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To the state secretary for
Infrastructure and the Environment
Mrs W. Mansveld

P.O. Box 30945

2500 GX The Hague

DATE 17 January 2013
REFERENCE CGM/130117-01
SUBJECT Topic Report ‘Synthetic Biology — Update 2013’

Dear Mrs Mansveld,

I am pleased to present the topic report ‘Synthetic Biology — Update 2013: Anticipating
developments in synthetic biology’ (CGM/130117-01).

SUMMARY

Synthetic biology is a nascent research field and has attracted considerable interest in recent
years. On the one hand, it is seen as a technology that offers new possibilities for research
and biotechnological applications; the first applications, including the production of biofuels,
bioplastics, medicines and vaccines, are expected to come onto the market within a few years.
On the other hand, there are concerns about the ability to control the potential risks associated

with this technology.

COGEM has previously issued topic reports on synthetic biology, the first in 2006, and has de-
veloped activities within the Netherlands and internationally to monitor this field of research.
Over the past four years several developments have taken place that have prompted COGEM to
produce an update of its last report, which was published in 2008. This present report reviews
recent developments during the past four years (2008-2012) and examines the potentials and
challenges in each of the various sub-fields of synthetic biology. It explores how possible future

difficulties with the risk assessment may be resolved.

COGEM concludes that the current risk assessment method is still adequate for the research
being conducted in the field of synthetic biology. Should current trends continue, the risk assess-
ment may in future be made more difficult by an increase in the complexity of the interactions,
a blurring of the distinction between donor and host, and the absence of a natural reference as

a framework for assessing the risks and risk perceptions.
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These developments may in future lead to situations in which:
¢ there is no known and characterised host organism as a reference framework, or;
¢ the expression of the introduced characteristics and interactions with the host organism are

unpredictable.

Moreover, in the short term the increasing scale and speed at which DNA molecules can be as-
sembled may lead to:

¢ practical and organisational problems with the current case-by-case approach.

Researchers must provide the data needed to carry out the risk assessment when permit applica-
tions are made. As the issues under study become more complex, two-way learning processes
between researchers and risk assessors will become increasingly important. Risk assessors and
licensing authorities should indicate in advance the type of information that must be provided
for the environmental risk assessment. The tensions between the need for practicable safety
measures for research and safe working practices for genetic modification may therefore require
more intensive contacts between licensing authorities, risk assessors and applicants or research-
ers. The government can play a facilitating role in this process by taking account of the require-

ments of the risk assessment methodology when drawing up research programmes.

In addition, attention has been drawn to the possible administrative difficulties that may arise
as a consequence of the increasing scale and speed of new developments, leading to problems
with the case-by-case assessment method currently in use. Further studies, for example into
how other European or international licensing authorities deal with this issue, may throw up

ideas and solutions for minimising the administrative burden of the case-by-case approach.

The full text of the report is attached.

Yours sincerely,

T

Professor Bastiaan C.J. Zoeteman
Chair of COGEM
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SUMMARY

This topic report reviews recent developments in synthetic biology during
the period 2008-2012 and examines the potentials and challenges in the five
technological fields within synthetic biology. In addition, it explores whether
problems can be expected with the risk assessment in future and how solu-
tions to these problems can be found and implemented.

Synthetic biology is a nascent research field and has attracted considerable interest
in recent years. On the one hand, it is seen as a technology that offers new possibili-
ties for research and biotechnological applications; the first applications, including the
production of biofuels, bioplastics, medicines and vaccines, are expected to come onto
the market within a few years. On the other hand, there are concerns about the ability
to control the potential risks associated with this technology.

In recent years, COGEM has issued a number of topic reports on synthetic biology and
has developed activities within the Netherlands and internationally to monitor this
field of research. Over the past four years several developments have taken place that
have prompted COGEM to produce an update of its last report, which was published in
2008. This present report focuses on possible problems that could arise with the envi-
ronmental risk assessment as a result of these developments.

Chapter 2 gives an update on the potentials and challenges of the developments in
the main technological areas or sub-fields of synthetic biology. These sub-fields are
synthetic genomics, metabolic pathway engineering, minimal genome organism, pro-
tocells and xenobiology.

¢ Synthetic genomics is the synthesis of artificial DNA to make genes or a complete
genome. This technology opens up possibilities for various developments within
other sub-fields of synthetic biology; it is an ‘enabling technology’. Recent develop-
ments include the large-scale production of mutants, such as multiplex automated
genome engineering, and applications in the development and production of vac-
cines. The challenges in this sub-field have for some time concerned the ability to
faultlessly synthesise longer strands of DNA.

¢ Metabolic pathway engineering is the practice of producing high-value chemi-
cals, plastics, fuels, pharmaceutical components, and odorants and flavourings in
modified organisms. The products of greatest interest are those that are produced
only in small quantities in their natural form or are difficult to process. Key activities
in this sub-field are designing and inserting specific functions. Because this sub-field
is so diverse, it attracts professionals from various disciplines, including biochemis-
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try, nanotechnology and ICT. Recent research in metabolic pathway engineering has
focused on the production of biofuels and the bioremediation of harmful substances
in the environment. The challenges in this sub-field arise from the complexity of the
interactions within metabolic networks and the difficulty of making organisms that
can be produced on an industrial scale.

A minimal genome organism is a model organism that possesses only the most
essential genes for survival. Research in this field investigates both the fundamental
questions about the emergence of life as well as the development of an ideal pro-
duction organism. Over the past few years researchers have been able to remove
about 20% of the genomes of Mycoplasma genitalium and Escherichia coli without
damaging the essential functions of these organisms. In a few cases the removal of
the genes even had a beneficial effect on the growth of the bacteria. One of the
challenges in this field is that there is no known set of genes that are universally
essential.

A protocell is the simplest artificial chemical model of a living cell, consisting of
organic and/or inorganic elements that mimic the function of some, but not neces-
sarily all, natural cell components and molecules. Because these cells are constructed
‘from scratch’, they are included within the bottom-up approach to synthetic biol-
ogy. Most research in this area is fundamental research into the functioning of cells;
other research aims to develop applications for drug delivery. Many hurdles have
yet to be overcome before it will be possible to develop autonomously functioning
protocells that resemble natural cells. Recently researchers successfully replicated an
information carrier (DNA) and a cell membrane as the first steps towards creating a
replicating protocell.

Xenobiology is the chemical alteration of existing genetic code by changing the
chemical composition of nucleic acids or incorporating non-natural amino acids into
proteins. Research seeks to answer fundamental questions as well as to create artifi-
cial systems and develop medical applications, such as proteins with unique pharma-
cological properties. Most xenobiological research is still in the experimental stage.
In 2011 researchers succeeded in replicating an altered form of DNA (XNA) in vitro
for the first time.

In Chapter 3 the principles underlying the risk assessment of genetically modified
organisms (GMOs) are taken as the basis for exploring the problems that could arise
from current and future developments in synthetic biology. Besides the recent devel-
opments described in Chapter 2, consideration is also given to the results of a work-
shop organised by COGEM and the Rathenau Institute in 2011. During this workshop,
scientists and risk assessors examined a number of cases studies to identify problems

that could be encountered in the environmental risk assessment and the data that

would be needed to resolve such problems.
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The current environmental risk assessment method is a case-by-case assessment that
depends on knowledge of the host/donor system that is used. The resulting GMO is
compared with the wild-type host organism (the starting organism as the ‘natural’
reference). The risk assessment consists of several steps in which possible hazards and
the probability of those hazards occurring are estimated (together these make up the
risk) and the possibilities for containing the hazards by taking specific measures are
assessed. The methodology of the risk assessment of GMOs therefore consists of com-
bining and weighing up information about the GMO (host and donor sequence) and
the nature of the activities.

At the moment there do not appear to be any major problems in the environmental
risk assessment of synthetic biology applications. For the current applications suffi-
cient information is available about both the starting organism and the introduced
characters. Recent research is indicative of the future direction of research and the
applications that can be expected in future. Should current trends continue, the risk
assessment may in future be made more difficult by an increase in the complexity of the
interactions (metabolic pathway engineering), a blurring of the distinction between
donor and host (minimal organism) and the absence of a natural reference (protocells
and xenobiology).

These developments may in future lead to situations in which:

¢ there is no known and characterised host organism as a reference framework (mini-
mal organism, protocells and xenobiology), or;

* the expression of the introduced characters and interactions with the host organism
are unpredictable (metabolic pathway engineering).

Moreover, in the short term the increasing scale and speed at which DNA molecules
can be assembled (synthetic genomics) may lead to:
e practical and organisational problems with the current case-by-case approach.

Chapter 4 examines the more prominent developments and trends in the public debate
about synthetic biology. It is noted that the scope of the debate about synthetic biol-
ogy as a whole has widened in recent years as the topics under discussion have shifted
from more the fundamental issues to broader issues of sustainability and justice.
The chapter also discusses the framing of developments within synthetic biology by
researchers and the media. COGEM notes that framing a technology as revolutionary
and spectacular not only generates media interest, but may also lead to disproportion-
ate reactions, measures and regulations in the social and ethical sphere. This under-
lines the continuing importance of accuracy and realism in information provision in all
areas of research, and certainly in synthetic biology.

In the final chapter, Chapter 5, COGEM concludes that over the past four years great
strides have been made in the field of synthetic biology. Important breakthroughs

COGEM TOPIC REPORT CGM/130117-01 7



include the first ‘synthetic’ cell (2010), the creation of a replicating semi-synthetic pro-
tocell (2011) and the creation of an alternative genetic alphabet (xenobiology) capable
of in vitro replication (2011).

COGEM concludes that the current risk assessment method is still adequate for the
research being conducted in the field of synthetic biology, in line with various other
reports published in recent years by sister organisations of COGEM in other European
countries. Continued monitoring of developments will improve our ability to identify
with more accuracy where problems may arise in future should current trends and the
current research effort continue.

COGEM notes that many researchers no longer categorise their research as synthetic
biology, but rather as falling within one of a number of more specific sub-fields.
Whereas synthetic biology has never been a well-defined and clearly demarcated
research field, this ambiguity does not affect the various sub-fields. However, as the
synthetic biology label gradually falls into disuse, developments will become less vis-
ible to outsiders, with the risk that attention to solving future problems in environ-
mental risk assessment may wane. Also, the public may be caught unaware by the
appearance on the market of unexpected applications and products, which may lead
to resistance or objections.

COGEM calls attention to the importance of good communication and the exchange of
information and ideas between scientists and risk assessors. When permit applications
are made, researchers must provide the data needed to carry out the risk assessment,
and as the issues under study become more complex, two-way learning processes
between researchers and risk assessors will become increasingly important. Risk asses-
sors and licensing authorities should indicate in advance the type of information that
must be provided in order to carry out an environmental risk assessment. In connection
with the three problems mentioned above, risk assessors could state more explicitly
what information about a new organism and its characteristics are required for the risk
assessment when there is no reference organism. The tensions between the need for
practicable safety measures for research and safe working practices for genetic modi-
fication may therefore require more intensive contacts between licensing authorities,
risk assessors and applicants or researchers. The government can play a facilitating role
in this process by taking account of the requirements of the risk assessment methodol-
ogy when drawing up research programmes.

In addition, an increase in the scale and speed of new developments may lead to
administrative problems with the case-by-case assessment method currently in use.
Further research may throw up ideas and solutions for minimising the administrative
burden of the case-by-case approach, for example by examining how other European
or international licensing authorities deal with this issue.
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1
INTRODUCTION

From the moment the term synthetic biology was applied to specific sub-fields of
research, a discussion arose about the definition of this technology. What is synthetic
biology and what techniques and applications does it encompass? One definition of
synthetic biology is the synthesis and alteration of complex artificial biological systems
for the purpose of studying natural biological phenomena and using them in various
applications."?3456 Some years ago a large group of scientists considered their work
to be part of the field of synthetic biology, but the trend now appears to be in the
opposite direction and many researchers say their work falls within a more specific
field of study. Whatever the case, we can state that expectations of synthetic biology
research are high. Synthetic biology is seen as a technology that offers new possibilities
for biotechnological applications and research. It seeks to modify existing organisms
and to design and synthesise new organisms. In general, we can identify the follow-
ing sub-fields in which synthetic biology plays a key role: synthetic genomics, meta-
bolic pathway engineering, minimal genome organism, protocells and xenobiology.
Because wholly or partially synthetic organisms are created by means that are not pos-
sible through reproduction or natural recombination, the technology falls under the
legislation on genetically modified organisms (GMOs). Right from the start, though,
there were doubts whether the existing risk assessment methodology used for GMOs
would also be adequate for synthetic biology. Furthermore, aspects like ethical issues
and biosecurity are of greater concern in the synthetic biology debate than in discus-
sions about genetic modification. The developments in synthetic biology have led to a
public debate about the creation of new forms of life and the possible risks and uncer-
tainties this may entail. The Commission on Genetic Modification (COGEM) has previ-
ously published topic reports on synthetic biology in 2006 and 2008.

1.1 PREVIOUS COGEM REPORTS PUBLISHED IN
2006 AND 2008

In 2006 COGEM published its first topic report on synthetic biology titled ‘Synthetic Biol-
ogy: A research field with far-reaching consequences’ (in Dutch) (CGM/060228-03).
The research field was relatively new and was limited largely to the United States. At
that time, little research in this area had been done in the Netherlands. COGEM noted
that synthetic biology as a technology could eventually exceed certain boundaries, mak-
ing it more difficult to estimate potential risks using the existing risk assessment meth-
odology. If a risk assessment cannot be carried out, the activities have to take place at
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the highest containment level, which could be a stumbling block to carrying out such
research in the Netherlands. Drawing up an adequate risk assessment methodology in
advance will prevent unforeseen difficulties at a later stage, ensure safety and prevent
unnecessary constraints on scientific progress. In this report, therefore, COGEM high-
lighted the complex issues raised by this field of research.

Between 2006 and 2008 media interest in synthetic biology increased and the number
of scientific papers on the topic continued to grow. Scientists and others speculated
in the media about future developments, claiming almost limitless possibilities, while
others warned of the possible consequences of this new and groundbreaking technol-
ogy. In 2008 COGEM prepared another topic report on synthetic biology at the request
of the then environment minister. The minister asked COGEM, among other things,
whether the current risk assessment method and the assessment framework for GMOs
would also be suitable for assessing the expected future developments in synthetic
biology and at what point this would no longer be the case. The minister also enquired
about how government could best facilitate the public debate on synthetic biology.
COGEM answered these questions in its topic report ‘Biological Machines? Antici-
pating developments in synthetic biology’ (CGM/080925-01), concluding that
the current risk assessment methodology for GMOs could also be applied to develop-
ments in synthetic biology for some years to come. This conclusion was based, among
other things, on the expectation that in the near future work would presumably be
restricted to biologically contained or apathogenic organisms and that the function of
the genes used would be known. COGEM expected that a release into the environment
of a synthetic or semi-synthetic organism would not occur for some time. Furthermore,
COGEM argued that scientific knowledge would increase as developments progressed
so that in most cases it would remain possible to carry out a risk assessment. How-
ever, COGEM also observed that the insertion of multiple complex metabolic pathways
into organisms or the use of genes with partially or entirely unknown functions would
make it more difficult to carry out risk assessments. At that time, it was not possible to
foresee where any specific problems would arise.

1.2 DEVELOPMENTS SINCE 2008

Since 2008 developments in synthetic biology have progressed on many fronts and
the first applications have appeared on the market. COGEM has followed these devel-
opments closely over the past few years. In 2011 COGEM and the Rathenau Institute
organised an expert meeting to review recent developments and obtain a more
detailed picture of any potential problems these may cause for the environmental risk
assessment. In addition, COGEM contacted several of its sister organisations in Europe
to set up arrangements for joint monitoring of developments in the field of synthetic
biology. At the end of 2012, COGEM and the French Haut Conseil des Biotechnologies
(HCB), the Belgian Biosafety and Biotechnology Unit (SBB) and the German Zentrale
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Kommission fur die Biologische Sicherheit (ZKBS) organised an international workshop
for scientists and risk assessors to identify, and where possible answer, specific ques-
tions regarding the risk assessment of synthetic biology. A report of this meeting will
be published in 2013.

1.3 STRUCTURE OF THE REPORT

In its first topic report, COGEM posed several questions about the way in which syn-
thetic biology could develop and the issues this would raise. These questions were
partly answered in the second topic report (2008). This third topic report contains an
update on developments and elaborates further on the following questions:

¢ What developments can we expect in the field of synthetic biology?

e Will use of the current GMO risk assessment method for new developments in syn-
thetic biology run up against difficulties, and what might these be?

¢ What knowledge do we need to resolve these difficulties?

¢ Are there practical and workable measures to manage these difficulties?

* What possibilities are there for structural monitoring of this policy field in future?
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SYNTHETIC BIOLOGY -
STATE OF THE ART

This chapter provides a non-exhaustive review of the most important developments since
2008. It is expected that synthetic biology will find increasing application in the indus-
trial sector (biofuels and bioplastics), the food sector (odorants and flavourings) and the
pharmaceutical sector (medicines and vaccines).” Moreover, in the medical field synthetic
biology is expected to enable advances in the characterisation of pathogens, analysis of
clinical presentation, diagnostics and screening. Scientists expect that the application of
synthetic biology will lead to shorter development times, increased precision and falling
production costs.® Although the main research effort in synthetic biology is taking place
in the US and to a lesser extent in Europe, progress is also being made in other parts of
the world (such as China).’ Over the past few years various collaborative ventures and
spin-off companies have been launched and the first applications have appeared on the
market (see text box: Examples of synthetic biology applications). Despite extensive R&D
programmes, especially in the industrial sector, relatively few synthetic biology products
have as yet become commercially available on the market.

Examples of synthetic biology applications

e DuPont is collaborating with sugar producer Tate & Lyle on the production of a bioplastic. In
this process synthetic/GM-yeast converts maize sugars into a raw material for the production
of the bioplastic. This plastic is sold under the brand name Sorona and is used in carpets and
other products.’®,’" DuPont is also working on the production of vanilla, stevia (a sweetener)
and palm oil.

e Genencor (DuPont) is using synthetic biology techniques to insert a metabolic pathway into
Escherichia coli for the production of isoprene (Biolsoprene), a raw material for the production
of synthetic rubber. The company is working with tyre manufacturer Goodyear to make Biolso-
prene suitable for commercial production.'?

¢ Solazyme is using synthetic biology techniques to produce biofuels. The company claims to have
created algae that convert sugar into biodiesel until it makes up more than 80% of the dry cell
weight. In 2010 Solazyme produced more than 80,000 litres of algae-produced biodiesel for the
US navy, which has already used this biodiesel as an aircraft fuel.'?

e Amyris Biotechnologies, co-founded by the UC Berkeley biotechnologist Jay Keasling, is work-

ing on the production of artemisinin (the precursor of antimalarial drugs) and the production of >
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chemical products and biofuels. The company is also working on the production of farnesene,
the building block for a variety of chemical products, detergents, cosmetics, perfumes and in-
dustrial lubricants. '

Synthetic Genomics Vaccines Inc. was established in 2010 by synthetic biology guru Craig Venter
(US), who signed a contract with the pharmaceutical company Novartis to create viruses for the

development of vaccines.'”

It is expected that sooner or later synthetic biology will deliver substitutes for vari-
ous industrial and natural raw materials (see Appendix 1: Synthetic Biology: Pro-
duction of industrial and natural raw materials). A recent review by the Woodrow
Wilson Institute (US) confirms that the production of various raw materials by syn-
thetic organisms is already in the pipeline. '® In addition, synthetic biology is used
to test and optimise the possibilities for using the technology in existing areas of

research.

Although there are still differences of opinion on the definition of synthetic biology,
we can identify the following main sub-fields in which synthetic biology plays a key

role (see Table 1: Overview of the sub-fields of synthetic biology).*:""

TABLE 1: OVERVIEW OF THE SUB-FIELDS OF SYNTHETIC BIOLOGY

DNA synthesis / Synthetic genomics

The synthesis of artificial DNA (oligos, genes or a complete genome). Application: facilitating
other applications, such as metabolic pathway engineering.

Metabolic pathway engineering

Inserting combinations of genes into an organism to introduce a new or altered function.
Application: fundamental research, production of high-value chemicals, biofuels, pharmaceutical
products (e.g. artemisinin), bioremediation.

Minimal genome

Making a model organism which only performs the most essential functions (top-down).
Application: creating model organisms, fundamental research.

Protocells

Making a partially or entirely synthetic cell (bottom-up). Application: fundamental research, de-
veloping drug delivery systems.

Xenobiology

Chemical synthetic biology, or the introduction of an alternative genetic alphabet.

Application: fundamental research, production of molecules with specific properties.
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Synthetic biology techniques are used in a broad spectrum of applications. It is there-
fore impossible to give an exhaustive overview of all the research that has been carried
out in recent years. In the following sections we give an impression of the possibilities
and challenges in each field of activity, based on a review of the literature and some
concrete examples.

2.1 DNA SYNTHESIS (SYNTHETIC GENOMICS)

Synthetic genomics is the design and synthesis of large pieces of DNA (genes or com-
plete genomes). Synthetic DNA constructs are used for fundamental research and have
potential for the development of drugs and for industrial and agronomic applications.
Synthetic genomics researchers work mainly with single-celled organisms (prokary-
otes), but also on the synthesis of ‘mini-chromosomes’ to alter multicellular eukaryotic
organisms. 81920

It has been possible to synthesise pieces of DNA (oligonucleotides) using specialised
machines for almost 25 years, but the capacity, accuracy and speed of synthesis have
increased exponentially in recent years. The techniques and machines for synthesis-
ing DNA and assembling large fragments have developed rapidly since the first pieces
of DNA were synthesised without the use of a natural template.??>23 Long strands of
DNA can be synthesised increasingly quickly and inexpensively (see Figure 1: Productiv-
ity of oligonucleotide synthesis and the cost of oligos and genes)*?> and it is now pos-
sible to order almost any gene or piece of DNA from commercial companies. Not only
the copying of existing genes, but also the alteration and introduction of new pieces
of DNA and the rearrangement of genetic information has been made easier by the
advances in the field of DNA synthesis.
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Figure 1: Productivity of oligonucleotide synthesis and the cost of oligos and genes (Figure: Carlson R, 2009.

The changing economics of DNA synthesis. Nature Biotechnology Commentary 27:12, 1091-1094).2¢
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It is not yet possible to synthesise very long strands of DNA in an uninterrupted process
without any errors. For this reason shorter pieces of DNA are produced and then joined
together. Various techniques have been developed to do this. The most commonly use
techniques for DNA synthesis are (from ‘small to large’):?’

e chemical coupling of nucleotides (synthesis of small fragments up to 200 bases);

¢ use of DNA ligases (joining small fragments with overlapping sequences);

¢ polymerisation (based on polymerase chain reaction (PCR)) for fragments up to 15
kilo base pairs (kbp);

e recombination (joining large DNA fragments (from 100 kbp) or constructing a com-
plete genome in vitro or in vivo (e.g. in yeast cells)).

In 2012 the maximum length of a continuous piece of DNA that could be synthe-
sised by direct chemical synthesis was around 230 kbp.? Between 1970 and 2008 the
longest possible piece of DNA that could be synthesised increased from 75 bases to
582,970 base pairs (bp) (see Table 2: Length of de novo synthesised DNA 1955-2010).
The longest strand of DNA that has been synthesised to date is the complete genome
of Mycoplasma mycoides, which was assembled in 2010. This piece of DNA consists
of 1.08 mega base pairs (Mbp) (1,080,000 bp). In the same year, this genome was
used to create the first ‘synthetic organism’ (see text box: Synthia, the first ‘synthetic
organism’).?®

TABLE 2: LENGTH OF DE NOVO SYNTHESISED DNA 1955-2010

Year Oligo/gene target length (bases / bp)
1955 Dinucleotide dTdT 2
1962 Tetranucleotides TTTT 4
1965 Dodecanucleotides 12
1970 Yeast alanine tRNA 77
1976 Escherichia coli tyrosine suppressor tRNA 207
1981 Human interferon alpha 514
1986 Bovine rhodopsin 1,057
1990 Redesigned pUC19 2,050
1995 pUC1825fi 2,703
2002 Poliovirus type 1 Mahoney 9PV1(M) 7,501
2004 DEBS gene cluster 31,656
2008 Mycoplasma genitalium 582,970
2010 Mycoplasma mycoides 1,080,000
Source: Carr PA, Church GM, 2009. Genome Engineering. Nature Biotechnology Review 27, 12
December 2009 (supplementary table).
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Synthia, the first ‘synthetic organism’

In July 2010 researchers at the J. Craig Venter Institute published a report of their success-
ful attempt to create a cell with a completely synthesised genome.**?' It took a team of 25
researchers 15 years to complete the project, which cost more than 40 million dollars. DNA
synthesis was used to make 1078 DNA cassettes (1080 bp per fragment), which were then
cloned in E. coli. These cassettes were joined together in three steps in yeast sells (Saccharo-
myces cerevisiae) to reconstruct the entire genome of Mycoplasma mycoides. The assembled
genome of M. mycoides (1.08 Mbp) was then inserted into an empty cell (the chassis) of
the related bacterium M. capricolum. The resulting organism proved capable of maintaining
and reproducing itself under laboratory conditions. The sequence of the synthetic genome
contains several ‘watermarks’ of the J. Craig Venter Institute and was labelled M. mycoides
JCVI-syn1.0.

Possibilities

Synthesising large pieces of DNA, genes or even complete genomes is an enabling tech-
nology, which makes other developments in synthetic biology possible. For example,
it enables the synthesis and screening of large numbers of mutants (see text box: High
throughput synthesis of mutants) and the generation of synthetic viruses (see text box:
Synthetic viruses and vaccine development). Synthetic DNA can be used, for example,
in genetic pathway engineering and for the development of minimal organisms or
protocells (see sections 2.2, 2.3 and 2.4). The synthesis of DNA is mostly contracted
out to specialised companies. The accurate synthesis of DNA in any desired sequence
is the technological basis for the design capabilities of synthetic biology. It is expected
that the focus of DNA synthesis will in future shift from the reconstruction of copies
of existing genes (as in genetic modification) to the design of new genetic circuits and
functions (a characteristic feature of synthetic biology).? Other facilitating technolo-
gies for synthetic biology include protein synthesis, ‘omics’ techniques and informa-
tion technology.®

High-throughput synthesis of mutants

Multiplex automated genome engineering (MAGE) is a technique for simultaneously inserting
large numbers of DNA sequences at various locations in a chromosome.**** This occurs in fully au-
tomated cycles and across evolving cell populations. At the moment about ten of these cycles can
be completed in a single day. The cells are then tested to determine their genotype and/or pheno-
type and the cycle can be repeated using the subset of cells that possess the genomic sequences

of interest. To demonstrate a possible application of MAGE, a strain of E. coli was ‘fed’ with >
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twenty endogenous genes involved in the 1-deoxy-D-xylulose-6-phosphate (DXP) pathway for
the production of lycopene, an antioxidant, and four genes were inserted to influence or switch
off secondary pathways in the bacteria. MAGE was thus used to create and screen a total of 24
genes in 4.3 billion variations of E. coli each day. Fifteen billion genetic variants were produced in
35 cycles. After screening, some of the bacteria were found to produce much higher quantities of
lycopene (up to 5 times the normal amount).3® MAGE has potential for the production and optimi-

sation of industrial and chemical raw materials, biofuels and pharmaceutical components.

Challenges

The field of DNA synthesis throws up several challenges. The error margins in the chem-
ical synthesis of DNA are still relatively large compared with natural replication. The
error margin in the current chemical synthesis process is around 102 to 10 (or 1-10
errors per kbp).3® In comparison, the error margin of natural DNA replication in prokary-
otic and eukaryotic cells lies between 107 and 10 thanks to the various proofreading
and mismatch repair systems.37:38394041.42.43 Thase scan the DNA sequence during replica-
tion and replace any incorrectly placed bases. A general rule in chemical synthesis is
that the larger the piece of synthetic DNA produced, the more errors it will contain. It
is proving difficult to further reduce the error margin in the initial synthesis process,
but various methods have been developed to detect and eradicate errors. For example,
size-exclusion techniques can be used to detect and remove erroneous insertions and
deletions by separating the DNA molecules according to size and molecular weight.
However, these methods do not work for errors that do not result in any change in the
size or weight of the DNA molecules (or when there are the same number of deletions
and insertions). When synthesising smaller pieces of DNA or genes, clones that contain
no errors can be selected by means of nucleotide sequence determination, gene expres-
sion tests and functional screening. However, functional screening is only effective for
protein coding regions in DNA sequences and it does not detect ‘silent’ mutations.?”

When synthesising small numbers of large pieces of DNA it is not always possible or
even desirable (for reasons of cost) to select pieces that contain no errors, and so
attempts are made to repair errors instead.?” As long as a template is available, this can
be done using DNA mismatch recognition proteins and techniques such as nuclease
excision and polymerase resynthesis, or site-directed mutagenesis.?”:3

Synthetic viruses and vaccine development

The rapid advances made in DNA sequencing and synthesis open up opportunities for synthesis-

ing viruses and developing vaccines.? The poliovirus was synthesised in 2002 and a few years >
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later the no longer circulating 1918 strain of the influenza virus was recreated.?' The univer-
sal goal of this strategy is to learn more about the properties of these viruses and to use the
knowledge thus obtained to protect humans and animals against viral infections in future. Ex-
pectations in this field are high,?* although at the same time critical questions have been raised
about the possible bioterrorism implications of these developments. The ability to synthesise
genomes without the use of a natural template makes it possible to recreate viruses no longer
in circulation and easier to alter the structure and function of the genetic information of a virus.
The complete sequences of more than 3000 viruses are known and can be obtained for research
purposes from the Viral Genome Resource Database.* Synthesised viruses, or parts of viruses,
are used not only for research purposes, but also to develop vaccines. Researchers are now able
to make an effective non-replicating subunit vaccine for Ebola in mice by synthesising part of
the virus’s DNA.* Evolva, a company in Switzerland, uses DNA synthesis for the mass inser-
tion of synthetic plant, animal and fungal chromosomes, or combinations of these, into yeast.*
From about a billion combinations they have obtained around 10,000 interesting yeast varieties
worth investigating further. The Swiss company Novartis is working with the American compa-
ny Synthetic Genomics Vaccines Inc. on a three year project to develop vaccines using synthetic

genomics techniques (see text box: Examples of applications of synthetic biology).*’

2.2 METABOLIC PATHWAY ENGINEERING

Metabolic pathway engineering takes genetic modification a step further by intro-
ducing entirely new or multiple pathways into an organism. Genetic modification has
so far been restricted to altering or introducing just one or a few genes. Metabolic
pathway engineering, as its name suggests, takes a more engineering approach and
seeks to produce high-value chemicals, plastics, fuels, pharmaceutical components,
and odorants and flavourings. The products of greatest interest are those that are pro-
duced only in small quantities in their natural form or are difficult to process.

The diversity of metabolic pathway engineering attracts professionals from a wide
range of disciplines, such as biochemistry, nanotechnology and information tech-
nology. Key techniques in this sub-field are DNA synthesis and standardising specific
DNA constructs. One of the first initiatives for registering and standardising synthetic
genetic circuits was the development of ‘BioBricks’,*® an open source database where
anyone can submit their ‘genetic components’.* These components are DNA sequences
with specific (gene) functions, such as promoters, functional genes and terminators.
The main users of this database are the participants in the annual iGEM? competition
(see text box: Bacterial sticker indicates when meat has spoiled). A criticism of BioBricks
is that many of the registered components have not been properly characterised and
do not always work in the ways for which they were designed.'”*® The International
Open Facility Advancing Biotechnology (BioFab) was established in 2009 to address
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this problem. The objective of this publicly financed platform is the professional opti-
misation of existing components/BioBricks.>!

Bacterial sticker indicates when meat has spoiled

In 2012 the annual International Genetically Engineered Machine (iGEM) competition was won
by a team of students at the University of Groningen.5253 The team developed a bacterium that
changes colour when meat products start to spoil. Meat decay is caused by bacteria, which
release certain substances, tiny amounts of which can be detected by the bacterium Bacillus
subtilis. The students found out which of this bacterium’s own genes become active as soon
as it ‘smells’ the spoiling meat. In front of this gene in the DNA is a promoter, a piece of DNA
that switches on the gene behind it. If a gene for a yellow pigment is inserted immediately
behind this promoter, the bacterium only makes the pigment when it detects the decaying
meat. Because it is not advisable to place meat for sale in supermarkets into direct contact
with genetically modified bacteria, the students designed a plastic envelope to contain the
bacteria (a ‘sticker’) that allows the odour from the meat to permeate through it, but not the
genetically altered B. subtilis bacteria. As soon as the meat begins to decay, the sticker turns

bright yellow.

To be suitable for standardisation and use in metabolic pathway engineering, BioBricks
must possess a large number of specific properties, such as specificity, orthogonality,
sensitivity, robustness, compatibility and adjustability. In future, computer models will
play an important part in the standardisation and rational design of synthetic organ-
isms with new functions. The results of a study to develop the first computer model of a
complete bacterium were recently published. The scientists made a computer model of
the bacterium Mycoplasma genitalium which maps a considerable number of molecular
interactions in the organism based on 1900 experimentally determined parameters.>

Possibilities

Besides fundamental research, the main purpose of metabolic pathway engineering is
to produce high-value substances and biofuels (see text box: Production of biofuels in
bacteria and algae), fine chemicals (e.g. riboflavin, succinate) and medicines.>%657:58 |n
addition, metabolic pathway engineering can be used to detect and break down harm-

2The International Genetically Engineered Machine (iGEM) is a synthetic biology competition for talen-
ted young scientists. Student teams are given a standard kit of DNA constructs, or BioBricks, which they
use to design and build an innovative biological machine. Projects developed under the iGEM flag include

biosensors, bioremediators and light-controlled cells.
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ful substances (see text box: Bacteria detect and break down herbicide in the environ-
ment). A large number of companies throughout the world are aware of the poten-
tials of metabolic pathway engineering, according to a recent survey by the Woodrow
Wilson Institute, which reviewed progress in the development of techniques for the
production of various biological substances in synthetic organisms, including biofuels
(biodiesel, ethanol, butanol), chemicals (nylon, plastic), foodstuffs (vanilla, citrus, ste-
via) and pharmaceutical products (vaccines, antibiotics, antimalarial drugs, diabetes
medication).' This field of synthetic biology is highly diverse and is illustrated by the
different examples given in this section.

Production of biofuels in bacteria and algae

A considerable amount of research is being done on the production of biofuels in bacteria and
algae.>® American researchers at Harvard University are working on the production of biobutanol
in cyanobacteria.® Isobutanol (called biobutanol when it is produced in a biological system) is an
alcohol used in the chemical industry as a solvent and a fuel. Gregory Bukanski and his research
team have produced a genetically altered form of E. coli that can convert cellulose and hemicel-
lulose from plant material into precursors for biofuels for use as diesel, aviation fuel and other
fuels.?! In the introduction to this chapter it was stated that for the first time an aeroplane has
flown on biofuel derived from algae, which was produced by a company called Solazyme. In 2010
Solazyme produced more than 80,000 litres of algae-based biodiesel for the US navy.”* Other

companies, such as Amyris, are also working on the production of biodiesel and aviation fuel.®

Bacteria detect and break down herbicide in the environment

American researchers used synthetic biology techniques to alter a strain of E. coli to give it the
capacity to detect the herbicide Atrazine in the environment and metabolise it.*>'” Atrazine is a
pollutant and can be harmful to animals. The researchers used a synthetic switch (an Atrazine-
binding riboswitch) which can bind to the Atrazine molecule and change its form. This leads to a
change in gene expression, which is followed by the expression of an Atrazine degrading gene
derived from another bacterium. This application has proved successful in detecting and break-

ing down Atrazine in Petri dishes under laboratory conditions.

Reprogramming genes can also be considered a type of pathway engineering. Exam-
ples of the possibilities of these applications include new possibilities for vaccine
research (see text box: Synthetic attenuated virus engineering).
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Synthetic attenuated virus engineering

Synthetic attenuated virus engineering (SAVE) opens up new possibilities for the production
of vaccine candidates for a broad range of virus species. The wild-type viruses are attenuated
(weakened) by reprogramming parts of the genome so that codon pairs are suboptimised, but
still code for the amino acid sequence of the wild-type virus. These sequences contain hundreds
of nucleotide alterations compared with the wild type and are generated by chemical synthesis.
The resulting viruses are not able to reproduce efficiently.®* Research into polio and influenza

vaccines has so far delivered promising results.5%

Challenges

Standardising components for use as ready-made building blocks in organisms for the
purpose of obtaining desired products is often portrayed in the popular scientific liter-
ature as being easier than it actually is. The standardisation of DNA constructs is still in
its infancy and most of the applications of metabolic pathway engineering developed
so far are custom made.

Since the synthesis of genes has become easier, increasing emphasis has been placed
on the design aspect (also the most difficult). It is not enough to insert individual build-
ing blocks; these components have to be optimised and their functioning coordinated
to prevent bottlenecks caused by the accumulation of intermediate products in the
organism.®” This is because designed genetic circuits are not isolated components, but
function in the context of the whole genome. In 2011 the highest level of complexity
of introduced metabolic pathways with combinations of genes was around 10 to 15
introduced genes."”

There are other challenges than the production of interesting components. To make a
product suitable for commercialisation, the efficiency and cost/benefit balance of the
production process have to be better than those of the existing production process.
Various chemical and natural raw materials have passed the proof of principle stage
for production in synthetic/GM microorganisms, but are not yet marketable because
the cost/benefit balance cannot compete with the existing production process. One of
the most cited successes of metabolic pathway engineering is probably the antimalarial
drug precursor artemisinic acid in engineered yeast cells. However, the fact that about
150 person years have been invested in this project is an indication of the complexity of
such processes.®® The antimalarial drug developed by Amyris will be manufactured by
the pharmaceutical company Sanofi-Aventis. The product has been announced several
times over the years and is now expected to go to market in 2013.%

24 SYNTHETIC BIOLOGY - UPDATE 2013



2.3 MINIMAL GENOME (TOP-DOWN)

A minimal genome organism is an organism that possesses only the most essential
hereditary material needed to survive in a nutrient medium. As many non-essential
genes as possible are removed in the laboratory (top-down approach), reducing
the organism’s hereditary material to such a minimal level that it requires a spe-
cific incubation medium to function and reproduce. These minimal organisms are
therefore highly biologically contained and only able to survive under laboratory
conditions.

The question of how many genes are essential for an organism to function, and which
genes these are, has been studied for many years. In 1989 André Goffeau drew up a
list of several minimal functions a cell needs to be able to survive. He estimated that a
minimal genome containing genes for replication, transcription, translation, metabo-
lism, transport and a cell membrane would consist of about 500 kb and contain about
250 genes.’® This is possibly an underestimate for a fully autonomously functioning
organism. Studies of the minimal genome work with existing organisms with a small
genome. The smallest known fully autonomously functioning bacterium is Pelagia-
bacter ubique (1.3 Mbp /1389 genes).”' There are several other bacteria from different
habitats with about the same number of genes. From this it is estimated that the mini-
mal set of genes for prokaryotic cells lies around the 1400 mark.”27® The only species
with a smaller genome are organisms like endocellular symbionts and parasitic single-
celled organisms (such as M. genitalium), which depend for some of their functions on
a host cell. The number of genes essential for the survival of these bacteria is estimated
to be about 300.7

Several strategies are available for research into minimal organisms, such as comparing
the sequences of related species of microorganisms and activating or deleting genes to
identify non-essential genes. Mathematical models are also being developed to predict
which genes are the minimum required for a cell to be able to function under labora-
tory conditions. The results of a computer model of a minimal cell with 241 essential
genes, based on the bacterium E. coli, were published in 2012.7>

Possibilities

The main aim of research on the minimal cell is to determine which genes are essential
for survival. Removing genes makes it possible to study the fundamental processes in
an organism and answer questions such as What are the functions of individual genes
and what interactions are there between the gene products? and What are the mini-
mum requirements for ‘life’? Much of the research in this area is on the parasitic bacte-
rium M. genitalium (see text box: Mycoplasma genitalium minimal genome).
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Mycoplasma genitalium minimal genome

For some time various research groups have put considerable effort into finding ways to turn
the parasitic bacterium Mycoplasma genitalium into a functioning minimal cell. The genome of
the bacterium consists of 582,970 bp and contains 482 protein coding genes (524 genes in total).
Although the bacterium is less suitable as a production platform (because of its relatively slow
growth rate and weak cell membrane (plasma membrane)), its small genome makes it a suitable
starting point for creating a minimal cell. Researchers at the J. Craig Venter Institute have identi-
fied about 100 genes in the genome of M. genitalium that are most probably non-essential.”*
A minimal M. genitalium would therefore theoretically contain 381 genes. Since then work has
progressed on developing computer models and simulations to further define the gene content
of a minimal version of M. genitalium.’ In 2012 researchers at Stanford University and the J.
Craig Venter Institute published the results of a successful computer simulation of the life cycle
of the bacterium. The model contains 28 categories of molecular interactions, including DNA,
RNA, proteins and metabolites. The simulation of a single cell division takes about 10 hours
(about the same time it takes a real M. genitalium cell to divide) and generates 0.5 gigabytes

of data.>

Besides research into the ultimate minimal organism, work is also underway on mini-
mal organisms that can serve as model organisms or be used as a chassis for insert-
ing new functions. It should be noted that a minimal organism is not by definition
an ideal model organism. A model organism must be capable of robust and efficient
production of a desired molecule, whereas a minimal organism simply has to contain
the genes essential for its functioning. A model organism can function as an optimal
chassis organism for ‘plugging in’ natural or synthetic genes and metabolic pathways
for the production of high-value substances.” Potential host cells for use as a chassis or
production platform include E. coli, B. subtilis, S. cerevisiae and Pseudomonas putida.’®
Researchers have succeeded in removing about 15% to 30% of the genome of E. coli
(see text box: Escherichia coli minimal genome),” and are working on a eukaryotic
model system for a synthetic version of the yeast S. cerevisiae.® In the Synthetic Yeast
Genome Project 2.0, researchers are systematically replacing the natural chromosomes
with fully synthetic genomes.8'8°

Escherichia coli minimal genome

The bacterium Escherichia coli (4640 kbp; 4434 genes) is considered to be a suitable candidate

for a minimal cell that can also function as a production system. E. coli is also known as the >
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workhorse of genetic modification because researchers have been working on it for a long time.
The bacterium has a robust cell wall, an efficient replication system and a relatively simple cell
division mechanism. Moreover, much is known about the functions of the individual genes in
the genome of E. coli. In 2005, Japanese researchers succeeded in creating a strain of E. coli with
just 70% of the parent genome.®? However, the resulting bacteria displayed a deviant cell mor-
phology and an increased cell doubling time. Japanese researchers later succeeded in reducing
the total size of the E. coli genome by 22% without any significant effects on the development
of the bacterium.® In 2006, Hungarian researchers removed more than 700 genes from the E. coli
genome (about 15%),” without significantly altering growth and protein production. Moreover,
the removal of the genes appeared to actually have some positive effects, such as reducing
the mutation rate, increasing electroporation efficiency and improving gene stability. American
researchers have investigated the suitability of one of the Hungarian deletion mutants for use
as an industrial production organism.® They concluded that both the growth curve of the dele-
tion mutant and its production of recombinant proteins differ little from the parent strain. In
2008 Japanese researchers made a deletion mutant in which 1080 of the 4396 coding regions
(approx. 25%) had been removed.® The resulting cell (MGF-01) grew for longer than the wild
type under laboratory conditions and was less quick to enter a stationary growth phase as a

result of a high cell density.

Challenges

The aim of fundamental research on the minimal cell is to determine which genes are
essential for survival. However, there is no consensus on the question of whether or not
there are universal genes (genes present in all known bacteria).® Attempts have been
made to identify these genes using comparative genomics to examine genes shared by
different species that may be universal. However, the more species that were exam-
ined, the smaller the number of agreements became.?” Besides M. genitalium, various
intracellular symbiotic bacteria are known with even smaller genomes (e.g. Candida-
tus hodgkinia cicadicola, 144 kbp, 188 genes) that not only throw up new insights but
also raise questions about the function and operation of essential genes.® These bac-
teria miss some of the genes needed for cell wall synthesis (making them dependent
on a host cell) or genes involved in DNA repair, but these smallest genomes do contain
genes responsible for replication, transcription and translation.

Research has shown that relatively large parts of the hereditary material can be
removed without demonstrable consequences for the bacterial cell under laboratory
conditions. On the other hand, cases are known in which a small modification or dele-
tion has consequences for the cell’s fitness, and even a point mutation can be fatal.
Moreover, many fundamental functions are carried out in different ways by different
genes in different organisms, whereas certain virtually universal genes can be removed
without any apparent fatal consequences.®
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2.4 PROTOCELLS (BOTTOM-UP)

Cells are the smallest living units in nature. They are complicated structures consisting
of millions of molecules that work together to make the cell function.®® A protocell
is the simplest artificial chemical model of a living cell and consists of organic and/or
inorganic elements that mimic the function of some, but not necessarily all, natural
cell components and molecules.’’ Because these cells are constructed ‘from scratch’,
they are included within the bottom-up approach to synthetic biology.

An ideal protocell model contains all the essential components needed to provide the
minimum requirements for a cellular life form. A functional definition of a cell is that it
consists of a number of self-organising subsystems: a metabolic system, a form of heredi-
tary information for reproduction, and a shell to enclose and contain the system. This
enables cells to maintain themselves, grow, replicate and evolve.*%2% No protocell has
yet been developed that satisfies all these criteria. Protocells are currently defined as
chemical entities and not as living organisms. Protocell models are constructed by com-
bining a membrane-like structure with one or more components that mimic cell functions
in a cytoplasm-like environment. The models may consist of various components, such as
fatty acids (e.g. phospholipids, which are also the building blocks of natural cell mem-
branes),**°? organic components (DNA, RNA, polymerases)®*® or nanotechnological com-
ponents.®> The creation of models for the membrane of a protocell make widespread use
of the mechanism by which fat molecules spontaneously form cell-like spheres (micelles
or liposomes) when dissolved in water® (see text box: Protocell models: Cell membrane).

Protocell models: Cell membrane

The membranes of protocell models usually consist of a combination of hydrophobic and hydro-
philic structures placed in an aqueous solution, where they arrange themselves to form membranes
and spherical structures, or primitive ‘cells’.*” Protocell research on mimicking the cell membrane
involves building both relatively simple models (micelles) using drops of oil in water **** as well as
more complex double membrane structures (liposomes).' Liposomes form a double membrane
structure of hydrophilic and hydrophobic components (e.g. phospholipids). Micelles consist of a
lipid monolayer with a hydrophilic head and a hydrophobic tail or core (e.g. a fatty acid). The for-
mation of new micelles can be induced by changes in pH,"" the composition of the solution,'* the
application of an electric field across the solution? and by the formation of covalent bonds. When
a protocell is not able to form new membrane structures during cell division, it will divide itself into
two and become increasingly smaller. Research into the propagation or replication of protocells
focuses on the synthesis of new phospholipids within a liposome using membrane enzymes. Meth-

ods for synthesising proteins include in vitro transcription and translation systems (e.g. PURE).®

b Protein synthesis Using Recombinant Elements (PURE) is a commercially available system based on iso-
lated and purified components from E. coli that contain the minimal components for the in vitro transla-

tion of proteins.
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Besides their use in research on membrane models, protocells are also constructed to
mimic replication and evolution.

Possibilities

Protocell models are used to learn about the structure, function, dynamics and evolu-
tion of cells. Protocells are also potential platforms for the production of chemical
components and the development of drug delivery systems in the medical sector.0>1%

Various groups around the world are taking different approaches to constructing
protocells (chemical, biotechnological and nanoscience). Scientists have succeeded in
mimicking individual cell components or bringing together a few components within
a liposome.%2%8.107.108 Eor example, it is possible to induce the polymerase-catalysed rep-
lication of a small single-stranded DNA molecule contained within a liposome and at
the same time induce replication of the protocell itself (see text box: Protocell models:
Replication),' to induce the expression of proteins embedded in the lipid membrane
and thus improve nutrient uptake,'® and to replicate an RNA sequence using proteins
coded for in the same RNA molecule.™

Protocell models: Replication

In the autumn of 2011, Tadashi Sugawara’s research group (Japan) published the results of their
research into the production of a self-replicating artificial cell." It is the first partially artificial cell
capable of a form of replication in which both the information-carrying component (DNA, RNA) and
the membrane compartment are copied. Previously these processes had only been achieved sepa-
rately in protocell models. The cell built by the Japanese researchers consists of short pieces of DNA
surrounded by an artificial cell wall consisting of phospholipids. Each piece of DNA is charged and
is attracted to the oppositely charged (hydrophobic) phospholipids that make up the membrane. A
polymerase chain reaction (PCR) is then initiated to generate additional copies of the DNA in the
‘cell’, and these are also attracted to the cell wall. At the same time, the replication of the DNA initi-
ates the formation of additional phospholipids from an available precursor, prompting the forma-
tion of daughter cells around the new DNA, which eventually detach themselves from the ‘mother
cell’. The result is an identical copy of the original cell. It should be noted here that there is a differ-
ence between replication and reproduction. Replication is the construction of an exact copy or clone,

whereas reproduction is an evolutionary process leading to changes in the resulting organism.

Challenges

Despite recent developments and the successes achieved, no truly autonomous cell
possessing all the desired properties and functions has yet been created. In the previ-
ous section about the minimal cell we have already described the various challenges in
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identifying essential genes. The ideal protocell must be less complex than existing cells
to make it easier to alter, control and maintain. To be able to function effectively, a
protocell must possess an effective mechanism for cell replication and have a low muta-
tion rate. A robust cell structure is also important, especially for protocells intended
for production purposes. In such protocells, the cell wall/membrane must be capable
of functioning in conditions of high cell densities and withstand production conditions
without a reduction in the growth rate or any lysis occurring. This can be a problem in
certain situations, for example in the production of alcohol or hydrocarbonates. The
cell wall or cell membrane must be sturdy, but also semipermeable in order to allow the
passage of substance in and out of the cell.®*""3 For this reason, many membrane mod-
els resemble natural cells, for example in their composition, size and ability to change
their form (division and fusion).®"*® In ‘natural’ cells, proteins with specific functions
are responsible for transporting nutrients and waste products in and out of the cell.
However, artificial lipid membranes do not possess the advanced and variable perme-
ability of natural cells, which is why a protocell in which DNA was replicated stopped
functioning when the incorporated nucleic acids were exhausted.'® Other systems are
capable of replication, but do not share the available molecules so that the daughter
cells contain increasingly few elements (‘death by dilution’).""* Other challenges in cre-
ating the ideal protocell as a production organism include measuring and controlling
interactions and obtaining predictable system kinetics. The computer models of cells
mentioned earlier in this report may in future help to overcome these challenges.>*">

2.5 CHEMICAL SYNTHETIC BIOLOGY (XENOBIOLOGY)

This sub-field of synthetic biology involves the chemical alteration of the existing genetic
code by changing the chemical composition of nucleic acids or by replacing them.

The nucleicacid DNA (deoxyribonucleic acid) consists of chains of nucleotides. Each nucle-
otide consists of a phosphate group, a sugar group and one of the four bases: adenine
(A), thymine (T), cytosine (C) and guanine (G). The unique sequence of these nucleotides
in the DNA encodes the information that determines the hereditary characters. DNA is
double-stranded, the opposing chains being complementary. The genetic code in DNA
is transcribed into messenger RNA by RNA polymerase. RNA consists of a single chain of
nucleotides (single-stranded) in which the base thymine is replaced by its demethylated
form, uracil (U). The ribosomes read the base sequence in the RNA and translate this
into a sequence of amino acids. A chain of amino acids forms a peptide, which is folded
to form a protein with a specific function. The proteins occurring in nature are built up
from a pool of 20 different amino acids. A combination of three bases (called a triplet
or codon) codes for a single amino acid. Several different codons can code for the same
amino acid, because with four bases (ATCG or AUCG) in the DNA/RNA there are 64 (4%)
possible codons of three letters, which code for the 20 different amino acids in total.

The development of orthogonal biological systems is called chemical synthetic biol-
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ogy, or xenobiology. A fully orthogonal system is based on biochemical reactions that
cannot interfere with the natural DNA system, which is why some researchers consider
these systems to be the ultimate biosafety tool."">'"¢"7 No living organisms based on
an alternative genetic alphabet have yet been created. The xenobiological systems
that have so far been developed are partially orthogonal.

The developments in xenobiology can be divided into various different categories.
For example, a distinction can be made between the development of alternative
nucleic acids that are still recognised by natural DNA and RNA polymerases, and
the development of nucleic acids that are not compatible with the existing natural
system. Another division can be made according to the type of alteration made to
the DNA:

¢ Modifying the structure and composition of DNA: creating xDNA (expanded
DNA) and yDNA (wide DNA), for example by adding an extra benzene ring or fluo-
rescent molecule.'®

¢ Replacing the backbone: creating xeno-nucleic acids (XNAs), for example glycol
nucleic acid (GNA) or threose nucleic acid (TNA).'"®

¢ Expanding the codons: forexample, from four bases (ATGC) to six bases (ATGCPZ),'?°
and codons consisting of four bases instead of three bases.™’

These possibilities are discussed further in the following sections, drawing on a num-
ber of examples.

Possibilities

One aim of xenobiological research is to find answers to some fundamental questions
(What was the first nucleic acid? Why do nucleic acids contain ribose and deoxyribose
and not glucose? Why are there 20 amino acids and not 10 or 15?).'2 A second aim of
the research is to create artificial systems and develop medical applications, such as
proteins with unique pharmacological properties (see text box: Growth hormone with
an unnatural amino acid).

Growth hormone with an unnatural amino acid

People that cannot make any growth hormone (hGH) are treated with a recombinant growth
hormone. This hormone molecule is very small and so it is soon excreted from the body, which
makes it necessary to inject the patients daily. One way of extending the half-life of the hor-
mone is to attach it to polyethylene glycol (PEG), making the molecule too big to be directly
filtered out by the kidneys. Attaching PEG to the hormone is a complex chemical process. In

2011, scientists succeeded in incorporating an unnatural amino acid (p-acetylphenylalanine >
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(pAcF)) that binds well with PEG into the growth hormone, making it much easier to attach
the two molecules to each other.’® This growth hormone has already been tested in clinical
trials in which patients only had to receive injections of the hormone once a week instead of
every day. The researchers expect that the technology can be used to develop new drugs and

optimise existing drugs.

Most xenobiological research aims to answer fundamental questions and is still in the
experimental stage. Three approaches to creating alternative forms of DNA are dis-
cussed below: modifying the sugar groups in DNA, expanding the set of bases in DNA,
and inserting ‘unnatural’ amino acids into DNA. 24125

Expanding the genetic alphabet: modified sugar groups (XNAs)
The backbone of DNA consists of the deoxyribose sugar group (the ‘D’ in DNA). In RNA

1

this is the ribose sugar group (the ‘R’ in RNA). XNA research seeks to replace these
sugar groups with other components. These new nucleic acids are called xeno-nucleic
acids (XNAs). The ‘X" in XNA indicates the unnatural component that replaces the sugar
group. Examples are glycerol nucleic acid (GNA), threose nucleic acid (TNA), peptide
nucleic acid (PNA), hexitol nucleic acid (HNA) and cyclohexenyl nucleic acid (CNA).'?2
The XNA molecules still contain the conventional base pairs A, C, T and G and there-
fore retain their ability to pair with DNA and RNA. In 2011 it was demonstrated for the
first time that polymerases can convert XNA into DNA and back to XNA (see text box:
Replication of XNA molecules)."** XNA molecules are not recognised or only poorly
recognised by natural nucleases (the enzymes that break down DNA and RNA), which
means these molecules have potential for the development of medicines that can only

be broken down slowly.

Replication of XNA molecules

In 2012 scientists succeeded in using mutant polymerases to generate six different XNA mole-
cules from a DNA template. They mixed XNA nucleotides in a solution with thousands of mutant
DNA polymerases.®* Some of these polymerases were able to synthesise XNA molecules using
the DNA template. These polymerases were then filtered and purified. Scientists have also been
able to create polymerases that convert XNA into DNA. This research shows that it is possible
to store genetic material in unnatural nucleic acids and pass it on to the next generation via an
XNA-DNA-XNA pathway. In this system, XNA is first converted into DNA, which is then copied
via PCR and converted back into XNA. The next challenge is to find a way to efficiently generate

XNA molecules without the intervention of DNA.
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Expanding the genetic alphabet: extra bases (ATGCPZ)

Another line of research seeks to expand the genetic alphabet by inserting new bases.
The resulting nucleic acids contain not only the conventional base pairs A, T, Cand G,
but also an additional base pair (e.g. P and Z) (see text box: Unnatural base pairs).'20.126

Unnatural base pairs

The conventional base pairs A-T and C-G are joined together by hydrogen bonds. It has always
been thought that these bonds are necessary for efficient DNA replication, but recent research
indicates that this is not the case.' Scientists have succeeded in making an unnatural base pair
bonded by hydrophobic forces. Yang and his research team (US) have published the results of a
study in which they made two artificial nucleotides that could be efficiently replicated in vitro.
The new code consists of six bases (ATGCPZ) instead of the standard four (ATCG). The research-
ers were able to insert two synthetic DNA nucleotides (with the bases P and Z) next to the
standard four bases and replicate them. This study shows that in in vitro experiments the new
base pair is functionally equivalent to the natural base pairs. In a further study, Yang et al. want

to modify a strain of E. coli that will accept plasmids with P-Z bases.

Inserting unnatural amino acids

In addition to altering the backbone of DNA (sugar groups and bases), the codon trip-
let can be expanded and used to insert unnatural amino acids (UAAs) into proteins.’” A
codon is a sequence of three bases (A, C, G or T for DNA and A, C, G or U for RNA) that
code for one of the amino acids that make up proteins. There are 61 codons, which code
for 20 amino acids (some codons code for the same amino acid). In addition, there are
three stop codons that end the translation process. Theoretically, just one stop codon is
sufficient and so 63 (64 minus one stop codon) different amino acids could be created by
modifying the codons. The number of known natural protein sequences is relatively small
(about 6.5 million) compared with the theoretically possible number of protein sequences
based on the average length of 500 amino acids in proteins.'® Scientists have succeeded in
incorporating more than 40 new amino acids not normally found in proteins into E. coli,
yeast and animal cells.'?129130.131 Moreover, functional codons consisting of four instead
of three bases have been created,'?' further increasing the possibilities for creating new
proteins. Researchers claim that the introduction of unknown amino acids into proteins
opens up possibilities for creating proteins with certain properties, such as hyperstability
and protease-resistance (proteases are enzymes that break down proteins).

Challenges

XNAs are difficult to produce in large quantities and are usually not replicated by
natural polymerases. To obtain a biologically functional system based on unnatural
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nucleic acids it is essential that the nucleic acids can be read, interpreted and cop-
ied. To do this, polymerases are needed that can recognise the unnatural bases and/
or sugar groups and efficiently insert them into successive generations.'® In 2011 the
first research results were published in which modified polymerases were able to do
this in vitro.®* Another problem with replication is that when attempts are made to
insert unnatural components into the hereditary code they tend to evolve back to the
old system. Moreover, successful replication depends on the availability of the building
blocks for making unnatural nucleic acids (XNAs). Although alternative nucleotides are
mainly used for research that seeks to answer fundamental questions about the origin
of life, this sub-field also throws up new questions. An orthogonal system that cannot
interfere with the natural DNA system is considered by some researchers to be the
ultimate biosafety tool. However, because so much remains unknown about these new
systems and their functioning, research will have to be done into their consequences
for living systems and the environment (/s stable replication and functioning possible
in cells with a (partially) orthogonal system? What possible interactions are there with
existing organisms and what will the consequences be?).
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RISK ASSESSMENT OF
SYNTHETIC BIOLOGY

In 2008 the then minister of housing, spatial planning and the environment, Jacque-
line Cramer, asked COGEM whether the existing risk assessment for GMOs could also be
used to assess the risks associated with future synthetic organisms. In its reply, COGEM
concluded at that time that synthetic biology applications could be assessed under the
current legislation on genetic modification and that the precautionary principle pro-
vided a sufficient guarantee. The safety measures employed for GMOs and wild-type
pathogens (safe working practices and containment regulations) would also be ade-
quate for containing synthetic organisms. COGEM indicated that the current risk assess-
ment methodology for activities involving synthetic organisms would be adequate for
some years to come. It was expected that in the short term work would be restricted
to biologically contained and apathogenic organisms. However, COGEM observed that
in the longer term (about ten years) developments may lead to situations in which the
current risk assessment methodology would no longer be adequate.

In recent years various articles have appeared in the literature that raise questions
about the risk assessment and the data needed to make a reasonable estimation of the
risks.’3 Based on the developments described in Chapter 2 and the results of an expert
meeting held in 2011, this chapter identifies possible situations in which the current
risk assessment method will no longer be up to the task. The following key questions
apply to the different sub-fields of synthetic biology:

e Can therisks be estimated?
e What data are needed to assess the risks?
e Can technical safety measures be taken to control or manage potential risks?

3.1 RISK ASSESSMENT METHODOLOGY FOR GMOS AS THE
STARTING POINT

The GMO regulations and accompanying (environmental) risk assessment are taken as
the starting point for the risk assessment of synthetic biology. The risk assessment consists
of several steps in which the possible hazards and the probability of these hazards occur-
ring are estimated (together these make up the risk), and the possibilities for containing/
controlling the hazards by taking specific measures are assessed. Broadly speaking, the
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risk assessment methodology for GMOs consists of a process of weighing up combined
information about the GMO, the host or host cells if used, and the nature of the activities.
The following elements play a key role in the environmental risk assessment:

Genetically modified organism (GMO)

Information is needed about the various components of the GMO. These are:

¢ the acceptor organism (the recipient or host);

e the insert (the ‘foreign’ DNA inserted into the organism);

¢ the vector sequences used to introduce the insert into the recipient organism.

As a rule, when the insert does not code for a harmful gene product, the activities
involving the GMO can be carried out under the containment level that applies to the
starting organism (wild type).

Recipient

The recipient is the host organism into which the gene or genes are inserted. For the
risk assessment it is important to know what the characteristics of this organism are.
For example, is the host organism pathogenic to humans, animals or plants, and to
what degree? Organisms are classified according to their degree of pathogenicity. This
classification runs from pathogenicity class 1, which includes apathogenic microorgan-
isms, to pathogenicity class 4, the group of highly pathogenic microorganisms. Activi-
ties involving pathogens have to be carried out under the level of containment appro-
priate for their pathogenicity class and the nature of the activities.

Insert (donor)

The insert is the gene (or genes) introduced into the recipient organism. A distinction is
made between uncharacterised sequences and characterised sequences. For uncharacter-
ised sequences it is essential to have information about their origin. If the origin (donor
organism) is unknown, it is impossible to determine whether any potentially harmful
sequences can be passed on, making it difficult to complete a full risk assessment. If the
donor organism has been specified, there will still be a difference between uncharacter-
ised and characterised sequences. When uncharacterised sequences are used, it must be
assumed that these sequences are harmful. In such cases the safety measures or contain-
ment measures must be based on a worst-case scenario. If the insert is a characterised
sequence, it can be assessed for any potentially harmful effects. Clear criteria can be
given for several harmful sequences. For a toxin, for example, this is the determination
of its LD50. Criteria for other sequences are less obvious and expert opinions will have
to be obtained to determine whether the use of certain sequences may involve a risk to
humans and the environment and therefore require stricter safety measures.

Vector

The vector is the system that is used to construct a GMO by transferring the insert into
the recipient. Vectors may consist of a piece of bacterial DNA, a plasmid or a virus. For
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the environmental risk assessment it is important that the vector is fully described and
is not capable of independently transferring genetic material to other organisms. The
assessment should determine whether the insert is capable of altering the relevant
characteristics of the vector.

Reference

The reference, or comparator, is the organism against which the GMO or synthetic
organism is compared. This is an important aspect of the final assessment of environ-
mental risks because it determines whether the new organism involves more, equiva-
lent or fewer risks than its natural reference organism. In the Guidance documents
published by the European Food Safety Authority (EFSA), the position of the com-
parator in the risk assessment is described as follows: ‘The overall Environmental Risk
Assessment (ERA) strategy for genetically modified (GM) organisms seeks to deploy
appropriate methods and approaches to compare the GM organism and by-products
with their non-GM comparators and with other wild types with some history of famil-
iarity in order to determine environmental effects.’

Nature of the use

Equally essential for the risk assessment is how the GMO will be used. Various different
types of activities involving GMOs can be distinguished and these activities can take
place in different environments (e.g. in a laboratory, in greenhouses and in the open
field). The nature of the activities may require placing them in a different contain-
ment category or the use of different control measures. Special activities or large-scale
production require specific or additional procedures or conditions. The same applies
to laboratory use as opposed to applications in which new or modified organism are
released into the environment.

3.2 EXPERT MEETING ON RISK ASSESSMENT OF
SYNTHETIC BIOLOGY

In 2011 COGEM and the Rathenau Institute organised an expert meeting to critically
examine issues surrounding the risk assessment of synthetic biology. The meeting had
two aims. First, COGEM wanted to review the validity of its conclusion of 2008, that
over the short term synthetic biology applications can be adequately assessed using
the current assessment framework for GMOs. Second, COGEM wanted to identify more
precisely the sorts of problems than may occur with the risk assessment of synthetic
biology applications in future.

3.2.1 Structure of the workshop

The meeting was organised and chaired by an external moderator (Huib de Vriend, LIS
Consult). Ten Dutch experts in the field of synthetic biology and risk assessment and a few
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staff members from COGEM and the Rathenau Institute took part in the workshop (see
Appendix 2: Participants in the expert meeting held on 29 June 2011). During the meet-
ing six cases were discussed, based on fact sheets and underlying literature. The selected
cases were representative of the current trends in the field of synthetic biology:

1. High-throughput synthesis of mutants (MAGE)3*3

2. Metabolic pathway engineering: production of butanol in E. coli'3313¢
3. Minimal genome organism313

4. Xenobiology'311¢

5. Optimising natural processes: photosynthesis in algae'3”.38

6. Symbiosis: zebrafish with photosynthetic capability'3*'4

The first four cases are examples that directly reflect the sub-fields of synthetic biology
described in Chapter 2. Two cases (5 and 6) could not be classified exclusively within
any one of these sub-fields. Increasing the productivity of photosynthesis in algae is
closely related to applications in genetic modification and is therefore a realistic exam-
ple of the type of research currently taking place which may lead to applications in the
environment in the foreseeable future. The case of the symbiotic relation between
a zebrafish and GM cyanobacteria with a photosynthetic capability is a curious and
somewhat futuristic application. This case was included because of its potentially far-
reaching implications.

Protocells were not discussed in the workshop because at the time the workshop was
held research in this area was focused primarily on protocells containing chemical,
non-replicating components and was therefore less relevant for the risk assessment.
However, various articles published in late 2011 and in 2012 describe semi-synthetic
cells that are capable of replication. For this reason, the developments in this subfield
are also discussed in this report.

3.2.2 Results of the workshop

For each case the participants discussed whether a risk assessment would be possi-
ble and what data on the organism concerned would be needed for the risk assess-
ment. The general conclusion was that the existing assessment framework would be
adequate as long as the host organism used in each case was well characterised.’
This condition is generally met in a number of the cases discussed (e.g. 2 and 3). For
research in which lesser known organisms or genes may be used, as in the case of
high-throughput synthesis or xenobiology (cases 1 and 4), it is important that the host
organism is well characterised.

It was noted that the conclusion that the current risk assessment framework is ade-

quate was based largely on applications involving contained use (laboratory activities),
for which various containment measures are possible. When activities involve release
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into the environment, new, more complex issues will arise regarding the organism and
the interactions with the recipient ecosystem. Interactions at the system level will also
present major challenges for risk assessment when multiple or less targeted large-scale
modifications are involved, and when sequences are used for which there is no known
comparator. However, as the possibilities of synthetic biology increase, knowledge in
this area will also increase, thus facilitating the risk assessment.

Two of the cases discussed (3 and 6) involve a situation in which distinguishing between
the host and the donor may present problems in the risk assessment. The first case is the
creation of a symbiotic relation between zebrafish embryos and GM cyanobacteria. This
case prompted the question of how to deal with future situations in which two systems
are combined in (radical) new ways and in modified forms. Also mentioned were other
possibilities that could present a challenge to the environmental risk assessment if used
in similar research, such as the use of endophytes < to make new combinations in plants
or the use of endosymbionts ¢ in insects. The second case involved the creation of a
minimal genome organism as a chassis for constructing an organism containing large
numbers of inserted new characteristics (combination with metabolic pathway engi-
neering). This raises the question of whether the risk assessment should be based in the
first instance on the properties of the host organism or the inserted genes.

It should be noted here that the conclusion of the workshop is a direct outcome of the
discussion of existing cases. The risks involved in such cases can be estimated because
the research has already been carried out. Using existing cases was a conscious deci-
sion to make it possible 1) to verify whether developments over the short term are
still in line with the existing environmental risk assessment method, and 2) to keep
the discussion as concrete as possible by basing it on existing and available data. How-
ever, extrapolating current research trends highlighted several questions about the
risk assessment in future, which in turn can point the way to identifying potential dif-
ficulties with greater precision.

3.3 FUTURE CHALLENGES IN THE RISK ASSESSMENT OF
SYNTHETIC BIOLOGY

This section draws on the recent developments outlined in Chapter 2 and the results of
the expert meeting to consider the possible future difficulties with risk assessment in
more depth. As explained in the first section of this chapter, the current environmental
risk assessment method takes a case-by-case approach and is based on a host/donor
system for which full or partial knowledge about both the host and the donor is avail-
able. The resulting GMO is compared with the wild type host organism.

¢ A symbiotic fungus occurring in plants which may protect them against insect pests.

4 An organism that lives symbiotically in the cells or in the body of a host organism.
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Until now it has been possible to properly evaluate synthetic biology applications using
the environmental risk assessment method. Recent research is indicative of the appli-
cations that can be expected in future and this section examines whether and where
the risk assessment may run into difficulties if the current trends continue. If a risk
assessment is not possible, this will not by definition mean there will be risks to human
health and the environment, but it will present an obstacle to the further develop-
ment of the field of synthetic biology, because the activities will have to be placed
in the highest containment level. The experiments will then be subject to numerous
restrictions and will only be possible at great expense.

3.3.1 The case-by-case approach

The increasing scale and speed at which variations of an organism or organisms with
new characteristics can be produced may make it difficult to assess these organisms on
a case-by-case basis under the existing regulations and within the statutory periods.
This may be the case, for example, for the high-throughput synthesis of mutants (see
text box: High-throughput synthesis of mutants (MAGE), in Chapter 2). This need not
present a problem when variations are introduced in a single gene or in a single func-
tional area, because the scope of the risk assessment can be kept within certain mar-
gins. However, some studies involve the random insertion of vast numbers of sequences
from plants, animals, bacteria, viruses and fungi into microorganisms in an attempt
to produce interesting material.*¢'%2 A combination of the scale of such operations
and unknown sequences from multiple donor organisms can strain the case-by-case
approach to breaking point if those responsible for assessing applications are over-
whelmed with complex issues. This raises the question of whether it would be possible
to assess all the variations and whether it would actually be necessary to investigate all
the interactions.

3.3.2 Complex interaction

Questions about the interaction between the products of these genes are highly rel-
evant in metabolic pathway engineering in which multiple genes or pathways are
inserted into an organism. This is further complicated if these multiple genes come
from multiple donors. If the resulting organisms are intended for release into the
environment, the environmental risk assessment rapidly becomes much more com-
plex, because release into the environment involves more parameters than contained
use. Moreover, the more an organism is altered, the more complex the number of
possible effects on the environment will become. In the case of multiple modifica-
tions, it is not only the modifications themselves that need to be assessed, but also
the interactions between these modifications and any effects these may have on
the organism and the environment or ecosystem. It is expected that the increasing
understanding of metabolomics will in future play a major part in the analysis of
these interactions.
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3.3.3 Boundary between donor and recipient

A minimal organism can only carry out the most essential physiological functions itself
and depends on artificial laboratory conditions for all other functions. From the safety
point of view, a minimal organism will in principle present little risk and be highly bio-
logically contained. Research has confirmed that this will be true in the majority of cases.
However, the results of some studies with minimal organisms show that under labora-
tory conditions they functioned more efficiently for specific characteristics (such as rate
of growth) when certain genes were removed (see text boxes in section 2.3). It should be
noted that such effects are not limited to synthetic biology or genetic modification, and
neither do they by definition pose an increased risk. However, if the deletions affect the
genes involved in pathogenicity or virulence, this should be taken into account in the
risk assessment. Other research has shown that removing specific genes (e.g. anti-viru-
lence genes in plant-pathogenic fungi) can lead to increased pathogenicity.’* Another
example is the evolution of the pathogenic organism Yersinia pestis (bubonic plague), in
which deletions played an important role in its growing pathogenicity.'4145

Research on minimal organisms also aims to create a model organism, or chassis, for
use as a production platform. Most of these studies make use of organisms in the low-
est pathogenicity class, which therefore pose a negligible risk to humans and the envi-
ronment. If multiple metabolic pathways are inserted into a minimal organism, the
risk assessment may become more complex, to the point that it may be questioned
whether the starting organism can still be used as a reference in the risk assessment.

3.3.4 Natural reference

In the current environmental risk assessment, the GMO is compared with the starting
or host organism (the ‘natural’ comparator). The envisaged applications of metabolic
pathway engineering include the production of biofuels in algae (in the environment)
and detecting and breaking down environmental pollutants. When multiple new (not
present in nature) metabolic pathways are inserted into plants and microorganisms,
the absence of a comparator or reference organism may present a problem in the risk
assessment, unless the applicant can provide convincing experimental evidence that
the new organism has no adverse effects on humans and the environment.

Natural references are also not available for xenobiological applications in which the
composition of the nucleotides has been altered. In the literature, xenobiology is men-
tioned as a potentially suitable way of biologically containing synthetic organisms
(‘genetic firewall’),'” which may suggest that the application itself entails no risks.
Most research in this area is currently being conducted under contained conditions in
the laboratory and no organisms that have an entirely alternative form of DNA have
yet been created. However, any future application in a living organism or release into
the environment would raise new questions about the risk assessment. How can the
interactions with the environment be tested and what information needs to be col-
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lected to do this? What should these data be compared with? Because of the increase
in the number and type of biomolecules, such as XNAs, existing databases of aller-
gens and toxins may not provide a broad enough basis for comparison. Little is known
about how cells based on other nucleotides function and how they interact with the
environment. How is it possible to detect whether the building blocks for the orthogo-
nal organism are present in the environment, thus enabling it to survive? If there is
no interaction between the organism and other ‘natural’ organisms (i.e. no biological
containment), will this increase the risk of the organism spreading unchecked?

For protocells, too, there are no natural references or data on interaction with other
organisms and the environment. A truly autonomous protocell capable of growing,
reproducing and evolving has not yet been created and it is expected that this will not be
possible for many years. Developments in protocell engineering will only become inter-
esting from an environmental risk perspective when such a protocell has been made.

3.3.5 Legislation: GMO or not?

Dutch GMO regulations are designed specifically for the production and use of GMOs
and not for working with wild-type pathogenic organisms. In other European coun-
tries both these types of organisms are covered by the same legislation. In some of the
sub-fields of synthetic biology it is not immediately obvious whether the objects of
study (e.g. protocells and xenobiology) should be defined as GMOs or genetic mate-
rial. As discussed above, protocell research seeks to create completely synthetic cells
and semi-synthetic cells containing DNA. This raises the question of when these cells
can be considered to be living organisms and when they cannot. In xenobiology, for
example, there is a question regarding the status of XNA/orthogonal systems in rela-
tion to conventional nucleic acids (DNA, RNA) as described in the GMO regulations.

3.4 DATA/INFORMATION REQUIRED FOR THE
ENVIRONMENTAL RISK ASSESSMENT OF SYNTHETIC
BIOLOGY

Besides identifying the possible difficulties that may arise in the risk assessment of
synthetic biology, there still remains the question of what information and knowledge
is required to resolve these problems and what possible measures can be taken to con-
trol the risks. When experiments are conducted in the laboratory, various measures can
be taken to biologically or physically contain the organisms. Moreover, in the absence
of certain information, additional measures can be taken as a precaution. It should be
noted, though, that such precautionary measures could hamper research progress and
are in principle unwelcome. Furthermore, when a synthetic organism is introduced
into the environment the possibilities for containment are limited. For these applica-
tions, therefore, it is important to have enough information to carry out an adequate
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risk assessment. An article recently published in Nature (Dana G.V. et al., 2011) sets out
several lines of research that could generate at least some of the data needed for the
risk assessment of synthetic biology.'3

Research into the fundamental differences between natural and synthetic organ-
isms and how they interact with the environment, such as the possible production of
new toxic substances or harmful metabolites.

Research into possible changes in habitat, food chains and biodiversity caused by the
release (intentional or accidental) of synthetic organisms into the environment. It is
expected that the first synthetic organisms to be introduced into the environment
will be for bioremediation. Will they be able to compete with the existing organ-
isms, and if so, how, and what will the effects be?

Because synthetic organisms can evolve and adapt, they may occupy new ecological
niches. It is therefore important to investigate how easily and how quickly synthetic
organisms and their genetic material can adapt to the environment. In addition,
research is needed to determine whether these organisms can persist, disperse or
adapt their behaviour to the natural environment.

Finally, the possibilities of gene transfer from synthetic organisms should be investi-
gated. In specific situations, microorganisms are able to exchange genetic informa-
tion or ingest free DNA from the environment. As new or different forms of DNA
are introduced, it is important to have information about possible compatibility
with natural organisms or the presence of foreign DNA in the environment. Greater
understanding about this process will benefit the risk assessment.

From the analysis in this chapter, we can add to this list the identification of a refer-
ence organism or function against which to compare the synthetic organism or cell. If
this is not available, it could be difficult to make a final assessment of the possible risks
and to determine which containment and control measures will be required before
the research can be carried out. For new developments in synthetic biology, the appli-
cants themselves will more often than not be required to provide evidence showing
that the environmental risks are negligible. Besides the research lines described above,
and combinations of these, such evidence may consist of specific experimental data
demonstrating effective biological containment or the development of new tools to
ensure biological containment.
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THE PUBLIC DEBATE ON
SYNTHETIC BIOLOGY

Over the years that COGEM has been monitoring developments in the field of synthetic
biology, the public debate on this subject has broadened. This is reviewed below:

2006 in 2006 COGEM reported on synthetic biology as a new development within
the field of biotechnology. This technology was identified as a potential source of pub-
lic objections comparable with or even stronger than those raised against genetic mod-
ification. Questions about the acceptability of creating new life forms (‘playing God’)
and the fundamental question of what life is were expected to play a more prominent
partin the debate about synthetic biology. COGEM also raised the issue of the possible
misuse of the technology (bioterrorism).

2008 At the request of the then environment minister, COGEM issued a report on
the possible course of the public debate on synthetic biology. The report analysed the
debate from the perspective of the technological hype, the phases of an ethical debate
and the policy cycle (see Appendix 3: Phases in technology development, public debate
and policy making). It concluded that at that time the world was in a hype phase in
which synthetic biology seemed to offer unlimited possibilities. The public debate
focused on fundamental questions about the differences between man and machine
and what constitutes life. In addition, questions were emerging about social relations,
health and wellbeing, and freedom of choice. COGEM indicated that in this phase there
is little point in actively participating in or organising a public debate. It proposed mon-
itoring developments and waiting for the main issues to emerge more clearly.

2012 Recent reports indicate that in 2012 synthetic biology is still a topic of debate,
although it appears less frequently in the popular media. A number of non-govern-
mental organisations (NGOs) are still actively engaged in the subject. In 2011 various
NGOs called for a moratorium.' They claim that because too little is known about the
functioning and effects of the products the commercialisation of synthetic biology is
premature, and are calling for specific legislation and regulations. Not only NGOs, but
also the scientific community and government organisations, and therefore COGEM
too, are reconsidering whether the existing legislative framework is still adequate for
the task at hand. This chapter examines the broadening of the public debate about
synthetic biology in recent years, the importance of communication and people’s per-
ceptions of synthetic biology, and the status of relevant governance initiatives.
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4.1 THE WIDENING PUBLIC DEBATE ON SYNTHETIC
BIOLOGY

Initially, the debate on synthetic biology was concerned primarily with fundamental
questions about what life is and how far experiments on the building blocks of life
should be permitted to go. Questions about safety and bioterrorism were also promi-
nent in the debate. In recent years the scope of the debate about synthetic biology
has widened. Rather than the earlier focus on more fundamental questions (What is
life? What is the difference between humans and machines? Are we playing God and
should this be allowed?) and the potential risks of synthetic biology, the debate now
addresses the broader issues of justice, sustainability and freedom of choice. The dis-
cussion is not limited to the risks and advantages alone, but also explores the question
of who benefits, how the risks are perceived and who bears the risks.'¥ Recurring top-
ics are:

Justice: Replacing natural raw materials with materials produced by synthetic organ-
isms would deny farmers in developing countries the opportunity to develop or sustain
markets for the conventional cultivation of these products, such as vanilla, artemisinin,
palm oil and natural rubber. Appendix 1 contains a list of the compounds that in
future could be produced by synthetic organisms. It should be noted that this argu-
ment has two sides to it. For example, synthetic rubber and vanilla have been pro-
duced for a long time and the natural production of palm oil is subject to considerable
criticism on the grounds of sustainability and loss of biodiversity.

Sustainability: There are also positive sustainability aspects in the debate about
synthetic biology. New organisms are proposed that can produce valuable substances
more cheaply, efficiently and with less environmental impact.

Freedom of choice: Replacing the production of natural raw materials by crop plants
with production by synthetic organisms raises questions of how these substances
should be evaluated and labelled when they are used in foods and medicines.'*® For
example, in Europe substances made by GM microorganisms but which no longer con-
tain any part of these organisms do not have to be labelled as GM products. This is also
expected to be the case for organisms modified by synthetic biological techniques to
produce specific substances. Although synthetic biology does fall under the GMO legis-
lation, like nanotechnology it is considered by many people to be a ‘novel technology’,
again opening up the discussion about labelling and freedom of choice.

Risk perception: Risks can be perceived in broader terms than the purely technical and
scientific risks described in Chapter 3. These are known as the ‘soft impacts’ of techno-
logical innovation'® and include the effects on individuals or society when consumers
are faced with synthetic biology products. At the moment there are too few commercial
synthetic biology products on the market to get to grips with these risks. When the time
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comes, it will be important to study how these new techniques interact with the social
environment for which they are intended, because the success of synthetic biology will
also depend on its acceptance by the public. How are the possible risks of a new tech-
nology perceived, and does this depend on the technology itself or on specific applica-
tions? The perceived risks of the application of synthetic biology for biofuels will prob-
ably be different from those associated with the application of synthetic biology for
vaccines or foods. The current debate about these topics may also affect the perception
of risks, such as the attitudes people have towards national vaccination programmes.

Instrumentalisation: When different fields of scientific and technological expertise
are combined, such as biotechnology, chemistry, ICT and robotics, the results can over-
step certain conceptual boundaries. Whereas the focus of biotechnology used to be on
mimicking and combining natural systems, it is now shifting to the functioning of an
object or organism through the application of expertise from a wide range of scientific
disciplines and technologies. This increasing emphasis on the design and engineering
aspect is characteristic of synthetic biology. Developments in the field of protocells or the
combination of biotechnology and nanotechnology, for example, can lead to a blurring
of the distinction between organism and machine and between life and non-life. Devel-
opments in synthetic biology also raise both fundamental and concrete issues that are
not limited to synthetic biology or genetic modification. Whereas in the past questions
were raised about ‘playing God' and ‘creating’ new life, now non-religious questions are
also being asked about the instrumentalisation and moral status of ‘novel’ organisms or
objects, which may, for example, contain a combination of living and non-living material
(see text box in section 4.2). The above examples show that in recent years the questions
and issues surrounding developments in synthetic biology and its applications have, as
expected, have come into sharper focus and become more concrete.

4.2 COMMUNICATION & FRAMING

Media reports on synthetic biology often contain sensational or provocative headlines
to attract the reader’s attention. Recurring themes in these articles are creation (play-
ing God), tinkering/randomness, artificiality and hybrid life forms (organic/inorganic).

¢ 'Playing God'’ is vital if we are to create a better future for all (The Guardian,
27 July 2012)

¢ ‘Robo-mosquitoes’ in Margaritaville (Miami Herald, 13 August 2012)

¢ Enzymes grow artificial DNA (Nature, 19 April 2012)

¢ Synthetic biology: genetic engineering on steroids (TechCentral, 16 March 2012)

¢ Synthetic biology and the rise of the ‘spider-goats’ (The Guardian, 14 January
2012)

¢ Life's code rewritten in four letter words (New Scientist, 17 February 2010)

e What to make with DNA origami? (Nature, 10 March 2010)
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Although many readers are indeed attracted by such eye-catching titles, this form of
framing can have disadvantages in communication. Framing is the reformulation of
a subject or development to render it comprehensible to the interested non-profes-
sional, making it an essential tool in the communication of complicated subjects. The
type of frame that is chosen, either consciously or unconsciously, can have a big impact
on how the wider public reacts and the impressions people form about a certain tech-
nology or development.'*® An example:

Artificial jellyfish with rat heart cells

In July 2012 researchers at the California Institute of technology (US) published the results
of a study in which animal cells were used on a synthetic template to create a system that
pulses when placed in an electric field.” A silicon template in the shape of a jellyfish was
covered with heart cells from a rat and placed in a liquid. The researchers call these semi-
synthetic objects ‘medusoids’. When the medusoids are placed in an electric field they can
swim like a jellyfish by making two movements or strokes. In the first stroke, the muscle cells
rapidly contract so that the medusoid is pulled into the characteristic bell shape of a jellyfish.
In the second stroke, the cells relax and the silicon pulls the medusoid back to its original flat
shape.™ The approach taken by the researchers is a form of reverse bioengineering based on
the form and function of an organic component, rather than mimicking an existing system.
The study is a proof of concept involving input from various disciplines, such as design and
architecture, robotics, computer modelling, chemistry and biotechnology. The intended ap-
plication of this groundbreaking research is to test medicines, such as heart medicines. The
framing of the researchers ("We Took a Rat Apart and Rebuilt It as a Jellyfish’, The Atlantic, 22
July 2012) was used by the media to emphasise the creation of a living entity and the hybrid
aspect of the medusoid. However, the main effect of the media interest this created was that
the lasting, and misguided, impression of this breakthrough was the creation aspect, rather
than an understanding of the real implications and aim of the research, such as the testing
of heart medicines and reducing the use of laboratory animals. The impression thus created
reinforces the negative connotations of the ‘mad professor’ conducting bizarre experiments

in his lab, like creating monsters.

Framing can be used consciously or unconsciously and is virtually unavoidable: just
about every statement is framed by a set of assumptions. Researchers need to be aware
of this aspect of their communication with the outside world before popularising their
scientific results. Framing a technology as revolutionary and spectacular not only gen-
erates media interest, but can also lead to disproportionate reactions, measures and
regulations in the social and ethical sphere. This effect can be heightened for issues
considered to be controversial by some sections of society. Some researchers believe
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that hypes and exaggerated claims can be counterproductive for the development of
ethical regulations that stakeholders can work with now and in the future.* Accurate
information provision is therefore a key consideration in all research, and certainly in
synthetic biology.

4.3 GOVERNANCE AND THE CONTROL OF TECHNOLOGY

In recent years European and international meetings have been held to shape the devel-
opment and social embedding of synthetic biology and find a satisfactory form of gov-
ernance.'? This has led to many publications on finding effective responses to rapidly
changing technology, knowledge and understanding.'*'>>'54 Qver the past seven years
about 40 reports on the governance of synthetic biology have been published world-
wide.'”®* COGEM also addressed this issue some years ago in a research report. In response
to early indications from the scientific community and the relevant agencies, actions have
been taken in recent years to monitor biosafety issues associated with synthetic biol-
ogy.""7158 A few examples of European organisations that have reported on biosafety, eth-
ics and governance issues relating to synthetic biology in recent years are listed below:

2012 Wetenschappelijk Instituut Volksgezondheid, Biosafety and Biotechnology
Unit (ISP-WIV)

2012 Zentrale Kommission fur die Biologische Sicherheit (ZKBS)

2010  The European Academies of Science Advisory Council (EASAC)

2010 Schweizerischen Akademie der Technischen Wissenschaften (SATW)

2009 The European Group on Ethics and New Technologies (EGE)

2009 Royal Acadmy of Engineering (UK)

2009 Deutsche Forschungsgemeinschaft (DFG), Deutsche Akademie der
Technikwissenschaften, Deutsche Akademie der Naturforscher
Leopoldina — Nationale Akademie der Wissenschaften

2008 Koninklijke Nederlandse Academie van Wetenschappen (KNAW),
Gezondheidsraad (GR) en Raad voor Gezondheid Onderzoek (RGO)

However, it has proved difficult to come up with any clear-cut answers to questions
about the appropriate form of governance, how responsibilities should be allocated,
and when legislation and regulations should be amended or restrictions imposed. One
thing is clear, though: an integrated approach to converging technologies like syn-
thetic biology is desirable. The development, introduction and social embedding of a
new technology like synthetic biology is an interactive and partly unpredictable pro-
cess that may only be possible in a step-by-step approach. Besides the precautionary
principle, studies on the governance of synthetic biology identify the following key
elements that have to be addressed:
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e Proportionality (the balance between the risks and benefits to society);

¢ Distributive justice (the distribution of benefits and the costs of adverse effects);

® Procedural justice (those that may benefit from or suffer the adverse effects of a
technology should be involved in the decision-making process).'>16°

In recent years, the public debate about synthetic biology has widened and several
concrete issues have emerged. However, this widening of the scope of the debate may
lead to such a disparate discourse that specific aspects are overlooked or not given the
attention they deserve. The framing and popularisation of scientific results in the pop-
ular media have a considerable influence on public perceptions, but may divert public
attention from the real developments and implications. Accurate and clear reporting
on the developments in and applications of synthetic biology are essential for giving
direction to the development of an accountable form of governance.
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CONCLUSION & DISCUSSION

In its first topic report on synthetic biology (2006), COGEM posed several questions
about the way in which the field of synthetic biology could develop and the associated
biosafety and ethical issues. In 2008 the then environment minister asked COGEM to
investigate several such questions. Although some of these questions were answered at
that time, COGEM stated that others could not be answered with any precision because
it was not possible to foresee how certain developments would unfold. A number of
these questions were again raised during the expert meeting held by COGEM and the
Rathenau Institute in 2011. This concluding chapter draws on the results of this work-
shop and a review of the latest developments in synthetic biology to summarise the
key questions and, where possible, provide some answers.

What is synthetic biology?

From the moment the term synthetic biology was given to specific sub-fields of research, a
discussion arose about the precise definition of this technology: What is synthetic biology,
and what techniques and applications does it encompass? At the moment there is no con-
sensus on a definition, and this may well be due to another development. Whereas just a
few years ago large groups of scientists took up the banner of synthetic biology, the trend
now seems to be in the other direction and many researchers no longer say they work in
the field of synthetic biology, but rather within one of a number of specific sub-fields, such
as metabolic engineering or protocell research. As a result, developments in the field may
go largely unnoticed by the general public until applications appear on the market.

5.1 DEVELOPMENTS

What developments can we expect in the field of synthetic biology and when are they likely

to occur?

Over the past four years developments in the field of synthetic biology have made
great strides. Some of the major breakthroughs were:

e the first ‘synthetic’ cell (2010);
¢ the creation of a replicating semi-synthetic protocell (2011);
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¢ the creation of an alternative genetic alphabet (xenobiology) capable of in vitro
replication (2011);

¢ the introduction of more complex pathways into organisms (2008-2012);

¢ the appearance on the market of the first applications (e.g. the bioplastic Sorona,
see Chapter 2).

Despite a number of recent breakthroughs in the field of xenobiology and protocells,
practical applications are not expected for many years to come. The developments
over the past four years reviewed here are in line with what was expected at the time
of COGEM'’s last report on this topic in 2008. The hype phase appears to have cooled
down now that the introduction of many concrete applications on the professional
and consumer markets does not appear to be as imminent as previously thought. This
has much to do with the challenges discussed in Chapter 2. Although steady scientific
progress continues to be made, we have entered a phase in which interest in synthetic
biology in the popular media is gradually waning.

5.2 RISK ASSESSMENT

What difficulties will arise with the use of the current risk assessment method for GMOs?

From the outcome of the expert meeting held by COGEM and the Rathenau Institute in
2011, it can be concluded that the current risk assessment method is still adequate for
the research being conducted in the field of synthetic biology. This conclusion is in line
with various other reports published in recent years by sister organisations of COGEM
in other European countries (see section 4.3). Monitoring recent developments will
improve our ability to identify with more accuracy where problems may arise in future
should current trends and research efforts continue. These include:

¢ the blurring of the boundaries between donor and recipient (metabolic pathway
engineering / minimal genome);

¢ the absence of a natural comparator (metabolic pathway engineering / xenobiology
/ protocell);

* the characterisation of inserts and sequences (metabolic pathway engineering);

¢ the growing strain being put on the case-by-case approach by the increasing scale
and speed of activities (high throughput).

In addition, there are a number of questions relating to the suitability of the current

legislation. Are the cells or organisms produced by synthetic biology always GMOs? Do
products made from or by (partially) synthetic organisms fall under the current regula-
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tions (e.g. on labelling)?'” Examples of such products are foods, fuels, and flavourings
and odorants,® as well as the production of traditional medicinal plant extracts (e.g.
artemisinin).®

What knowledge do we need to resolve these difficulties?

Section 3.4 indicates several lines of research that could generate data needed for the
risk assessment of synthetic biology:

e research into the fundamental differences between natural and synthetic organisms
and how they interact with the environment;

e research into possible changes in habitat, food chains and biodiversity caused by
the release (intentional or accidental) of synthetic organisms into the environ-
ment;

e research into the possible adaptation of synthetic or semi-synthetic organisms to
their environment (persistence, dispersal and behaviour);

¢ research into the possibilities of gene transfer from synthetic organisms.

Identifying a reference organism or function against which to compare the synthetic
organism or cell is also important for the risk assessment. For new developments in
synthetic biology, the applicants themselves will more often than not be required to
provide evidence showing that the environmental risks are negligible. Besides the
research lines described above, and combinations of these, such evidence may consist
of experimental data demonstrating effective biological containment or the develop-
ment of new tools to ensure biological containment.

5.3 RISK MANAGEMENT

Are there any possible practical and workable control measures to manage these difficulties?

The existing risk management measures for GMOs can also be used in the assessment
of developments in synthetic biology described in this report. These include:

e assigning an appropriate containment category;

¢ biological and physical containment measures;
e acautious approach to release into the environment.
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In other words, an appropriate safety level should be chosen, and if there is any uncer-
tainty about the specific risks, the precautionary principle should be applied. Risks can
also be controlled by biological and physical containment measures. COGEM observes
that some researchers working in the field of synthetic biology consider an alternative
alphabet for DNA/RNA to be an ideal containment method. However, caution will have
to be exercised when considering this application as a containment method because as
yet, little is known about these alternative genetic building blocks and how they will
behave in the environment.

COGEM has noted that the increase in the scale and speed of activities may lead to
problems with the case-by-case approach to assessing permit applications. With respect
to this, COGEM points out the importance of monitoring international developments
and reviewing how other countries and organisations are responding to this issue.

5.4 POLICY

Will it be necessary to maintain a close watch on this area of policy making in future, and how

can this be done?

So far, the growth in our knowledge and understanding has kept pace with develop-
ments in synthetic biology. Because synthetic biology brings together several modern
technologies (chemistry, information science and biotechnology) and will in future
generate new applications, it will remain important to monitor developments to iden-
tify possible problems that could arise with the environmental risk assessment.

Keeping up to date with international developments will be crucial. Several Euro-
pean advisory bodies (the French Haut Conseil des Biotechnologies (HCB), the Belgian
Biosafety and Biotechnology Unit (SBB) and the German Zentrale Kommission fur
die Biologische Sicherheit (ZKBS)) and COGEM have established a network to keep
track of developments within Europe and where possible outside Europe as well. The
aspects that could cause difficulties for the environmental risk assessment mentioned
in section 3.3 were identified in the European workshop organised by these organisa-
tions in December 2012. A report of this meeting will be published in 2013. In addi-
tion, participants at the Dutch expert meeting held in 2011 raised the importance of
the free exchange of information and views between researchers and risk assessors.
Researchers must provide the data needed to carry out the risk assessment when per-
mit applications are made. This raises the question of the capacity of researchers in the
field to estimate in advance which information about new developments risk assessors
will need and emphasises the need for good communication and an open dialogue
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between these two groups. As developments become more complex, this learning pro-
cess (and the structures set in place to permit and promote it) will become increasingly
important.

Risk assessors and licensing authorities should indicate in advance the type of infor-
mation that must be provided for the environmental risk assessment. In connection
with the three problems mentioned above, risk assessors can state more explicitly what
information and characteristics of the new organism are required for the risk assess-
ment in the absence of a reference organism. The tensions between the need for prac-
ticable safety measures for research and safe working practices for genetic modifica-
tion may therefore require more intensive contacts between licensing authorities, risk
assessors and applicants or researchers. The government can play a facilitating role in
these processes by taking account of the requirements of the risk assessment method-
ology when drawing up research programmes.

In addition, attention has been drawn to the possible administrative difficulties that
may arise as a consequence of the increasing scale and speed of new developments,
leading to problems with the case-by-case assessment method currently in use. Further
research may throw up ideas and solutions for minimising the administrative burden
of the case-by-case approach, for example by examining how other European or inter-
national licensing authorities deal with this issue.
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GLOSSARY

BioBricks

BioBricks are standardised and interchangeable DNA sequences of defined structure
and function. These DNA parts are designed to be incorporated into living cells, such as
bacteria, to carry out a specific function (a biological system).

Biological containment

The characteristics of an organism that restrict its survival or dispersal in the environ-
ment. These include the characteristics of a host/vector system that restrict the trans-
mission of the vector.

Chassis / minimal genome organism

A minimal genome organism is a model organism that possesses only the most essen-
tial genes for its functioning under laboratory conditions. Research in this field is con-
cerned both with the fundamental questions about the emergence of life and with the
development of an ideal production organism. A minimal genome organism intended
for use as a production organism is also called a ‘chassis genome’. Additional genomes
can be added to the chassis to make it perform a specific function.

De novo

Latin for ‘from the beginning’. In the context of this report, de novo refers to DNA syn-
thesis in which a series of chemically synthesised bases or base pairs are linked together
one by one. Another method is to link together isolated pieces of DNA from organisms.
This is not a form of de novo synthesis.

Donor organism
The organism from which the genetic information introduced into a host organism
was originally obtained.

Framing

Framing is the conscious or unconscious use of conceptual frameworks in communica-
tion. Just about every statement is framed by a set of assumptions. Instead of using
arguments as a rational means of persuasion, framing makes use of the associations
elicited by an image or idea. Words and images are chosen in such a way that a number
of aspects of the topic being described are implicitly highlighted.

Host organism

In genetic modification, the host is the organism into which genetic material from a
donor organism is inserted.
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Governance

Governance is the action or manner of governing, a code of conduct or the oversight
and supervision of organisations. The World Bank defines governance as ‘the exercise
of political power and the use of institutional resources to manage society’s problems
and affairs’.

In vitro

Experiments and techniques carried out under laboratory conditions that use biologi-
cal material outside a living organism. In vitro means ‘in glass’ and dates from the time
that glass test tubes and similar equipment were commonly used.

In vivo
Experiments conducted in a living system.

Laboratory conditions

When an organism is held under laboratory conditions it lives in a fully controlled and
managed environment in which the provision of the elements required for its survival
(nutrients, oxygen) is regulated. The organism is not exposed to external influences,
such as competition or threats from other organisms.

LD50

LD50 stands for ‘'median lethal dose’ and is the amount of a toxin or other substance
that is required to kill half the members of a population. As the substance is adminis-
tered in a single dose, LD50 is an indicator of its acute toxicity and says nothing about
long-term toxicity. LD50 is usually expressed in ug or mg per kg of living tissue.

Metabolic pathway engineering

Metabolic pathway engineering is the design and insertion of specific functions into an
existing organism. This sub-field concerns the production of high-value chemicals, plastics,
fuels, pharmaceutical components, and odorants and flavourings in modified organisms.

Omics

-omics is a suffix often used for research fields in biology, such as genomics (the quan-
titative study of genes, regulatory and coding sequences), transcriptomics (RNA and
gene expression), proteomics (protein expression) and metabolomics (metabolites
and metabolic networks). Research data from various -omics fields are used, among
other things, to study intended and unintended differences at the composition level
between a GMO and its natural reference.

Orthogonal biological system / xenobiology

In mathematics, two objects are orthogonal if they are at right angles to each other. In
statistics, the term refers to the complete absence of a correlation between two vari-
ables. The development of orthogonal systems aims to create different or novel life
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forms by altering the basis of living cells (the DNA). This is also called xenobiology. The
functioning of a fully orthogonal system would be based on biochemical reactions that
cannot interfere with natural systems.

Physical containment

Equipment, appliances and structures fitted to working areas to prevent the dispersal
of organisms, including genetically modified organisms. Containment measures are
classified into four levels of safety.

Precautionary principle

This principle was established in the Rio Declaration. The precautionary principle states
that new technologies may not be used without taking precautionary measures if they
are likely to involve risks to the environment or human health, even if those risks have
not (yet) been established without doubt by scientific research.

Protocell

A protocell is the simplest artificial chemical model of a living cell, consisting of organic
and/or inorganic elements, that mimics the function of some, but not necessarily all,
natural cell components and molecules. Because these cells are constructed ‘from
scratch’, they are included within the bottom-up approach to synthetic biology.

Synthetic biology

Synthetic biology is a research field that seeks to modify existing organisms to perform
useful functions and to design and synthesise artificial genes and complete biological
systems.

Synthetic genomics
Synthetic genomics is the chemical synthesis of artificial DNA to make genes or a com-

plete genome.

Wild type
The natural genotype or phenotype of a certain organism (or gene).

Xenobiology (see orthogonal biological system)
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APPENDIX 1

SYNTHETIC BIOLOGY: THE PRODUCTION OF
INDUSTRIAL AND NATURAL RAW MATERIALS

Source: International Civil Society Working Group on Synthetic Biology (2011). A sub-
mission to the convention on biological diversity's subsidiary body on scientific, techni-
cal and technological advice (SBSTTA) on the potential impacts of synthetic biology on
the conservation and sustainable use of biodiversity.

Natural Institution/Firm | Stage of Natural product |Synthetic Market size
compound | developing development |sourced from biology (estimates)
synthetic production
biology based in
production
Artemisinin Amyris/Sanofi To be China, Vietnam, USA, Czech Global supply
(Artemisia Aventis; Riken commercialized | Cameroon, Republic, and demand
annua) Institute 2012 by Sanofi | Ethiopia, Kenya, South Africa, | for artemisinin
Mozambique, Japan ~120-140 MT
Tanzania,
Uganda and
Zambia
Jojoba Oil LS9 Inc. Pre-commercial | Argentina, USA ~5,000 tons of
(Simmondsia Australia, jojoba is used
chinensis) Chile, Egypt, in personal
India, Israel, care products
Mexico, Peru, worldwide
South Africa, USA
Liqourice RIKEN Institute, Proof of India, Spain, Iraq, |Japan 20,839 tons of
(Glycyrrhiza | Tokiwa principal Iran, Turkey, Russia, liquorice dried
glabra) Phytochemical Co. China, Mongolia, extract (2004)
Kazakhstan
PIm Oil Solazyme/Unilever, | R&D Malaysia, USA 48 million tons
(Elaeis Sunthetix Indonesia, of palm oil
species) Genomics Inc./ Thailand, (accounts for
Genting group Colombia, Benin, 30% of global
Kenya, Ghana production of
oils and fats)
Natural Amyris/Michelin; | To be Thailand, Malaysia, |USA, 8,9 million
Rubber Genencor/Dupont/ | commercialized | Indonesia, India, metric tons
(Hevea Goodyear Tire & 2013 (Genencor) | Vietnam, China, (demand for
brasiliensis) Rubber Co.; or 2014 Sri Lanka, isoprene per
GlycosBio/ (GlycosBio) Cambodia, annum)
Bio-XCell Sdn BHd Papua New Guinea,
(Malaysia) Philippines
Pyrethrin Wageningen R&D Kenya, Tanzania, Netherlands | 2850 tons of
(Tanacetum University Australia, Japan, pyrethrum
cinerariae- Dalmatia, Ecuador, flowers
folium) Rwanda, Uganda, harvested
Papua New Guinea worldwide
(2000)
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Natural Institution/Firm |Stage of Natural product Synthetic Market size
compound |developing development |sourced from biology (estimates)
synthetic production

biology based in

production
Stevia Evolva Inc., Pre-commercial, |Paraguay, Brazil, Switzerland, |worldwide
(Stevia Vineland Research |R&D Argentina, USA, USA, Canada |sales of stevia
rebaudiana) Uruguay, Israel, extract 3,500

China, Thailand tons (2010)

Taxol University of Proof of USA/Canada USA N/A
(Taxus California Berkely |principal
brevifolia)
Vanilla Evolva Inc. Scale-up. Madagascar, Denmark, Approx. US
(Vanilla To be Comoros, Switzerland |$ 200 million
planifolia) commercialized |Reunion,

2014.
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APPENDIX 2

PARTICIPANTS AT THE EXPERT MEETING CONVENED
BY COGEM AND THE RATHENAU INSTITUTE ON

29 JUNE 2011

Name

Dr Hans Bergmans

Prof. Roel Bovenberg

Prof. Dr. Jeroen Cornelissen
Prof. Gerrit Eggink

Prof. Ron Fouchier

Prof. Vitor Martins dos Santos
Dr Ben Peeters

Prof. Jos van Putten

Prof. Rob Verpoorte

Drs. G. van Willigen

Organisation

Dr Frank van der Wilk
Ruth Mampuys M.Sc

Dr Dirk Stemerding

Mr. Drs. Virgil Rerimassie
Ir. Huib de Vriend
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Institution

Bureau for Genetically Modified Organisms
University of Groningen
University of Twente
Wageningen UR

Erasmus MC

Wageningen UR

Central Veterinary Institute
Utrecht University

Leiden University

Leiden University Medical Center

COGEM

COGEM

Rathenau Institute
Rathenau Institute
LIS Consult
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APPENDIX 3

PHASES IN TECHNOLOGY
DEVELOPMENT,PUBLIC DEBATE AND
POLICY MAKING

Technology Technology Peak of inflated Trough of Slope of Plateau of
(Technology | trigger expectations disillusionment enlightenment | productivity
Hype Cycle -

Gartner)

Ethical Identification Articulation Authoritative value assignment Analysis and

discussion underpinning

(Parliamentary of values

paper 21319 -

Ritzen)

Policy Recognition Policy Solution Management

formulation formulation

(Policy cycle -

Winsemius)

Description First reports More is known Media interest The first Like a well-oiled
appear in the about the course of |declines; neither the | applications of machine, the
scientific developments and | dream scenarios nor | the technology technology delivers
literature, popular| the technical the doom scenarios | come onto the new applications
science magazines | possibilities — turn out to be right. | market and which are taken up
and the media. explosion of media | Although no receive media by society.

The actual interest. applications are on | coverage. Media
developments The issues are the market yet, they | interest grows
and future discussed in news- | are taking on again.
technological papers and on TV concrete shape
possibilities and the radio. beyond the gaze of
cannot be Stakeholders are the media.
foreseen. asked to give their

expert/lay opinions.

The public and

interest groups

articulate their

expectations of

possible applications

or express their

concerns.

Scientists / Inform Inform government | The scientific Inform Inform and

Companies governmentand |and the media and business governmentand | evaluate
the media about |about the current communities draw | the media about
developments. state of closer as more the current
Reflect on the developments. Take |concrete developments.
possible responsibility for applications come Evaluate suppliers
implications, risks | issues of public into view. These of applications: do
and ethical and safety and the parties should these applications
societal aspects. | desirability of inform government | meet previously

applications and and the media. agreed statements,
also communicate promises and
these. expectations about
the potentials?
NGOs Keep abreast of | Articulate Interest in the topic | Interestin the Interest in the

reports in the
media and make
further enquiries.
Where possible
put the topic on
the agenda.

possibilities and
impossibilities and
issues that can be
put on the political
agenda for debate.
Possible interaction
with the media to
highlight these
points.
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declines, but does
not disappear.
Interest groups
continue to air their
opinions.

topic grows
again. Issues
raised for debate
are focused more
on concrete
applications.

topic continues.
Specific viewpoints
are still expressed,
but meet with less
response in the
media and among
stakeholders.
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Technology Technology Peak of inflated Trough of Slope of Plateau of
(Technology trigger expectations disillusionment enlightenment | productivity
Hype Cycle -
Gartner)
Ethical Identification Articulation Authoritative value assignment Analysis and
discussion underpinning
(Parliamentary of values
paper 21319 -
Ritzen)
Policy Recognition Policy Solution Management
formulation formulation
(Policy cycle -
Winsemius)
Media Inform the public via attention-grabbing articles
Citizens The public sees The public are Interest among the | The first The technology has
the first reports confronted witha |wider public declines| applications are been embraced by
in the media. The |wide range of and few or nonew | made available to |society; applications
possible possible questions are added. | the public and are put on the
applications put | applications — dream| The lack of concrete | interest grows market with no
forward seemto |and doom scenarios. | applications creates | again. The public | complaints from
be a long way off, | They can use them | the impression that | and/or interest the public. Some
but appeal to the |to brainstorm about |things will not groups articulate | people continue to
imagination. the desirability of happen very quickly. | their views on oppose the
applications — these applications. | technology as a
ethical and societal matter of principle
questions are using arguments
articulated. Citizens put forward during
form interest groups the identification
to convey their and articulation
views more phases.
forcefully.
Government Gather Can provide Realisation that the | The safety issue Monitor the
information with |information about |first applications has been defined. |situation and make
aview to developments and | begin to take shape | Implementation policy amendments
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identifying and
affirming whether
a new develop-
ment is emerging.
In this phase
questions of
safety and risks
may arise.
Government must
take action and
obtain information
and advice in order
to answer these
questions.

how the government
is guaranteeing the
safety of its citizens.
Based on the
information obtain-
ed, government
articulates opportu-
nities and problems
that may be thrown
up by the new
technology, for
example in the areas
of risk management
and legal, economic,
ethical and societal
issues. The govern-
ment must decide
whether or not to
encourage the
developments by
providing subsidies
or through research
programmes.

in this stage. Remain
informed about the
latest developments.
Which scenarios are
realistic, and when?
The ethical and
societal questions of
practical relevance
to the technology
have been clearly
defined. Which
parties could have a
judgement to make
on these, formulate
new policy or amend
existing policy?

of the policies
made.

Key activities in
this phase are
evaluation and
learning.
Government must
keep the situation
under scrutiny to
check whether the
policies formulated
respond properly
to the identified
problems. The
appearance of new
(unexpected)
developments may
make it necessary
to amend some
aspects of the risk
assessment.

should unexpected
situations arise.
Remain informed
about public
expectations and
concerns.
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