosts, (ii) microbes taymrticularly high potential for rapid evolutiogar
change, and (iii) modified microbes resulting fregmthetic biology techniques that seem innocuous or
weak might survive due to mutations. Ecologists aodhmentators urging caution point out that
organisms resulting from synthetic biology techeisjicannot be retrieved once released (Detnal.
2012; Snow and Smith 2012; F@Eal. 2012). Wright et al. (2013) note that even geditianodified
microorganisms that may be programmed to “selfrdestpose an environmental risk, as their DNA can
potentially be scavenged by other organisms aitsy have died (see section 6.2 below).

86. Some anticipated future applications of syntheitxdogy would require the intentional release of
organisms resulting from synthetic biology techeiguinto the environment (Andersat al. 2012),
which may present additional complexities and typégotential negative impacts. Many synthetic
biologists are aiming to design microorganidiret are sufficiently hardy for release into theissnment
(section 5.2). Belgium's Biosafety and Biotechnglainit notes that “risk assessors and regulatove ha
relatively little experience considering the potaintisks [sic] posed by the intentional release of micro-
organisms,” and that environmental microbiologynisre complex that of higher organisms (Pauvetls
al. 2012). They go on to say that it is still “prentatuto address potential challenges since theyidens
environmental applications of synthetic biology diill be several years away (Pauwelsal. 2012).
Marris and Jefferson (2013) also note that regryedgencies in the United States, Europe and elseyh
which have been conducting risk assessment forsaregulting from modern biotechnology, have very
little experience of risk assessment for genetiaalbdified micro-organisms. Rodemeyer, writing floe
WWICS Synthetic Biology Project, further notes thragulatory agencies have had “relatively little
experience considering the potential riskig][posed by the eventual evolution of geneticallgiraered
microorganisms intended for non-contained use”; tm®MOs/LMOs that have been intentionally
introduced into the environment are annual foodposraherefore, evolution has not been seen as a
relevant risk factor (Rodemeyer 2009). Risk asseasnof microorganisms resulting from modern
biotechnology is among the topics identified byraup of experts established by the Parties to the
Cartagena Protocol on Biosafety for the developroégtiidance (CBD 2014).

6.2. Gene flow

87. Altered DNA could be transferred from organismsautérsg from synthetic biology techniques to
other organisms, either by sexual or horizontalegow/transfer. Sexual or “vertical” gene flow as
when genes from one organism are passed on to gimmd of the same species or a related species
through reproduction (Hillet al. 2004). This can occur through pollen exchange,iqudatrly if an
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engineered crop is in close proximity to wild relas, as may occur in centers of biodiversity (Résod
2010). Gene flow into an ecosystem can also ocuiseed dispersal and vegetative propagation. An
example from the past decades of genetically medlifirop use is the reported presence of transgenes
landraces of maize (Quist and Chapela 2001; PiANgteonet al 2009) and of recombinant proteins in
wild populations of cotton in Mexico (Wegiet al. 2011).

88. Genes from organisms resulting from synthetic lggldechniques could also transfer to
unrelated species through horizontal gene trarfsféiT). HGT is a naturally occurring phenomenon that
may happen in three ways: 1) transformation, inctvimaked DNA is picked up and incorporated by an
organism; 2) conjugation, through DNA transfer frame organism to another by plasmid; and 3)
transduction, through DNA transfer from one organts another by virus (Snow and Smith 2012; Eiill

al. 2004). Much is not understood about HGT, includiisgirequency and mechanisms of transfer, but
recent research has found that HGT plays a rolgusbtn the evolution of bacteria and archaea,abst

in the evolution of eukaryotic genomes (Rocha 2@chonknechet al. 2013). HGT is common among
microbes (Hillet al. 2004; Rocha 2013). HGT from symbiotic algae to aiéhas been observed, in the
uptake of an algal nuclear gene by a sea slugdonbe photosynthetic (Rumpled al. 2008). HGT thus
represents a potential mechanism for the transfeltered genetic material, which is possible eifd¢he
original organism produced through synthetic biglbgs died (Wrighet al. 2013). Gebhard and Smalla
(1999), for example, have shown that DNA from gieradly modified sugar beet could persist in soil fo
two years. The potential for HGT, taking into acebthe potential persistence of the modified geneti
elements in the environment, is an important cansiibn in the risk assessment of organisms regulti
from modern biotechnology and synthetic biology.

89. The transfer of genetic material from an organissulting from synthetic biology techniques to
another organism may change biodiversity at a geleatel (genotype) and may spread undesirablestrai
(phenotype). Some scientists, commentators, antlstigiety groups have expressed concern that the
spread of novel DNA may result in undesirable $rdit other organisms, such as those encoding
antibiotic resistance (commonly used as a markeyinhetic biology and classic genetic engineerorg)
the production of enzymes that break down cellul&SWGSB 2011; Tucker and Zilinskas 2006;
Wright et al. 2013). Even if no undesirable phenotypes are delethhe spread of synthetically designed
DNA into other species is considered by some tddemetic pollution” (FOE 2010; ICSWGSB 2011;
Marris and Jefferson 2013; Wright al. 2013). There is disagreement whether genetic fomflin itself

is harmful. Marris and Jefferson (2013) identifyntetic biologists and environmental NGOs as
generally assuming that the transfer of geneticeri@dt needs to be prevented, while the European
regulatory system does not consider the transfejeaktic material as an adverse effect in itself, &
potential mechanism by which adverse effects coatdir.

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

6.3. Emergence of unpredictable properties

91. The scientific community speculates that synthéimlogy could result in radically different
forms of life, with “unpredictable and emergent pedies” (RAE 2009; Garfinkel and Friedman 2010;
Mukunda et al. 2009). However, there is no agreement over thaifgignce of such unexpected
possibilities. Pauwelst al. (2013) explain that, even if the sources of genstiquences are known and
understood, it may be difficult to assess how &the new circuits or parts will interact or to giet the
possibility of unexpected emergent properties. Biyi Schmidt and de Lorenzo (2012) explain thEt:

is paradoxical that such an impressive abilityyotisesize DNA does not match our much more limited
knowledge to forward-engineer genetic devices witite than 20 genes or biological parts. This places
the synthetic biology field in a territory wheresilgning new-to-nature properties will still relyrfeome
time on trial-and-error approaches where emergaficenexpected, perhaps undesirable traits might
certainly occur”. Danat al. (2012) reflect a concern that “no one yet undedsahe risks that synthetic
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organisms pose to the environment, what kinds dbrimation are needed to support rigorous
assessments, or who should collect such data”.

92. In discussions of the danger of unforeseen resukynthetic biology, a common example is an
experiment in 2000 using classic genetic enginget@chnology. An engineered mousepox intended to
induce infertility was unexpectedly virulent, kilty all of the unvaccinated mice and half of the
vaccinated mice (Jacksat al. 2001, cited or described in: Douglas and Savul@8dD; Garrett 2011,
Mukunda et al. 2009; Schmidt & de Lorenzo 2012; Wilson 2013). Sostéentists question how
“unexpected” the increased virulence was (Millbackd obigs 2001) (although the researchers who
inadvertently developed a lethal mouse virus camtito insist that, even if increased virulence doul
have been predicted, it was still surprising thaniunized mice were susceptible to the virus (Selgl
Weir 2010)). Although not a result of synthetic Ibigy techniques, the mousepox case is raised in the
context of synthetic biology as an example of timeptial for producing more pathogenic products
(Douglas & Savulescu 2010; Schmidt & de Lorenzo20&/ilson 2013) and the possible limits of
predictive knowledge (Garrett 2011; Mukunetaal. 2009). One commentator noted about the mousepox
case: “While the problem of unforeseen resultsat unique to synthetic genomics, the combining of
multiple sources of DNA sequence (not just, sayaeterial vector and a specific gene as is exeiaglif

by standard recombinant DNA techniques), partityilahen this can occur very rapidly, may be of some
concern” (Fleming 2006).

7.  Strategies for containment

93. Containment strategies to prevent the unintentioglabse of organisms resulting from synthetic
biology techniques and/or exposing the environnterguch organisms may be physical (e.g. physical
barriers) or biological (e.g. inhibited ability teproduce or survive outside of contained systSuohihidt

and Lorenzo 2012). Both physical and biologicaltaonment strategies are being explored as means to
reduce the risks and potential negative impactsgdnisms resulting from synthetic biology techisju

7.1. Physical containment

94. The UK Healthy and Safety Laboratory noted tha¢aesh and production of organisms resulting
from synthetic biology under contained use condgia@ould be used to develop evidence on how to
regulate future applications that may involve ititmmal release, in a step-by-step approach (Batesl.
2012). Future uses of synthetic biology may stradtiie line between containment and release. For
example, Frencht al. (2011) consider their prospective arsenic biosettist may be used in a contained
device - but outside of a laboratory - as raisiggslconcerns than biosensors that are designelitéat
introduction into the environment. Moreover, thedkeof containment of organisms developed through
synthetic biology will also influence the likelihdoof their accidental environmental release. For
example, because of their need for exposure taghurand carbon dioxide (WWICS 2013), algae that ar
grown in open ponds may be more prone to accideatehse than organisms contained in laboratory
facilities.

95. It is widely acknowledged among microbial biologisind ecologists that physical containment is
never fail-proof (Moe-Behrenst al. 2013; Schmidt and Lorenzo 2012; Snow 2010; Wrighal. 2013;
Marris and Jefferson 2013). One of the conclusittrad Schmidt and de Lorenzo (2012) draw from
decades of research and use of recombinant DNiais"it is naive to think that engineered organisms
have never escaped the laboratory. They often hena massively”. Synthetic biologists Wrigt al.
(2013) call it prudent to include some form of phgé containment, but caution that “failure in [the
physical containment] is a matter of when, not ifhe disagreement is thus largely not about whether
engineered organisms will escape physical contaihneit rather over the degree of concern this Ishou
elicit and the appropriate responses.

96. There is significant disagreement over how stringetysical containment measures should be
for synthetic biology, stemming from disagreemergrdhe seriousness of the threats posed by organis
resulting from synthetic biology techniques (EGEB20FOEet al. 2012; Garfinkelet al. 2007, Marliere
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2009). Requiring synthetic biology research to tgtace only in BSL 3 or 4 laboratories would
significantly restrict synthetic biology researohet few laboratories (Garfinket al.2007).Principles for

the Oversight of Synthetic Biolgggollaboratively drafted by civil society groupsdaendorsed by 111
organizations, calls for the strictest levels afitainment of synthetic biology (FO& al. 2012). They do
not specify a specific Biosafety Level, but moregglly call for physical, geographical and biokdi
confinement strategies that prevent the releasegzfnisms resulting from synthetic biology techeisju
into the biospherellfid.). Tucker and Zilinskas, experts in nonproliferatjmolicy, declared “it would be
prudent to [...] treat synthetic microorganismsdasigerous until proven harmless. According to this
approach, all organisms containing assemblies oBBtks would have to be studied under a high level
of biocontainment (Biosafety Level, BSL, 3 or ewnuntil their safety could be demonstrated in a
definitive manner” (Tucker and Zilinskas 2008)0n the other hand, the US Presidential Commisision
the Study of Bioethical Issues (PCSBI 2010) fourat theNIH Guidelinesexisting guidance on the BSL
for any specific experimental agents and design®e \adequate for synthetic biology at its curreagst

of development. The Center for Genetics and Sogeblished an open letter signed by 58 civil sgciet
groups who consider that the “Commission’s recomaaéions fall short of what is necessary to protect
the environment, workers’ health, public heafth”.

97. The Cartagena Protocol on Biosafety, in article),3@efines contained use as “any operation,
undertaken within a facility, installation or othphysical structure, which involves living modified
organisms that are controlled by specific meastimas effectively limit their contact with, and thei
impact on, the external environment”. The Cartager@ocol does not elaborate on how these measures
are to be implemented but, at their seventh meethg Parties to the Protocol will deliberate om th
development of tools and guidance to facilitate implementation of the Protocol’s provisions on
contained use of LMOS,

7.2. Biological containment

98. In reference to the need for containment, resesscmmetimes note that engineered organisms
generally have reduced fitness, referencing paserience with genetically modified micro-organisms
(Bassler 2010; WWICS 2011; de Lorenzo 2010). Howeseme synthetic biologists see synthetic
biology as providing tools that could result indiiar organisms, and lack of fithess does not distthe
possibility of the transfer of genetic materialdtiher organisms. Therefore, among synthetic bistsgi
and in policy discussions, a commonly suggesteporese to the limitations of physical containmerd an
the possibility of organisms successfully desigfedenvironmental release is that synthetic biolbgy
used to design organisms with “built-in safety teas” (RAE 2009; Marliere 2009; Moe-Behreetsal.
2013; PCSBI 2010; Wrighet al. 2013). In 2009, synthetic biologist Philippe Martiéargued that most
experts see physical containment as “a futile telia superstition”, and that biological containtneas
the “surest if not simplest way to avoid risks afsgmination and contamination” (Marlieére 2009)efih
are four general areas of research that aim tolajevmuilt-in biological containment: induced letigl
horizontal gene transfer prevention; trophic camt&@nt; and semantic containment.

99. The idea of engineered induced lethality (alsorreteto as “kill switch” or “suicide gene”) is
frequently raised as a solution to the problemuofisal and persistence (PCSBI 2010; Venter 20009,
there are significant constraints to its effecte®sn The US Presidential Commission for the Study o
Bioethical Issues (PCSBI) frequently mentioned ¢gie genes or other types of self-destruction &igly

as a way to reap the benefits of synthetic biolatpiie avoiding potential harms (PCSBI 2010). Thas i
also a popular suggestion among iGEM teams as atevagspond to biosafety concerns (Gural.
2013). However, as recently discussed by Wratsl. (2013), Schmidt and de Lorenzo (2012), and Moe-
Behrenset al. (2013), kill switches in microbes are prone touedl The selective pressure acting to

50 Available athttp://www.geneticsandsociety.org/article.php?idEB5

51 Document UNEP/CBD/BS/COP-MOP/7/15 on “Contained afliving modified organisms” is available at
http://bch.cbd.int/protocol/meetings/documents.dhéventid=5193
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inactivate or lose suicide genes (i.e. through bt is expected to be stronger than for otheregen
precisely because the suicide genes are expressigned to kill the host cell. Moreover, while sdé&
genes are intended to be active only under cectinlitions, there may be varying amounts of “leaky”
expression, which means that the selective pressyseesent even under normal conditions where the
host cells are intended to thrive. Wriggital. (2013) corroborate this notion by writing that “deplency
devices based solely on toxins seem designed ifardadue to their inability to withstand mutatiorer
time”.

100. Trophic containment is another suggested biolodizatier where auxotrophic organisms are
designed to be unable to synthesize a compoundsthetjuired for its survival and that cannot benid
outside a controlled environment (Marliere 2009;eM@ehrenset al. 2013; PCSBI 2010; Wrighet al.
2013). Once auxotrophic microbes escape, they digowut the necessary compound. There are some
drawbacks to auxotrophic containment. The compaeagired for survival might be available in the
environment to which it escapes (Moe-Behrehal. 2013). Even if the compound is not present in the
environment, organisms may parasitically rely ontabelites from other organisms, or gene transfer
could revert the containment by introducing theessary gene (Moe-Behreatal. 2013; Wrightet al.
2013). Moe-Behrenst al. note that only a few of the genetic safeguard agghves, including engineered
auxotrophy, have met the recommended limit of ezsyiad microbe survival of less than 1000 cells2per
litres (Moe-Behren®t al. 2013). A related method of containment that is ¢pedrplored in influenza
research involves modifying the influenza virusetpress specific micro-RNA target sites. This was
found to attenuate influenza pathogenicity in ddfg species that express the specific micro-RNA
(Langloiset al. 2013). It is hoped that a similar approach could extra precaution when studying other
pathogens (Devitt 2013).

101. Another containment strategy is preventing horiabgene transfer (HGT); this is also still in
development. Scientists from UC Berkeley's Depanttd Bioengineering suggest that synthetic biology
organisms could eventually be engineered to prekit, through strategies such as deleting certain
plasmid sequences, producing phage-resistant straial mutating specific genes in order to pretrest
uptake of DNA from the environment (Skerlatral. 2009). Skerkeet al. (2009) express confidence that
HGT can be understood sufficiently enough to bergmeed. Other synthetic biologists acknowledge that
minimizing the uptake of ‘free’ DNA via transformat (as opposed to conjugation or transduction)
continues to be challenging (Wrigét al. 2013). Ecologists and social scientists identifyTH& a key
area for risk research (Daptal.2012; Snow and Smith 2012).

102. Semantic containment would require creating orgasighat “cannot communicate with the
extant biochemistry of the existing live world” (8uoidt and Lorenzo 2012). Xenobiology is the main
area of research exploring the creation of orthaydmological systems. By introducing unnaturally
occurring nucleotides or an alternate backbonedbssiibose or deoxyribose into the nucleic acid of
micro-organisms, a cellular information system ttetins the original functions but cannot be rbgd
naturally occurring enzymes (Marliére 2009; Schraiadl Lorenzo 2012; Wrighet al. 2013). Orthogonal
systems based on xenobiology “offer significant éndpr microbial cells designed to have minimal
genetic interaction with nature” (Wriglkt al. 2013), but synthetic biologists acknowledge thatythre
years (possibly decades) away from achieving tathogonal organisms resulting from synthetic
biology techniques, let alone demonstration of ammhent (Moe-Behrenst al. 2013; Wrightet al.
2013). Furthermore, xenobiology organisms’ effemisnatural organisms are unclear. Recent research
suggests that alternative backbone nucleic acidsial with natural DNA and RNA, with toxic effects
(Moe-Behrenst al.2013; Sutherlandt al.2013).

103. According to Wrightet al. (2013), “The current consensus in the synthetaoly research
community is that multiple biosafety mechanismd té needed to ensure system redundancy in case of
component inactivation”. The same authors also ttwdé the higher the complexity, the more prone it
may be to failure; thus, safety components mustosen carefully.

104. Civil society groups, conservation biologists, asmtial scientists have urged that biological
containment strategies based on synthetic biologya relied upon as biosafety measures until tigiro
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risk assessments have been carried out (King Z8Q8&et al. 2012; Snow 2010; Sutherlaetlal. 2013).
The 111 organizations endorsiRgnciples for Oversight of Synthetic Biologglled for the restriction of
xenobiology research within laboratories (F@Eal. 2012). The ICSWGSB calls on the CBD COP to
recommend that Parties not approve biocontainmiategies based on synthetic biology “for field
testing until appropriate scientific data can fiyssiuch testing, and for commercial use until appate,
authorized and strictly controlled scientific asseents with regard tanter alia, their ecological and
socio-economic impacts and any adverse effectbifidogical diversity, food security and human hiealt
have been carried out in a transparent manner ldcdénditions for their safe and beneficial use
validated” (ICSWGSB 2011). These groups are resipontb what they perceive as overly optimistic
expectations of many synthetic biology commentafmrshe promise of built-in biosafety.

7.3.  Social aspects of containment

105. Because containment strategies occur within s@mdl institutional systems, the effectiveness

and types of containment depend on the conditidnsse and characteristics of the users of synthetic
biology technologies (Marris and Jefferson 2013).mated in comments made by one Party on an earlier
draft of this document, this requires dialogue leetw synthetic biologists, regulators, and social

scientists.

106. As a converging field, synthetic biology has attedcpeople from outside of the life sciences.
While this is generally seen as a positive treh@ldo represents potential challenges for contaimm
Many newcomers to the biology laboratories haveemtidlly not had formal biosafety training, and
therefore may not know or be able to follow propeotocols for human and environmental safety
(Schmidt 2009; NSABB 2010). Professionals attrat¢tedynthetic biology, such as chemists, physicists
engineers, and computer scientists, “may not haes sensitized to the ethical, social and legahsaf
the traditional life sciences research communiti@$3SABB 2010). Others are early in their careers in
laboratories. For example, the annual IGEM comipest involve college and high school students in
synthetic biology experiments (Guanal.2013)>?

107. Some experiments in synthetic biology are carriedby amateur biologists, sometimes referred
to as “bio-hackers”, or the do-it-yourself biolo@g®1Ybio) community (Ledford 2010; Schmidt 2009;
Guanet al. 2013). There is contention over how many peopleeaigaging in modern biotechnology
outside of formal laboratories and the sophisticatf the research and synthesis they are ableto d
(Bennett et al. 2009). Some civil society groups have expressedtaros that such independent
researchers have neither the knowledge nor the togiroperly dispose of wastes or prevent rel@dse
the environment and have urged that DIYbio andHziokers be individually licensed in addition toithe
laboratories being licensed (EcoNexus 2011; FOBR01

108. Beyond the matter of laboratory safety practicleste is a broader concern that synthetic biology
practitioners lack an understanding of ecosystethbéodiversity science. At the US PCSBI hearings, t
President of the Hastings Center, Tom Murray, dtate

“As the relative participation of biologists, famil with the complexities and the non-linearities
of biological systems diminishes, so may an apptes of consequences of intentional or
unintentional perturbations of, for example, ecstems. It is just not the way they think about it.
Biologists are trained or at least particularly Yehorganism biologists even microbial biologists
do think about whole organisms and think about remvihents and ecosystems. That is less true
about some molecular biologists, and probably tess about some of the other people that are
now coming into synthetic biology.... Why is this iontant? We need to make sure the people
who are on the leading edge of synthetic biologyanstand the complexities of the systems they
will eventually purport to tinker with” (Murray 2@j.

52 iGEM notes that the teams work in BSL1 or BSLikatory spaces at high schools, universitiesimilar institutions.

The tems are required to follow all applicable lamsl university biosafety rules.
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8.  Adequacy of current methodologies for environmentak assessment

109. Perspectives on the adequacy of environmental aséessments and regulatory structures
designed for GMOs/LMOs resulting from classic genenhgineering in addressing organisms resulting
from synthetic biology will depend, in part, on therceived novelty of synthetic biology. Writingr fihe
WWICS Synthetic Biology Project, Michael Rodemeymted that near-term products “derived from
well-understood bacterial hosts and natural gersetigiences” and intended for contained use arelylik
comparable in risk to currently produced genetjcaligineered organisms” (Rodemeyer 2009). Simjlarly
national government reports - such as the US Ryeadd Commission on the Study of Bioethical Issues
(PCSBI 2010), the Belgian Biosafety and Biotechgglt’nit (Pauwelst al. 2012), and the UK Health
and Safety Laboratory (Bailegt al. 2012) and UK Synthetic Biology Roadmap Coordinat®roup
(UKSBRCG 2012) - express the view that their retgularegimes and risk assessment methodologies for
genetically modified organisms sufficiently appiythe current and near-term results of synthetiohgly
technigues. Most of these documents also, howsterss that regulators need to continue to monitor
developments in the field, implying that changes/ iba necessary depending on how synthetic biology
develops (Baileyet al. 2012; Pauwel®t al. 2012; UKSBRCG 2012). Rodemeyer (2009), for example
notes that risk assessment will be challenged asdmplexity of organisms increases as novel gene
sequences are more significantly modified, and exsetic components are assembled from a greater
variety of sources. From the perspective of theVKGSB (2011), current developments of synthetic
biology techniques already demand new risk assegspcedures and regulatory responses. The
ICSWGSB (2011) argue that, as current risk asses#smmethodologies have a strong element of
comparison with the risks posed by the recipieniasental organisriv,they are inadequate for organisms
produced using synthetic biology techniques thaehe analog in the natural world.

110. There is also disagreement over the amount of ressuhat should be channeled to the research
of the risks of organisms resulting from synthdticlogy techniques. Some researchers reflect cancer
for the “unknown unknowns” of synthetic biology their call for significantly increased funding for
dedicated synthetic biology risk research. Theyargpat no one yet understands the risks that stath
organisms pose to the environment, what kind afrimfition is needed to support rigorous assessments,
or who should collect such data. For example, Darel. (2012) writing as employees of the Synthetic
Biology Project at the Woodrow Wilson Internatior@enter for Scholars (WWICS) and Ohio State
University, argued for a minimal investment of $&D-million in synthetic biology environmental risk
research over the next 10 years to address arehasasu the difference in physiology of naturally
occurring organisms and organisms resulting fronttmtic biology techniques; how microbes couldralte
habitats, food webs and biodiversity; the rateaflgion of organisms resulting from synthetic loigy
technigues; and understanding processes of gensfaraTait and Castle (2012), writing from the UK
ESRC Innovation Centre, responded that the invettpeposed by Danat al. was not yet justified.
Tait and Castle (2012) also noted that “the questraised by Danet al. should be considered as part of
any risk-governance system for synthetic biolodyieir disagreement thus seems to be around the scal
of dedicated risk research, and not the contermithgyic biologist de Lorenzo (2010b) argues that th
results of current synthetic biology research, &l &ws organisms and commercial products resulting
from current synthetic biology applications (i.aqt yet orthogonal systems such as xenobiology) are
sufficiently familiar, and that the risk assessmertinducted on a case-by-case basis for GMOs/LMOs
produced through classic genetic engineering drespropriate.

111. Social scientists Zhangt al. (2011) recommend recognition of the full range sofentific
uncertainties relating to synthetic biology. Dragvion the work of Brian Wynne (1992) and Andy Stigli
(2008; 2010), Zhanegt al. (2011) note that risks describe situations in Wtpossible kinds of damage
and their probabilities can be known. Other kinddimited scientific certainty can be described as
uncertainty (when the types of harm can be idetjfbut not their probabilities), ambiguity (whehe

53 Among the general principles for risk assessnmfamgex 11 of the Cartagena Protocol on Biosafebtes that “risks

associated with living modified organisms [...] ahtbbe considered in the context of the risks pdsethe non-modified
recipients or parental organisms in the likely ptitd receiving environment.”
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measurement or meanings of the kinds of harm artested), and ignorance (where neither the outcomes
nor probabilities can be characterized) (Wynne 1®&f#tling 2010). Zhanget al. (2011) warn that, as
with other emerging technologies, there has beemdency among governments to respond to synthetic
biology as if it represents only identifiable andasurable risks.

112. Most existing biosafety regulations, including tbartagena Protocol on Biosafety, rely on case-
by-case assessments of environmental risks whiah it®#o account any environment which may be
exposed to the organism, the characteristics obthanism and its intended uses. Current and eear-t
commercial applications of synthetic biology budd techniques of modern biotechnology to create
organisms with novel combinations of genetic mateAs such, the general risk assessment methoglolog
for living modified organisms is expected to be lagble to organisms produced through synthetic
biology, albeit specific considerations will likelye needed to identify any gaps that may exish@n t
methodologies that are currently in place to asgesgnvironmental risks of living modified orgamis
and propose guidance on how to fill such gaps. Aded for developing risk assessment guidance that
focuses specifically on organisms developed usmnthetic biology techniques was already foreseea by
group of experts representing the Parties to theaGana Protocol on Biosafety (CBD 2014).

113. A revised risk assessment methodology may not sadgs demand the set-up of regulatory
regimes distinct from existing biosafety regimesaring GMOs/LMOsIf and when future commercial
applications of synthetic biology evolve to usehtd@ques that do not rely on thevitro manipulation of
nucleic acids to cause inheritable changes in ganism, current methodologies for environmentd ris
assessment may no longer be suitable as thesesrmgawould no longer fall within the scope of many
biosafety instruments.

114. For a more in-depth analysis of the gaps and guerlaith the applicable provisions of the
Convention on Biological Diversity, its Protocoksnd other applicable international instruments see
document UNEP/CBD/COP/12/INF/£2.

Table 1. Examples of potential positive and negatévimpacts of synthetic biology applications on
conservation and sustainable use of biodiversity

Potential positive and negative impacts* on conseation and

Specific area of application sustainable use of biodiversity

Bioenergy applications of |At a significant scale, these approaches couldoedlobal dependence on
synthetic biology fossil fuels and cut harmful emissions (PCSBI 2010)

Synthetic biology tools may be used in designingxtrgeneration” biofuels
that, it is hoped, will overcome challenges ofsfigeneration” biofuels made
from food crops (Webb & Coates 2012)

Use of biomass as feedstock in synthetic biologg@sses may be an
environmentally beneficial shift from non-renewal#eources (Ericksoet
al. 2011; Georgianna & Mayfield 2012)

Synthetic biology bioenergy applications could léaéhcreased extraction ¢f
biomass from agricultural land, which may decreaskfertility (ICSWGSB
2011; Fixen 2007)

Increased demand for biomass may lead to displattenfi¢ocal sustainable
uses and environmental harm in tropical and syti¢ad communities (ETC

54 Available atttp://www.chd.int/doc/?meeting=COP-12
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Specific area of application

Potential positive and negative impacts* on conseation and
sustainable use of biodiversity

2010; FOEet al. 2012; FOE 201(

If synthetic biology techniques open up new souafemnergy such as algag
and seaweed, increased demand may encroach diotraduses (ETC 2013

Environmental applications
of synthetic biology

Micro-organisms resulting from synthetic biologgheiques may work as
biosensors, helping to identify areas contaminaitigal specific pollutants
(Frenchet al. 2011)

Microbes that are intended for release into thérenment could have
adverse effects due to their potential for suryipatsistence and transfer o
genetic material to other micro-organisms

f

Wildlife-targeted
applications of synthetic
biology

Synthetic biology techniques might help to idengfid treat wildlife diseasg
(Allendorf et al. 2010)

Synthetic biology techniques may be used to resxtiact species (“de-
extinction”), restoring ecological richness (Chufi3; Redforatt al. 2013)

De-extinction may provide a new paradigm for bi@ugity advocacy, baseq
on hope instead of crisis (Brand 2013; Redford 2013

RNA-guided gene drives could potentially prevert spread of disease, an
control damaging invasive species (Esetlal.2014)

Synthetic biology techniques may be used to targetts to wildlife, such &
the spread of diseases borne by insect vectorsgiéstnl Fussenegger 201
Esveltet al.2014)

S

o0

Proposed synthetic biology solutions might divertds and other resource
from other conservation efforts (Ehrenfeld 2013;lieh 2013).

Proposed synthetic biology solutions might moveqgyeinakers away from
addressing underlying causes for biodiversity (Bsdfordet al. 2013)

‘Moral hazard” may reduce society’s willingnesssiapport measures to
conserve endangered species (Redébl. 2013)

Synthetic biology capability may lead to decreasagport forin situ
conservation with impacts on support for existingtpcted areas (Redfoed
al. 2013)

Potential undesired consequences could resulttinerase of “gene drive”

systems to spread traits aimed at the suppressiextigpation of populations

of disease vectors (e.g. mosquitoes). One suchsiredeconsequence coulg
be the introduction of new diseases through thiacement of the populatig
of the original disease vector by another vectecss (“niche substitution”

Near-certain spread across political bordersun@tentional or unauthorizg
transboundary movements, of mosquitoes and otkecis used to control
diseases (Esvett al.2014)

>
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Specific area of application

Potential positive and negative impacts* on conseation and
sustainable use of biodiversity

Agricultural applications of
synthetic biology

The potential for organisms resulting from synthéiiblogy techniques in th
agricultural production sectors might foster “aistible intensification” and
“land sparing” to reduce land conversion and gmse protection of wild
habitats (Redforeét al. 2013)

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

RNA-guided gene drives could potentially supporiadture by reversing
pesticide and herbicide resistance in insects aatis/(Esvelket al.2014).

Industrial uses created by synthetic biology midyixe significant land use
change towards feedstock production (could be aftmal or negative
impact) (Redforaet al. 2013)

Possible toxic and other negative effects on nagetaorganisms such as sq
micro-organisms, beneficial insects, other aniraald plants;

Potential negative impacts to the conservationsausthinable use of
biodiversity could arise from the transfer of génetaterial to wild
populations via vertical gene transfer and intregi@n

Applications of synthetic
biology to replace natural
materials

Molecules produced through synthetic biology caerdble conservation of
plants and animals currently unsustainably hardefsten the wild or throug
unsustainable cultivation (BIO 2012)

-

Synthetic biology products could displace prodtictd are key tan-situ
conservation projects (ETC 2013a)

Applications of synthetic
biology to replace materials
made with synthetic
chemistry

Synthetic biology alternatives for chemical produaihd industrial processe
may lead to decreased use of hon-renewable resoanceless
environmentally harmful manufacturing processegfi@iel & Friedman
2010)

Transition to sustainable production and consumgtichich protects
biodiversity) may be promoted (Redfeetal. 2013)

[

Synthetic biology alternatives for chemical produahd industrial processe
may not actually be “greener,” such as currentlbstjes (ETC 2010)

Industrial uses created by synthetic biology midyise significant land use
change towards feedstock production (could be aftmal or negative
impact) (Ericksoret al. 2011; Redforat al. 2013)

2

" In addition to the specific examples of potentidierse effects listed in this table, general Begaconsiderations (section 6)
also apply, as appropriate, to the accidental tbelate release of organisms developed througthstin biology listed in this

table.
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E. SOCIAL, ECONOMIC AND CULTURAL CONSIDERATIONS ASSOCI ATED WITH
THE COMPONENTS, ORGANISMS AND PRODUCTS RESULTING FROM
SYNTHETIC BIOLOGY TECHNIQUES

115. This section discusses potential positive and meg@anpacts of the components, organisms and
products resulting from synthetic biology with redjdo social, economic and cultural considerations.
Table 2 at the end of this section provides examplepotential positive and negative impacts in the
context of biosecurity, economic, health, ethicad atellectual property.

9. Biosecurity considerations relating to biodiversity

116. A common definition of biosecurity is an effort fprevent misuse or mishandling of biological
agents and organisms with an intent to do harm”SBIC2010). Synthetic biology presents potential
challenges to biosecurity, as well as potentidlsttmaid in security efforts.

117. Biosecurity concerns related to biodiversity induthe use of synthetic biology to create
destructive pathogens targeting agriculture or rotfaural resource bases. Existing livestock armg cr
diseases could be made more lethal, and novel gatisodesigned to impact agricultural biodiversity
(Kaebnick 20095° Mukundaet al., writing from MIT and Boston University, predict thaiological
weapons customized to attack specific groups agbhhilikely in the long term (10 or more years)
(Mukundaet al.2009).

118. There is heated debate as to the level of threbtabbgical weapons, but broad consensus that
advances in biotechnology are likely to increagedfingers posed by biological weapons (Mukuetdd.
2009). Mukundaet al. (2009) classify potential impacts of syntheticlbiy on offense as primarily
increasing capabilities for acquisition of biolagioveapons and, in the long term, the effects chsu
weapons, including enhanced lethality and infeci@ss.

119. Infectious viruses have been created using whaesmmsider as synthetic biology techniques; it
is predicted that the creation of bacterial patihhagmay be possible. In 2005, researchers at the US
Centers for Disease Control and Prevention (CDQ)stacted a virus with the complete coding
sequences of the eight viral gene segments ofxirece 1918 Spanish influenza virus, following gemio
RNA retrieved from autopsy materials and the remaina victim found buried in the Alaskan permafros
(Tumpeyet al. 2005). An infectious poliovirus was produced inAamerican laboratory in 2002, using
oligonucleotides ordered from a commercial supp{igello et al. 2002)*® Mukundaet al. rate the
synthesis of viruses as “relatively easy” at presamd thus synthetic biology may be expandingpihel

of actors able to acquire agents for biologicalfara:. In the medium term future, they anticipate th
creation of new organisms with novel properties kifhda et al. 2009). This aligns with the 2007
analysis by Garfinkekt al. that synthesizing highly pathogenic viruses wilctime easier, and that
pathogenic bacteria may eventually be possibleghattime, Garfinkekt al. (2007) noted that over the
next five years, “constructing an infectious vifusould] remain more difficult than obtaining it fmo
nature or from laboratory stocks,” but that thisliddbe reversed within 10 years.

120. Synthetic biology could provide tools for resporglio biosecurity risks. The US PCSBI claims
it is “easy to anticipate potential benefits” ofnfiyetic biology to biosecurity, such as identifying
biological agents of concern and countering biosgcthreats (PCSBI 2010). Synthetic biologist Drew
Endy urges that synthetic biology be understoogims of its “net contribution to risk exposure arod

% Most literature on biosecurity considerations withetic biology focuses on human targets, butahislysis applies to

biodiversity-associated biosecurity as well.

% These two examples are frequently noted when sisitg synthetic biology (see Douglas & SavulesclO2Mukundaet

al. 2009; RAE 2009). However, one organization comeeion an earlier draft of this document that sorgeathe techniques
used in both of these cases are not SB. Both ethejects involved sequencing parts or all oftéinget viral genome, and then
synthesizing the necessary oligonucleotides (Glkl. 2002; Tumpeyet al. 2005). Tumpet al. (2005) generated the influenza
viruses using a “reverse genetics system.” Gallal. (2002) assembled the poliovirus entirely from ofigcleotides.
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only risk creation” (Endy 2005, Fig. 3). Thus, altigh synthetic biology can be used to create threat

tools such as DNA synthesis can help identify aegpond to biological threats, for example by

accelerating the ability to analyze the pathoged amore rapidly synthesize vaccines or vaccine

precursors (Endy 2005). Similarly, Mukuneéa al. point out that synthetic biology could be used for

defense, such as improved surveillance to detgbbganic agents, accelerate vaccine production, and
provide therapies for some pathogens (Mukugtck. 2009).

10. Economic considerations relating to biodiversity

121. The global market for synthetic biology productsgi®owing rapidly, as are investments in
synthetic biology research. As seen in sectiomd ,global synthetic biology market is expected rmag

to $11.8 billion in 2018. While smaller than thetimsted global market for nanotechnology ($20.1
billion in 2011, $48.9 billion in 2017), synthetliology's predicted compound annual growth rate of
45.8% outshines nanotechnology’s 18.79%he WWICS Synthetic Biology Project estimates thatUS
and European governments funded over a half bilil@D in synthetic biology research between 2005
and 2010 (WWICS 2010).

122. There is no clearly agreed definition or scopehterm “bioeconomy”; definitions either focus
on the tool of biotechnology or on the use of biemas a fuel and raw material. The 2009 OECD
documeniThe Bioeconomy to 2030: Designing a Policy Agedefines bioeconomy dsa world where
biotechnology contributes to a significant shareecdnomic output.” (OECD 2009). The United States’
White House'sNational Bioeconomy Blueprirgimilarly defines bioeconomy as “economic activityat

is fueled by research and innovation in the biaabsciences” (US White House 2012). The European
Commission’s definition of bioeconomy is broadean“economy using biological resources from the land
and sea, as well as waste, as inputs to food aj fiedustrial and energy production. It also cevbe
use of bio-based processes for sustainable inds’S(EC 2012§° Civil society groups’ definitions of the
bioeconomy are similar to that of the European Cassion>® The Global Forest Coalition describes it as
a post-fossil fuel economy, “heavily based on tee af biomass, both as a fuel and as a raw material
from which to manufacture a wide range of produictsluding plastics and chemicals” (Hall 2012). The
ETC Group sees the bioeconomy as relying on three-ielated and reinforcing concepts: the biomass
economy, moving from fossil and mineral resourcebitlogical raw materials; the biotech economy;, in
which genetic sequences are the building blocksdfsigned biological production systems; and the
bioservices economy, in which new markets in edesysservices enable trading of ecological credits
(ETC 2010).

123. States, industry, and civil society identify syrtbebiology as playing a potentially significant
role in the bioeconomy. The Government of the Whitates of America names synthetic biology as an
emerging technology that “holds vast potential foe bioeconomy, as engineered organisms could
dramatically transform modern practices in high-atipfields such as agriculture, manufacturing, gner
generation, and medicine” (US White Houa®12). Industry analysts see a “bright future” lie tio-
based economy for developers of biochemicals, kierads, bioactive ingredients, and processing aids
(Huttner 2013). The ETC Group describes synthetmoQy as a “game-changer,” expanding the
“commercial possibilities for biomass” (ETC 2010).

124. State-led policies and strategies are driven byagcipated benefits of an expanded global
bioeconomy. The EC is pursuing the bioeconomy ézdncil(e) demands for sustainable agriculture and

57 Seehttp://www.bccresearch.com/report/nanoparticlegdmionology-drug-development-delivery-bio113a.htivicessed

on 17 April 2013.
58

The EC's Strategy describes the bioeconomy aaditd the sectors of “agriculture, forestry, fiskey food and pulp and
paper production, as well as parts of chemicatestmnological and energy industries” (EC 2012b).

% For all of these actors, the bioeconomy is a meeraoncept than UNEP’s “Green Economy” (an econttimgt results in

improved human well-being and social equity, wkignificantly reducing environmental risks and egital scarcities”)
(UNEP 2011).
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fisheries, food security, and the sustainable digerewable biological resources for industrialpmses,
while ensuring biodiversity and environmental petitn” (EC 2012a, 1). The European Commission
three-part Action Plan includes: investing in reshainnovation and skills; reinforcing policy iméetion
and stakeholder engagement; and enhancing mankétsampetitiveness (EC 2012b). The US Obama
Administration is prioritizing the bioeconomy “batse of its tremendous potential for growth” as vasl|

its potential to “allow Americans to live longegdithier lives, reduce our dependence on oil, addkey
environmental challenges, transform manufacturirnggsses, and increase the productivity and scbpe o
the agricultural sector while growing new jobs amdustries” (US White House 2012). Brazil is aliggi

its strategies to become the “No.1 Global Bioecopbrbuilding on its natural resources base and
extensive biodiversit} And States that have not yet developed bioecorspegific strategies are
adopting the language of the bioeconomy, such asMhlaysian Minister of Natural Resource and
Environment identifying bioeconomy as key to transfing Malaysia into a high-income countty.

125. Engagement by some civil society groups on syrthieiblogy is significantly motivated by
anticipated dangers of an expanded global bioecgn8wme civil society groups have expressed deep
concern over the methods by which a transition ffossil fuels to renewable resources is proposed. A
described in section 5.1, a major concern is tianecessary scale of extraction and use of biofoass
global bioeconomy is ecologically unsustainablell(i2@12; ETC 2011; ICSWGSB 2011; FCd# al.
2012). The new bioeconomy also potentially thremtémider “bio-based” economies represented by
billions of people with preexisting claims on thendl and coastal waters where biomass grows” (ETC
2011). The ETC Group cites the World Health Orgamin statistic that 3 billion people depend on
firewood as the primary source of fuel for heat andking, and that 2 billion people rely on animass

the main source of power for agriculture and trans(ETC 2011). Many civil society groups express
concern that these biodiversity-based economieerdempn the same natural resource as the new
bioeconomy, and therefore stand to be displacddriand resource grabs (ETC 2011; ICSWGSB 2011;
Hall 2012).

126. Many of the first wave synthetic biology commercadplications replicate naturally-occurring
molecules that are expensive or difficult to souocgside the laboratory or produce in the labosator
using synthetic chemistry (Wellhausen and Mukun@@92. Product displacement can potentially ease
negative pressures on wild or cultivated specias,itbcan also displace cultivation practices, wofte
topical and sub-tropical regions.

127. The anti-malarial semi-synthetic drug artemisirsnai high-profile example of the complicated
trade-offs that may result from product substitasioThe artemisinin project of Prof. Jay Keasliig&
Berkeley has been the most popular example of theipe of synthetic biology, and particularly of
synthetic metabolic engineering, for the past seygars (Collins 2012; Garfinkedt al. 2007; Garfinkel
and Friedman 2010; Heinemann and Panke 2006; P@SE)). The shrul\rtemisia annuahas been
used in China for centuries to treat a variety lofesses, including malaria (White 2008). Although
announced to the rest of the world in 1979, glgimitics and issues of price kept artemisinin l&rge
inaccessible. It was not until 2004 that the Watkhlth Organization (WHO) and Global Fund for AIDS,
Tuberculosis and Malaria switched to Artemisinicég Combination Therapy (ACT) (Enserink 2005;
Milhous and Weina 2010; White 2008). Since them, dlailability - and thus price - of artemisininsha
varied wildly, as a combination of bad weather arglut of new producers has led to year-to-yearepri
swings (Peplow 2013). The Gates Foundation gavegraots totaling $53.3 million to the Institute for
OneWorld Health to help Prof. Jay Keasling of UCrk&dey engineer the molecular production of
artemisinic acid from yeast (Sanders 2013). In 20Kéasling’s group announced their success in
engineering the metabolic pathway of yeast usingid® synthetic genetic sequences to produce high
levels of artemisinic acid (Ret al. 2006). OneWorldHealth, Amyris (a commercial sytithdiology

60 Seehttp://wwwl12.senado.gov.br/internacional/05-18-20t2zil-can-become-a-leader-in-bioeconomy-saysethreof-

national-industry-confederatiphttp://www.iica.int/Eng/prensa/lICAConexion/lICACerion2/2012/N13/secundaria4.asprd
http://www.process-worldwide.com/management/marketiustries/articles/345478ccessed on 23 April 2013.
61

Seehttp://www.mysinchew.com/node/8104&ccessed on 23 April 2013.
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company co-founded by Keasling), and pharmaceuticahpany Sanofi partnered to produce semi-
synthetic artemisinin. The term “semi-synthetic” used because Sanofi has developed a proprietary
photochemical method to convert artemisinic acitb iartemisinin (Sanders 2013). In 2013, Sanofi
announced the launch of large-scale production wpgnlatory approval, with plans to produce 35 tons
of artemisinin that year and 50 to 60 tons by 2ah4, equivalent of 80-150 million ACT treatments
(Sanofi and PATH 2013). Thus far, Sanofi has exmbrapproximately 400 kg of semi-synthetic
artemisinin to India, the bulk in one shipment WduS$ 350/kg?

128. There are potential public health benefits from isgynthetic artemisinin. For seven years,
synthetic biology has been described as a cheagemare efficient way to produce artemisinin themn i
natural plant source, although a price still hasbe®n named (Garfinket al. 2007; PCSBI 2010; RAE
2009)% Because production of artemisinin is following ro“profit, no loss” model and UC Berkeley
included humanitarian use terms in the intellecpraperty license, it has been expected to bedsdfde
and lead to a “stable cost and steady supply” (&an2013; US PTO 2013). Many analysts anticipaie th
this will lead to positive public health outcoméd/gllhausen and Mukunda 2009; Peplow 2013).
Keasling has also argued that, because individutdmisia growers sometimes sell to producers of
artemisinin monotherapies (which can lead to adam resistance), semi-synthetic production vetid

to a more easily controlled market (Thomas 2013).

129. Semi-synthetic artemisinin may displace cultivatairArtemisiaby tens of thousands of small-
scale farmersA. annuais primarily cultivated on farms in China, VietnaBast Africa and Madagascar;
the average crop area per farmer in China and@fsi@round 0.2 hectares (A2S2 2013). Sourcesrwithi
the Artemisinin trade estimate that up 100,000 fedpmallholders and wild pickers) depend upon
artemisinin for their livelihoods, with a wider sacimpact when families are factored in to caltiola
(ETC Group 2013; Charles Gibl&fri2014 personal commun.). Initially, semi-synthetitemisinin was
described as a complement to natural cultivatien.example, at the 2013 annual artemisinin confagen
the semi-synthetic artemisinin consortium commueidatheir production was intended to be a
complementary source to supplement plant-basethaitén, that the estimated price would be between
US$ 350 and 400, and that the semi-synthetic ptoaoald act as a price regulaforBut, at an April
2013 conference on synthetic biology and consemakeasling noted that “moves are afoot to replace
the entire world supply [of artemisinin]”. Civil siety organizations have long been concerned tist t
might be an impact of semi-synthetic artemisinihdihas 2013; FOEt al.2012). Thomas (2013) noted
that “early on, it was not about replacing the agtural form [...] and now | think it is nearly ingable
that it will shift over”. The ICSWGSB agrees thaalaria drugs must be accessible and affordable, but
they question the value of pursuing a high-techitsmé over decentralized, sustainable approaches su
as supporting expanded smallholder production (IGSB 2011). Moreover, Marris (2013) notes that a
crucial issue in the debate between the potengaltih benefits of artemisinin and the potentiaklo$
income and livelihoods for farmers growidgtemesiabushes as a crop is that the hoped-for health
benefits for local populations do not simply depafichn increased supply of artemisisin (synthetic o
not), but also require a complex set of interrelatelitical, economic and social conditions.

130. As noted in several comments on an earlier drathisf document, the displacement of small-
scale farmers’ crops is not an impact unique tdrsfic biology, nor are the experiences of thesedas
pre-determined. Indeed, the displacement of naturadlucts by synthetic-biology produced versions

62 Seehttp://www.infodriveindia.com/accessed 21 Feb. 2014.

8 According to A2S2's tracking of artemisinin impoito India, the average monthly price of arteniishas been dropping

over the past two years, down to US$ 267.51/kgl(exity) in December 2013. Sdgtp://www.a2s2.org/market-
data/artemisinin-imports-into-india.htpdccessed 21 Feb. 2014. Thus far, Sanofi impbssroi-synthetic artemisnin to India
have been for more than this.
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Giblain, CEO of Bionexx in Madagascar, calculat@d number based on the Madagascar and Chineséona®s engaged
with production and wild picking cArtemisia

% Seehttp://www.a2s2.org/upload/5.ArtemisininConferenée2013Kenya/2013ArtemisininConferenceFinalRepdit.p

accessed on 21 Feb. 2014.
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follows a “tradition of major technological advascat have displaced former methods of production”
(Wellhausen and Mukunda 2009). Wellhausen and Md&usee semi-synthetic artemisinin and other
commercial synthetic biology applications as pdgsibproving health and thus the standard of living
developing countries, while simultaneously displgciaborers, exports, and the tax base of those sam
countries Ipid.). Using the historical examples of natural rubbed indigo dyes’ competition with
chemically produced alternatives, they explain t@netimes displacement results in impoverishment
and sometimes the natural version continues to boltb some share of the markiiq.). They see a
role for national governments in facilitating inthia restructuring and redistributing any benefiasthe
“economic losers” Ipid.). The ETC Group has describédtemisia growers as the “canaries in the
coalmine,” providing an early example of the righat synthetic biology production poses to smatleol
producers (ETC 2010). The ETC Group asks what liisragveloping countries will experience when the
product being displaced is not medicine for a tapdisease. They point to synthetic-biology pralic
isoprene (rubber), currently in development by Geoe and Goodyear, which could displace
smallholders in Asia producing natural rubber (EAGD7; 2010).

131. Although artemisinin is a more high-profile exampbéher synthetic biology versions of natural
products are on the near-term horizon. The near-tmmmercialization of synthetic-biology-produced
lauric acids could compete with production from @mwat and palm kernel oils (ETC Group 2013).
Coconut is a major export crop for the Philippingsmarily from owner-operated farms averaging 2.4
hectares (ETC Group 2013). Palm kernel oil fronpaiim primarily comes from large industrial farms i
Indonesia and Malaysia. Unilever's investment ita8ome is related to a desire to move away from the
environmentally destructive crop (ETC Group 20IBmiflu producer La Roche produces some of its
shikimic acid with modifiecE. coli,as opposed to star anise (ETC Group 2013; Ratalt2013).

132. Some are optimistic for developing countries in tiiebal bioeconomy; those who express
concern have differing degrees of confidence thatnhcan be mitigated or avoided. The US PCSBI sees
synthetic biology as bringing potential benefits developing countries, “where health, access to
resources, and economic stability are closely linke one another and to disparities in health and
welfare” (PCSBI 2010). The example of artemisirénfiequently put forward as an example of how
synthetic biology can significantly improve the hleaand thus economies, of developing countries
(Ibid.; Garfinkelet al.2007; RAE 2009). A biotechnology-led bioeconomyldaaiso, however, reinforce
trends towards the dominance of knowledge-basedhosaies, and the further consolidation of
international trade by a few rich states and tmaatsonal corporations (Rhodes 2010). The civil styci
Principles for the Oversight of Synthetic Bioldggists that the development of synthetic biologysm
“not deepen economic and social injustices” thropgiduct displacement, increased biomass cultimatio
and extraction, or the further privatization andtcol of naturally occurring processes and prod(lEQE

et al. 2012). Others recognize the potential that dewetppountries might fail to benefit from or even be
harmed by synthetic biology’s role in the globaddgitonomy, but see ways that these potential haams c
be mitigated. For example, the UK Royal AcademyEafjineering recognizes the potential for global
inequalities to be “exacerbated” by synthetic bjglothrough product displacement of developing count
exports (RAE 2009). Garfinkel and Friedman see m@aotgntial synthetic biology applications, such as
treating neglected tropical diseases, as potentiadist useful to those who can least afford it (Bkel

and Friedman 2010). But in both cases, these arsidered challenges that can be addressed through
product-specific arrangements (such as the Gataadation’s support of artemisinin research and the
Sanofi-Aventis no-profit/no-loss model of producjcand engagement with the public (Garfinkel and
Friedman 2010; RAE 2009).

11. Human health considerations relating to biodivengit

133. Through the CBD’s cross-cutting programme on “Healtd biodiversity,” it is recognized that
“we cannot have healthy societies without biodiitgtgCBD 2012). Biodiversity provides sources of
medicine, food, clean air and fresh water; lossbioidiversity can negatively impact human health
through increased contact with diseases and the dbsubstances used as medicines or in medical
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research 1bid). Synthetic biology may be used for advanced naditerventions but also could have
unintended impacts on health and biodiversity.

134. Classic genetic engineering has been used fortbwee decades to engineer bacteria to produce
molecules such as insulin and vaccines (PCSBI 2049yith other areas of current and potential ieitu
synthetic biology applications, researchers andstries deploying synthetic biology tools are binigg

on the history of established biotechnology, arelliies between “synthetic biology” and classiceji&n
engineering are not always clear.

135. Health applications are a major focus of synthieitidogy research; much of it is still at the stage
of basic research, but some is in commercializattkmtording to WWICS (2013a), the top application
focus of biological systems designers and manufactuconducting synthetic biology research is
medicine. Synthetic biology may provide tools foetter understanding disease mechanidms
“rebuilding and studying them in a context isolafem their high degree of natural interconnecivit
(Lienert et al. 2014). For example, the oft-cited study synthesiZihe 1918 Spanish influenza virus
provided insight into the pathogen's virulence dect{Tumpeyet al. 2005; Weber & Fussenegger 2012)
Synthetic biology may be used in drug discoverptlgh developing drug screening platforms (Pauwels
et al. 2012). One of the expectations for xenobiologythist XNA could be used in diagnostic tests
(PCSBI 2010). One focus of synthetic biology reskand development is the design of organisms to
produce drugs and vaccines. As discussed in mdedl ie section 4.2.2, semi-synthetic artemisinim f
the treatment of malaria is already being produgsidg metabolic engineering techniques that many
consider to be synthetic biology (Sanders 201320D3, researchers at Novartis and Synthetic Gezsomi
published an approach to rapidly generate influeraine viruses, using an enzymatic, cell-freeegen
assembly technique, producing an accurate vaccore guickly than previously possible (Dormitzsr

al. 2013). J. Craig Venter, founder and CEO of Symth&enomics, refers to this as “reverse
vaccinology” (Industrial Biotechnology 2014). Anethapproach referred to as “SAVE” (synthetic
attenuated virus engineering) (Colenetnal. 2008) was used to rationally redesign the genofreno
influenza virus, resulting in an attenuated virahvwundreds of nucleotide changes (Muedieal. 2010).

Still at the research stage are synthetic biologyiaks that would provide therapeutic treatmémt
example through reprogramming mammalian cells ¢tkl¢adiseases through prosthetic gene networks,
controlling the timed delivery of drugs, more catlzd approaches to gene therapy, and engineering
micro-organisms to target, penetrate regress turflmebes 2010; Khalil & Collins 2010; Wieland &
Fussenegger 2012). In December 2013, two compasiag synthetic biology techniques, Intrexon and
Agilis Biotherapeutics, LLC, announced a collabmmatfocused on DNA-therapeutics for Friedreich's
ataxia (FRDA), a rare genetic neurodegenerativeadis (Intrexon Corp. 2013a). The RAE (2009)
anticipates that in the longer term (10 and 25 s)eaynthetic biology will help to make personalized
drugs and highly adaptive vaccines and antibiotics.

136. It is difficult to anticipate specific negative imgts, but broad categories of potential concerns
have been identified related to human health ingpakd discussed earlier, synthetic biology may have
negative ecological impacts related to biosafegctien 6), which could then negatively impact human
health. Accidental release of organisms resultingrfsynthetic biology could possibly also have tiega
impacts on human health (PCSBI 2010; RAE 2009)wAs noted by the European Group on Ethics in
Science and New Technologies, it is hard to pratietlong-term health-related risks associatedh wie
ecological effects” of synthetic biology (EGE 200%he coalition of civil society groups that deveto
Principles for the Oversight of Synthetic BiolofJOE et al. 2012) as well as the US Presidential
Commission for the Study of Bioethical Issues (PC8B10) identify synthetic biology laboratory
workers as potentially at risk because of accidemtposure. There is also the possibility that roeeis
and therapies resulting from synthetic biology teghes may trigger unanticipated adverse effects on
human health (Konigt al. 2013; PCSBI 2010). Indirect negative effects tonho health could arise if
medicines and therapies produced with synthetilbgjotechnologies are inaccessible to some countrie
because of broad patents and patent “thickets”qsetion 13) (Konigt al. 2013).
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12. Ethical considerations relating to biodiversity

137. Ethical considerations of biodiversity and of hownfans relate to biodiversity are recognized as
important in the context of the CBD. For exampl®3CCOP10 established thikarihwaié:ri Code of
Ethical Conduct to Ensure Respect for the Cultuadl Intellectual Heritage of Indigenous and Local
Communities(Decision X/42). TheTkarihwaié:ri Codeidentifies general ethical principles, including:
prior informed consent and/or approval and involeamof ILCs; the fair and equitable sharing of
benefits with ILCs; and the precautionary approaatiuding relevant ILCs and the use of local ciite
and indicators in the prediction and assessmepbtehtial harms to biodiversity (Decision X/42, Ann

A, Section 2(A)).

138. Starting as early as 1999, ethicists have actiealyaged with the new tools and techniques of
synthetic biology (Chet al. 1999). Common considerations have included thieatebate on whether
to ban publications of dual use science discoveaaiab whether synthetic biologists are “playing God”
(Boldt and Muiller 2008; Douglas and Savulescu 2&dxbnick 2009; RAE 2009). This section focuses
on ethical considerations that relate to biodivgrsi

139. Ethicists disagree whether synthetic biology introgs “new” ethical issues based on the ability
to create life rather than modify existing orgarssrithicists Joachim Boldt and Oliver Miller see
synthetic biology as having crossed a thresholdhfilee mere manipulation of life to its “creatiombin
scratch, thus potentially changing our approachature (Boldt and Miuller 2008). They are concerned
that the ability to design significant portionsasfianisms may “lead to an overestimation of how wel
understand nature’s processes and our own needsntardsts” [bid.). Ethicist Christopher Preston
invokes Aristotle’s distinction between the natuaat artifact, arguing thate novoorganisms, “with no
causal chain of viable organisms connecting [...hwvtfte historical evolutionary process” should have
less value (Preston 2008). A number of commentatotsmter that such arguments overestimate the
current abilities of synthetic biology. Scientistave thus far replicated existing genomes and niealdif
existing cells; this is different from creating avel organism from scratch (Garfinkel and Friedman
2010; Kaebnick 2009). Social scientists Claire Ndaand Nikolas Rose caution against engaging in
“speculative ethics” on the assumption that thergdic feat of life-from-scratch is already accdisped
(Marris and Rose 2012). Philosopher Beth Prestéd3pargues that synthetic biology presents no new
ethical issues; she considers the advent of atureuas the truly revolutionary moment in humanietyc
and synthetic biology as simply continuing the kindf human relationships to the natural world
established by agriculture. On the other hand, i3atal. (2009) find it important for society to start
conversations around the ethics of molding theraatuorld.

140. Some areas of synthetic biology research are basedreductionist view of the world; there is
disagreement on the ethical implications of thisd&ctionism is the idea that complex entities can b
completely explained by the properties of their poment parts (Calvert 2008). With the discovery of
DNA, the biological sciences took a reductionignfuattempting to explain life by breaking it dowm
chemical and physical processes (Céb al. 1999). In recent years, epigenetibas expanded
understanding of genes to acknowledge that enviemta&h context has important impacts on gene
expression. In some areas of biological scien@shyationism is seen as a dated and misguided theory
that ignores biological complexity. Some synthdiiglogists use synthetic biology to try to bypalsts t
complexity, using reductionist logic to design origans that are less complex (Calvert 2008; EGE R009
It is an empirical question whether emergence amdptexity can be avoided by biological design, but
there are also ethical implications of a commitmtenteductionism. A reductionist view of life might
undermine the special status of living things,ifi€ lis seen as “producible, controllable and at our
disposal” (Boldt and Miuller 2008; Chet al. 1999; ECNH 2010). A similar concern is that synithet
biology moves humanity towards instrumentalismwiych organisms are assigned value based on their
instrumental use (EGE 2009). A common counterpoirthese arguments is that life does not necegsaril
hold such a special status; for example, bacteeanat generally given moral status (ECNH 2010;
Douglas and Savulescu 2010). Also, there is nokyigtence that reductionist synthetic biology scéen
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has led to a ‘slippery slope’ of valuing otherssI¢ECNH 2010). Whether an instrumental view of iffe
problematic depends on how anthropocentric onbisatstance is (EGE 2009).

141. Synthetic biology raises ethical issues around bahb®nefits and risks. Andersenal. say: “The
ability to create synthetic organisms, combinechvatir inability to control them with solid guaraese
raises the need to consider the ethical implicatig@012). Considerations of biosafety and biosiggur
are sometimes discussed as ethical questions ghimgi and balancing potential harms and benefits
(Boldt and Miller 2008; Chet al. 1999; Douglas and Savulescu 2010; EGE 2009). Stzke might be
deemed not morally acceptable because of the sgwdmarm and/or the probability of harm occurring
(Schmidtet al. 2009). This raises questions about what level edligtability should be required, and how
to weigh possible negative impacts against positiyeacts (Andersomt al. 2012). The distribution of
potential harms and benefits related to syntheibofy products and technologies is also an ethical
matter (Schmidet al. 2009; Nuffield 2012; Pareret al. 2009). What would be an equitable distribution
of synthetic biology related harms and benefitsl laow can that distribution be achieved? Ethicaliés
around harms and benefits also incorporate dismussdn global justice, and the potential impacts of
synthetic biology on the “technology divide” (EGED).

142. Questions of synthetic biology's impact on attitside biodiversity and conservation are being
asked. The US Presidential Commission for the StidBioethical Issues (PCSBI) brings up the concern
of the “broader effect on how society views andeets biodiversity” (PCSBI 2010). The conveners of
2013 conference “How will synthetic biology and servation shape the future of nature?” ask how
synthetic biology will change public perceptionsvaiat is natural, and if it will “challenge the athl
basis for conservation action” (Redfaetial. 2013). Philosopher Brian Norton speculates thathefit
biology could “encourage an inaccurate model ofliviersity protection as maintaining an inventory of
biological units” (Norton 2010). Building on thifRedford et al. note the increasing importance of
ecosystem services in valuing biodiversity, and aslat will happen if ecosystems with synthesized
elements are able to out-compete natural ecosyste®@ivering more services with less biodiversity”
(Redfordet al.2013). More optimistically, renowned physicist andthematician Freeman Dyson (2007)
imagines a future in which biotech will “give us arplosion of diversity of new living creatures [...]
Designing genomes will be a personal thing, a neévioam as creative as painting or sculpture.” Dyso
paints this as a largely positive direction for eworld, although one with dangers that will needbo
managed.

143. Synthetic biology is seen by some to raise ethigslies related to intellectual property (IP)
rights; others consider synthetic biology as a wayavoid ethical challenges to ‘patenting life.’
Considerations of justice include the distribut@mfrmaterial and non-material goods. The applicatibn
intellectual property rights to synthetic biologych as patents on DNA sequences or organismsimgsul
from synthetic biology, could restrict the globastdbution of products and knowledge (ICSWGSWB
2011; Schmidet al. 2009; ECNH 2010). Civil society groups stronglytigtie the way that IP regimes
have been used in agricultural biotechnology toceatrate power with a few corporations, and they se
similar patterns of use occurring in synthetic dgy (ETC 2010; FOE 2010; ICSWGSWB 2011) Using
synthetic biology to design and synthesize DNA seges is also, however, seen by some as a way to
avoid ethical and legal challenges — particulanigse related to patenting the sequence information
naturally occurring DNA (Torrance 2010).

13. Intellectual property considerations related to biiversity

144. Intellectual property rights for synthetic biolodyas been described as a potential “perfect
storm”; biotechnology and software already poséoasrchallenges to the patent system, and synthetic
biology’s combination of those two areas preseigsificant challenges (Rai and Boyle 2007). In the
field of biotechnology, patents have created ari‘@@mmons” problem, where broad, ambiguous patent
claims restrict the innovation of others (Oye andllidausen 2009; Henkel and Maurer 2009; Torrance
2010). Narrow patents, on the other hand, can cpasent “thickets,” where complex designs that
incorporate many individual parts face an unmanbigeaumber of patents (Rutz 2009; Henkel and
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Maurer 2009; Rai and Boyle 2007). There is alsopthesibility that, like with electronics and softwaa
tipping dynamic will lead to one solution domingtimn industry because it is the first to establish
common standards (Henkel and Maurer 2007; HenlkieMaurer 2009).

145. As the field of synthetic biology develops, two manodels of intellectual property (IP) for
synthetic biology components, organisms, produants, techniques seem to be forming (Calvert 2012).
The first heavily relies on patents and is exerigdifby the approach of the J. Craig Venter Ingtitut
(JCVI) (Gibsonet al. 2008; Gibsoret al. 2010; Glasst al. 2007). While working at the US National
Institutes of Health in the 1980s, J. Craig Verdiracted attention and criticism for leading paten
applications of thousands of short DNA sequencedv@tt 2012). In the 1990s, his Institute of Germomi
Research (now part of JCVI) sequenced and patemtecf the smallest known bacterial genonhés,
genitalium In 2007, scientists at his institute applied &fminimal bacterial genome” patent (Calvert
2012; Glasst al. 2007). This is still pending; NGOs and commentatoave expressed concern at its
attempted breadth (ETC 2007; ETC 2011; Calvert 20i2e other main model is the BioBrick™ system,
modeled on open-source software. On the iIGEM's ®igof Standard Biological Parts, contributing
researchers post their BioBrick™ parts (DNA-segesrtbhat incorporate standardized sections) on pages
accessible to the general public, which allows sider exchange parts and share their experience.
Following a similar philosophy of exchange, the Biicks Foundation has independently developed a
BioBrick™ Public Agreement that is essentially antactual agreement between “Users” and
“Contributors” of parts. Contributors may hold pateon the parts, but they promise not to assert an
present or future proprietary rights against Usdrdike open source software, Users have no olitigat

to openly share the devices or parts they make thighBioBricks™. They can patent novel devices if
they want to, meaning that they can build privaeprietary systems on the open platform (Calvert
2012; BioBricks Foundation 2013). As in open-sousoffware, proponents consider this approach as
more likely to lead to innovation as well as furihg transparency and openness (Calvert 2012).

146. IP regimes for synthetic biology could have a ugrief impacts on biodiversity and related
considerations. In the USA, each patent applicatmsis $10,000 (Henkel and Maurer 2009). If pabenti
becomes established as the necessary method ofirgabf intellectual property rights on synthetic
biology, the high cost could influence the kindsapplications of synthetic biology that are purs(iEgh
profit applications targeting wealthy populationgs well as the types of organizations (continuing
concentration of ownership and control in largesraational corporations) (ICSWGSB 2011; ETC 2007;
Redfordet al.2013). If patent “thickets” form in certain aredssgnthetic biology applications, this could
also restrict its accessibility by less wealthy mimes (Redfordet al. 2013). A strong concern of civil
society groups is that strong IP regimes could aksirict access to information for carrying out
independent, effective risk assessments (ICSWGSBL)2(Finally, it is possible that an additional
challenge for conservation biologists and synthieitidogists to work together could be that the t/pé
biological knowledge used by synthetic biologiges ‘much more restricted” (Redfoed al. 2013).

Table 2. Examples of potential positive and negativimpacts of synthetic biology with regard to
social, economic and cultural considerations

Social, economic and

cultural considerations Possible positive and negative impacts of synthetiiology

Biosecurity Synthetic biology techniques may provide tools fmetter detecting ar
identifying pathogenic agents, and responding tosdxurity threats, fq
example through accelerated vaccine production {E805; Mukundeet al.
2009; PCSBI 2010)

Synthetic biology techniques may raise a “dual uskdéllenge, in that th
substances used by research for positive ends saya used for damagi
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Social, economic and
cultural considerations

Possible positive and negative impacts of synthetigology

results, such as creating destructive pathogensténge natural resource
(Kaebnick 2009; Mukundat al. 2009)

Economic

Synthetic biology is widely anticipated to play &rsficant role in the
bioeconomy, which could benefit the economic grogethd human health al
environment) of countries (EC 2012a; US White Ha2B£2)

Synthetic biology alternatives for natural productsy lead to produ
displacement in developing countries, but poterfi@ims may be address
through producspecific arrangements and public engagement (Gaifi&
Friedman 2010; RAE@9) or the natural version may still hold on tansy
share of the market, or the benefits of the syithieiblogy versions ma
outweigh the losses (Wellhausen & Mukunda 2009)

Products from synthetic biology, such as artemisimay improve the health of
the people of developing countries and thus tr@nemies (PCSBI 2010)

Synthetic biology alternatives to natural productgy lead to produ
displacement, harming the economies of developouynities and displacir
the livelihoods of small-scale faers and pickers (ETC 2013a; ICSWGS
2011)

The necessary scale of extraction and use of biofoas global economy m
be ecologically unsustainable and rely on the sé#ioenass resources
traditional economies (ETC 2011; Hall 2012; ICSWGEH1)

Health

Synthetic biology may:
* help to study disease mechanisms (Lieatdl. 2014)
» aid in diagnostics (PCSBI 2010)

e aid in drug discovery through developing drug scieg platforms
(Pauwelst al. 2012)

* help design organisms to produce drugs and vac¢asnitzeret al.
2013; Muelleret al. 2010; Roet al. 2006)

* help design therapeutic treatments (Khalil & Cdall2010; Wieland &
Fussenegger 2012)

Synthetic biologyapplications may result in the possibility of dirdmrm to
patients' health if engineaterganisms / viruses trigger unanticipated ady
effects (Koniget al.2013; PCSBI 2010)

Synthetic biologymay result in the possiblity of direct harm for wers in
synthetic biology laboratories (FG# al.2012; PCSBI 2010)

Patent thickets and brogmhtents may restrict access to drugs and ther
(Konig et al. 2013)

Ethical

Ethical discussions around synthetic biology awé structured around
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Social, economic and
cultural considerations

Possible positive and negative impacts of synthetigology

potential “positive” and “negative” impacts, but ther broad consideration

Ethical analysis may help determine how to weigth ldalance possible
negative impacts of synthetic biology against gaegbositive impacts, as we
as explore what equitable distribution of synthbtmogy-related harms and
benefits would look like and how to achieve thi;m@&rsoret al. 2012; EGE
2009; Nuffield 2012; Pareret al. 2009)

On the one hand, the ability to design signifiqamtions of organisms may
change humanity's approach to nature and lead hityntaroverestimating our
understanding of nature's processes (Boldt & M{@@38); on the other hand
ethical discussions should not be based on assamsgtiat synthetic biology
able to do more than it can (Marris & Rose 2012)

On the one hand, where synthetic biology researblased on a reductionist
view of the world, it may undermine the speciatsaof living things (Boldt &
Miiller 2008; Cheet al. 1999; ECNH 2010), on the other hand, “life” does n
necessarily hold special status, and there is itterge that synthetic biology
science is leading to a “slippery slope” of devadusome forms of life (ECNH
2010)

Intellectual property

A model of IP based on openrce software may lead to greater innova
transparency, and openness (Calvert 2012)

Using synthetic biology to design and synthesizeADd¢quences may avo
ethical and legal challenges related to patentiatural DNA sequence
(Torrance 2010)

Synthetic biology may extend private ownership efigtic material, restricting

access for public benefit (Redfoetial. 2013; ECNH 2010; Schmidit al.
2009)

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