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EA European Academy

of Technology and Innovation Assessment GmbH

The European Academy

The EA European Academy of Technology and Innovation Assessment GmbH
deals with the relation of knowledge and society: Science, technology and inno-
vation change our societies rapidly. They open new courses of action and create
opportunities but also introduce unknown risks and consequences. As an interdis-
ciplinary research institute, the EA European Academy analyses and reflects these
developments. The EA European Academy was established as a non-profit cor-
poration in 1996 by the Federal German state of Rhineland-Palatinate and the
German Aerospace Center (DLR).

The Series

The series Ethics of Science and Technology Assessment (Wissenschaftsethik und
Technikfolgenbeurteilung) serves to publish the results of the work of the European
Academy. It is published by the academy’s director. Besides the final results of the
project groups, the series includes volumes on general questions of ethics of science
and technology assessment as well as other monographic studies and occasionally
proceedings.



Preface

This book is a documentation of the summer school “Analyzing the Societal
Dimensions of Synthetic Biology” which took place in Berlin in September 2014. It
was organized by the EA European Academy of Technology and Innovation
Assessment in co-operation with the Center for Literary and Cultural Research
Berlin.

Given the wide variety of disciplines and perspectives, it is almost a little sur-
prising that all summer school participants sat together peacefully—and actually
with a lot of fun—for one week. This setting made vivid and intensive commu-
nication with other disciplines and stances possible and resulted in an atmosphere of
mutual learning and appreciation. As one participant has put it retrospectively,
“We’re being too nice to each other, we’re trying hard to downplay our disagree-
ments”. Nevertheless, the different views of the participants are certainly reflected
in the contributions to this book. We think that this diversity will be of interest to
many of those working in synthetic biology, its societal evaluation, and its philo-
sophical scrutiny.

We are grateful to the summer school participants for their insight, enthusiasm
and willingness to share their ideas. Special thanks go to the external experts
(Michael Bolker, Nediljko Budisa, Ellen-Marie Forsberg, Christian Illies, Sheref
Mansy, Arnold Sauter, R6bbe Wiinschiers) for their talks, tutoring and—in the case
of Nediljko Budisa—for opening the doors of his laboratory. We would also like to
mention that we benefited from synergies with the interdisciplinary European
Academy project on synthetic biology (funded by the Klaus Tschira Foundation,
results forthcoming in this series). The summer school and the publication of its
results have been funded by the German Federal Ministry of Education and
Research (BMBF).

Bad Neuenahr-Ahrweiler Kristin Hagen

Bad Neuenahr-Ahrweiler Margret Engelhard
Berlin Georg Toepfer
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Editorial: Ambivalences in Societal
and Philosophical Dimensions of Synthetic
Biology

Kristin Hagen, Margret Engelhard and Georg Toepfer

1 “An Elixir of Eternal Youth”

[Construction of life] can teach us how to program long-lasting synthetic cells, which, in a
more human-oriented application of synthetic biology, could provide us with an ‘elixir of
eternal youth’. In any case, we have just started to explore the exciting scientific and
technological prospects of synthetic biology. (de Lorenzo and Danchin 2008, p. 826)

Is quoting grand visions for synthetic biology a good way to begin a book about
its societal implications? Metaphors such as “living machines” and “digitizing life”
have been ubiquitous in synthetic biology, but with ambivalent effects. For syn-
thetic biology, on the one hand, futuristic—even biblical—visions have helped to
establish the field and secure funding. On the other hand, the field needs to deliver;
and vivid metaphors as well as “newness” make it an obvious subject for critical
voices and regulatory initiatives. Beyond this political dimension, hype and met-
aphors of synthetic biology—including the label itself—have been inspiring for
more nuanced evaluative efforts.

In some cases, the foci for evaluation may have been too strongly influenced by
these dynamics. For example, Johannes Steizinger (this book) argues that philos-
ophers evaluating synthetic biology have been overly interested in the concept of
“life”, with the topics of biosafety and biosecurity being much more urgent.'

'In policy and social sciences, on the other hand, biosecurity has been a rather prominent topic
(Jefferson et al. 2014). Like Steizinger, Jefferson et al. suggest that emphases caused by hype and
particular research interests may have contributed to unproductive discussions.

K. Hagen (PX)) - M. Engelhard

EA European Academy of Technology and Innovation Assessment,
Bad Neuenahr-Ahrweiler, Germany

e-mail: Kristin.Hagen@ea-aw.de

G. Toepfer
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2 K. Hagen et al.

However, despite potential pitfalls, hype and metaphors should be neither ignored
nor avoided. Tobias Eichinger (in this volume) acknowledges that while the ethical
debate may have been skewed, it is nevertheless importantly symptomatic in
pointing to genuine unease with the underlying worldview reflected in the “creating
life” metaphor. And Daniel Falkner (this book) argues that we should not forget the
functions of metaphors: they have heuristic value, they can open up new per-
spectives, and they can influence debates in constructive as well as distorting ways
(see also de Lorenzo 2011). With regard to synthetic biology, ignoring the meta-
phors would be to ignore profoundly important aspects of its impact on society.
Several contributions to this volume (e.g., by Inna Kouper; Leona Litterst; Martin
Miiller) take hype and metaphors seriously in this sense.

In calling for balanced approaches to the description and evaluation of synthetic
biology, we might end up downplaying its potential achievements and implications.
It may well be that synthetic biology does not, at present, “create” living objects and
that it has so far only resulted in few products. But nevertheless, there is significant
work being carried out within synthetic biology, and new developments may occur
sooner than anticipated, as the case of genome editing has recently shown.

Some of the contributions to this book are about current research in synthetic
biology: Carlos Acevedo-Rocha gives an overview of its present state and an
analysis of the synthetic biology “tribes” and their historical roots. The chapters by
Robbe Wiinschiers and Cyprien Verseux et al. give examples at two very different
poles of on-going synthetic biology research: a personal down-to-earth account of
the work towards replacing today’s fuels with bacteria-produced energy carriers,
and a consideration of the use of synthetic biology in a human colonization of Mars.
For some of us, it requires considerable imagination to think of potential human
settlements on Mars, and it may be premature to consider what the ethical conse-
quences of such a scenario would be (engaging, according to Nordmann (2007), in
“speculative” ethics). But nevertheless, for an evaluation of potential societal
consequences of an emerging technoscientific field, it is necessary to pay attention
to its research agendas. And it can be interesting to even engage in science fiction.
In a manner reminiscent of Stanislaw Lem’s prose, we could imagine that all the
different synthetic biology research groups had succeeded in developing their
methodologies significantly and were cooperating to really create a living cell, or
even a multicellular organism. It could be made from non-living material, with
genes made of xeno-nucleic acids. The code could be designed to make the
organism produce something useful, be perfectly adapted to life on Mars, or maybe
to living on an inhospitable Earth...

Futuristic visions—be it in science or in various genres of art—can thus serve to
provoke, antagonize, and stir debate. However, they can also serve habituation—
and in the long run acceptance. Markus Schmidt, organizer of the bio:fiction syn-
thetic biology film festivals,” explicitly welcomed the habituation effect in the
context of the first festival and associated bioart exhibition:

2www.bio-fiction.com. Accessed 24 June 2015.
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Die Synthetische Biologie wird uns wahrscheinlich in extreme Bereiche fiihren, und in-
sofern kann solche Kunst eine gute Vorbereitung darauf sein. (Interview with Schmidt in
Karberg 2012, p. 12)*

Especially when engagement of art and science fiction—as in this case—is
financed in the context of ELSI activities, or when it is financed by natural science
research councils (as in the Synthetic Aesthetics project, see Ginsberg et al. 2014)
there is therefore some reason to suspect acceptance-creating agendas. In Oron
Catts’ words:

[...] 1t is quite striking to see how artists and designers have been opted to engineer public
acceptance for a new technology that does not really exist. (Catts personal communication
2012)

If we think that we can—and sometimes should—influence technological
developments in the sense of slowing or stopping them, then this is a genuine
dilemma that is well-known from the media: criticism can make people aware of
problematic aspects of its object of criticism—and at the same time serve habitu-
ation to 1it.

2 The “Synthetic Biology” Label

There is no agreement about the disciplinary boundaries or definition of synthetic
biology, but this is not in itself problematic. One approach to this situation has been
to specify which particular area of synthetic biology we talk about. Different areas
can be identified on the basis of their methods and objects as well as their agendas
and philosophies, and a number of well-founded classifications with considerable
overlap have so far been suggested (e.g., Deplazes 2009; Krohs and Bedau 2013;
see also Acevedo-Rocha in this volume). The identification of areas can be seen as
reasonably established and allows delineation of the “synthetic biology” label’s
scope for specific purposes.

From a legal perspective, if protocell biology and xenobiology are excluded,
most organisms produced by synthetic biology fall under the legal regime for
genetic engineering and are classified as GMOs (Genetically Modified Organisms)
in European law (Breitling et al. 2015; SCENIHR et al. 2015; Winter 2015). From
the perspectives of discipline building and governance, broader conceptions of
synthetic biology have been more common. Carlos Acevedo-Rocha offers a max-
imally inclusive notion of synthetic biology: to let “synthetic biology” encompass
not only xenobiology and protocell biology, but also traditional genetic engineering

3Translation (KH): Synthetic biology is likely to lead us into extreme areas, and in this sense, art
can be a good preparation.
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and the novel genome editing techniques. Reasons for this broad stance include the
perceived necessity of interdisciplinary collaborations in discipline building and the
interpretation of the virtues of synthetic biology as the new biotechnology paradigm
(for a philosophical analysis of this shift, see Michael Funk’s chapter in this book).
Whether or not the label will be retained in the future is from a broad perspective
not the point. “Synthetic biology” as an umbrella term will have served to bring
together scientists, to draw the attention of funding bodies, to facilitate scientists’
involvement with governance—and maybe also to focus governance activities.
Although there can be good reasons for preferring different scopes of the
“synthetic biology” label, their ambiguous use (depending on political context) can
blur discussions. In promoting the field, very wide definitions of synthetic biology
are more often used when it comes to funding policy, but very narrow definitions
are common when regulations are discussed.* A similar pattern of politically
motivated use also holds for the novelty of synthetic biology: stakeholders who
promote the field sometimes emphasize its specialness in the context of funding and
discipline-building, whereas parallels and continuities of synthetic biology with
genetic engineering are stressed when the regulatory context is discussed.
A similar pattern has previously been observed in nanotechnology (Shelley-Egan
2010). Critics typically focus on novelty and specialness, unless their criticism
targets more fundamental issues. The chapter by Andreas Christiansen offers an
analysis of the use and validity of the “Argument from Continuity” in this respect.
The use of the label “synthetic biology” is thus sometimes overstretched on the
level of political discussions. Differentiating the discussion with regard to the field
of research concerned has been one useful approach to preventing misunder-
standings, but this is not sufficient. We suggest elsewhere focusing not on the label
“synthetic biology”, but on the features that synthetic biology brings along and that
are relevant to the societal evaluation (Engelhard et al. 2016a, b). Many relevant
features are well-known, notably from the context of genetic engineering, and some
of these are taken to significantly different levels in synthetic biology: for example,
the depth of genetic intervention. Among the most novel features of synthetic
biology are the engineering paradigm, the digitization, and the “creation” of life.

“See for example the Convention on Biological Diversity online discussion about synthetic biology,
Topic 3: “Operational definition of synthetic biology, comprising inclusion and exclusion criteria”,
where operational definitions are discussed, bch.cbd.int/synbio/open-ended/pastdiscussions.
shtml#topic3, Accessed 19 June 2015. Jim Thomas from the ETC-group (post [#6829]), for
example, suggests a very wide definition, whereas Steven Evans from Dow AgroSciences (post
[#6877]) writes that “one line in the sand for separating ‘traditional’ molecular biology and syn-
thetic biology is the point at which the resulting organism, irrespective of how they were inspired or
how they were actualized, can no longer exchange information or transcribe/translate information
with its originating species strain or any other ‘natural’ species.” Thus, in effect, Evans suggests
restricting an operational definition of synthetic biology to xenobiology.
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3 Ambivalent Engagement

In the public sphere, too, we can distinguish the term “synthetic biology” from
specific topics or features addressed. More may actually be known about (some of)
the actual practices of synthetic biology than the expression itself. This hypothesis
is suggested by studies (presented in this book) about media coverage in Sweden
and Italy (Ancillotti and Eriksson) and public perceptions in Austria (Steurer). It
challenges the much-cited phenomenon of extremely low salience of synthetic
biology in the public.” Irrespectively of this, levels of knowledge about (aspects of)
synthetic biology may rise when some individual event or specific development
becomes the cue for public attention.® In the meanwhile, a number of initiatives aim
at engaging people; for overviews, see the contributions by Stefanie Seitz and
Walburg Steurer in this book. In Virgil Rerimassie’s chapter, we learn how one
leading technology assessment institute, the Dutch Rathenau Instituut, has initiated
public engagement with synthetic biology. The Rathenau Institute’s agenda has
been to stimulate political and public discussion “in a timely manner”.

The degree to which synthetic biology is known in the public sphere is inter-
esting for science policy and governance as it is part of the picture used to predict
future debates. Over the past decade, there has been ample speculation to this effect,
including expectations that synthetic biology could lead to a new and less con-
troversial era in the gene technology debate (Kaiser 2012; Schmidt et al. 2013).”
However, this is by no means sure, and Volker ter Meulen (2014) was described in
a Nature Editorial (2014) as seeing that “storm clouds are gathering on the horizon”
(p. 133) because of the activities of the Convention on Biological Diversity.

Regarding the scientific research community, it is characteristic for the con-
struction of the synthetic biology field that there were very early (Cho et al. 1999)
initiatives to address regulatory and ethical issues together with social scientists and
philosophers. This is an on-going activity; for overviews, see, e.g., Torgersen
(2009) and Bensaude Vincent (2013). The science chapters in this book offer
examples of genuine synthetic biology perspectives on their field’s impacts on
society. Carlos Acevedo-Rocha exemplifies the self-conception in some parts of
synthetic biology as including social sciences, philosophy and art. The shaping of

5Synthetic biology has a persistently low level of salience in the public sphere as measured in polls
and analyses of media coverage: for overviews and interpretations in this volume, see Ancillotti
and Eriksson; Seitz; Steurer.

It was Venter’s “artificial cell” for a short period of time. Now it could be genetically edited
organisms, which is why the relation of genetically edited organisms with the synthetic biology
and GMO labels is a political issue.

7 According to, for example, ter Meulen (2014), this would be adequate because he thinks synthetic
biology could reduce many of the perceived risks of genetic modification. In the interest of public
acceptance, it would be attractive to repeat the nanotechnology “success story”. In initiatives to
this effect, the theoretically outdated one-way science communication model still operates with the
expectation that “research in social sciences and humanities [...] can [...] find better ways to
communicate the issues” (ter Meulen 2014, p. 135).
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goals has become part of this approach, because in the technosciences, problems to
be fixed are identified by the field itself. The chapter by Martin Miiller offers a
critical examination of this “promise culture”.

From the perspective of social sciences (e.g., Balmer et al. 2012) and ethics (e.g.,
van der Burg and Swierstra 2013), the intimate engagement with the emerging field
of synthetic biology can be very fruitful. Although the integrated critical activities of
social scientists and philosophers may also be perceived as uncomfortable (Rabinow
and Bennett 2012), it is certainly the trend in current science policy to support
“upstream” engagement of the social sciences and humanities as well as the public.
However, social scientists and philosophers may “go native” (Zwart et al. 2014),
become foo integrated (Bensaude Vincent 2013; Myskja et al. 2014).® According to
Jones (2014), “[s]ocial scientists are permanently cautious that they are being
co-opted into a project of generating public acceptance for new technologies, and
rightly so” (p. 28). As Myskja and Heggem (2006) put it, they can be perceived as
“Trojan horses” but also become “useful idiots”. Inna Kouper’s chapter in this book
outlines a critical participatory framework to take these factors into account.

4 Unease

Participants in Walburg Steurer’s citizen panels (this volume) expressed discomfort
with politics underlying synthetic biology and associated science communication
and engagement. There was suspicion that synthetic biology goals might be pre-
sented to make people think it is about solving global problems, when the real
motive might be to maintain an economical system by creating new markets.
Similar problems are touched on by Leona Litterst in her chapter (this volume)
about the images of “play” in synthetic biology.

Another source of unease with synthetic biology are its hybrid objects. For
Tobias Eichinger (this volume), ethical objections against the concept of creating
life are symptomatic for unease with the blurring and transgression of ontological
boundaries between technology and nature that are pushed to new extremes in
synthetic biology. But this blurring of boundaries does not imply steps towards a
biocentric worldview, on the contrary:

Synthetic biology is thus valued as the continuation of the long-term process of emanci-
pation from nature, equaled with civilization. Far from being a philosophical watershed, it
reaffirms that humans are in command of nature. (Bensaude Vincent 2013, p. 373)

The intense efforts of synthesizing life, and the far-reaching aspirations associ-
ated with it, are bound to enforce the mind-set from which they result: the attempt

8This is remeniscent of the classical anthropology dilemma: perspectives from within and from
outside of a community cannot be taken at the same time, and experience “from within” will
influence later perspectives “from outside”. However, in this case, beyond understanding the
(research) culture, its critical evaluation is at stake.
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to put life under the power of human disposal at all levels. Underlying worldviews
fancying synthetic biology may be reductionist or not, and may or may not be a
threat to how life is valued (cf. Bensaude Vincent 2013; Eichinger in this volume),
but they are definitely views in which humans have dominion over nature and in
which the world’s “grand challenges” are meant to be solved with the aid of (bio-)
technology. One problem is that this agenda fits nicely with the wish of industri-
alized (including newly industrialized) nations to secure and expand their positions
in the global research and development society, develop new markets and ensure
economic growth; for Germany, see for example the bioeconomy agenda of the
Federal Ministry for Education and Research (BMBF 2010).

According to Martin Weiss (this volume), from a Heideggerian point of view,
technology is unavoidable—although there can be “meditative thinking” about it.
What can this entail? Britt Wray (this volume) suggests that a polyphony of voices
should be included in slowing down our thinking about synthetic biology. In the
meanwhile, continued scrutiny can only be encouraged.
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The Synthetic Nature of Biology

Carlos G. Acevedo-Rocha

1 Introduction

1.1 Synthetic Life Preamble

The basic unit of life is the cell, with the capacities of genetic heredity and evolution
as unique hallmarks. For centuries, biology has been the science of life focused on
the analysis of the microscopic (membranes, cells, tissues, etc.) and macroscopic
(insects, animals, plants, etc.) worlds, but it has gradually adopted synthesis as a
means to understand biological systems since the late 19th century. In 1899, for
instance, in a manner that is reminiscent of today’s media, the Boston Herald
newspaper reported sensationally the work of the US-German biologist Jacques
Loeb as the “creation of life” (Ball 2010). Loeb (1899) is known for his invention of
artificial parthenogenesis: embryonic development was induced by treating sea
urchin eggs with inorganic salts. Loeb conceived of living organisms as chemical
machines, and he aimed for a synthetic science of life capable of forming new
combinations from the elements of living nature, similar to the way in which an
engineer sees his work, as practical, useful and controlled (Fangerau 2009). If we
also recall the “Synthetic method to understand life” by the French professor in
medicine, Stéphane Leduc (1853-1939), the “Creation of new species by experi-
mental evolution” by the Dutch botanist Hugo de Vries (1848-1935), or the
“Synthetic new species by genetic engineering” by the American botanist Albert
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Blakeslee (1874-1954), we can see that ideas of “synthetic life” resounded as early
as the 1930s (Campos 2009).

During the second half of the 20th century the field of genetic engineering
consolidated, allowing for the emergence of a new era in biotechnology. This was
made possible by major breakthroughs including:

1. The elucidation of the structure of the molecule responsible for heredity in all
living organisms, the double antiparallel deoxyribonucleic acid (DNA) helix, by
James Watson and Francis Crick in the 1950s (Nobel Prize in Physiology or
Medicine 1962).

2. The discovery of restriction enzymes by Werner Arber, Daniel Nathans and
Hamilton Smith in the 1960s (Nobel Prize in Physiology or Medicine 1978).

3. The application of the restriction enzymes for DNA recombinant technology by
Paul Berg and colleagues in the 1970s (Nobel Prize in Chemistry 1980).

4. The development of the technology for oligonucleotide synthesis in the 1980s
(fundamental work for modern molecular biology not yet awarded a Nobel
Prize).

5. The development of the Polymerase Chain Reaction (PCR) for the specific
in vitro amplification of DNA by Kary Mullis in the 1980s (Nobel Prize in
Chemistry 1993).

During these decades two journal articles referred to the term “synthetic biol-
ogy”: one to highlight the potential impact of recombinant DNA in biotechnological
applications (Szybalski and Skalka 1978) and the other to bring up its relevance in
the political debate (Roblin 1979). By the 1980s, synthetic biology was defined as
“the synthesis of artificial forms of life” (Hobom 1980), but it also was considered
synonymous to “bioengineering” by some scientists (Benner and Sismour 2005).
During the 1990s, while “designing synthetic molecules” (Rawls 2000) became a
common practice biological research especially in the US, the field of metabolic
engineering was emerging (Bailey et al. 1990). From a historical perspective,
synthetic biology has been evolving from an old genetic (one gene) era towards a
younger metabolic (two or more genes) phase, followed by a current genome
(dozens of genes) engineering era that will drive us to a “biosystems engineering”
(more than one organism) future (Carr and Church 2009).

In fact, with the increasing sequencing of genomes from different species at the
end of the 1990s, the genetic program of complex living systems increasingly came
to be regarded as ‘digital’, a view that had been common for some researchers
working in the information technology (IT) sector much earlier (Danchin 2009).
Since then biology increasingly depends on computers and mathematics for ana-
lysing huge amounts of DNA sequencing data (Shendure and Ji 2008). But it was
not until the new millennium that the contemporary field of synthetic biology
re-emerged from a community of engineers interested in biology. Their migration
into biology (Brent 2004) has enabled the application of “engineering principles”
like design, modelling, abstraction and modularity of “circuits” in living systems
for useful purposes (Endy 2005). The culmination of synthetic biology as an
“engineering” discipline has been considered by some bioengineers to be in 2004
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Fig. 1 The different research “tribes” of synthetic biology are, arranged according to the shape of
the “penacho” (crest made out of bird feathers) from Moctezuma, the antepenultimate tribe ruler of
the Aztec Empire of prehispanic Mexico

during the first international meeting of the BioBricks Foundation at the
Massachusetts Institute of Technology (MIT) in Cambridge, USA (Heinemann and
Panke 2009).

1.2 Contemporary Synthetic Biology

In 2014, a scientific committee on behalf of the European Union (EU) suggested
defining contemporary synthetic biology as “the application of science, technology
and engineering to facilitate and accelerate the design, manufacture and/or mod-
ification of genetic materials in living organisms” (Breitling et al. 2015)." In theory,
synthetic biology is about engineering and not about science (de Lorenzo and
Danchin 2008), but in practice it is composed of different “research tribes” (Nature
Editorials 2014) of scientists belonging to large interdisciplinary groups of biolo-
gists, chemists, engineers, computer scientists, physicists, mathematicians, scholars
from the social sciences, humanities, artists (Reardon 2011) and Do-It-Yourself
(DIY) biologists.” Figure 1 illustrates the main disciplinary synthetic biology
“tribes”, but the reader is referred to previous work where the first research net-
works in synthetic biology were investigated (Oldham et al. 2012). Importantly, an

1http://ec.europa.eu/health/scientiﬁc_commit‘cees/emerging/docs/scenjhr_o_048.pdf. Accessed 18th
May 2015.

A global community of amateur citizens interested in biology, whose garages, closets, and
kitchens have been equipped with inexpensive laboratory equipment.
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open dialogue among natural scientists, social scientists and scholars from the
humanities and other stakeholders has recently played an important role in shaping
a more inclusive development of synthetic biology (Agapakis 2014).

Some practitioners of these fields use their own jargon and metaphors according
to their agenda (de Lorenzo 2011). For instance, while the assembly of “parts” (e.g.
promoters), into “circuits” (e.g. plasmids) and their implementation in a “chassis”
(e.g. bacteria) suggests a predictable engineering view of biology, it is evident that
biology is not predictable but rather context-dependent. That is, what make a living
cell are not the parts, but the interactions and relationships among them:

The oracle at Delphi posed a question concerning a boat: If, in time, every plank has rotted
and been replaced, is the boat the same boat? Yes, the owner will say, the vessel is not its
planks but the relationship between them. (Danchin 2003, backcover page).

Another example is the metaphor of “genome writing” (Bedau et al. 2010),
referring to the full synthesis of a bacterial genome and its use for cellular repro-
gramming of a related bacterium (Gibson et al. 2010). It is clear that we are able to
copy (DNA sequencing) and print (DNA synthesis) genomes, but we are far away
from writing and designing genomes de novo because most of them are not
completely understood or the function of many protein-coding genes is still
unknown, among other limitations (Porcar and Pereto 2012).

Absolutely, the diversity of the synthetic biology practitioners is vast, and each
research “tribe” has an agenda, but instead of promoting particular agendas that
could hamper the development of others (i.e. tribalism), it is important to critically
assess the various approaches that will evolve into interdependent methodologies in
the coming years of research. To this end, synthetic biology can be broadly divided
in four main engineering approaches (Fig. 2).

Fig. 2 Proposition of four
engineering approaches

encompassing all synthetic
biology research Top-down

Parallel
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1.2.1 Top-Down Engineering

This approach aims to reduce the complexity of extant cells by comparing universal
genes and deleting non-essential ones for constructing a minimal genome (Juhas
et al. 2011, 2012). These efforts rest on the idea about the existence of a universal
minimal genome that gave rise to all living beings based on the assumption of a
unique origin of cellular life, the so-called Last Universal Common Ancestor
(LUCA) (Ouzounis and Kyrpides 1996). However, recent research points to the
possibility that the tree of life composed of eukaryotic and prokaryotic cells
(Eubacteria and Archaea) emerged from a community of primordial cells rather
than from a single cell (Kim and Caetano-Anolles 2012). Therefore, while the Holy
Grail-like quest for the “minimal genome” has become elusive, eliminating many
non-essential functions compromises the fitness of an organism and results in
“fragile” genomes (Acevedo-Rocha et al. 2013a).

Another approach in this area involves genome streamlining whereby dispens-
able DNA elements (mistakenly dubbed “junk DNA” in the past) are deleted to
stabilize genomes for optimal performance in many biotechnological applications
involving microbes (Leprince et al. 2012; Pal et al. 2014). These efforts coexist with
the engineering of genomes (Carr and Church 2009) and epigenomes (Keung et al.
2015) in multiplex or combinatorial manner (Gallagher et al. 2014; Wang et al.
2009; Woodruff and Gill 2011). Importantly, top-down synthetic biology relies on
comparative genomics (Abby and Daubin 2007) and proteomics (Nasir and
Caetano-Anolles 2013) as well as systems (Lanza et al. 2012) and quantitative
(Ouyang et al. 2012) biology. For an example of top-down engineering for the
production of hydrogen as clean energy carrier see the chapter by R. Wiinschiers in
this book.

1.2.2 Bottom-up Engineering

The “bottom-up” synthetic biology approach primarily aims to create “protocells”
and find the transition between the non-living and living matter by assembling three
components: first, a metabolism for extracting energy from the environment and to
construct, salvage and discard aged building blocks; second, an informational
program like nucleic acids to control the system; and third, a container bringing
these components together for allowing their coordination (Rasmussen et al. 2009).
To achieve this, three important principles of self-organization are taken into
consideration: reproduction, replication, and assembly. Reproduction (Sole et al.
2007) refers to the ability of a system to reproduce a similar copy of itself: cells
(composed of container and metabolism) or “hardwares” reproduce; whereas rep-
lication (Paul and Joyce 2004) happens when a system replicates an exact copy of
itself: the genetic program (such as DNA) or “software” is copied. Assembly occurs
upon aggregation of vesicles or containers (e.g., Oparin’s coacervates) made of
small droplets of organic molecules like lipids (Vasas et al. 2012) or liposomes,
membrane-like structures containing phospholipids (Oberholzer and Luisi 2002).
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Protocell research coexists with other in vitro synthetic biology projects aiming
at synthesizing minimal cells (Jewett and Forster 2010), metabolic pathways
(Billerbeck et al. 2013) or “never-born proteins” (Chiarabelli et al. 2012), as well as
at imitating cellular processes (Forlin et al. 2012) such as cellular division (Schwille
2011) and growth (Blain and Szostak 2014). Although no longer considered syn-
thetic biology research by the current EU definition given above (Breitling et al.
2015), this research, mostly fundamental, deserves proper recognition as synthetic
biology research because it has potential impact on other synthetic biology areas
such as metabolic engineering by the in vitro optimization of synthetic pathways.

1.2.3 Parallel Engineering or Bioengineering

Parallel engineering research is based on the canonical genetic code that employs
standard biomolecules including nucleic acids and the twenty amino acids for
engineering biological systems. It includes the standardization of DNA parts (Endy
2005), engineering of switches (Benenson 2012), biosensors (Salis et al. 2009;
Zhang and Keasling 2011), genetic circuits (Brophy and Voigt 2014), logic gates
(Win and Smolke 2008), and cellular communication operators (Bacchus and
Fussenegger 2013) for a wide range of applications in biocomputing (Wang and
Buck 2012), bioenergy (Malvankar et al. 2011), biofuels (Kung et al. 2012;
Peralta-Yahya et al. 2012), bioremediation (de Lorenzo 2010; Schmidt and de
Lorenzo 2012), optogenetics (Bacchus et al. 2013) and medicine (Ruder et al. 2011;
Weber and Fussenegger 2012). Most of these applications conventionally rely on
the use of one or more vectors (or plasmids) for controlling the expression of two or
more genes and/or proteins. Plasmids are small, circular, double-strand DNA
molecules that can replicate independently from chromosomal DNA, mostly found
in prokaryotic but also sometimes in eukaryotic cells.

A large number of practitioners in this field are engineers aiming to abstract the
complexity of biological systems into “parts”, “devices” and “systems” whose
interactions could be predicted according to the dictum “what I cannot create, I do
not understand” by Richard Feynman (Keller 2009). The migration of engineers
into biology resulted in the first model-based design of genetic circuits (i.e., “circuit
engineering”) based on simple mathematical models such as the toggle switch and
the “repressilator” (Cameron et al. 2014). In some of these collaborations biologists
and engineers work together with computer scientists to develop the next generation
computer aided design (CAD) software for engineering-based synthetic biology
(MacDonald et al. 2011). In summary, the main goal of bioengineers is to predict
the behaviour of living systems for the sake of safety applications, as Drew Endy
says:

Engineers hate complexity. I hate emergent properties. I like simplicity. I don’t want the
plane I take tomorrow to have some emergent property while it’s flying.’

*http://www.softmachines.org/wordpress/?p=389. Accessed 20th May 2015.
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1.2.4 Orthogonal or Perpendicular Engineering

Also known as “chemical synthetic biology” (Chiarabelli et al. 2012), this approach
primarily aims to modify or expand the genetic codes of living systems with
unnatural DNA bases (Benner and Sismour 2005; Pinheiro and Holliger 2012)
and/or amino acids (Budisa 2004; Liu and Schultz 2010). This subarea also relates
to xenobiology, an emergent area at the interface of synthetic biology, exobiology,
systems chemistry and origin of life research (Schmidt 2010). In the last decades,
scientists have synthesized molecules structurally related to the canonical bases of
DNA to test whether those “alien” or xeno (XNA) molecules could be used as
carriers of genetic information (Kwok 2012). Similarly, the DNA sugar (desoxy-
ribose) has also been replaced by noncanonical moieties.

The genetic code can also be modified or expanded to express information
beyond the 20 canonical amino acids of proteins. One strategy uses orthogonal
enzymes and a transfer RNA adaptor from an unrelated organism to incorporate a
given unnatural, noncanonical or xeno amino acid (XAA) into one or more proteins
at one or more specific sites (Budisa 2014). The orthogonal enzymes are generated
by “directed evolution”, a method that consists of repeated cycles of gene muta-
genesis (genotypic diversity generation), screening or selection (of a particular
phenotypic trait), and amplification of an improved variant for the next iterative
round (Reetz 2013). Dozens of XAAs have been successfully incorporated into
proteins in bacteria, yeast and human cell lines (Liu and Schultz 2010), but also in
more complex organisms like worms and flies (Chin 2014). Directed evolution also
enables the development of orthogonal ribosomes (based on canonical DNA
sequence changes) to facilitate the incorporation of XAAs into proteins (Wang et al.
2007) or of “mirror life”, i.e., biological systems endowed with biomolecules
composed of enantiomers of opposite chirality (Renders and Pinheiro 2015; Zhao
and Lu 2014).

Another method dubbed “experimental evolution” (Kawecki et al. 2012) pushes
microorganisms to incorporate XNAs into their genomes (Marliére et al. 2011) or
XAAs into their proteomes by serial culturing (Yu et al. 2014). Orthogonal engi-
neering based on experimental evolution also aims for engineering cells that can
survive in asteroids, on the moon and even on Mars (Menezes et al. 2015).
Although the changes at the DNA level are likely to be canonical, cells suitable for
non-terrestrial habitats could be considered as orthogonal life. For more details
regarding the colonization of Mars with the aid of synthetic microbes, see chapter
by C. Verseux et al. in this book.

2 Synthetic Life Forms

Thanks to the technological advances in molecular biology, organic chemistry, and
engineering in the last decades, the ease and speed of genetic modification has
enabled the development of emergent Genetically Modified Organisms (GMOs).
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Table 1 The various types of emergent GMOs

Abbreviation Definition Engineering approach Reference

GMO Genetically modified Top-down, parallel, EU committee®
organism orthogonal

GEM Genetically engineered Parallel This work
machine

GDO Genomically designed Bottom-up This work
organism

GEO Genomically edited Top-down This work
organism

GRO Genomically recoded Top-down, parallel, (Lajoie et al.
organism orthogonal 2013b)

CMO Chemically modified Orthogonal (Marliere et al.
organism 2011)

“http://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX:32001L.0018. Accessed 19th June
2015

For example, the engineering-inspired design of GMOs has resulted in the
crowdsourcing of Genetically Engineered Machines (GEMs), while the decreasing
costs of synthetic DNA has enabled the reprogramming of Genomically Designed
Organisms (GDOs). More recently, cutting-edge molecular tools have allowed for
the arrival of Genomically Edited Organisms (GEOs). Finally, evolutionary
approaches have accelerated the development of not only Genomically Recoded
Organisms (GROs) harbouring expanded genetic codes, but also Chemically
Modified Organisms (CMOs) endowed with unnatural DNA bases or amino acids.
In this work, the three first definitions are introduced, whereas the two latter
ones have already been proposed by others (Table 1).

In the following sections, the various types of GMOs (mostly microbial®) are
introduced together with methods for their development and potential applications
in biotechnology. Since GMEs, GEOs, GROs are modified using synthetic DNA,
all these fall under the GMO definition (see next subsection). CMOs can be con-
sidered GMOs or not GMOs depending on whether their genetic changes are only
induced by genetic modification or serial cultivation, respectively. The main pur-
pose of showing existing and emergent types of GMOs and non-GMOs (e.g.
CMOs) is to illustrate the most recent efforts undertaken by particular research
“tribes” and to categorize them according to their engineering approach(es) (for an
overview, see Fig. 3). The biosafety and biosecurity issues that these synthetic life
forms may represent are subsequently highlighted. In this manner, it is easier to
explore the context of a particular GMO/CMO regarding its history, origin,
methodology, possible applications and risks in order to enable a better under-
standing of the organism and possibly an accurate technological assessment.

“The definition of Genetically Modified Microorganism (GMM) is established: http:/www.efsa.
europa.eu/en/scdocs/doc/374.pdf.
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Fig. 3 The synthetic nature of biology. Genetically modified organisms (GMOs) are produced
using old and modern genetic engineering tools based on standard nucleic and amino acids as
building blocks via top-down (up), bottom-up (down), parallel (left) and orthogonal (right)
engineering. Engineering-based GMO design and construction has resulted in the crowdsourcing
of Genetically Engineered Machines (GEMs) through the famous international GEMs competition
(see below). In the bottom-up approach, Genomically Designed Viruses (GDVs) and Organisms
(GDOs) can be reprogrammed by assembling commercial synthetic DNA, which can be
subsequently transplanted into living cells. The first GDO reported was Mycoplasma, whose
genetic code—do not confound with genetic program—was not altered, in contrast to yeast, whose
genetic code (and program) is being modified in order to accommodate unnatural amino acids (see
below). Genomically Edited Organisms (GEOs) are GMOs whose genetic material has been
modified employing cutting-edge molecular tools. Genomically Recoded Organisms (GROs) are
GEOs whose genetic code has been modified to accommodate unnatural amino acids (and perhaps
unnatural DNA bases in the future). Finally, Chemically Modified Organisms (CMOs) are
composed of unnatural nucleic acids and/or amino acids. Note that overlap between top-down (up)
and bottom-up (down) is not shown because no truly synthetic cell, in which all components are
synthesized in the lab and assembled into a living organism, thus far exists. There is also no
overlap between engineering—(left) and evolutionary—(right) based approaches because the first
aims to predict function from structure, whereas the latter does not predict function because this is
extremely challenging if non-additive effects are taken into account (for a discussion on this topic,
see Silver et al. 2014)

2.1 Genetically Modified Organisms

The EU law defines Genetically Modified Organisms (GMOs) as living entities
whose “genetic material has been changed in a way that does not occur under
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natural ~ conditions through cross-breeding or natural —recombination”.’
Internationally, the “Cartagena Protocol on Biosafety to the Convention on
Biological Diversity”, which includes 170 countries, legally considers GMOs as
Living Modified Organisms (LMOs), that is, “any living organism that possesses a
novel combination of genetic material obtained through the use of modern bio-
technology”.® The forerunners of genetic engineering, Paul Berg, Stanley Norman
Cohen and Herbert Boyer, developed molecular tools to introduce foreign genes
into bacteria, providing the basis for the development of GMOs. In 1972, Berg
combined DNA from the gram-negative model bacterium Escherichia coli and the
Simian Virus 40 in an exogenous plasmid or vector (Jackson et al. 1972). The
following year Cohen demonstrated that DNA from the gram-positive bacterium
Staphylococcus could be introduced and stably propagated into E. coli (Chang and
Cohen 1974). This experiment gave rise to the first GMO. The next year, Cohen
and Boyer reported the creation of the first E. coli endowed with a transgene
originally from the South African clawed frog Xenopus (Cohen 2013), resulting in
the first transgenic organism. By wusing plasmids as gene vectors, these
proof-of-principle studies showed that genetic material could be transferred not
only between closely related species but also across unrelated ones.

These experiments prompted Paul Berg to call for a moratorium on recombinant
DNA technology to assess its risks (see below), while Cohen and Boyer urged to
file a patent for exploiting recombinant DNA technology. At the same time, many
biotechnology companies were founded, in 1976, for instance, Boyer co-founded
Genentech, one of the first biotech companies that was able to “engineer” GMOs to
produce human insulin (Goeddel et al. 1979b) and growth hormone (Goeddel et al.
1979a), among other blockbuster substances including alpha interferon, erythro-
poietin, and tissue plasminogen activator (Rasmussen 2014). Nowadays, many
patients around the globe with diabetes type 1, growth problems and immunological
disorders benefit from taking these hormones, sometimes on a daily basis. “For his
fundamental studies of the biochemistry of nucleic acids, with particular regard to
recombinant-DNA”, Paul Berg was awarded the Nobel Prize in Chemistry 1980,
half of which was shared with Walter Gilbert and Frederick Sanger “for their
contributions concerning the determination of base sequences in nucleic acids”.’

This brief introduction to the history of genetic engineering shows not only that
scientists have been tinkering with the genomes of microorganisms for almost half a
century, but also that this would not have been possible without the development of
molecular biology, which was essentially the result of the interdisciplinary col-
laboration between biologists, physicists, and mathematicians during the second
half of the 19th century (Morange 2009).

SArticle 2 of the EU Directive on the Deliberate Release into the Environment of Genetically
Modified Organisms (2001/18/EG).

6http://bch.cbd.int/protocol/cpb_faq.shtml. Accessed: 4th June 2015.
"http://www.nobelprize.org/nobel_prizes/chemistry/laureates/1980/. Accessed 20th May 2015.
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During the 1990s, the field of metabolic engineering (two or more genes)
emerged as an extension of genetic engineering (one gene) when the chemical
engineer James Bailey realized that the microbial production of chemicals and
antibiotics could be optimised if the metabolic resources of a cell could be adjusted,
concluding that

[...] the emergence of a systematic paradigm for metabolic engineering will transform the
present pharmaceutical, food, and chemical industries. (Bailey et al. 1990, p. 15)

The following year, Bailey analysed useful molecules that could be successfully
produced in microorganisms (Bailey 1991), while others proposed that the modi-
fications of the carbon metabolic flux should occur only at the principal node of the
primary metabolic networks to overproduce desired metabolites (Stephanopoulos
and Vallino 1991). These remarkable reviews clearly identified metabolic engi-
neering as an extension of genetic engineering, laying a foundation for the suc-
cessful field that now allows the production of biofuels (Alper and Stephanopoulos
2009), pharmaceuticals, fine- and bulk-chemicals (Keasling 2010).

Jay Keasling’s most recent breakthrough has been the production of a precursor
of artemisinin in engineered yeast. Artemisinin is chemically known as a sesqui-
terpene lactone endoperoxide, the drug of choice to treat malaria, preferentially in
combination with other derivatives. Every year, 500 million people become
infected with this disease, and 1 million persons die of it in the developing world,
mostly in sub-Saharan Africa, Southeast Asia and Latin America. Every 30 s, on
average, a child dies from malaria worldwide. Artemisinin is obtained from the
leaves of the plant Artemisia annua, also known as sweet wormwood. Using its
leaves, a simple tea used to be prepared to treat fever, including malaria, in the
traditional Chinese medicine but it was not until the 1970s that it was rediscovered
for modern medical science. Chinese scientists extracted the active compound ar-
temisinin (known as arteannuin in the past or ginghaosu in Chinese). However, this
drug remained largely unknown to the Western scientific community until 1979
when a review of its application was published in English language (Group 1979).
In fact, it took a while for the rest of the world—and especially the World Health
Organization (WHO)—to discover the potential of the antimalarial drug (Tu 2011).
Unfortunately, it has been argued that there is a global supply shortage of arte-
misinin owing to an increasing demand and to the environmental factors affecting
the harvest of the 14-week-growing-plant, primarily in Chinese and Vietnamese but
more recently in Indian and East African farms (Enserink 2005), yet this is a matter
of controversy.® Artemisinin can also be chemically synthesized, but it is very
expensive and non-affordable to most of the patients.

To come up with another source of artemisinin, Keasling and colleagues inge-
niously inserted several genes from different species into the baker’s yeast
Saccharomyces cerevisiae, which, fed solely by sugar and basic nutrients, is pushed

8http://www.etcgroup.org/content/why—symhetic—ar[emisinin—still—bad—idea—response-rob-carlson.
Accessed 20th May 2015.
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Fig. 4 Keasling’s metabolic pathway for semi-synthetic artemisinin. Upon glucose take-up,
E. coli transforms it into acetyl-CoA via the glycolysis pathway. The introduction of 11 enzymes
from E. coli (brown; 1, 7, 8), S. cerevisiae (orange; 2—6) and A. annua (green; 9—11) allows the
conversion of acetyl-CoA via the mevalonate pathway into artemisic acid, which can be thereafter
chemically converted to artemisinin. Enzymes: / AtoB, acetoacetyl-CoA thiolase; 2 HMGS,
hydroxymethylglutaryl-CoA (HMG-CoA) synthase; 3 tHMGR, truncated HMG-CoA reductase;
4 MK, mevalonate kinase; 5 PMK, phosphomevalonate kinase; 6 MPD, mevalonate diphosphate
decarboxylase; 7 1idi, isopentenyl diphosphate isomerase; 8 ispA, Farnesyl pyrophosphate
synthase; 9 ADS, amorpha-4,11-diene synthase; /0 CPR, cytochrome p450 redox partner; and
11 P450, monooxygenase (CYP71AV1) (Color figure online)

to start a 3-day-culture production of artemisic acid, a precursor that can be
chemically oxidized by standard procedures to artemisinin (Ro et al. 2006). The
process of producing artemisinin has been shortened to only 14 days, but this took
Keasling and colleagues many years of research with both successes and failures
(Keasling 2008). For example, suboptimal expression of exogenous genes (having
different genetic code usage) or volatility of molecules were encountered, but these
problems were solved by optimizing synthetic genes (Martin et al. 2003) and
reaction conditions (Newman et al. 2006). In the end, Keasling’s group was able to
produce significant levels (>100 mg/L) of artemisic acid by engineering the mev-
alonate metabolic pathway with a total of 11 enzymes from E. coli, the yeast S.
cerevisiae and the plant A. annua in E. coli (Fig. 4) (Chang et al. 2007).

The metabolic pathway engineered in E. coli was later transferred to a geneti-
cally stable yeast strain that can efficiently transport out of the cells up to 115 mg of
artemisic acid per litre of culture, allowing therefore a simple and inexpensive
purification process (Ro et al. 2006). Recently, German scientists reported the
development of an optimized system where the three-step chemical synthesis from
artemisic acid to artemisinin can be reduced to a more economical and efficient
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single-step based solely on oxygen and light (Levesque and Seeberger 2012). This
achievement should contribute to increasing the yields (hormones are produced in
the gram range) while reducing artemisinin costs. A dose cost $2.40 United States
(US) dollars several years ago, but the alliance of the first non-profit pharmaceutical
company “Institute for OneWorld Health” and the company co-founded by
Keasling “Amyris Biotechnologies” planed to decrease the dose costs ten-fold (ca.
$0.25) with aid of $42.6 million from the Bill and Melinda Gates Foundation
(Towie 2006), and the cooperation with the French international company
Sanofi-Aventis for scaling-up the industrial process. Thus far, more than 1.7 million
of semi-synthetic artemisinin doses have been shipped to malaria-endemic countries
in Africa including Burkina Faso, Burundi, Democratic Republic of the Congo,
Liberia, Niger, and Nigeria.9

2.2 Genetically Engineered Machines

Genetically Engineered Machines (GEMs) are herein defined as GMOs that emerge
yearly thanks to a crowd-sourcing approach: The international Genetically
Engineered Machines (iGEM) competition. Undergraduate students pay a large
registration fee for getting standardized DNA parts or “BioBricks” (BioBricks can
be thought of as a type of DNA lego; for a discussion about the “playing” com-
ponent in synthetic biology, see chapter by L. Litterst in this book), mostly origi-
nated from the bacterium E. coli, at the Registry of Standard Biological Parts (http://
parts.igem.org) in MIT to construct at home, in less than a year, biological systems
composed of “parts”, “devices” and “systems” (Smolke 2009). For example, the
bacterium E. coli has been converted into “Eau D’e coli”, bacteria that smell like
wintergreen or bananas depending on the growth state (MIT iGEM team in 2006);
E. chromi, bacteria that glow in different colours (Cambridge iGEM team in 2009);
or E. cryptor, a “hard-drive” device to store information (CU-Hong Kong iGEM
team in 2010). The main difference between GEMs and GMOs is that the former
ones are built with BioBricks and following engineering principles, whereas the
latter ones are constructed without these two requirements. The idea behind this
distinction is to emphasize the development of potential applications based on
GEMs that can be predictable, in contrast to “standard” GMOs where this
endeavour is not per se attempted from the onset.

Besides promoting creativity and innovation, iGEM serves as an international
platform for fostering in young students self-confidence and awareness of the
ethical, legal, and social implications of their synthetic biology project beyond the
bench, i.e., “human practices” or more recently “policy and practices”. The first real
iGEM competition took place in 2004, when 5 teams (Boston University, Caltech,
MIT, Princeton University, and The University of Texas at Austin) participated,

“http://www.path.org/news/press-room/685/. Accessed 3rd June 2015.
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Table 2 Evolution of the iGEM competition

Year Number of teams Number of new parts Number of cumulative parts
2004 5 50 50
2005 13 125 175
2006 32 724 899
2007 54 800 1699
2008 84 1387 3086
2009 112 1384 4470
2010 130 1863 6333
2011 165 1355 7688
2012 190 1708 9396
2013 215 1708 11,104
2014 245 n.a.y n.a.y
2015 281 n.a.y n.a.y

http://igem.org. Accessed 4th June 2015
n.a.y Not available yet

depositing a total of 50 parts. The University of Texas team designed the first
biological photographic film with a bacterial lawn displaying the phrase “Hello
World”'? (Levskaya et al. 2005). Since its first meeting, the iGEM competition has
grown steadily in the number of countries, teams and delivered parts (Table 2).

Interestingly, most of the successful iGEM teams tend to avoid using the registry
parts and prefer to deposit new parts, perhaps because a major portion of the parts
have not been tested or do not work as expected (Vilanova and Porcar 2014). These
facts illustrate not only the context-dependency of biology and the importance of
molecular relationships beyond synthetic DNA, but also the challenges that the
iGEM competition will meet in the coming years: There is a need to better char-
acterize the existing parts and to increase their quality, and there are additional
issues regarding industrial applicability, team judgement and research funding
transparency (Vilanova and Porcar 2014). From all the winners at each competition,
only a few projects have been published, and even less have a potential industrial
application (Vilanova and Porcar 2014). This is why the application of engineering
principles in biology based on standardized DNA parts is a challenging endeavour
that requires understanding the complexity of gene networks and variability of each
cell within heterogeneous cellular populations (Kwok 2010).

2.3 Genomically Designed Viruses and Organisms

Genomically Designed Viruses (GDVs) and Genomically Designed Organisms
(GDOs) are viruses or living entities, respectively, that have been reprogrammed

10This phrase has been a tradition for software developers since it was first introduced in the Bell
Laboratories in 1974.
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Fig. 5 Venter’s GDO. The genome of M. mycoides JCVI-synl.0 built in vitro by assembling
purchased DNA fragments, following by in vivo assembly using yeast. The designed genome was
then transplanted into the parent bacterium M. capricolum, which upon replication in selective
media acquired the phenotype of M. mycoides. The genome JCVI-synl.0 contained four encrypted
watermarks sequences indicated by numbers

using a genome that was copied from nature into a computer and later on designed
to be bottom-up synthetized by chemical means. In this work, these two new
definitions are introduced to differentiate from other GMOs in which the genome is
borrowed from existing organisms or viruses and is not entirely synthetic (i.e.,
top-down engineering). The first genome that was chemically synthesized was that
of the poliovirus (Cello et al. 2002) that infects humans, followed by that of the
bacteriophage Phi X174 (Smith et al. 2003) that normally infects E. coli. The
genome of the 1918 Spanish’ influenza pandemic virus was then synthesized
(Tumpey et al. 2005), followed by other human retroviruses (Wimmer et al. 2009).
All these GDVs were capable of infecting cells, suggesting that chemically syn-
thesized genomes of higher organisms would be functional if these could be
inserted into living cells.

In 2008, the Venter lab reported the synthesis of the complete genome of
582,970 base pairs (bps) of the bacterium Mycoplasma genitalium (Gibson et al.
2008), giving rise to the first GDO. In parallel trials, Venter’s team transplanted the
natural genome of M. mycoides into M. capricolum, conferring the latter cell the
identity of the former upon cell division and genetic selection (Lartigue et al. 2007).
Mycoplasmas are parasitic bacteria that cause respiratory and inflammatory diseases
in humans. They lack a cell wall but the reason why these bacteria were chosen as
model organisms is because they bear the smallest genomes among all bacteria that
can support cellular growth in the laboratory. After the two aforementioned
breakthroughs, the next logical step was to combine them: In 2010, Gibson et al.
reported the genome synthesis of M. mycoides genome (1,080,000 bps) and its
transplantation into M. capricolum, reprogramming again the latter cell into the
former, but the difference being that in the genome of the reprogrammed cells there
were four encrypted watermark sequences (Fig. 5), indicating the names of 46
persons involved in the project, an email address, a website and three famous
quotations: (1) James Joyce: “To live to err, to fall, to triumph, to recreate life out of
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life”; (2) Robert Oppenheimer: “See things not as they are, but as they might be”;
and (3) Richard Feynman: “What I cannot build, I cannot understand” (Gibson
et al. 2010)."!

Venter (2013) himself called these the first synthetic cells whose parents are a
computer. However, the computer did not create the genome sequence; it served
to store the sequence retrieved from nature upon DNA sequencing. Nor are the cells
synthetic: only their DNA, which forms about 1 % of the cell dry weight, is
synthetic. Nevertheless, this experiment has been regarded as “a defining moment in
the history of biology and biotechnology”'* because DNA controls the hereditary
information and this raises the possibility of controlling and understanding life by
using synthetic DNA (Bedau et al. 2010).

The synthesis of genomes is possible via “synthetic genomics” (Montague et al.
2012), an established field that emerged with the technological synergies between
synthetic organic chemistry and engineering for high-throughput DNA synthesis
(Carlson 2009). Synthetic genomics, in turn, has enabled the emergence of not
only other GDOs including the baker’s yeast (Annaluru et al. 2014) and the bac-
terium Vibrio cholera (Messerschmidt et al. 2015), but also tools in basic research
for assembling efficiently synthetic DNA (Gibson 2011). Last but not least, syn-
thetic genomics promises to revolutionize the medical sector by reducing the time
needed for the production of synthetic flu vaccines in case of pandemics from
months to days (Okie 2011). Another health care application may be the devel-
opment of synthetic bacteriophages (bacteria-killing viruses) given the recent
emergence of antibiotic resistance, a huge global public health concern. Phage
therapy is an old treatment that dates back to more than one century, but with the
discovery of antibiotics during the first half of the 20th century; its application
remained limited in the Western world (Reardon 2014). Thus, there is a potential in
synthetic genomics for developing innovative phage therapies, but limited host
range and side effects of bacterial lysis remain, among other non-technical issues
(Citorik et al. 2014).

2.4 Genomically Edited Organisms

Genomically Edited Organisms (GEOs) are herein defined as those GMOs whose
genomes have been modified with advanced molecular engineering tools. Genome
editing can be performed in small or large scale as when respectively mutating a
single-nucleotide polymorphism to correct a disease genotype (e.g. sickle-cell anemia)
like in human cells (Charpentier and Doudna 2013; Doudna and Charpentier 2014; Gaj
et al. 2013), or genome regions in multiplex for the combinatorial optimization of

""Feynman actually wrote: “What T cannot create, T do not understand”.

12http://www.theguardian.com/science/ZO 10/may/20/craig-venter-synthetic-life-form. Accessed: June
4th 2015.
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metabolic pathways in microbes (Gallagher et al. 2014; Wang et al. 2009; Woodruff
and Gill 2011). GEOs are also GMOs but the reason behind this differentiation is to
indicate the methodological differences: GMOs are usually modified using natural or
synthetic DNA sequences encoded in plasmids, but modifying the chromosomal DNA
(using or not plasmids) in GEOs usually involves the employment of synthetic DNA
that is bought online from biotech companies.'?

Chromosomal modifications typically include DNA deletions (knock-out),
additions (knock-in), or replacements that are crucial in fundamental research for
understanding the function of a given gene, protein and/or genetic element in a
physiological context. The foundations of genome editing can be traced down to the
discovery of the cellular systems in yeast and mammalian cells that repair
double-strand DNA breaks (DSBs) that otherwise would be lethal due to cellular
death or oncogenic mutations (Doudna and Charpentier 2014). The repair of DSBs
is possible by the activation of homologous recombination (HR), which is a “copy
and paste” mechanism that requires an undamaged copy of the homologous DNA
segment as a template for copying the DNA sequence along the break (Porteus and
Carroll 2005).

In the past, UV radiation, chemicals and restriction enzymes were used to induce
DSBs, but these were random and could not be directed to predetermined sites (Jasin
1996). Nevertheless, the pioneering work of Mario Capecchi, Martin Evans and
Oliver Smithies lead to a basic understanding of the HR mechanism for repairing
DSBs. In 2007, they shared The Nobel Prize in Physiology or Medicine “for their
discoveries of principles for introducing specific gene modifications in mice by the
use of embryonic stem cells”.'* Since the 1990s, new genetic tools have been
developed for modifying genomes more precisely, including rare-cutting homing
endonucleases (Jasin 1996), Zinc-Finger Nucleases (ZFNs) (Porteus and Carroll
2005) and Transcription Activator-Like Effector Nucleases (TALENs) (Sun and
Zhao 2013). By specifically inducing DSBs, these tools enable high HR that can be
used in basic biology and to correct various disease-causing mutations associated
with haemophilia, sickle-cell disease, and other deficiencies (Gaj et al. 2013).

Although ZFNs and TALENs nucleases provide access to most of the recent
health care applications (Gaj et al. 2013), both depend on custom-made proteins for
modifying each DNA target, which limits their use due to large costs when multiple
genes are mutated simultaneously, as is necessary in more complex diseases
involving multiple genes (Cox et al. 2015). Nonetheless, a new tool dubbed
CRISPR-Cas9 has recently emerged for editing genes in multiplex with excellent HR
efficiencies comparable to ZFNs and TALENSs, but lower costs thanks to the pro-
grammability at the RNA level (Mali et al. 2013). Composed of clustered regularly
interspaced short palindromic repeats (CRISPRs) of DNA and CRISPR-associated

Currently there is legal uncertainty, depending on the country, as to whether GEOs can be
categorized as GMOs or as organisms originated from breeding. See, for example, Araki and Ishii
(2015) as well as the Cibus case in Germany: http://www.nature.com/news/seeds-of-change-1.
17267.

“http://www.nobelprize.org/nobel_prizes/medicine/laureates/2007/. Accessed 20th May 2015.
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Bacteria

Fig. 6 The CRISPR-Cas9 technology has been used to modify the genomes of bacteria, yeast,
fungi, nematodes, salamanders, frogs, fruit flies, zebrafish, mice, rats, plants, crops (rice, wheat,
sorghum, tobacco), pigs, animal and human cell lines as well as embryonic stem cells. The
Streptococcus pyogenes Cas9 nuclease (dark blue) in complex with single-guided RNA (green)
and its target DNA (red) was made using the 3D crystal structure PDB (Protein Data Bank) file
4008 (Nishimasu et al. 2014) and the PyMOL Molecular Graphics System, version 1.5.0.4
Schrédinger, LLC (Color figure online)

genes (Cas) along the genome, the CRISPR-Cas is an immune system that evolved in
bacteria and archaea to combat hostile viruses and foreign plasmids by inducing
site-specifically DSBs (Doudna and Charpentier 2014). The type-II CRISPR-Cas9
system has been used for deleting, adding, activating and suppressing target genes
with great efficiency in many organisms (Fig. 6) (Charpentier and Doudna 2013;
Doudna and Charpentier 2014). The technology has allowed the correction of genetic
mutations of diseases such as cataracts and cystic fibrosis as well as the development
of cancer models in animal tissues (Doudna and Charpentier 2014), and more
recently the generation of human cells resistant to infection by HIV, the Human
Immunodeficiency Virus (Liao et al. 2015).
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In just two years, (since the beginning of 2013 until the end of 2014) examples
of the application of the CRISPR-Cas9 technology in both basic and applied
research have been reported and reviewed in more than 1000 publications (Doudna
and Charpentier 2014). The revolutionary Cas9 technology has already been
compared to the restriction enzymes and the PCR, essential tools in modern
molecular biology research, because it promises to accelerate the editing of gen-
omes across the medical, agricultural, environmental, pharmaceutical, chemical,
and biotechnological sectors.

2.5 Genomically Recoded Organisms

Genomically Recoded Organisms (GROs) were introduced by the Church lab at
Harvard (see below) referring to microbes whose genetic codes have been recoded
using advanced genomic tools like those used for GEOs. The genetic code describes a
set of rules relating the order of three DNA bases (codon) and a corresponding amino
acid to synthesize proteins across all life forms; thus, establishing a universal link
between information storage and execution (Fig. 7). For example, a small peptide
composed of the amino acids MASTER can be coded at the RNA level by the codons
AUG/GCC/AGC/ACC/GAA/AGA, but this order can be modified to synonymous
codons (AUG/GCA/UCU/ACG/GAG/CGG) with the same amino acid meaning:
MASTER. In addition, non-synonymous ones can also be introduced when another
codon (e.g., the amber stop codon UAG) is used to incorporate a non-standard amino
acid X as follows: MAXTER (ATG/GCA/UAG/ACG/GAG/CGQG).

In 1968, Holley, Khorana and Nirenberg shared the Nobel Prize in Physiology or
Medicine “for their interpretation of the genetic code and its function in protein
synthesis”."> In the same year, Crick called the genetic code a “frozen accident”,
implying that “no new amino acid could be introduced without disrupting too many
proteins” (Crick 1968, p. 375). Since the 1990s, however, the incorporation of
XAAs into proteins has been thawing the “universal” genetic code. There are two
basic ways to engineer the genetic code (Bacher et al. 2004): The components
involved in the synthesis of proteins are engineered by directed evolution to allow
the recognition of specific XAAs (Liu and Schultz 2010). But in these cases the
genetic code changes are usually non-heritable, in contrast to the second approach,
in which organisms (so far bacteria) are pushed to incorporate XAAs into their
proteomes via experimental evolution, resulting in progeny with heritable changes
(see CMOs below). Both approaches, nonetheless, could be combined to render
offspring dependent on XAAs for survival.

GROs are relatively new organisms that were introduced by George Church and
colleagues at Harvard by exploiting the mechanism of HR in microbes. His team
built up a device that automates the process of gene delivery, targeting and

Bhttp://www.nobelprize.org/nobel_prizes/medicine/laureates/1968/. Accessed 20th May 2015.
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Fig. 7 The universal genetic code in RNA format (bases: AUGC) [RNA uses adenine (A),
guanine (G) cytosine (C) and uracil (U) as bases, whereas DNA uses AGC and thymine (T)]. The
20 canonical amino acids are encoded by 61 sense codons. Translation starts (Black right-pointing
pointer) at AUG codon and terminates (Black square) at stop codons UAA (ochre), UGA (opal), or
UAG (amber). Amino acids are arranged according to physicochemical properties: polar (green;
T,N, S, G, Q, 7Y, C), nonpolar (red; M, I, A, V, P, L, F, W), basic (blue; K, R, H) and acidic (pink;
D, E): M methionine (AUG); I isoleucine (AUA/G/C); T threonine (ACG/A/C/U); K lysine
(AAA/G); N asparagine (AAC/U); S serine (AGU/C and UCG/A/C/U); R arginine (AGA/G and
CGG/A/C/U); G glycine (GGU/C/A/G); D aspartate (GAU/C); E glutamate (GAA/G); A alanine
(GCU/C/A/G); V valine (GUU/C/A/G); H histidine (CAU/C); Q glutamine (CAA/G); P proline
(CCG/A/C/U); L leucine (CUG/A/C/U and UUA/G); F phenylalanine (UUU/C); Y tyrosine
(UAU/C); C cysteine (UGU/C); and W tryptophan (UGG). Numbers indicate posttranslational
modifications, for more details see Acevedo-Rocha (2010) (Color figure online)

replacement as well as microbial recovery and growth called “Multiplex Automated
Genomic Engineering” (MAGE) (Wang et al. 2009). MAGE allows performing

[...] up to 50 different genome alterations at nearly the same time, producing combinatorial
genomic diversity. In one instance, Church and Wyss researchers were able to make the
bacteria Escherichia coli (E. coli) synthesize five times the normal quantity of lycopene, an
antioxidant, in a matter of days and just $1000 in reagents.'®

http://wyss.harvard.edu/viewpage/330/. Accessed 20th May 2015.
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Although this machine could accelerate the fields of metabolic and genome
engineering for the microbe-based production of biofuels, pharmaceuticals and
other chemicals, it is very expensive, and it is still very challenging to know with
accuracy what gene(s) and/or protein(s) to target for mutagenesis.

Since 2011, nonetheless, Church and colleagues have reported five
“tour-de-force” studies using MAGE with another application in mind: First, they
exchanged 314 out of 321 UAG stop codons to synonymous UAA stop ones in
several E. coli strains, but with some technical hurdles (Isaacs et al. 2011). Second,
after overcoming the technical difficulties, they were able to recombine all strains
and delete completely the 321 UAG codons as well as the protein that terminates
protein synthesis at this signal for yielding the first GRO: E. coli C321.AA. This
bacterium exhibited improved efficiencies for incorporating XAAs into various
proteins and increased resistant against infection by the bacteriophage T7 compared
to the parental E. coli strain MG1655 (Lajoie et al. 2013b). Third, they probed the
limits of MAGE by eliminating the most rare codons present in 42 essential genes
involved in E. coli translation as a means to “emancipate” codons for incorporating
further XAAs (Lajoie et al. 2013a). In this work, it was realized that all
non-essential genes could be modified with synonymous codons without compro-
mising cellular fitness. Finally, based on the previous work and the E. coli C321.AA
strain, on one hand, Church and colleagues, and, on the other, Isaacs et al. engi-
neered essential genes to be functional by the rational dependence of XAAs, thus
imposing the cells to be metabolically dependent on the external supply of XAAs
(Rovner et al. 2015; Mandell et al. 2015). Both studies were able to show that
E. coli can be contained in physical isolation without undetectable growth in liquid
media for up to 14 or 20 days, as long as the XAAs was not added to the culture.
The authors argue that their strategy “is a significant improvement over existing
biocontainment approaches” (Rovner et al. 2015) and that it “provides a foundation
for safer GMOs that are isolated from natural ecosystems by a reliance on synthetic
metabolites” (Mandell et al. 2015). Beyond biocontainment, other applications of
GROs would be the production of proteins endowed with XAAs for basic research
and perhaps biocatalysis (Budisa 2014).

2.6 Chemically Modified Organisms

Chemically Modified Organisms (CMOs) are livings systems endowed with
unnatural, noncanonical or xeno building blocks. The CMO term was introduced by
Marliere et al. (2011), whose work was highlighted by Acevedo-Rocha and Budisa
(2011) referring to “E. chlori” (see below). There are two basic approaches for
creating CMOs. One strategy tackles proteins, the main executors of information,
whereas the other one deals with the information carriers or nucleic acids (NA). As
indicated in the previous section, together with some genetic tricks, the cultivation
of microbes in the presence of unnatural building blocks allows their introduction in
lieu of canonical amino acids or DNA. In 1983, Bacillus subtilis strain QB928 was
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able to grow on 4-fluorotryptophan, a synthetic analogue of tryptophan (Trp), one
of the 20 canonical amino acids (Wong 1983). Thirty years later, the same microbe
does not require Trp anymore for propagation, but only 4-fluorotryptophan thanks
to its adaption that was accompanied by a relatively small degree of genomic
changes (Yu et al. 2014). This is the first CMO whose proteome has been chem-
ically modified by experimental evolution. E. coli has also been shown to grow on
similar fluorinated Trp analogues (Bacher et al. 2004), but it also has the potential
for accommodating other XAAs into its proteome (Bohlke and Budisa 2014).

CMOs with unnatural building blocks as genetic polymers have been also
reported. DNA is composed of the bases adenine (A), guanine (G) cytosine (C) and
thymine (T), each linked to a sugar (deoxyribose), which in turn is connected to two
phosphate groups. But scientists have synthesized molecules structurally related to
the components of A, T, C and G to test whether these “alien” molecules could be
also used as carriers of genetic information, including iso-C, iso-G, K, X, Q, F, P, Z,
NaM and 5SICS (Fig. 8) (Benner and Sismour 2005; Kwok 2012). Likewise, the
sugar deoxyribose has been replaced by threose (TNA), arabinose (ANA), glycerol
(GNA), hexitol (HNA), cyclohexene (CeNA), fluoro arabinose (FANA), etc.
(Pinheiro and Holliger 2012).
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Fig. 8 Alternative genetic systems. On the top, the canonical DNA bases thymine (T) and adenine
(A) forming two hydrogen bonds as well as cytosine (C) and guanine (G) forming three hydrogen
bonds are shown. In the middle and bottom layers, unnatural DNA bases that are achieved by
classical synthetic chemistry are depicted including Z and P, V and J, K and X, as well as isoC and
isoG, all interacting via thee hydrogen bonds
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Although most xeno-nucleic acids (XNAs) are incompatible with living systems,
very recently Holliger and colleagues described the directed evolution-based
engineering of polymerases (enzymes that copy nucleic acids) that were capable of
synthesizing XNA from a DNA template and from DNA back to XNA (Pinheiro
et al. 2012). This work is very important because it showed that genetic information
could be stored in diverse unnatural polymers capable of heredity and evolution.
Along the same vein, but using experimental evolution, Marliére and colleagues
practically replaced all T bases by 5-chlorouracil in E. coli with concomitant
dependence on this alien substance for survival (Marliére et al. 2011). These
modifications resulted in morphological alterations; yet the E. coli cells were able to
survive, giving rise to “E. chlori”, the first CMO bearing a chlorinated genome and
potentially endowed with a “genetic firewall” (Acevedo-Rocha and Budisa 2011).

More recently, Romesberg and colleagues reported the addition of the XNA pair
NaM and 5SICS to E. coli by introducing an algae membrane-protein that allowed
the transportation of the XNA pair into the cells, followed by its replication in a
plasmid (Malyshev et al. 2014). Although this CMO has been regarded the first
living being bearing six bases as genetic code with many potential applications in
basic and applied research (Thyer and Ellefson 2014), it should be mentioned that
only one base pair per plasmid was present, corresponding to less than 0.0001 % of
the total genetic content of that bacterium, which is about 1 % of the total cell dry
weight. Thus, the in vivo replication and propagation of a truly six-membered
genetic code controlling some biological process remains to be shown.

Several applications of orthogonal engineering have been envisaged. Basic
research on “artificial genetic information systems” has already resulted in a more
accurate diagnosis of viruses in patients: the inclusion of the bases isoC and isoG
(Fig. 8) into “Branched DNA Assays”, which detect pathogenic NAs, significantly
improves the signal-to-noise detection ratio. These assays are important because the
viral load is critical to determine the amount and type of drug necessary in patients
with HIV and Hepatitis C, two major health problems with 35 and 180 million
cases worldwide, respectively. Using these assays, about 400,000 patients per year
can be assigned to a more appropriate treatment and personalized medical care
(Benner and Sismour 2005). Similar types of research on other XNAs are being
pursued for diagnosing cystic fibrosis, severe acute respiratory syndrome (SARS)
triggered by corona-virus, and other pathogens.

Synthetic amino acids have also found applications in human health: clinical
trials using a human growth hormone containing a modified XAA recently dem-
onstrated the required safety and efficacy as well as increased therapeutic potency
and reduced injection frequency in adults (Cho et al. 2011). In scientific research,
while proteins endowed with XAAs have become invaluable tools for unraveling
complex cellular processes within living cells (Davis and Chin 2012), unnatural
enzymes have potential applications in biocatalysis (Acevedo-Rocha et al. 2013b;
Hoesl et al. 2011). That is, the use of enzymes and/or microbes to synthesize useful
compounds like food additives, flavors, fragrances, fine chemicals, biofuels, bio-
plastics, biomaterials (e.g., silk) and many other molecules (Reetz 2013).
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3 Biosafety and Biosecurity

3.1 Biosafety: Asilomar Meeting

In February 1975, scientists called for a worldwide moratorium on genetic engi-
neering given the concern of the potential accidental release of GMOs into the
environment. Upon the moratorium, some institutions stopped any kind of genetic
engineering research, while others took the lead (Danchin 2010), deterring basic
science and the development of innovative products in certain regions of the world
(ter Meulen 2014). Nevertheless, the moratorium was critical because it allowed the
planning of an international meeting in the Asilomar Conference Ground in Pacific
Grove, California, USA, where scientists agreed that genetic engineering should
continue under stringent guidelines (Berg et al. 1975). This important meeting
allowed setting down international guidelines on research involving recombinant
DNA (Berg 2008), giving rise to physical containment cautions for biological
agents in four “Bio-Safety Levels™: 1, 2, 3 and 4.

In the Asilomar meeting, scientists themselves took the initiative to come
together. Given the exposure of synthetic biology to the media, and concerns about
harmful intentional or accidental misuses of synthetic microorganisms (Ferber
2004), several groups of bioethicists and members of non-governmental organi-
zations have suggested having another Asilomar meeting to discuss the responsi-
bility of synthetic biology research to society. Likewise, debates on synthetic
biology under the Convention on Biological Diversity have considered a potential
moratorium on the release of synthetic organisms, cells and genomes into the
environment (Oldham et al. 2012). Although these debates were triggered after the
publication of the first GDO by Venter and colleagues in 2010, biosafety concerns
can be justified by the earlier synthesis of pathogenic viruses, such as the deadly
1918 HIN1 “Spanish Flu” (which killed an estimate of up to 50 million people) that
was “resurrected” from archaeological samples (Tumpey et al. 2005), or the
poliovirus, which was synthesized even without a template (Cello et al. 2002). Even
though it has been argued that GDVs offer an opportunity to better understand
infectious diseases (Wimmer et al. 2009), these pathogenic viruses also pose
potential biosafety risks to the health of the laboratory workers and the public. Two
incidents in 2014 at the Centers for Disease Control and Prevention (CDC) in
Atlanta, USA (where the Spanish flu virus was synthesized) illustrate this: Samples
from a low-virulence flu virus were contaminated with the lethal HSN1 avian flu
strain, and bacteria causing deadly anthrax were not properly inactivated before
their transportation into a lower biosafety level laboratory (Butler 2014), potentially
exposing staff to the dangerous pathogens (Owens 2014).



The Synthetic Nature of Biology 33

3.2 Biosecurity: Beyond Asilomar

Whereas biosafety deals with the inherent capability of organisms or viruses to
cause disease, biosecurity is mainly concerned with their misuse as biological
weapons for bioterrorism. Bioterrorism is nothing new: the intentional release of
pathogenic toxins, viruses, bacteria, fungi, and insects is a mode of biological
warfare against humans and animals that many countries have used in the past. For
example, during World War I, a German secret agent travelled to the USA to infect
horses with glanders, a severe infectious disease caused by the bacterium
Burkholderia mallei, which provokes respiratory ulcers, septicemia and death in
horses, donkeys and mules. For this reason, the Geneva Protocol was introduced in
1925 to prohibit the use of chemical and biological weapons in international armed
conflicts. Later on, the 1972 Biological Weapons Convention (BWC) and the 1993
Chemical Weapons Convention (CWC) were introduced to regulate the production,
storage and transportation of biological and chemical arms.

Concerns over mishandling of harmful biological agents are nothing new to
synthetic biology: The CDC in Atlanta, USA, besides harbouring the synthesized
“Spanish Flu” virus, also possess dangerous human pathogens such as Francisella
tularensis, Yersinia pestis and Bacillus anthracis, and have had to consider their
potential misuse. Indeed, international regulations for gene synthesis were lacking
for several years. It was only after 2007, when a journalist ordered online from a
biotech company synthetic DNA of the smallpox virus to his home (Grushkin
2010), that the synthetic biology community proposed a set of policies related to the
processes involving nucleic acids synthesis (Bugl et al. 2007). Among the new
proposed policies is a first set that applies to firms supplying synthetic DNA. Using
a database of pathogenic genomes and sequences of toxin genes, the firms should
use special software to screen orders for potentially harmful DNA. A second set of
proposed rules is aimed at regulating the purchase of DNA synthesizers and the
reagent used in synthesis by enforcing the registration of the machines or the
distribution of licenses to purchase specific chemicals needed for DNA synthesis.

3.3 New Synthetic Life Forms: Beyond Existing Regulations

Beyond contributing to the development of rules and regulations, the research
community has also played a role in shaping biosafety and biosecurity policies,
with the usual conjecture that what is natural is potentially much more dangerous
and incontrollable than what is artificial (Marliére 2009). Because organisms close
to their progenitors are pre-adapted to their native environments, it is logical to
assume that GMOs, GEMs, GEOs would pose a mayor threat than GDOs, GROs
and CMOs if all of these were accidentally released in the environment. However,
since the latter organisms use or potentially can use synthetic building blocks as
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constituents that could only be synthesized in the lab; they would be quickly
outcompeted by other organisms if the chemicals are correctly disposed. Therefore,
orthogonal and bottom-up engineering should also follow the guidelines that
chemistry labs have established for chemical disposal, together with those for
biosafety labs involving GMOs, which is the norm for top-down and parallel
engineering approaches. Given that synthetic biology is an extension of genetic
engineering, current legislation on GMOs also applies to GEMs, GDOs, GEOs,
GROs and those CMOs that have been previously modified to incorporate unnatural
DNA bases and/or amino acids, at both the EU'7 and international'® level. But there
have been doubts about whether the current risk assessment procedures will be
overburdened by the increasing pace of genetic modification, which is the case for
GDOs, GEOs and GROs. In consequence, the latest EU recommendations “call for
research to improve the ability to predict the behavior of complex engineered
organisms”, and for the “development of additional approaches, including genetic
firewalls based on noncanonical genetic material” (Breitling et al. 2015).

3.4 Genetic Firewall: Data Are Missing

It has been advocated that unnatural DNA would prevent information exchange
between natural and synthetic organisms by acting as a genetic firewall (Schmidt
2010). Indeed, Church and colleagues showed that the first E. coli GRO was
capable of resisting to some extent infections by the T7 bacteriophage because their
genetic codes are not compatible (Lajoie et al. 2013b). However, the GRO infection
by the virus was only slightly attenuated compared to the parental strain, implying
that there are other factors that account for the lack of complete immunity.

So how many changes are needed in the genetic code to render a GRO com-
pletely immune to viruses without affecting its fitness? Given the high mutability of
viruses, would it be possible that these could hijack the new genetic code if suf-
ficient time is given in a non-controlled environment? If GROs and CMOs are not
able to survive outside the lab, what would be the response of a natural organism to
their unnatural building blocks? On the other hand, if a GRO or CMO dependent on
XAAs manages to survive in the environment by any means, would it pose threats
to other natural organisms, and if so, what kind of threats? Would GROs be more
robust than CMOs in case of an accidental release in the environment? Are there
other means of cellular communication beyond horizontal gene exchange that
GROs or CMOs could use to persist or even proliferate? Clearly, many questions
remain to be solved to show that a “genetic firewall” could be used as an efficient
means to separate the natural from the synthetic world, especially when it is

http://ec.europa.eu/health/scientific_committees/emerging/docs/scenihr_o_048.pdf. Accessed 20th
May 2015.

Bhttp://beh.cbd.int/protocol/cpb_faq.shtml. Accessed: 4th June 2015.
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believed that XAA-based biocontainment would be a means to eliminate the fears
of the public when it turns to apply GMOs in agriculture, medicine and environ-
mental clean-up (Dolgin 2015).

3.5 Genetically Modified Humans: Napa Meeting

In March 2015, two groups of scientists called for a moratorium (Lanphier et al.
2015) and for a framework for open discourse (Baltimore et al. 2015) on any
experiments that involve genome editing in human embryos or cells that could give
rise to sperm or eggs. The articles were responses to some rumours by referees who
reviewed work by Chinese scientists describing the use of the CRISPR-Cas9 system
in human embryos and who fear, it “could trigger a public backlash that would
block legitimate uses of the technology” (Vogel 2015). The main problem of the
technology are the secondary effects (off-target and on-target mutational events with
unintended consequences) that are not yet completely understood, for example:
“Monkeys have been born from CRISPR-edited embryos, but at least half of the 10
pregnancies in the monkey experiments ended in miscarriage. In the monkeys that
were born, not all cells carried the desired changes, so attempts to eliminate a
disease gene might not work” (Vogel 2015). Despite this, the rumors of the referees
became truth after some months: Work concerning the genomic edition of human
embryos was recently published, but the authors argue that this was necessary to
illustrate that the CRISPR-Cas9 technology is still far from clinical applications
(Liang et al. 2015)."

During a meeting in Napa in early 2015, Berg, Church and other scientists called
urgently for a framework to discuss openly the safe and ethical use of the
CRISPR-Cas9 technology to manipulate the human genome (Baltimore et al. 2015).
The proposals for regulating “germline engineering” broadly include:

1. The discouragement of any attempts at genome modification for clinical
application in humans in those countries where it is allowed (some countries
don’t allow this kind of research or regulate it tightly).

2. The encouragement of transparent research to evaluate the efficacy and speci-
ficity of genome editing in human and non-human models relevant for gene
therapy, as well as the implementation of standardized methods to determinate
frequency of off-target effects and physiology of cells and issues upon genome
editing.

3. The creation of forums for the exchange between scientists, bioethicists, gov-
ernment, interest groups and the general public to shape policy while discussing
not only the risks and benefits, but also the ethical, legal, and social implications
(ELSI) for curing human genetic disease by genome editing (Baltimore et al.
2015).

9In fact, the journals Science and Nature rejected the paper owing to ethical concerns.
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The fundamental issue with human-germline engineering is that beyond treating
genetic disorders such as Huntington disease to eliminate human suffering, designer
or “genetically modified babies” could be likewise engineered, facilitating the
arrival of a new eugenics era (Pollack 2015). Although human-germline engi-
neering is banned in several countries (not including the United States), a few labs
and a company (primarily based in the United States) are working in this research
line (Regalado 2015). One of the plans is to edit the DNA of a man’s sperm or
woman’s egg and use the cells in an in vitro fertilization (IVF) clinic to produce the
embryo, followed by its implantation in woman uterus to establish a pregnancy of
the foetus.”’ Another strategy that promises to be more efficient aims to edit stem
cells, which can divide rapidly in the lab, and then turn them into a sperm or egg.
Although the CRISPR-Cas9 technology is still too immature to offer babies “a la
carte”, 15 % of the adults in a recent survey indicated that it would be appropriate to
genetically modify a baby to be more intelligent (Regalado 2015). Besides the
engineering of more healthy and intelligent babies, some transhumanists think that
the human genome is not perfect and that it could be engineered not only to protect
against Alzheimer’s disease, but also to create “super-enhanced” individuals to
solve complex issues like “climate change” (Regalado 2015).

3.6 Gene-Drive Engineering: Will There Be a Meeting?

The willingness of many scientists to engage in a public discussion with other
scholars shows that there is an awareness of the potential negative effects of an
emerging technology that has not been shown to be mature for clinical applications,
especially when dealing with a delicate topic such as human embryonic stem cells.
However, other less-concerned scientists not working with human stem cells have
already devised a plan to create an “auto-catalytic” genetic system based on the
CRISPR-Cas9 to spread mutated genes across populations of GEOs with high
efficiency. For example, mosquitos could be engineered to impair the transmission
of genes involved in malaria and dengue fever (Bohannon 2015). Beyond the
potential benefits, the problem with this “mutagenic chain reaction” technology is
that unintended off-target mutations at essential (or non-essential) genes could be
triggered, thus spreading irreparable genetic defects (or traits) across natural pop-
ulations of organisms and potentially driving populations with limited genetic
diversity into extinction.

The potential devastating effects of this technology in the wild have been
recently warned by Lunshof (2015). Church commented that this technology “is a
step too far” (Bohannon 2015), yet he filled a patent for a more secure gene-drive

*°In 2010, Robert G. Edwards was awarded the Nobel Prize in Physiology or Medicine for the
development of IVF, which allows the treatment of infertility. Currently, there are 5 millions of
IVF-humans, all below 37 years old: The first “test tube baby” was born in 1978.
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technology that, he argues, “would offer substantial benefits to humanity and the
environment” (Esvelt et al. 2014) by eradicating vectors that spread diseases, insect
pests and invasive species not without calling for “thoughtful, inclusive, and well-
informed public discussions to explore the responsible use of this currently theo-
retical technology” (Esvelt et al. 2014). In response to an ethical analysis on its
regulation (Oye et al. 2014), it has been debated that the dual-use potential of this
technology raises strong concerns because gene-drives carrying lethal toxins could
be designed to eliminate particular human populations and attack their crops
(Gurwitz 2014). In fact, Gurwitz (2014, p. 1010) concluded:

“just as the exact technical instructions for making nuclear weapons remain classified
70 years after the Manhattan Project—as they rightfully should—the gene drive method-
ological details do not belong in the scientific literature.”

However, Oye and Esvelt (2014, p. 1011) disagree with that response arguing that

“classifying information required to build gene drives cannot target potential misuses
without also impeding development of defenses, as well as environmental, health, agri-
cultural, and safety applications of CRISPR technology”.

These debates show the need of an international meeting involving all stakeholders
to regulate the development and deployment of GEOs endowed with gene-drives
that cannot be confined physically to a single country.

4 Assessing Synthetic Biology Beyond the Bench

In various surveys, synthetic biology has been perceived by society as an extension
of genetic engineering, particularly in the production of GMOs. However, synthetic
biology aims to avoid the same criticism that genetically modified plants and
animals have triggered in various societies. Beyond the technology itself, in what
follows, seven topics are discussed in which the challenges, dilemmas and para-
doxes surrounding synthetic biology become obvious.

4.1 Global Social Justice

Keasling’s artemisinin technological breakthrough is perhaps the most widely used
example to show that synthetic biology (in this case, the metabolic engineering
“tribe”) can provide solutions to global health issues. However, social justice
challenges have emerged because economies and employment in the South can be
destabilized by synthetic biology carried out in the North (Engelhard 2009). In other
words, although Keasling’s breakthrough has been welcomed by almost everyone in
the synthetic biology community and other advocates fighting against malaria, there
is a rising concern that the farmers who traditionally harvest A. annua could be
losing their jobs, which would affect the families of more than 100,000 farmers



38 C.G. Acevedo-Rocha

worldwide.?! Furthermore, the introduction of semi-synthetic artemisinin could
further destabilise the already variable prices of botanical artemisinin due to market
fluctuations (Peplow 2013). This example illustrates the dilemmas and paradoxes
that surround the development of synthetic biology in a globalized world.?

4.2 Synthetic Biology Democratization

It has been argued that DIY-biology will help in the worldwide democratization of
synthetic biology in the same way that IT was democratized in the garages of
computer hobbyists during the last century prior to the emergence of Silicon Valley
as innovation hub (Wolinsky 2009). DIY biologists or “biohackers” have equipped
their garages, closets, and kitchens with inexpensive laboratory equipment (Ledford
2010). Although DIY biologists performed simple experiments in the past, such as
the insertion of a fluorescent protein into bacteria for producing glow-in-the-dark
yogurt, it is expected that applications in health, energy and environmental moni-
toring will emerge (Seyfried et al. 2014). In some instances, however, there has
been a rising concern that home-brew drugs could be also produced by
DIY-biologists using synthetic microbes. This fear has been recently strengthened
when metabolic engineers made yeast strains capable of synthesizing one of the
various precursors of the opiate morphine, a precursor of heroin that has a high
demand in the illegal drug market (Ehrenberg 2015).* Although this research is
intended to enable the long-term centralized and legal production of opiates for pain
relief, engineered yeasts for opiate biosynthesis could transform into illegal systems
for criminal networks in USA and Europe where drug demand is the highest,
because yeast is extremely easy to be sent (a few dried cells per post would suffice
to start a culture), grown (water and basic nutrients are only required) and processed
(basic lab equipment such as centrifuges) to extract any drugs (using basic columns
and resins for chromatography). Thus, the democratization of molecular biology
might be more difficult to regulate than initially thought.**

2 http://www.etcgroup.org/content/why-synthetic-artemisinin-still-bad-idea-response-rob-carlson.
Accessed 20th May 2015.

22Note that this comment is valid for all technologies beyond synthetic biology replacing work
performed in developing countries: see the cases of saffron, vanilla, vetiver, cocoa butter, rubber,
squalene, coconut oil, palm kernel oil, babasuu and shikimic acid at: http://www.etcgroup.org/tags/
synbio-case-studies. Accessed: 27th July 2015.

ZAll the pieces of the puzzle are in place: The components of a metabolic synthetic pathway for
producing morphine have been reported in different stains, so it is a matter of time to combine
them in a single strain. Still, the efforts will require strain engineering for increasing the drug titers
to be economically competitive.

2*The researchers behind the work called other scholars for an ethical assessment on their research
(Oye et al. 2015), ending with four recommendations: (1) The strains should be not appealing to
criminals by focusing on alternative opiates with less “street” demand such as the brain, or they
should be difficult to cultivate by relying, for instance, on difficult-to-synthetize XAAs for survival.


http://www.etcgroup.org/content/why-synthetic-artemisinin-still-bad-idea-response-rob-carlson
http://www.etcgroup.org/tags/synbio-case-studies
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4.3 Environmental Concern and Policy Regulation

Medicines, pharmaceuticals, fertilizers, pesticides, additives, cosmetics, plastics,
cleaners, clothing, pigments, detergents, electronics parts and many other essential
products for human needs are conventionally produced by synthetic chemistry. In
fact, chemical companies produce yearly billions of tons of chemicals from about
90,000 different substances. One goal of synthetic biology is to produce enzymes
and microbes that could replace the production of many of those compounds
because their precursors are usually obtained from fossil fuels and thus unsus-
tainable (Nielsen and Moon 2013). A recent sampling of European rivers, however,
illustrates the environmental damage that has been produced with toxic cocktails of
hormones, pesticides and hazardous chemicals (Malaj et al. 2014), let alone pop-
ulation declines of bees, birds and other insects that are essential in the global food
supply chain (Chagnon et al. 2015). In fact, irreversible damages of many toxic,
non-degradable and persistent chemicals on the immune, reproductive, endocrine
and nervous systems of many animals (and likely humans) have been found.” To
avoid similar environmental catastrophes using synthetic biology, proper legislation
and regulation on the industrial production and waste of engineered microbes have
to be implemented from the onset. A challenge for synthetic biology will be to
regulate and assess the long-term effects of GMOs in the environment. To enhance
biosafety biocontainment strategies, various genetic safeguard mechanisms could
be implemented in each engineered microbe together with a “risk analysis and
biosafety data” sheet (Moe-Behrens et al. 2013).

4.4 The GMO Debate

The GMO debate has existed since the Asilomar conference when biotechnology
started to be regulated in general, but in the last two decades it shifted towards risks
posed by genetically modified food and crops owing to the food crisis in Europe
during the late 1990s. Nowadays, GMOs are commonly used in industrial (white)
and medical (red) biotechnology for the respective production of chemicals and
pharmaceuticals (in physically containments), but the genetic modification of plants
and animals in agricultural (green) biotechnology has met more resistance in society

(Footnote 24 continued)

(2) Synthetic DNA companies should implement algorithms to avoid users buying gene-specific
sequences of opiate biosynthetic pathways in the same way that toxins and other harmful
biohazards are currently screened. (3) The strains should be kept under controlled environments
such as locks, alarms and monitoring systems to prevent theft of samples. The laboratory personnel
should be also subject to security screening. (4) Current laws, at least in the US, do not include
opiate-producing yeast, so these should be extended.

Zhttp://undesigning.org/cmos.html. Accessed: June 4th 2015.


http://undesigning.org/cmos.html

40 C.G. Acevedo-Rocha

owing to the potential risks of GMOs for humans, animals and the environment.
There are different kinds of risks: real versus perceived, which depending on the
stakeholder, can vary significantly (Torgersen 2004). Regardless of the risks and
semantics (Holme et al. 2013; Hunter 2014; Nagamangala Kanchiswamy et al.
2015), it is clear that the GMO debate is mostly associated to multicellular
organisms such as plants (Boyle et al. 2012) and animals (Markson and Elowitz
2014). Given that synthetic biology is increasingly targeting these multicellular
organisms for genomic modifications, its acceptance by the public could be more
difficult to gain. The main reason is that plants and animals directly affect human
life, in contrast to microbes, which affect human life more indirectly: “As long as
synthetic biology creates only new microbial life and does not directly affect human
life, it will in all likelihood be considered acceptable” (van den Belt 2009, p. 257).
Beyond the potential of synthetic biology for solving global issues, society may
only accept any kind of GMOs, GEMs, GEOs, GDOs, GROs and CMOs if their
products are labelled for the consumer in a transparent way where the freedom of
choice is given to the consumers.

4.5 Media Hype, Metaphors and Promises

One of the most common mistakes that scientists often make is to claim that they
think they have created something, and that this creation, they believe, will be a
panacea to humankind. First of all, scientists do not “create”, because this word can
be used in different contexts: Creation or “Creatio ex nihilo” means to bring
someone or something into existence out of nothing, and it is usually reserved for a
divine force in religious terms that scholars in social sciences and humanities might
use more often. In reality, scientists invent or design something that has not existed
before by using something that already existed; they are closer to “manipulatio”
(manipulating) and “creatio ex existendo” (creating something out of existent parts)
than to “creation ex nihilo” (Boldt and Muller 2008). This is a subtle, yet important
difference: Scientists claiming the creation of synthetic life have been accused of
“Playing God in Frankenstein’s Footsteps” (van den Belt 2009), with unfortunate
consequences for the reputation of the field and its social acceptance (Schummer
2011). Perhaps the natural scientists do this on purpose to challenge the ethical
(Link 2012) and religious (Dabrock 2009) views of other scholars working on
synthetic biology. On the other hand, overstating that GMOs, GEMs, GEOs, GDOs,
GROs and CMOs will solve all human problems is not beneficial because exag-
gerating exactly into this direction generates mistrust in the public, as many
emergent technologies have done in history (Torgersen 2009). Hence, a lesson to
synthetic biologists would be to be more cautious with their metaphors and
promises, if they want to gain public acceptance of their technologies. For a more
insightful discussion of the impact of metaphors in synthetic biology, see the
chapter by D. Falkner in this book.
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4.6 Semantics and the Public

Synthetic biology is a term that is not well known to the public (for further
information, see the chapters by Ancillotti and Eriksson; Rerimassie; Seitz;
Steurer). In fact, a recent survey in Germany confirmed this, but also revealed that
people spontaneously perceived this field as an abstract and contradictory expres-
sion that they associated with interference against Nature.”® How can nature be
synthetic? Synthesis means to put together two parts to form a new one. This
definition suggests that any minor modification of an extant organism would render
it ‘synthetic’, which would be the case for all GMOs, CMEs, GEOs, GDOs, GROs
and possibly CMOs. However, a bacterium with a synthetic plasmid is not the same
as a bacterium with a synthetic genome, so we should make a distinction. For
example, the synthetic genome of GDO M. mycoides jcvi-synl.0 represents about
1 % of the whole dry cell mass. The cell reprogramming was performed using a
genome borrowed from a related species, in which about 0.1 % genetic changes
(watermarks) were done. So, why should this bacterium be called synthetic when
the other 98.9 % components are natural? In reality, this bacterium is more natural
than synthetic: Although genomes control gene expression, the truth is that gen-
omes can only be useful if there are proteins that can process their information, as it
was the case for M. mycoides jcvi-synl.0. In a contrasting example, when the
genome of the cyanobacterium Synechocystis was cloned into the bacterium B.
subtilis, genes from the former could not be expressed in the latter organism
because of “incompatibility” or context-dependency issues (Itaya et al. 2005). Thus,
synthetic genomes only represent a minor part of cells, in contrast to lipids (which
are not encoded in the genome) and proteins, of which there are millions of mol-
ecules in a single E. coli bacterium, let alone other important components (Fig. 9).
A truly synthetic organism would be that in which all the components shown in
Fig. 9 would be synthesized and assembled to generate a living organism. Indeed,
synthesizing all the molecules of life was the dream of the famous German chemist
Emil Fischer at the beginning of the 20th century, when synthetic chemistry
experienced a major revolution almost a century after the breakthrough by Friedrich
Wohler in 1828: Urea synthesis, the first synthesis of an organic molecule in the lab
(Yeh and Lim 2007). Thus a real challenge for bottom-up synthetic biologists will
be to synthetize completely from scratch a living microbe (Porcar et al. 2011).
Given that top-down, parallel and perpendicular synthetic biology researchers
mostly borrow microbes for tinkering (i.e. improving something by making small
changes), the challenge will be to make the public aware that most of their research
is not based on entirely synthetic organisms, but rather that synthetic DNA enables
researchers to reprogram certain organisms for useful purposes. This endeavour
could be facilitated by clearly distinguishing that DNA is not equal to life

26http://www.biotechnologie.de/BIO/N avigation/DE/root,did=178894.html. Accessed: June 4th
2015.
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Fig. 9 Pie chart displaying the composition (cell dry mass) of a typical E. coli bacterium growing
with a doubling time of 40 min. Metabolites include building blocks and vitamins. Note that there
are about 2,400,000 protein, 257,500 RNA, 22,000,000 lipid, 1,200,000 lipopolysaccharide, 4400
glycogen, 2 DNA and 1 peptidoglycan molecule(s) per cell (http://book.bionumbers.org/what-is-
the-macromolecular-composition-of-the-cell/)

(de Lorenzo 2010), but just another minor component of life, as important as the
other ones (Fig. 9). Another manner to engage the public with synthetic biology is
by fostering cultural activities around the technology (see the chapter by B. Wray).

4.7 Resurrecting Life

The resurrection of an extinct species has so far been reported for “Celia”, the last
bucardo (Pyrenenan ibex), which passed away on January 6th 2000. It was resur-
rected for 7 min on July 30th 2003 by nuclear transfer cloning (the germ cells had
been frozen). Nuclear transfer involves the injection of the genetic material to be
cloned into an unfertilized DNA-free egg, resulting in cells that have the potential to
divide when placed in the uterus of an adult female mammal. This is how Dolly the
sheep (5 July 1996—14 February 2003) was cloned from an adult somatic cell
(Wilmut et al. 1997), but dozens of other species®’ have also been cloned despite
the low efficiency of the technique. Besides nuclear cloning, it has been suggested
that synthetic biology could cooperate with the biodiversity conservation commu-
nity to protect or even resurrect extinct organisms (Redford et al. 2013). However,
there are several technical and nontechnical issues that first have to be resolved, and
this is clearly reflected in even Venter being cautious:

27http://en.wikipedia.org/wiki/List_of_animals_that_have_been_cloned. Accessed: 20th May
2015.
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I have read too many articles that breezily discuss the reconstruction of a Neanderthal or a
woolly mammoth with the help of cloning, even though the DNA sequences that have been
obtained for each are highly fragmented, do not cover the entire genome and — as a result of
being so degraded — are substantially less accurate than what is routinely obtained from
fresh DNA. (Venter 2013, p. 87)

Further, even if fresh intact DNA or “software” of the woolly mammoth or
Neanderthals were available, it would be necessary to have the appropriate cells or
“hardware” that could interpret the genetic information (Danchin 2009). For
example, when the components (nucleus, cytoplasm, and cell membrane) of
amoebas of different species were combinatorially reassembled, the only viable
organisms were those whose components originated from the same strain (Jeon
et al. 1970). This old yet ingenious study shows that reprogramming of life goes
beyond pure (synthetic) DNA.

Although it is difficult to define life among scholars from different fields because
no consensus has been reached from the up to 123 current definitions (Trifonov
2011), it seems that life requires at least three components: A genetic program, a
metabolism and a container (Acevedo-Rocha et al. 2013a). For a discussion about
the concept of life, see the chapter by J. Steizinger. Regardless of the definitions,
any attempt to reprogram or resurrect life, or construct life-like systems from the
bottom-up should consider establishing the connection among these three compo-
nents (Fig. 10).

Regarding non-technical issues, it is useful to illustrate the pros and cons to
better understand the dilemma of resurrecting extinct species with synthetic biology
by quoting an expert: “The ‘de-extinction’ movement—a prominent group of sci-
entists, futurists and their allies—argues that we no longer have to accept the
finality of extinction.” (Minteer 2014). The most persuasive argument is to “appeal
to our sense of justice: de-extinction is our opportunity to right past wrongs and to
atone for our moral failings” (Minteer 2014). De-extinctionists also argue that by
resurrecting species, ecological functions could be recovered, increasing the
diversity of ecosystems. However, the introduction of revived species could pose
disease threats to native species, in a manner reminiscent to the introduction of
invasive species into new environments.>® In addition, some conservationists also
worry that “de-extinguished” species would have a limited genetic diversity.

In summary, one should ponder whether it is worthwhile investing huge amounts
of human and financial resources in ambitious projects for resurrecting life given
not only the technical and nontechnical difficulties, but also the paradoxes of our
world: Devastating epidemics, hunting, habitat loss and degradation caused by both
human industrial activities and climate change are triggering an unprecedented loss
of biodiversity, with estimates of 500 up to 36,000 species of amphibians, birds
and mammals disappearing every year (Monastersky 2014). Thus, instead of

%See for instance: http://www.invasive.org/. Accessed 20th May 2015.
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Compartment

Fig. 10 Life prerequisites. Living systems as we know them have a genetic program (DNA), a
metabolism fuelled by enzymatic reactions and proteins that execute this program using RNA as
intermediate in protein translation (mMRNA, tRNA, rRNA), and a container or membrane formed of
lipids. Viruses are proteins (sometimes with lipids) encoding DNA or RNA, but since they have no
metabolism, they are not alive, a fact that has puzzled scientists over decades (Villarreal 2004).
Organelles such as mitochondria and chloroplasts contain metabolites and usually a minimal
genetic program, but they are contained within a larger organism so these alone cannot be alive.
Finally, the cytoplasm containing proteins, metabolites and lipids would not be alive without
genetic material

resurrecting life, synthetic biologists should help conservation biologists to develop
innovative ideas for protecting the already thousands of endangered species:
“Attempting to revive lost species is in many ways a refusal to accept our moral and
technological limits in nature.” (Minteer 2014).

5 Conclusion

I have attempted to outline the most important areas of current research in synthetic
biology in a general inclusive framework according to different engineering
approaches. Almost all engineering efforts produce protocells, CMOs and GMOs,
some of which are developed by well-known genetic engineering methods, and
others by using more sophisticated tools. For example, the production of
Genetically Engineered Machines (GEMs) is outsourced to undergraduate students
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every year across the world with the advantage of developing creativity and
innovation in younger generations for solving complex problems. Similarly,
researchers working in synthetic genomics have produced genomically designed
organisms (GDOs) as a result of basic research, spinning-off revolutionary appli-
cations for the rapid assembly of synthetic DNA. More recently, the
ground-breaking CRISPR-Cas9 tool, product of basic research, has allowed for the
emergence of an impressive number of genomically edited organisms (GEOs), and
in less than two years to better understand disease models and cellular biology as
well as engineering multiple traits in microorganism for the optimal production of
drugs, biofuels, and chemicals. However, the use of the CRISPR-Cas9 system
should be cautious especially when engineering human embryonic stem cells as
well as wild populations of organisms in the open environment (Ledford 2015).
Finally, evolutionary approaches have accelerated the construction of microbial
GROs and CMOs that promise to shed light on the meaning and evolution of life by
endowing living systems with unnatural building blocks.

Importantly, any sort of genetic modification such as a single DNA base
mutation, metabolic pathway optimization or whole genome recoding in any of
these synthetic life forms will create a novel combination of genes and their
products at the level of (pre- and post)-transcription (RNA) and -translation (pro-
tein), thus triggering a new network of gene interactions (at the transcriptome and
proteome level) in the host organism and across organisms, which are difficult to
understand and predict even using the most advanced mathematical algorithms and
technological tools. These phenomena, which fall under the scope of epistasis
(Phillips 2008), emphasise the evolutionary complexity of gene interactions
inherent to biology. For this reason, synthetic biologists should be aware of the
limitations that must be overcome to predict the behaviour of living systems. The
purpose of illustrating the benefits, but also potential risks of these emergent life
forms is to provide scholars from the social sciences and humanities as well as
non-scientists with a glimpse of what synthetic biologists are actually doing. The
challenges, dilemmas and paradoxes surrounding the field also show that there are
already big challenges in a globalized world that cannot be solved exclusively by
technological means. Whether synthetic biology will deliver health, food, and
energy to societies with very different needs in the South and North without
affecting an already polluted environment where biodiversity lost is an everyday
phenomenon will be seen in the coming century.
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Making-of Synthetic Biology:
The European CyanoFactory
Research Consortium

Robbe Wiinschiers

1 Introduction

A Personal Account Science is meant to be objective. Here, I try to give an as
objective as possible view about my subjective experiences in the field of synthetic
biology research. This certainly is a non-conventional way, though, to my opinion a
valid one when it comes to the questions why and how a scientist is doing research
and how a new research field emerges. Thus, in contrast to the results of other
studies presented within this book, this one is meant to be a personal account.
Currently, I am part of the European Commission funded research consortium
named CyanoFactory. Thus, I shall exemplify my viewpoint of the interdisciplinary
nature of synthetic biology by describing the research objective of the
CyanoFactory consortium and how it relates to synthetic biology.

The Science of Man Agenda and Synthetic Biology A lot has already been said
about what synthetic biology is. For me as a trained biologist with a favour for
computing and with research experience in both academia and industry, synthetic
biology is not only a current buzz word to praise my research ideas to funding
agencies, but also alogical continuation of what started off as molecular biology in the
Science of Man Agenda, initially funded by the Rockefeller Foundation from 1932 to
1938 (Kay 1992; Weaver 1970). From 1932 to 1959 90,000,000 US$ were spent for
the joint effort to analyze physical, chemical and mathematical aspects of life. Its
director at that time, Warren Weaver (1894—-1978), stated about the Science of Man
Agenda:
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plant physiology, who guided me into the world of photosynthesis and photobiological
hydrogen production.
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[...]new branch of science [ ...] which may prove as revolutionary [...] as the discovery of the
living cell [...] A new biology — molecular biology — has begun as a small salient biological
research [...] (cited in Olby 1990, p. 505)

The goal of the Science of Man Agenda was to bring together researches from
different fields of mainly natural sciences for the analysis of the molecular basis of
life. Milestones in the chain of subsequent discoveries were the separation of
molecular structures by ultracentrifugation and the discovery of the molecular basis
of heredity and the genetic code. From 1953 to 1965, 17 out of 18 Nobel Prizes that
were awarded and touched the field of molecular biology went to scientists funded
by the Rockefeller foundation. This highlights the impact of its underlying funding
policy.

Why do I see the Science of Man Agenda as a cradle of synthetic biology? First of
all, the transition of biology to molecular biology laid the basis for an “internal” view
at biological processes, e.g. metabolism and genetic regulation. These processes in
turn are the basis for engineering microorganisms instead of engineering their
environment. Another important aspect is true interdisciplinary research: Warren
Weaver forced natural scientists and mathematicians to conceive cross-border
research projects and write joint applications in order to receive joint funding.

Systems Biology Another important basis for synthetic biology is systems biology
(Trewavas 2006). Modern systems biology has had its recognition in life sciences
since the late 1990s. It comprises all methods to analyze and model living systems
as a whole. Since then, all kinds of -omic research projects (genomics, transcri-
ptomics, metabolomics, etc.) have dominated the scene and led to the development
of medium- and high-throughput experimental designs as well as to the emergence
of the big-data challenges. High-throughput experiments allow the measurement of
many parameters at once, e.g. the DNA-microarray or RNASeq (RNA sequencing)
based analysis of the transcription of all genes, or the mass-spectroscopic analysis
all cellular metabolites. The directed engineering of organisms is an important basis
of synthetic biology, which in turn is based on predictions from models. These
models need to be trained with real data. Methods from systems biology provide
these data.

2 CyanoFactory

Aims The vision of the CyanoFactory research consortium is to carry out inte-
grated, fundamental research aimed at applying synthetic biology principles
towards a cell factory notion in microbial biotechnology. Building on recent pro-
gress in synthetic biology we try to engineer photosynthetic cyanobacteria as
chassis to be used as self-sustained cell factories in generating a solar fuel like
biodiesel or hydrogen gas. The photo-production of hydrogen gas is the focus of the
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on-going research. However, the measure of success is not only the production of
hydrogen gas but also the development and application of molecular and compu-
tational tools in order to demonstrate the applicability of synthetic biology for the
directed engineering of cyanobacteria.

Funding The CyanoFactory research project (cyanofactory.eu) is funded by the
European Commission within the Framework Programme 7 with roughly three
Mio. Euro over a period of three years from December 2012 to November 2015. It
is a collaborate research project for the design, construction and demonstration of
solar biofuel production using photosynthetic cell factories. Six universities, two
research institutes and two companies from seven European countries have joined
forces for the twelve work packages (Figs. 1 and 2; Table 1).
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Fig. 1 Geographic distribution of the FEuropean CyanoFactory research consortium.
A Coordinator Peter Lindblad; Uppsala University, Sweden; work packages (WP, see Table 1)
1, 4, 11, 12 B Robbe Wiinschiers; University of Applied Sciences Mittweida, Germany; WP 2
C Paula Tamagnini; Instituto de Biologia Molecular e Celular, Portugal; WP 3 D Matthias Rogner;
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M. Diano; M2M Engineering S.A.S., Italy; WP 10
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Fig. 2 Principal investigators of CyanoFactory. The letter code is the same as in Fig. 1

Table 1 List of work packages. The letter code is the same as in Fig. 1

WP1  ToolBox for cyanobacterial synthetic biology

WP2 DataWarehouse/Bioinformatics

WP3  Improvement of chassis growth, functionality and robustness
WP4  Introduction of custom designed hydrogen producing units
WP5 Improvement of photosynthetic efficiency towards H2-production
WP6 Biosafety

Analyses of the purpose designed cyanobacterial cells to identify bottlenecks and
suqagest further improvements

WP8 Metabolic modelling of the engineered cells

WP9 Development of an efficient photobicreactor unit

WP10 Assembly and performance assessment of a larger prototype photobioreactor system
WP11 Management

WP12 Dissemination

©c0Qe0000voo0e0e
3
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The project is placed under the umbrella of the Future and Emerging Technologies
(FET) programme, which “invests in transformative frontier research and innova-
tion with a high potential impact on technology, to benefit our economy and
society” (European Commission 2015). This translates into the classification as
being research that potentially changes the world—but might also completely fail to
do so. The reason is that synthetic biology is a rather new research field and that it
has to be elucidated whether it meets its expectations.

How the Consortium came Together Each member of the consortium has a
background in working either with cyanobacteria, biohydrogen or photobioreactors.
Some of the members have already collaborated in previous research consortia,
while others met for the first time within the CyanoFactory framework. Personally, I
was asked by the project coordinator Peter Lindblad to join the newly formed
consortium in December 2010. We knew each other from my PostDoc time, which
I spent in his laboratory in Uppsala/Sweden from 1999 to 2001. We had been in
contact since and he recognized my expertise in bridging the gap between exper-
imental and computational biology.

Figure 3 outlines the formation of the consortium. Five members had already
collaborated in a jointly funded research project. The topic was biohydrogen pro-
duction but not synthetic biology. These five partners decided to reassemble for a
new application directed towards synthetic biology and biohydrogen and invited
five new research groups to join for a common application. A first application was
put together for January 2011. All discussions about work packages and research
goals were negotiated via Skype video calls. As a matter of fact, the online sub-
mission of this application at the web-portal provided by the European Commission
failed due to a crash of the uploader’s computer. Nevertheless, the consortium stood
together and successfully submitted an application draft for a two-stage evaluation
process in October 2011. After getting green light to hand in a full application, all
partners met in Uppsala/Sweden in January 2012. As a result of this physical
meeting and subsequent regular video calls, the full application was submitted in
April 2012 and accepted in June 2012. After a negotiation phase the research
project began in December 2012.

3 Cyanobacteria and Hydrogen: Scientific Background

Cyanobacteria Cyanobacteria, also known by the outdated term blue-green algae,
are prokaryotic microorganisms, unicellular or filamentous, with the same type of
photosynthesis as higher plants. They are present in highly diverse and even
extreme environments with significant tolerance towards temperature, salinity or pH
fluctuations, and water availability. Since 1996, when the first cyanobacterial
genome was published, a large number of cyanobacterial genomes have been
sequenced.
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Fig. 3 Formation of the CyanoFactory consortium. Five partners around Peter Lindblad
collaborated in a previous jointly funded research project. The new members were known from
either previous collaboration, PostDoc times or suggestions from colleagues and the literature. The
letter code is the same as in Fig. 1

The ability of cyanobacteria to use solar energy and atmospheric carbon dioxide
as energy and carbon sources, respectively, together with their fast growth rates
(compared to plants) and the relative ease with which they can be genetically
engineered (compared to the difficulties faced using algae), make cyanobacteria
stand out from all other organisms used in biotechnological applications (Wijffels
et al. 2013). Cyanobacteria have thus become model organisms, and genetic tools for
molecular technologies in cyanobacteria are readily available and constantly being
developed further. In recent years, there has been a very strong trend, both academic
and commercial, to use a standardized genetic engineering methodology, i.e. syn-
thetic biology, to develop efficient photosynthetic microbial cell factories for gen-
eration of a portfolio of biofuels directly from solar energy (Angermayr et al. 2009;
Ducat et al. 2011; Wijffels et al. 2013). One promising biofuel is hydrogen gas.
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Hydrogen as an Energy Carrier Hydrogen is believed to be a potential future
energy carrier (Ziittel et al. 2008). Already in 1874 Jules Verne proposed in his
novel “The Mysterious Island”:

Yes, my friends, I believe that water will one day be employed as fuel, that hydrogen and
oxygen which constitute it, used singly or together, will furnish an inexhaustible source of
heat and light, of an intensity of which coal is not capable. Some day the coalrooms of
steamers and the tenders of locomotives will, instead of coal, be stored with these two
condensed gases, which will burn in the furnaces with enormous calorific power. There is,
therefore, nothing to fear. As long as the earth is inhabited it will supply the wants of its
inhabitants, and there will be no want of either light or heat as long as the productions of the
vegetable, mineral or animal kingdoms do not fail us. I believe, then, that when the deposits
of coal are exhausted we shall heat and warm ourselves with water. Water will be the coal
of the future. (Verne 1874, Chap. 11)

Today, more than 140 years later, not only the depletion of fossil energy sources
forces us to investigate new energy concepts. Public acceptance and environmental
aspects further push international research for alternative energy sources.
Increasingly, renewable and sustainable sources like sunlight, wind power, bio-
mass, geothermal resources, and hydroelectric power, are contributing to our energy
supply. Most of these energy sources are restricted to certain localities like sun- or
wind-rich areas. The energy needs to be transferred from the place of production to
where it is needed. Furthermore, the energy must be stored, since most renewable
energy sources are not available continuously. Since many renewable energy
sources produce electricity, hydrogen gas can be produced electrolytically from
water. Technologies for stationary storage and transport of hydrogen, generally as
compressed gas or cryogenic liquid, are commercially available and already in use.
Due to its high energy density when liquefied and its versatile use in either com-
bustion (generating mechanical energy) or fuel cells (generating electrical energy),
hydrogen is being used in space travel since its beginnings. Developments like
metal hydrides, carbon nanotubes or glass microspheres are promising to further
increase the energy content per weight and volume of storage system. Fuel cells,
internal combustion engines and hydrogen burners are sophisticated devices, which
convert hydrogen’s energy content into electricity, mechanical work or heat,
respectively. The principle by-product is water that can be safely returned to the
environment. In fact, projects in several countries already demonstrate the safe and
efficient use of hydrogen gas to drive public busses or generate heat and electricity
in pilot power plants.

Hydrogen Production The major current use of hydrogen is for ammonia pro-
duction in fertilizer industries or fat refinery in food industries. Still more than 96 %
of worldwide hydrogen production depends on fossil resources (gas, oil, and coal)
and consumes as much as 2 % of the world’s energy demand. Alternatively,
hydrogen can be produced from water using renewable electricity (via electrolysis,
as described above) or microorganisms (via hydrogenase or nitrogenase enzymes
coupled either to fermentation or to photosynthesis). CyanoFactory is one of many
projects seeking for alternative ways to produce hydrogen gas biologically.
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Hydrogen from Cyanobacteria Hydrogen gas is of major importance in the
biosphere. Several archaebacteria, bacteria, cyanobacteria and green algae contain
enzymes known as hydrogenases that either oxidize hydrogen to protons and
electrons or reduce protons and thus release molecular hydrogen. The natural
physiological functions and biochemical characteristics of these hydrogenases are
diverse (Vignais and Billoud 2007; Wiinschiers and Lindblad 2003; Wiinschiers
2003). Most biologically produced hydrogen in the biosphere is evolved in
microbial fermentation processes, e.g. by rumen bacteria in ruminants. Ultimately,
these organisms decompose organic matter to carbon dioxide and hydrogen as was
shown already over 100 years ago by the biochemist Hoppe-Seyler (1887).

The reduction of protons to hydrogen serves to dissipate excess electrons within
the cell and generally permits additional energy generating steps in metabolism.
The produced hydrogen gas is usually taken up directly by hydrogen consumers
within the same ecosystem. These organisms use the reducing power of hydrogen to
drive metabolic processes. Hydrogen bacteria (German: “Knallgas” bacteria) can
even grow autotrophically with hydrogen gas as sole reducing power and energy
substrate. In these bacteria oxygen serves as terminal electron acceptor, thus, water
is formed in a biological oxy-hydrogen (“Knallgas”) reaction. Although it is esti-
mated that more than 200 million tons of hydrogen gas are cycled within the
biosphere every year, the atmosphere only harbors some 0.000078 % hydrogen
(Bélaich et al. 1990).

The only other known enzyme that metabolizes hydrogen gas is the nitrogenase
(Peters et al. 1995; Raymond et al. 2003). It occurs only in few bacteria and
cyanobacteria. Nitrogenases catalyze the conversion of atmospheric nitrogen gas to
ammonia and are thus responsible for nitrogen fixation, i.e. they convert the inert to
bioactive nitrogen. The biochemical reduction of nitrogen to ammonia is a highly
endergonic reaction requiring metabolic energy in the form of adenosine triphos-
phate. The catalytic activity of the nitrogenase is accompanied by an obligatory
reduction of protons to hydrogen gas, which is released from the enzyme into the
cell. However, there has not been a compelling demonstration of an obligatory
mechanism responsible for coupling hydrogen evolution with nitrogen reduction,
although hydrogen is always observed as a product with ammonia. At least two
hydrogen molecules are released per synthesized ammonium molecule, which adds
to the huge energy amount required by the nitrogenase enzyme complex. Recycling
the released hydrogen gas by uptake-hydrogenases in vivo usually counteracts the
low efficiency and energy loss by the process. However, it makes its application less
attractive for biotechnological hydrogen production.

There are many ways to utilize hydrogenase or nitrogenase containing micro-
organisms for hydrogen gas production (Pandey et al. 2013). The aim of the
CyanoFactory research project is to couple a hydrogen-producing hydrogenase
enzyme to water-splitting photosynthesis (Fig. 4). The result would be a photobi-
ological equivalent of electrical water-electrolysis. This, of course, involves a
number of challenges.
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Fig. 4 The electron transport chain from water to hydrogen gas. P680 Photosystem II; P700
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4 Challenges for the CyanoFactory Work

The principle behind research collaboration is usually that a consortium should be
better than the simple sum of its partners. In the case of CyanoFactory the inter-
disciplinary consortium tries jointly to solve the problem of bioengineering cya-
nobacteria. Below, I will describe some important biological and technical
challenges that are taken on in this connection (see also Fig. 5).

Everyday life shows that collaboration also has drawbacks. At certain points the
individual has to step back for the better of the group. Thus, potentially successful
approaches to solve a problem may be turned down by the majority.
Interdisciplinary research also requires the formulation of standards, e.g. for mea-
surements or data formats. I will give some examples of these management chal-
lenges below, too.

4.1 Biological Challenges

DNA-parts One of the huge promises of synthetic biology is to make molecular
bioengineering easier. This is the whole idea behind the BioBrick concept (Shetty
et al. 2008), i.e. the creation of biological DNA-parts that can be combined for new
predicted functions in host organisms. While a considerable amount of research has
been performed in this field with the bacterium Escherichia coli, almost nothing
had been tried with cyanobacteria when we started in 2012 (Berla et al. 2013;
Camsund and Lindblad 2014; Heidorn et al. 2011). When our partner in Uppsala
tried to use BioBricks developed for Escherichia coli in cyanobacteria like
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Fig. 5 Challenges with respect to cyanobacterial biohydrogen production in a photobioreactor

Synechocystis PCC 6803—the agreed-on chassis organism in CyanoFactory—they
did not work well (Huang et al. 2010). Thus, it is important to develop new
molecular tools in order to transfer the concept of DNA-parts to cyanobacteria.
Another important requirement in genetic engineering is the need to fine-tune the
expression, i.e. the activity, of genes. This requires engineering of tunable pro-
moters, about which little has been known for cyanobacteria. As the work by one
partner has shown, cyanobacteria-specific or even strain-specific adoptions of
generic expression systems have to be performed (Camsund et al. 2014).

Genomic Integration and Biosafety Any genetic construct that is introduced into
the host organism has to be stably integrated into its genome. The genomic inte-
gration must not disturb the integrity of the host and needs to be transferred from
one generation to the next. Typically, foreign genetic add-ons are lost for several
reasons, not least because they are a metabolic burden to the host organism. This
requires the adoption of methods known from genetic engineering to stabilize the
genetic construct. On the other hand, both the host and the construct need to
disintegrate and become bio-inactive in case they should escape into the
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environment. Thus, measures for biosafety need to be taken and according tech-
niques are being developed within CyanoFactory.

Metabolic Modelling As described above, although huge amounts of hydrogen
gas are synthesized by the biosphere, almost no hydrogen is released into the
atmosphere. The obvious reason is that hydrogen constitutes a valuable energy
source for microorganisms, too. To make cyanobacteria release hydrogen gas into
the environment, in our case a photobioreactor, they have to be engineered. As
already mentioned above, the aim of our research consortium is to couple a
hydrogen-producing hydrogenase to photosynthesis. It could be shown earlier that
hydrogenases with the highest activity are not encoded by cyanobacteria. Thus, an
appropriate enzyme has to be chosen and adopted in order to be functionally
expressed in the cyanobacterial host. Concurrently, the foreign hydrogenase needs
to be connected to photosynthesis such that the maximum amount of electrons
derived from photosynthetic water splitting are redirected to hydrogen production.
This requires a whole range of metabolic optimizations that are not tested by
trial-and-error but computed in advance from specific mathematical models
developed within CyanoFactory (Fig. 6). These models allow the creation of virtual
mutants and computational hypothesis testing (Karr et al. 2012). Of course, these
models do only approximate the complex metabolism of a living cell, but they help
to restrict the number of experiments required and illustrate the usefulness of
interdisciplinary research.

Metabolic Design A by-product from photosynthesis is oxygen gas. Certainly,
oxygen is a very important by-product that many organisms in the biosphere thrive
on. However, for the oxygen-producing organism it is a burden because it easily

CyanoDesign - Toy Model

o reacl:1 A ext-> 1A [0,10] A
B ac2-1 A 1 B inconsaleed create virtual mutant

o reacd: 18 + 1 € -> 1 D enconstrained
o reacs: 1 0 -> 1 D_ext unconstrobned
o reach: 1 Eext-> 1E[0, 3]

o reac?: 1 E -> 1 D unconstroined

7 ;« 7 reactions displayed
Manage filters
Simulation settings

= Display reactions with highest flux
Display selected reactions
Design objective: reach

Save

Start simulation

Simulate

Fig. 6 The web interface of CyanoDesign with a loaded example (toy model). Single reactions
can be deleted, which corresponds to genetic knockouts
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transforms to destructive, highly reactive oxygen species and—important to our
research—it inactivates the hydrogenase. This is a major challenge to be resolved:
while photosynthesis is supplying the hydrogenase with electrons and protons for
hydrogen gas synthesis, it also produces oxygen gas that irreversibly inactivates the
hydrogenase. Nature presents us different solutions to circumvent this problem,
mainly by temporal or spatial separation of both reactions. These solutions, how-
ever, are not feasible for a biotechnological approach. Thus, one engineered solu-
tion is designing an oxygen-insensitive hydrogenase (Bingham et al. 2012; Schéfer
et al. 2013) or to add oxygen-consuming reactions.

Chassis Development Additionally, the consortium wishes to engineer a
salt-tolerant chassis. The cyanobacterium Synechocystis PCC 6803 has been chosen
by the consortium because it is a well characterized model organism. However, it is
a fresh-water bacterium with moderate salt-tolerance. The development of bio-
technological applications based on mass cultivation of salt-tolerant microorgan-
isms is very desirable, since water shortage is already a major problem affecting
worldwide agricultural productivity. Therefore, the possibility to engineer
Synechocystis PCC 6803 in order to function in salt water would allow its use as a
robust chassis.

The actual industrial style production with the engineered cyanobacteria will
take place in photobioreactors (see below). Here, an important issue is light
absorption and shading. Hence, the consortium seeks for ways to engineer cya-
nobacteria with smaller light harvesting complexes.

4.2 Technical Challenges

For the production of biofuels with cyanobacteria, cultivation systems with much
higher productivity than that achieved with actual facilities are mandatory for two
reasons. First, competing fossil-based fuels dictate the cost of biofuels. Therefore,
the production cost must drop at least by one order of magnitude below the present
cost. Second, to get any ecological benefit, new biofuels should involve a positive
energy balance, other than for food or high value products. Both goals can only be
achieved with efficient culture systems in which the culture behavior can be fully
controlled. In this respect, photobioreactors facilitate a high yield of cyanobacteria
on limited ground area and avoid competition with food production. Compared to
open ponds, closed reactor cultivation minimizes fresh water demand and reduces
the dependency on seasonal variations.

However, the design of large-scale photobioreactors is not straightforward
(Torzillo et al. 2003). A major problem in current design and life cycle analysis
studies is the lack of comparable experimental results. Therefore, two industrial
partners of the consortium develop an one liter indoor and an 1000 liter outdoor
photobioreactor (Fig. 2). Aspects to consider to reach a high photosynthetic
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efficiency are: (a) uniform illumination of the culture; (b) an efficient mixing system
without stressing the cells; (c) a low mixing time of the photobioreactor in order to
guarantee a fast hydrogen degassing of the cultures; (d) complete automation of the
process.

4.3 Management Challenges

Some challenges that affect our research consortium as a whole are difficult to
categorize as either biological or technical. The examples given below probably
have parallels in many research consortia:

Common Experimental Basis One important decision that had to be taken at the
very beginning of our joint research and that had strong impact on some partners
was the selection of the bacterial strain to work with. The model organism
Synechocystis PCC 6803 is available in different strains. The “Kazusa” strain was
the first photosynthetic prokaryote of which the genome sequence was determined
(Kaneko et al. 1996). Like the sister strains PCC (“Pasteur Culture Collection”),
ATCC (“American Type Culture Collection”) and GT (“Glucose Tolerant”), the
“Kazusa” strain was derived from the “Berkeley” strain, which was isolated from
California freshwater in 1971 (Stanier et al. 1971). Recently, it has been shown that
all sister strains can be distinguished by single nucleotide polymorphisms and
insertion/deletion mutations (Ikeuchi and Tabata 2001; Kanesaki et al. 2012;
Trautmann et al. 2012). Furthermore, many sub- or laboratory strains have been
derived from all four strains. This leads to experimental and computational results
based on different genetic backgrounds in different laboratories. Ultimately, this
may lead to non-comparable results. Thus, it was an important decision to agree on
working with one substrain from one laboratory. This is specifically important for a
synthetic biology project, where experimental results are used to train a
genome-wide metabolic flux model to predict metabolism.

Of equal importance is the issue of comparable measurements, i.e. hydrogen
evolution rates. Browsing the scientific literature reveals many different units and
relations, such as evolution rates based on dry weight biomass, fresh weight bio-
mass, chlorophyll a content, total chlorophyll content, and others. Often, mea-
surement techniques have a long tradition in laboratory practice, and who likes to
change a winning horse? However, joint research of course requires easily com-
parable results.

Data Exchange and Knowledge Management This brings me to yet another not
so obvious issue: data exchange and knowledge management. Life science research
is dominated by two conditions: interdisciplinarity and high-throughput.
Interdisciplinarity leads to datasets with highly diverse types of content, while
high-throughput yields massive amounts of data. Both aspects are reflected by the
byte-growth of public bio-databases and the diversity of specialised databases.
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Fig. 7 The CyanoFactory knowledgebase brings computational and experimental scientists
together. The web-based user interface provides tools for data visualization

With the rising amount of biological data and the increasing capabilities of com-
puter hardware, many attempts have been undertaken to automatically harvest,
store, cross-link and provide biological data in databases and databases of dat-
abases, i.e. data warehouses. Their task is to integrate and recombine new and old,
internal and external data and to provide a data exchange platform. The
CyanoFactory research consortium is unique in trying to bring all experimental data
produced by the consortium under one hood, in the web-based “CyanoFactory
Knowledgebase” (Kind et al. 2015). It is meant to be the place to collect internal
data, integrate them with public data and allow data visualization (Fig. 7). It is also
where CyanoDesign can be accessed, and it will be the platform for data dissem-
ination when the project finishes. The goal, which is also explicitly required by the
European Commission, is to get away from research consortia where each lab has
its own collection of data files and Excel sheets that are neither accessible to
partners, nor to the public. The development of the CyanoFactory Knowledgebase
reflects the demands of high-throughput measurement techniques with their huge
data sets, as in next generation sequencing and modern proteomics.

5 Conventional Versus Synthetic Biology

Conventional Biology Classical biotechnological approaches to improve micro-
organisms to fulfill novel tasks include (a) screening methods for either strains or
enzymes with improved activities; (b) tuning the growing conditions by optimizing
exogenic, abiotic parameters such as temperature, light-conditions, ionic concen-
trations etc.; (c) the creation of knockout mutants to, e.g., turn down competing
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reactions; (d) the introduction of genetic modifications in order to engineer proteins
or act on gene regulation; or (e) the introduction of trans- or cis-genes, like het-
erologous or homologous hydrogenase operons, respectively, to modify metabolism
(Pacheco et al. 2014).

Synthetic Biology The CyanoFactory project claims to fall into the field of syn-
thetic biology by applying and—importantly—extending classical biotechnological
approaches. We do so by the development of novel tools to rationally engineer
cyanobacteria. In line with synthetic biology standards, the consortium has devel-
oped an approach to design, engineer, construct and analyze cyanobacteria for
biofuel production (Lindblad et al. 2012). The first step in this experimental flow is
the formulation of hypotheses based on bioinformatics investigations. Computer
modelling of biological processes, e.g., helps to perform targeted instead of
trial-and-error genetic engineering (Kind et al. 2015). This is followed by the
synthesis of DNA parts such as promoters, ribosomal binding sites, genes, and
terminators to fit the cyanobacterial host. The consortium sticks to the BioBrick
standards in order to facilitate the assembly of the novel genetic parts into a genetic
vector. This genetic construct is then introduced into the cyanobacterial host, which
is in our case a genetically modified cyanobacterium (chassis) that we design to
withstand varying salt concentrations and other relevant changing conditions (Lopo
et al. 2012; Pinto et al. 2012).

The concept of a chassis that carries basic desired functionality for growth and
propagation and that can be expanded with “metabolic plugins” is another typical
synthetic biology approach. The engineered cyanobacterium is then grown in indoor
and/or outdoor photobioreactors under controlled conditions and quantitatively
analyzed by high throughput data acquisition at multiple scales. Based on the com-
plete genome sequence (chromosomal DNA plus plasmids) of the engineered strain
under investigation, the complete sets of all transcripts (the transcriptome consisting
of messenger-RNAs, ribosomal-RNAs, transfer-RNAs, and non-coding-RNAs) and
all proteins and enzymes (proteome) are elucidated by DNA- and RNA-sequencing
and mass-spectroscopy, respectively. Likewise, the quantity (metabolomics) and
dynamics (fluxomics) of a wide range of organic metabolites is studied. The data
obtained from these experiments is used for whole-genome genetic and metabolic
modelling and form the basis for hypothesis validation. Overall, this rational design
based process shall lead to an iteratively improved cyanobacterial biosystem
(Pacheco et al. 2014).

6 Conclusion

When focusing on individual research groups or work packages, it is sometimes
difficult to judge whether the methodology applied or scientific question tackled
belongs to the field of synthetic biology or is “merely” gene technology, or not even
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that—as in the case of bioinformatics. Still, these groups and their applied meth-
odology may well contribute to and be part of synthetic biology. Looking at the
research of a whole consortium with a large-scale research goal brings about
another picture. In this chapter I have shown that synthetic biological research can
only be seen as an interdisciplinary quest—as envisioned by Warren Weaver’s
Science of Man Agenda in the 1930s (Olby 1990; Weaver 1970).

The fascinating nature of life itself attracts scientists from other disciplines, as
Francis Crick noted almost 50 years ago in a paper about the future of molecular
biology:

Not only are biologists themselves increasing in number, but fairly large numbers of people
are moving into biology from other scientific disciplines. [...] In spite of this it is rare for
biologists to leave biology and take up problems in chemistry and physics proper. (Crick
1970, p. 613)

In the same paper, Crick states

[...] that molecular biology can be defined as anything that interests molecular biologists.
(Crick 1970, p. 613)

Reversed and transferred to todays science funding policy one might say that
synthetic biologists are scientists, from any discipline, that are funded under the
umbrella of synthetic biology. A similar type of definition has been given for
nanotechnology (Schummer 2009). Anyway, I hope that I could convince the
reader that there is, despite any policy or definition, a new way, a new synthesis of
methods, to approach the engineering of living organisms or, more generally,
biological systems. I wish to conclude with a citation from Sir Fransis Bacon’s
book “The New Atlantis”, which to my mind describes well what synthetic biol-
ogists are dreaming of: rational engineering in life sciences.

We have also means to make divers plants rise by mixtures of earths without seeds; and
likewise to make divers new plants, differing from the vulgar; and to make one tree or plant
turn into another. [...] Neither do we this by chance, but we know beforehand, of what
matter and commixture what kind of those creatures will arise. (Bacon 1627)
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Synthetic Biology for Space Exploration:
Promises and Societal Implications

Cyprien N. Verseux, Ivan G. Paulino-Lima, Mickael Baqué,
Daniela Billi and Lynn J. Rothschild

1 Introduction

Can humanity develop sustainable and autonomous colonies beyond Earth? We
landed humans on the Moon during the Apollo program and now, thanks to recent
technological advances, sending humans to Mars is a realistic medium-term goal
(e.g., Horneck et al. 2006). Several projects designed for this purpose are currently
under development. In 1990, Mars Direct, a project initiated by Robert Zubrin (then
engineer at Martin Marietta), was designed to bring humans to Mars in a decade
(Baker and Zubrin 1990; Zubrin and Wagner 1996). NASA aims at having tech-
nologies ready to land humans on Mars in the mid-2030s' and, even though many
unknowns remain in the agency’s plans, its deep space crew capsule successfully
made its first in-space test on December 5 2014.7 Space Exploration Technologies
Corporation (SpaceX) targets 2026, and its CEO Elon Musk will unveil his Mars

"http://www.nasa.gov/content/nasas-human-path-to-mars. Accessed 15 Mar 2015.
2http://www.nasa.gov/press/ZO14/december/nasa—s—new—orion—spacecraft—completes—ﬁrst—spaceﬂight—
test. Accessed 15 Mar 2015.
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colonization plans by the end of 2015.> Mars One, a private company aiming at
sending humans to Mars in a one-way mission, targets 2027 and is in the process of
selecting crewmembers.* These might fail to meet their announced deadlines, or at
all; postponing and cancelling is common in space missions. But other Mars col-
onization projects and private spaceflight companies are emerging, who can benefit
from the advances of their predecessors. Your direct descendants may walk on red
dust and contemplate a blue sunset. And going beyond Mars is likely to be possible
in the more distant future. But there is a big gap between short-term missions and
permanent colonies: the longer you stay and the farther you go, the less you can
depend on Earth.

Indeed, launch costs do not allow realistic plans for a continuous resupply of
colonies beyond the Moon. Let’s take food as an example. If all food is to come
from Earth, and assuming the easiest option of providing shelf-stable, pre-packaged
food similar to provisions of the International Space Station, about 1.8 kg per day
and per crewmember should be sent (Allen et al. 2003). Adding the needed vehicle
and fuel weight to carry the food, and assuming a 10:1 vehicle-to-payload ratio
(Hoffman and Kaplan 1997), a 1000-day food supply for a crew of six would add
more than 108 metric tons to the initial mass of the transit vehicle. Worse, these
figures are largely under the food minimum needed for a healthy diet: even though
shelf-stable items are convenient due to their reduced need for storage facilities and
contamination risks, a diet composed exclusively of this type of food would be
nutritionally incomplete and thus not adequate in the long term. Given the technical
challenges and costs associated with leaving Earth and landing on planetary bodies
(e.g., in the order of $300,000 per kg sent to Mars, according to Massa et al. 2007),
sending all consumables needed to sustain crews is unrealistic in the long term.

Thus, the time we can stay in remote settlements will depend on our ability to be
independent of Earth. This can be achieved by relying on resources found on site,
through an approach referred to as in situ resource utilization (ISRU). ISRU can
partially rely on physicochemical processing but some necessary products such as
high-protein food can currently not be produced or recycled without biological
processing (Drysdale et al. 2003; Montague et al. 2012). Besides, many compo-
nents of physicochemical life support systems are heavy, bulky, consume large
amounts of energy and require high temperatures for processes to occur. Even in the
case where physicochemical processes are the backbone of life support systems,
these could be complemented by biological ones. Besides, overlapping functions
would provide a safe redundancy.

Microorganisms, in particular, could be extremely useful. Humans have been
consuming and otherwise using microorganism-produced resources on Earth
throughout their history: oxygen produced by cyanobacteria and eukaryotic mic-
roalgae, food and drinks as edible microorganisms and fermented products (e.g.,

*http://www.huffingtonpost.com/2015/01/06/elon-musk-mars-colony_n_6423026.html. Accessed
15 Mar 2015.

*http://www.mars-one.com. Accessed 15 Mar 2015.
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wine and yoghurt), drugs, various chemicals, biomaterials, biofuels, mined metals
and so on. We also rely on them for many critical processes such as, for instance,
waste recycling. So, why not use microorganisms to cover our daily needs in space
and on foreign planetary bodies as we do on Earth? Here is the beginning of an
answer: because all organisms we currently know have evolved on Earth and are
not adapted to most environments found beyond it. First, most substrates they
usually rely on are absent. If we need to bring from Earth all starting compounds
needed for microbial processes to occur there, we slightly move the mass problem
but certainly not fix it. As an example, the mass of metabolic consumables needed
to sustain a crew of six during a 1000-day Mars mission using the European life
support system MELiISSA (Godia et al. 2002) has been estimated to be about 30
metric tons, hygiene water not included (Langhoff et al. 2011). Then, the conditions
found outside Earth are generally extremely harsh to all known microorganisms,
and reproducing Earth-like conditions within a large volume and surface would be
extremely costly.

A solution could be to use synthetic biology to increase the fitness of, and to
confer new functions to, the organisms in extraterrestrial outposts. Given its
potential for enabling space exploration, synthetic biology has aroused NASA’s
interest (Cumbers and Rothschild 2010; Langhoff et al. 2011; Menezes et al. 2014).
In this paper, a brief overview of the possible applications of synthetic biology
within extraterrestrial outposts is given (efforts were done to keep it general and
easy to understand by interdisciplinary readers) and the resulting impacts on our
society are briefly discussed. Focus is here given to Mars, as it is very likely to be
the first planet beyond Earth where autonomous outposts are established, but the
general ideas apply to other destinations. The Moon could also have been taken as
an example, but Mars colonization was preferred to illustrate the concepts outlined
below as (i) travel time, costs and difficulty, as well as scientific work that could
potentially be conducted (e.g., search for life) justify the establishment of perma-
nent human outposts there, (ii) since it is much farther from Earth than the Moon
and has a higher gravity, sending supplies would be more expensive and chal-
lenging, increasing the need for exploiting on-site resources instead, and (iii) key
resources for biological systems (e.g., water, carbon dioxide and dinitrogen) are
widely available on-site. A consideration about the use of synthetic biology for
ascribing value to lunar resources can be found elsewhere (Montague et al. 2012).

2 Providing “Off the Land” Substrates for Microbial
Growth

Does Mars contain the substrates we need for feeding microorganisms without
sending materials from Earth? Obviously you won’t find, waiting under a rock,
bottled culture media as those used in laboratories to grow microbes. Yet, most
elements needed to support life have been detected in the Martian soils and rocks,
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including all the basic building blocks (C, H, O, N, P, S) and other elements needed
in smaller amounts (Mg, Fe, Ca, Na, K, Mn, Cr, Ni, Mo, Cu, Zn...). There is
gaseous carbon (in carbon dioxide but also, as recently evidenced, in methane—see
Webster et al. 2015) and nitrogen in the atmosphere, and additional carbon atoms
can be found in the CO, ice caps, in the surface and subsurface regolith (the loose
soil that can be seen on photographs of Martian landscapes) due to exchange with
the atmosphere, possibly in reservoirs formed when the atmosphere was thicker
(Kurahashi-Nakamura and Tajika 2006). Fixed nitrogen compounds have also been
detected (Ming et al. 2014), even though what exactly they are and whether or not
they could be used by living organisms is not defined yet.

Thus, Martian rocks (Cockell 2014) and atmosphere seem to contain all the basic
elements needed to support life. Water is also there: it has been detected in large
amounts (Tokano 2005) as ice at the north polar ice cap, under the south carbon ice
cap and in the subsurface at more temperate latitudes, as mineral hydration, and as
vapor in the atmosphere, even though at low concentrations. It will also be a
by-product of human metabolism and industrial activity. Solar energy is of course
present. As Mars is approximately 1.5 AU from the Sun, the average radiation flux
is 43 % that of Earth’s.

So, while all needed elements are naturally present and some additional sources
will come from human activity (Table 1), they are in a form that most organisms
cannot use. In particular, many organisms—qualified as heterotrophic and including
animals such as us humans, as well as most microorganisms—need organic com-
pounds as carbon and energy sources, and their state and availability on Mars
remain poorly known (Ming et al. 2014) but is likely low. Fixed nitrogen, such as
nitrate (NO3 ), ammonia (NHj3) and amino-acid chains (but not atmospheric
nitrogen which is in the form of dinitrogen, N5), is also needed for most organisms.
The main limitation is consequently not the lack of life-supporting elements, but the

Table 1 Main sources of nutrients for cyanobacterium-based biological processes on mars

Source Elements
Atmosphere® CO,, N,
Soil, rocks® P, S, Mg, Fe, Ca, Na, K,
and metal micronutrients
Ice caps, subsurface ice, atmosphere, H,O
hydrated minerals®
Solar radiation® Energy for photosynthesis, heat
Human waste Fixed N, organic material, CO,, H,O
Side effects of other artificial processes CO,, H,O

(fuel combustion, manufacturing...)

Cyanobacteria (fed with the above) 0,, fixed N, organic material,
metal nutrients

“Naturally present, independently of human activity
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abilities of microorganisms to use them under the form they are encountered on
Mars’s surface.

That being said, not all microorganisms need organic compounds to grow;
autotrophs such as cyanobacteria don’t. Just like plants, cyanobacteria can photo-
synthesize—they use CO, and solar radiation as carbon and energy sources to
produce their own organic material. In a nutrient desert such as Mars, this would
give them a strong advantage over heterotrophic organisms. In addition, some can
fix N,, which like CO, is present in the Martian atmosphere. On top of this, some
have the ability to extract and use nutrients from analogues of Martian rocks and
have consequently been suggested as a basis for systems producing life-sustaining
compounds from local resources (Brown et al. 2008; Brown 2008a, b). Most—if
not all—nutrients needed to cover their needs could be directly provided from
Mars’s resources. Some cyanobacteria (e.g., Anabaena cylindrica) are capable of
growing in distilled water containing only powdered Mars basalt analogues, under
terrestrial atmosphere (Olsson-Francis and Cockell 2010a). Other studies showed
that the growth of several species of cyanobacteria isolated from iron-depositing hot
springs in Yellowstone National Park was stimulated by the presence of Martian
soil analogues in culture media (Brown and Sarkisova 2008) and that a strain called
Nostoc sp. HK-01 could grow on a Mars regolith stimulant for at least 140 days,
without any other nutrient source besides atmospheric gas (Arai et al. 2008).

As cyanobacteria produce organic compounds, why not use them for feeding
heterotrophic organisms? Cultures could be used after simply destroying the
cyanobacterial cells; researchers have successfully used lysed cyanobacterial bio-
mass as a substrate for ethanol-producing yeasts (Aikawa et al. 2013; Méllers et al.
2014). However, if we could harvest nutrients without killing cells, processes could
be much more efficient. This could be achieved by having cyanobacteria release
substrates in the extracellular medium, and this solution has been investigated in the
Rothschild laboratory since the 2011 Brown-Stanford iGEM team engineered
Anabaena PCC7120 to secrete sucrose.” Heterotrophic bacteria from a common soil
species, Bacillus subtilis, were able to grow in filtered medium in which the engi-
neered Anabaena had grown but no additional organic compounds were added
(unpublished data). Previously, the cyanobacterial strain Synechococcus elongatus
PCC7942 had been engineered to produce and secrete either glucose and fructose, or
lactate, which then served as a substrate for growing the model bacterium
Escherichia coli (Niederholtmeyer et al. 2010). Ammonium (NH,4"; a fixed nitrogen
compounds that can be used by most microorganisms) is naturally released by some
cyanobacteria. The extracellular concentration of ammonia can reach more than
10 mM in cultures of Anabaena species relying on atmospheric nitrogen as a sole
nitrogen source, without killing the cyanobacteria (Subramanian and
Shanmugasundaram 1986). Ammonia becomes limiting only when at extremely low
concentrations; for Escherichia coli, for instance, it is below a few uM (Kim et al.
2012), several orders of magnitudes below the above mentioned concentrations in

>http://2011.igem.org/Team:Brown-Stanford/PowerCell/Introduction. Accessed 6 Mar 2015.
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cyanobacterial cultures. Then, cyanobacteria grown using Martian rocks as a sub-
strate would release inorganic elements (Ca, Fe, K, Mg, Mn, etc.) into water, as
shown in a study performed with terrestrial analogues of Martian basalt
(Olsson-Francis and Cockell 2010a), making them available to species which cannot
extract them from rocks. Taken as a whole, these studies suggest that using cya-
nobacteria to produce substrates for microorganisms from Martian resources (see
Fig. 1) may be a viable option.

In addition to that of other microorganisms, cyanobacterial cultures could be
used to support the growth of plants. Even though basalt is the dominant rock type
in Martian regolith and weathered basalt can yield extremely productive soils on
Earth (Dahlgren et al. 1993), regolith would probably need a physicochemical
and/or biological treatment before it can be used as growth substrate for plants.
Reasons for this include its poor water-holding properties (due to its low organic
carbon contents), and that regolith nutrients are hardly available to plants (Cockell
2011; Maggi and Pallud 2010). Besides carbon, the soil will need to be enriched in
other elements, including nitrogen, as most plants cannot fix atmospheric nitrogen
(even though symbiotic nitrogen fixation occurs in some plants, mainly legumes,
due to harboring specific bacteria in their tissues). It has already been proposed to

Solar
radiation

CO, N, Energy, heat

S S
—_— Cyanobacterla

B S, Mg, Fe, Ca, Na, K and
micronutrients

Fig. 1 Using cyanobacteria to process Martian resources into substrates for other organisms.
Reproduced from Verseux et al. (2015) with permission from the editor of the International Journal
of Astrobiology
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[ Martian resources

—

(atmospheric gas, regolith, water, solar energy)

Cyanobacteria"Q\\/—~

b

Various
chemicals

[ Substrates for heterotrophic microorganisms

and plants
(processed regolith, fixed nitrogen, organic material)

Earth-independent life support and
industrial functions

Fig. 2 Cyanobacteria as a link between Martian resources and on-site resource production
systems—a simplified overview

use cyanobacteria to release chemical elements from extraterrestrial rocks to an
aqueous phase, aimed at being incorporated in a substrate for hydroponic cultiva-
tion (Brown and Sarkisova 2008). In addition to these elements, fixed nitrogen and
biomass resulting from cyanobacterial cultures could be used as substrates for plant
cultivation, as a hydroponic substrate and/or to make a fertile soil.

More information about the potential of Mars-specific cyanobacterium-based
biological life support systems (CyBLiSS) is given elsewhere (Verseux et al. 2015)
and an overview is given in Fig. 2. The key point is that, thanks to their photo-
synthetic, rock leaching and nitrogen fixing abilities, cyanobacteria could be used
for processing inorganic compounds found on Mars into a form that is available to
other microorganisms and to plants. Additional nutrients could come from the
recycling of human waste. Finally, if some micronutrients (e.g., some metal ions)
could not be mined or biologically synthesized on site, bringing them from Earth
would only add negligible mass to the initial payload, as they are needed in trace
amounts only.

Why would synthetic biology be useful here? First, as illustrated above, cya-
nobacteria can be engineered to secrete organic substrates; proofs-of-concept have
been done with the secretion of sucrose, lactate, glucose and fructose. Even though
growth rates of the heterotrophic organisms were quite low due to low sugar yields,
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these could be improved by increasing production rates or decreasing processing of
targeted products by producing strains (in the work of Niederholtmeyer et al. 2010,
produced sugars could be consumed by cyanobacteria, thereby decreasing their
concentration in the extracellular medium). Cyanobacteria can also be genetically
modified for ammonium secretion (Spiller et al. 1986). Second, synthetic biology
can be used to increase the abilities of cyanobacteria to use and process Martian
resources (see below), as well as the ability of other microorganisms to use
resources produced by cyanobacteria.

3 Engineering Microbial “Mars Worthiness”: Increasing
Resistances and Abilities to Use On-Site Resources

The harsh environmental conditions faced directly on Mars’s surface (see Table 2)
do not allow any known microorganism to grow efficiently: there are low tem-
peratures, low pressure (5—11 mbar) and a high UV flux including UV-C radiation.
The atmosphere is mostly composed of carbon dioxide (95.3 %), little nitrogen
(2.7 %) and even less oxygen (0.13 %), and low moisture. Because of the tem-
perature, pressure and radiation issues, microbial cultures must be enclosed in an
appropriate culture system, providing shielding and an environment suitable for
metabolism and growth. Elaborated culture hardware providing Earth-like condi-
tions could be suggested, but they would be highly energy consuming, very mas-
sive and consequently extremely costly to send to Mars (Lehto et al. 2006) even for
small-scale cultures, and would have many possible causes of failure due to relying

Table 2 Environmental parameters on Mars and Earth surfaces

Parameter Mars Earth
Surface gravity 0.38g 1.00g
Mean surface temperature -60 °C +15 °C
Surface temperature range —145 to +20 °C —90 to +60 °C
Mean PAR photon flux 8.6 x 10" 2.0 x 10%
photons m 2 ™! photons m ™2 ™!
UV radiation spectral range >190 nm >300 nm
Atmospheric pressure 5-11 hPa 1013 hPa (mean at sea
level)
Atmospheric composition N, 0.189 hPa, 2.7 % 780 hPa, 78 %
(average) 0, 0.009 hPa, 0.13 % 210 hPa, 21 %
CO, |6.67 hPa, 95.3 % 0.38 hPa, 0.038 %
Ar 0.112 hPa, 1.6 % 10.13 hPa, 1 %

Adapted from Kanervo et al. (2005) and Graham (2004), and reproduced from Verseux et al.
(2015) with permission from the editor of the International Journal of Astrobiology
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on complex technologies (that being said, the potential of ultimately creating many
of these facilities with in situ resources is being explored in Rothschild’s lab).

However, culture conditions do not have to be exactly as on Earth: microor-
ganisms have specific ranges of tolerance for environmental factors. In particular,
some thrive in extreme environments, including some deserts considered as Mars
analogues due to radiation, rock composition, drought and extreme temperatures.
Their resistance to conditions found on Mars’s surface have been extensively
studied, using low Earth orbit- and Earth-based simulations (e.g., Baqué et al. 2013;
de Vera et al. 2013, 2014; Olsson-Francis and Cockell 2010b; Rothschild 1990).

The more the organisms can withstand conditions found on site, the simpler the
culture system can be. Besides, having resistant organisms would allow loss risk to
be minimized (Cockell 2010; Olsson-Francis and Cockell 2010a), both during the
journey (the organisms’ tolerance to long periods of dehydration, possibly in a
differentiated state such as spores or akinetes, would allow a safe and
freezing-independent storage) and on site: high resistance to Martian surface con-
ditions would provide safety in case of system malfunction during which cultures
could be exposed to less attenuated conditions (e.g., desiccation, low pressure, high
radiation levels, altered pH and sudden temperature shift), both when stored and
grown.

Synthetic biology could be used to increase the resistance of microorganisms to
Martian conditions, probably not enough to make them thrive at the surface but
enough to reduce both hardware needs and risks of culture loss. A strategy could be
to express genes from other organisms known to confer an advantage in coping
with targeted stresses to increase microorganism’s fitness under conditions found
beyond Earth (Cumbers and Rothschild 2010). This approach has been successful
in other contexts, mainly with E. coli (see, e.g., Billi et al. 2000; Ferrer et al. 2003;
Gao et al. 2003, and the 2012 Stanford-Brown iGEM team®). Once specific genes
have been shown to confer an advantage to the targeted stress when expressed in
the microorganism, they can be improved using various computational and
molecular biology tools and methods. This approach is becoming more and more
efficient, with notably a sharp decrease in DNA synthesis cost, the improvement of
automated gene assembly methods, knowledge gained from systems biology, and
the development of biological computer aided design (BioCAD) and other com-
putational tools.

While expressing genes from other organisms (or overexpressing genes from the
organism itself) might confer a significant advantage in coping with some envi-
ronmental stressors, this approach may not be suitable for resistance features that
are highly multifactorial, each individual factor having a relatively weak impact.
For instance, there is not a single factor that confers Deinococcus radiodurans (one
of the most radioresistant known microorganism) its extreme radiation resistance,
but a very wide combination of features including efficient DNA repair mecha-
nisms, anti-oxidation defenses and specific morphological characteristics (e.g.,

Shttp://2012.igem.org/Team:Stanford-Brown/HellCell/Introduction. Accessed 6 Mar 2015.
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Slade and Radman 2011). For such multifactorial features, dramatic changes in
phenotype through computational genetic engineering are more challenging.

Instead, directed evolution provides an alternative approach that can allow
complex modifications at an organismal level without an a priori knowledge of
mechanisms. To accomplish this, a parental population is subjected to iterations of
mutagenesis and artificial selection. Genetic diversity is created presumably at
random, and the mutated population is subjected to selection for the best adapted
progeny. To witness the power of selection to shape microbial populations, look no
farther than the battle between microbes and antibiotics. Microbial evolution is the
reason why doctors insist the patient comply fully with antibiotic regimens. If the
antibiotic dosage fails to kill even a few infectious bacteria that happened to be
more resistant than the others, they may proliferate and generate a new population
of bacteria which will be more resistant than the previous one. Repeat the cycle and
you’ll need a different treatment.

In the laboratory, similar processes can be exploited to confer on organisms new
or improved functions. The dynamics of directed evolution have been widely
studied in the last decades and have been used successfully to increase organisms’
specific properties (see, e.g., Conrad et al. 2011; Elena and Lenski 2003), including
radiation resistance in bacteria (Ewing 1995; Goldman and Travisano 2011; Harris
et al. 2009; Wassmann et al. 2010). One of the main issues when designing an
optimization process based on directed evolution is the need for linking the opti-
mized function (e.g., production of a compound of industrial interest) to the
organism’s fitness: strategies must be designed to make the cells of interest thrive
while eliminating the others. When increasing resistance, the process is more
straightforward: selection can be accomplished by applying increasing levels of the
targeted stress and selecting survivors. Directed evolution can be improved by
automation (de Crecy et al. 2009; Dykhuizen 1993; Grace et al. 2013; Marliere
et al. 2011; Toprak et al. 2013) and recent methods such as, for instance, the
so-called genome shuffling (Patnaik et al. 2002) and multiplex genome engineering
(Wang et al. 2009).

Once a microbial production system is well established and automated, directed
evolution to increase adaption to the Mars environment could be performed on
Mars. It can be much faster to evolve organisms on-site than it is on Earth, provided
screening methods and adequate organisms are available there (Way et al. 2011).
Indeed, Earth-based simulations of some of the factors encountered on Mars (and
their combination) are difficult, expensive and cannot faithfully reproduce all their
effects.

Computational genetic engineering and directed evolution are not mutually
exclusive, in fact, they can be used in combination (Rothschild 2010). Engineered
organisms can be submitted to directed evolution for optimization and, conversely,
data obtained from genome sequencing of evolved organisms (so as to understand
what mutations are responsible for improved properties) can give gene targets for
design. An example of strategy combining both is illustrated in Fig. 3. Briefly,
natural and evolved gene libraries are generated using directed evolution followed
by sequencing and/or comparative gene expression assays in the presence or
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Fig. 3 Theoretical example of a synthetic biology-based strategy combining genetic engineering
and directed evolution to improve the suitability of selected microorganisms for resource
production in Martian outposts

absence of the environmental stressor. Genes selected for the properties they confer
(e.g., metabolic pathway based on local resources or resistance to a target stress) are
then engineered using synthetic biology to increase their impact. They are finally
adapted to the target organism, the “chassis”, which will be used for on-site
resource production. Again, this scheme is an example and different workflows can
be considered.

Of particular interest would be to increase resistance to long-term dehydration
(for storage, as cells enter a state in which they do not need to be fed, and resting
stages are often more resistant to environmental extremes), to radiation (ionizing
radiation and UV radiation, especially for photosynthetic microorganisms due to the
need to access radiation from other parts of the solar spectrum; that being said,
ionizing radiation is not extremely high when compared to microorganisms’
resistance and UV can easily be blocked or filtered), to a wide range of tempera-
tures, to low pressures, to large and brutal shifts in these parameters (in case of
system failure), and to combinations of them. Then, tolerance to a wide range of
physicochemical parameters (e.g., high and low pH, presence of oxidative species)
would allow constraints on culture conditions to be relaxed.
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The growth-permissive limits of most of these factors have been widely studied,
even though little is known about their combined effects (Harrison et al. 2013), both
regarding the limits and the involved mechanisms. However, metabolism under low
pressure remains poorly described and should be characterized and increased, as
using a pressure as close as possible to Mars’s ambient pressure (about 7-11 hPa,
with seasonal variations; Earth’s is about 1013 hPa) would greatly lower con-
struction weight and cost of culture systems due to minimizing the need for rein-
forcing the structures to withstand inside/outside pressure differences, and minimize
the risk of the leakage of organic matter (Lehto et al. 2006). Some methane-
producing microorganisms have been shown to maintain low but detectable
methane production, and thus metabolic activity, at 50 hPa of pressure (Kral et al.
2011) and a few bacteria have shown growth under 7 hPa of CO,-enriched anoxic
atmospheres (Nicholson et al. 2013; Schuerger et al. 2013). However, these abilities
are uncommon: a wide range of microorganisms are unable to grow on semisolid
medium at pressures below 25 hPa of ambient air (Nicholson et al. 2010). On the
other hand, the lowest pressures at which biological niches are naturally present on
Earth is about 330 hPa (at the top of the Mount Everest), way above Mars’s surface
pressure of about 10 hPa (Fajardo-Cavazos et al. 2012), and selective pressure on
coping with such low pressures is virtually non-existent for current terrestrial
microorganisms. The full potential for growth at low pressures is probably far from
being reached. Thus, there might be much room for improvement by artificially
evolving microorganisms to grow faster under low (and to grow at lower) pressures.
Consistently, adaptation to low pressure has been shown possible with Bacillus
subtilis: after cultivation at 5 kPa for 1000 generations, one isolate showed an
increased fitness at this pressure (Nicholson et al. 2010). It should however be noted
that a physical limitation to the pressure range that can be used at growth-
permissive temperatures comes from the need to maintain a liquid phase.

Besides resistance, increasing the abilities of microorganisms—especially cya-
nobacteria if they are used for processing raw resources—to use resources found on
Mars’s surface would allow yields to be increased, while relaxing culture con-
straints and the need for materials imported from Earth. In particular, increasing
their abilities to leach rocks and to get most of their nutrients from these within a
wide range of pH, and to fix molecular nitrogen at low partial pressure, would be
highly beneficial. In that case, genetic engineering might be more efficient than it is
for increasing their resistance. Some clues have been given regarding the engi-
neering of microorganisms with increased bioleaching abilities (Cockell 2011).
However, even though metabolomics has made great advances in the last decade
and synthetic biology strongly benefits from it (see for instance Ellis and Goodacre
2012 and Lee 2012), the complex interactions occurring in cells are still hard to
predict and model, and whole-cell scaled directed evolution will here again be very
useful. In that case, selection can be done by cyclically growing microorganisms
and diluting them, in presence of the target nutrient source, and letting the
fastest-growing mutants become dominant.

Culture conditions in human outposts on Mars should thus result from a com-
promise between conditions that provide enough support for microbial metabolism
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while minimizing costs, initial mass, energy consumption and reliance on materials
sent from the Earth. Synthetic biology can be used to push this compromise towards
the most sustainable solution, while decreasing risks of losing cultures—what could
have terrible consequences if humans rely on them—and increasing yields of the
processes by increasing microorganisms’ abilities to use on-site resources.

4 Roles of Engineered Organisms in Martian Outposts

Once microorganisms can be grown on Mars, what can they be used for? The most
obvious applications will be basic life support functions. Various bioregenerative
life support systems (BLSS) based on microorganisms and/or plants have been
proposed (and some are under development) for recycling gas, liquid and solid
wastes, thereby extending their usage, during beyond-Earth missions (e.g., Drysdale
et al. 2004; Giacomelli et al. 2012; Gitelson et al. 2003; Godia et al. 2002; Lobascio
et al. 2007; Nelson et al. 2010), including within lunar and Martian outposts (e.g.,
Bliim et al. 1994; Gitelson 1992; Nelson et al. 2010; Tikhomirov et al. 2007). The
most advanced BLSS projects under design depend heavily on materials imported
from Earth (even though a recently patented theoretical physicochemical/biological
resource production system relies on Martian resources; see Cao et al. 2014). In
spite of the potential of some of them to lead to extremely helpful systems in
various space mission scenarios, they are consequently not suitable for autonomous,
long-term human bases on Mars. Their limitations come, first, from the fact that
their running time without resupply is limited by the decreasing amount of materials
cycling in the system: recycling cannot reach 100 % efficiency and some losses are
unavoidable (for quantitative information regarding the theoretical recycling effi-
ciencies of MELISSA, see for instance Poughon et al. 2009). Second, they cannot
be expanded since the mass of cycling components is at most equal to their initial
mass. Currently developed BLSS technologies consequently need regular re-supply
of all materials from the ground, which is unrealistic when targeting Mars because
of the high costs and high risks of delivery failure. Third, their power consumption
is generally high and they represent a large volume and initial mass.

As outlined in the above sections, BLSS could be linked to resources found on
site using selected—and possibly genetically enhanced—cyanobacteria. This would
allow them to become sustainable, expandable (as new material would enter the
loop, processes could be scaled up) and to dramatically decrease the mass of the
payload to be sent from Earth. The first point (sustainability) is particularly critical:
a permanent human presence on Mars requires colonies that are autonomous.

BLSS could be further improved by the introduction of engineered microor-
ganisms, provided they are genetically stable over the long term. They could per-
form the functions they are selected for faster and using fewer resources. The
system could also be simplified by reducing the number of organisms performing a
given set of functions, by increasing organisms’ versatility. A smaller set of
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compartments could thus be used, thereby reducing the variety of resource
requirements and the set of possible failure causes.

Another dramatic simplification could be the minimization of the role of plants
which, among other drawbacks, are much less efficient than cyanobacteria (which
could also perform photosynthesis-related tasks) regarding surface, CO, and min-
eral use (Langhoff et al. 2011; Way et al. 2011), are much more sensitive to
environmental conditions, require more manpower, are harder to genetically engi-
neer, take more time to regrow in case of accidental loss (Kanervo et al. 2005;
Lehto et al. 2007), are less manageable (Horneck et al. 2003) and contain inedible
and hard-to-recycle parts (Hendrickx and Mergeay 2007). The most critical role of
plants in BLSS is oxygen and food production, which can also be performed by
cyanobacteria (e.g., Hendrickx et al. 2006; Lehto et al. 2006).

However, even though some edible cyanobacterial species such as Arthrospira
spp- have excellent nutraceutical properties (e.g., Henrikson 2009), they can cur-
rently not be used as a staple food due to their unpleasant and unvaried taste, lack of
vitamin C and possibly essential oils, and low carbohydrate/protein ratios. These
limitations could be addressed using synthetic biology (Way et al. 2011). First,
taste, smell and color molecules have already been, or could be, expressed in
bacteria. Then, modifying the sugar, protein and lipid ratios, as well as introducing
essential molecules (e.g., vitamin C) could be achieved using metabolic engineering
and, more generally, nutraceutical properties could be improved by genetic engi-
neering. Preliminary work has been done in this direction; for instance, mutant
strains of A. platensis have been selected that contained higher contents than the
wild-type in essential amino acids, phycobiliproteins and carotenoids, among other
nutrients (Brown 2008b). Cyanobacteria could also be used for food complemen-
tation without being directly eaten: they can be engineered to secrete nutritional
compounds, so used culture media could be harvested without lysing cells and
added to food (Way et al. 2011). Besides, as mentioned above, the possibility of
engineering cyanobacteria to produce and secrete sugars has already been dem-
onstrated. The use of plants could thus be restrained to applications where no large
amounts are needed and where they could be grown within habitats (thus relieving
the need for large-scale areas under highly controlled parameters): ornament and
horticulture—which have beneficial psychological impact on crewmembers (Allen
1991)—and occasional provision of comfort food.

Another vital resource of human bases will be energy. Solar, wind and nuclear
energy are potential sources of on-site (or durable) energy, and these could be
complemented by biofuels produced on Mars for, for instance, powering vehicles.
Microorganisms are well studied as biofuel producers. Some species studied for
their abilities to generate biofuel precursors are heterotrophic and could have
organic substrates generated by phototrophic microorganisms: for instance, yeasts
are efficient ethanol producers and, even though usually relying on plant agricul-
tural products as a carbon feedstock, cyanobacterial biomass (Aikawa et al. 2013;
Mollers et al. 2014) or sugars secreted by cyanobacteria could be used as a substrate
generated on-site. However, cyanobacteria could also be used to directly convert
solar energy into biofuels, without relying on organic precursors: they can produce
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various energetic compounds such as alkanes and lipids (see for instance Quintana
et al. 2011) and dihydrogen (Raksajit et al. 2012), which can in turn be used for
reducing locally available CO, to hydrocarbons to produce fuel (Hepp et al. 1993).
For both heterotrophic and autotrophic microorganisms, microbial engineering
using synthetic biology tools and methods for producing energetic biofuel pre-
cursors which are not naturally produced by the hosts, as well as for increasing
yields, is a very active field boosting an increasing number of achievements (e.g.,
Ducat et al. 2011; Hallenbeck 2012; Peralta-Yahya et al. 2012; Radakovits et al.
2010; Zhang et al. 2011).

Engineered microorganisms could also be used for producing a pipeline of drugs
on-site. In addition to the antibiotics, therapeutic peptides, antioxidants and other
nutraceutical compounds that they naturally produce, microorganisms can be
engineered to contain new metabolic pathways leading to the production of various
drugs. The most famous example is the production in yeast and bacteria of a direct
precursor of artemisinin, an antimalarial drug (Martin et al. 2003; Ro et al. 2006),
but much more is to come (see, e.g., Folcher and Fussenegger 2012; Ruder et al.
2011; Weber and Fussenegger 2011).

Then, once all basic physiological requirements are covered (through BLSS
processes, and drug and energy production), engineered microorganisms can be
used for sustaining industrial processes. Metals could be extracted from Martian
rocks by bioleaching: microorganisms are used on Earth to extract metals of
industrial interest (e.g., copper and gold) from rocks, and their use on Mars to mine
basalt and potential ores has been suggested, as well as ways of engineering
microorganisms to increase their abilities to extract (and possibly sort) elements of
interest (Cockell 2010, 2011). Extracted elements could be used within many
chemical and manufacturing processes such as carbon dioxide cracking, electro-
plating, production of alloys and manufacturing of solar cells (see Cockell 2011;
Dalton and Roberto 2008). Engineered microorganisms could also be used for
producing or improving building materials such as bioplastics (Hempel et al. 2011;
Osanai et al. 2014) and concrete-like materials (de Muynck et al. 2010; Jonkers
et al. 2010).

This paper focuses on applications considered as realistic (even though ambi-
tious) in the short- to medium-term (based on currently available techniques and past
successes) and avoids reliance on too tentative speculations on the development of
our biological engineering abilities. However, with the advances of synthetic biol-
ogy, new methods for the improvement of biological strains will likely appear. One
can for instance imagine changing the chemical composition of DNA (something
that begins to be possible; see, e.g., Marliére et al. 2011) to make it less prone to
radiation-induced lesion, or even synthesizing an artificial organism gathering the
most relevant features from several microbes, leading to optimized metabolic abil-
ities and outstanding resistance to the Martian environment. A byproduct of the
development of such technologies will probably be the wish to use them for eco-
poiesis by, for instance, increasing the abilities of selected microorganisms to spread
on Mars’s surface, to dissolve carbonates for thickening the atmosphere and to
produce large amounts of oxygen (Thomas et al. 2006). The implications of such a
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choice, as well as whether it is desirable or not, are beyond the scope of this paper.
Modifications of multicellular organisms can also be thought of: plants, but also
animals—including humans (and/or their microbiomes)—could be engineered to
increase their fitness under extraterrestrial environments (Langhoff et al. 2011).

Even on a shorter term, many other applications of synthetic biology can be
considered in human extraterrestrial outposts. Some are similar to what is expected
on Earth (see, e.g., Khalil and Collins 2010 and Church et al. 2014 for examples of
potential future applications), but many biotechnologies will probably be specific to
space exploration. Indeed, some processes will benefit from synthetic biology there
whereas they can be more economically performed by other means on Earth, for
example by chemical methods, by using the natural host or by simply harvesting
rather than producing the targeted compounds. Besides, metabolic pathways might
differ: some substrates that are cheap and abundant on Earth will be extremely hard
to provide on Mars. The key point here is that once organic substrates can be
obtained from on-site resources (e.g., using cyanobacteria) and that microorganisms
can be grown on Mars at low costs (e.g., due to genetically increased resistance),
metabolic engineering opens the way to a wide range of potential applications.

There is still a long way to go: the brief overview given above doesn’t reflect the
work needed to overcome the obstacles lying between us and functional systems.
Even though techniques are developed that allow efficient engineering of resistance
and metabolic features, the increase in resistance needed to make a significant
difference in extraterrestrial environments (e.g., the Martian surface) are huge, and
engineering efficient processes for a wide range of products starting from Martian
resources is currently at the edge of our abilities. Other tasks unrelated to synthetic
biology must be conducted, such as selecting the most promising organisms
according to their relevance for biological processes in Martian bases, thoroughly
characterizing them to identify a compromise between, on one side, minimal
requirements (radiation shielding, atmospheric composition and pressure, gravity,
nutrient supply etc.) required for efficient growth and metabolism in planetary bases
and, on the other side, conditions that can be provided on site (e.g., low atmospheric
pressure composed of CO, and N,) at minimal cost, designing a culture hardware
that can provide these conditions directly on Mars’s surface, linking the mentioned
systems to full BLSS, and extensively testing all the components of the system to
demonstrate its operational capability. However, the pace at which our abilities in
synthetic biology increase make the design of suitable organisms reasonably
achievable in the short- to medium-term; the other tasks are engineering or strategy
issues, which are not obviously insurmountable given enough effort is dedicated to
them. First manned missions to Mars will likely be short-duration (a few years)
missions, and for these astronauts can rely on resources imported from Earth. These
missions will be an opportunity to test BLSS technologies on-site while back-up
resources are available. As our confidence in BLSS—and in life support technol-
ogies in general—increases, longer-duration missions can be planned where our
dependency on local resources supplants that on imported materials.
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In summary, naturally evolved cyanobacteria or those engineered for increased
resistance and abilities to use in situ resources could be used for processing on-site
materials and turning them into forms available to other microorganisms. From this
basis, synthetic biology could open the way to a wide range of applications
including the production of vital resources, energy, drugs, building materials,
industrial reagents and comfort goods—all starting from resources found on site.
Other potential applications of synthetic biology for space exploration (including
modifications to non-microorganisms) are discussed elsewhere (Cumbers and
Rothschild 2010; Langhoff et al. 2011; Menezes et al. 2014; Montague et al. 2012).
Combined with physicochemical technologies (both completing each other and
providing a safe redundancy for vital processes), synthetic biology can thus lead to
the development of complex, Earth-independent human bases on Mars and beyond.

5 Societal Implications of Extraterrestrial Human
Colonies Relying on Synthetic Biology

The societal ramifications of synthetic biology are being discussed intensely and at
the highest levels worldwide. For example, in the US, the first report released by the
Presidential Commission for the Study of Bio-ethical Issues was focused on syn-
thetic biology (Presidential Commission for the Study of Bioethical Issues 2010).
This report identified five guiding principles: (1) public beneficence, (2) responsible
stewardship, (3) intellectual freedom and responsibility, (4) democratic delibera-
tion, and (5) justice and fairness. Neither these principles nor the abundant dis-
cussion of the topic in other fora will be detailed here; some aspects are covered in
other contributions to this book. Here, we rather focus on issues arising from the
use of synthetic biology in support of human space colonization. Some are simply
related to the fact that the former is fostered, thereby raising issues related to space
exploration itself. Conversely, others come from the stimulation of synthetic biol-
ogy by its application to the space sector. Finally, very specific issues are raised by
the potential development of human colonies beyond Earth that rely on modified
organisms.

As humans settle in destinations beyond Earth, a number of social, ethical and
psychological concerns arise. There are those who doubt that investment should be
made in space exploration: why should resources be spent on such a futuristic plan
when there are problems to be solved on Earth?’ But investment in space explo-
ration is... an investment. Even a very rough assessment of the long-term economic
benefits of colonizing new worlds would deserve a dedicated paper, but an inter-
esting analogy can be made with colonization of America in the 17th century, or

7See for instance R. Hanbury-Tenison’s opinion in E&T Magazine (Issue 10, October 2011, p. 28),
also available at http://eandt.theiet.org/magazine/2011/10/debate.cfm. Accessed 12 Mar 2015.
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Australia in the 19th century.® Thinking of money spent in space as a net loss for
other concerns on Earth can be compared to misevaluations of the value of these
settlements by European governments, which now appear as absurd (Zubrin 1995).
On the shorter term, economic benefits can be assessed based on past experience.
Measuring economic returns from investment in the space sector is a complex task
given that, to be accurate, one should take into account technologies indirectly
derived from space innovations, and even technologies created by inventors
inspired to pursue a career in science or engineering by space exploration.
However, economic returns can be estimated from results of technology transfers;
the “Space Economy” was assessed at $180 billion in 2005 by the U.S. Space
Foundation.”

That being said, benefits brought by space exploration are not best described in
economic terms. One of the most commonly mentioned arguments in favor of
becoming a multi-planet species is the risk of large-scale disasters such as an
asteroid impact, which justifies the development of our ability to reach and settle on
other planetary bodies (see for instance Baum 2010; Matheny 2007). As pointed out
in a talk at NASA’s Goddard Space Flight Center by Michael Griffin, then NASA
Administrator, “[t]he history of life on Earth is the history of extinction events, and
human expansion into the Solar System is, in the end, fundamentally about the
survival of the species” (Griffin 2006, p. 24). On a less extreme side, our everyday
life has been greatly enhanced by technological advances brought by the Space
Age.'” Tt has led the development of a wide range of technologies such as tele-
communications, GPS, weather prediction, large-scale environmental analyses, and
disaster prediction and monitoring. To these can be added those that come indi-
rectly from the space industry, such as artificial hearts and other medical
improvements, innovations in the automotive and home industries, or land mine
removal devices (see, e.g., Dick and Launius 2009; ESA and TAA 2005). Imagine
our modern society bereft of the contributions derived from space exploration! And
many more benefits are expected in the future, including our reliance on clean
energies, breakthroughs in transport technologies, low gravity manufacturing,
mining in space, increased knowledge of the universe, space tourism and stimu-
lating challenge. In addition, humans have always been explorers, venturing forth
out of Africa and beyond. They have a primal wish to discover new lands, which
drives inspiration, creativity and discoveries. This sense of curiosity of what is
beyond results in a sense of wonder and belonging to the greater spirit and purpose
of humanity as a whole.

8This analogy here refers to economic aspects only and do not represent the authors’ opinions on
other elements of past colonization such as, for example, the way indigenous people were treated.
9http://www.nasa.gov/pdf/ 189537main_mg_space_economy_20070917.pdf. Accessed 13 Mar
2015.

1°An analogy can be made with the military sector, which also leads to technological innovations
due to the urgent need for technological advances (see for instance Perani 1997). Whether space
exploration objectives are preferable to military ones as driving force for innovation is left to the
reader’s judgement.
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The philosophical impacts of space exploration have been less tangible but no
less momentous: space exploration humbles us by increasing our knowledge of the
universe. It also fosters collaborations and forges agreements among countries, and
attracts youth into careers in science and technology. More subtle consequences can
also be expected. Space exploration may for instance shift our frame of reference
from Earth to the solar system or even to the universe, which is likely to change
radically our vision of our planet of origin and of the importance of preserving it.
Different scenarios can be expected, which are not necessarily exclusive and may
vary among individuals. One possible outcome is a decrease in Earth’s perceived
value—it would, after all, be just one of the places where we can live—but the
opposite is also possible: by contrast to Mars and other planetary bodies, Earth may
appear as incredibly hospitable and rich in diversity. Space exploration may also
increase our awareness of how vulnerable Earth is, switching the status of global
disasters from an abstract concept to a concrete risk, thereby fostering environ-
mental protection policies and individual sustainable behaviors. It is also likely to
affect the perception people have of “home”; a good model to predict such reactions
can be drawn from emigrants’ experience on Earth. People living outside their
country generally develop a sense of belonging at a broader scale, defining them-
selves according to their nationality rather than, for instance, their city. Few people
think of themselves as earthlings; what would be the consequences of such an
extended sense of belonging? What effects would it have on global decisions?
Would people consider interests at a larger scale? Then, adapting organisms to
conditions previously considered as inhabitable extends the limits of what we
consider as being the envelope for life. Such an artificial adaptation shows that this
envelope’s limits are not defined by life’s absolute potential but rather by the
limited evolutionary constraints in presence of which terrestrial life was shaped.
The vision we have of the uniqueness of Earth as a life nursery and harbor may be
affected, which may encounter resistance from people whose religious beliefs or
worldviews are incompatible with it. Similar but more extreme reactions can be
expected if space exploration leads us to the discovery of life beyond Earth
(Connell et al. 1999; Race et al. 2012).

Outposts on Mars and other planetary bodies may also create a diversity of new
cultures and sociopolitical forms. Their development will be facilitated by the
freedom and self-reliance of pioneers, by the current lack of legislative framework
on site and by the lack of means of remotely enforcing laws. New forms of society
may emerge as an adaptive response to local environments and living conditions.
They may take an original form, as created in unusual contexts and driven by
isolated people sharing very specific traits such as, for instance, high intellectual
abilities and a passion for science and engineering. Analogies can be found in
human history. One of the most obvious examples comes from the first steps of
America’s colonization by Europeans: a relatively small number of people, gath-
ered in a remote environment which was original to them, and sharing strong
features such as a taste for novelty, a high adaptability and a project-rather than
people-oriented mind gave rise to a society with a set of values differing from that
of their countries of origin. With the colonization of another planetary body,
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remoteness, novelty of the environment and strength of the shared features will be
pushed to an extreme.

Synthetic biology could, as discussed in this paper, become a powerful tool for
human space colonization; it could thereby hasten the benefits mentioned above. If
this scenario occurs, it will also lead to the reverse: space exploration will become a
driving force for synthetic biology. Little in human history has been such a pow-
erful drive for science and technological breakthroughs as space exploration. In the
past 60 years, technologies were developed that we didn’t imagine before and
would certainly not have expected in such a close future. If the next part of the story
relies on synthetic biology, a wealth of game-changing innovations is to be
expected in this field. The establishment of human colonies relying to a large extent
on modified organisms will require dramatic advances in synthetic biology, as
permanent access to many compounds taken for granted on Earth will depend on
our ability to generate them on site. With the additional constraints to generate them
from a limited set of starting compounds (on-site resources) and possibly under
unusual environmental conditions, the limits of synthetic biology (noteworthy
metabolic engineering) will have to be pushed to a new level. Its miniaturization
and automation will likely be extensively improved as well, due to the need for
minimizing mass and manpower requirements in space missions. Space synthetic
biology will likely inspire a new generation of biologists, as the space race inspired
many physicists and engineers, providing the brainpower needed to support this
innovation wave.

By enhancing the pace of achievements in synthetic biology, space exploration
can greatly speed the consequences—promises and perils—expected to come from
the former. These range from extrapolations by media of talks from synthetic
biology public figures, such as Craig Venter and George Church, where all plagues
are cured by drugs produced by chemically synthesized microbes and all cars are
powered by eco-friendly fuels, to apocalyptical “green goo” scenarios where the
world ends after bioterrorists lose control of their creations. There is however a
continuum of more plausible scenarios in-between these fantasized extremes, with
society-impacting breakthroughs and catastrophes that can realistically be foreseen
in the relatively short term. These are largely discussed elsewhere (see for instance
Aldrich et al. 2008 and other chapters of this book) and won’t be detailed here.

Unexpected applications can also arise on Earth from the fact that synthetic
biology is specifically driven by space exploration. Extensive effort is made by
space-related institutions to ensure that the developed technologies are transferred
to the civil world; in the case of space synthetic biology, what does this imply? Our
abilities to design organisms able to grow under modified environmental conditions
will increase the efficiency of microorganism-dependent industrial processes which
are often limited by the absence of microorganisms that can efficiently catalyze the
appropriate chemistry under conditions (e.g., high temperature, high concentration
of a reagent or product and specific pH) needed to optimize the process, and relax
the need for providing energy-consuming culture conditions. In other words,
pushing the bounds of terrestrial life can result in economic benefits, as the more
hardy synthetic biology-enhanced life forms may be able to improve, or even
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revolutionize, the bio-based manufacturing sector. Then, tools and methods
developed to engineer the production of specific compounds starting from a very
limited and constrained set of substrates could both decrease costs (starting from
cheap substrates) and valorize specific products (starting from waste or troublesome
compounds, such as glycerol which is largely generated as a by-product of the
biofuel industry—see Pagliaro and Rossi 2010). Industrial processes could be more
easily combined so that the end product of one becomes the substrate of another,
creating a balanced “ecosystem” of biotechnological processes. In addition, trans-
ferring to Earth our abilities to design biological systems to live “off the land” in
harsh environments and relying on a minimal set of resources could bring much
more inspirational applications: generating resources in agriculturally poor coun-
tries. Rocky deserts could start to be considered as fertile lands, gathering all
elements needed to sustain prospering human civilizations and to generate valuable
resources.

The public’s opinion of synthetic biology might also be fundamentally altered by
its use as a tool in space pioneering. On Earth, practical applications of synthetic
biology are often challenged by the public’s opinion. Whether the benefits of a
given use justify the perceived risks is not always clear and varies according to each
individual’s values. On other planetary bodies, however, alternatives are often not
available and the use of synthetic biology may turn from being a luxury to being a
necessity. For instance, a healthy diet can be obtained by traditional agriculture
methods on Earth but is unlikely to be entirely produced on Mars without engi-
neering organisms to produce some needed nutrients while relying on local
resources. Besides, much of the opposition to synthetic biology is driven by fear of
potential negative consequences, be they rational or not. Opposition may thus be
reduced if applications are carried on far from Earth, making feared consequences
much less likely to affect the layman. The public image of synthetic biologists
might also change. Currently, it is mostly based on a very limited number of
publicized researchers, and synthetic biologists are sometimes depicted as narcis-
sistic scientists working not for the benefit of the society or for knowledge, but to
feel empowered or for “playing God”. In the context of space exploration, this
image may switch to that of pragmatic scientists doing the necessary to support the
expansion and long-lastingness of our species.''

There is, however, a major concern raised by the use of synthetic biology in
space: contaminating extraterrestrial bodies with terrestrial life. This could jeop-
ardize the search for potential extraterrestrial life and life precursors, extinct or
extant. Measures should be taken to evaluate the planetary protection-associated
risks of BLSS such as those described above (in addition to those of
human-associated microbiomes and microbes present on all imported materials; see
for instance McKay and Davis 1989, DeVincenzi 1992, and Debus and Arnould
2008) and strategies should be developed to mitigate them. Current international

"!"That being said, the possibility of this being seen as “playing God” cannot be ruled out.
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treaties and policies related to planetary protection'> provide a basis, even though
requirements need to be extended to be relevant for manned missions (Horneck
2008). This risk is present even when synthetic biology is out of the equation, but
increasing the abilities of microorganisms to withstand the explored environments
increases the risk of contamination in case of microorganisms’ accidental release.
Issues associated with a targeted release of microorganisms, as could be considered
for geoengineering, won’t be discussed here; first, because the concepts mentioned
in this paper assume that used organisms are contained and will not be purposely
released and, second, because the ethics of implanting terrestrial life on other
planetary bodies, Mars in particular, have been extensively discussed elsewhere
(see for instance McKay and Marinova 2001).

6 Conclusion

Advances in applied physics allow us to go farther and farther from the Earth, with
NASA’s Voyager 1 spacecraft entering interstellar space on 25 August 2012;
advances in applied biology can allow us to settle elsewhere in our solar system.
Synthetic biology can increase our abilities to live “off the land” on other planetary
bodies, thereby increasing our abilities to colonize them, to learn about them and to
develop along the way technologies finding applications in our everyday lives.
Ultimately, mastering the design of organisms capable of producing life-support
resources from local substrates can be a key step in the path leading humans to
become a multi-planetary species.

Conversely, using synthetic biology as a tool for space exploration can increase
dramatically the development of the former, due to the resulting need for innovation
and more generally to the technology drive of the space sector. The development of
human colonies depending heavily on synthetic biology for survival and comfort
would create an urging need for new discoveries and engineering work in this field.
This can bring to a closer future the foreseen consequences—be they greatly bene-
ficial, catastrophic or barely noticeable to the layman—of synthetic biology on Earth.

Besides, in addition to issues raised by the development of both fields inde-
pendently, the possibly synergistic impacts of both becoming a multi-planetary
species and of relying on extensively modified life forms are unprecedented and
hard to predict. These can be economical, technological but also philosophical and
psychological: how will our vision of our importance in the universe, of the pre-
ciousness of Earth and of the value of life be affected? And how will that translate
into our everyday lives?

The path we have started to follow can dramatically affect the evolution of our
society. Decisions should be taken well ahead of time to ensure that where we are
going is not being defined only by what we can do, but by what we decide to be a
desirable future.

12See for instance http://planetaryprotection.nasa.gov/documents/. Accessed 6 Mar 2105.
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“First Species Whose Parent Is

a Computer”—Synthetic Biology

as Technoscience, Colonizing Futures,
and the Problem of the Digital

Martin Miiller

1 Introduction

Contemporary synthetic biology is a young field of research. Diverse initiatives,
institutes, laboratories, scholarships, professorships, publications, and journals use
the label, and it has attracted a lot of private and public funding. The shared
interests of the synthetic biology stakeholders are to establish research infrastruc-
ture, to work on enabling technologies, to negotiate standards, and, finally, to build
synthetic organisms and systems. The heterogeneous field expands very quickly on
an institutional level and hence the risks and the technical potentials have only now
been debated (e.g., Schmidt et al. 2009).

In this chapter I investigate synthetic biology as a cultural phenomenon, or to put
it more precisely, as a phenomenon of technoscientific culture that emerges in
contemporary societies (Weber 2010). When Craig Venter is asked by the Guardian
if his project of the so-called Digital Biological Converter, a portable home gadget
connectable to personal computers to synthesize proteins, viruses and living cells
after downloading DNA sequences from the internet, is a serious proposal, he
answers:

Mine is not a fantasy look at the future, the goal isn’t to imagine this stuff. We are the
scientists actually doing this. [...] And we have the prototype. (Venter in Corbyn 2013)
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If we look at the works of George Church, Craig Venter, Drew Endy, and others'
it becomes visible that synthetic biologists are actively engaging in contemporary
challenges.” This self-understanding differs massively from a scientific discipline
which wants to find facts and establish safe and sound representations of living
phenomena. Bioengineers claim to create new living organisms from scratch, using
genetically standardized parts and computer-based design: ‘Living machines’ which
do not exist in ‘nature’ are supposed to serve human purposes. Beyond its actual
(and limited) state of research, and beside critique (i.e. Kwok 2010) from within the
field: some voices of synthetic biology offer bold claims of socio-technical sce-
narios, imagined objects, and future biotechnical experiments, which take place in
society rather than behind laboratory doors. Leading institutions operate under the
idea of a future that is in the making. The prestigious Synthetic Biology Engineering
Research Center (Synberc) even carries the sentence ‘Building the Future with
Biology’ in its logo. In popular and in scientific press, stakeholders and practitio-
ners openly talk about ‘vision’, ‘progress’, ‘breakthrough’, and a ‘new era of
biology’, where the ‘creation of life’ is promised to be a computational and engi-
neering application (e.g., Carlson 2012; Collins 2012; Venter 2013). Craig Venter
explains:

We have now entered what I call “the digital age of biology”, in which the once distinct
domains of computer codes and those that program life are beginning to merge, where new
synergies are emerging that will drive evolution in radical directions. (ibid, p. 1)

This chapter thematizes three intertwined topics for the discussion about the
societal and philosophical dimensions of synthetic biology: the epistemic culture,
the role of promises, and the ‘problem of the digital’. The first part discusses the
epistemic culture of synthetic biology by characterizing some of its technoscientific
specifica. The second part discusses and critically analyzes the future-centered
proposition and the production of promises within scientific and popular discourse.
Here I critically thematize the (self-)representation of synthetic biology protagonists
and their construction of socio-technical futures. The third part tries to open a new
field of critical investigation on the discourse of synthetic biology by problema-
tizing the ambivalent role of computer and information technology (‘digital biol-
ogy’) in the design and material realization of living entities and systems. As a
methodological and theoretical framework, I apply a loose conjunction of discourse
analytical thinking, approaches from cultural and media theory as well as history
and philosophy of technoscience. Therefore, my approach is rather more analytical
and historical than empirical (Bublitz et al. 1999).

'Also outside academic and industrial framework of synthetic biology ‘biopunks’ and
‘do-it-yourselfs-biologists’ are actively engaging in contemporary challenges and call for a
‘democratization’ of biotechnology (Wohlsen 2011, p. 8).

The academic field of synthetic biology is heterogeneous and multifaceted. Certainly there are
researchers, who do not want to engage in contemporary challenges and whose approaches are not
‘purely’ technoscientific. For a general overview of the different approaches and research fields in
synthetic biology: see Acevedo-Rocha, in this book.
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2 Technoscientific Dimesions of Synthetic Biology®

Synthetic biology can indeed be seen as technoscience.” I will therefore start my
chapter by giving a short insight into the concept and at the same time highlight
some of the technoscientific characteristics to clarify the connection. The term
technoscience has made an astonishing rise to prominence since the mid 1980s
(Kastenhofer and Schwarz 2011). The compositum technoscience might provoke
certain images: the conjunction of science and technology, or science falling
entirely under the domain of technology. However, acclaimed scholars from science
and technology studies, philosophy of science, and feminist studies have rejected
such definitions. They have argued that more complex processes have been taking
place: modern sciences have undergone a transformation regarding epistemology,
practices, objects, vocabularies, and the role of public engagement (Haraway 1997;
Weber 2003). The result is a new way of research where the ‘grand narrative’ of
modern science is shifting from facts, truth, and representation of nature to technical
design, hybridity, and problem solving from nano to a global scale (Weber 2003).
Some philosophers, including Alfred Nordmann, dispute the existence of an epo-
chal break (Nordmann et al. 2011), claiming that science and technoscience can
rather be distinguished by their focus of attention: a modern science like evolu-
tionary biology focuses on analyzing and representing the existing laws of nature,
whereas a technoscience like synthetic biology focuses primarily on re-designing
‘natural’ entities and systems. In order to clarify this shift, it is important to look at
conceptions of science and technology. Scientists typically aim at distinguishing
effects of their theories and interventions from entities or phenomena of a “[...]
given world or mind-independent reality” (Bensaude Vincent et al. 2011, p. 368).
Bensaude Vincent and her co-authors further claim that the constitutive aspect of
science is the “ontological presupposition”: that the world is given and can be
discovered by scientists and their experimental systems. Matters of fact are based on
the idea of an eternal nature. In this sense

[...] the world is typically taken to be composed of facts [...] — and a fact is ‘that something
is the case,” ‘that a thing is so and so,” ‘that this has been observed or measured’ etc. (ibid,
p. 370).

In this framework, science and technology have to be held apart. Scientists aim
to provide fact-knowledge of natural phenomena that can be adapted by techno-
logical application. The interest of technology “[...] is to control the world, to
intervene and change the ‘natural’ course of events” (Nordmann 2006, p. 8). The
categorical and practical separation of the natural world and social world is the

3 would like to kindly thank Bernadette Bensaude Vincent, who introduced me to the technosci-
entific dimension of synthetic biology. My chapter draws widely on her comprehensive work
and critical interventions on the discourse of synthetic biology.

“Synthetic biology is widely considered a technoscience, but unfortunately there has been very
little theoretical work done to verify this assumption. An example is Schmidt et al. (2009) where
the term technoscience is mentioned only once and there is no description of what it means.
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constitutive ground of modern science. Pure science or basic science is only ‘pure’,
when social or technical aspects do not contaminate facts. In technoscientific
experimental settings it becomes rather difficult to identify and distinguish the
contribution of a natural object and the contribution of human or technological
apparatus within an experiment (Bensaude Vincent et al. 2011, p. 368). Among
other research fields—such as nanotechnology, neuroscience, robotics, climate
studies etc.—synthetic biology is characterized by its refusal of a given divide
between nature and culture. Synthetic biology research does not distinguish
between theoretical representation and technical intervention when, for example,
the ‘natural’ functions of an engineered genome are studied.

In a broader sense, technoscientific epistemology practices aim at the appro-
priation and re-engineering of nature (Weber 2011b). The German philosopher and
media theorist Jutta Weber argues

[...] technoscience is no more mainly about representing the laws of nature and intervening
in its processes but mostly about (re-)shaping new and hybrid worlds from a constructivist
viewpoint. (2011a, p. 160)

Technoscience implicitly favors a different concept of time than the classical
sciences. Classical science represents an idea of the future that is marked by
increasing knowledge about nature: non-knowledge is turned into knowledge. In
that sense, the world of the future is the evidence of nature represented as natural
facts, and that’s why the idea of discovery is so important in the self-conception of
modern science. Science is unraveling, shedding light on, and lifting the veil from
something that is already there: the timeless laws of an already given nature.

Technoscientists redesign nature with its own materials, but by mixing different
elements they construct new objects. Therefore technoscience is interested in the
future potentiality of nature, which is conceptualized as a pool of flexible resources
that can be designed and transformed for human purposes; a field of materials,
structures, functions, and their medialization, appropriation, and control. In this
view “[...] life is becoming biomatter, waiting to be engineered” (Catts and Zurr
2014, p. 28). The German media historian Wolfgang Schiffner has pointed to the
specific rhetoric involved when technoscientists talk about breaking ‘nature’ and
‘matter’ into its ‘basic elements’, putting them together again to build something
new. When synthetic biologists start talking about ‘bricks’, ‘circuits’, and
‘machines’, it might seem as if they would be in the artificial world of architecture
and design. Schiffner argues that the scientist as an observer and analyst of
chemical, physical, and biological elements turns into a designer of something that
didn’t exist before (Schéffner 2010, p. 33). Tom Knight, synthetic biologist and
computer engineer at MIT, calls that “the engineering of novel life”. At an early
point he described a turn in his own field as a revolution in the disciplinary con-
ception of biology:

Biology will never be the same. The remarkable scientific success of biology in describing,
explaining, and manipulating natural systems is so well recognized as to be a cliche — but
the engineering application of that scientific knowledge is just beginning. In the same way
that electrical engineering grew from physics to become a separate discipline in the early
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part of the last century, we see the growth of a new engineering discipline: one oriented to
the intentional design, modeling, construction, debugging, and testing of artificial living
systems. (Knight 2005, p. 1)

In the rhetoric of synthetic biologists the turn from fact-finding science to
technoscientific epistemology is often phrased as a shift from ‘reading’ to ‘writing’.
The synthetic biologists Pengcheng Fu and Sven Panke claim:

[...] we are able to not only ‘read’ the genetic code to understand living systems but also
‘write’ the message for the creation of new life forms. All this fuels the need to frame these
latest developments that promise to revolutionize our understanding of biology, blur the
boundaries between the living and the engineered in a vital new bioengineering, and
transform our daily relationship to the living world. (2009, p. 4)

One consequence of this “design turn” (Schiffner 2010, p. 33) is that the onto-
logical and epistemological status of the research objects is called into question when,
for example, the gene is not seen as an explanatory model of scientific discovery (see
also Weber 2010). When genes are conceptualized as building tools for engineering,
the focus of interest shifts from questions of explanation to the question of inherent
potentiality and future application. Bensaude Vincent and her co-authors explain:

By becoming an object of technoscientific interest, an already familiar object becomes
something new or something else. Indeed, its very nature changes in that it is no longer
defined by what it is, but by its expected technical performance. Its structure, properties,
and structure—property dependencies fade into the background, while potential function-
alities acquired through dynamic modeling and re-engineering take center stage. This
anticipatory performativity confers a strange temporal status to technoscientific objects that
are simultaneously “already there” and “not yet realized”. As such they function as proofs
of concept that signify that a process or phenomenon has been demonstrated and at the
same time refer to something that does not exist as yet but might come into being.
(Bensaude Vincent et al. 2011, p. 374)

The result of technoscience practices is the design and production of objects that
are neither purely natural nor technical. Technoscience epistemology negates the
distinction between nature and culture. It is easy to draw a connection to the
production of objects in synthetic biology when bioengineers speak of their con-
structions as ‘living machines’, or Craig Venter gives his Mycoplasma laborato-
rium the lovely name ‘Synthia’. At a closer look technoscientific objects are unique
cases. Every object demands individual inquiry.

Technoscientists in general and synthetic biologists in particular actively want to
engage in social constellations. Bensaude Vincent argues that technoscientists do
not retreat to a “[...] protected disciplinary sphere of facts as distinct from social
values” (Bensaude Vincent et al. 2011, p. 369). Rather, technoscientists become
agents who address and solve problems for society. Technoscientists have a dif-
ferent relation to public matters since the separation of science and society—and the
laboratory and the public—have become blurred.’

SUnder the term ‘biocapital’ there has been some critique of the commodification of biology. See
Rose and Rose (2012, p. 12): “In the process the life sciences have been transformed into gigantic
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The focus shifts from ‘matters of fact’ to what is called ‘matters of concern’:
Technoscientists engage in complex problems that are not primarily scientific, but
rather hybrid constellations of the social, natural, economical, juridical, etc.—with
technical solutions (Latour 2008, see also 2009). According to Jutta Weber,

[t]his cultural turn is encouraged by technoscience’s new epistemologies and ontologies
which interpret our world as our product. (2011a, p. 161)

“Therefore,” she explains further,

[...] many technoscientists and science managers invest increasingly in the popularization
of technosciences [...] to demonstrate the usefulness of technosciences’ endeavours for the
public. (ibid.)

Therefore, matters of concern are indeed public matters, and because of their
public (self-)representation,

[...] geneticists, nanotechnologists, brain researchers, or roboticists are perceived as tech-
noscientists who mainly support, improve and perfect nature. (ibid.)

In this framework, the socio-technical future seems to be open and demands
human imagination and intervention. The future lends itself to human invention—a
collective future created by the construction of hybrid objects. In case of synthetic
biology this means that science and society interact in a previously unforeseen
manner: when synthetic biologists’ ‘living machines’ leave the laboratory, whole
ecospheres become experimental zones.

3 Colonizing Collective Futures: Synthetic Biology
as Promise Cultures

The biologist and historian of science Donna Haraway argues that not only sci-
entific fields are turning into technoscience research; our whole culture and society
is affected by this transformation. For Haraway, the turn to technoscience and its
effect on Western culture signifies

[...] mutation in historical narrative, similar to the mutations that mark the difference
between the sense of time in European medieval chronicles and the secular, cumulative
salvation histories of modernity. (1997, pp. 4-5)

Visions and promise-making are crucial elements that characterize synthetic
biology as technoscience. Promises about potential achievements of synthetic
biology influence how we imagine and construct futures. With Haraway, techno-
science of synthetic biology is another example of a secular mode of salvation,

(Footnote 5 continued)

biotechnosciences, blurring the boundaries between science and technology, universities,

LRt}

entrepreneurial biotech companies and the major pharmaceutical companies, or ‘Big Pharma’.
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when salvation is understood as the promise and the realization of a perfect future
world. For synthetic biology, nature and its phenomena are more or less flexible
materials, adaptable forms, and fields of potentialities that can be used for
re-engineering nature and living matter itself.

In this discourse of promise, the demarcation between the actual and the possible is
not always clear (Bensaude Vincent 2013). The words of Harvard professor George
Church, inventor of genetic technologies that are widely used by synthetic biologists,
sound like rhetorics of the future, and are akin to rhetorics of science fiction:

[...] we stand at the door of manipulating genomes in a way that reflects the progress of
evolutionary history: starting with the simplest organisms and ending, most portentously,
by being able to alter our own genetic makeup. Synthetic genomics has the potential to
recapitulate the course of natural genomic evolution, with the difference that the course of
synthetic genomics will be under our own conscious deliberation and control instead of
being directed by the blind and opportunistic processes of natural selection. (Church and
Regis 2012, pp. 12-13)

For those readers who are still unsure if ‘we’ already walked through that door
he ensures:

We are already remaking ourselves and our world, retracing the steps of the original
synthesis — redesigning, recoding, and reinventing nature itself in the process. (ibid., p. 13)

This quote exemplifies how strongly the discourse on synthetic biology is
marked by promises and utopian motives. It is not only the International
Genetically Engineered Machine (iGEM) competition that rewards future driven
projects. Also, some protagonists propagate prognoses and narratives about the
future of ‘life’ and ‘nature’ to the wider scientific community and the public. Their
agenda comprises claims with such ‘humble’ goals as the easy and inexpensive
fabrication of medicine and materials by reprogrammed bacteria, the production of
clean energy, the combat of the ecological crisis (Collins 2012; Highfield 2013), the
development of powerful computer hardware using DNA, and a revolutionary
bio-technologization of whole industries (Carlson 2012), the creation of novel
genomes and species, and a new era of human control over evolution, initiated by
‘digital design’ (Venter 2013; Church and Regis 2012) and finally the possibility of
humans colonizing other planets with the help of synthetic biology (see Cyprien
Verseux et al., in this book).

The Austrian sociologist of science, Karin Knorr Cetina tries to approach the
technoscientific transformation of Western culture by thinking about promises of
future perfectibility. Her theory can be applied to the discourses of synthetic biologists
who want to guide evolution in their own image, as George Church claims above.
Knorr Cetina argues that we are living during a time of transition from the modern
culture of humanism and enlightenment towards a posthumanist ‘culture of life’:

One massive source of fantasies that fuel a culture of life and challenge traditional
humanism is the biological sciences themselves. (2005, p. 78)

The reason for this transformation is a change within the configuration of sci-
entific promise. The ‘culture of humanism’ promises political freedom and social
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perfectibility. This promise is articulated by the sciences, in particular the social
sciences and humanities. There is a division of agency between the promise-maker
(sciences) and the party realizing the promise (society). The responsibility of
realizing the promise lies on the side of society (ibid.).

However, in the emerging technoscience culture the promise of perfectibility of
society shifts towards the perfectibility of biological life, “what the biological
sciences promise is the perfectibility of life.” (ibid, p. 78). In this constellation, life
sciences become a trustworthy agent to make societal and future promises.
Synthetic biologists articulate a variety of promises that are centered on the idea of
the technical perfectibility of life. However, contrary to the promise of humanism,
Knorr Cetina claims that in the ‘culture of life’ the promise of perfectibility and
responsibility to realize the promise falls on the side of technoscientists. In Knorr
Cetinas words:

fullfilment of the promise and the requirement of sincerity lie with the promise giver, all the
promise receiver needs to contribute are plausible wants. (ibid, p. 80)

It is not difficult to find an example for the argument: The glowing trees of
Cambridge, a project proposed by undergraduate students from the University of
Cambridge, UK. Their vision is to construct a tree that glows in the dark as a
substitute for electric streetlamps. Scientists, after finding a ‘problem,’ i.e. electric
streetlamps are not ecological, propose a ‘solution’, i.e. ‘let’s build trees that glow
in the dark’. The promise and the realization of this promise-solution were proposed
by the project makers (Clark 2013; Reardon 2011).

The German sociologist of science Petra Lucht and her co-authors have stressed
the image of a co-production of society and technoscience (2010). They argue that
talking about the perfect future is a mode of producing individual and societal
needs. The performance of the promise produces the desirability for technoscientific
objects and projects, when synthetic biologists also talk of new desirable devices for
consumer and popular culture (ibid.). Promises provoke the idea that coming
innovations in synthetic biology don’t need to adjust to the framework of current
society. Instead the promise givers are marking a space and draw a picture of a
biotechnical future that current society and individuals have to adjust to and prepare
for already today (ibid.). Proposed synthetic biotechnical futures have an implicit
impact on societal knowledge and practice. In short, it is not that synthetic biology
has to be adjusted to contemporary society, but rather that contemporary society has
to adjust to a future drawn by synthetic biologists.

In the promised future worlds of synthetic biology, artificial living entities have
left the laboratory and the factory. Various hybrid entities will populate our world to
perform useful tasks in everyday situations, which will lead to, for example,
glowing trees lighting the streets of tomorrow. Here it is important to look at the
cultural and historical implications of promise-making. Bernadette Bensaude
Vincent argues—by referring to Barbara Adam and Steve Groves—that the epis-
temology and the practices of synthetic biology are implicitly informed by a
modern conception of future as a “contested future” (2013, pp. 25-26). Promises
are rhetorical devices to colonize and contest the future. In this sense, future is
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imagined as an open and empty space. The space has to be controlled by action.
The future has to be made not only through actions, but also by imagination and
crafted objects. These objects are supposed to populate the horizons of anticipated
futures. In this conception the future is the problem and an opportunity for the
present world: the future starts now and the future has to be made today (Adam and
Groves 2007, p. 14). Synthetic biologists’ “economy of promise” (Bensaude
Vincent 2013; Joly 2010; Jones 2006; Rose and Rose 2012) practically invests in
the management of possible futures by making novel objects and by suspending the
idea to find an internal truth of nature. With their visions, synthetic biologists are
becoming engineers of future societies. If ‘life’ and ‘nature’ could be programmed
and controlled by so-called biological design, the future (one might claim) could
also be programmed and controlled by science and engineering.

4 Phantasmatic Calculation: A Problematization
of ‘Digital Biology’

Evidently information science, cybernetics, and computer engineering play signif-
icant roles in the diverse field of synthetic biology. Many parts of synthetic biology
research are intertwined with systems biology, the computational simulation and
mathematical modeling of complex biological systems (see Fu and Panke 2009).
Many synthetic biologists, like the pioneer Tom Knight, have a former career in
information science and computer engineering. Daisy Ginsberg, Drew Endy and
their co-authors explain:

These self-styled pioneers of biological engineering aspire to redesign existing organisms
using engineering principles like standardization; some even seek to construct completely
novel biological entities. The field’s engineering visions leads to parallels being drawn with
the early days of computer technology, as researchers reimagine bits of DNA code as
programmable parts, analogous to the components of computer software and hardware.
(2014, p. x)

In the technoscientific promise-economy there is a trope of problematic claims
when it comes to the topic of technical realization of designed living objects.
Talking about synthetic biology with Der Spiegel in 2013, George Church
expresses the following claim about the future of synthetic biology:

Oh, life science will co-opt almost every other field of manufacturing. It’s not limited to
agriculture and medicine. We can even use biology in ways that biology never has evolved
to be used. DNA molecules for example could be used as three-dimensional scaffolding for
inorganic materials — with atomic precision. You can design almost any structure you want
with a computer, then you push a button — and there it is, built-in DNA. (Church in Bethge
and Grolle 2013)

What is the historical root of the connection between the anticipated success and
the promise of feasibility of ‘creating’ living matter, and computer technology and
digital design? The historian of science Lily E. Kay has shown that molecular
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biology underwent an epistemic transformation towards technoscience in the 1950s,
leaving behind models of life explained by an epistemology of energy and
mechanical thinking; instead, researchers began to conceptualize ‘life itself’ as
information. Therefore, molecular biology understood itself as communication
science, strongly affiliated with the emerging fields of cybernetics, information
theory, and computer engineering. Molecular biologists “invented the genetic
code”, when they began to apply the vocabulary of these disciplines, using words
like code, feedback, messages, codes, alphabet, instructions, texts, and programs
(Kay 2000; see also Fox Keller 2002).

From that point on, organisms and molecules were viewed as information
storage and retrieval systems. Kay stresses that the use of such language is
ambivalent and problematic, as the line between ontological and metaphorical use
has not been made clear by molecular biologists. These scriptural conceptions of
‘life as text’ are implicitly informed by the historic discourse of “The Book of
Nature”, where nature and the living world are basically written in a coded lan-
guage, which can be deciphered by science (Kay 2000). Up until today, the aim of
molecular biology is to read genomes by sequencing DNA in a linear and discrete
code (Thacker 2004, 2006, 2009). According to Kay, the inscription of the code
epistemology into the molecular levels of life accompanied by the readability of life
promises new levels of control and feasibility. After ‘reading’” DNA became a
standard application, ‘writing’ the ‘text of life’ for the ‘creation’ of new life forms
seems to be the challenge for synthetic biology—as formulated above by Pencheng
Fu and Sven Panke. Craig Venter explains in Wired:

All the information needed to make a living, self-replicating cell is locked up within the
spirals of DNA’s double helix. As we read and interpret that software of life, we should be
able to completely understand how cells work, then change and improve them by writing
new cellular software. The software defines the manufacture of proteins that can be viewed
as its hardware, the robots and chemical machines that run a cell. The software is vital
because the cell’s hardware wears out. Cells will die in minutes to days if they lack their
genetic-information system. They will not evolve, they will not replicate, and they will not
live. (Highfield 2013)

Crucial for synthetic biology’s promise-economy are gene- and code-centered
bio-cybernetic and even transhumanist figures of thought that (in)form new visions
of life and nature as a field of potentials and even limitless treasures that can be
programmed and controlled by computational procedures (Zakeriemail and
Carremail 2015). Venter claims:

DNA, as digitized information, is not only accumulating in computer databases but can
now be transmitted as an electromagnetic wave at or near the speed of light, via a biological
teleporter, to re-create proteins, viruses, and living cells at a remote location, perhaps
changing forever how we view life. With this new understanding of life, and the recent
advances in our ability to manipulate it, the door cracks open to reveal exciting new
possibilities. As the Industrial Age is drawing to a close, we are witnessing the dawn of an
era of biological design. Humankind is about to enter a new phase of evolution. (2013, p. 7)

Some bioengineers explicitly insinuate synthetic biology as a new universal
biotechnology to materialize human wishes and projects in the form of living
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objects and systems. The medium of control over living matter seems to be the
computational technology. It is remarkable how strong images of ‘the computer’
and ‘the digital’ Venter, Church and others use in their narratives of synthetic
biology and the future of ‘life’. One of the most famous examples was when in
2010, Venter and his colleagues presented

[...] the first synthetic cell, a cell made by starting with the digital code in the computer,
building the chromosome [...] So this is the first self-replicating species that we’ve had on
the planet whose parent is a computer. (Venter 2010)

After this point, it is deemed that evolutionary processes can be guided by
human will as a project of engineering and computing. In that realm, life becomes a
question of digital design.

In this narrative, the computer becomes an instrument of remarkable control and
enables the rational production of living entities, structures, and systems. For
Venter, his so-called “digital biology” is fulfilling the ambivalent promise of early
modern science, when he is pointing to Bacon’s ‘Nova Atlantis’. Venter argues:

The fusion of the digital world of the machine and that of biology would open up
remarkable possibilities for creating novel species and guiding future evolution. We had
reached the remarkable point of being at the beginning of “effecting all things possible,”
and could genuinely achieve what Francis Bacon described as establishing dominion over
nature. (2013, p. 78)

In that sense Venter and Church resume a figure of thought from the computer
and cybernetics discourse of the late 1930s. Back then the computer was mathe-
matically conceptualized as a ‘universal machine’: universal, because it was sup-
posed to imitate every other calculation machine. Synthetic Biology even
radicalizes this utopian motif and expands it into the domain of ‘life itself’. Here,
the computer is imagined as a universal machine that is able to simulate every
possible form of life as code language. Even more utopian: the computer should
control the materialization of living entities as designed objects, as ‘living
machines’. The universality of this approach—the digital ‘creation of life’ and
limitless plasticity of ‘living matter’—lies at the heart of synthetic biologists’
techno-utopianism.
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“Some Kind of Genetic Engineering...
Only One Step Further”—Public
Perceptions of Synthetic Biology in Austria

Walburg Steurer

1 Introduction

I have an idea for how we could define synthetic biology. Namely, if we could define it, if
we could accept the definition that it is some kind of genetic engineering... only one step
further, a considerable step further.'

This proposition was made by a participant in a citizen panel (CP) conducted in
November 2012 in Vienna, Austria. The quote points to a central issue related to
synthetic biology and its public perception: the embedding of the research field
within the discursive frame of genetic engineering. The drawing of parallels
between synthetic biology and genetic engineering has for several years been
discussed in the scientific literature (Kronberger et al. 2009, 2012; Pauwels 2009;
Torgersen and Hampel 2012; Torgersen and Schmidt 2013). Some stakeholders and
policy makers deem the parallel problematic because they fear a repetition of the
controversy over genetically modified crops at the end of the 1990s> (Kaiser 2012;
Kronberger 2012; Tait 2009, 2012; Torgersen 2009; Torgersen and Hampel 2012).
This concern can be reinforced by empirical studies showing a persistent low public
support for genetically modified crops in Europe (Gaskell et al. 2010) and suspicion
towards genetic engineering in general (Rehbinder et al. 2009, p. 152). On the other
hand, an understanding of synthetic biology as being a continuation of classic

"Female participant in CP 1, adults aged 50+, Vienna. Citizen panels were conducted in German
and transcripts quoted in this chapter have been translated to English by the author.

The anti-GMO movement in Europe at the end of the 1990s was triggered by two events: (1) the
import of GM crops—not labeled as such—from the U.S. to Europe, (2) the outbreak of the BSE
scandal. Within this context, Austria was one of the first countries where anti-GMO movements
emerged (Seifert 2002, 2003).
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genetic engineering could downplay the risks, unknowns and depth of interventions
of synthetic biology, which may exceed those of traditional biotechnology
(Engelhard 2010, 2011).

For synthetic biology the issue of framing is challenging because concrete
applications are rare, expected benefits rely on promissory visions of the future, and
long-term impacts are unpredictable. Furthermore, even between experts consensus
about the exact definition of synthetic biology seems difficult to find (Calvert and
Martin 2009; Kitney and Freemont 2012; SCENIHR et al. 2014). In one commonly
quoted definition, synthetic biology is referred to as “(A) the design and con-
struction of new biological parts, devices, and systems and (B) the re-design of
existing, natural biological systems for useful purposes”.® Synthetic biology is
described as an interdisciplinary research field involving knowledge and practices
of biology, chemistry, physics, engineering, and computer science (Nature
Biotechnology 2009) with possible applications ranging from the production of
drugs and vaccines (Ruder et al. 2011), via biosensors for the detection of toxins, to
the production of biofuels and biodegradable plastics (Kitney and Freemont 2012;
Schmidt 2012). One of its pioneers, Drew Endy, named it the “engineering of
biology” (Endy 2005). Critical voices, such as the NGOs Friends of the Earth and
ETC Group, even name it “extreme genetic engineering” (ETC Group 2007;
Friends of the Earth et al. 2012). These manifold conceptualizations leave room for
the question whether synthetic biology is something new (Andrianantoandro et al.
2006; Ball 2004; Benner and Sismour 2005; Endy 2005), or a progression of
traditional genetic engineering (De Lorenzo and Danchin 2008; De Vriend 2006).
Consequently, it will be interesting to see how synthetic biology will be perceived,
framed, and discussed outside of expert circles.

Throughout the last decades, and since the advent of the anti-GMO movement in
particular, the introduction of new technologies has been accompanied by gover-
nance strategies that foster dialogue with stakeholders and the public (Marris and
Rose 2010; Tait 2009). Synthetic biology is no exception to this. Every year national
and international expert panels, ethics boards, and governmental advisory commis-
sions publish reports and recommendations which underline the importance of public
dialogue in emerging research fields like synthetic biology (e.g. European Group on
Ethics 2009; Nuffield Council on Bioethics 2012; OECD Royal Society 2010;
Presidential Commission for the Study of Bioethical Issues 2010). On the other hand,
parts of the scientific community fear that public engagement could trigger techno-
phobic discourses that hamper innovation (Graur 2007; Stirling 2012). Others
question the ability of “ordinary” and “non-scientifically trained” (McHughen 2007)
citizens to voice informed opinions on complex technological issues. Still others
argue that public engagement is used as strategy to prevent conflict, restore trust in
authorities, and would serve the primary goal of science promotion (Torgersen 2009;
Stirling 2012; Wynne 2006). Indeed, within science and technology studies dis-
cussions about aims, impacts, power relations, and inclusiveness of engagement

*www.syntheticbiology.org. Accessed 25 Mar 2015.
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experiments have a long tradition (Bogner 2012; Delgado et al. 2011; Irwin et al.
2013; Marris and Rose 2010; Stirling 2008; Tait 2009; Wickson et al. 2010; Wynne
2006; see also Seitz, this volume), and social scientists are critically reflecting their
own roles within engagement experiments, (ELSI) research programs, or framing in
general (Calvert and Martin 2009; Marris and Rose 2010; Mohr and Raman 2012;
Stilgoe et al. 2014; Stirling 2008, 2012; Torgersen 2009).

So far, public engagement projects with the aim of involving citizens and/or
stakeholders on questions of governance and incorporating their recommendations
into policy making have been rare in the field of synthetic biology (e.g. BBSRC and
EPSRC 2010; Royal Academy of Engineering 2009; but cf. Rerimassie, this vol-
ume). In the literature we rather find empirical studies focusing on public perceptions
per se. Large-scale surveys have been carried out on both sides of the Atlantic
(Gaskell et al. 2010; Hart Research Associates 2008, 2009, 2010, 2013; Kahan et al.
2009), and a considerable number of studies have used a combination of qualitative
and quantitative methods to investigate the public perception of synthetic biology in
a variety of countries (Dragojlovic and Einsiedel 2012; Hart Research Associates
2008, 2009; Kronberger et al. 2009, 2012; Navid and Einsiedel 2012; Pauwels 2009,
2013; Schmidt et al. 2008). The results of these studies show that recurring issues
that matter to respondents are: long-term impacts, side effects, economic interests,
intellectual property rights, distributional justice, notions of “life” and morality of
constructing “artificial life”, safety, security and regulation of synthetic biology.

Furthermore, qualitative studies focused on the framing of synthetic biology by
experts, stakeholders or the media and the influence of certain framings on public
perceptions (Ancillotti and Eriksson, this volume, Cserer and Seiringer 2009;
Gschmeidler and Seiringer 2012; Kronberger et al. 2009, 2012; Lehmkuhl 2011;
Pauwels 2009; Pearson et al. 2011). In addition, the importance of past experiences
and the drawing of parallels to other research fields, such as biotechnology, nano-
technology, computer science, cloning or stem cell research (Pauwels 2009, 2013;
Tait 2009; Torgersen 2009; Torgersen and Hampel 2012; Torgersen and Schmidt
2013), and the role of metaphors like e.g. “playing God”, “creating life” (Dabrock
2009; Dragojlovic and Einsiedel 2012; Eichinger, this volume; Falkner this volume;
van den Belt 2009), “Frankenstein” (Ball 2010; Gschmeidler and Seiringer 2012;
van den Belt 2009) or “living machines” (Deplazes and Huppenbauer 2009) have
been investigated in empirical studies and theoretical papers.

What contribution can the Austrian CP study add to the scientific discussion?
First, qualitative studies provide the means for exploring public perceptions
in-depth and contextualize quantitative data, such as those from Eurobarometer,
where Austrians were attested of being particularly cautious about synthetic biology
(Gaskell et al. 2010), or from a multi-country comparative survey conducted by
Pardo et al. (2009), where Austria ranged at the lower end of 15 investigated
societies regarding acceptability of producing biopharmaceuticals in genetically
modified animals and plants (Pardo et al. 2009; Rehbinder et al. 2009). Second, by
taking qualitative work on public perceptions of synthetic biology conducted in
Austria (Kronberger et al. 2009, 2012), in the UK (BBSRC and EPSRC 2010), and
in the US (Pauwels 2009, 2013) into account it can be seen if and how attitudes
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towards synthetic biology have changed over time and vary between societies. It
can especially be investigated if the anchoring of synthetic biology within bio-
technology—as stated by Kronberger et al. (2009, 2012) and by Pauwels (2009,
2013)—is still persistent, or if new frames and comparators have emerged.
Summarizing, the Austrian CP study which will be presented in this chapter
explores questions thrown up by quantitative data, paying attention to discourses
and framings of synthetic biology outside of expert and media circles, and to
changes in attitudes towards synthetic biology.

2 Methods

2.1 Citizen Panel Methodology

To investigate how members of the Austrian public encounter synthetic biology,
citizen panels (CPs) were conducted in this study with participants from a variety of
socio-demographic backgrounds.* The method of CPs as mode of political partic-
ipation was developed in the 1970s. CPs were introduced as an innovative method
for giving voice to the public and for incorporating its inputs into policy decisions.
The idea behind CPs as described by Crosby and colleagues is to put a

“group of the public in dialogue with public officials so that the officials get the reactions of
‘the people themselves’ on a particular subject, rather than simply getting the views of those
who are lobbying from a particular point of view or interest” (Crosby et al. 1986, p. 171).

However, in the scientific literature, the definition of CPs varies across projects and
authors, and a clear distinction from other methods of public engagement seems at
times difficult to discern. Rowe and Frewer have criticized the unclear and sometimes
contradictory nomenclature of public engagement mechanisms in general (Rowe and
Frewer 2005), and their critique also holds true for the CP method. While some authors
use the term “citizen panel” synonymously to “consensus conference” (Brown 2006;
Guston 1999; Lin 2011), “citizen jury”, “planning cell” (Brown 2006; Crosby et al.
1986; Lin 2011), “citizens’ review panel” (Fiorino 1990) or “deliberative poll”
(Brown 2006), others define each of these mechanisms as different methods for public
engagement (Abelson et al. 2006; Nanz et al. 2010; Rowe and Frewer 2005; Sheedy
et al. 2008; United Nations Department of Economic and Social Affairs 201 1).5

“The CPs were conducted in the framework of work provided to the Austrian Research Promotion
Agency (FFG). The citizen panel study was coordinated and supervised by Herbert Gottweis.

SAlso the design of CPs is characterized heterogeneously in the scientific literature, which is due to
the association of the term with completely different engagement mechanisms (Rowe and Frewer
2005). Accordingly, designs of CPs range from discussions within small groups of participants
assumed to represent a specific community (Abelson et al. 2006; Guston 1999; Sheedy et al.
2008), to projects involving several hundred participants constituting a statistically representative
sample and having more the form of surveys (Abelson et al. 2003; Nanz et al. 2010). Meetings are
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The CP conception of the Austrian study follows a characterization given by
Abelson et al. (2006), which is very close to the method of focus groups (Barbour
2008; Bloor et al. 2001; Krueger and Casey 2009; Liamputtong 2011). For Abelson
et al. (2006), CPs are composed of small groups of citizens who discuss a prede-
termined issue in a face-to-face meeting. An expert provides participants with bal-
anced and accessible information on the subject. In addition to being invited to
discuss and deliberate on the issue, participants are asked to formulate recommen-
dations based on their deliberations (Abelson et al. 2006, p. 15). Effectively, a CP is
here a special kind of workshop with the public, which is composed of information
and discussion phases with the aim of bringing different perspectives, ideas and
opinions to the fore. As such, CPs are particularly suitable for exploring public
understandings of synthetic biology, and for generating inputs for policy making.

2.2 Sample Design

For participant selection a purposive, non-representative sampling approach was
chosen (Barbour 2014) as the intent was not to produce statistically representative
data mirroring the perceptions of the general Austrian population, but rather to get
access to different ways of understanding and debating synthetic biology by
including the perspectives and experiences of a diverse set of societal groups. The
sample was supposed to reflect diversity in terms of age, gender and living area.
Men and women involving a mixture of academic grades and professional back-
grounds were invited, and participants were divided into two age groups: adults
aged 1849, and adults aged 50+. This separation was chosen on the basis of the
hypothesis that in older age groups past experiences with protest movements during
the 1970s and 1980s in Austria could have an influence on public perceptions of
synthetic biology and its governance.’

Participants were recruited during October and November 2012 by snowball
sampling and with the help of online advertisements.” A total of eight CPs were
subsequently conducted—with half of the CPs taking place in Innsbruck, in western

(Footnote 5 continued)

in some cases organized as singular events and in others as a sequence of meetings over a longer
time period, with a selected standing group of participants.

SIn this connection it is important to know about two events that are considered particularly
significant for Austria’s political culture and popular understanding of protest and democracy.
First, during the 1970s a protest movement formed against the activation of the nuclear power
plant “Zwentendorf”—ever since, Austria has been nuclear-free in electricity production. Second,
in the mid-1980s a protest movement and mass-occupation of the wetland “Hainburger Au”
hindered the construction of a hydroelectric power plant in the nature reserve. As a consequence of
protester’s demonstrations, the natural ecosystem of the “Hainburger Au” has been left untouched
until today and Austria’s national energy policy deeply influenced by the event (Seifert 2002).

Participant recruitment was carried out by Ursula Gottweis, Walburg Steurer, and Viktoria Veith.
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Austria, and half in Vienna, in the eastern part of Austria, so as to account for
different regional areas. In each city two groups with 18- to 49-year-old adults and
two groups with adults aged 50+ were organized. The number of participants within
individual CPs varied from five to twelve people. The overall number of partici-
pants was 67. Ages ranged from 18 to 78, with a mean age of 43 years. Overall,
there was a small surplus of citizens with higher educational backgrounds due to
some participants not showing up on short notice (for details see Table 1).

2.3 Data Collection

All CPs took place in November and December 2012.% The discussions were audio
recorded with the informed consent of the participants and afterwards transcribed in
order to facilitate analysis. Participants were assured that their personal data will be
treated confidentially and their statements remain anonymous. Each CP lasted for
about two hours and was led by two trained moderators who provided balanced
information about synthetic biology and ensured that every participant had equal
opportunity to speak. For the moderation of the CPs, a semi-structured topic guide,
composed of five thematic units, was followed. The same topic guide was used in
every CP for comparability of results. Each thematic unit was divided into two
alternating phases: (1) information phases in which participants received information
about objectives, strategies and fields of application of synthetic biology, and
(2) discussion phases in which participants were invited to bring in their perspectives
and opinions on synthetic biology, to discuss challenges and opportunities within the
group and to formulate recommendations on synthetic biology governance.’

The CPs started with an introduction by the moderators and the disclosure of the
topic to be discussed. In order to avoid that participants inform themselves
beforehand, when inviting them, they had been told that the CPs would be about the
role of science and technology in general, and about a novel research field to be
disclosed during the CP in particular. Therefore—and as a warm-up exercise—in
the first thematic unit participants were invited to discuss the impacts of science and
technology on their everyday lives.

Within the second unit, participants were provided with basic information about
functioning of cells, genome, and genetic blueprint, and the ways in which synthetic
biology uses, (re-)constructs, and (re)designs them by combining the knowledge
and practices of biology, chemistry, physics, engineering and information

8The CPs were organized and conducted by Ursula Gottweis and Walburg Steurer.

“Regarding the composition of the thematic units and selection of example cases the topic guide
was inspired by those used in the UK “Synthetic Biology Dialogue” by BBSRC and EPSRC
(2010) and in the public dialogue organized by the Royal Academy of Engineering (2009).
Furthermore, case selection was inspired by a focus group study conducted by a group of
researchers from the Chair of Ethics at the Friedrich-Alexander University Erlangen-Nuremberg,
which is yet to be published.



“Some Kind of Genetic Engineering... Only One Step Further” ... 121

Table 1 Characteristics of sample

Number (n)
Number of citizen panels 8
Number of participants 67
Gender Male 38
Female 29
Living area Innsbruck 36
Vienna 31
Nationality® Austria 33
Other 26
Age 18-49 36
50+ 31
Average age of 18-49 year olds 30
Average age of 50+ year olds 62
Age range of total sample 18-78
Average age of total sample 43
Educational level” Basic education 9
Vocational education 11
Secondary education 23
Tertiary education 36
Employment status® Student 27
Employed 24
Freelance
Unpaid work
Unemployed
Retired 19

“Not specified by 8 participants
bMultiple answers possible

technology. Further, it was explained in how far synthetic biology is different from
traditional genetic engineering. This first information phase was followed by a
discussion about participants’ understandings and interpretations of the term
“synthetic biology” and about its ethical, legal, social and economic implications.

The third thematic unit was dedicated to possible applications and products of
synthetic biology. The moderators presented examples from three different fields of
application: (1) Medicine: Synthesis of artemisinic acid—a precursor substance for
the anti-malarial drug “Artemisinin”—in redesigned yeast. Traditionally, the sub-
stance is extracted from the sweet wormwood tree (Artemisia annua) cultivated
primarily in China, Vietnam, Kenya, Tanzania, Uganda, Madagaskar and India.
Stakeholders promise that with the help of synthetic biology production costs could
be reduced and access to the drug for less developed countries be guaranteed
(Collins 2012; Hommel 2008; Keasling 2009; Ro et al. 2006; Weber and
Fussenegger 2009; Westfall et al. 2012). (2) Agriculture: Construction of modified
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organisms (bacteria, viruses, or insects) for plant pest control (Gilbert and Gill
2010; Jin et al. 2013; Thomas et al. 2000; Weber and Fussenegger 2009). The main
arguments advanced by researchers for supporting this kind of research is that the
use of pesticides and potential impacts on human health could be reduced through
this biological alternative, and that non-target species would remain untouched by
the artificially constructed organisms (Jin et al. 2013; Weber and Fussenegger
2009). (3) Environment: Bio-fuels from redesigned algae as an alternative for fossil
fuels and biofuels from crops (Georgianna and Mayfield 2012; Gimpel et al. 2013;
Service 2011; Wang et al. 2012). Each presentation was followed by a discussion
about the application of synthetic biology in that specific case, and possible chal-
lenges and opportunities. Participants were invited to reflect as well about positive
as about negative implications.

In the fourth section, questions were asked concerning the governance of synthetic
biology. Focus was drawn to the role of researchers, policy makers, and funding
bodies. Participants were asked to give recommendations on how the field should be
regulated, who should regulate it, and how supervision could be guaranteed.
Furthermore, they were asked about requirements that should be met for research
funding and about conditions for synthetic biology products to enter the market.

Finally, participants were invited to imagine a future where synthetic biology
would be part of their everyday lives, and to describe their imaginations, expec-
tations, and feelings, such as hopes, fears and concerns.

2.4 Data Analysis

For data analysis, a mixed methods approach combining structured content analysis
(Kuckartz 2012; Mayring 2008) and interpretive frame analysis was chosen
(Fischer 2003; Schon and Rein 1994). Structured content analysis allows for
combining inductive and deductive approaches in category development, and is
furthermore suited for coding manifest as well as latent contents within texts
(Kuckartz 2012). Consequently, in the first step of the analysis, key issues were
identified and a category system developed. This was based on the thematic
structure of the topic guide and on prior knowledge gained from the scientific
literature. After coding about 20 % of the data material, categories and codes were
revised and new ones formulated inductively as they emerged from the empirical
data. The analysis focused on manifest contents as well as on in-depth structures
and latent contents within the transcripts. Frame analysis allows to analyse
underlying frames that shape discourses (Fischer 2003; Schon and Rein 1994). By
conducting frame analysis special attention was put on the framing of synthetic
biology by the CP participants and on comparators chosen for making synthetic
biology graspable. Throughout the whole project, the use of the qualitative data
analysis software Atlas.ti facilitated the management, storage and organization of
the data (Friese 2012).
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3 Results

3.1 Something Old, Something New—Making the Unknown
Tangible by Drawing Parallels

The majority of the participants was not familiar with the term “synthetic biology”,
even though they knew about the practice of (re-)constructing organisms in labo-
ratories with the help of modern technologies. Thus, while the practice itself was
known, participants did not associate it with the term “synthetic biology”.
Generally, the term “synthetic biology” evoked surprise and puzzlement. This
was due to the combination of the two words “synthetic” and “biology”, which
were understood as being opposed to each other. In order to make sense of the
“contradictory” concept, participants on the one hand looked at each of the two
words separately, and on the other, at the relation between them. They often con-
cluded that the term “synthetic biology” was a contradiction in itself: “synthetic” as
something artificial, unnatural, technical or man-made, and “biology” as something
natural, living, and detached from human power. Participants put it as follows:

That’s a contradiction. Synthetic biology is a contradiction. ‘Bio’ is a Greek word, as far as
I remember from school, and it means, means ‘l/ife’, but synthetic life, I am not sure, if you
can call this life at all.'”

Participant (P) 10: It’s a paradox, when I only see these two words, ‘synthetic’ and
‘biology’. I associate ‘biology’ automatically with a natural product and ‘synthetic’ is just
its opposite.

P11: Well, but what is nature? [...] Nature is itself only a construct made by man, hum,
something he invented, created somehow.!!

Statements of this type led to discussions about the definition of “life” as such.
While for some the main concern lay in drawing a demarcation line between “dead
matter’” and “life”, “artificial” and “natural”, or “animate” and “inanimate”, others
classified the word “synthetic” as simply not being appropriate to describe neither
the “material” from which parts and systems are constructed nor the organisms
resulting thereof. Single components as well as “life forms” constructed by syn-
thetic biology were perceived as being built from living substance, not from dead
material or scratch—as the word ‘“synthetic” would suggest—even though the
constructed parts, systems and organisms do not exist in nature and presumably
would never have been generated by it. In the words of a participant:

There must already have been something living within it, living organisms can’t be built
from dead matter.'?

'®Male participant in CP 8, adults aged 50+, Innsbruck.
"Conversation between two male participants in CP 6, adults aged 18-49, Innsbruck.
Male participant in CP 1, adults aged 50+, Vienna.
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Furthermore, imaginations and meanings of the attribute “synthetic” from other
contexts and shared discourses were mobilized. It made people think of synthetic
foodstuff, such as “imitation cheese” and “imitation ham”,'* energy drinks and
E-numbers. The word “synthetic” was associated with something “lab-grown”,
“unhealthy” and “faked”. To sum it up, the term “synthetic biology” caused irri-
tation and evoked rather negative yuck feelings and imaginations. Noteworthy in

this context is the following comment:

Err, but in general, for me, this term, I mean synthetic biology, sounds, err, is negatively
loaded, err, um, err, because it is, err, I think there are so many dangers that could come up
within science. And for me this sounds a bit like, like certain science fiction novels I have
read, and they seldom had a happy end.'

Beyond reflections about the literal sense of the term “synthetic biology”, par-
ticipants also tried to make sense of the practices and consequences of synthetic
biology by drawing parallels. This can be interpreted as strategy to cope with the
unknown and uncertain: by comparing the abstract with the concrete, the former
becomes tangible and understandable. In the CPs especially the imagined challenges
and opportunities of synthetic biology were compared to experiences with scientific
innovations from throughout the history of humankind, as the next quotes show:

There we are in a similar situation as Marie Curie was, who did research into uranium, had
uranium all over her body, and died from it. But, can we put into question that it was a
breakthrough? Didn’t it generate fundamental knowledge for contemporary science?'?

A little bit it reminds me of the time when the steam engine, the steam locomotive was
invented, and then also people were against it, and for heaven’s sake, devil’s work, and
dangerous, you die when you move so fast. Ah, it’s the uncertainty.'®

But you could see it also with drugs, that many drugs, starting with Contergan,'” till T don’t
know, many drugs have been released, that afterwards had completely different side-effects,
we should treat it with caution, the whole thing.'®

While the examples cited above refer to historical events, parallels were also
drawn to more recent phenomena and empirical values from neighboring research
fields, such as nanotechnology, information technology, pre-implantation genetic
diagnostics, stem cell research or cloning. However, the most common reference
made was to genetic engineering—with a tendency to equate synthetic biology and

3These terms are known in German under the buzzwords “Analog-Kdse” and “Mogel-Schinken”,
which had been at the centre of heated public debates throughout the previous five years (Die Welt
2009).

“Male participant in CP 2, adults aged 1849, Vienna.

Male participant in CP 6, adults aged 18-49, Innsbruck.

Male participant in CP 7, adults aged 50+, Innsbruck.

"Contergan was the trade name of a drug containing thalidomide, which was freely available in
pharmacies in Western Germany from 1957 to 1961. It was, amongst others, used against morning
sickness in pregnant women, and caused severe damage to children, most notably with regard to
limb development.

®Female participant in CP 5, adults aged 1849, Innsbruck.
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genetic engineering or to understand synthetic biology as the obvious and logical
progression of genetic engineering. This becomes clear from the citation in the
introduction to this chapter as well as from the following excerpt:

But on the other side, the risks and opportunities that emerge out of this new, or maybe not
so new technology are old hat. It was thirty years ago, if you think about what lies ahead,
for example with genetic engineering, I don’t see any difference with my lay knowledge. If
you do it this way, or that way, it’s all, there are incredible opportunities, but there is also an
incredible amount of things that could fall on us."’

In summary, participants tried to make sense of synthetic biology and its impli-
cations by drawing parallels to other technologies and past experiences. The fields
associated with the (re-)construction of organisms were preferably inscribed within
the discursive frame of “genetic engineering” or “genetic modification”.
Furthermore, the term “synthetic biology” caused irritation and evoked rather neg-
ative feelings and expectations. Therefore, the next section will focus on concrete
dangers and challenges brought to the fore by CP participants and on the hopes and
opportunities they perceived within “this new, or maybe not so new” research field.

3.2 Something Good, Something Bad—“An Ambivalent
Thing”

In order to further investigate risks and opportunities of synthetic biology, partic-
ipants were introduced to three examples for its (future) application and asked to
discuss positive and negative aspects for each example.

The first example presented was the application of synthetic biology for the
production of artemisinic acid in modified yeast. Other than the high hopes and
promissory future scenarios raised by scientists and stakeholders, attitudes towards
the synthetic Artemisinin were divided in the CPs. While some participants showed
enthusiasm, others were more cautious and pointed to unknown risks and economic
interests. This ambivalence becomes apparent in the following conversation:

P11: I think, finally something happens, because down there [in Africa], where people are
really poor, in an economic sense, they could really be helped, with this drug at a cheap
rate. So, I really appreciate and support it, and I say ‘it’s a good thing’. But the question is
always who really takes profit. Those, who receive the treatment, or again a big company,
or companies? But we will never be able to prevent this.

P9: No, but principally, if an effective drug against Malaria can be produced, we can only
appreciate it.?!

Male participant in CP 1, adults aged 50+, Vienna.
2Male participant in CP 1, adults aged 50+, Vienna.
2lConversation between two male participants in CP 8, adults aged 50+, Innsbruck.
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After initial fascination, people were primarily concerned about the interests of
(pharmaceutical) companies and industries behind the research. Throughout all
CPs, the topics of monopolies, intellectual property rights and distributional justice
constituted issues of discussion. One participant cited the example of drugs against
AIDS to underpin his concern that access to novel products and scientific
achievements would remain a privilege of the rich. He argued that multinational
companies would hold patents and prevent large-scale supply with drugs at an
affordable price for the poorest countries.

Other comments focused on the future of the farmers who cultivate the medicinal
plant from which the artemisinic acid is traditionally extracted:

Will they in the future have a means of existence?*>

Furthermore, in two CPs, participants voiced suspicions about the selection of
the Artemisinin-case for the CPs. In their perception the Artemisinin-example could
be misused as a door-opener argument for the application of synthetic biology in
other fields:

You have chosen an example that is effective as good publicity for synthetic biology.
Because against Malaria, we know it, something has to be done, because hundreds of
thousands of people are dying of it, maybe more.?

Beyond economic interests, uncontrollability and uncertainty mattered to par-
ticipants. In particular, they were concerned about long-term risks and side effects.
Participants pointed out that research was still at an early stage and worried that
consumers could be used as “human guinea pigs”. Furthermore, participants
questioned what would happen if the modified yeast would “escape” from labo-
ratories and crossbreed with natural organisms. It was argued that unintended
evolution and mutations could be the consequence and the sensitive balance of
natural ecosystems be damaged. Several participants invoked Goethe’s ballad “The
Sorcerer’s Apprentice” or Shelly’s “Frankenstein” to epitomize their visions of a
future with synthetic biology.

Concerns about uncontrollability were even more pronounced in the second
example case: the construction of bacteria, viruses or insects for plant pest control.
Again long-term impacts and unforeseeable side effects were perceived as critical.
Participants pointed to the risk of crossbreeding between natural and artificially
constructed organisms and misuse of synthetic biology for terrorist purposes and
warfare:

P6: I would have a bad feeling with this thing, that this, that they could somehow mutate
and become Kkiller viruses [generalized laughing, talking across each other], yes

P1: extremely

P3: that’s really how it is

P6: and to me, to my mind there are always and immediately coming weapons

P1: chemical

22Female participant in CP 5, adults aged 18-49, Innsbruck.
23Male participant in CP 8, adults aged 50+, Innsbruck.
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P3: Anthrax

P6: yes, chemical, [talking across each other] I really wouldn’t need that

P3: No, me neither, I don’t want that

P1: Me too, I am rather, yes, quite skeptical, against that. I would also be scared that
someone could say (..), yes, because, we always believe, man always nicely believes, that
he can control everything, but

P2: we often saw that

P1: that it went wrong.>*

Taken together, also in the agricultural field participants’ attitudes towards the
application of synthetic biology were marked by perceptions of risks and distrust in
authorities and scientists to overlook the field. Compared to the medical field, risk
perceptions and fears were much more pronounced in agriculture, as participants
imagined the use of synthetic biology for medical purposes in laboratories or as
drugs within the human body as less problematic than field release of novel
organisms in open environments. Their reasoning was that in the first case con-
trollability could to some degree be possible due to research taking place within
confined spaces, while uncontrollable evolution and mutations were perceived as
being the logic consequence of field release of novel organisms into natural eco-
systems. In addition, it is notable that parallels to past experiences with genetically
modified crops were again drawn:

I don’t know, I am rather skeptical about interventions within the natural ecosystem. I think
it’s a completely different thing if you do it only, only in the medical field. I think in the
medical field I am much more tolerant and I think, there you can try much more, but when
man impinges on nature, which is not a human being, but algae or insects, I simply have a
bad feeling, and I don’t think that we can control everything like we suppose to do, because
also when you just use it within confined areas - they did it as well with genetically
modiﬁegli maize, which was spread by the winds, and, I don’t know, I simply have a bad
feeling.”

A second example further illustrates the embedding of synthetic biology within
the discursive frame of genetic engineering and the mobilization of respective
imaginaries:

P1: [...] There’s again a danger connected to it. How should it be possible to test it? It’s
difficult to say, because there exist a huge variety of bacteria and viruses, and, and all these
things are so huge. I think you can’t test it, you simply have to apply it (.) with force, stop,
punctum.

P11: That would mean almost additionally to genetic manipulation, right? If there is some
vermin in maize, and now if [...] I would culture a virus, which fights that particular
vermin, and then we do genetic engineering

P1: all inclusive

P11: [laughs cynically] yes. But I think a layperson lacks the overview. How can this really
be done within boundaries?

2*Conversation between two male (P1, P2), and two female (P3, P6) participants in CP 5, adults
aged 18—49, Innsbruck.

ZFemale participant in CP 4, adults aged 18-49, Vienna.
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P1: Right. Is science able to assess the risks? Or how much time do such trials take, to have
at least a minimum of security? That’s alarming, isn’t it?*°

Overall, in both example cases—medicine and agriculture—distrust against
authorities, scientists and sponsors of synthetic biology seem to be at the heart of
participants’ skepticism. Distrust became visible not only when participants ques-
tioned the possibility to control or overlook the field, but also when they com-
municated their suspicion that those interested in the research would obscure their
“real” aims and interests—thus, participants perceived a fundamental lack of
transparency. A similar distrust had already become apparent with the suspicion
that the Artemisinin-example could be used as door-opener, but it became even
more apparent when participants put into question the arguments that by using
synthetic biology, arable farm land could be saved for food production and thereby
the growing world population be fed.

Along this line of distrust, in the third example case—the production of biofuels
from redesigned algae as an alternative to fossil fuels or biofuels from crops—
participants criticized a perceived instrumentalization of the issue of “hunger” or of
the argument of “ensuring food supply for the growing world population” for the
promotion of synthetic biology. Further, participants were suspicious that other
energy sources would intentionally remain unexplored and research left without
funding due to economic interests. The next quote illustrates this generalized
distrust:

I don’t think that bio-algae are the solution, don’t think that this will become commonplace,
impossible for me, honestly, to be perfectly honest. I worked in the automobile industry for
twenty years, I know that there was research going on in the past; with steam you can
power cars, in principle that doesn’t cost anything, but those in power are against it, they
hinder that these things enter the market, because everything would collapse, it’s deter-
mined by money, and power, and avarice, but that’s the world.*’

Within the pattern of distrust and skepticism moral questions played a critical
role, as they again displayed participants’ pessimistic and suspicious attitude
towards synthetic biology. Participants were not only critical about the construction
of “life” as such, but worried also that optimization and purposeful selection could
easily be drawn into extremes. They argued that synthetic biology would begin with
the (re-)construction of bacteria, insects, or algae, but in the future could be used for
eugenic purposes with the aim of constructing the “perfect human”. While the
question of how far man is allowed to go and the reproach of transgressing nature
were mentioned several times, interestingly the metaphor of “playing God” was
only used twice. This may be due to a perception of synthetic biology as not being
something completely new, but another form or a progression of classic genetic
engineering, and as such something which has become “normal” or perceived as
being within the realm of humans’ mighty.

2Conversation between a female (P1) and a male (P11) participant in CP 8, adults aged 50+,
Innsbruck.

?"Female participant in CP 3, adults aged 50+, Vienna.
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Summarizing the inputs, the application of synthetic biology was perceived as
“an ambivalent thing” with hopes, fears, and moral concerns openly voiced in the
CPs. In addition, distrust could be identified as a central attitude towards synthetic
biology. An excerpt brings this exemplarily to the point:

P9: But it’s an ambivalent thing. On the one side there are many risks and dangers, on the
other science and technology have made an increase in life expectancy possible. [...] I
would say ‘boon and bane’, right, both.

[...]

P6: But in the end it’s always man who is responsible, will it be good, or will it be bad.
P2: For sure.

P6: So we should try to control him [man].

[Laughing]

P5: But maybe it could be like with the atomic bomb. Someone too invented that, I think,
and only afterwards he realized how deadly it was. Many might not even know what will be
the end product.28

This ambivalent image raises questions about how participants cope with the
perceived uncertainty and intransparency, and which attitudes they developed out of
their distrust and skepticism. The answers to these questions will be provided in the
next section.

3.3 Being “Just a Lay Person”—Between Resignation
and Self-Activation

The attitudes that participants developed as a result of their distrust were—Ilike
distrust itself—mostly not expressed directly, but became discernible as implicit
attitudes within discussions. Two major attitudes—understood as coping strategies
—could be identified: resignation and self-activation. Resignation comprises on the
one hand the perception of oneself as being “just a lay person” who lacks the
overview and is obliged to believe what scientists—perceived as “insiders”—and
the media say, and on the other hand, the feeling of being powerless, to have no
influence on the progress of science. Concerning the latter, participants voiced first,
the fear that research would continue anyway, independently of peoples’ demands,
wishes and opinions, and second, the feeling of being powerless against (economic)
interests:

P5: Well, science will always move on, regardless of whether you are for or against it,
whether it’s forbidden or not, it will go on. But I’'m not doing well with that, so.

P1: In the course of years, technology will maybe have progressed so far, that a normal, a
mortal individual won’t be able to manage it, right?*’

28Conversation between a female (P5) and three male (P2, P6, P9) participants in CP 8, adults aged
50+, Innsbruck.

Conversation between two male participants in CP 7, adults aged 50+, Innsbruck.
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The fact that this drug [Artemisinin] does already exist, demonstrates that regardless of
what we are discussing here, it has already been done.>

[...] my estimation is realistic, it’s not preventable. All that’s imaginable, all that’s
researchable, will be researched, if not now, then in 10 years, it’s a stream that is in a state
of flux. They will try to regulate it as good as possible, but they will fail.>'

However, distrust and the feeling of powerlessness did not only result in res-
ignation, but in some participants turned into its opposite: an attitude of
self-activation. Self-activation in this context means a form of emancipation of the
individual, who becomes aware of his/her power as critical and self-reflexive
consumer. Accordingly, participants defined it as crucial, first, to inform themselves
very well, for example by reading food labels attentively, in order to be empowered
as individuals to decide which products to buy. Second, it was seen as essential to
rethink one’s consumer behavior on a more general level. This included
self-criticism of being members of a “throw-away-society” which incites a run for
the cheapest products regardless of the conditions of production, as well as very
concrete suggestions like the reduction of individual car use, which would make the
need for alternative energy sources—and therefore also research into biofuels from
redesigned algae—Iless urgent. Thus, self-activation emerged as a defense reaction
against a general distrust in scientists, industry, funders and regulators, and against
a perceived non-transparency, manipulation by media and advertisement, and an
imbalance of power between “insiders” and the “lay public”.

Finally, the call for individual responsibility was further expanded into a call for
societal responsibility, especially for the next generations. This brings us to the
question of how synthetic biology should be regulated.

3.4 The Big “If”—Setting the Conditions

The overall impression gained from data analysis is that support for synthetic
biology is always conditional. Thus, especially—but not only—when CP partici-
pants were asked about preconditions for the application of synthetic biology and
recommendations for its governance, there appeared a big “if”. This big “if” could
be identified as a recurring pattern within different contexts.

The first big “if” concerned information and transparency and was therefore
closely related to the distrust identified before. In the preceding section, the
importance of informing oneself and taking the role of the responsible consumer
was addressed within the pattern of self-activation: the labeling of products in a
clear and visible manner had high priority for most participants as it symbolizes the
guarantee for being oneself the person who decides what to consume. Thus,

3Male participant in CP 6, adults aged 18-49, Innsbruck.
3Male participant in CP1, adults aged 50+, Vienna.
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information and transparency were established as preconditions for autonomy and
for the restoration of trust in authorities. An excerpt illustrates this well:

We can’t stop it from progressing anyway. It’s happening in the background anyway, all
that research does already exist, I don’t know for how many years, but research continues, it
will come anyway. But there must be someone who communicates that in a hundred per
cent transparent way to the people, what exactly happens there, what are the negative sides,
what is positive about it. So, I really would like to be informed very well, then I can decide
for myself, if I want to buy it or not, that’s the point.*>

The quote is interesting in two dimensions: On the one hand, it highlights a shift
from resignation to self-activation, on the other, it shows that knowledge—gained
through information—symbolizes and enables a form of power as it facilitates the
emancipation of the individual. Hence, it can be concluded that transparency and
information, first, help to restore the balance of power between informed “insiders”
and “lay people”, and second, to restore trust in authorities.

The balancing of risks and benefits constituted a second big “if”. Participants
underlined that uncertainties should be disclosed from the outset. An excerpt
illustrates the importance of knowing challenges and opportunities of synthetic
biology—thus, again, the importance of transparency—and of having the possi-
bility to choose:

Well, if I could say from the beginning ‘these are the opportunities and those are the risks’,
put all I know on the table, then I could maybe better form my opinion than if I always have
the feeling that we are manipulated, only the advantages, only the advantages. And about
the risks I have to think on my own.*

Within the context of balancing risks and benefits, the exploration of alternatives
was perceived as critical. The big “if” here refers to missing alternatives and a
perception of synthetic biology as being the lesser evil. Thus, if no alternatives are
available, synthetic biology becomes a viable practice. The following conversation
taken from a discussion about biofuels from redesigned algae shows this well:

P2: The question is, so it seems to me, if we want to continue pumping up fossil fuel from
the soil, or if we want to extract it from algae.

P1: I believe that there must be an alternative. 1 simply cannot imagine that there doesn’t
exist anything.

P2: Me neither, I don’t find any of the two possibilities cool, but if you have to take a
decision,

P1: yes, then algae would in any case be the lesser evil. Now, I have to admit, that it is no
bad idea.

P2: That’s a technical question.

P2: Well, it’s no bad idea, but (..)**

3Male participant in CP 3, adults aged 50+, Vienna.
33Female participant in CP 1, adults aged 50+, Vienna.

3Conversation between a female (P1) and a male (P2) participant in CP 6, adults aged 18—49,
Innsbruck.



132 W. Steurer

Missing alternatives were a decisive factor for the support of synthetic biology
particularly within the medical field—the field of application that received most
support within the CPs. Thus, if the question is about life and death, the ways how
drugs are produced play only a minor, if any role at all, as the next quotes
demonstrate:

P4: If 1 were affected by a certain disease, I would be happy if drugs were available,
regardless of whether they are produced with the help of synthetic biology, or not, I would
not care about that.

P1: Yes, if they could help you, right?

P2: Year, that’s

P1: that’s clear, yes

P4: Then I would be happy, if something would exist, then.*>

P3: 1 think, and this is very interesting, when it comes to physical health, our attitudes
change completely [affirmation from other participants] regarding those things. So, I think
if I suffered from Malaria and had no money and could get this drug, at a cheap rate

P1: then you would take it

P3: cheaper, I would buy it

[Several participants speak simultaneously, incomprehensible]

P3: it’s something completely different

P6: of course.>®

The cost factor was, thus, decisive for the support of synthetic biology. This was
not only true for the medical field, but also for other fields of applications, such as
agriculture:

Sounds promising, especially in regard of fuels, if it can really be produced at a cheaper
37
rate.

Third, prevention and containment were named as pivotal requirements.
Participants recommended that long-term studies and reliable tests on side effects
should be carried out before synthetic biology products enter the market and before
modified organisms are released into natural ecosystems. Furthermore, it was
requested that agents for drugs should one-to-one correspond to agents extracted
from natural sources, and research and application of synthetic biology should
remain within confined spaces or closed areas. The scientific literature differentiates
between “biosecurity” as prevention of intended harm (e.g. bioterrorism), and
“biosafety” as prevention of unintended harm (e.g. natural disasters) (Kelle 2009);
these concepts could also be identified within the CP discussions, even though
participants did not use these terminologies. To give a few examples, participants’
recommendations sounded as follows:

33Conversation between a female (P2) and two male (P1, P4) participants in CP 7, adults aged 50+,
Innsbruck.

36Conversation between a male (P1) and two female (P3, P6) participants in CP 5, adults aged 18—
49, Innsbruck.

Male participant in CP 5, adults aged 18—49, Innsbruck.
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Well, yes. I imagine that this could be a great thing, if it were safe, whereas safety is a
two-edged sword. What might seem safe to one person might seem unsafe to the other. But
there are lots of things that should be tested, and checks that should be implemented.*®

P11: I could imagine that, if research would really engage this intensively, so that they
could also manage to control the side effects.

P6: Year, year.

P11: If they could say ‘it will only do this, and, and, nothing else’.>

I think as long as it’s within confined spaces or something, like it’s with this drug
[Artemisinin], I don’t know, I wouldn’t have any problems with it.*’

I think it would be good to know how things work, just in case. It should only be used
within confined spaces. So, my fear is rather, that this falls in the hands of the wrong
decision makers, who could lead us into a world wherein we would not want to live.*!

Finally, participants were asked how and by whom these “ifs” could be met, i.e.
how the field should be regulated, who should regulate it, and who should be
responsible for its oversight. A broad variety of recommendations were given, but
opinions were divided. While some participants argued that research and applica-
tion of synthetic biology should be regulated by each state individually, others were
more inclined to regulation at international level. Alternatively, it was proposed that
an independent regulatory and supervisory body should be created—be it at
national or at international level. Still others argued that existing regulations on
biotechnology would be sufficient for regulating synthetic biology.

On the other hand, there were participants who questioned the possibility of
regulation in general. They argued that both, policy makers as well as scientists
would be corrupted and that only in a utopian world regulation and control could be
possible. Participants explained that when money comes into play regulation and
control would be an illusion, because on the one hand there would be an entan-
glement between economy and politics, and on the other between economy and
scientific research:

Even though this might sound radical, when economy gets into the game it always becomes
a little bit corrupted, and at that moment morals do not play a role anymore, then it says
“profit or not’; and in a perfect world you could separate it, there you could say ‘here is the
research and everything happens for the common run of mankind, and there is the market’,
but it’s a healthcare industry, and not everything is love, peace and harmony.**

The citation entails two central messages: first, it sets the fourth big “if”, in that it
implicitly points to distributional justice and equal access to benefits arising out of
synthetic biology as preconditions for research in synthetic biology. Second, it
contains the assumption that the entanglement between research and economy
and between research and politics also means that researchers cannot be trusted.

3Male participant in CP 8, adults aged 50+, Innsbruck.

¥ Conversation between two male participants in CP8, adults aged 50+, Innsbruck.
“OFemale participant in CP 2, adults aged 18—49, Vienna.

“'Female participant in CP 4, adults aged 18-49, Vienna.

“’Female participant in CP 4, adults aged 18-49, Vienna.
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As such, the option of having the conscience of researchers as guiding principle or
regulatory mechanism—as proposed by some participants—is also implicitly
rejected. In some CPs this option was even explicitly rejected, for example, when
participants argued that conscience of researchers would not suffice for regulation
because it would depend on each subject’s point of view and personal standards for
integrity could vary between researchers.

Summarizing, CP participants had very clear ideas about the preconditions that
should be given in order to guarantee responsible research in synthetic biology and
safe applications, even though there was no consensus about who exactly should
regulate and control the field. Most notably, while there were manifold and
diverging opinions regarding the latter question, there was one shared opinion: that
citizens should be given more voice within synthetic biology governance.

4 Discussion and Conclusion

Incorporating citizens’ views by, for example, taking the openly stated opinions and
recommendations—as well as the implicit attitudes—of the Austrian CP partici-
pants seriously could make research and governance of synthetic biology more
socially robust. Interestingly, in the present study, differences due to age groups,
gender, or educational and residential backgrounds were almost not found. Only the
attitudes towards the application of modified organisms in agriculture and the
investigation of alternatives to fossil fuels and biofuels from crops seemed more
affirmative in the Innsbruck CPs. Overall, similarities between groups outweighed
differences, which is contrary to our original hypothesis, which was that past
experiences with protest movements during the 1970s and 1980s could play a role
in elder generation’s discussions.

The analysis showed that CP participants’ awareness of synthetic biology was
rather low when they were first confronted with the term. This low level of
awareness was no big surprise, as it corresponds to Eurobarometer data from 2010,
where 83 % of respondents across the EU member states declared that they had not
heard about synthetic biology yet (Gaskell et al. 2010, p. 30). Interestingly, how-
ever, despite not knowing the term “synthetic biology”, CP participants were well
aware of the practices that are used in synthetic biology and of research going on in
that field. Therefore, the CP results raise the question of whether respondents
interviewed for the Eurobarometer survey were not aware of synthetic biology
research or whether they simply were not familiar with the term.

Overall, the results of the Austrian CPs did—with regard to manifest contents—
not differ significantly from the results of the “Synthetic Biology Dialogue” set up
in the UK by BBSRC and EPSRC (2010), and the focus group studies conducted by
Kronberger et al. (2009, 2012) in Austria and by Pauwels (2009, 2013) in the US.
Issues identified as critical within those studies, and in the scientific literature more
generally, did also come up in the Austrian CPs: risk-benefit-tradeoff, biosecurity,
biosafety, economic interests and intellectual property rights, equal access,
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definitions of life and moral questions concerning the construction of artificial life,
lack of information and transparency. Also, the difficulties in distinguishing syn-
thetic biology from traditional genetic engineering and the embedding of practices
of (re-)constructing organisms or their parts within the discursive frame of “genetic
engineering” were clearly visible in the CPs.

However, what differentiates the Austrian CPs from the other three engagement
experiments is that distrust seems to be much more pronounced. Distrust became
first and foremost discernible when looking at the in-depth structure of the textual
material. It became manifest in a sceptical and rather pessimistic fundamental
attitude, with participants underlining the ambivalent character of synthetic biology
and voicing suspicions about the “real” interests behind research. This threw up the
question how participants cope with their distrust, and led to the subsequent
identification of two main coping strategies. While on the one hand, resignation
could be identified as one possible coping strategy, on the other hand, people tended
to call upon individual responsibility. For example, participants suggested recon-
sidering their own life style in the context of their appeal to rethink consumer
behaviour. Nonetheless, CP participants had the clear understanding that emanci-
pation is only possible when “insiders”—understood as the synthetic biology
community, regulators, and the media—provide information to the public.
Comparison with the BBSRC/EPSRC study shows that participants’ feelings of
powerlessness to understand the science or to have any influence on scientists point
to similar attitudes of resignation (BBSRC and EPSRC 2010, p. 41), whereas the
call for self-activation seems to be rather specific to the Austrian CPs.

Furthermore, while participants acknowledged positive sides of synthetic biol-
ogy as well and voiced high hopes, support for synthetic biology was always
conditional. Within the pattern of setting conditions, four big “ifs” could be iden-
tified as being essential for acceptance of synthetic biology. These were: (1) infor-
mation and transparency, (2) the balancing of risks and benefits and the
investigation of alternatives, (3) the application of synthetic biology only within
confined and controlled spaces and after thorough testing (biosecurity and bio-
safety), and (4) equal access to products and benefits. The big “ifs” were often
uttered implicitly and seem to rely on unconscious constructions that are influenced
by past experiences and empirical values from other fields. Thus, the construction
of the big “ifs” is related to the attitude of drawing parallels. Drawing parallels can
be interpreted as a strategy to make the uncertain and unknown tangible and
understandable—a process in which past experiences and empirical values offer a
repertoire of imaginaries for developing visions for the future. Drawing parallels
and referring to past experiences was also identified in the UK public dialogue
(BBSRC and EPSRC 2010), and in Austrian (Kronberger et al. 2009, 2012) and US
focus groups (Pauwels 2009, 2013).

The imaginative repertoire which was most prominently mobilized when
drawing parallels was that of genetic engineering. It can thus be concluded that the
fields associated with the (re-)construction of organisms are occupied by the dis-
cursive frame of “genetic engineering” and “genetic modification”. This perception
of synthetic biology as not being something completely new, but another form or a
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progression of traditional biotechnology may also explain why the metaphor of

})

“playing God”—which the author had expected to come up frequently as it is often
taken up by the media—was pronounced only twice. It seems that the manipulation
and construction of living organisms was rather perceived as something man had
done for years and therefore not as a skill solely ascribed to God or nature. It is
noteworthy in this context that also in the BBSRC and EPSRC (2010) and the
Kronberger et al. (2009, 2012) studies the “playing God” metaphor seemed not to
matter in the first place. However, this paralleling between synthetic biology and
genetic engineering, and the perception of synthetic biology as being within
humans’ mighty does not mean that synthetic biology is perceived as something

positive—rather it is understood as being even worse than genetic engineering in

that it goes “one step further”.*
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Synthetic Biology in the Press

Media Portrayal in Sweden and Italy

Mirko Ancillotti and Stefan Eriksson

1 Introduction

1.1 The Role of the Public

Synthetic biology is an emerging field, still in its infancy in light of difficulties in
defining it (Arkin et al. 2009), legal disputes about intellectual ownership (Nelson
2014), and calls for regulation before it is given free reign (Schmidt 2008; Kelle
2013). The Global Network of Science Academies has recently issued a positional
statement in which they acknowledge the need for specific regulation, encourage
the dissemination of guidelines, and call for assuming scientific responsibility.
A point of special interest is the importance assigned to the public: science outreach
and public engagement are heavily promoted (Global Network of Science
Academies 2014).

It is a trend that technology assessment should involve the public. This seems
particularly true in the case of synthetic biology; given the potential the field holds
to affect everyone’s life. When scientists reach out to society, however, there is a
risk for spinning (i.e. giving a biased view of) anticipated results or future appli-
cations. Andrew D. Ellington, Professor of Molecular Biosciences, has observed
that “synthetic biology’s key utility is to excite engineers, undergraduates and
funding agencies” (Arkin et al. 2009). This-coupled with some ethicists focussing
on anticipative or even speculative ethics (of what might come to be) and media
focussing on drama—can put the public and policy makers at a disadvantage

M. Ancillotti (X)) - S. Eriksson
Centre for Research Ethics and Bioethics, Uppsala University, Uppsala, Sweden
e-mail: Mirko.Ancillotti@crb.uu.se

S. Eriksson
e-mail: Stefan.Eriksson@crb.uu.se

© Springer International Publishing Switzerland 2016 141
K. Hagen et al. (eds.), Ambivalences of Creating Life, Ethics of Science
and Technology Assessment 45, DOI 10.1007/978-3-319-21088-9_7



142 M. Ancillotti and S. Eriksson

regarding their ability to properly assess and its possible applications. Therefore, the
way the public is addressed and the way synthetic biology is made addressable are
key factors for public involvement.

Some of the rather problematic, albeit central, issues in technology assessment
are then how and to which extent the public should be involved in it. Two main
impulses can be recognized: on the one hand a tendency to rely on experts’ anal-
yses, on the other the drive for public deliberation, i.e. to include the views of the
public and social interests in the determination of the path of science and tech-
nology (Hennen 2013). Ideally, public engagement facilitates that particularly
sensitive scientific research and fields develop in accordance with public interest
and in a way that makes sense of common moral intuitions.

The strive for public engagement is not immune from criticism and, as remarked
by Richard A.L. Jones, there will always be resistance to public engagement
influencing the process of setting priorities (Jones 2014). The reasons for resistance
can be many. Jones pinpoints three political reasons. First, it can be assumed that
politics and science are separate spheres and that the scientists providing advice are
reliable while external opinions are expressions of non-objective and biased posi-
tions. Second, the idea of the engaged public influencing policy is contrary to
representative democracy, since they are not answerable to Parliament. Third and
foremost, the free market might be considered a better way to aggregate public
preferences about new technologies (Jones 2014).

There is also resistance rooted in the individual integrity of citizens. There might
be a risk that both governments and lobbying groups, in their attempt to influence
and ameliorate things, become “oppressors” of others and make them feel obliged
to embrace a specific view (Hansson 2008). Sociological studies have pointed to the
fact that public engagement can lead to a hasty acceptance and justification of new
technologies or research programs (Irwin 2001; Arnason 2012).

Nonetheless, there has been an increase in the last 1015 years of calls for more
public engagement. This tendency can be spotted among scholars (e.g., Hennen
2013; Wareham and Nardini 2013), professional societies (e.g., Global Network of
Science Academies 2014), funding programmes (e.g., Horizon 2020), and gov-
ernmental organizations (e.g., Synthetic Biology Roadmap Coordination Group
(SBRCG) 2012).!

Science outreach is mostly beneficial for scientists (Bentley and Kyvik 2011).
The reason for this is that science outreach not only fills a perceived knowledge gap
or enhances citizens’ scientific literacy, but legitimates the research. Adrian
Mackenzie recognizes two ways in which synthetic biology can be furthered by
appeals to the public (Mackenzie 2013). First, by scientists announcing that their
research is “momentous and vital” (exemplified by J. Craig Venter), second, by
scientists including in “doing” science the task of rendering it more accessible or

"For a deeper analysis of the role of public engagement in the assessment of synthetic biology see
Seitz, this volume.
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interesting to the public. The difference lies not merely in a more or less hyperbolic
communication style, but in the extent to which and the way one conceives of
science as a social enterprise.

The investigation of the ethical and social implications of synthetic biology can
benefit from empirical data about the public perception of the field. There are
basically two ways to conceive of this task; either to investigate and try to measure
the public reception, for example by conducting group interviews (e.g., see Steurer
in this volume) or by analyzing how information is presented to the public. The
present work is based on the latter strategy and studies the media portrayal of
synthetic biology.

1.2 The Role of the Media

The media can be considered the primary arena in the selection both of which issues
to bring forth and of the form for bringing them to the attention of the public,
decision makers, and interest groups (Nisbet et al. 2003). According to Dorothy
Nelkin, media do not only frame issues to be served as news to the recipients, they
also frame social relationships and shape the public consciousness on science
events (Nelkin 2001). According to some authors, these are indeed the effects of
media communicating science and technology to a wide audience, but this should
not be confused with media’s primary function, which is to set agendas and bring
issues to the public attention (McCombs and Shaw 1972; Nisbet et al. 2003). Media
do have social impact but an undetermined one, as they attract the attention of a
non-committed, fragmented, busy audience that is looking for entertainment
(Dunwoody 1987). Reporters usually work under deadline pressure and deal with
complex issues. Much of the content of their stories depends on the way their
sources provide the information to them (Kruvand 2012). Let’s take the case of
press releases; journalists should use them to attain knowledge about a certain
scientific development and communicate it to news consumers, but they are also
consciously used by researchers to attract media and funding bodies’ attention to
positive results of their research (Yavchitz et al. 2012).

The media should not be given a role that they do not and should not have; to
wit, to educate citizens, but they can surely be helpful in attracting the attention of a
broad audience on important scientific and technological issues, such as synthetic
biology. In this they can give a more or less adequate picture of the issue and its
consequences and thus shape future deliberations. It is therefore interesting to
investigate how an issue such as synthetic biology has been portrayed and from
where depictions find their substance.

The present chapter presents empirical data on the relationship between the
media (the daily press) and synthetic biology and investigates how the public of two
countries, Italy and Sweden, are faced with this new field.
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2 Aims and Research Questions

The overall aim of the study is to investigate how the media have been portraying
synthetic biology to the public in the light of the idea that mass media contribute not
only to informing the public but can also contribute to shape ideas about the issues
they write about.

In order to understand how the media in the examined countries have been
portraying synthetic biology, and—as a consequence of that—what news con-
sumers have been told about it, the following research questions were formulated:

What were the reasons for coverage?
What figures of speech were recurrent and what were the most used framing
words?
e Are there notable differences in how synthetic biology was covered in Sweden
and Italy?
How was synthetic biology described?
What were the featured risks and benefits?
Was public engagement promoted?
Does the press coverage mirror the contents of the academic debate?

3 Materials

Three major Swedish and Italian newspapers were analyzed. The press was chosen
over other kinds of media as print media are easily accessible and the tools and
methods for analyzing them are consolidated. In addition, the newspapers that were
chosen can be considered newspapers of record, which means that they are not
tabloid, they are not only entertaining, and although their readers are not particu-
larly committed to deal with issues of science and technology, they can still be
considered more critical than the recipients of many other media. Adopting a dif-
ferent terminology, the selected newspapers can be defined in their countries as elite
media; they are those kinds of media capable of setting the frameworks into which
other media operate (Chomsky 1997). Also, the audience of a mainstream and
traditional medium such as newspapers is quite broad and probably more repre-
sentative of the lay public than the audience of alternative and new media. The
audience of, e.g., a scientific blog need to put in more effort to get and to stay in
touch with its preferred media outlets and thus it represents an already attentive
public.”

The lay public is here used to describe people, including scientists, who are no experts in the field.
An attentive public is “the part of the general community already interested in (and reasonably
well-informed about) science and scientific activities” (Burns et al. 2003).
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This analysis concerns two European countries that are quite different in terms of
cultural roots, social dynamics, media freedom,” and probably also regarding atti-
tudes towards science and technology.* What they have in common is that they
have not, or have only marginally, been considered in previous studies on synthetic
biology public reception, and neither Sweden nor Italy has proceeded with a
structured involvement or engagement of its citizens with regard to synthetic
biology. Thus, the media coverage of synthetic biology in these countries has
probably not been influenced by any political agenda promoting science outreach or
public engagement. This is in contrast with, for example, the UK, where there are
important governmental programs to inform and engage the public (Bhattachary
et al. 2010; SBRCG 2012), or with Germany, where there is a considerable amount
of bottom up public participation on biotechnology, since research in life sciences is
deemed particularly ethically sensitive (Gloede and Hennen 2002; Peters et al.
2007; Hansen 2010).

The three largest (by circulation) paid-for newspapers in Sweden and Italy from
January 1, 2009 to December 31, 2013 were considered. The data about print media
circulation were obtained from TS Mediefakta for Sweden’ and Accertamenti
Diffusione Stampa for Italy. The Swedish newspapers are Dagens Nyheter,
Svenska Dagbladet, and Géteborgs-Posten (all in Swedish) and the Italian are
Corriere della Sera, la Repubblica, and il Sole 24 Ore (all in Italian). Both printed
and online versions were considered.

4 Methods

The present work was designed and conducted as a qualitative content analysis
following Mayring (2000). This research method was preferred mainly for the
reason of completeness and because it is suitable for answering several different
kinds of research questions (Bryman 2006).

Articles were retrospectively collected using the media databases Mediearkivet
and PressText and through the archives of each newspaper. Articles were found
using search terms, which were selected deductively from the scientific literature
(Cserer and Seiringer 2009; Gschmeidler and Seiringer 2012; Pauwels et al. 2012)
and inductively (Table 1). In the search were also included the names of renowned

3Freedom—from 2009 to 2013—ranks Italy as a nation whose press is defined as “partially free”
and Sweden as “free” (Freedom House 2009, 2010, 2011, 2012, 2013). The same conclusions are
supported by the yearly index from Reporters Without Borders: http://en.rsf.org/. Accessed 05 Jun
2015.

“The 2013 Eurobarometer on the extent to which European citizens feel well informed about
developments in science and technology ranked Sweden very high, with a score of 61 %, and Italy
very low, with a score of 29 % (European Commission 2013).

5TS Mediefakta: http://www.ts.se. Accessed 05 Jun 2015.

“Diffusione Stampa: http://www.adsnotizie.it/. Accessed 05 Jun 2015.
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Table 1 Search terms, ordered by the best hit rate

Search terms

Terms Scientists

[synthetic biology] Venter Craig JCVI, US)

[artificial OR synthetic] life Keasling Jay (UC Berkeley. US)

[artificial OR synthetic] bacterium Church George (Harvard University, US)
[artificial OR synthetic] DNA Luisi Pier Luigi (Roma Tre, Italy)

[artificial OR synthetic] cell Endy Drew (Stanford University, US)
[artificial OR synthetic] protein Collins James (Harvard University, US)
artemisinin Stano Pasquale (Roma Tre, Italy)

designer AND organism Benner Steven (FFAME, US)

[artificial OR synthetic] virus Chen Bor-Sen (NTHU, Taiwan)

bioterrorism Forster Anthony (Uppsala University, Sweden)
iGEM Fussenegger Martin (ETH Ziirich, Switzerland)
biobrick Knight Tom (MIT, USA)

minimal [organism OR genome] Larsson Christer (Chalmers, Sweden)
bioengineer Mansy Sheref (University of Trento, Italy)
[artificial OR synthetic] gene Nielsen Jens (Chalmers, Sweden)

[artificial OR synthetic] genome Silver Pamela (Harvard University, US)

XNA Smolke Christina (Stanford University, US)
biosafety Weber Wilfried (Freiburg University, Germany)
biosecurity Weiss Ron (MIT, US)

international scientists, selected deductively from the literature and inductively,
including three prominent scientists active in Sweden and three in Italy (Table 1)
(Oldham et al. 2012; Mackenzie 2013).

Inclusion criteria were the following: all newspaper articles that included a
search term and had even a slight connection to synthetic biology as a subject were
considered. The absence of the term “synthetic biology” did not represent a dis-
criminating factor. The relevance of the stories found through the search was
instead rated on the basis of how much the content engaged with synthetic biology
as it has been defined by Benner and Sismour (2005), the Royal Academy of
Engineering (2009), and the Global Network of Science Academies (2014).

Each article was read twice. After the first reading articles were formally coded,
and after the second reading they were content coded, as detailed below. Both
deductive and inductive development categories were applied. Thus, new issues
(primarily new topics and metaphors) that recurred in many articles were added to a
set of pre-identified categories.

Articles were formally coded with regard to their date of publication, length, and
media type. Word counting was performed using QSR International’s NVivo 10
software, and three categories were applied: short (0-299 words), medium (300—
999 words), and long (1000 words or more). Three main article types were iden-
tified: news, feature articles, and—as one type—editorials, columns, and opinion
pieces (ECOs).

Content wise, articles were divided into three categories according to the extent
to which synthetic biology was central to them: weak, medium, or strong. Articles
barely mentioning synthetic biology or giving it just a few words were subsumed
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under weak connection stories. Medium and strong categories were those in which
synthetic biology was given moderate or extensive space, respectively.

For each article it was considered whether the reason for coverage was a specific
event, such as a conference or a scientific publication, or whether the story was
about an issue or a certain argument. Articles were also put into four categories
according to the narrative: thematic (T), episodic (E), thematic with episodic dis-
cussions (TE), and episodic with thematic discussions (ET). The thematic narrative
approaches issues in a general context and focuses on long-term outcomes; the
episodic refers to case studies, events, and focuses on concrete outcomes; thematic
with episodic discussions were the articles whose narratives were mainly thematic,
but involved episodic parts; episodic with thematic discussions were the articles
whose narratives were mainly episodic, but involved thematic parts (Iyengar 1991;
Morgan 2002).

Another aspect investigated concerned the clarity with which synthetic biology
was described and whether its characterization was clear enough to enable recipi-
ents to distinguish it from other biotechnologies. From this analysis newspaper
articles with a weak connection to synthetic biology were excluded. Four categories
were assigned: clear, not clear, misleading, and missing (when it was not possible to
assess the clarity of the description; in most cases, due to its absence).

A further topic for investigation concerned the language. QSR International’s
NVivo 10 software was used for producing a frequency word list from all of the
articles. A set of framing key words was then selected from the most frequently
recurring words employed by the journalists to describe synthetic biology. Besides
the framing key words, the type of metaphors used was noted. In this context, the
overall tone of the article was also assessed, with the intention of describing the
general normative impression given by the articles. The following labels were
assigned to each article: positive, neutral, negative, skeptical, or cautious.

Other aspects investigated were the topics of the articles, as well as risks and
benefits thought to be related to these. Several topics might have occurred in a single
article, thus they are not mutually exclusive. In order to describe the way specific
topics were communicated, an evaluative label was assigned to how each topic was
portrayed: as positive, neutral negative, or absent. Only articles that had a medium or
strong connection to synthetic biology were considered in this particular analysis.

The last aspect investigated concerned the number of times calls for oversight or
public interest or public engagement were mentioned (even if only in passing) in the
articles.

5 Results

Between 2009 and 2013 the Swedish newspapers considered in this study covered
synthetic biology in 36 articles and the Italian ones in 95 articles (131 in total). The
percentage of articles weakly connected to synthetic biology was in both countries
about 17 % (Table 2). With 65 articles (50 % of the total), 2010 was the most
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Table 2 Articles on synthetic biology in Sweden and Italy from 2009 to 2013: strength of
connection with synthetic biology

Weak Medium Strong Total #
®» o e @® e %
Italy
Corriere della Sera 8 27 7 23 15 50 30
Repubblica 2 6 11 30 23 64 36
Sole 24 Ore 7 24 11 38 11 38 29
Tot 17 18 28 30 49 52 95
Sweden
Dagens Nyheter 3 16 7 37 9 47 19
Svenska Dagbladet 3 30 3 30 4 40 10
Goteborgens-Posten 0 0 2 29 5 71 7
Tot 6 17 12 33 18 50 36
Italy and Sweden 23 18 41 31 67 51 131

productive year (Fig. 1). It is noteworthy that 33 out of the 65 stories were issued
between May 20th and May 22nd, 2010. They represent 31 % of all the articles that
had medium or strong connection to synthetic biology, and all of them relate to the
Venter group’s Science publication (Gibson et al. 2010) detailing their success in
transplanting a synthetic genome into a recipient cell. The length of the articles in
Sweden was distributed as follows: 22 % short, 64 % medium, and 14 % long. In
Italy the result was comparable: 16 % short, 71 % medium, and 13 % long. The
article types were distributed as follows: in Sweden 19 % news, 53 % feature
articles, and 28 % editorials, columns, and opinion pieces (ECOs), while Italy had
29 % news, 51 % feature articles, and 20 % ECOs.

Driving reasons for coverage in both countries were events (publications, press
releases, conferences, etc.) rather than issues (synthetic biology itself or issues
related to it), with a score of 67 % in Sweden and 69 % in Italy. Concerning the
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Fig. 1 Press coverage of synthetic biology in Sweden and Italy from 2009 to 2013
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narrative, Sweden had 31 % thematic, 8 % episodic, 39 % thematic with episodic
discussions, and 22 % episodic with thematic discussions articles, while Italy had
20 % thematic, 33 % episodic, 24 % thematic with episodic discussions, and 23 %
episodic with thematic discussions articles.

With regard to the clarity with which synthetic biology was described, in
Sweden, 33 % of the descriptions were categorized as clear, 6 % as not clear, 3 % as
misleading, and 58 % as missing. In Italy, 34 % were clear, 18 % not clear, 3 %
misleading, and 45 % missing. The term “synthetic biology” appeared in 25 % of
the Swedish articles and in 46 % of the Italian articles.

The language of Italian articles copiously resorted to models and metaphors to
explain issues, but also to express opinions. Although this is an aspect hardly
quantifiable, it can be said that approximately 60 % of the stories with medium or
strong connection to synthetic biology made heavy use of such stylistic devices.
The most common were metaphors of computers and software, creativity, con-
struction, and machines. Swedish stories adopted a more sober language in com-
municating synthetic biology; stylistic devices were found in about the 25 % of the
stories with medium and strong connection to synthetic biology. In Sweden the
most commonly used metaphors were those of religion and design. Expressions like
“made/created artificial life” were equally pervasive in Sweden and Italy. One of the
preferred expressions in Sweden was “milestone in the history of biology/science”
with reference to the “creation” of the first synthetic cell. Indeed, there was lot of
coverage and great value given to this event. Nonetheless, one of the major pre-
occupations in many of the Swedish and Italian articles was to not overestimate its
scientific or ethical importance.

In the Swedish stories the most used framing key words were bacteria, creation,
and artificial, while in the Italian stories they were bacteria, synthetic, and artificial
(see Fig. 2). It is noteworthy that in both countries the most recurring term was
Venter with about 50 % more occurrences than the otherwise most used framing
key words. Venter was not considered a framing key word because it is not a term
used to describe synthetic biology, but the finding nevertheless gives an idea of
what journalists wrote about the field.

The overall normative tone of the articles was neutral to positive in both
countries (differences between the two countries were negligible): 33 % were
positive, 4 % negative, 52 % neutral, 5 % skeptical, and 6 % cautious. In this count
weakly connected articles were also included because it was deemed useful to know
in which context slight references to synthetic biology emerged as well.

Table 3 shows the ten most discussed topics in the Swedish and Italian news-
paper articles from 2009 to 2013.

The major benefits envisioned in the articles of both countries concern the envi-
ronment (depollution, bioremediation): Italy 24 % and Sweden 13 % of articles;
production of energy (biofuels): Italy 20 % and Sweden 22 %; healthcare related
improvements (vaccines, pharmaceutical products): Italy 3 % and Sweden 22 %; and
lastly economic: Italy 4 % and Sweden 8 %. These percentages refer to openly
positive considerations of what synthetic biology is expected to contribute, not
merely to the fact that synthetic biology may or can find an application in these fields.
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Fig. 2 Specific framing key
words mentioned in Italian
and Swedish newspaper
articles from 2009 to 2013;
frequencies are expressed as a
percentage of the highest
word recurrence for each
country, 64 for Sweden and
190 for Italy, respectively
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Topic Positive Negative Neutral Mention Total
Italy |Sweden |Italy |Sweden |Italy |Sweden |Italy | Sweden |Itand Sw
Healthcare 3 8 1 0 1 1 37 10 61
Environment 23 5 1 1 10 5 6 2 53
Energy/biofuels | 19 8 1 0 5 6 10 3 52
Ethics 1 0 3 0 19 10 7 3 43
Economy 4 3 2 1 10 1 8 9 38
Biohazard 1 0 0 0 10 3 4 1 19
Religion 0 0 0 0 10 2 4 1 17
Food/GMO 4 0 0 0 0 5 7 17
Agriculture 6 0 0 0 3 2 0 16
Research Ethics | 0 0 2 0 0 3 1 15

The major risks mentioned were biohazard (accidental release of pathogens):

Italy 15 % and Sweden 11 %

of articles; and bioterrorism: Italy 4 % and Sweden

5 %. It is noteworthy that none of the articles considering these risks displayed a
negative stance towards synthetic biology because of them; the risks were men-

tioned just as possible issues.
Calls for oversight (direct,

or a report of it, or just a mention of this issue) were

seen in 13 % of the articles while a mention of or promotion of public engagement

occurred in 7 % of the article

S.
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6 Discussion

Swedish and Italian press coverage of synthetic biology in the period from January
2009 to December 2013 differed only sporadically in terms of articles’ length,
types, and the strength of connection to synthetic biology. However, the countries’
press coverage markedly differed in quantity: Italian newspapers covered the theme
approximately three times more than Swedish newspapers throughout the period.
One possible reason could have been different financial resources. As the three
largest newspapers by circulation of each country were considered this can hardly
be the sole explanation for such a marked difference in coverage. More likely, the
difference is caused by editorial interests or agenda-settings. The high level of social
trust typical of Nordic countries may also have contributed to the particularly low
presence of synthetic biology in Swedish newspaper articles (Delhey and Newton
2005). This high level of trust, which can be extended to science and technology as
well, might have induced Swedish reporters and editors to not pay greater attention
to synthetic biology because it was not perceived as particularly dangerous or
controversial.

It is currently not possible to properly assess whether the press coverage of SB in
Sweden and Italy was substantially different from other countries or not. This is due
to a lack of basis for direct comparison. The few existing studies cover different
periods and countries, and are differently designed. Pauwels et al. (2012) studied
press coverage in the US and some European countries (including Italy, but not
Sweden) from 2008 to 2011. They found no significant difference between Italy and
other countries. Although the experimental design of the study was different from
ours, this does suggest that the Swedish press may have under-covered synthetic
biology. Overall, synthetic biology has hitherto not found much media interest;
only sporadically it has gained resonance. The main drivers for the attention of the
media in both countries were prominent events. Craig Venter undoubtedly repre-
sented the major catalyst of media attention; he was mentioned in 68 % of the
articles that were medium or strongly connected to synthetic biology. These two
aspects, event driven coverage and the massive attention on one scientist (often
controversially described) embodying the field, suggest that the role of synthetic
biology in media coverage is, according to a trend in science popularization
described by Burnham (1987), that of a media commodity, easily replaceable with
the next big thing from the life sciences.

One of the aims of this study was to discuss the results of the analysis in the light
of the idea that mass media contribute not only to informing the public but also to
the shaping of ideas about a number of issues (Scheufele 1999; Valkenburg et al.
1999; Kronberger et al. 2012). Media frame issues and thus influence the opinions
of the public by underscoring specific facts or values and providing interpretation
schemes (Nelson et al. 1997; Scheufele 1999). The most frequent framing key
words give an idea of the way synthetic biology was depicted to the public: one
main subject are bacteria, on which—or starting from which—some creational or
manufacturing procedures are performed, and the bacteria are described either as
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artificial or as synthetic. The framing key words and, more specifically, the
description of synthetic biology found in most articles were appropriate to depict to
the public what synthetic biology is about without excessive hypes.

It can be considered an established fact that media resort to figurative language
in describing scientific and technological contents and this has also been seen in
studies about two of the most recent emerging issues, nanotechnologies and syn-
thetic biology (Scheufele and Lewenstein 2005; Hellsten and Nerlich 2011;
Gschmeidler and Seiringer 2012). The present study reveals a marked difference
between the Italian and Swedish recourse to metaphors, where Italian articles were
rich in figures of speech and Swedish articles mostly preferred basic representa-
tions. This might be due to the different rhetoric of the two countries or to different
ways in which media interpret their role of informing the public about scientific
developments.

The pervasiveness of the expression “creation of artificial life”, however, was
common to the two countries. This is not surprising: on the one hand it represents a
leitmotiv of media communication of biotechnologies, on the other hand this is the
language (design and creation of life, computer as parents, etc.) adopted by many
influential scientists communicating with the media. Craig Venter used it in his
highly storied press release and speech announcing the “creation” of the first syn-
thetic cell (J. Craig Venter Institute 2010; Venter 2010). What the media did in such
cases was simply to echo these words, which make good copy. The obvious point
here is that the way the same words are meant and used by scientists on the one hand
and by the media and the public on the other hand, can vary (Pauwels 2013).

The relation between Venter and the media appears to be a mutually beneficial
relationship. On one side there are the media, interested in new appealing stories,
and on the other there is a scientist-entrepreneur (as Venter is often presented) who
values publicity. As Marjorie Kruvand has commented on Arthur L. Caplan, whom
the media have turned into a sort of bioethics’ “Dr. Soundbite”; such experts shape
the news by providing stories with comments and context (Kruvand 2012). Venter
is synthetic biology’s “Dr. Soundbite”; the language he uses and the aspects that he
draws attention to heavily contribute to the way media communicate synthetic
biology.

We found that media presented synthetic biology as a field with high potential,
which is in line with other studies (Gschmeidler and Seiringer 2012; Pauwels et al.
2012). Almost no emphasis on the component of novelty was found. This may be
due to the fact that synthetic biology is not perceived as very different from other
biotechnologies (Kronberger et al. 2012). That synthetic biology is not clearly
distinguished from other fields does not appear to be related to poor media
descriptions. It is more likely an effect of the fact that many elements that are
interesting about synthetic biology and its applications coincide with the elements
that feature in other biotechnologies. Another point of convergence, as pointed out
by Gschmeidler and Seiringer (2012), is the vocabulary, as many key words used
are part of the basic biotech jargon.

The most frequent topics to which synthetic biology was related in our study
were healthcare, the environment, and energy production. These topics are public



Synthetic Biology in the Press 153

issues of great interest, and effective communication strategies “[...] necessitate
connecting a scientific topic to something the public already values or prioritizes,
conveying personal relevance” (Nisbet and Scheufele 2009, p. 1774). However, in
the way they are framed and presented in relation to synthetic biology, they actually
represent expectations about the positive potential of synthetic biology. As
observed by Kronberger et al. (2009), there is a tendency for journalists writing
about synthetic biology to focus on its practical applications. In doing so, they run
the risk of conveying to readers the notion that synthetic biology is already ful-
filling, or will soon fulfill these practical expectations, which is far from reality.
Indeed, in relation to human health and to the environment, we saw merely four and
one negatively inclined articles, respectively. The remaining articles in our study
were neutral or positive regarding bioremediation or new drugs/vaccines, such as
the semi-synthetic production of the anti-malaria drug artemisinin. In addition, the
tone about ethical and religious issues was neutral, in most cases only mentioning
the fact that synthetic biology, as a field or through its applications, may create
certain moral tensions. So we can see that the major benefits envisioned in the
articles of both countries overlap with the most treated topics; they were empha-
sized both in quantity (recurrence) and weight (positively presented).

The possible risks in relation to synthetic biology, mainly biohazards and bi-
oterrorism, were only mentioned a few times in the articles, receiving much less
consideration, both in quantity and weight (neutrally presented) than the positive
topics. In marked difference to the media portrayal, academic studies and policy
reports usually display a balanced view and consideration of both benefits and risks
involved with synthetic biology. Similarly, the involvement of the public or the
need for an oversight of synthetic biology research was very rarely mentioned in the
newspapers, although in academic and other settings the debates about the ethical,
societal, and legal dimensions of synthetic biology often raise the necessity of
involving the public. This tendency can be spotted among social scientists and
philosophers (Hennen 2013; Wareham and Nardini 2013), but also professional
societies (Global Network of Science Academies 2014), funding programmes (e.g.,
Horizon 2020), and governmental organizations (SBRCG 2012).

Lastly, the influence of the sources (individual scientists, press releases and
papers, etc.) of the articles on how they are shaped must be considered strong. As
previously mentioned, Sweden and Italy are two countries rather different in cul-
tural and social terms as well in terms of media freedom and public consideration of
science and technology. The marked similarities of language, selection of topics,
and risks and benefits envisioned suggest that the common sources of Swedish and
Italian stories are responsible for this common framing. Essentially, Swedish and
Italian readers have been told the same things about synthetic biology. This sig-
nifies at least two things; first, that reporters didn’t filter or process substantially the
information received from their sources, and second, that those who are the sources
can heavily influence the framing of how synthetic biology is communicated to the
public and, as a consequence, to a certain degree, the public perception and shaping
of ideas about synthetic biology.
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7 Conclusions

Synthetic biology has until now not gained a big media resonance in Sweden and
Italy. There are not many articles, drivers for attention are mainly events, and the
overall impression is that the field is treated as a media commodity. The portrayal of
synthetic biology offered to the public is very positive and is that of a biotechnology
holding great potential to improve our life at many levels, with only minor risks that
relates to malicious external agents or accidental events. While Swedish and Italian
newspapers were generally adequate in their choice of language when describing
synthetic biology, they were rather unbalanced in the choice and presentation of
topics evoked by it.

The differences between the countries were principally quantitative, where
Italian papers devoted much more space to synthetic biology. This may be
explained by considering the different financial resources of the newspapers and the
different attitudes towards science (Swedish trust). The similarities in contents and
forms seem to be strongly related to a marked dependence on the way scientists
frame their accomplishments and the lack of critical scrutiny on the behalf of the
media.
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Let’s Talk About... Synthetic
Biology—Emerging Technologies
and the Public

Stefanie B. Seitz

1 Introduction

Synthetic biology is a relatively young discipline that emerged at the interfaces
between molecular biology, biotechnology, organic chemistry, engineering, and
informatics/systems biology. It now looks back on about 15 years of rapid devel-
opment from first initiatives by a few pioneers to a sizeable discipline. Its meetings
(especially the BioBricks Foundation Synthetic Biology Conference Series SBx.0)
attract hundreds of participants (Way et al. 2014).

The term “synthetic biology” appeared as early as 1912 in a paper by Stéphane
Leduc (“La Biologie Synthétique”) which did, however, not refer to what it is now.
Rather, it may have been the Nobel Prize winning work of Werner Arber, Daniel
Nathans, and Hamilton Smith on restriction enzymes in 1978 that “has led us in the
new era of synthetic biology” (Szybalski and Skalka 1978, p. 181). In 2000, Eric
Kool was one of the first who used the term synthetic biology in a rather “con-
temporary” understanding (Benner and Sismour 2005). However, a universal and
agreed definition of synthetic biology does not yet exists, as is often the case with
new and emerging fields of science and technology, and it may actually be useful if
the definition remains somewhat open to debate. For example, “boundary objects”
that lack clear definition (Guston 2001) may facilitate interdisciplinary work as it is
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practiced in synthetic biology. Also, as an “umbrella term” (Rip and Vof3 2013)
synthetic biology may allow strategic science governance.'

One definition of synthetic biology which is often referred to came from the
EU NEST High Level Expert Group:

Synthetic biology is the engineering of biology: the synthesis of complex, biologically based
(or inspired) systems which display functions that do not exist in nature. This engineering
perspective may be applied at all levels of the hierarchy of biological structures — from
individual molecules to whole cells, tissues and organisms. In essence, synthetic biology will
enable the design of ‘biological systems’ in a rational and systematic way. (European
Commission 2005, p. 7)

Synthetic biology thus extends beyond mere genetic engineering which is about the
manipulation of natural organisms and moves on to the creation of novel, synthetic
life. Thereby the focus lays on novelty and synthetic in the sense that forms of life
are designed from the scratch and made to merely serve their human creators and
nothing else—no extravagant metabolism, no lavish variability—just mineralized
functional machines made from organic material, so far the wish and vision of the
scientists. The focus on novelty has been criticised on the basis that contemporary
synthetic biology approaches still use and recombine only what can be found in
nature and only along the laws of nature (cf. Fussenegger 2014). Nevertheless, it
still holds true that the development of methodology and the knowledge associated
with synthetic biology, especially the recent advances in DNA synthesis, the
standardization of functional genetic components (the BioBrick approach® is a
prime example here), and the development of increasingly complex algorithms for
the simulation of biological systems (Systems Biology®) have increased scientists’
ability to design and build robust and predictable biological systems using engi-
neering design principles® (Cameron et al. 2014).

Applications based on the principles of synthetic biology are sometimes
expected to contribute to the solution of many of the world’s most significant
challenges. The main fields of application for synthetic biology are [for an elabo-
rated overview see Benner and Sismour (2005) or Konig et al. (2013)]:

"In the literature “boundary objects” (Star and Griesemer 1989; Guston 2001) or “umbrella terms”
(Rip and VoB 2013) describe terms that are not precisely defined. Therefore, they are vague
enough to be used by quite diverse groups or disciplines and allow for interpretations. At the same
time they are sufficiently defined to keep some kind of global identity and guarantee a shared
understanding.

2More information can be found at http://biobricks.org. Accessed 14 Aug 2014.

*Systems biology is an interdisciplinary field that combines quantitative data generation and
mathematical modelling with biomedical laboratory experiments to elucidate general principles
governing the properties of complex systems that give rise to biological functions.

“This becomes even more evident in the interpretation of synthetic biology for military use as
illustrated in the Official US Department of Defence Science Blog “Armed with Science”, where a
programme manager of the Defence Advanced Research Projects Agency, Justin Gallivan, states:
“By making these systems more robust, stable and safe, BRICS seeks to harness the full range of
capabilities at the intersection of engineering and biology”. http://science.dodlive.mil/2014/08/12/
the-future-of-synthetic-biology-applications. Accessed 14 Aug 2014.
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e Energy supply: synthetic biology aims to develop approaches for the production
of fuels like biodiesel or bioethanol that could replace petrol and hydrogen (see
also Wiinschiers in this volume).

e Disease control: synthetic biology aims to contribute to the development of
systems for drug discovery, diagnosis of disease as well as production of drugs,
active components, and vaccines.

e Environmental protection: synthetic biology aims to supply systems that func-
tion as biosensors, chemicals as renewable resources, or even can be used to
remediate polluted sites with specially adapted decomposing organisms.

e Military and Space applications are under development as well (see
also Verseux et al. in this volume).

Despite brisk research activities only a relatively modest—in terms of its own
rhetoric and visions—number of applications are available for economic exploita-
tion to date, and most of the possible applications of synthetic biology are still the
promises of some of its protagonists (Konig et al. 2013). And if and when these
applications are feasible is difficult or impossible to predict (cf. Grunwald 2012).
However, in the health sector some prominent examples can be found:
Sanofi-Aventis, for example, uses reprogrammed yeast for the production of the
malaria drug Artemisinin and the Swiss start-up firm Bioversys offers a synthetic
biology-based approach for drug discovery that has helped to discover new mol-
ecules in order to overcome the antibiotic resistance of several pathogens (cf.
Fussenegger 2014). Many other applications are in a testing stage and supposed to
reach market maturity in the coming years.

But synthetic biology is not only about applications—much of the research effort
in synthetic biology is aimed at the understanding of fundamentals of life: how
metabolism or signalling processes function within organisms and how processes
are intertwined on a systems level. Top down or in vivo approaches aim to mini-
mize the genome of existing organisms in order to create a tailor-made minimal
organism or cell. Therefore, natural structures and processes are reconstructed in an
engineering tradition. The bottom up or in vitro approach uses chemical precursors
for a de novo synthesis of a minimal cell which then can either replicate nature or is
orthogonal to it. Furthermore, this approach aims to build a non-natural genome,
e.g. by extending the set of bases or the genetic code (for an overview see Boldt
et al. (2009) and also Acevedo-Rocha in this volume).

Thus, synthetic biology is yet mainly basic lab research about fundamental
questions of life that seems quite far away from actual applications, except for the
above mentioned examples. But with a growing number of applications, consumers
and patients will directly face synthetic biology-based uses in their everyday life.
Society therefore needs to negotiate on synthetic biology in terms of safety,
security, ethics, and justice. In particular, policy makers and stakeholders will have
to tackle regulation concerning synthetic biology by anticipating its novelty,
complexity, and uncertainties.

In this chapter I will argue why an emerging science as synthetic biology is an
issue for Technology Assessment (TA). The assessment of these kinds of
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technologies challenges TA because it has to overcome knowledge deficits. I will
point out that TA addresses this by analyzing public perceptions and engaging into
public dialogue. As an example I will give an impression on the status quo of public
perception and public debate in Germany. Finally, I will argue that engaging the
public has further functions and effects beside contribute to knowledge production
to inform governance decisions and will discuss its consequences.

2  Why Technology Assessment for Synthetic Biology?

Technology Assessment in general evaluates all kinds of technologies as well as
scientific and science-based technological developments regarding their intended
and unintended impacts and consequences for society. In its evaluations, TA aims
to reveal the complex interrelationships between technology, science, and society,
provide knowledge for responsible design and the societal embedding of new
technologies and develop strategies for sustainable development. Problem-oriented
research—which refers to the societal need for advice and thus for policy advice
and participation in the public debate—is part of the mission of TA. Knowledge
production in TA is therefore in close relation to the value dimension (e.g. in the
form of ethical analyses or sustainability assessments), has a prospective compo-
nent, and aims to provide “knowledge for action”. Moreover, TA aims to develop
strategies to deal with the uncertainties of knowledge and is highly interdisciplinary
as well as transdisciplinary through the involvement of non-scientific actors like
stakeholders, decision-makers, and citizens (Grunwald 2010).

One special field of TA assesses the so-called “new and emerging science and
technologies” (NEST). This umbrella term first appeared within the sixth EU
framework programme.’ The function of TA in the field of NEST is the early
detection of scientific and technological developments which may significantly
change society in the mid- or long-term. Among the NESTs, synthetic biology is
one of the prime examples of the so-called “techno-sciences” in which the tradi-
tional boundaries between (knowledge-oriented) natural science and (application-
oriented) engineering dissolve and basic scientific research ab initio is placed in a
context of utilization (Grunwald 2012, p. 10).

Thus, synthetic biology as such an emerging techno-science is a well suited issue
for TA. The early onset of accompanying research and thus the early detection of
risks and societal unwanted developments can enable the responsible actors to start
interventions in time—although this is a demanding task. And indeed, a substantial
amount of work about societal implications and risk analyses, which have been a
topic of (scientific) debate since the very beginning of synthetic biology, underlines
the importance of TA activities. Moreover, several publications have suggested the

>More information can be found at http://cordis.europa.eu/fp6/nest.htm. Accessed 14 Aug 2014,
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anticipation of possible negative implications (e.g. Boldt et al. 2009; Dana et al.
2012; ETC Group 2007; Parens et al. 2009) which are among others:

Biosafety: Concerns about environmental, health, and safety issues with respect
to the intended or accidental release of synthetic organisms into nature® (close to
debate on genetically modified organisms) and doubts about the appropriateness of
risk assessment methods relating to the divergence to well-known biological
systems.

e Biosecurity: The aim to provide an easy-to-use toolbox to create synthetic
organisms has raised concerns regarding its dual-use potential (e.g. concerning
bio-terrorism).

e FEthical problems that arise from conceptual questions: Notions of ‘playing God’
and ‘messing with life’ could change the understanding of ‘life’, ‘nature’, and
‘human as creator’ (see also Eichinger in this volume).

e Social justice: Competition between traditional production traits and those using
synthetic organisms for recourses, markets, etc. as well as questions of intel-
lectual property.

In the past years TA scholars started to bring the critical aspects of synthetic
biology to the attention of policy makers (cf. EPTA 2011; Pei et al. 2012; van
Doren and Heyen 2014) and TA activities like studies (e.g. Sauter 2011;
TA-SWISS 2012) and projects (e.g. Albrecht 2014) were initiated.

3 Addressing the Challenges of TA for Synthetic Biology
by Including the Public

The aim of TA activities is to accompany research and development in order to
avoid socially negative but instead to promote desirable developments. It became
clear quite early that TA efforts could be running into a dilemma, the “Control
Dilemma”—sometimes also named after its originator David Collingridge (1980,
p- 11): In an early stage of a development (of a certain technology) there is too little
knowledge about possible technical and social implication to legitimize (gover-
nance) interventions on one hand. On the other hand, when first implications
become detectable, the development may have progressed so far that correcting
interventions are hard to enforce against the established paths.

Evidently this dilemma applies for synthetic biology. There are plenty of visions,
promises, hopes, and also fears, but at the same time little testable data and few
cases are available. Thus, TA for synthetic biology faces the specific difficulties of
assessing NEST: the lack of knowledge—and even worse—evidence concerning its

“In the case of synthetic biology, it is essential to consider the precautionary principle: Once
“synthetic organisms” as products of the “synthetic biology technology” have been released, they
cannot be retrieved or even traced.
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consequences for society and therefore a lack of scientific legitimating for inter-
ventions. Consequently, Grundwald (2012) asked which direction can TA research
take and how can it be relevant to the decision-making process while it is by no
means clear to what intervention and design can refer to (ibid., p. 10).

TA scholars have taken on this challenge in a number of different ways (for an
elaborated overview see Kollek and Doring 2012): One approach is to focus on the
conditions of constitution of science and its interplay with society, as in the
“Science Assessment” concept put forward by Gill (1994) and Bdschen (2005).
Other concepts rather focus on the earliest possible onset of TA: “Constructive TA”
as described by Schot and Rip (1996) seeks to shape the design, development, and
implementation of a technology, and “Real-Time TA” (Guston and Sarewitz 2002)
aims to accompany technology development from the outset and integrate societal
issues as well as policy and governance aspects at an early stage. This was
explicitly tried in the Berkeley Human Practices Lab of SynBERC (Rabinow and
Bennett 2009). In a different type of approach, Grunwald (2012) pleads for
“Hermeneutical TA” that analyses and reflects visions and narratives.

All these TA approaches towards an early assessment of NESTs have one thing
in common: they targets public perceptions and attitudes as well as public and
political debate rather than the technology itself. The rationale behind is the aim to
provide an evidence-based set of arguments for early intervention in order to bridge
the lack of scientific evidence (with respect to toxicological studies, risk assess-
ments, etc.). As Patrick Sturgis pointed out:

If our ambition is for science policy to enable and encourage technological choices that
maximise the public good, who better to ask about which areas of science should and
should not be pursued and supported than the public themselves? (Sturgis 2014, p. 39)

These approaches involve the public (here citizens and relevant stakeholders) in
more or less direct way and thereby the whole set of method of empirical social
studies are used. In the next section I will give an impression on the status quo of
public perception and public debate in Germany in order to demonstrate how these
methods can be employed.

4 Excursus: Synthetic Biology and the Public—Status
Quo in Germany

In order to analyse public perception of a technology and the state of public con-
troversies polls as quantitative methods are always a good starting point and thereby
reveal sometimes astonishing facts. For example the past technology-related
Eurobarometer polls revealed that—despite the persisting prejudice among life
scientists—the population of Western industrialized nations and Germany in par-
ticular does not oppose technological developments which was confirmed in other



Let’s Talk About... Synthetic Biology ... 163

quantitative and qualitative research. According to the most recent Eurobarometer
(2013) survey, 54 % of the Germans are interested in technological developments,
38 % do regularly inform themselves about it, and in total 76 % agree that science
and technology have a positive impact on society—and this is even below the
EU27’ mean.

But does this mean they are also positive about synthetic biology? Well,
knowledge about synthetic biology is low: Only 18 % of the polled Germans knew
the term (Eurobarometer 2010). Thus, like the majority of the Europeans, most
Germans are not familiar with this technology (Gaskell et al. 2010, p. 29) and this is
not much different in the US.® Interestingly, Germany shows the highest dis-
agreement on the support (approval) of synthetic biology among the EU27 (ibid.,
p. 34). The low public awareness of synthetic biology indicates that there is no
broad public debate on this issue—in contrast to genetically modified organisms:
Here only 18 % had not heard of it.

Beside quantitative methods qualitative are used to gain more insight into the
public perceptions and attitudes, for example different kinds of individual and group
interviews including panel discussion.” However, for Germany data is rare—only a
transcript of a public conference by the German Ethic Council in 2011 was found.
This document showed that synthetic biology is yet mainly recognized by scientists
and stakeholders—only a few citizens were present, and they hardly participated in
the discussions (GEC 2011). However, some of the recent projects on synthetic
biology (e.g. the EU project synenergene'”) are also focusing on public awareness
and their results will give further insights in the future.

Another source of information is media content analysis. Although this allow a
rather indirect view, it still helps to estimating the thematic input for public debate
in a certain area'' and drawing conclusions on framing (correlation between the
characterization of a topic by the media and its understanding by an audience),
priming (media content influences viewpoints of the audience in general), and
agenda setting (correlation between occurrence/frequency of a topic in the media
and the importance attributed by the audience) (Scheufele and Tewksbury 2007,

p. 11).

"EU27 includes the member states of the European Union as of June 2013.

8More information available at: http://www.synbioproject.org/process/assets/files/6655/synbio
survey2013.pdf. Accessed 14 Aug 2014.

“Steurer (in this volume) presents the results of this kind of method—citizens panels and focus
groups—for analyses on public debate/perceptions in Austria.

For more information see: http://www.synenergene.eu/. Accessed 14 Aug 2014.

"'That applies only if on assumes that media consumers take up the presented topic as well as the
framing used by the journalists (Briiggemann 2014). Here, it is worth mentioning that the
assessment of media effects on the recipient side regarding the consequences for opinion-forming
or decision-making is accordingly demanding and maybe even impossible (Bonfadelli and Friemel
2011).
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One of the most accessible sources for analysing the state of public debate in
Germany is a media content analysis of 23 German press'” titles by Lehmkuhl
(2011). He drew the following conclusions: Journalists had problems to distinguish
synthetic biology from genetic engineering, and the overall media coverage of
synthetic biology in Germany was low, although slightly increasing until 2010 (the
end of Lehmkuhl’s study; see Fig. 1). The majority of the articles (46 %) described
and explained the synthetic biology approach—only 21 % discussed the pros and
cons of this technology. The latter was only the case in the context of focused
reporting in response to public relation activities of the group around Craig Venter
and the regional iGEM'? contributions. Lehmkuhl identified four major themes: The
first theme is “progress” which reflects the expectations that synthetic biology could
help to solve some of the ‘grand challenges’ of mankind. The second is “runaway”
which indicates unsubstantiated unease and fatalism towards scientific-technological
progress. The third was called “Pandora’s box/Devil’s bargain” and broach the issue
of inability to control unwanted side effects of the technology. And the fourth is
“race” which interprets science as a sports competition in the sense of who is first and
who wins the prize.

Based on this analysis, Lehmkuhl drew some conclusions about the state of the
public debate in Germany which he held was only existent between the actors of the
so-called periphery (referring to the deliberative model of the public sphere by
Habermas (1992) and Gerhards et al. (1998)). It was thus a debate in
“authority-free” space dominated by scientists and civil society organizations; in the
Habermas model an indication that this public debate was not (yet) of political
relevance. From a journalistic point of view, there were no prominent speakers for
synthetic biology, which is a sign for the absence of a discourse that is declared
relevant by journalists. The debate centred on the interpretation of what synthetic
biology is and what it can/cannot do—but there was no real arguing (in a sense of
statement and objection) in it. The main issues that were brought into the debate by
non-scientist speakers were bio-terrorism, uncontrollable propagation, and the
“monopolization of life” which alludes to the risks of economic utilization of
synthetic biology.

In order to get an impression of the development since 2011, I investigated the
German press from 2011 to 2014 using Lehmkuhl’s methods.'* My investigations
revealed that his findings concerning the contents and framings are still valid.

12Although the print media is still the number one information resource, there is a shift towards a
more mixed usage of resources including TV and the Internet (Eurobarometer 2013). Access to the
latter is much more time-consuming and cost-intensive and their analysis much more elaborate;
scientific approaches are still in a rather experimental state (Mitchelstein and Boczkowski 2010).
3The international Genetically Engineered Machine (iGEM) competition is a worldwide synthetic
biology competition for young talents (university and high school students) that aims at raising
attention for the field. More information at www.igem.org. Accessed 14 Aug 2014.

A quantitative and qualitative analysis for the period between August 31, 2011 and December
31, 2014 was done in the framework of the EA Summer School as described in Lehmkuhl (2011,
p. 20): Using the GENIOS database and the German search term “synthetische Biologie”.
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Fig. 1 Media coverage in German print media. Data until August 31, 2011 and method for media
analysis were taken from Lehmkuhl (2011, p. 32) and are represented in black bars. For own data
GENIOS database was used, shown in grey bars

However, the quantity of media coverage showed an interesting development (see
Fig. 1): after 2010, the number of articles decreased to the level of 2008/2009, and
rose again slightly in 2014. Thus, the curve shape may resemble in some aspects the
hype-disappointment cycle which is known as “Gartner Hype Cycle”'> Hence,
synthetic biology definitely experienced its peak in media attention in 2010 when
Craig Venter claimed to produce the first “synthetic cell”.'® Notably many reports
assessing the potentials of synthetic biology were published by the end of 2009
which brought many visions down to earth but may have create media attention.

Since this curve is based on media coverage data, one cannot transfer the con-
clusions to technical applications of synthetic biology. Nevertheless, the data may
give a week indication that the knowledge about synthetic biology and synthetic
biology as a scientific and technological field was settled and is producing
increasingly applicable knowledge and fewer visions (cf. Haslinger et al. 2014 for
the case of nanotechnology).

Beside, some scholars are using themes taken up by the media as indicators for
the future direction of the public debate'” or relate to previous debates on subjects

5The Gartner Hype Cycle represents a “graphic representation of the maturity and adoption of
technologies and applications, and how they are potentially relevant to solving real business
problems and exploiting new opportunities”. More information can be found at http:/www.
gartner.com/technology/research/methodologies/hype-cycle.jsp and http://www.spiegel.de/netzwelt/
tech/aufmerksamkeits-kurven-die-hype-zyklen-neuer-technologien-a-443717.html. Accessed 14 Aug
2014.

1 Ancillotti and Eriksson (this volume) show for Swedish and Italian press, which also covered
synthetic biology more extensively in 2010, that this event was indeed the main topic in that year.

7For limitations of this approach see footnote 11.


http://www.gartner.com/technology/research/methodologies/hype-cycle.jsp
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of the NEST field like bio-, nano-, and information technology (Torgersen 2009;
Torgersen and Schmidt 2013). The results of this approach indicate that it is most
likely that the synthetic biology debate will take up the problems that are dealt with
on expert level, like biosafety, biosecurity, intellectual property rights, and partic-
ular ethical aspects. Here it is crucial whether synthetic biology will be perceived as
something new or as a mere extension of an existing technology like genetic
engineering with more powerful tools (Torgersen 2009, p. 13). There are indica-
tions that synthetic biology is perceived as a prolongation of the “old” biotech-
nology debate'® which ironically may be the reason why a new controversy on
synthetic biology will be less likely to arise (ibid., p. 14; see also Kaiser 2012).
Nevertheless, it is impossible to predict the further development of the debate on
synthetic biology. There are too many factors that can influence the direction of a
debate (ibid., p. 10). Moreover, experiences of past controversies have shown that
single events and local contingencies may develop communicative impact and thus
have consequences for the whole debate (Bernauer and Meins 2003).

5 Motivations for Public Engagement in the Assessment
of Synthetic Biology

The German case study above illustrates how methods involving the public are used
by TA in the first way: to produce knowledge but also as legitimation for the
recommendations they conclude out of their findings. Thus, asking the question
why to include public engagement in TA on has to keep in mind that the moti-
vations to use such deliberative or participative methods can be multiple. Stirling
(2008) defined the three most common types of motivations: First, the motivation
can be substantive which means that choices concerning the nature and trajectory of
innovation can be co-produced with publics in ways that authentically embody
diverse sources of social knowledge, values, and meanings. Here, citizens are
considered as “experts for the everyday” that complement professional knowledge
with their own pragmatic expertise and life experience (Hahn et al. 2014).
Transdisciplinary generated the conditions to think outside the box and thus
eventually discover aspects that has been overlooked by the experts in the field.

Second, the motivation can be normative which means that dialogue is the right
thing to do for reasons of democracy, equity, and justice. Along with this mind set
come high expectation toward the effects of public engagement, e.g. better deci-
sions, responsible innovations and seemingly even better people. Here participation
would aim at eliciting further engagement of the participants and the initiation of a
broad public debate with consequences for decision-making.

'8Still there are no indications that this is the case: David Shukman “Will synthetic biology
become a GM-style battleground?” BBC News, July 21, 2014. http://www.bbc.com/news/science-
environment-23274175. Accessed 14 Aug 2014.


http://www.bbc.com/news/science-environment-23274175
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And third, in some cases the motivation is an instrumental one which means that
the organizing entity aims a certain outcome e.g. creating acceptance or
avoidance/solution of conflicts. Here, public engagement exercises aiming at edu-
cating the “ignorant public” (cf. Bauer et al. 2007) about the technology in order to
avoid controversies and gain rational public debate (e.g. Philp et al. 2013; ter
Meulen 2014) as well as public acceptance.

Each motivation for advocating public debate and promoting public engagement
may be reasonable on its own merits, but they are partially conflicting. This fact
might be part of the explanation for the divergent opinions in the scientific debate
on participatory TA: the expectation and/or motivation of the scholar regarding the
capacity or impact of participation influence their level of support for public
engagement. It would be good if scholars revealed these motivations and rationales
(e.g. Bogner 2012; Torgersen and Schmidt 2013; Walk 2013) and thereby helped to
classify the evaluations and conclusions of public engagement events.

The majority of TA approaches mentioned in third section of this chapter—
especially those in the tradition of social constructivist studies of science and
technology (STS)—include notions of participation and engagement by lay people.
In line with this it is also important to distinguish between the different notions of
participation: talking about the inclusion of views and expertise of non-scientific
actors into knowledge production and decision-making processes is not the same as
citizens’ participation within the political system in a sense of direct democracy (cf.
Walk 2013). Although the growing popularity of citizens’ participation within the
political system appears in parallel to the trend of more participation in the scientific
context, this should not be confused with participatory or deliberative approaches in
TA that aim on knowledge production in the first way (Hennen 2012).
Nevertheless, it is not easy to draw the line—scholars promoting public engage-
ment with science “share a normative commitment to the idea of democratic science
policy, and have argued that public engagement can be part of this” (Stilgoe et al.
2014, p. 5). And thus, the motivations for using approaches involving the public—
in whatsoever format—can be substantive, normative and/or instrumental at the
same time. But among the proponents of public engagement it is widely agreed that
the public need to be engaged “up-stream” (Wilsdon and Willis 2004) without
agreement about to how this should be done (Torgersen and Schmidt 2013, p. 45).

This idea can be traced back to changes in the understanding of the relationship
of science and society in the last quarter of the 20th century (Bauer et al. 2007) and
the loss of citizens’ trust in technocratic decision-making. Consequently, STS
scholars proposed to strengthen the role of non-scientific actors in decision-making
in order to anticipate this development. This is reflected in concepts like “Mode 2
Knowledge Production” (Gibbons et al. 1994) or “Post-Normal Science”
(Funtowicz and Ravetz 1993). These concepts are reactions to the increasing
demand for more integrative, inter- and transdisciplinary methods regarding
pressing technology-related questions (Nowotny et al. 2001). They also take into
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account that new technological developments are not linear'® but shaped by society
(Kiran 2012).

Consequently, Hellstrom (2003) calls for TA to “include elements of speculative
foresight through public involvement” (ibid., p. 380) in order to understand modern
risks as systemic and as “threats which seem inevitable yet impossible to predict”
(ibid., p. 380). The difficulties of risk assessment make it necessary to think of
“‘pre-emptive’ knowledge management or knowledge improvement tools for
integrating and utilizing tacit understandings” (ibid., p. 382). Thus, public
involvement would “help shed light on the consequences of new proposed tech-
nologies, resolve problems of risk assessment and management practice, provide
new cognitive frameworks for complexity reduction and suggest new ways of
managerially drawing the boundaries of emerging technological systems” (ibid.,
p. 382). Moreover it was proposed, that public engagement in the governance of
NEST should be strengthen by the formation of new organizations that span the
boundary between knowledge production and public action (Barben et al. 2008,
p- 779) which was also emphasised by Harald Konig and coauthors:

Ideally, collaboration between governmental organizations, the academic and industrial
synthetic genomics/biology communities, civil society organizations and the public would
give rise to a safe yet dynamic web of mutual accountability and responsibility as the basis
for a flexible and integrative governance approach to these integrative science fields.
(Konig et al. 2013, p. 21)

In line with a general development towards more public participation also TA
followed the “participatory turn” called out by Jasanoff (2003). She argues that
more accountability of science is required by society and that this is most prominent
in the demand for greater transparency and participation (ibid., p. 236). With
concepts such as “Citizen Science” (Hand 2010; Irwin 1995) or “Responsible
Research and Innovation” (RRI; von Schomberg 2013) the demand for public
participation enters political programmes. This means, for example, that partici-
pation is seen as an integral part of research funding on the European Union level
(e.g. in Horizon 2020°%). In von Schomberg’s words:

Responsible Research and Innovation is a transparent, interactive process by which societal
actors and innovators become mutually responsive to each other with a view to the (ethical)
acceptability, sustainability and societal desirability of the innovation process and its
marketable products (in order to allow a proper embedding of scientific and technological
advances in our society). (von Schomberg 2013, p. 19)

19 inear” referrers here to classic innovation theories which locates the creative potential solely at
the side of the researches and developers. The public as potential users is reflected by the market
that either accepts or rejects the invention. In more recent theories address the interconnectivity of
today’s innovation processes.

**More information can be found at: http://ec.europa.eu/programmes/horizon2020/ and http://ec.

europa.eu/programmes/horizon2020/en/h2020-section/responsible-research-innovation. Accessed
14 Aug 2014.
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According to Stilgoe et al. (2013), RRI is characterized by four dimensions of
responsibility; the deliberative or inclusion dimension aims at the involvement of
stakeholders and citizens within technology development processes for:

[...] inclusively opening up visions, purposes, questions, and dilemmas to broad, collective
deliberation through processes of dialogue, engagement, and debate, inviting and listening
to wider perspectives from publics and diverse stakeholders. This allows the introduction of
a broad range of perspectives to reframe issues and the identification of areas of potential
contestation. (ibid., p. 38)

In the past years TA scholars respond to the concept and employed RRI to answer
problems that come with the governance of NEST like synthetic biology.
Nevertheless, the concept itself seems is far from being well defined (Heil et al.
2014). Public participation in RRI is presented as vehicle to meet societal needs and
ensure successful innovations—and eventually even prevents (technology) conflicts
(cf. Grunwald 2012). With respect the motivations describe at the beginning of this
section, RRI merge all three motivations. In any case, since RRI becomes more and
more dominant in the TA community it is most likely that public engagement will
be promoted further.

6 Critics on the Use of Public Engagement in Synthetic
Biology

Given the assumption that public engagement in the governance of NESTs can
improve decision-making—by making it socially robust, less conflictual, and, thus,
more responsive—societal actors are needed to assess the pros and cons of the
technological and scientific developments under debate (Radstake et al. 2009,
p. 313). Involving societal actors raises a number of normative questions that
requires answer with far reaching consequences: Which format will be chosen?
Who will be invited? How should the relevant issues and the legitimate arguments
be determined? Considering the effects of successful public engagement—which
possibly mean an exercise that stimulate the public debate in society—Torgersen
and Schmidt assume:

They not only will influence the course and outcome of the engagement exercise but might
also propose, if successful, what issues and arguments might become relevant in an ensuing
broader public debate. (Torgersen and Schmidt 2013, p. 46)

Thus, advocates of public participation should be much more aware of and reflective
about this. Torgersen and Schmidt (2013) further argue that a “public debate over SB
‘out there’ might develop very differently subject to issues and arguments deter-
mined to be relevant and the choice what SB might be compared to early-on” if
influence by upstream public engagement (ibid., p. 46). And thus, the choice made
for the public engagement exercise “might heavily influence the future public image
of the technology and impinge on its commercial success” (ibid., p. 46).
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Beside, a fundamental problem seems to be that the wider public (however
defined) is apparently insufficiently interested in science and science governance to
participate spontaneously and take an active part in the public debate. This seems to
be difficult even for stakeholders if there is uncertainty about the eventual nature of
new products, processes, benefits, and risks of a technology (Torgersen and
Schmidt 2013). Lehmkubhl, too, comes to the conclusion that the difficulty to initiate
a public debate on synthetic biology—unless it is catalysed by suitable research
results—is the current dilemma: It seems to be desirable to hold a public debate on
the pros and cons of synthetic biology now, when it is to some extent still possible
to decide which research progress is socially desired. But at the same time, it is
difficult to stimulate the debate now, because there is this lack of concrete results
which can only be produced through the course of research efforts that would be the
object of this debate (Lehmkuhl 2011, p. 50)—again the recurrent theme of the TA
in the NEST field: when is the right time to start it.

In the academic debate on early public engagement, the main weakness of
initiated public debate is seen in the fact that the deliberative exercises tend to be
staged rather than spontaneous “self-arising” public debates. This is due to the fact
that the latter would be completely uncoordinated regarding the involved actors and
participants, communication channels and formats as well as the choice of topics. In
contrast, initiated public debate very much depends on the design made by its
organizers (e.g. STS social scientists or specialists in technology assessment) as
well as—to a considerable extent—on the expectations of the sponsors of the
exercise (Bogner 2012; Torgersen and Schmidt 2013). This is the main restriction
for a further use of the results of these exercises in order to predict future public
dialogues and draw conclusions on the public perceptions and expectations on new
technologies like synthetic biology.

Facing this restriction of early, invited public engagement, the scientific com-
munity has tried to find methodical solutions, among others innovative formats,
sophisticated selection and recruitment of participants (Sturgis 2014, pp. 38-39).
Scholars that promote public engagement with a rather normative motivation
complained that thereby “the how still trumps the why” (Stilgoe et al. 2014, p. 5,
emphasis original): beyond the participatory production of knowledge there is only
insufficient emphasis on the question, how participatory formats and their results
can be reasonably included in the development of governance frameworks or in
governance procedures. For them, involving the public becomes meaningless if the
results of the exercise cannot produce impact on governance. But in Germany and
the most European countries there are no procedures regulated by law—with a few
exceptions in planning regulations—that assure that the results of public engage-
ment enter the political decision-making process. And as long as this is left to
chance, participative exercise will fail to live up to its high-level expectations (e.g.
gain of acceptance, avoidance of conflicts or elicitation of a broad public debate) of
those who follow the normative approach of public engagement.

In addition, it is also important to reconsider the image of “the public” and its
construction, because this is what is leading or misleading in finding answers to the
question how participatory formats can be included in the development of
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governance frameworks for and in the governance of NEST in a meaningful way
(elaborated e.g. by Stilgoe et al. 2014, p. 7).”! The “knowledge deficit model”
(Bauer et al. 2007) is still very predominant and thus public engagement is often
used to obtain acceptance. Anyway it is questioned whether familiarity with syn-
thetic biology is related to the technology’s evaluation and finally leads to more
support from a broader public. Although the empirical data (e.g. Eurobarometer
2010) indicate this, it is also possible that it is “a technophile avant-garde that—
because of its affinity to and support of technologies—has heard about synthetic
biology in the first place” (Gaskell et al. 2010, p. 35).

7 Conclusions

There are numerous good reasons for the engagement of citizens and stakeholders
(in general “the public”) in synthetic biology technology assessment. So what might
be the best medium for public engagement in synthetic biology? First of all, public
engagement exercises—even if they are organized by scientists—create rooms for
mutual learning: Scientists learn about the rationales of non-scientific actors and
vice versa. Of course especially interested people will join these exercises, but these
can act as ambassadors for scientific arguments in the public. This should not be
confused with promoting acceptance but rather promoting science (even though the
two are close to each other). For example, it has been argued that the public was
over-addressed in the field of nanotechnology (cf. Torgersen and Schmidt 2013)—
but notably, the grand controversy on this technology has yet not arisen—maybe
due to a “normalization” of the debate (Grunwald 2012). The bustling activities of
social scientists and philosophers around nanotechnology influenced its trajectories
of development remarkably. Even today’s versatile promotion of RRI is strongly
rooted in this history (Grunwald 2014). Thus, nanotechnology may serve as a role
model for public engagement in synthetic biology where early public engagement
and debate lead to an objective but also balanced and inclusive debate and even-
tually also to (better) future applications meeting social needs in the sense of RRI.
The early stage provides at least the opportunity to contribute to shaping applica-
tions according to social needs—or maybe even decide jointly where the limits for
the technology should be drawn (see also Hagen et al. in this volume).

However, diverse and sometimes conflicting motivations and expectations are
brought up by the advocates of public engagement and debate. Moreover, some-
times the results of engagement exercises fail to live up to these expectations,
especially if they are on a high level (e.g. gain of acceptance, avoidance of conflicts,
elicitation of a broad public debate). In the case of synthetic biology, the limitations

2!For a persuasive example see Molyneux-Hodgson and Balmer (2014) who analyse the perfor-
mance of a synthetic biology research programme that sought to address issues of innovation in the
water industry. They found that the conceptualisation of public actors as consumers who are
ignorant of the complexities of water and its true value became an innovation barrier.
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of early public engagement and debate become very clear. The few applications—
mainly in the medical sector—have not elicited any self-propelling debate (cf.
Pardo et al. 2009). Little is known about synthetic biology in the public, and the
media primarily depicts the positions of scientists.

In a nutshell, there is currently hardly anything that stirs up emotions and so it
seems that there is little to discuss (see also Kaiser 2012). This might change
quickly, but it is hard to say whether this will occur and what it will be like.
However, once such a self-propelling debate has started, it is difficult to influence
its direction, as the example of (green) biotechnology has shown—and this is
probably the main motivation for scientists in the field of synthetic biology to be
supportive of public engagement: They simply fear the hindrance of their research if
public controversies lead to restrictive governance. Nevertheless, organisers of such
exercises still carry responsibility: By framing their exercise they may also frame
the possibly elicit public debate afterwards and thus, should be transparent about
their goals and motivations.
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Public Engagement in Synthetic Biology:
“Experts”, “Diplomats” and the Creativity
of “Idiots”

Britt Wray

1 Introduction

One common narrative that has arisen in policy and media concerning synthetic
biology describes the field as aiming to make biology easy to engineer (Jefferson
et al. 2014). The hope is that by making biology easy to engineer, scientists will be
able to harness the sustainable production capacities of natural systems and direct
them to make valuable products, such as biofuels, drugs or other valuable chemi-
cals. Synthetic biologists want to rid biological systems of their complexity in order
to make the engineering of biology a set of routine and standard practices (Endy
2005).

Synthetic biologists are often described as working predominantly (but not
exclusively) with simple organisms such as yeast and bacteria in order to engineer
them to produce outputs that are helpful in the clinic, the biotechnology industry
and in basic molecular research (Church et al. 2014). However, the diverse field is
quickly moving towards re-engineering more complex organisms as well. Examples
of this can be seen acutely in the emerging mission to re-create certain species that
we’ve lost, known as de-extinction. In de-extinction, scientists aim to create fac-
similes of extinct species. One way that they aim to do this using the tools of
synthetic biology is by editing genes that code for the unique phenotypic traits of
extinct animals into their closest living relatives’ genomes. The scientists involved
then plan to bring modified embryos that contain those genes to term inside of
surrogate mothers from the closely-related living species (Sherkow and Greely
2013). The interventions that synthetic biology and related genome-editing
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techniques afford are therefore not (at least theoretically) restricted to using “sim-
pler” organisms. As humans re-design nature according to our own ambitions,
“such changes may entail a fundamental rethinking of the identity of the human self
and its place in larger natural, social and political orders” (Pauwels 2011, p. 116).

The idea that synthetic biologists can make biology easy to engineer supposes
that they have enabled a “de-skilling” of science, therefore creating greater access to
genetic engineering technologies for non-trained professionals, which in turn
increases its susceptibility for potential “dual use” (Schmidt 2008; Kelle 2009)."
Dual use technologies produce desired and undesired outcomes. Dual-use topics in
synthetic biology range from biofuel and cheap drug production on the one hand, to
potential novel weaponry for bioterrorism and microbes that could escape the lab to
invade surrounding ecosystems on the other.

The societal implications of the potential futures that synthetic biology may
bring forth are myriad, and there are more individuals who want to weigh in on that
discussion than only the scientists and engineers involved. Over the last several
years, synthetic biology has witnessed a wide range of creative communicators take
part in its debate. At a time when the (at least ideological if not always practical)
“de-skilling” of biological engineering is being brought to bear in synthetic biology,
diverse individuals are claiming more participation and openness in communities
and systems that comment on, and shape, the field.

Synthetic biology has been noticeably proactive, as an emerging technoscience,
in inviting interdisciplinary creative talent to contribute to its discourse (Calvert
2010; Marris 2015). This ethos can be traced in synthetic biology through the
activities of a cultural movement like DIYbio (Penders 2011), the increasing par-
ticipation of artist and other non-scientist researchers at events like the International
Genetically Engineered Machines Competition (Agapakis 2014),> and the growth
of bioart projects that explore synthetic biology (Kerbe and Schmidt 2013). Specific
instances can be found in numerous projects of experimental engagement that
concern the field. These can range from events like the Kopenlab biohacking fes-
tival in Copenhagen,’ to bioart workshops in Genspace (a community lab in

"There are a variety of questions raised by synthetic biology that circulate in policy and media that
extend far beyond its emergence as a “de-skilling” science. These include social justice for the
global south, responsible innovation, ontological implications, modes of regulation and gover-
nance, its impact on the bio-economy, and more. In this chapter I am using the example of
“de-skilling” and the related term of “dual-use” to make a general point about societal concerns,
but do not mean to regard these concerns as the only topics that have garnered attention and
debate.

22014 marked the first year that iGEM had a competitive track for teams whose projects explicitly
mobilized art and design in synthetic biology. http://2014.igem.org/Tracks/Art_Design. Accessed
01 Sept 2014.

>The Kopenlab festival was comprised of “a collaborative space for citizen science, DIYbio,
contemporary art and maker culture.” It took place as part of Science in the City during the Euro
Science Open Forum, Copenhagen, 2014. http://kopenlab.dk. Accessed 14 June 2014.
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Brooklyn),4 to institutionally-funded interdisciplinary residency programs like
Synthetic Aesthetics.’

In each their own way, individuals who participate in these activities have entered
the discourse of synthetic biology as interdisciplinary actors, who often (but not
always) lack traditional scientific expertise. In the case of DIYbio, professional
scientists have often offered their expertise to DIYbiologists, and can sometimes be
found actively participating in DIYbio spaces (Grushkin et al. 2013).° However, they
take a non-institutional approach to practicing science by doing so, which offers an
alternative to traditional assumptions about how science should be carried out.
Similarly, when artists and designers get involved in the field, they inject their own
disciplinary modes of thinking and making into the discourse, and expose profes-
sional scientists to other ways of looking at, and questioning, the subject of their
work. Together, these diverse practices establish a polyphony. This polyphony helps
to diversify and complicate the public understanding of synthetic biology in ways
that could not be afforded through an exclusively institutional and scientific framing.”

This increasingly polyphonous set of practices in synthetic biology intersects
with the imaginaries of what the field means that bubble over into public con-
sciousness through their representational circulation at science festivals and genetic
engineering competitions, on blogs, in galleries, on the airwaves, in social media
and more. In effect, it is not only professional science communication that recog-
nizes itself as such that is crafting and telling public stories about synthetic biology
to diverse non-expert audiences.

“Genspace has been serving New York City as an outreach centre promoting citizen science since
2009. In 2010 it became the first-ever community biotechnology laboratory with a Biosafety Level
One facility. http://genspace.org/. Accessed 05 Sept 2014.

SSynthetic Aesthetics is an international research project investigating the crossover between art,
design, social science and synthetic biology. http://www.syntheticaesthetics.org. Accessed 19 Nov
2014.

SBiohacking, which includes the DIYbio community, is a heterogenous “scene” that does not
adhere to any one movement, mission or aim. At the 2015 PACITA Technology Assessment
Conference in Berlin, German biohacker Riidiger Trojok gave an elucidating talk about the
complexities of the biohacker identity. He explained that although biohackers around the world
seem to celebrate the non-institutional practice of biotechnology, they are far from a unified
community. For example, some groups in North America (more closely aligned with DIYbio)
affiliate their work with the possibility for commercialization, while others in Europe and Asia
align more closely to an anti-capitalist and activist ethic.

"Literary critic Mikhail Bakhtin developed a theory of polyphony to describe Dosteovsky’s ten-
dency to write novels wherein his characters would each speak for themselves and not act in service
of any other character’s will (Bakhtin and Caryl 1984). This creates the condition that a discussion
can never be finalized according to an individual’s views, meaning that a true polyphony constitutes
a collection of many voices with each their own distinctiveness. Polyphonous discussions may be
aspired to for democratic purposes, so that discourses evolve according to inputs from many voices
without any one voice acting in the service of another. Although the processual “de-skilling” of
synthetic biology may be one important aspect for the diversification of the field, it is not the sole
factor. Long traditions of synthesizing life in fiction, or experimentation to make life from
non-living components in chemistry for example have also played in a role in stratifying its
polyphony over time.
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2 Science Communication: Seductive Science and Scary
Science

For my purposes here, I am referring to science communication as communication
about science “that facilitates conversations with the public that recognize, respect,
and incorporate differences in knowledge, values, perspectives, and goals.” (Nisbet
and Scheufele 2009, p. 1767). With its emphasis on tolerance for difference in the
public realm, I consider science communication in this vein to be closely related to
discourses on public engagement that seek to foster two-way—dialogic as well as
open-ended—conversations between various experts and publics. Too often, sci-
ence communication is considered as the delivery of information to uninformed or
under-informed publics, usually through methodically crafted discursive texts:
lectures, scripts, chatter, or some other instance of language. However, thanks to
various practitioners and scholars (e.g., Elam and Bertilsson 2003; Irwin and
Michael 2003), we know that public engagement with science need not be reduced
to a one-way street where experts deliver informational goods to ignorant audiences
(the “deficit model” of science communication). Even in instances where more
dialogic forms of communication take place, such as when two-way discussion is
fostered between experts and laypublics, or communication experiences are more
participatory than prescriptive, science communication scholars have been criti-
cized for overlooking the affective dimensions of these sites. As Davies (2014)
demonstrates, science communication scholars focus far too narrowly on the dis-
cursive elements (or language in use) of science communication when trying to
make sense of it. Davies challenges the idea that the potential impacts on the
participants in a science engagement experience depend largely on the discursive
elements in that activity, media or event. Instead she shifts our gaze to the
importance of site, embodiment, materiality, and emotion in understanding how
science experiences make people feel in the moment and afterwards—including
how they feel about science itself.

But what makes science worth engaging with for lay publics? What do we—
diverse and dynamic publics—get out of science events, media, and other forms of
engagement, especially when our day-to-day lives don’t depend on interacting with
scientific ideas? Davies offers some ideas on what might make it worthwhile:

People (whether scientists or laypeople) generally participate in public engagement because
they want to—because they find some satisfaction or enjoyment in talking about nano-
technology at a museum forum event, experiencing the spectacle of the Body Worlds
exhibitions, or participating in a policy-oriented discussion. There is, we might say, a
hedonism of science as leisure and pleasure, and it is this latent and largely unacknowl-
edged reservoir of emotion that powers many of the encounters between scientific
knowledges and publics. (Davies 2014, p. 101)

But a danger looms where pleasure is the only lens through which we evaluate the
worth of a science communication experience. This can reinforce the old idea that
knowing more about science leads to loving it: that knowledge precedes and causes
interest and connection rather than the other way around. Contemporary science
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engagement is much more layered and complex than that simple tenet suggests. The
idea that science engagement aims to make people love science smacks of getting
people to love broccoli. Certainly it can be good for you, but not everyone’s a fan.
Some want it every day, some never, while others ebb and flow depending on the
setting, occasion, and social context. In our everyday lives, we regularly feel
emotional about ideas that we don’t necessarily “love” or identify with. It can bring
us a lot of personal satisfaction to engage that way, without leading to some kind of
further behaviour or change of heart. Similarly, lay publics can feel all sorts of
things about science, appreciating their experiences of contact with it beyond binary
feelings of good or bad. Davies argues that the gulf between exposure to science
and loving science is worth exploring.®

Many scientists do think that interested publics will like science better, and become a more
accepting market for its products (or perhaps be recruited into it). But is this dynamic the
only one structuring expressions of interest, pleasure and delight? Can we understand them
in any other terms? I would suggest that pleasure in public engagement is indeed a more
complex phenomenon—one that requires further attention in order to account for and
understand its role and meaning. (Davies 2014, p. 101)

Scholars of science communication and public engagement should start looking at
the everyday experiences of individuals that breed identification with and interest in
science, and learn what (if anything) flows from those experiences over time. As
Davies says, “It is precisely when science is not taken too seriously that engage-
ment with it becomes powerful” (p. 102). Which makes me wonder: Must we
become “science lovers” for the impacts of engaging with science to be powerful in
our lives? Or might we be swimming in a whole other ocean of affects, yet to be
fully explored?

These questions are relevant to the discussion about synthetic biology and its
public facing narratives on two levels. Firstly, the debate about synthetic biology
often gets linked to the controversy around genetically modified crops that came
before it (Kronberger et al. 2011). Proponents of the field strongly aspire to avoid
similar controversy in the public discussion of synthetic biology. This amounts to
what Claire Marris has called “synbiophobia-phobia,” or the fear of a synthetic
biology-fearing public. In this case, proponents of the field see “public attitudes” as
a major obstacle to the contributions synthetic biology can make to the “public
good” (2015). This connects to Davies’ argument that science engagement often—
misguidedly—aims to make publics “love” science. There is much to be explored in
the space between love and fear that occupies communications about synthetic
biology, and doing so might strengthen the degree of reflective engagement that is
really taking place.

81 recently wrote about this idea for The Evolving Culture of Science Engagement, a collaborative
research blog between MIT and Culture Kettle. http://www.cultureofscienceengagement.net/blog/
2015/2/2/guest-post-embodying-engagement-with-science. Accessed 5 May 2015. Part of this
paragraph is excerpted from the post. I am grateful to Peter Linett for the opportunity.
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However—and this is my second point—*“the public” is often imagined to react
in certain ways before their voice is even made present in the debate. Marris argues
that those imaginaries get inserted into public discussions in the place of their
public’s actual convicted views because, “They are omnipresent as disembodied,
imagined, publics but absent as actual persons or organisations” (2015, p. 90).
Marris gives accounts of leadership councils and national research forums on
synthetic biology which have excluded real lay publics from attending, but dem-
onstrates that when a place is made for publics, the very identity of who “the
public” is can sometimes be misplaced. While installed as a social scientist in
synthetic biology research networks, Marris and her colleagues have been labelled
as “members of the public” at engagement fora. Their roles as social scientists
involved in the field are to assess the ethical, legal, and social implications of
synthetic biology, which is altogether different from standing in as a representatives
for generally interested and/or concerned citizens. This red flag should signal us to
slow down and consider whose voices are being included in the debate, and con-
sider what it is that they are truly being asked.

At other times, the communications are not so ambiguous. Character sketches in
film, TV and other popular media influence how publics come to think about the
identities of different professionals, and in the case of synthetic biology, its prac-
titioners have not escaped this sort of stereotyping. In order to better understand
their stereotype, Meyer et al. analyzed 48 big budget films that relate to themes of
engineering life and depicted the scientists doing it (2013). Their analysis traced
films that portrayed the Frankenstein-like genius of old sci-fi thrillers to more
contemporary storytelling. They found that science storytelling experienced a shift
somewhere in its filmic history whereby films now couple the image of a scientist to
industry and entrepreneurial spirit, in place of the old “mad scientist” image that
Frankenstein brings to mind.

Referring to the contemporary image of the biotechnological scientist as
“Frankenstein 2.0”, the researchers note that Frankenstein 2.0 refutes the old ste-
reotype of a bad or mad scientist and sketches a prominent modern character whose
academic excellence is challenged by his or her own, or his or her superior’s
entrepreneurial drive. The most prominent recurring character found in the con-
temporary films they examined was a scientist whose research is driven by com-
mercial gain. Sometimes, the scientists depicted can only reach their goal of
commercial gain by knowingly crossing ethical boundaries. This develops a ste-
reotype of the life-engineering scientist as a “worker” fulfilling business goals, who
will possibly sacrifice their own scientific ambitions and morality to get there. The
researchers’ concluded that the way scientists engaged in genetic engineering are
depicted in film has to also be seen in light of the actual societal debate about
genetic technologies. When scientists are shown to be primarily profit-driven, such
illustrations inform the debate about the ethical and social implications of bio-
technology, and ideas about who will eventually take responsibility for them.
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Although many real world synthetic biologists might not identify with their
filmic stereotypes as discovered by these researchers, they cannot escape its cir-
culation in the public imagination. It is important that public engagement practi-
tioners and science communicators working on synthetic biology understand this
image, the message it conveys, and take responsibility for how their own projects
work to challenge or reinforce it. Stereotypes of emerging technologies that are little
known to general publics, such as synthetic biology, influence how the technology
will be perceived, debated and ultimately, accepted or disputed. But stereotypes—
like any other social phenomena—are malleable, and creative communicators bear
both the privileges and responsibilities of influencing public opinion about the
matters of concern that could be attached to them.

3 Matters of Concern

Bruno Latour has said that “a matter of concern is what happens to a matter of fact
when you add to it its whole scenography, much like you would do by shifting your
attention from the stage to the whole machinery of a theatre.” (2008, p. 39). Latour
argues that this is the general action of “science studies” upon the sciences, which
introduced a new gaze upon scientific fields that were once considered indisputable
and “simply there” on their own. Science studies turned the sciences into moving
phenomena that are available for dispute once the observer zooms out to focus on
how they are always tethered to other social and technological apparatuses. When it
comes to matters of concern, everything looks different than how we were first told
they did.

In synthetic biology, the most directly obvious matters of concern are often
talked about in two distinct ways that balance great hope with great fear. On the one
hand, synthetic biology is said to one day possibly be able to “heal us, heat us and
feed us” (Osbourne 2012). This has become common rhetoric for talking about
synthetic biology and is a narrative commonly put forth in introductory writings
about the field (Marris 2015). On the other hand, upon further scrutiny, we are told
that synthetic biology could lead to a host of unintended social and environmental
problems. Among those often listed are new forms of bioterrorism, biosafety issues,
patenting concerns, as well as a growing cultural mindset that relies on “techno-
fixes” instead of tackling root problems (Jefferson et al. 2014).

The hopes and perils that get communicated along with the principle that syn-
thetic biology aims to make biology easy to engineer bolster the speculative
promises of the field. This can strengthen the circulation of myths about its potential
dangers in a fashion that drowns out more accurate and nuanced discussion of the
field (Marris and Rose 2012). For example, an interdisciplinary consortium gath-
ered at Kings College in London to investigate and discuss the degrees to which
threat, risk and safety concerns in the discourse on synthetic biology are valid, or
conversely, blown out of proportion. They concluded largely that there is too much
concern over hot air. Specifically, they reported that the common narrative found in
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numerous media stories about synthetic biology frames its advances as “de-skilling”
science, making it of greater access to non-trained professionals, and therefore
susceptible to potential “dual use.” This idea then asserts a strong element of
technological determinism: the belief that science progresses in a linear
forward-marching fashion, acquiring new successes and problems along the way in
a predictive path (Jefferson et al. 2014). However, where there is little evidence to
support such predictive and inescapable advancement in practice, specialists and
publics are left to grapple with “speculative ethics” (Nordmann 2007).
Technological determinism paints a picture whereby synthetic biology continues
to advance and accrue successes in de-skilling biology towards an unstoppable
future. However, the researchers discuss that this type of thinking fails to consider
the myriad real scientific challenges that synthetic biologists face while trying to
make biology easy to engineer in the lab (Jefferson et al. 2014). The implication is
that this failure overlooks the importance of tacit knowledge, which only expert
experience can cultivate over countless hours of intimate toiling with their research,
study organisms, and lab methods. This therefore significantly limits the degree to
which just anyone can do it well. Highly skilled professionals are still very much
integral to the field’s successes. However, this has generally been dropped from
public-facing narratives that promote synthetic biology’s revolutionary potential to
open up access to wider communities of practitioners. I am writing from the per-
spective of a practicing science communicator, and am interested here in how we
might slow down the ways we talk about synthetic biology to make sure we’re
“getting it right” to the best of our abilities. There is room here to do a better job.

4 Slowing Down with Interdisciplinarity

Within spaces of academic expertise, several strategic interdisciplinary working
teams have been formed to develop and assess synthetic biology practices “up
stream” from their widespread deployment in culture and science at large. These
working groups often comprise ethicists, philosophers, anthropologists, sociolo-
gists, and STS scholars that work in collaboration with scientists to address prob-
lems that may arise as the technology develops. They also work to establish deeper
understandings of what is actually happening in the present state of affairs.
Rabinow and Bennet have said that these interdisciplinary models of synthetic
biology and society interaction require significant refashioning when compared to
similar initiatives in the biosciences that have come before (2012). They argue that
earlier iterations—as seen in The Human Genome Project for example, the largest
ELSI (ethical, legal, and social implications research) project to date—are not
satisfactory models to follow for interdisciplinary collaboration in synthetic biol-
ogy. They argue that because synthetic biology marks a new “post-genomic era”
where nature is re-invented rather than merely studied, we must similarly, therefore,
acquire new tools to deal with it responsibly (2012, p. 267). But it is also because
ELSI research frameworks have often had the effect of bringing critical
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interdisciplinarity to a field after the fact—as an assessment that gets “tacked on”
and can be “checked off”—once the humanities and social science scholars have
arrived to examine the science and engineering that’s already in motion.

This “down stream” approach has been criticized for missing a rich opportunity
that’s afforded when divergent perspectives are brought together to consider futures
before they materialize, and must then be responded to (Balmer and Bulpin 2013).
As a result, the shift to post-ELSI frameworks that deal with “upstream” interdis-
ciplinarity and Responsible Research and Innovation (RRI) have become increas-
ingly common, bringing interdisciplinary thinkers together at early stages in
research networks.” This shift has been tied in with the fact that “social scientists
are becoming a required component of synthetic biology research programmes in
Europe, the US and beyond” (Calvert 2013, p. 176). It has become common that
grants may not be awarded to synthetic biology researchers without the presence of
social researchers on their team. Their involvement on paper is perceived as
accounting for “cheques and balances” of the research in a responsible manner,
especially when the social scientists arrive at an earlier rather than later stage in a
synthetic biology project’s development.

In theory, interdisciplinary collaborations between social and natural scientists
raise critical questions on all sides of the disciplinary divides before scientific research
evolves too quickly and unintended effects must then be undone. Despite the noble
aims of interdisciplinarity in the field, some social scientists have reported that they
suffer from constrained power in their relationships with synthetic biologists.
Rabinow and Bennet gave a concerned account of their experiences as anthropolo-
gists employed at Synberc—a large American multi-university synthetic biology
research centre—where they felt that their humanistic perspectives were met with
dismissal, disinterest, and at times, hostility, from their scientific collaborators (2012).
Jane Calvert, a social scientist who often works with synthetic biologists has said that
she has at times felt that what she has to offer has been snubbed by the scientific
community. She advised that non-scientists attached to the field should embrace an
“ethics of discomfort” (Calvert 2013, p. 189). A manifesto was even written by a
group of social scientists actively working in European synthetic biology centres,
calling for new experimental forms of collaboration with scientists so that more
fruitful outcomes might be discovered for all parties involved (Balmer et al. 2012).

Conflict in such collaborations is of interest to me here because of the spaces it
renders visible for experimenting with new forms of communication in commu-
nities that work on synthetic biology. However, as a colleague of mine once
mentioned, the pseudo re-invention of “experimental collaboration” with good
etiquette may be nothing more than the end of independent funding for critical
scholars.'” This line of thinking is also echoed by the aforementioned researchers
who question the validity of a post-ELSI shift. Though quite possible, I am not
ready to accept such a cynical stance here. As I will show below, Isabelle Stengers

°Some have questioned the validity of this shift (Myskja et al. 2014).
11 am thankful to Dr. Kristin Hagen for this comment.
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has some ideas to offer about slowing down thinking that can relate to conflict in
communication. Her ideas might be of interest to those working across disciplinary
divides, especially if they want to revitalize interdisciplinary communication
through experimentation.

5 Experts, Diplomats and Idiots

Stengers has prompted expert groups to think about how it is possible to put forth
proposals in their fields that do not claim “what ought to be” but provoke a
“slowing down” of common reasoning. The aim of this is to create opportunities for
alternative ways of being and acting around matters of concern that are relevant for
their work (Stengers 2005). For Stengers, slowing down thinking in this way is
about finding room to become ever so slightly more aware of the problems and
situations that mobilize a group of experts to work on a problem in the first place.
She is explicit in saying that her ideas are intended for practicing experts, rather
than generalists. They are therefore of relevance to discussions about interdisci-
plinary collaborations that involve pluralist view-points from multiple disciplines in
synthetic biology networks.

Although Stengers focuses her thinking on expert communities, for the purpose
of her analysis she also discusses two other figures that I will refer to: the “dip-
lomat” and the “idiot” (Stengers 2013). For Stengers, experts are the ones whose
practices are not threatened by the debates that concern them, because experts are
expected to present what they know and are not expected to foresee the ways that
their knowledge might be taken up by others in different situations. Synthetic
biologists themselves are the most obvious examples of experts in their field that
operate in this way.

Contrastingly, diplomats are communication vessels for those whose identities
are threatened by their practices. They serve to destabilize any homogenous nods
towards unified beliefs about how science can advance “the general interest.”
Instead, diplomats provoke experts to think about the unexpected, dark, or
skimmed-over possibilities of their beloved practices, the very existence of which
make them experts. They call expert assumptions into question and show how
things could have been otherwise. I therefore argue that the active diplomatic roles
in synthetic biology are multiple, involving a wide variety of social researchers,
artists, designers, and creative communicators who engage publics about the sci-
ence in process. They also interfere with scientific thinking by posing critical
questions to expert practitioners about their approaches to their research, as can be
seen in the aims of post-ELSI research. The conflicts found in uncomfortable
interdisciplinary research collaborations are small evidence of this function of threat
that the “diplomatic” perspectives of social researchers can bring into synthetic
biology. Additionally, the diverse community of practitioners who produce com-
munications and engagement experiences with synthetic biology (for example,
artists, designers, and DIYbiologists) can produce ideas that go against the grain of
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technological progress that expert narratives hold dear, even if they are working
outside of collaborations that carry an explicitly “post-ELSI” spirit.

Furthermore, Stengers mobilizes the ancient Greek character of “the idiot” to
make an argument about the function of slowing down thought in expert areas of
scientific progress. The original term “idiot” was meant to describe someone who
did not speak in ancient Greece and was therefore cut off from community relations.
However, with the help of Deleuze’s philosophical remediations of the figure,
Stengers uses a refreshed version of the idiot to represent one who resists the way in
which a situation is presented. The idiot does not feel the urge to fall into consensus
with any situation at hand, and importantly, by not doing so, he or she galvanizes
others around them to call their own situations into question as well. The idiot does
not interact with science as such, but with the politics and economies of it. The idiot
is therefore a catalyst of political thought and action through their refutations,
moving others to ask “what is more important that we should be doing?”” But the
idiot is not righteous and does not know the answer. For Stengers, the idiot is key,
not because he or she creates unending perplexity for a situation at hand, but
because the idiot makes us slow down and question our own assumptions. The
idiot’s actions make us look for what ever made us feel we were authorized “to
believe we possess the meaning of what we know” in the first place (2005, p. 995).

And so, diplomats and idiots are not the same, but they both “jam the system” of
expert knowledge, and shift the automatic associations it carries that bind speed to
concepts like efficiency, innovation, and growth. Returning now to Jefferson et al.’s
argument that much of the public discourse of synthetic biology is based on
technological determinism, something is needed to “jam the system” in how we
think and talk about synthetic biology in public and with publics. Where is the idiot
who can ask those who make deterministic statements about synthetic biology how
they came to believe they possess the meaning of what they know? Diplomats (who
are found in critical scholarship that questions the assumptions and beliefs in
synthetic biology) and idiots (who ‘misbehave’ and disregard the way things are
designed to function (see Michael 2012) can help us slow the pace to see better
what we think we know. The actions of both figures—albeit in different ways—
create space for pause, reflection, and the careful choosing of how to direct con-
cerns and questions towards the science itself.

The question then is, how can science communicators and engagement practi-
tioners create opportunities for a slowing down of thinking that publics can partake
in when pondering a particular story about an emerging technoscience? What can
be done to facilitate “diplomatic” and “idiotic” behaviour in a communication
landscape that all too often, still defers to the deficit model of science communi-
cation, and relies squarely on the expert voice as the default of reason? It’s all fine
and well to have esoteric theoretical notions as inspirations for approaches to
creative communications, but figuring out how to employ such theories in practice
is important to try and resolve. For the remainder of this article, I will argue that
there are rich sites of opportunity for science communication in the case of synthetic
biology to create narratives more “diplomatically” and “idiotically” than it often
does, pointing to examples that have already achieved this.
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6 Concern in Science Communication and Public
Engagement

The gesture of slowing down that’s offered here is an idea intended to guide towards
avenues of thinking and doing that might enable general audiences to develop a
personal analytic ethics towards synthetic biology; one that encourages listening,
caring and empathy exchange between different polyphonous points of view.
Returning to Sarah Davies’ line of thought, we should be paying attention to “the
non-discursive—to the role of, for instance, the emotional, material or creative
within public engagement” (2014, p. 94). For scholars of public engagement and
science communication, slowing down might help us notice these often overlooked
elements, and identify new opportunities for creative intervention.

Davies argues that when science communication focuses too much on the
content and discursive elements of public engagement work it misses an opportu-
nity to dive into the affective ability of the non-rational and chaotic elements of that
content to make people literally feel some way about science. Science dialogue
events for example can be “dramatic and emotional” when people come face to face
in public to discuss a scientific topic (2011, p. 94). However science communi-
cation researchers may boil down the effectiveness of engagement events to a series
of evaluation criteria that overlook any of its sensory elements. Science commu-
nication and engagement projects ranging from lectures to workshops, gallery
exhibits, films, radio broadcasts, interactive installations and more have inherent
sensory dimensions that prop up our experience of them. Admittedly, some of these
formats enable more participation with publics than others, but even those that
communicate more unidirectionally than not have non-discursive elements to them.
The smell of an art installation, the colours on a screen, the tone of voice being
used, the speed at which one travels through an exhibit, and all other embodied
aspects of engagement work are perceived on levels that often remain invisible to
scholarship of them. But as you may recognize from personal experience, these
material aspects can significantly affect how you come to think and feel about the
experiences and ideas caught up in such works.

Creative communicators themselves should not forget the importance of how
materials, sites, and temporalities in their own work inform and shape the public’s
experience—and eventual understanding—of a field like synthetic biology.
Although artists and designers may possess special knowledge from their education
about the affects such elements produce (aesthetically, phenomenologically, emo-
tionally), other creative communicators of science (e.g., writers, journalists, pan-
elists, speakers) might do well to explore their potential as well.

The way in which creative public engagement work about synthetic biology is
materially presented has real possibility to influence how audiences think about the
field. For example, at a bioart exhibition in Vienna called Synth Ethic that featured
works commenting on synthetic biology, researchers found that the majority of
visitors to the exhibition sensed no ethical problem with the use of bacteria and
other “lower” organisms in any works of living art. However, when animals of
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higher biological complexity or humans were posed as part of the artwork, real
ethical discomfort ensued. The gallery visitors expressed a general need for
boundaries to be implemented around how far certain biotechnologies and their
practical attachments should be allowed to be developed, along the lines of
organismal complexity (Kerbe and Schmidt 2013).

The registers of representation in the works at the exhibition differed (and were
perceived differently) most obviously in terms of the complexity of the living
organisms involved. Therefore the organisms used had the power to sway public
opinion in terms of the degree of “wrongness” of the artwork, reverberating into
opinions about the more traditional practice of the science itself. In this sense, the
artist’s choice of organism becomes a decisive keel in the way that people think
about the technology employed. It becomes a material choice that the artist must
then take some responsibility for. In this sense, the choices of the artist become
tools that can, in part, influence the debate.

This leaves me with two questions that I find help me in my own science
engagement productions: (1) How might creative communicators—from a diversity
of disciplines—benefit from looking at the ripple effects that artistic and material
choices have in spaces of public imagination, discussion and dissent? More eval-
uative research is needed in order to carry this out properly. And (2), How does that
knowledge stay the same, or change, across different media platforms, art/science
collaborations, and beyond? I’m not suggesting that consideration of this line of
questioning will serve all science engagement practitioners well, or in any particular
way. [ am suggesting that these questions are just one potential direction, among
many, that could be helpful to think about for building reflexivity into science
engagement experiences. We need to commence public engagement projects at
narrative design stages that we deliberately locate far away from assuming what
publics might be thinking (Marris 2015). Similarly, we should distance our work
from any aims to make publics feel affectionate for science, instead creating space
for emergent feelings to flow forth from engagement experiences (Davies 2014). In
this sense, I am arguing for more deliberate experimentation with how creative
communication can deepen and slow down the ways we tell and share stories about
synthetic biology in “diplomatic” and “idiotic” ways.

7 Art and Design in the Agora of Synthetic Biology

In ancient Greece, the agora was the city’s public meeting place: the heart of
artistic, political, spiritual and athletic life. As one can imagine, it was where topics
that carried significance for debate were openly discussed among different publics.
As Eleanor Pauwels points out, in synthetic biology, “matters of concern create an
‘agora’; they create political conditions for dissenting imagination” (2010, p. 1447).
Today, synthetic biology is a matter of concern to heterogenous groups in heter-
ogenous ways, and creates a modern metaphorical agora at their sites of intersection
(Pauwels 2010).
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Scientists, policy makers, anthropologists, philosophers, science hobbyists,
artists, designers, watch-dog organizers and other concerned citizens can be found
opening up, closing down, and straddling space for deliberation in the synthetic
agora. The polyphony found there, in different ways with each voice, adds complexity
to the matters of concern at hand. This arrangement of expert and non-expert sci-
entists in biotechnological debates echoes what researchers have shown to be
trending in European science policy and communication: there has been a shift
towards the language and involvement of nonscientists, such as laypeople and citizen
scientists in public engagement, participation and dialogue strategies on science
(Lengwiler 2007). The work being done here amounts to an unstable moving target
that comprises diverse worldviews from different disciplines. Critical public
engagement practices that flow forth from these sites can explore topics much broader
than the “de-skilling” and “dual use” narratives that have become so familiar. At the
same time, there is a danger is cloaking such polyphonies as solutions that should be
embraced when combatting communication break-down or disciplinary tensions in
evolving fields like synthetic biology. There are, nevertheless, real threats bound up
in new technologies that specialists must address with the skills that they’ve honed.

But when it comes to the value of polyphonic thinking, Andrew Pickering incites
hope in the function of art as something that can allow us to slow to a hover, think
critically, and resist “high modernist adventures” as James Scott would put it (Scott
in Pickering 2010). High modernist adventures “aim at the rational reconstruction
of large swathes of the material and social worlds and remind us of their often
catastrophic consequences” (2010, p. 392). Centuries of industrialization on one
hand and climate change on the other would be a stock example. In synthetic
biology, interdisciplinarity across the sciences, social sciences and humanities that
includes art and design can help us slow down to acknowledge both sides of the
supposed opposition at play. That opposition being the fruits of the shift to a 21st
century model of bio-fabrication versus the plethora of unintended consequences it
has been argued synthetic biology may present. But interdisciplinarity across the
arts and sciences, on account of its sheer existence, does not point out simple
solutions. Each collaboration or intervention across the disciplinary divides is its
own story, and should be treated accordingly.

For example, artists Oron Catts, Ionat Zurr and Corrie van Sice exhibited a work
called “The Mechanism of Life—After Stéphane Leduc” at the Science Gallery in
Dublin as part of the “Grow Your Own” exhibition. The artwork reflected on the
origin story of how we have come to use the term synthetic biology (2013). It is
often written that the first person to use this term was a French scientist named
Stéphane Leduc. He believed that he had found evidence in the lab that life was
merely a chemical mixture, devoid of any metaphysical forces (Keller 2003). In the
early 20th century, Leduc created organic-looking life-like entities in the laboratory
by mixing metals, oils and inks. His creations had filamentous growth patterns,
which are now understood to be caused by osmotic pressure, but at the time were
used to speculate about the ability to engineer of life from scratch. For Leduc, these
life-like blobs showed that living things could be created according to a chemical
recipe, giving rise to what he called “La Biologie Synthétique” (1912).
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Catts, Zurr and van Sice’s work commented on today’s synthetic biology, which
although paradigmatically different from Leduc’s early version of it, is still un-
derpinned by a belief that that life can be reduced to its interlocking chemical parts,
and consequently, engineered. This mindset allows synthetic biologists to design
and build living systems as though they are guided by simple mechanistic processes
that do not amount to something greater than the sum of their parts. To explore this
critique, the artists re-created Leduc’s early chemical experiments in the gallery
using a rapid prototyper, or 3D printer. Rapid prototyping has been highly antici-
pated as a 21st century tool that will revolutionize the sustainable fabrication of
goods through distributed manufacturing. Synthetic biology has been the subject of
this same narrative in its marketing, where it is said that we will one day be able to
make everything from medicines to perfumes at home with desktop DNA
synthesizers.

In the artwork, the rapid prototyper mixed chemicals that Leduc had worked
with more than a century earlier. But where Leduc claimed that their interlocking
reactions constituted synthetic life, the artists exposed them to the public in a
gallery as nothing more than what they are: droplets of mixed chemicals. By doing
this experiment in an art setting, visitors could see that these droplets of an
“engineered life force” only lasted a few seconds before dissipating into an
entropic, murky, chemical soup. If Leduc saw the same soup come to life after his
synthetic form of “life” had died, its memory doesn’t hold up well in our con-
temporary imagination. The artwork pries open the closed nature of “performative
statements” about synthetic biology that step in at any point, from an expert
position, to not only describe the world it is commenting on but do something in it.
In synthetic biology for example, performative statements that declare its ability to
make biology easy to engineer, end up unifying its nearly irreconcilably diverse
practitioners in real life through this stated vision (Bensaude Vincent 2013). The
artwork opens up rather than closes down questions by bringing the past and
present into the same field of consideration. This reminder of now-debunked his-
toric thinking is enlightening, because as Bensaude Vincent has argued, “futuristic
visions are so attractive that they blind the past” (2013, p. 28).

When read through Stengers, on the one hand, the artists here become the
diplomats whose work questions the rhetoric of the expert (an historical scientist).
On the other hand, the droplets become the idiots that force viewers to question the
situation in front of them, without telling them what to think. The work comments
on a tension between what experts say they know—that life can be designed
through mechanistic reactions—what diplomats reveal—the limits of expert
knowledge—and what the idiots force us to re-evaluate by breaking the system.
“The Mechanism of Life—After Stéphane Leduc” is one small example by which
these ideas can be unveiled to publics through “diplomatic” and “idiotic”
behaviour.

I do not mean to imply though that from following a legacy of bioart into the
present and bringing non-traditional players into scientific spaces, that critical
discourse is automatically generated for richer public discussions of synthetic
biology. Interdisciplinary experimentation does not inherently allow for better
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descriptions of the world than that provided by science alone in synthetic biology. It
is not enough to say that bringing artists into the lab brings critique into the lab;
they’re not the same thing. Similarly, making hacker spaces for DIYbio does not
necessarily attain the ideal of the dawn of a democratic biotechnological era. In
some cases it might not do anything other than fetishize the transformation of
biotechnologies into personal technologies for new commercial markets, as has
occurred with personal computing (Tochetti 2012). Rather, there are asymmetries at
play here that we might like to take note of. Slowing down to listen to the nuanced
discussions that are laced throughout the discourse, but are not always prioritized,
might help us do that.

Synthetic Aesthetics is a useful case to explore as an experimental example of
public engagement in synthetic biology. Synthetic Aesthetics is one of the most
visible and ambitious projects of interdisciplinary collaboration to date that brought
artists, designers and social researchers into the matrix of synthetic biology in order
to work towards open-ended, inquiry driven outcomes that can stimulate public
discussion. It was a research and creation residency program funded by the US
National Science Foundation and UK Engineering and Physical Sciences Research
Council that brought synthetic biologists together with artists, designers, a social
scientist and a philosopher to produce works that question how people might like
the technology to be used.

Since synthetic biologists and designers share an interest in creating new solu-
tions for found problems, it has been argued that as biology becomes a product of
design choices over evolutionary pressures, collaborations between synthetic
biologists and designers may be able to shed light on “how to design life well”
(Ginsberg et al. 2014). The Synthetic Aesthetics residents considered this question
at a time when international efforts were (and still are) being made to find solutions
for new sustainable manufacturing techniques, carbon neutral fuels, cheap drugs
and rare high-value materials. Through six paired teams consisting of one synthetic
biologist and one artist or designer each (including Oron Catts, mentioned earlier),
their collaborations sought to explore and/or question how and why we might now
work to attain these techniques and commodities through biological design.

The project launched in 2010, and engaged the artist, designer and scientist
residents to produce interdisciplinary works that emerged partly in the artist or
designer’s studio and partly in the scientist’s lab over several months. Their cre-
ations and collaborative processes were studied by the resident philosopher, social
scientist and overseeing design and science fellows who helped facilitate the ini-
tiative. To conclude the residency experiment, Synthetic Aesthetics became a book
that uses the project as a frame through which to explore the role of design in a
world where scientists are “designing nature.” It fostered an interdisciplinary space
for discussion and included writings from the social sciences, humanities, science,
engineering and design researchers attached to the project (Ginsberg et al. 2014).
The residents also made several public appearances throughout the duration of the
program, sharing their projects and processes of collaboration with audiences at
galleries, festivals, conferences and in on-air interviews. The project outcomes
ranged from speculative packaging that grows itself, to cheeses produced with
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bacterial strains found on the human body (although the bacteria didn’t even require
genetic engineering for their creation), to philosophical reflections on the cultural
motivations for the field. Though not an exhaustive list, these project outcomes
show how varied the residents’ approaches to experimentally interrogating syn-
thetic biology were. Each team made artifacts or conceptual works that engaged
their publics through varying levels of provocation, humour and critique.

In some instances, the creative outcomes of Synthetic Aesthetics are tied into a
larger creative movement known as speculative design. Speculative design uses
design as a conceptual tool in the vein of art to produce objects and experiences that
explore and present possible futures to audiences. Speculative designs work at the
nexus of where the technological and the social intertwine, prodding people to
interpret what they think such possible future technologies suggest for their own
lives, through narratives that the designs themselves propose (Dunne and Raby
2013).

One widely circulated example of speculative design in synthetic biology, which
opens up the question of “how to design life well” comes from designers Alexandra
Daisy Ginsberg (who was design fellow on the Synthetic Aesthetics project) and
James King. The designers created a probiotic yogurt drink containing synthetic
microbes that can detect and report health problems in the gut by speckling one’s
faeces with a specific colour that correlates to a particular issue that the bacteria
sensed. The yogurt drinkers would therefore know they need to visit the doctor
while they otherwise might have remained oblivious until other, perhaps more
unfortunate symptoms made themselves apparent. Their project—E. chromi—was
developed with the 2009 iGEM competition-winning team from Cambridge
University and is based on real research in synthetic biology where synthetic
bacteria are able to produce the pigments they exhibit in their “Scatalog.''”
However, the yogurt drink does not (yet) exist as a market product. The Scatalog
has travelled with the designers to several exhibitions, conferences and festivals
where it serves as a catalyst for conversation with publics. Peering at the
multi-coloured excrement, viewers can weigh in on if they think this would be a
good social use of the technology, opening a window to further discussion about the
implications of synthetic biology itself.

Based on their potential for future synthetic biology-based product formation,
speculative designs have been accused of being disguised advertisements for the
field that sell synthetic futures to audiences in the present. The well-crafted, sleek
and seductive designs show how an engineered biology can function not only on
the genetic, but social scale. But because they tell stories about how emerging
technologies might affect our lives, speculative designs have been subject to much
casual debate at synthetic biology conferences, festivals and workshops I’ve
attended about how they risk being instrumentalized as marketing tools. Despite
these off-record debates, many speculative designers, such as those involved in
Synthetic Aesthetics, have stated clearly that their work opens up speculative

"http://www.echromi.com/. Accessed 04 March 2015.
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futures that invite emergent interpretations to be formed in the minds of their
audiences, rather than prescribe judgment about how the technology should be
supported.

If we are to take that argument to heart, speculative design has more in common
with scientific media about synthetic biology (for example, as produced by the
press) than may be obvious at first glance. As Todd Kuikens and Eleanor Pauwels
show, “the press (concerning synthetic biology) may not tell the public what to
think, but by covering topics it often tells them what to think about” (Kuiken and
Pauwels 2012, p. 2). Similarly, speculative design becomes another platform for
“thinking about” the field. However, its propensity towards marketing synthetic
biology (by supporting expert narratives) or critiquing it (diplomatically, idiotically)
cannot be understood at face value and must be considered on a case-by-case basis.

Interdisciplinary constellations across the arts and sciences seem to have caught
on for purposes of experimentation, idea incubation and public engagement con-
cerning synthetic biology. For example, the FEuropean Commission funded
Studiolab, a 3-year research initiative that merges the art studio with the research
lab, where participants focus heavily on bridging the divide between science, art
and design in synthetic biology. They too have made a publication from their
findings about bioart, biodesign, DIY biohacking, ecological art, and A-life art.'?
Similarly, the European Commission funded the larger 4-year umbrella project
Synenergene, which mobilizes a wide variety of art, design, and hacker approaches
to fostering public dialogue about synthetic biology. Although the involvement of
artists and designers in an emerging technoscientific field like synthetic biology
may sound highly esoteric, there are several research programs, residencies,
granting agencies and individuals supporting this type of interdisciplinary experi-
mentation. Similar to what can be found in the biohacking scene, these artistic
activities introduce individuals to the field through non-traditional means, either as
creators, participants or witnesses to interdisciplinary works that are displayed in
diverse cultural settings (ex: galleries, blogs, documentaries). From having followed
the field’s growing activities in this sense since 2010, it seems reasonable to believe
that these types of interdisciplinary projects will continue to evolve for the time
being, attracting wide-ranging publics to take part in their unfolding.

8 Making Room for Science Communication to Get More
Diplomatic and Idiotic

Professional scientists and their publics are accustomed to being invited to interact
in formalized engagement events (for example: the museum lecture with time for Q
and A). But what room is there to allow individuals’ feelings from both sides of the

Phttp://studiolabproject.eu/synthetic-biology. Accessed 04 March 2015.
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professional/public divide to become a bit more subjective, personal and playful?
Would the affects of communication change if the fora of communication were
different? What power could more sensory-based science communication (that
takes inspiration from the works of artists, designers and other creative commu-
nicators) have in diversifying the widely circulated discourse, like “dual use,” that
dominates public discussion (Marris et al. 2014)? How can creative approaches to
public engagement with synthetic biology help reduce the effects of
“synbiophobia-phobia” (Marris 2015), bringing expert practitioners into more sober
relationships with their publics?

By slowing down the claims in public-facing science stories and allowing for
personal inquiries and feelings to shape their surface through experimental pro-
ductions, can we foster productively sensitive (although always subject to failure)
dynamics between communicators and publics? Can this process be helped by
lessons that are being learned in interdisciplinary synthetic biology research net-
works that include social scientists, about what it means to collaborate and com-
municate well across the disciplines? This line of questioning is in no way meant to
lead to a path that can “smooth things over” or homogenize discussion into some
form of consensus between various publics on matters of concern in synthetic
biology. It is meant to enlighten and entertain and perhaps inject some surprise into
how we discuss our biotechnological futures in the “post-genomic era,” through
experimental public engagement.

When compared to discourses on other matters of concern involving techno-
science (such as geoengineering for example), the societal discussion on synthetic
biology is still young. This helps make it particularly well positioned to benefit
from experimental and innovative approaches to communication that raise it in the
public imagination, and can then circulate back into spaces of expert work. The
philosophical push to slow things down in order to experiment with multiple ways
of narrativizing the field might help to involve more individuals in the field’s
unfolding. This inquiry takes ‘post-ELSI” research seriously, which declares that we
need new experiments in knowledge production between scientists, social
researchers and their publics that are “pluralist, reflexive, and promote mutual
learning” (Balmer et al. 2012; Fitzgerald et al. 2014; Rabinow and Bennet 2012).
Perhaps by focusing on how public engagement and science communication can
make one feel—and not simply learn—in order to dialogically respond and pose
further open-ended questions, practitioners can find routes towards Stengers’ sense
of slowing down the processes we use to think about expert technoscience. By
focusing sincerely on the affective qualities of the engagement experience, com-
municators might be able to embody sites and experiences that challenge our biased
responses like the diplomat or idiot would, creating space for multiple potentials to
come forth in the place of over-confident, pinned-down narratives. This could help
us move beyond deferral to expertise without also considering the other voices that
polyphonies show are always present, but often enjoy less privilege of exposure.
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Early Engagement with Synthetic Biology
in the Netherlands—Initiatives
by the Rathenau Instituut

Virgil Rerimassie

1 Introduction

In the past, many developments in biotechnology have stumbled on (various)
societal concerns, certainly when looking at the European Union. Consider, for
instance, the fierce—and still unsettled—public controversy on agricultural bio-
technology in the European Union (Levidow and Carr 2010). In the wake of such
polarized discussions, the need to align technological developments more explicitly
with societal values has been growing stronger. Against this backdrop, several
organizations have initiated early assessments of potential ethical, legal and societal
implications (ELSI) of emerging technologies and stimulated early public
engagement thereon. This particularly applies to synthetic biology. Synthetic
biology stands for the latest phase in the development of biotechnology, in which
scientists are gaining increasing control over the fundamental biological building
blocks, allowing the design of biological systems which display functions that do
not exist in nature (NEST High-Level Expert Group 2005). Synthetic biology is
developing very quickly and may help in finding solutions for important societal
challenges, such as providing sustainable energy and realizing a biobased economy.
At the same time, synthetic biology is not without risks and moreover raises
challenging ethical questions (cf. Stemerding and Rerimassie 2013). Given these
tensions and previous experiences with biotechnologies, early engagement activi-
ties seem justified, even though synthetic biology is still (predominantly) confined
to the laboratory.

The Rathenau Instituut, the Dutch office for technology assessment (TA) and
science system assessment, is one of the organizations that addressed synthetic
biology early on in its development. This chapter aims to describe and reflect on

V. Rerimassie ()
Rathenau Instituut, PO Box 95366, 2509 CJ The Hague, The Netherlands
e-mail: v.rerimassie @rathenau.nl

© Springer International Publishing Switzerland 2016 199
K. Hagen et al. (eds.), Ambivalences of Creating Life, Ethics of Science
and Technology Assessment 45, DOI 10.1007/978-3-319-21088-9_10



200 V. Rerimassie

how the Rathenau Instituut has facilitated public engagement with synthetic biol-
ogy. To illustrate the context in which such public engagement activities have been
undertaken, the chapter starts with a sketch of the state-of-the-art of synthetic
biology and the institutional position of the Rathenau Instituut. The timeframe
during which the described activities have taken place ranges from about 2006 to
(early) 2015. However, rather than listing a chronological description of the
activities of the Rathenau Instituut with regard to synthetic biology, the activities
are examined within a framework developed by Van Est et al. (2012) to analyze the
governance of nanotechnology in the Netherlands. This framework distinguishes
public engagement activities relating to three different spheres of the science and
technology governance landscape: the political sphere, the science and technology
sphere and the societal sphere. Furthermore, it distinguishes between informing and
engaging activities.

2 Context of Engagement Activities

In order to understand the engagement activities of the Rathenau Instituut it is
useful to draw a picture of the context in which such activities have taken place.
Two factors that enable and constrain the activities will be discussed: the current
state-of-the-art of synthetic biology and the institutional position of the Rathenau
Instituut.

2.1 The State-of-the-Art of Synthetic Biology

The state-of-the-art of the technology that is made subject to public engagement
activities is a major factor in how such activities can be set up. Public engagement
regarding a well-established technology comes with different challenges than public
engagement regarding a technology that is still predominantly confined to the
laboratory. For instance, a public engagement activity concerning nuclear power
may be enabled by the presence of a broad range of active stakeholders, who can
easily be mobilized. On the other hand, its effectiveness with regard to achieving a
constructive dialogue may be constrained by the vested interests. In contrast, the
effectiveness of public engagement activities regarding technologies that are still in
an experimental phase may be constrained by the lack of active stakeholders. At the
same time, the lack of vested interests and tensions might enable a meaningful open
discussion.

Synthetic biology falls in the latter category. The field is developing rapidly, but
is so far predominantly confined to the laboratory. Correspondingly, the number of
stakeholders engaged with synthetic biology is still limited. The public debate and
even awareness about this emerging technology is limited both in the Netherlands
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(Stemerding and Van Est 2013) and internationally (European Commission 2010;
Pauwels 2013; Rerimassie et al. 2015). This does not detract from the fact that
meanwhile an international debate on synthetic biology is taking shape, although
mainly in academic circles (Rerimassie et al. 2015).

2.2 The Institutional Position of the Rathenau Instituut

The history of the Rathenau Instituut can be traced back to the demand of the Dutch
government and Parliament to set up a bureau that would signal and study both the
potential positive and negative societal aspects of science and technology.
Moreover, it should stimulate societal opinion making and bring these insights and
opinions into the political decision making process (Ministerie van Onderwijs en
Wetenschap 1984). The Dutch Parliament did not plea for an organization within or
near the Parliament itself, but opposed the idea to set such an organization up within
a ministry. Rather, it had to be placed more at arm’s length of the government, as to
guarantee its independence (Van Est 2013). The formal description of the tech-
nology assessment task of the Rathenau Instituut reads as follows:

[t]he role of the institute is to contribute to societal debate and the formation of political
opinion on issues that relate to or are the consequence of scientific and technological
developments. This specifically includes the ethical, social, cultural and legal aspects of
such developments. In particular, the institute facilitates the formation of political opinion
in both chambers of the Parliament of the Netherlands and in the European Parliament
(OCW 2009, p. 1, derived from Van Est 2013).

According to Van Est' (2013) the institute’s position towards the realms of
Parliament, government, science and society has a dual nature. On the one hand it is
positioned in the ‘heart’ of the scientific community, namely the Royal Netherlands
Academy of Arts and Sciences (KNAW). However, the institute is not doing
research for scientific reasons primarily, but aimed at contributing to the societal
and political debate. In addition, it has a rather autonomous position within the
KNAW, such as having an independent board. The relationship with the political
realm is dual: on the one hand, it is positioned at some distance from the political
process. This is in contrast to e.g. the French TA bureau, the ‘Office Parlementaire
d’Evaluation des Choix Scientifiques et Technologiques’, where members of par-
liament conduct assessments themselves, or the Office of Technology Assessment
at the German Bundestag (TAB), where activities are closely monitored by mem-
bers of Parliament (Ganzevles et al. 2014). On the other hand, Parliament and the
ministries are the main clients of the institute. Unsurprisingly, it is also physically
located in The Hague, the political center of the Netherlands. Finally, the institute
has no formal bonds with any societal organization, but at the same time is

'0One of the coordinators of the Rathenau Instituut.
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dedicated to stimulating public debate and henceforth actively searches for con-
nections with relevant societal actors.

Evidently, this institutional position influences the organization’s public
engagement strategies regarding synthetic biology. Its independent position vis-a-
vis government and Parliament allows freedom to determine its strategies but does
not guarantee an audience.

3 Informing and Engaging in Different Social Spheres

In order to highlight and better understand the Rathenau Instituut’s public
engagement activities in synthetic biology, they will be structured along a frame-
work developed by Van Est et al. (2012). In line with this framework, public
engagement is broadly understood in the sense that it encompasses all kinds of
activities aimed at bringing in a ‘public perspective’ into the development of an
emerging technology. Thus:

‘[p]ublic perspective’ signifies all sorts of ethical, social and regulatory issues, which go
beyond ‘narrow’ innovation and economic aspects of S&T development (Van Est et al.
2012, p. 7)

Public engagement activities are divided into two categories, namely those aimed at
informing and those aimed at engaging. In brief, activities aimed at informing can
be understood as one-way communication, while those aimed at engaging
encompass two-way dialogue in which actors interact to identify problems and
stimulate the development of desirable solutions.

Furthermore, the activities are structured along three spheres of the science and
technology governance landscape: the political sphere, the science and technology
sphere, and the societal sphere. The political sphere primarily encompasses
Parliament, but also the government (ministries, agencies and their civil servants).
Next, activities may also be aimed at the realm of science and technology, e.g.
university or industry researchers and technology developers. Consider for instance
the Dutch tradition of constructive technology assessment, aimed at broadening the
design of new technologies through the feedback of technology assessment activ-
ities into the actual construction of technology (Schot and Rip 1997). Finally, the
societal sphere encompasses activities concerning civil society, trade and labor
unions and (members of) the general public. An overview of the different types of
activities and spheres is provided in Table 1.

In the remainder of the chapter, key public engagement activities of the
Rathenau Instituut concerning synthetic biology (primarily in the Dutch context)
will be discussed along these distinctions. However, it should be noticed that these
activities will rarely fit only one specific category. In fact, looking for synergy and
seeking to establish connections between the different spheres turns out to be an
important feature of several engagement activities. Nevertheless, the framework
provides a useful tool to understand them and discuss their impact.
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Table 1 Overview of types of activities aimed at informing or engaging in order to integrate
ethical and social aspects into the societal sphere, the science and technology sphere, and the

political sphere

Societal sphere

S&T sphere

Political sphere

Informing | Aim: One-way Aim: ELSI-research to Aim: TA research to
communication to inform | timely signal problems timely inform MPs
lay citizens and inform researchers to | Label: Classical
Label: Public stimulate development of | parliamentary TA
understanding of science desirable solutions

Label: classical
ELSI-research, upstream
reflection
Engaging | Aim: Two-way Aim: Engaging scientists Aim: TA to timely

communication between
citizens, experts and
policy makers; TA to
stimulate the public
debate on science and
technology

Label: Participatory TA,
public dialogue,
upstream public

in a two-way dialogue
with citizens and
stakeholders to identify
problems, and stimulate
the development of
desirable solutions
Label: Constructive TA,
real-time TA, upstream
public engagement

engage MPs in the
political debate on
science and
technology

Label: Participatory
parliamentary TA

engagement

This table originally appeared in iJETS (International Journal of Emerging Technologies and
Society) 2012, 10, p. 8, as part of Van Est et al. (2012). Reprinted with permission

4 Informing and Engaging in the Political Sphere

4.1 Early Informing Activities

The Rathenau Instituut started examining synthetic biology quite early on in its
development. The introduction to the field can be traced back to 2006, when a
Rathenau Instituut researcher attended the Synthetic Biology 2.0 conference in
Berkeley, California. This experience was the most important source of inspiration
for the report ‘Constructing Life’ (De Vriend 2006), which was one of the first
reports that addressed the potential societal impact of synthetic biology. In 2007 the
institute published a Dutch version of the report (De Vriend et al. 2007) and a
‘Message to the Parliament’ (a brief summary of the study and its policy recom-
mendations) based hereon (Van Est et al. 2007). As a result of these efforts, members
of the Dutch Labor Party (Partij voor de Arbeid) asked parliamentary questions to
draw the attention of the Cabinet to synthetic biology (Parliamentary Papers 2007).
In its response, the Dutch cabinet underscored the importance to monitor the
developments in the field and requested several advisory bodies to examine the
developments, such as the Dutch Health Council and the Commission on Genetic
Modification. However, in the subsequent years (and up until now) synthetic biology
did not become a real topic of debate in Parliament, which is not really surprising,
since synthetic biology is still predominantly confined to the laboratory.
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During this period, the Rathenau Instituut has closely monitored the develop-
ments in the field and participated in a couple of international projects dedicated to
analyzing the potential impact of synthetic biology, such as ‘Synthetic Biology for
Health, Ethical and Legal Issues’ (SYBHEL) from 2009 to 2012. In addition,
synthetic biology has played an important part in activities on NBIC-convergence
(the synergetic convergence of nanotechnologies, biotechnologies, information and
communications technologies and cognitive sciences) (Van Est and Stemerding
2012). In this context, the institute published the book ‘Life as a Construction Kit’
(Swierstra et al. 2009a, b), which was launched during the Dutch Societal Dialogue
on Nanotechnology (Maatschappelijke Dialoog Nanotechnologie), an initiative of
the Dutch government to stimulate broad discussion on nanotechnology in which
viewpoints and opinions could be expressed by all kind of stakeholders and publics
(Van Est et al. 2012). The institute also participated in the European project
‘Making Perfect Life’, dedicated to informing the European Parliament on
NBIC-convergence and related challenges (Van Est and Stemerding 2012). Yet, a
societal or political debate on synthetic biology did not emerge.

4.2 Looking for Novel Approaches to Facilitate Political
Engagement

Meanwhile, the developments in synthetic biology kept pushing forward; more
groups became active in the field (e.g. ERASynBio 2014) and important scientific
breakthroughs were realized, such as the creation of a bacterium with a fully
synthetic genome by the group of Craig Venter (Gibson et al. 2010). In addition,
many TA organizations published reports on the broad range of societal and
political questions synthetic biology may give rise to (Rerimassie et al. 2015). How
do we, for instance, weigh potential benefits of synthetic biology versus its potential
safety and security risks?

In addition, the type of questions raised by synthetic biology cannot always
self-evidently be answered from established political ideologies. Consider, for
instance, the tension between the potential applications of synthetic biology dedi-
cated to sustainability at the expense of ‘naturalness’.” This tension is particularly
troublesome for green oriented parties that promote both naturalness and sustain-
ability and are used to them going hand in hand, rather than having to choose one at

2See for example the recent petition “Synthetic is not natural”, launched by a number of NGOs,
including the ETC Group and Friends of the Earth, urging the company Ecover to ‘keep extreme
genetic engineering out of “natural” products’ (ETC Group et al. 2014). This firm announced plans
to shift from palm kernel oil to an algal oil as a basic ingredient for their soap products. To this
end, the algae would be modified by means of synthetic biology. In contrast to the aforementioned
NGOs, for Ecover the oil represents a ‘natural’ and sustainable alternative for the unsustainable
palm kernel oil (Stemerding and Jochemsen 2014).
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the expense of the other. The Rathenau Instituut therefore perceived the need to
establish political engagement on such dilemmas, before they become urgent.

So in 2011, almost five years after of the publication of ‘Constructing Life’, the
Rathenau Instituut decided to actively start promoting political debate on synthetic
biology. However, due to the stage of development of the field and the lessons
learned from recent experiences with the political debate on nanotechnology (Van
Est et al. 2012), the institute did not consider the time right to incite a parliamentary
debate on synthetic biology (nor would it have been likely to be successful).
Members of Parliament have limited time and need to prioritize. Since synthetic
biology is still mostly confined to the laboratory, we expected that members of
Parliament would be unlikely to prioritize synthetic biology over more urgent
issues. Therefore, the Rathenau Instituut started looking for novel approaches to
facilitate political awareness and discussion on synthetic biology: it decided to
target the world of political parties rather than Parliament.

When looking beyond the elected officials of a political party—which are often
the primary addressees of TA—we find a network consisting of, for instance, policy
advisors, political think tanks (or scientific bureaus), and political youth organi-
zations (PYOs). Such bodies could fulfil a valuable role in examining emerging
technologies from the perspective of the political party they are connected to, in a
timely manner. With this in mind, the Rathenau Instituut reached out to Dutch
political youth organizations and the international Genetically Engineered
Machines competition (iGEM).

4.2.1 Future Synthetic Biologists

iGEM is the global student competition for teams in the field of synthetic biology.
In this competition, students use standardized and interchangeable genetic building
blocks (BioBricks™) to design microorganisms with new properties. iGEM began
in 2003 as a summer course for students at the Massachusetts Institute of
Technology. In 2004 the course was transformed into a competition in which five
different teams participated. In 2011 the competition had grown into a full blown
international competition, in which no less than 160 teams participated from 30
countries (iIGEM 2011). In spite of limited means and the short timeframe, the
projects are nonetheless often very impressive. Therefore, iGEM is often considered
a poster child for the potential of synthetic biology.

Due to the explosive growth of iGEM, the organization decided in 2011 to
regionalize the competition into three preliminaries (or ‘jamborees’ in iGEM jar-
gon). The European-African jamboree was to be held in Amsterdam. In order to
facilitate political engagement, the Rathenau Instituut seized this opportunity to
organize a youth debate on synthetic biology: a ‘Meeting of Young Minds’ between
future politicians and future synthetic biologists, in which the iGEM participants
were seen as future synthetic biologists.

An important part of the work of iGEM teams is the so-called ‘policy and
practices’ (previously called ‘human practices’) element. This implies that the
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iGEM participants do not only work on their project inside the laboratory, but also
need to pay close attention to the societal aspects of their research. The idea of a
Meeting of Young Minds therefore resonated well with the culture of iGEM
(Rerimassie and Stemerding 2014).

4.2.2 Future Politicians

The Rathenau Instituut sought the future politicians in the circles of Dutch PYOs.
Seven of the nine Dutch PYOs were willing to formulate a tentative political view
on synthetic biology and enter into debate with each other and representatives from
iGEM teams. The PYOs however, had little to no knowledge about synthetic
biology. Therefore, the Rathenau Instituut undertook several support actions. First,
relevant studies were made available on the website of the institute. In addition, an
expert meeting was organized together with the iGEM team from the Technical
University Delft. Furthermore, the Rathenau Instituut developed future scenarios on
synthetic biology in the form of techno-moral vignettes: brief ‘snapshots’ of a future
situation in which synthetic biology is applied, but at the same time raises moral
questions (Lucivero 2012).3 Since this was the first time the PYOs would learn
about synthetic biology, it was important that the Rathenau Instituut provided
multiple perspectives of synthetic biology and avoided giving a biased view.
Correspondingly, some of the experts that took part in the expert meeting stemmed
from the field of synthetic biology itself, but others came in from the perspectives of
risk assessment, intellectual property and philosophy.

Prior to the debate, the PYOs were asked to draft a political pamphlet, in which
they outlined their views on synthetic biology. This provided valuable input on how
to organize the debate and served as an important preparation for the PYOs. In
addition, these pamphlets provided the institute with extra material for analysis,
since the debate was not likely to allow all of the viewpoints of the PYOs to be
discussed.

4.2.3 Analyzing the Meeting of Young Minds

The well-attended event generated interesting results, in particular by shedding light
on how Dutch political parties actually might think about synthetic biology. An
analysis of the debate was featured in the Rathenau Instituut report ‘Politiek over
leven’ (Rerimassie and Stemerding 2013). In 2014, an updated English version of
the report, called ‘SynBio Politics’ was published (Rerimassie and Stemerding
2014).

3For more information and examples see: www.rathenau.nl/SynBio. Accessed 14 Dec 2014.
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4.3 Informing Policy Makers

Next to informing Parliament and reaching out to PYOs, the Rathenau Instituut
undertook several actions to inform Dutch policy makers. In 2011, the institute
organized a workshop aimed at examining issues surrounding the risk assessment of
synthetic biology in collaboration with the Netherlands Commission on Genetic
Modification (COGEM). During this workshop, experts in synthetic biology and
risk assessment discussed whether in the short term synthetic biology applications
can still be adequately assessed using the current assessment framework for GMOs,
and what kind of problems may arise in the future (COGEM 2013).

More recently, the Rathenau Instituut has joined hands with the Dutch Institute
for Public Health and the Environment (RIVM), which in 2014 labeled synthetic
biology explicitly as a focal point (RIVM 2014a). Together, the Rathenau Instituut
and the RIVM organized an event to inform civil servants from various ministries
on the developments in synthetic biology. During this meeting two prominent
Dutch synthetic biologists presented their research, and Dutch iGEM teams pre-
sented their projects (RIVM 2014b). Both the Rathenau Instituut and RIVM aspire
to make this a yearly event, in order to keep policy makers up-to-date.

5 Informing and Engaging in the Societal Sphere
5.1 Trying to Inform the General Public

Public awareness of synthetic biology in Europe and in the Netherlands is still quite
low. The most recent Eurobarometer on biotechnology (European Commission
2010) showed that 83 % of Europeans had never heard of synthetic biology. In
order to increase public awareness, the Rathenau Instituut participates in science
communication activities. On a small scale, the institute collaborated in 2010 with
the iGEM team of the Technical University Delft to organize an educational
workshop for children and their parents (iGEM TU Delft 2010). This event, in fact,
turned out to be the first step towards further intensive collaboration with the iGEM
community. On a larger scale, the institute recently contributed to the synthetic
biology edition of an educational quarterly magazine dedicated to the life sciences
(BWM 2014).

However, it is important to note that science communication as such is no formal
task of the institute. It rather aims to broaden the knowledge base on emerging
technologies by providing information on the societal dimensions of science and
technology. Ideally, organizations that are primarily concerned with science com-
munication then draw from this information. For instance, the popular Dutch sci-
ence communication website ‘Kennislink’ dedicated a theme page to synthetic
biology. The page draws heavily from several recourses of the Rathenau Instituut to
educate on the developments of the field, such as the aforementioned techno-moral
vignettes (Kennislink 2014).
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5.2  Mobilizing Civil Society

In addition to informing activities directed towards the general public, the Rathenau
Instituut has made an effort to mobilize civil society organizations. In 2013, the
institute published two reports. One was the aforementioned report ‘Politiek over
leven’ (Rerimassie and Stemerding 2013), which—next to an analysis of the
‘Meeting of Young Minds debate’—gave an overview of recent developments in
synthetic biology and associated ethical, legal and societal issues. The purpose of
the report was to provide a knowledge base for a broad array of stakeholders. The
other report—‘Geen debat zonder publiek’ (Stemerding and Van Est 2013, ‘No
debate without public’, translation VR)—provided an analysis of the emerging
societal debate on synthetic biology in the Netherlands, United Kingdom, Germany
and the United States. Based on these two reports, the Rathenau Instituut wrote the
two-page brief ‘Synthetische biologie vereist samenspraak’ (Stemerding et al. 2013,
‘Synthetic biology requires deliberation’, translation VR). In this brief, the
Rathenau Instituut called for Dutch civil society to actively engage with synthetic
biology, in particular because the technology is still in a phase in which it can be
more easily steered.

5.2.1 Political Cafe on Synthetic Biology

In order to mobilize civil society the institute also organized a ‘Political cafe’ in
January 2013, during which the reports were presented and a public debate was held.
As the name of the event indicates, this engagement activity was also intended to
address the political sphere. In fact, the event was intended to bring together several
(active and potential) stakeholders in the domain of synthetic biology, such as
synthetic biologists, policy makers, philosophers and STS-scholars, in addition to
civil society organizations and political organizations, which were the main target
group. The event was a success in the sense that it was well-attended, notably by
policy makers and other civil servants that started sharing the institute’s sense of
urgency. However, it did not succeed in mobilizing most of the civil society orga-
nizations and political think tanks that were specifically targeted. Yet, other civil
society organizations such as Stichting Natuur & Milieu (Foundation for Nature and
the Environment) and Stichting Christelijke Filosofie (The Dutch Foundation for
Christian Philosophy) actively participated in the event. In doing so, they contrib-
uted to understanding how societal organizations might think of synthetic biology.

5.2.2 Lorentz Workshop on Synthetic Biology and the Symbolic
Order

In fact, the engagement of the Dutch Foundation for Christian Philosophy led to
further collaboration with the Rathenau Instituut, which culminated in the
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organization of a fruitful stakeholder workshop. During this ‘Lorentz workshop’
philosophers, STS-scholars, synthetic biologists and other stakeholders examined
how synthetic biology challenges the ‘symbolic order’, the stock of twin concepts
we use to categorize our reality, such as the distinction of ‘natural’ and ‘artificial’
(Stemerding and Jochemsen 2014; Swierstra et al. 2009a, b).

6 Informing and Engaging in the Science and Technology
Sphere

6.1 Informing Synthetic Biologists

One interesting feature in the previously described public engagement activities is
the active involvement of synthetic biologists. Many synthetic biologists indeed
seem quite reflective towards the societal aspects of their research. In any case,
technology assessment practitioners, STS-scholars etc. are often represented at
synthetic biology conferences, in order to inform synthetic biologists from their
perspective. Correspondingly, the Rathenau Instituut has been represented at var-
ious national and international synthetic biology conferences. In 2007 the institute
presented and discussed its report ‘Constructing Life’ (De Vriend 2006) at the
Synthetic Biology 3.0 conference in Ziirich (SB 3.0 2007). In the Netherlands, the
Rathenau Instituut presented, for example, at conferences organized by the Dutch
Biotechnology Society NBV (2012, 2015). Most activities regarding synthetic
biologists are, however, more intensive than informing alone.

6.2 iGEM as a Responsible Research and Innovation
Laboratory

As discussed earlier, the Rathenau Instituut interacted with the iGEM community
on several occasions. The success of iGEM and the important role of ‘human
practices’ in the competition makes the iGEM community an important ally in
public engagement.

6.2.1 Meeting of Young Minds 2012

In 2011 the institute organized the ‘Meeting of Young Minds’ (described above)
between the iGEM participants and Dutch political youth organizations. In 2012 the
institute also organized such an event, but this time two iGEM teams were selected
to stage a debate about a topic of their choice. The iGEM team of University
College London simulated an ecological synthetic biology crisis and tested whether
effective containment of the crisis was possible. The iGEM team of the TU Delft
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organized a stakeholder discussion on dilemmas of dual-use research, inspired by
the controversy concerning publications of research on the H5N1 bird flu virus
(Rathenau Instituut 2014).

6.2.2 Collaboration in SYNENERGENE

More recently, the Rathenau Instituut started participating in SYNENERGENE, an
international project dedicated to stimulating responsible research and innovation
(RRI) and dialogue with regard to synthetic biology, funded by the European
Commission under the 7th Framework Programme (SYNENERGENE 2014). In
collaboration with other SYNENERGENE partners, the Rathenau Instituut will
conduct a series of ‘real-time technology assessments’ to explore possible futures for
the development of synthetic biology. In order to do so, a number of iGEM teams
working on particular creative and significant ideas for innovation were asked to
develop future scenarios. The teams developed two kinds of scenarios, based on their
own iGEM project: application scenarios and techno-moral vignettes, which
respectively relate to the plausibility and desirability of the envisaged synthetic
biology application (Stemerding 2014). The Rathenau Instituut and partners are
assisting the teams by providing guidelines and regular advice. The future scenarios
will be used by the institute and other SYNENERGENE partners in stakeholder
workshops. Additionally, the development of future scenarios intervened in the iGEM
project itself. By thoroughly scrutinizing the envisaged application on its plausibility
and desirability, the iGEM teams were enabled to identify different innovation
pathways. This allowed them to work out the pathway that seemed technically and
societally the most robust and thus would be most likely to achieve the ‘right impacts’
(cf. Von Schomberg 2013). A quote of the 2014 iGEM team from the Technical
University of Eindhoven, one of the selected teams, can help to illustrate this:

(...) we wrote an Application Scenario and described some of the possible outcomes in
three Techno-Moral Vignettes. While working on these pieces our view on our own project
dramatically changed. New possible applications came to mind as well as new ethical issues
and questions (iIGEM TU/e 2014).

Perhaps more importantly, this collaboration thus allowed SYNENERGENE part-
ners to educate future synthetic biologists on potential ethical, legal and societal
issues related to synthetic biology and enhanced their reflexivity on such issues
(Betten and Rerimassie 2015).

7 Conclusion and Outlook

The aim of this chapter was to discuss and examine public engagement activities
that the Rathenau Instituut has initiated on synthetic biology. The institute has
undertaken several informing and engaging activities in different spheres of the
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science and technology governance landscape, and these activities have often aided
in establishing connections between these different spheres.

Synthetic biology may contribute to addressing various societal challenges, but
at the same time is not without risks and raises tough societal and ethical questions.
Society faces the challenge of collectively determining how synthetic biology
should develop and what conditions should be taken into account. The Rathenau
Instituut has aimed to contribute to this deliberation process since its early years, by
shedding light on synthetic biology from various societal perspectives, thus
broadening the knowledge base on the emerging field. The institute also aimed to
mobilize and build bridges between stakeholders that may play an important role in
the future governance of synthetic biology in a timely manner.

One important observation about the various public engagement activities is that
synthetic biologists have shown great willingness to participate. Synthetic biolo-
gists seem to be quite reflexive towards societal values, which may benefit the
facilitation of meaningful public engagement. Hopefully, it may also inspire sci-
entists in other domains.

How the future (Dutch and international) debate on synthetic biology will evolve
remains yet to be seen. Will it mirror the intense (and occasionally hostile) expe-
riences with earlier biotechnologies, characterized by great distrust among stake-
holders, or will we be able to find a renewed ‘tone of voice’? In this regard, a quote
from DWARS, the political youth organization connected to the Dutch Green Party
(GroenLinks) may be inspirational. In their political pamphlet for the ‘Meeting of
Young Minds’ they state:

Within GroenLinks, genetic modification evokes the same sense of resistance as nuclear
energy does. The commission however, does not intend to dismiss synthetic biology in
advance. It proposes to explore where genetic modification fell short, and synthetic biology
may contribute to the common good. Dismissing synthetic biology beforehand would con-
stitute a missed opportunity and does not match the progressive nature of GroenLinks. Rather,
a critical, resolute and sober approach is much more appropriate. In particular, because
synthetic biology offers opportunities to save human lives. (DWARS 2011, translation VR)

“Critical, sober and resolute”. Indeed, words that are quite at odds with descriptions
of earlier biotechnology debates. Hopefully, words like these will be used in the
future to characterize the deliberation on synthetic biology.
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A Ciritical Participatory Approach
to the Evaluation of Synthetic Biology

Inna Kouper

1 Introduction

Synthetic biology is an ongoing fuse of the previous attempts in chemistry,
genetics, and bioengineering to understand and control the evolution and devel-
opment of living organisms. Sometimes called extreme genetic engineering, it
raises profound questions about humans’ abilities to control their own environment
and about the boundaries between living and non-living. The ideas of design,
standardization and re-use applied to the living world create uneasiness and a sense
of ethical uncertainty. Who will be making decisions about the boundaries of
scientific investigations? Who should be contributing to the discussions about
synthetic biology implications and oversight? How can we make sure that policy
decisions incorporate concerns of various stakeholders?

In this chapter I address these and other questions by combining methods of
historical, linguistic, and sociological research. Drawing on the results of my
doctoral dissertation that examined the discourses of synthetic life (Kouper 2011), I
examine forms, themes, justifications, and stakeholders that have contributed to the
discussions of synthetic biology in the 20th—21st centuries. I argue that the eval-
uation of synthetic biology and similar emerging technoscientific areas benefits
from a discursive perspective that is coupled with critical social theory. Such a
perspective is built into the framework proposed in this chapter.

By emphasizing social critique and participation, I hope to further embed syn-
thetic biology into the space of social dilemmas that need to be negotiated as
opposed to the space of scientific problems that need to be solved. While societal
research within the frameworks of ethical, legal, and social implications (ELSI) is
already an ongoing part of synthetic biology, more attention to public perceptions
and deliberations as well as to the debates about science visions is needed
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(Shapira et al. 2015). The evaluation of synthetic biology as a deeper ELSI pro-
blematization will benefit from being placed into a broader social and cultural
context and from going beyond the dichotomies of experts and ordinary public or
fears and safeguards.

2 The Framework: Decisions, Contexts, Participation,
and Critique

Technoscientific systems are complex systems in which resources and agents
interact and generate professional and societal outcomes. Science begins in the lab
and then goes beyond it as its achievements become accepted, commercialized, and
regulated within the larger society. Some scientific advancements are met with
resistance and create tensions. Proper evaluation frameworks of societal impacts of
technoscience can help to alleviate tensions, to negotiate or reconcile opposing
views, and to ensure the co-development of the scientific and societal goals.

Attention to the development of evaluation frameworks in synthetic biology is
rather selective. The most attention has been paid to ethical issues and the issues of
risks and safety (Cho et al. 1999; Peter D. Hart Research Associates, Inc. 2008;
Deplazes et al. 2009; Bennett et al. 2009; Presidential Commission for the Study of
Bioethical Issues 2010). Are these approaches enough to address the complexities
of synthetic biology as a technoscientific system? Will they be sufficient to compare
its impacts across communities and over time? Do other approaches (e.g., broader
calls for social and environmental assessments) provide enough details to facilitate
evaluations?

Some authors (e.g., Deplazes et al. 2009) argue that a framework that incor-
porates multiple participants into the discussions about synthetic biology has
already been established, and that it is a matter of the individual interest and
participation to advance further interaction. They cite Garfinkel et al. (2007) as an
example of how discussions can be structured. A closer look at Garfinkel’s report
and its approach reveals that it includes twice as many scientists and policy makers
than any other stakeholders. Twelve participants that contributed to the discussions
that generated the report had a natural science background, mostly biology,
chemistry and medicine. Four participants had a social science background and two
participants were coming from the law background.

The societal impact of synthetic biology goes beyond technical and scientific
feasibility, risks, or ethical questions narrowly construed. Synthetic biology raises
larger questions of the autonomy of living beings and priorities in life meanings and
boundaries. It also raises questions about the limits of human actions and respon-
sibilities of individuals and social groups that go beyond moral permissibility. Even
though many of these questions have been previously raised in the context of
biotechnology, the increasing possibilities of synthetic biology to serve human
goals and the fast pace of technoscience expand this array of questions and call for
mechanisms to facilitate continued discussions.
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Fig. 1 The critical participatory framework for the evaluation of synthetic biology: an overview

The critical participatory framework for analyzing and evaluating synthetic
biology proposed below draws on two key concepts, participation and critique, and
places decision points that are part of the evaluative efforts in a historical and
cultural context (see Fig. 1).

The framework is connected to citizen empowerment and can be supported with
various theories and methodologies. The components of participation and critique
concern all stakeholders, including the decision makers, the media, and the publics;
they are aimed at turning the debates and analyses into self-reflecting and
self-problematizing modes rather than the modes of criticizing or evaluating others.
A deep consideration of the concepts of participation and critique opens up our
critical and linguistic sensibilities and allows us to question the stable “true” or
“natural” meanings of events and decisions vis-a-vis the ideas of rationality,
knowledge, discourse, and power. The arrows that go in both ways between the
components of the framework emphasize the importance of their interaction, even
though the nature of such interactions can vary and be asymmetrical.

The framework is grounded in the discourse analysis perspective, particularly in
a critically-oriented set of approaches that were developed on the intersection of
history, linguistics, sociology, and anthropology. Critically-oriented discourse
analysis goes beyond texts as products and aims to focus on the struggle between
social forces and on knowledge that can lead to emancipatory change (see, for
example, Fairclough 1989, 1992, 2001; Van Dijk 1993). In what follows, each of
the components of this framework is illustrated and discussed in detail.

3 Decision Points

Synthetic biology discourse revolves around the acquisition of knowledge and
techniques that allow scientists to create and extensively modify living organisms.
Along with great expectations, such knowledge raises fears, so among the first
decision points are the questions of whether to allow synthetic biology investiga-
tions or not. The ETC group (2007), for example, raises some of the fundamental
questions of its permissibility: “... Is synthetic biology socially acceptable or
desirable? Who should decide? Who will control the technology, and what are its
potential impacts?”’. Such questions expand the policy debates by inviting more
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actors into the discussion and by potentially increasing the range of options open
for consideration. Several social and citizen groups have called for a moratorium on
the release and commercial use of synthetic organisms until a comprehensive
oversight framework is developed (Friends of the Earth U.S. et al. 2012).

Once synthetic biology is accepted as permissible, decision points that are
concerned with the questions of “What?”” and “How?” proliferate. Decisions have to
be made with regard to organisms in experiments and their treatment and release,
the methods of investigation and their cost and effectiveness, the benefits and risks,
and many other aspects of emerging technologies. My analysis of the earlier debates
in synthetic biology (Kouper 2011) demonstrates that decisions with regard to
synthetic biology were made and justified by emphasizing predominantly one or
more of the following: (a) the availability of new products and instruments, (b) the
value of scientific knowledge and understanding, (c) risks, consequences, and
uncertainties, (d) life improvements, and (e) inevitability and self-evidence of
synthetic biology. The list is characteristic of the discussions that took place at a
particular time and is somewhat biased toward positive justifications. Over time, it
will change as those arguments branch into new or more nuanced arguments or
become decision points themselves.

The products and instruments justification argues that the synthesis of organisms
and living components helps to create commercially available products and services
that can be used by people in their professional and daily lives, including medicine,
food, computing, water production, air cleaning, and so on. A public lecture on
synthetic biology from the American Association for the Advancement of Science
envisioned such products and services as follows:

Vaccine factories that can rapidly respond to viral threats such as bird flu. Biologically
produced photocells to meet energy demands. Plants that act as sensors for explosive
materials. Houses of living wood that repair themselves. Self-producing pocket calculators.
Bacteria that will pan for gold. These are some of the possibilities from the nascent field of
synthetic biology. (Baker 2005, p. 1)

Decisions regarding such products concern their practical and commercial value
as well as the balance between risks and benefits. With microorganisms used as
factories or “in the wild” there is always a danger of unpredicted safety and
environmental consequences or what Snow and Smith (2012) called the “unin-
tended sources of harm”. Additionally, the development and sale of products in
some economies can disrupt other economies, especially along the “developed—
developing” country divide.

The knowledge and understanding justification emphasizes the intrinsic benefit
of synthetic biology as a quest for learning about the unknown. Such claims are
often used to argue for the importance of synthetic biology as a discipline. Learning
about life and understanding it better is one of the most important goals for humans.
The claims of knowledge sometimes confuse understanding, which is concerned
with seeking meaning of various expressions of human actions (cf. Verstehen as it
was used by W. Dilthey, M. Weber, M. Heidegger and others), with explanation, a
discovery of causal relationships among the objects of the physical world.
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Bourgeois (1976) argued that a significant component of Verstehen is empathy.
Empathic understanding goes beyond observations of behaviors and explications of
their causes, it looks for insights about motivations and intentions, i.e., about
internal mental states. Inanimate objects do not have internal mental states; only
complex living organisms, particularly humans, can be thought of as having internal
mental states.

The discourse of synthetic biology focuses predominantly on microorganisms,
therefore, it may be premature to insist on the inclusion of the issues of con-
sciousness and mental states into the discussion. At the same time work in synthetic
biology involves human actions and decisions that have a moral orientation. If the
understanding of life through the separation and subsequent assembly of parts
becomes a dominant approach, there is a danger that the moral component will be
largely ignored in future investigations and that understanding of motivations and
intentions will not be part of the sought-for knowledge of life. Ultimately, shifting
the focus to mechanical understanding may result in the exclusion of empathy from
decision-making (see also the Sect. 6 below for further problematization of the
dominant approaches in synthetic biology).

Concerns over implications and consequences are often used to argue both for
and against synthetic biology. A common element in these concerns is uncertainty
about possible outcomes. The negative consequences include damage to the envi-
ronment, bioterrorism and biotechnological wars, harmful effects on human health
as well as on the well-being of other living creatures, and threats to biodiversity.
Scientists and activists are probably most vocal in discussing the consequences, but
the ways these two groups approach the discussion are different. Activists argue
primarily for in-depth assessments of social, ethical, and environmental impacts."
Fast commercialization of unregulated technologies, according to these views,
promotes private ownership of biological organisms and can have a dramatic
negative effect on poorer economies, lowering export prices, depriving people in
developing countries of their jobs, and advancing unsustainable, U.S.-centric
solutions.

Scientists, on the other hand, insist on the continuation of research and demon-
strate their eagerness to be involved in public debates about its consequences. Their
statements are grounded in the assumption that further developments in the chemical
and biological synthesis are inevitable (hence, the inevitability or self-evidence
justification), therefore, it is more productive to focus on the positive and to try to
minimize the negative. In addition to explicit statements about further synthesis of
biological organisms being unavoidable, claims of inevitability or self-evidence of
synthetic biology can be communicated via certain grammatical and rhetorical
forms, such as verbs in present and simple future tense, modal verbs and con-
structions that communicate obligations, such as should have to, and the overall
assertive form of the statements. As one of the most prominent scientists in this

'See, for example, a series of case studies developed by the ETC group: http://www.etcgroup.org/
tags/synbio-case-studies. Accessed 10 Oct 2014.
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research area has argued, the scientific community needs to develop and promote
rigorous ethical and safety standards as well as “discuss the benefits of synthetic
engineering to balance the necessary, but distracting, focus on risks” (Church 2005).

Claims of better life often co-occur with other justifications, particularly with the
products and instruments justification. Such claims usually emphasize the potential
to solve problems on a larger scale, such as alleviating hunger, conquering diseases,
remediating climate change, satisfying human needs, and offering improved
nutrition and longer and healthier life span. This volume’s chapter by Verseux and
co-authors, for example, describes exciting opportunities of using synthetic biology
approaches to create permanent space colonies so that humans can become inde-
pendent from Earth as our home planet.

Many claims and justifications that surround decisions in the discourse on
synthetic biology can be aggregated into two larger themes that characterize
problematic fields or clusters of uncertainty. These themes represent overlapping
discussions in which participants raise questions and determine what decisions need
to be made at each point in time. The two larger themes are the Promethean/Creator
theme and the Management and Responsibility theme (see Figs. 2 and 3).

The Promethean/Creator theme is concerned with the uncertainty regarding
human ambitions of achieving greater knowledge of life and biology and with the
outcomes and ultimate consequences of such ambitions. In Greek mythology,
Prometheus was a powerful deity, a titan who helped and protected humanity
(Roman and Roman 2010). To help humans survive, Prometheus stole fire from the
gods, gave it to humans, and subsequently received severe punishment for his
actions. There are five conceptual clusters in this theme, with each of the clusters
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Fig. 2 A semantic map of the Promethean/Creator theme
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raising questions that may turn into decision points. The clusters and possible
problematic fields or questions are listed below:

1.

Creation. The creation cluster focuses on the role of humans in the creation of
nature, including living creatures, and raises questions about whether human
investigations, including the studies in bioengineering and synthetic biology,
transgress the ethical, scientific, or theological limits and become unwise or
irresponsible (Dabrock 2009).

. Discovery. The discovery cluster refers to the desire to acquire knowledge, use

it, and share it with others. Similar to the ambitions cluster, it is based on the
heroic terminology of feats, accomplishments, and hardships. It is also grounded
in the rhetoric of travel and adventure, e.g., when synthetic biology is described
as a quest, a search for solutions to the puzzles of nature, or as a trip into
uncharted territories. The discussions in this cluster raise questions of access to
and prioritization and acceptance of scientific discoveries, i.e., whether the
boundary-pushing research merits more funding, whether its assessments are
premature, and how we can ensure equal access to the means of discoveries as
well as to their outcomes.

. Ambitions. The ambitions cluster signifies great ambition in advancing synthetic

biology and a struggle against more powerful forces, such as gods, nature, and
uncertainty. The concerns over great ambitions and discoveries, associated with
the creation of life, are often tied to possible punishment. One of the broader
questions with regard to synthetic biology and human ambitions is how our
cultural and social norms align with our ambitions and what criteria can be used
to prioritize one over the other.

. Punishment. The punishment cluster includes fear of negative consequences as

well as the generalized fear of monsters and destruction. While most of the
clusters in the Promethean/Creator theme combine rational and irrational
argumentation, the questions of punishment for human ambitions and proper
safeguarding and mitigation techniques require more attention to their emotional
component. This, in turn, may prompt longer deliberations and more diversity in
legislative and communicative approaches. Similar concerns are relevant to the
next cluster, humanity.

. Humanity. The last cluster, the humanity cluster is concerned with well-being of

the humankind and insists on actions being justified by the love for and pro-
tection of humanity. This cluster, characterized by affective vocabulary and
empathic attitudes towards other living forms, still has a limited representation
in the synthetic biology discourse, even though some questions, such as the
ethical concerns as well as the questions of how sustainability and communal
values can be part of synthetic biology, have already been raised in the dis-
cussions and research literature (Rabinow and Bennett 2012; Engelhard et al.
2013).

The second larger theme, the Management and Responsibility theme, approa-

ches synthetic techniques and life as scientific subjects and focuses on the man-
agement of boundaries between science and society, between feasible and hard to
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reach, and between socially and culturally desirable and prohibited. The semantic
map of this theme is presented in Fig. 3. The clusters and possible problematic
fields for this theme are listed below:

1. Goals and expectations. The goals and expectations cluster focuses on speci-
fying how synthetic biology can contribute to science and to the larger society as
well as how to manage societal expectations with regard to it. The questions of
whether synthetic biology delivers on its promises, how ‘“science” and “the
public” interact, and who manages the expectations and how are raised within
this cluster.

2. Control. The control cluster emphasizes the necessity to direct and manipulate
behaviors of living organisms, because this would allow humans to have full
power over their environment. Usually, full control over the environment is
considered to be beneficial to humans. To achieve mastery of nature, scientists
need to find ways to standardize living forms and their components, to reduce
cost of their manufacture, and to increase programmability, interchangeability,
and predictability of biological systems. The problematic cluster of control can
be connected to the cluster of ambitions in the Promethean/Creator theme as it
raises the questions of desirability of full control over nature in the context of the
existing societal norms and values. The cost and benefit factor is another
consideration.
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3.

Risk, safety, and security. The risk, safety, and security cluster is concerned with
managing the mostly negative consequences of synthetic biology, such as the
escape of modified organisms into the environment or the risks of biohacking
and bioterrorism. The concerns over strategies of minimizing the risks and
increasing security can turn into the choices between alternative strategies, for
example, a laissez faire strategy of letting scientists deal with risks, a required
researcher-led assessment strategy, and a required independent assessment
strategy (Douglas and Savulescu 2010).

. Policies and regulations. The policies and regulations cluster somewhat over-

laps with the risk, safety and security cluster as it focuses on such issues as the
role of government and other regulating agencies in scientific developments,
forms of ownership with regard to living organisms and biological systems, and
the distribution of responsibility with regard to the development and oversight
of synthetic organisms. Some scientists delegate their own ethical and practical
responsibilities to other agencies and argue that since their work had been
“green-lighted by government offices, the National Academies and an inde-
pendent ethics review board” (Weiss 2008), there is no reason for not pro-
ceeding with research. Others consider their involvement in public discussions
to be a sufficient condition for continuing research in synthetic biotechnologies.”
Governance of synthetic biology has generated many discussions, and many
questions need to be carefully addressed before choosing a governance frame-
work or approach (Hurlbut 2015).

To summarize, a multitude of decision points surrounds synthetic biology. The

decisions need to be made with regard to the following:

Feasibility assessment or whether certain technologies are possible from the
scientific and economic standpoints.

Moral permissibility, or whether synthetic biology is acceptable and desirable as
a course of scientific and societal actions and whether it fits with our current
ethical sensibilities.

Outcomes, risks, and benefits, or whether we can identify what will happen with
the overall approach and particular technologies in synthetic biology.

Access and ownership, or who can study and conduct research in synthetic
biology, who has the rights to use its results, and who can access and dissem-
inate information about it.

Measurements of impact, or how to evaluate the role of synthetic biology in our
well-being, environmental health, sustainability, and consensus.

Societal needs and expectations, or how we want synthetic biology to fit within
our understandings of science and technology role in society.

Awareness and education, or how to disseminate information about synthetic
biology and how to identify stakeholders and reach out to them.

%See, for example, a press release by the J. Craig Venter Institute in 2008, http://www.jcvi.org/
cms/research/projects/synthetic-bacterial-genome/press-release/. Accessed 21 Apr 2015.
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4 Context

Context shapes the setting for events, actions, and statements. Knowing the context
means to know how certain arrangements and practices came into being and how
certain decisions may affect them. In the case of synthetic biology it is crucial to
understand the historical background and lessons from related disciplines as well as
recognize the multiplicity of genres, communities, and social structures that affect
decision-making.

The ideas of perfecting, conquering and improving nature go back in centuries.
As Newman (2004) points out, from the ancient to modern civilizations, humans
imitate, compete with, perfect, and re-create the nature. And most, if not all such
attempts throughout the centuries, from the Greeks to alchemy and Judaic golem
creation to early chemical experiments and modern genetics, generated vigorous
debates around the legitimacy of such attempts as well as their moral and onto-
logical limits. In the 20th century attempts to improve nature and synthesize new
life forms are traced to Hugo de Vries and Stephane Leduc, who experimented with
breeding, chemically grown molecules, and genetic manipulations (Campos 2009).
Awareness of the immense implications of their work and fears of negative out-
comes are evident in the de Vries contemporaries’ statements of man as a creator,
creating life in a test-tube and “trembles” between the inanimate existence and
incipient vitality (Campos 2009, p. 9).

Over the decades, experiments with improving and synthesizing organisms
branched into biotechnological approaches to breeding and mutation, attempts to
create organic forms from non-organic, standardization of biological parts, and
DNA syntheses.” The term “synthetic biology” appears and disappears from
common usage over time. Thus, according to Campos (2009), it was on the rise in
the 1930s, disappeared in the 1970s, and re-appeared in the 2000s. The
re-appearances of the term, particularly in the 2000s, indicate renewed attempts to
claim autonomy for this area of scientific endeavors; that is why it is often presented
as unprecedented, revolutionary, fascinating, and very valuable. The grand vision of
synthetic biology promises to help humans with understanding of the origin and
history of life, creating new complex life forms, controlling evolution, and
improving human condition.

At the same time, there is also an awareness of limitations of what synthetic
biology can deliver as well as fear that exaggerated promises will increase skep-
ticism and generate fear and resistance. Contrary to the grand vision that can be
found is some earlier accounts of synthetic biology of the 2000s, many later
accounts avoid references to life and other broader connections and limit the def-
initions to biological parts, constructs, and components. Lam et al. (2009), for
example, describe synthetic biology as focusing on DNA-based engineering, gen-
ome minimization, and protocell creation.

3See chapter by Carlos G. Acevedo-Rocha in this volume for a more detailed account of synthetic
biology and its varieties.
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The tensions between the rhetoric of grand vision and attempts to contain the field
within the reasonable and achievable scientific claims generate disparate, sometimes
contradictory statements within synthetic biology. The field progresses quite quickly,
but many theoretical, methodological, and technological challenges have not been
resolved or even yet addressed. As some scientists have pointed out earlier
(Rasmussen et al. 2003) and continued to acknowledge later (e.g., Gardner and
Hawkins 2013), the domain lacks theoretical and experimental grounding, it has no
agreement about which scientific problems to address, and it is insufficiently related
to reality. Despite the scientific disagreement, products of synthetic biology get
commercialized rapidly. Faith in the engineering side of synthetic biology, i.e., the
strive to make cells or organisms work in certain ways even if the mechanisms are not
fully understood, drives the fast development and funding of this type of research.

In the 20th—21st centuries discussions about synthetic biology spread via many
channels and genres. Along with the established genres of newspaper, magazine
and journal articles, information disseminates through websites, blogs, online for-
ums, and many other forms. Patents play a crucial role in framing of synthetic
biology and affect its development in the future, especially, the rights to the creation
and use of synthesized organisms and their products and derivatives. Patenting of
living organisms is already authorized by several court decisions and accepted
patents (Demott and Thomas 1980; Holtug 1998). The majority of patent appli-
cations originates from companies, with universities and research institutes fol-
lowing closely (Van Doren et al. 2013).

Established genres have their own rules, which need to be taken into consid-
eration in outreach and deliberations. Thus, research articles belong to the formal
scientific discourse, which is known for its high usage of technical terms as well as
for its actual and rhetorical impersonality and objectivity. Magazine and newspaper
articles deliver news and commentary and may be more colorful in language.
Journalistic writing, or media discourse, relies on non-technical metaphorical lan-
guage and uses the inverted pyramid as a structuring device with the most important
information going first and details following (Vos 2002).

Newer genres and the digital counterparts of the traditional genres blur the
boundaries between the various types of writing as they combine news reporting,
explanations, and personal evaluations and expand the array of contributors. Thus,
the article “Synthetic biology’s malaria promises could backfire,” published on
scidev.net by social scientist Claire Marris, combines a short analysis of the claims
of the semi-synthetic artemisinin project with some vivid evaluation statements of
the role of synthetic biology products in the advancement of the field. Marris argues
that this form of artemisinin “is not cheaper than the existing source, nor alleviating
a shortage, it will—at best—play a relatively small part among the multitude of
factors that determine whether or not people suffer and die from malaria” (Marris
2013). This example illustrates the changing role of the journalist as a mediator
between science and the general public due to the increased visibility of other
writers, including researchers, pundits, and informed non-specialists, especially on
the Internet. Another excerpt below illustrates individuals’ contributions to the
discussions expressed publicly via a blog:
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With WHO’s blessing Keasling’s synthetic artemisinin replaces the natural product: an
economical disaster for African families who have invested all their meager resources in
Artemisia annua plantations, lured by the promise of big profits. (Lutgen 2014)

Bourdieu’s concept of field helps to conceptualize the multiplicity of actors as
well as the impact of institutions and material conditions on their actions.
According to Bourdieu (1969, 1989), individual agents act in conditions that have
their own laws and structures. The system of agents in structured conditions can be
described as a social field, which, similar to a magnetic field, involves various
forces. Each agent occupies a certain position that is characterized by a specific type
of participation and has a certain amount of power or authority within the field.
Depending on the amount and type of power, agents are able to influence other
agents, the field and the distribution of power.

The development of fields is a historical process. As areas of human activity
become more and more differentiated, society organizes into relatively autonomous
fields with their own types of legitimacy, i.e., their own rules as to what defines an
authority. Modern societies consist of multiple fields, such as the economic field,
the cultural field, and the bureaucratic field (Bourdieu 1981, 1993, 1994). These are
the larger fields that are loosely associated with the economy, arts and culture, and
governance in our society. Synthetic biology discussions also straddle across
multiple autonomous fields that are smaller in scale, including the fields of jour-
nalism, science, religion, business, personal (private) sphere, politics/policy, and
digital media. Each of these fields is characterized by its own logic of what is
valuable and important and who makes contributions and how.

The field of digital media, for example, acquired its relative autonomy through
the emphasis on the novelty of technologies in use and on the rapid changes in
social and communicative practices facilitated by these technologies. It overlaps
with other fields, but it has its own unique characteristics that distinguish it from
others and justify its conceptualization as an autonomous field that strives for
recognition and establishment of its own system of power, rewards, and distinc-
tions. Contrary to other fields that already have stable structures and actors in
certain social positions, this field’s system of actors, structures, and positions is
under development. Consequently, digital media may be more open to changes and
disruptions. Innovative forms of communication can reach younger people or
professional groups that are outside of the traditional forms of communication.

Many actors participate in digital media, including scientists, journalists, entre-
preneurs, politicians, and others. In the digital media field they combine the power
and authority they have in other fields, e.g., science or journalism, with the new
authority acquired from being a blogger, a quoted expert, a moderator, or an online
community member. Some participants do not use capital from other fields. For
example, a discussion from 2008 of the news about a synthesized DNA on Slashdot.
com, a community-oriented news site, was initiated by a person who provided only a
nickname and no other information. This example illustrates that the digital media
have different dynamics with regard to who accesses and disseminates information
as well as to who provides the content and determines the credibility of messages.
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The scientific field consists of agents involved in the systematic observation-
based studies and rules that facilitate consistency and accumulation of knowledge.
Primary agents in this field are scientists, who engage in knowledge-producing
activities and maintain significant autonomy from other fields. In the analysis of
science as an autonomous field an important question is whether the social sciences
and humanities constitute their own field or fields of production. The social sciences
and humanities have structures of authority and capital that are similar to other
academic disciplines within a university setting. Sometimes, social scientists and
humanity scholars are pressed to conform to scientific epistemologies and produce
“empirical” and “objective” research. At the same time, the rules of what constitutes
knowledge in those domains as well as the channels that are used to communicate
this knowledge are different. Therefore, these domains should have autonomy in
expressing their position on synthetic biology and its implications.

The issues of life and its creation are germane to the field of religion, which can
be defined as a social institution that relies on faith as the foundation of under-
standing, knowledge, and behavior and is characterized by a system of beliefs,
rules, and practices that refers to God or other supranatural entities in its guidance
and understanding of the world and the role of humans in it. Nevertheless, we rarely
find materials that address the topics of synthetic biology from a religious per-
spective by agents who belong to the religious field. Even though the concern of
“playing God” is quite common in the discussions of synthetic biology (Engelhard
et al. 2013), the discussion from the religious perspective is separated from the rest
of the discussion.* The ordinary practitioners of faith and religion may identify
themselves as agents of other fields, e.g., education, politics, or law, and therefore
advance their views in indirect ways, via an implied agenda. Lack of authoritative
religious sources in public discussions indicates the importance of studying the
structure and boundaries of the public sphere as well as examining how certain
voices are represented in it.

Business and entrepreneurship, a field that is connected to the concepts of goods
production and consumption, markets, and capitalism, plays an important role in the
development of synthetic biology. Companies that commercialize the results of
synthetic biology research often involve members of other fields. Synthetic
Genomics, Inc., for example, was founded by scientists and researchers to com-
mercialize methods and approaches from genetics and other bioengineering
domains. PATH, an international, nonprofit health organization based in the U.S.,
describes itself as blending “the entrepreneurial spirit of business, the scientific
expertise of a research institution, and the passion and on-the-ground experience of

“The Roman Catholic Church, for example, publishes its own guidance on bioethical questions on
its website, see, for example, http://www.vatican.va/roman_curia/congregations/cfaith/documents/
rc_con_cfaith_doc_20081208_dignitas-personae_en.html. A project on synthetic biology and
religion led by G. Bennett (https:/labs.thcre.org/cbf/Project_Areas/religion/SynBioReligion/
Index.html) aims to map how U.S. religious organizations view developments in synthetic biol-
ogy, but it has not published any results yet. Both accessed 21 Apr 2015.
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an international NGO”.> Commercial products based on the scientific advancements
of synthetic biology are entering the market. In addition to antimalarial treatments
manufactured with a semisynthetic artemisinin by Sanofi S.A., a multinational
pharmaceutical company, there are other products such as vanillin and saffron,
bioisoprene (rubber), or surfactants, all generated from synthesized microorgan-
isms.® The product range follows the previous biotechnological developments, and
even though most of the products promise to improve the quality of life or save the
environment, the outcomes will likely depend on which markets they enter and
what forms of production they eventually challenge or replace.

Governance of synthetic biology is within the purview of another social field—
the field of policy/politics, which is concerned with general governance,
decision-making, and relationships between citizens, the state, and other bureau-
cratic agencies. As Sheila Jasanoff observed, the government regulation of bio-
technology depends on the national and cultural context; the decisions can be
legitimated by references to scientific or technical expertise or to institutional
rationality (Jasanoff 2005). While Europeans, according to Jasanoff, acknowledge
and appreciate the interactions between science and politics, the Americans tend to
separate them, thereby creating a stronger sense of uncertainty about how the new
biotechnological advancements should be governed in a democratic society. If
synthetic biology poses a threat to the very distinctions between nature and culture
and moral and immoral, it is not clear how the government can remain neutral or
“science-based” and not permit moral arguments in the debate (Kaebnick et al.
2014). Approaches to policy-making need to consider the contributions of a broader
constituency and the possibility of ongoing deliberations and decision-making as
well as mechanisms for communities to govern themselves.

To summarize, context as a component of the evaluation framework of synthetic
biology includes a range of historical, cultural, economic, and political forces that
need to be taken into account. Attention needs to be paid to the following:

Purposes of evaluating synthetic biology and its implications

History of the development of synthetic biology and similar or adjacent fields
Interdisciplinary connections among disciplines and areas of research

Genres and sources of discourse that are part of the synthetic biology
discussions

Channels used to disseminate information and their organization

Structures of labor and rewards used in science, industry, and mass media
Economic and demographic trends that affect societal needs and outcomes
Differences in governance approaches and structures across communities and
countries.

SPATH—our approach, http://www.path.org/about/index.php. Accessed 21 Apr 2015.

5See https://www.bio.org/articles/current-uses-synthetic-biology for examples of products of
synthetic biology. Accessed 21 Apr 2015.
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5 Participation

Participation refers to the analysis of who participates in the evaluation and dis-
cussions and in what capacity. Participation as a form of social practice is connected
to democracy and citizen empowerment. The underlying goal of increasing par-
ticipation is the shift from hierarchical, top-down and authoritative forms of
decision-making to more equalized, inclusive and distributed forms.

Participation in science is complicated by the changing pace and character of
technoscientific innovations, flows of knowledge and expertise and globalization of
citizen networks and governance (Leach et al. 2005). Historically, participation in
science was described via the canonical account of public communication of sci-
ence, which stated that science is too specialized and complicated to be understood
by the public, therefore it needs to be translated into simpler words by mediators
(Bucchi 1998). A constructivist approach challenges this account and argues that
the public has the right to reject or resist the attempts of the dominant elites to
maintain “social control via public assimilation of “the natural order” as revealed by
science” (Wynne 1995).

Scientists are among the most prominent voices in the discussions of synthetic
biology.” They speak not only through their published research, but also via
reviews, commentaries, and expert opinions in the news. Journalists write about
science as part of their profession. They write for traditional publications, such as
newspapers, but also they publish essays and books, and post online. The voice of
the public represents members of the public as a speaking subject. It is the most
heterogeneous and amorphous category as it refers to people who act as members of
a larger population or community and not as members of professional organizations
or the state. The public voice is usually represented in digital genres, predominantly
in short messages in forums and comment sections in blogs and websites. The
public also speaks through surveys and opinion polls.®

Scientists, journalists, and the publics are the major voices that contribute to and
are often recognized within the discussions and evaluations of synthetic biology.
However, other voices contribute to the discussions too. The scholar voice can be
defined as represented by social scientists and individuals occupying positions at
the departments of ethics, philosophy, or history of science. It has already been
mentioned that social sciences and humanities constitute their own social field with
its own structures of knowledge and capital. Scholars are concerned with wider
societal implications of technoscience and with the study of fundamental questions
of existence, knowledge, and matter. In the societal debates about synthetic life, the

"Here I define the scientist as a professional doing research in natural and applied sciences to allow
other scholarly voices to be identified separately.

8See, for example, the polls of the Synthetic Biology project: from 2008 http:/www.wilsoncenter.org/
sites/default/files/finalhart_final_re8706b.pdf, 2009 http://www.synbioproject.org/library/publications
/archive/6410/ and 2010 http://www.synbioproject.org/library/publications/archive/6655/. All acces-
sed 06 Jun 2015.
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scholar voice can offer logical and conceptual contributions as to what it means to
be able to create life and what arguments can be advanced for or against it.

Scholars investigate impacts of synthetic biology on individuals and commu-
nities. They possess what Collins and Evans (2002) identified as interactive
expertise, a type of expertise that is acquired when one studies a domain from a
social perspective, using social sciences and humanities methods and theories. Even
though the social researcher cannot do what a practitioner from that domain can do,
he or she understands enough to be able to talk about it intelligently. The impli-
cation of emphasizing interactional expertise as a legitimate type of expertise is that
it allows for commentary and opinion from individuals outside of the group of
contributory, i.e., scientific expertise. Social scientists, philosophers, and ethicists
become a legitimate group of experts who can weigh in the discussions of societal
impacts of synthetic biology and, in addition to helping scientists engage with
ethical, legal, social, and other issues (Edwards and Kelle 2012), they can challenge
some of the assumptions that come from the scientific field, in other words, be
advocates, intermediaries, translators, connoisseurs, critics, or reformers (Calvert
and Martin 2009). Calvert and Martin (2009) identify a number of initiatives, such
as SYNBIOSAFE’ in the European Union or SynBERC' in the United States,
where social researchers both contribute to the discussions and study the conse-
quences of synthetic biology, but also collaborate and potentially influence the
production of scientific knowledge.

Another two distinct voices are the policy maker and the activist voices. A policy
maker is an individual or an agency associated with funding, governing or
decision-making bodies. For example, the Alfred P. Sloan Foundation, a non-profit
grant-giving institution in the United States, represents policy makers. Another
policy-making institution is the Synthetic Biology Project''—an initiative of the
Foresight and Governance Program of the Woodrow Wilson International Center
for Scholars. Representatives from these and other institutions contribute to the
debates and ultimate outcomes through their research and evaluations and by
reviewing others’ contributions and distributing funds.

An activist is an individual or an agency that actively advances a cause or
protests against the establishment. The ETC group, an international organization
with offices in the United States and Canada, is an example of a vocal activist group
that contributes to the debates on synthetic biology and other emerging technologies
that potentially impact the environment and human life. On its “About” page'? the
ETC group describes its goals as “the conservation and sustainable advancement of
cultural and ecological diversity and human rights”. This organization has consis-
tently argued against the expanding application of the engineering approach to the

“http://www.synbiosafe.eu/, Accessed 06 Jun 2015.
"http://www.synberc.org/, Accessed 06 Jun 2015.
llhttp://www.synbioproject.org/ Accessed 06 Jun 2015.
Phttp://www.etcgroup.org/content/mission-etc.-group Accessed 06 Jun 2015.
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matters of life and nature without proper safeguards and limitations. In a case study
on artemisinin, the ETC group argued that the production of semi-synthetic variety
favors pharmaceutical companies and disempowers local producers whose income
depends on growing the Artemisia annua plant, a natural source of artemisinin
(ETC group 2014).

The democratic processes of decision-making call for many voices to be included
in the debates on synthetic biology. However, even if all possible stakeholders are
identified, what does it mean to facilitate participation of all of them? Is it even
possible? Cornwall (2008) argues that while deep and wide participation may seem
ideal, in practice it is virtually impossible to achieve. Choices need to be made to
achieve the balance between broad participation and practical limitations based on
the purpose at hand. The discourses of synthetic biology demonstrate patterns of
unequal participation from various stakeholders and shows limited ways of
influencing and possibly changing the outcomes. Despite many calls for more public
debates, for participatory science, and for equal opportunities in decision-making, it
is counterintuitive to argue that actors in such different positions as scientists, policy
makers, and members of the public and with such varying amounts of economic,
symbolic, and social capital can enjoy equality in participation.

Participation is also restricted by orientation toward intellectual production and
expertise (Bourdieu 1993). Producers of intellectual goods, such as scientists or
artists, define their own criteria of what constitutes a legitimate act of production and
how it should be evaluated. Non-producers, i.e., the public at large, consume
products created by others and have less control over the rules of consumption and
legitimacy of products. Considering these differences and limitations that are
imposed by the fact that actors belong to different social fields, the questions of equal
participation should be transformed into the questions of meaningful participation
according to one’s field and position in it or, more importantly, into the questions of
changing the fields and the distribution of power within and among them.

It is crucial to the effectiveness of the debates in synthetic biology to consider the
barriers to wider participation. Many barriers exist that prevent members of the
public from engaging in the production and dissemination of science, including
educational, economic, and cultural barriers. The power of the public remains to be
the subversive power of the masses, which establish their voice in discourse by
responding and voting collectively rather than by relying on intellectual or cultural
authority. To promote public engagement, the rhetoric of participation has to
incorporate the values of intellectual and cultural equality and rational debates, i.e.,
the values promoted by the Habermas’ notion of the public sphere. The venues for
public participation would have to offer equal opportunities of authorship and other
contributions for all participants, acknowledge the existing barriers, and accom-
modate points of views of marginalized actors.

To summarize, participation invokes the concepts of identity, citizenship, voice,
authority, democracy, and consensus. In considering participation as part of the
evaluation framework, it is important to address the following questions:
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e Who contributes to synthetic biology discussions, decision-making, information
dissemination, and the production of discourse and goods?
Who is excluded and who excludes themselves from participation?
Who makes decisions and what structures are in place to enforce and challenge
these decisions?
What are the barriers to and outcomes of participation?
What forms of participation are considered and what are their intentions and
outcomes (e.g., access to information, planning, decision-making, consultations,
representation, assessments)?

6 Critique

Critique is a systematic analysis that examines the validity and limits of the existing
claims. In its contemporary form it has been exemplified in the critical theory
school of thought, particularly, in the works of the Frankfurt school earlier in the
1930s and later in the works of Jiirgen Habermas and Michael Foucault. Critical
theorists are often concerned with the analysis and critique of the modern Western
society and its crises and with the examination of rationality as an indispensable
instrument of human emancipation and freedom. The analysis provided below
applies arguments from Habermas, Foucault and other critical theorists to the
problematics and discourses in synthetic biology.

From a critical perspective, the discussions of synthetic biology are character-
ized, among other things, by the following:

e A variety of goals, genres, stakeholders, and ideological approaches, some of
which inevitably compete with each other

e Historical (dis)continuity in the discourse, when vigorous debates happen at
some points in time and “quiet”, implied, or hidden discussions happen in
between

e More active engagement of some actors (e.g., scientists) compared to others
(e.g., scholars and intellectuals, members of the publics) due to the personal and
professional preferences as well as due to the distributions of economic, intel-
lectual, and social capital

e Focus on the more immediate and practical issues and on the regulation of
particular products or methods due to the economic, political, and regulatory
pressures

e Dominance of the technological and engineering approaches to life, i.e., the
approaches that consider life as a device or a mechanism that can be understood
by pulling it apart and looking at how various parts work together. Once such a
mechanism is understood through deconstruction, it can be re-created,
improved, and manufactured in desired quantities:



A Critical Participatory Approach to the Evaluation of Synthetic Biology 233

Before a mechanic can assemble a steam engine, he must know the how and why of boilers,
cylinders, and pistons and so the chemist who would create a protein must lay the
groundwork by finding out all that he can about the amino acids of which it is made. That is
why the Los Angeles experimenters are testing their solubility in many liquids; studying
their behavior in acids and alkalies; bombarding them with heat, light, X rays, and other
radiations; studying their colors; testing their electrical properties with sensitive meters; and
inspecting their crystal forms with microscopes. When the properties of each one are
completely known, and all can be made to order, chemists will be prepared for the supreme
attempt to put them together into products like those of nature. (Martin 1936, p. 18)"?

Why are the discourses of synthetic biology dominated by the engineering
approaches to life, by the scientists’ voices, and by the creation and management
explanatory themes? The development and dominance of those aspects fits with
Foucault’s framework of the orders of discourse. Foucault pointed out that dis-
course exists within the established order of things and that institutions give ordered
discourses their power over the social reality and individuals in it (Foucault 1971,
1972, 1973, 1980a, 2002). Among the rules that govern the discourse production
are the rules of exclusion that concern what is prohibited. These rules include rituals
that determine what can be said and how, and grant exclusive rights to speak about
a particular subject.

In synthetic biology discussions, scientists are granted an almost exclusive right
to speak about the living and nature, because it is the subject of their professional
activities and deep knowledge. The scientists’ dominating position in the discourse
is legitimized by their status of knowledge producers as well as by the larger
condition defined by Foucault as the regime of truth centered on science (Foucault
1980b). What is considered true and false is a historically conditioned distinction,
and science has been part of this distinction as a form of the will to truth charac-
terized by the focus on observable, measurable, classifiable, and, we might add,
constructible objects and by certain functions imposed on the knowing subject (e.g.,
look and verify rather than read and interpret). The status of biotechnologies as
technoscience, i.e., as an area that combines the development of theoretical
knowledge with techniques of its application, adds even more weight to the
legitimacy of synthetic, genetic, and molecular biologists. They not only explain
how things work, but also change how the world works on an unprecedented scale.

The engineering approach to biology is supported by innovation and
technology-driven institutions of business and experimental laboratories. It is dri-
ven by the pressing needs for solutions in agriculture, energy, medicine, and
warfare. The desire to commercialize knowledge and provide practical solutions
determines the drive to manipulate the living matter and use it as a material for
economic production. The will to scientific truth transforms into the will to

3The dominance of the technological and engineering approaches to life in synthetic biology has
been characteristic of the 20th and early 21st century discussions. If other approaches, such as
systems biology or computational approaches further develop their methods and practical appli-
cations, perceptions on life can become more complex and diverse.
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engineering truth and becomes one of the most efficient ways to define and apply
knowledge as solutions with measurable expenses and outcomes.

It is difficult to challenge actors and positions that are granted the right to seek
truth and solve hard problems. If the synthetic biology discourse remains within the
paradigm of commercialized science, we may end up with skewed evaluations of
synthetic biology that privilege the engineering point of view while excluding the
needs of other communities and ignoring the larger issues of public and environ-
mental protection. Viewing the discourse as institutionally ordered and historically
conditioned helps to introduce change and promote the visibility of new actors and
social fields, which challenge existing configurations of authority and discursive
approaches. Non-university models of scientific knowledge production and review,
citizen participation and involvement,'* and digital modes of information dissem-
ination are among the potential points of change.

The decision points in synthetic biology are concerned with the more practical
and shorter-term evaluations, such as risks and benefits or ethical aspects of par-
ticular techniques. However, an equally important if not the more important com-
ponent is long-term and it is concerned with possible and ongoing redefinitions of
life in mechanistic terms. What does it mean that life is being approached as a
device? What are the implications of the dominance of this view for humanity and
society? Are our ethical guidelines for lower-order and higher-order organisms
enough to make decisions with regard to with whom to experiment and how?

A view that biological components of life can be controlled and manipulated in a
manner similar to manipulations of devices and mechanisms can be interpreted
within the frameworks of feminist science studies and critical social theory.
Haraway (1997), for example, re-introduced the concept of cyborgs to ask how we
engage with forms of life when the lines between human, machine, and organic
nature are permeable and revisable, and examined whether biology and biotech-
nology as technoscientific discourses contribute to the strategies of accumulation of
wealth and power.

Haraway used the OncoMouse, a type of mouse that is genetically modified to
make it more susceptible to cancer and thereby better for cancer research, as a
representative example of technoscience. She argued that this mouse represents a
shift in the practices of knowledge production, a shift that was described as
“condensation, fusion and implosion” of subjects and objects, technical and
organic, as well as the implosion of informatics, economics, and politics (Haraway
1997). The implosion produces creatures of nature with no nature that become
examples of extreme objectivity, i.e., of the knowledge spaces that are grounded in
the engineered, culture-free, and fully operationalized spaces. Haraway asked
whether such “empty” space could serve as a ground for moral discourse, for

'“See, for example, the project Biocurious (http://biocurious.org/)—an attempt to create a com-
munity biology lab for amateurs and promote open and affordable innovations in biotechnology.
Accessed 06 Jun 2015.
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decisions regarding healthy, good, right, and so on. She argued that through its very
artifice the engineering discourse serves as the moral discourse:

Precisely as fully artifactual, the nature of no nature gives back the certainty and legitimacy
of the engineered, of design, of strategy, and intervention. The nature of no nature is the
resource for naturalizing technoscience with its vast apparatuses for representing and
intervening, or better, representing as intervening. (p. 103)

Such legitimation of the engineered and artificial imposes the view that there is
no unlimited individuality in life and that the full control of variability and indi-
viduality is the goal of a rational and progressive society. Such a view obscures
nonproprietary and nontechnical meanings of life and puts forward the relationships
of labor, ownership, and commodity exchange. Scholars of the feminist and
post-structuralist schools of thought offer elaborate accounts of the shifts toward
technological approaches in science in general and in biology in particular. To a
lesser extent, though, they address the questions of why it is important to fore-
ground nonproprietary and nontechnical meanings. Their concerns and consider-
ations frequently revolve around certain groups or populations, such as women or
ethnic minorities, which become disadvantaged due to existing technoscientific
developments and excluded from the distribution of wealth and other resources. To
expand these considerations, it is useful to incorporate Habermas’ critique of
modernity grounded in his theory of communicative action, which offers rather
universal reasons of why overemphasis on technology and control over the means
of production is problematic and potentially disastrous for modernity.

According to Habermas, the evolution of society is the continuous differentiation
and rationalization of various spheres conceptualized through the terms of system
and lifeworld (Habermas 1984a, b). Systems are fully rationalized spheres of
society. They are formal organizations and institutions, such as businesses or
governments, which are grounded in a specific form of rationality, in instrumental
rationality, which approaches objects and subjects as means and not as ends.
Lifeworld (Lebenswelt) is a concept used in philosophy and the social sciences to
describe the world as it is lived or experienced by humans together. Husserl (1970)
used the concept of the lifeworld in his phenomenological analysis of consciousness
to describe how each of us and all of us together can actively co-exist because we
have the common horizon of all our experiences. Synthesizing previous philo-
sophical and sociological approaches to examining the collective human experi-
ence, Habermas (1984b) defines lifeworld as a repertoire of experiences, practices,
and understandings, or a “totality of interpretations” from which participants draw
as they communicate, reach understanding, establish norms, and reproduce social
order. Communicative claims within a society become valid when not only they are
acknowledged as true or false, but also are accepted as fitting with commonly
shared experiences of the lifeworld.

As society becomes differentiated and its cultural, social, and personal spheres
undergo diversification, social cohesion and coordination become more fluid and
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unpredictable. Habermas saw two ways of addressing the issues of complexity and
unpredictability, or contingency in his words: via communicative action, i.e., via
discussions aimed at reaching understanding and agreement, or via the steering
media of money and power, which circumvent understanding and agreement and
substitute them with the goals of reaching ends and achieving efficiency and con-
trol. Mediation through money and power rather than language is necessary to
achieve efficiency in complex systems, but it alienates individuals, who do not feel
responsible. When economic, political and other systems are uncoupled from the
lifeworld, i.e., they no longer require common understanding and consensus, the
society experiences crises of identity and legitimation.

Placed in the context of Habermas’ lifeworld—system distinction, the system
takeover of the concepts that technosciences deal with, including the concepts of
life, nature, creation, or harm, may lead to crises of identity and legitimation. These
are complex concepts that combine elements of the objective, subjective, and
intersubjective worlds. The engineering approaches along with the emphasis on
products and instruments advance the goals of control, efficiency, and production,
and remove other goals, such as co-existence or empathy, from consideration.

According to Habermas, in order for society to develop in a stable and pro-
gressive manner, actors must be able to connect newly arising situations with
meanings, groups, and generalized competences that already exist in the lifeworld.
Such connections facilitate cultural reproduction, social integration, and socializa-
tion. A crisis occurs when individuals cannot interpret or justify information and
decisions by using existing interpretative repertoires; they do not know how to act
and what to do because the existing interpretative repertoires do not provide enough
guidance; or they feel that groups with which one could identify are not legitimate
or valid anymore.

The reluctance of the public to rely on scientists as experts and the polarization
of opinions with regard to genetic engineering are examples of the legitimation
crisis. As scientists and the state might be interested in the advancements of syn-
thetic biology as a way to achieve particular system-oriented ends, such as boosting
economy or solving the energy crisis, they increasingly rely on a particular inter-
pretive repertoire, i.e., on the engineering tropes that are best suitable for such
goals. But the accumulating scientific knowledge does not fit within the existing
lifeworld structures and cannot be accepted as legitimate until the scientific and
non-scientific meanings get reconciled through extensive communication or forced
via systemic measures, e.g., via ratified laws and policies.

At the same time, scientific controversies are also a crisis in solidarity as the
conflicting attitudes towards scientific issues erode the identity of certain collec-
tives, such as scientific experts, activists, citizens, or local communities. As these
groups include members who hold different opinions and can be for or against
certain approaches to an issue at question, the membership in those groups becomes
problematic. For a researcher, for example, raising questions about the role of
values and politics in scientific research or about personal responsibility for ones
actions can be interpreted as questioning their group solidarity.
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Another factor that contributes to tensions surrounding scientific progress is the
so called expert-layperson divide. On one hand, the expert-layperson distinction can
be taken at its face value and viewed as an inevitable outcome of the division of
labor and professional specializations. It is inevitable that those who contribute to
the production of knowledge know more about their object of studies; therefore,
they have more authority and weight in discourse. On the other hand, such dis-
tinctions can be viewed as means through which power is exercised and certain
types of knowledge become more valued than others (Foucault 1982). The
movement towards more equal participation of various members of society in
science communication would have to (a) counteract professional expertise with
other kinds of expertise, i.e., economic, linguistic, interactional, or cultural, and
(b) elevate the status of other competences and convincingly argue that the
knowledge-producing status of scientists is not sufficient for them to maintain their
privileged position in the evaluations of synthetic biology that have wide societal
implications.

Foucault described several objectives pursued by those who exercise power,
such as the maintenance of privileges, the accumulation of profits, and the exercise
of a function. While such objectives can be presumed to exist and influence current
activities in knowledge production, some if not most of the justifications that are
employed in the synthetic biology discourse mask those objectives and promote
disinterestedness and universalism as the foundational norms of science. The
objectives focus on the production of goods, advancement of knowledge, and
improvement of human life. It is difficult to object to those goals. Further research
of power relations specified by Foucault can reveal how particular forms of insti-
tutionalization, e.g., the autonomy of scientific institutions and the development of
non-university labs, and degrees of rationalization, e.g., the technologization of
scientific production and communicative resources, contribute to the exercises of
power in relation to science in the public sphere.

To summarize, critique offers a particular perspective on the approaches to the
evaluations of synthetic biology. As a form of reflective practice that involves both
understanding and explanation, it helps to show the character and limits of existing
issues and claims in synthetic biology with the ultimate goals of self-transformation
or societal change. It invokes the concepts of reason and rationality, justice, and
power and addresses the following questions:

e What underlying values and ideological positions contribute to decision-
making?
Who benefits from the decisions that are being made and from the outcomes?
Who has the power to make things happen?

e What views and values dominate the discourse and which ones are invisible or
marginalized?

e What are the foci and reasons of resistance and opposition?

e What cultural and social contingencies need to be taken into account when
making decisions about science?

e Are there any opportunities for change and is such a change desirable?
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7 Conclusion

The critical participatory framework proposed in this chapter places decisions that
need to be made with regard to the analysis and evaluation of societal impacts of
synthetic biology in the historical, social, cultural, political, and economic contexts.
It argues that the decisions in context need to be examined from the perspectives of
participation and critique to make sure that the complexities and interactions in
practices and discussions of synthetic biology are addressed on various levels.
Figure 4 condenses the framework into a single diagram that can guide specific
evaluation designs and implementations. The analysis provided in this chapter is a
snapshot that illustrates the use of the framework and the trends in themes,
meanings, and decisions within a certain historical period. Critical awareness of
innovations in synthetic biology would necessitate more analyses over time to
monitor developments and decision-making and to offer adequate solutions.

The factors and questions suggested as crucial in each component of the model
are by no means comprehensive. They are the initial relevant points that will allow
the evaluators to become sensitized to particular issues in order to develop a
focused approach suitable for addressing a more specific problem or a question. The
analytical procedure suggested by this framework involves multiple iterations of
going back and forth between decision points, context, participation, and critique in
an attempt to evaluate societal impacts and justify decision-making. The framework
can also be used to create mappings that are comparable over time and across
systems, for example, to compare nanotechnology and synthetic biology.

ﬂontext \

Purposes of evaluations

History of synthetic biology
Connections to other disciplines
Genres and sources of discourse
Channels of information
Structurés of labor and revyards Impact
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Fig. 4 The critical participatory framework for the evaluation of synthetic biology: components
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Synthetic Biology—Playing Games?

Leona Litterst

1 Play in Synthetic Biology

Professional synthetic biology aspires to an ideal of planning and controlling.
Mostly predefined purposes are pursued in long-term projects in a result-oriented
way, and synthetic biology is predominantly grasped as bioengineering (cf.
Billerbeck and Panke 2012, pp. 19—40; Kéchy 2012b, pp. 140-143). In engineering
a purpose- and application-oriented approach is dominant. Contrary to this, terms
that explicitly underline the playful component are often used in descriptions of
synthetic biology and contribute to the generation of a picture of a new and different
scientific field that sets itself apart from the traditional scientific community.'
According to Engelhard (2011, pp. 52-53), too, there is a change in the research
culture of synthetic biology in comparison to gene technology, and the playful
component, she holds, is a characteristic that is specific to synthetic biology.
When Schrauwers and Poolman (2013, p. 142) state that DNA is suitable as a
matter for playing, they pick up a common stance in synthetic biology: to count
genetic as playful elements. The most explicit allusion to modularization and
standardization as well as play in synthetic biology is made in connection with

"In the media, the new quality of synthetic biology seems indisputable (Kéchy 2012a, pp. 33-49).
However, Potthast (2009, p. 43) deemed it not appreciable whether synthetic biology actually
represented a paradigmatic shift. Due to the transitional period in which synthetic biology was at
that time and still is at present, it is possible that the alleged paradigmatic shift is just a pretense to
awake the public interest and the interest of solvent sponsors, without practicing anything fun-
damentally new.
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functional standardized DNA sequences, so-called BioBricks. Due to their modular
and standardized design, BioBricks can be removed and combined in any order and
are therefore frequently compared to Lego Bricks (cf. Benner 2012; iGEM-Team
UNIK Copenhagen 2014). BioBricks that are characterized and categorized are
collected in an open access internet data base, the so-called “Registry of Standard
Biological Parts”,> which is central in the yearly iGEM (International Genetically
Engineered Machine) competition. Teams that participate in the iGEM competition
aim at equipping organisms with new features by using available BioBricks or at
creating entirely new BioBricks. Bacteria smelling like banana or microbial
photobase paper are only two examples that have arisen from this “playground of
visions” (Fritsche 2013, p. 16)* and illustrate the playful character of scientific
research in iGEM. The creativity of the teams and the fun-factor are often pointed
out as characteristic for the competition and awake the interest of young scientists.
While a playful spirit is often found in institutional synthetic biology laboratories,
the competition was originally exclusively offered to undergraduates without sci-
entific degrees, and now even has a pupils’ section.* This seems to underline the
ease with which the techniques can be grasped and practiced.

The ease with which synthetic biology can allegedly be carried out is related to
another arena for synthetic biology play: “garage biology” or ‘“do-it-yourself
(DIY)” biology, where amateur scientists or artists apply techniques of synthetic
biology at home or in non-commercial laboratories (Nature Editorials 2010), or
scientists try out some ideas outside the official science institutions. Geneticist Ellen
Joergensen, president of Genspace, a non-commercial laboratory in Brooklyn, has
pointed out that the reason for people coming to these laboratories is their passion
for science and not to earn a living from it (Charisius et al. 2012, p. 59). Lay
researchers are free in choosing their subjects and projects, and a lot of creativity is
released. Furthermore, they are typically interested in inspiring other people to carry
out research in non-commercial laboratories, too. Thus on the Genspace (2014)
homepage the programmatic question is posed: “Remember when science was
fun?”

The attitudes towards garage biology of some established scientists are some-
times quite more cautious. Some considerate DIY biology as a security risk (cf.
Bennett et al. 2009; Kuiken 2013). However, the spirit of play does beside the DIY
biology and the iGEM competition also exist in some established labs.

Before I return to the role of playful components in synthetic biology from a
critical perspective, I will introduce some aspects of the theory of play and point to
the distinction between “playing with ideas” and the so-called “bricolage” as two
different modes of creative scientific findings in the sciences.

Zhttp://parts.igem.org/Main_Page. Accessed 12 Nov 2014.

3Orig. “Spielwiese der Visionen”.

4Additi0nally, every iGEM-team is accompanied by a supervisor and a parallel overgraduate
section developed in recent years.
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2 Play in a Broader Perspective

2.1 Theory of Play

There are various kinds of play: play of children, adults and animals, war games,
betting and gambling as well as transitional and hybrid forms. There are group
games and single-player games, like solitaire, in which the coincidence with which
cards are shuffled is the antagonist. Even the juggler plays against centrifugal force,
the acrobat against gravity and the hiker against the challenges of nature
(Staudinger 1984, pp. 30-31). The “play of light” and playing with thoughts, force,
risk and destiny are commonly used phrases. Someone can play a role, a foul or an
evil game (Grupe 2001, pp. 466-467).

Staudinger (1984, p. 30) considers playing not as something minor or merely
childish, but as an opportunity for the realization of creative humans in freedom.
Thus play is meaningful as an expression of freedom, but is not necessary and has
no benefit beside itself. It happens in freedom and by choice out of lust, pleasure
and abandonment. Human play as a specific form of playing arises, according to
Kiinsting (1990, p. 57), from a process of fluctuations of certain complementary
natural and cultural powers. It differs from natural play in quality, as humans
disclose in an act of awakening a new world with two complementary modes of
being: nature and culture. One widely referred description of the term “play” was
given by Huizinga (1949):

Summing up the formal characteristics of play we might call it a free activity standing quite
consciously outside ‘ordinary’ life as being ‘not serious’, but at the same time absorbing the
player intensely and utterly. It is an activity connected with no material interest, and no
profit can be gained by it. It proceeds within its own proper boundaries of time and space
according to fixed rules in an orderly manner. It promotes the formation of social groupings
which tend to surround themselves with secrecy and to stress their difference from the
common world by disguise or other means. (p. 13)

In addition, Staudinger (1984, p. 32) points out that a specific space is essential
for playing. Through the specific space, the game can be differentiated from the
separate non-play-world. According to Staudinger (ibid., p. 38), a game is always
innocent and does not long for “good” or “bad”. A moral dimension occurs only in
the non-play-world. Contrary to this, partially an immanent morality in the game is
assumed (cf. Montada 1988, p. 26). This shows, that morality in play is a con-
tentious issue. Nevertheless play remains embedded in a moral scope of the
non-play-world and therefore it takes place in an area of moral conditions of the
non-play-world.

Despite the ambiguity of the term, Grupe (1982, p. 122) identified six features of
play that apply to most of its usages: no purpose, not ordinary, not necessary, freely,
instantaneously and a form of self-realization. Notably the two features “innocence”
and “purposeless” of play are relevant regarding play in the sciences.



246 L. Litterst

2.2 The Science Game

According to Staudinger (1984, pp. 32-34) the ideal of “pure” sciences conforms to
several criteria of play: Science is voluntary as no one is forced to do research;
research in “pure” science is done for mere pleasure and joy in it, without any
benefit but success; science is subject to a high extent of regularity, and these rules
constitute scientific work as such; forming hypotheses and experimenting are the
options to play the game in sciences and thereby research reminds of a challenge or
competition in which the combatant is the unknown piece of reality. To recognize
and verify this piece of reality, to acquire it corresponding to the rules, may finally
lead to the pleasure of success in the “big game in research”.

On the other hand, according to Huizinga, the fact that science seeks validation
with respect to reality implies that it cannot entirely be counted as a game, but may
indulge in play “[...] within the closed precincts of its own method” (Huizinga
1949, p. 203).

One mode of playful scientific finding is relevant: the spontaneous, improvised
and almost free scientific “playing with ideas” (cf. Lorenz 1983, pp. 83-84). The
physics Nobel laureate Richard Feynman wrote in his autobiography:

Then I had another thought: Physics disgusts me a little bit now, but I used to enjoy doing
physics. Why did I enjoy it? I used to play with it. I used to do whatever I felt like doing — it
didn’t have to do with whether it was important for the development of nuclear physics, but
whether it was interesting and amusing for me to play with. [...] It was effortless. It was
easy to play with these things. It was like uncorking a bottle: Everything flowed out
effortlessly. I almost tried to resist it! There was no importance to what I was doing, but
ultimately there was. The diagrams and the whole business that I got the Nobel Prize for
came from that piddling around [...]. (Feynman et al. 1985, pp. 173-174)

Thus, although sciences cannot entirely be counted as play, playful scientific
findings limited in time and space are possible and are definitely practiced: in
process-oriented work, perception of form and intuitive thinking. The researcher
intuitively follows certain directions at the beginning, but is prepared to desist from
his aims at any moment and to follow up other aims that appear during the working
process (Kiinsting 1990, pp. 31-35). This kind of playful approach is spontaneous,
hardly controlled, and developed to a good deal out of improvisation. It is mostly
applied without awareness of its playful character (ibid., p. 32). Occasionally it is
considered as “unscientific”, and it is not usually highlighted as a mode of gaining
knowledge. It is not liable to tight regimentation, and it is uncommitted, thus the
result always remains open. From this point of view, the external purpose of gaining
knowledge is only relevant in the non-play-world. Within the actual playful
approach, it is not dominant. The internal purpose of play is exclusively the playing
itself. However, while “playing with ideas” is “innocent”, it remains embedded in
the ordinary world of non-play, an area of moral conditions which entails a
dimension of responsibility. The scientist remains in the non-play area of moral
conditions while temporarily resorting to a sphere of playing which might even be
at odds with the responsibility dimension.
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However, a second mode of creative scientific finding is also relevant: the
so-called “bricolage”. It is an attitude of tinkering in which the structuralist
Lévi-Strauss (1968, p. 29) saw the instrument of any progress. The “bricoleur”
collects objects upon which he stumbles without knowing what to assemble from
them. From these collected things, he produces useful objects (Jacob 1983, pp. 50—
55). Thus the “bricolage” is characteristically purpose-oriented even if the purpose
is not absolutely dominant. Therefore it is not a game but rather a creative way of
achieving scientific findings.

In synthetic biology as bioengineering field the purpose- and application-
oriented approach is dominant. Thus, the major mode in synthetic biology is the
creative but purpose-oriented bricolage, and that is no game.

3 Ciritique of “Play” as a Label in Synthetic Biology

3.1 Covering up High Hazards

Playful-creative scientific approaches were applied as one method to accomplish
scientific findings long before synthetic biology emerged and are still used today in
other fields, too. On the other hand, play has in science normally not been explicitly
conceived as a form of gaining knowledge. Therefore, the expressly desired playful
component can be seen as a specific characteristic of synthetic biology.

However, the simplicity with which the techniques of synthetic biology can be
grasped, even by undergraduates and laymen, let them appear as playfully simple
and riskless. This reveals that the label play with its connotation as “innocent” is of
importance. It conveys an image of playful nonhazardous research. This perspective
of “innocent playing” is in clear contrast to the potential hazards of synthetic
biology in the real world. As a matter of fact, the risks of synthetic biology for
humans and the environment are not sufficiently investigated and can therefore not
be reliably estimated or excluded at present.

Therefore, creative elements are relevant in science and also in synthetic biology
to achieve scientific findings. However, the label “play” conveys an inadequate
presentation of synthetic biology to the public. This could contribute to mildening a
potentially adverse attitude towards synthetic biology in society. Furthermore, the
potential hazards of synthetic biology for humans and the environment may fall
from view and the responsibility dimension might thus get lost out of sight. This
could be highly problematic because potentially high-risk biotechnologies like
synthetic biology should be accompanied by ethical reflections, for example the
issue of responsibility, while “playing games”. Therefore, synthetic biologists
should avoid downplaying potential hazards and rather adopt an attitude of con-
scious responsibility that entails transparency (cf. Grunwald 2012, pp. 96-99;
Engels 2003, p. 43).
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3.2 Orientation Towards Academic and Financial Profit

According to Staudinger (1984, pp. 36-38), the money used for scientific research
arises from the public authority and reveals one possible limitation of freedom in
view of the playful character of sciences. The money lender, i.e., society, is allowed
to codetermine what is to be done with the benefits. This touches upon aspects of
science policy and strategy, when the public gives money and in return expects the
fulfillment of needs for health, energy, protection of the environment, and much
more. Furthermore, Staudinger underlines that due to the negative development in
sciences, dubious craving for recognition and name-dropping is dominant. Science
becomes a mere academic gimmick. The public charter, the invested money that is
allocated to the sciences, is being abused.

In fact, the majority of research areas in synthetic biology are still in the state
of—apparently playful—basic research, notwithstanding the fact that in the long
term the applications are of significant interest. Specific corporations founded by
the researchers themselves shall bring these applications to the market. Like no
other scientist in synthetic biology, Craig Venter is in the public eye, presenting
himself as a researcher “playing with Lego Bricks” and as a tough-minded econ-
omist bringing his research to application in a profitable way at the same time. As a
researcher, he may have raising new funds in view. As an economist, he glances at
the profitability of applications on the bioengineering market.

The economic obligation of researchers in the new biotechnologies, is apparent.
Insofar, synthetic biology is liable to an increasing commercialization, although, as
I have described above, neither technological and commercial orientation nor
playfulness are novel components of or in the life sciences.

Also in the iGEM competition, two important aspects become apparent: On the
one hand the basic idea of play and the open source concept of the parts registry. On
the other hand, there are economic aspects, when BioBricks are patent-registered
and when the teams have to find industrial sponsoring partners. In addition, some
projects are brought on the market when the iGEM competition is finished (cf.
Wagner and Morath 2012, pp. 134-135).

In the context of the increasing orientation of researchers towards values like
prestige and financial profit, it appears that the playful character of synthetic
biology receives a particular meaning. An analogy to the financial world may
illustrate that: gambling is not done just for the sake of playing, but to a significant
extent for financial profit. Besides the desire to play, there is the goal to gain
economic benefits. The playful character of gambling places the dominant greed of
financial enrichment closer to the sphere of harmless play and thus covers it up.

In the new biotechnologies, scientists can profit in several ways from their own
scientific findings in the “game”. This reveals that in the context of synthetic
biology, notably with regard to the iGEM competition, the playful character is a
perspective that—implicitly or consciously—pretends a non-purpose-oriented
direction. Like every scientific field synthetic biology contains playful and crea-
tive elements as a way to achieve scientific findings. However, in synthetic biology
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the major mode is the purpose-oriented bricolage, and that is no game. Thus,
synthetic biology in general is no area of purposeless play but of responsibility. In
synthetic biology “playing games” is primarily a label that may serve the econ-
omization in the sciences. It is therefore connected to an inadequate public exhi-
bition of the research of synthetic biology. Thus the orientation towards academic
and financial profit may be lost out of sight.

4 Conclusion

The perspective “playing games” in synthetic biology, particularly with regard to
the iGEM competition, may support the increasing interest of young researchers
and is relevant because it may lead to new scientific findings. At the same time it is
connected with an inadequate representation of the research of synthetic biology,
not least in and for the public.

The expressly desired playful image of synthetic biology is problematic because
it evokes associations of innocence and of purposelessness. However, in
application-oriented synthetic biology, “bricolage” is the major mode, and this is
not a game but rather a creative way to achieve scientific findings. Therefore,
application-oriented synthetic biology is not an area of innocent and purposeless
play. Risks of synthetic biology for humans and the environment cannot be reliably
estimated or excluded at present. Further, scientists can profit in several ways from
their own scientific findings in the new biotechnologies. Thus the label “play” in
synthetic biology can serve the economization in the sciences and could be used to
downplay the potential hazardousness of this new biotechnology. This is at odds
with the responsibility dimension necessary for an appropriate ethical deliberation.
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Metaphors of Life: Reflections
on Metaphors in the Debate
on Synthetic Biology

Daniel Falkner

1 Introduction

If we view life as a machine, then we can also make it: this is the revolutionary nature of
synthetic biology. Until recently, biotechnologists focused on modifying the DNA of
existing organisms (genetic modification). Synthetic biologists go one step further. They
want to design new life and construct this from scratch. (de Vriend et al. 2007, p. 2)

This is how the Rathenau Institute introduces a letter “Synthetic biology: con-
structing life”, which was addressed to the Dutch parliament in 2007, at a very early
stage in the development of the research field of synthetic biology.' The “revolu-
tionary nature of synthetic biology” here means both a paradigm shift—from the
reading to the writing of DNA, from trial and error to programming software, from
the modification to the design and construction of living organisms—and a “rev-
olutionary power of converging technologies” to influence and to drive scientific
and technological developments (de Vriend et al. 2007, p. 2). This claim of a
revolution in paradigms and in progress often comes together with a terminology
which contains the remarkable metaphorical concepts of life as a machine and of
constructing, designing, and programming life (Boldt et al. 2009; Kochy 2012).
The early prophecy of a revolution in life science and biotechnology, worded in
metaphors of machines and computers, seemed to come true when in May
2010 J. Craig Venter announced the world’s first synthetic cell and brought syn-
thetic biology into the awareness of public perception (Gibson et al. 2010). Along

'For a detailed description of the Rathenau Institute’s initiatives to facilitate early engagement with
synthetic biology, see Rerimassie (this volume).
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with the presentation of this milestone in the young history of synthetic biology a
remarkably computer metaphor was introduced to describe the process of creating
and activating the synthetic genome:

I describe DNA as the software of life and when we activate a synthetic genome in a
recipient cell I describe it as booting up a genome, the same way we talk about booting up a
software in a computer. (Venter 2012)

Venter not only used the same metaphorical frames as the letter from the Rathenau
Institute five years earlier—he also interpreted synthetic biology as a kind of rev-
olution in science and claimed the start of the “Digital Age of Biology” (Venter
2012).

In the present chapter I want to analyze the impression that arises from these
(and other) citations: that there seems to be a connection between the paradigm shift
in the epistemological approach, the technological development, the societal dis-
course and the metaphors that are used to describe, explain and argue the new field
of synthetic biology and its revolutionary nature. My hypothesis is that metaphors
play a constitutive and mostly underestimated role in science in general, in the
modern life sciences and bio-technologies in particular, and also in the accompa-
nying ethical debate. The current discussion on synthetic biology can be seen as a
prime example for the different ways metaphors enter into an area of conflict
between science, technology, society and ethics. In a first step I take a look at the
ethical debate on synthetic biology and analyze the ways in which metaphors have
been addressed (2). Then, due to a lack of a theory of metaphor within the synthetic
biology debate, I give a short excursion into the history and theory of metaphor
(3) and start to develop an analytical frame to determine and decipher the specific
role and functions of metaphors in the intersection of science, technology and
society (4). This analytical frame is then applied to the metaphor of the genetic code
which is the common reference point and driving force in a reconstructed story
from Erwin Schrodinger to Craig Venter (5). This leads to a reassessment of
synthetic biology between science and art but also to a focus on the obscure and
ideological dimension of the metaphorical speech about the revolutionary nature of
synthetic biology (6). The last section sums up the results and presents three
functions of metaphors that allow three perspectives of reflection and critique on
metaphors in synthetic biology (7).

2 Metaphors of Life. How Metaphors Enter the Debate
on Synthetic Biology

The frequent use of metaphors in the field of synthetic biology is observed and
addressed by various authors of the accompanying Ethical, Legal and Social
Implications (ELSI) research. Amelie Cserer and Alexandra Seiringer notice that
metaphors of synthetic biology are to a large extent borrowed from the field of
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technical artefacts and industrial products (Cserer and Seiringer 2009). The com-
plexity and newness of synthetic biology is explained in mainly mechanistic and
industrial analogies which could lead to disturbing social consequences: “[...] the
mechanistic and industrial metaphors give the impression that the creation of life by
the Synthetic Biology technologies end up in artefacts, which are as easy to control
as a car or an inkjet printer.” (Cserer and Seiringer 2009, p. 34)

Kirsten Brukamp comes to a similar conclusion. She classifies the metaphors and
unusual expressions in synthetic biology into different topics: engineering, con-
struction and architecture, electro-technics, information theory, computer science,
design, and theology (Brukamp 2011, pp. 70-71). She also suggests an evaluation
of the usage of this terminology: A new descriptive vocabulary, such as “engineer
biology”, would be acceptable and sometimes even necessary. But metaphors such
as “to program cells” are already highly problematic, because they could be
understood as provocative and thereby could lead to an escalation of the debate.
However the use of implicit valuation, such as “to awaken synthetic life”, should be
entirely avoided, because it often leads to misunderstandings and causes moral
irritation and conflicts. Brukamp concludes that metaphors and eye-catching ter-
minology contribute to a hype about synthetic biology, but are on the whole
inadequate and even wrong with respect to the factual state of research (Brukamp
2011, p. 73).

Boldt, Miiller and Maio note that within the discussion of problematic ethical
and anthropological implications of synthetic biology a critical analysis of meta-
phors must be undertaken in three steps (Boldt et al. 2009, p. 57): first, a critical
inquiry of metaphors that reveals their semantic content and their historic cultural
implications, second, a demonstration of the innovative and epistemic potential of
metaphors; and third, an investigation of the reality-constituent function of meta-
phors from an ontological and an ethical point of view. With these methodological
considerations, technomorphic metaphors such as living machine and artificial cell
are introduced as expressions of an ontological constitution of a new world of
objects (“Ontologisierung”, Boldt et al. 2009, p. 55). In a careless and
non-reflective use, this could imply an artificialization and reification of nature
(Boldt et al. 2009, p. 60). Not only could this lead to problems with regard to the
ontological and moral status of artificial organisms, it could also affect our concept
and value of life:

All of this vocabulary identifies organisms with artifacts, an identification that, given the
connection between ‘life’ and ‘value,” may in the (very) long run lead to a weakening of
society’s respect for higher forms of life that are usually regarded as worthy of protection.
(Boldt and Miiller 2008, p. 388)

Jens Ried, Matthias Braun and Peter Dabrock reconstruct the socio-cultural back-
ground and motives of metaphors in relation to their use in the ethical debate on
synthetic biology in “Unbehagen und kulturelles Gedéichtnis” (Ried et al. 2011).
Characteristic of the public debate are a lack of knowledge on what synthetic
biology is and the feeling of discomfort as a response to visions and goals of
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synthetic biology and as an expression of vague concerns about unforeseeable
safety and security risks. In reference to Freud’s study on “Unbehagen in der
Kultur” and Assmann’s theory of cultural memory such uneasiness is attributed to a
lack of meaningful figures or blocked interpretive frames (“gesperrte
Deutungsmuster”) on the basis of common metaphors (Ried et al. 2011, p. 356).
Therefore, particularly religious metaphors like “playing God” and “creating life”
could serve as implicit indicators that refer to a deep-rooted sphere of societal
subconsciousness and cultural memory in which the basic cultural and anthropo-
logical limits are questioned by synthetic biology.

In conclusion, metaphors in the ethical debate on synthetic biology are seen as
the reason and cause of moral uncertainty and irritation in society. The engineering
paradigm and the instrumentalist approach to life are reflected in mechanistic and
industrial metaphors such as “living machines”, “engineering life” etc. They
illustrate how synthetic biology touches culturally and normatively charged and
deeply rooted distinctions of living and non-living matter. Because metaphors seem
to conflate the categories of “life” and “machine” they are rated as inadequate for an
ontological determination of the new entities of synthetic biology, and, due to an
artificialisation and reification of nature, it is assumed that they could lead to
problematic ethical consequences with regard to our concept of life. At last meta-
phors such as “playing God” and “creating life” are perceived as expressions of
social discontent and moral irritation. In this view they are ciphers on the surface to
a deeper hermeneutical dimension in the unconscious of the debate on synthetic
biology.

3 Metaphors We Live By. A Short Excursion
into the History and Theory of Metaphor

Most of the contributions mentioned above see a need for critical evaluation of the
ethical implications of using metaphorical language. There seems to be agreement
that there is a danger in using metaphors because they are not adequate and could
cause trouble. I suggest that this view on metaphors does not correctly conceive the
specific role of metaphors in scientific contexts and misses the actual ethical
dimension of metaphors as driving forces and argumentative instances in com-
munication between science and society. Although a need to analyze metaphors is
declared, there is a lack of a theory of metaphor and of a methodological framework
to analyze and criticize metaphors in the specific context of synthetic biology.
Furthermore, the relation between scientific and technological developments and
the ethical relevance and societal dimension of metaphors remains unclear.
Technological and scientific progress can cause social and ethical conflict, when
new options emerge that can no longer be regulated by the established ethical
concepts and terms of a society. Such “situations of normative uncertainty” require
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an ethical re-orientation for both the scientists and society (Grunwald 2008, p. 55).
This is currently the case in synthetic biology. Most of the different approaches and
research projects that gather under this umbrella term (Balmer and Martin 2008,
p- 3) can be related to the topic of “creating life” (see Eichinger, this volume),
which is present in all dimensions of the scientific process. In synthetic biology the
scientific, technological and societal dimension of research can no longer be kept
apart. In this sense synthetic biology is a technoscience, which means it is not only
a scientific programme but also a cultural and societal phenomenon (see Miiller, this
volume). This also means that the ethical conflicts and moral irritations, evoked by
the claim to create life in the lab, also appear on all levels of the epistemic process
of theory building, of technological progress in research praxis, and on the level of
societal discourse. However, to face these conflicts is also a task of communication.
Ethical debates and social discourses are the places where these ethical conflicts
appear as the subject of a social praxis of argumentation and reasoning, in which
language plays an important role. Therefore, situations of moral uncertainty and
missing ethical orientation call for adaptation of language to a changing and
evolving world that we perceive, describe and interpret as a world in which we act
and argue. This brings us back to metaphors.

At first glance, metaphors are linguistic devices to illustrate and paraphrase
complex, abstract and unknown issues in terms of known concepts. This is already
true for the definition of metaphor by Aristotle: to give to a thing a name that
belongs to something else (Aristotle et al. 1920, 1457b 6-9, pp. 71-72; cf. Ricoeur
1978b, pp. 13-24). Later, metaphors were attributed and reduced to a mere rhe-
torical function of substitution, and in the traditional philosophy of science meta-
phors were ignored or even disregarded as improper or metaphysical language
because of their vague and ambivalent character. But at least since the interaction
theory of the Anglo-Saxon philosophers I.A. Richards and Max Black there has
been a remarkable turn in the history of the theory of metaphor. They defined the
metaphor no longer as a semantic transfer process or a paraphrasing substitution
bound to the linguistic level of words, but as an interaction of metaphorical and
literal meaning and an interplay of the metaphorical speech and its context of use.
Since then many authors have insisted on taking metaphors and their use in science
and communication more seriously. In their famous book “Metaphors we live by”
George Lakoff and Mark Johnson exposed a fundamental cognitive function that
goes far beyond a merely rhetorical function of metaphors and transferred the
results of the interaction theory into cognitive linguistics (Lakoff and Johnson
2003). They argue that metaphors as entities on the surface of language are based
on deep-rooted, embodied schematic concepts and thereby structure and organize
our perception of the world. In short: Thinking in metaphors allows us to under-
stand the world—and therefore to live and to act in it—by explaining new and
unknown things in terms of already known, experienced concepts. This means that
both scientific language and daily communication are fundamentally rooted in
cognitive metaphorical transfer processes, which is why Lakoff and Johnson speak
of “metaphors we live by”.
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4 Living Metaphors. The Role and Functions
of Metaphors in the Intersection of Science,
Technology and Society

There is a wide and vast range of theories and literature about metaphors in science in
general and in biology and life sciences in particular. Max Black, Mary B. Hesse, and
Evelyn Fox Keller are just a few authors who described the role and function of
metaphors in scientific language (Black 1962; Hesse 1970; Keller 1996). The con-
stitutive aspect of metaphors in common language and their foundation in basic
cognitive schemes of perception are the latest results of a theory of cognitive lin-
guistics by George Lakoff and Mark Johnson and many others (Fauconnier and
Turner 2002; Kovecses 2010; Lakoff and Johnson 2003). Bernhard Debatin, Michael
Pielenz and Martin Seel are representatives for approaches to the argumentative
dimension of metaphors in reasoning (Debatin 1995; Pielenz 1993; Seel 1990).

The goal of the following attempt is to bring aspects of these authors’ analyzes
together in a critical perspective on metaphors in synthetic biology and thereby to
develop an analytical frame, which can be applied as an instrument of critique and
evaluation of discourses between science and society. My starting point is the critical
hermeneutics of Paul Ricoeur, as presented in “The rule of metaphor” (Ricoeur
1978b). This theory of the “living metaphor” historically and systematically com-
bines linguistic and philosophical traditions and concepts, from Aristotle to Max
Black, in a very fruitful and productive way. He provides a semantic determination
of structure and function of metaphor, clarifies the philosophical relation between
metaphor and reality, and situates it as a dialectic principle of innovation and critique
in the social praxis of human understanding and argumentation.

The essence of Ricoeur’s thesis is captured in the figure of the paradox of copula
and means language creativity and innovation on the basis of a “semantic twist at
the level of sense” (Ricoeur 1978a, p.146). By contradicting the rules of literal
language the metaphor releases a new, metaphorical meaning which refers to reality
in the mode of the statement “being-as”, and claims “is” and “is not” at the same
time: “Being-as means being and not being. Such-and-such was and was not the
case.” (Ricoeur 1978b, p. 306) This dialectical tension within the semantic and
referential structure of the metaphor is the origin of the possibility of creativity and
innovation in language. Above all, Ricoeur aims at an innovative and critical
dimension of a theory of metaphorical reference, when he designates the metaphor
as the heuristic function of a redescription of reality (Ricoeur 1978b, Introduction).
With this concept of metaphorical redescription, borrowed from Mary B. Hesse, he
includes the interaction theory of Max Black and adopts his analysis of models in
science to his own metaphor theory:

The central argument is that, with respect to the relation to reality, metaphor is to poetic
language what the model is to scientific language. Now in scientific language, the model is
essentially a heuristic instrument that seeks, by means of fiction, to break down an inad-
equate interpretation and to lay the way for a new, more adequate interpretation. (Ricoeur
1978b, p. 240)
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According to Black, models are “sustained and systematic metaphor[s]” and
“sometimes not epiphenomena of research, but play a distinctive and irreplaceable
part in scientific investigation” (Black 1962, p. 236). Hesse takes up this trail and
reformulates Blacks interaction theory of metaphor in terms of Wittgenstein’s
family resemblances (Arbib and Hesse 1986, pp. 151-153; cf. Hesse 1988). Her
main thesis is that the deductive model of scientific explanation must be modified,
acknowledging the underlying metaphoricity of language, and complemented by an
approach of theoretical explanation as metaphoric redescription of the explanan-
dum (Hesse 1970, pp. 157—-177). Such a perspective on the innovative potential and
imaginative power of metaphors avoids the dualism of reality and fiction and
supports a critique of an objectivist, positivist ideal of scientific progress. This leads
to the acknowledgement of an epistemic normativity of metaphors and models in
science, which lies in the function of “redescription” and the mode of “seeing as”
(Arbib and Hesse 1986, pp. 149-150). Revolutions in scientific progress and par-
adigm shifts now appear driven by the dynamics of a metaphorical redescription:
“Scientific revolutions are, in fact, metaphoric revolutions, and theoretical expla-
nation should be seen as metaphoric redescription of the domain of phenomena.”
(Arbib and Hesse 1986, p. 156). In terms of Ricoeur, the metaphorical reference
appears as a “critical instance, directed against our conventional concept of reality”
in philosophical discourses and leads to an extended concept of truth (Ricoeur
1978b, p. 305).

The place where a metaphor can act as such a revolutionary and critical instance
is at last communication, i.e. the social practice of reasoning and arguing (Debatin
1995, p. 323). The metaphor can thus be seen as a starting point and instrument of
critique of nominalistic theories of language and meaning. To use metaphors as
such instruments of reflection and critique in a rational way requires, as Debatin
points out, a method of “reflexive metaphorization” which means to reveal
underlaying metaphors as metaphors in the processes of scientific theory building
and philosophical discourses (Debatin 1995, pp. 163-168). In this sense Martin
Seel refers to metaphor as a “Trojan tournament horse” for and against the “fortress
of a systematic theory of meaning” (Seel 1990, p. 237). This critical function of
metaphors leads to an affirmative emphasis on the communicative and argumen-
tative power of metaphors. The metaphor is a truth-apt agent in argumentative
reasoning, not by expressing statements about facts in a figurative, non-literal
meaning, but by opening up new perspectives. Metaphorical speech puts things into
a new light and introduces a new way to talk about reality. At the same time, the
new perspective, introduced by the metaphor, is reflected as perspective through the
metaphor. This is the dialectical and reflexive structure of the metaphor (Debatin
1995, p 338; cf. also Zimmer 2003, pp. 27-37). To understand metaphorically
means to see something as something and establishes this perspective as an
autonomous truth claim within a social practice of reasoning where different per-
spectives, background concepts, and normative beliefs could come into an “debate
about truth” (Wellmer 2007; cf. also Wellmer 2004, pp. 166—173 and pp. 250-252).

With this background the processes of scientific theory construction and prac-
tical discourses occur as points of intersection for applying an ethical perspective on
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metaphors between science and society. Hence, three characteristic functions of
metaphors can be deduced:

1. An innovative function and the epistemic normativity of metaphors as the
condition and driving forces of scientific inquiry, paradigm shifts, technological
progress and political/social/ethical discourses

2. A reflexive critical function of metaphors to introduce a new description lan-
guage, open up new perspectives, and thereby correct and replace old, estab-
lished concepts on the level of theory building and philosophical discourses on
truth (see something as something)

3. An argumentative function of metaphors as truth-apt statements in the social
praxis of reasoning, involving a specific rationality and “logic of plausibility”
and bearing the potential of innovation and progress as well as ideological
disturbance.

5 A Metaphor Comes to Life. The Story of the Genetic
Code and Venter’s Digitalization of Life

Metaphors from the fields of information theory and computer science are,
alongside mechanistic and industrial metaphors, very prominent in synthetic biol-
ogy. This is no surprise, because in most of the approaches of synthetic biology the
technical progress in DNA sequencing and computational methods, play an
essential and crucial role (Bolker 2011, pp. 28-30; de Lorenzo and Danchin 2008).
One of the most prominent projects of synthetic biology, the “creation of a bacterial
cell controlled by a chemically synthesized genome” (Gibson et al. 2010), would be
unthinkable without enormous computing power and the efficiency of next-
generation sequenzing. One could say the synthesis of life is preceded by a digi-
tization of life. Before the artificial cell can be brought to life, a huge amount of data
has to be handled, the cellular processes must be represented as digital code, and
virtually simulated and designed in the computer.” This is the point Craig Venter is
aiming at when he speaks of “DNA as software of life”, and makes claims of a
“Digital Age of Biology”, which is the metaphorical rhetoric in his lecture “What is
life? A 21st century perspective”, given in Dublin in 2012 (Venter 2012).

At the same location, seventy years earlier, Erwin Schrodinger gave a hom-
onymic series of lectures and published these in the book “What is life? The
Physical Aspect of the Living Cell” in 1944 (Schrodinger 2012). With this pio-
neering work Schrddinger introduced the metaphor of the “genetic code” and

The following argument applies only to approaches which focus on DNA and are based on the
differentiation of the somatic and the genetic level. Some areas of synthetic biology, such as
bottom up protocell research, are not concerned with DNA. Although they work with computa-
tional methods and concepts, too, the metaphor of the genetic code script does not play a role for
these research projects.
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thereby significantly influenced the further history of modern molecular biology
and genetics (Fischer and Mainzer 1990). As a leading physicist of his time, who
witnessed and strongly influenced the paradigm shift from classical Newtonian
physics to quantum theory, Schrédinger looked at the phenomenon of living cells.
He asked from a “naive physicist’s” point of view how the statistically unlikely case
of life can be explained in physical terms and is even possible under the second law
of thermodynamics. To solve this riddle, he searched for models and analogies such
as the aperdiodic crystal, the Laplacedemonian, or “some kind of codescript”:

It is these chromosomes [...] that contain in some kind of code script the entire pattern of
the individual’s future development and of its functioning in the mature state. (Schrodinger
2012, p. 21)

This metaphor of a coded script should explain two conditions which are specific
for the phenomenon of life: first, the stability of the heritage factor against envi-
ronmental microphysical forces; second, the mutability as a condition to enable
selective evolution (Blumenberg 1986, p. 372). For this purpose Schrédinger
embedded his code script metaphor into other metaphorical concepts, such as law
code and architecture:

The chromosome structures are at the same time instrumental in bringing about the
development they foreshadow. They are law-code and executive power - or, to use another
simile, they are architect’s plan and builder’s craft - in one. (Schrodinger 2012, p. 22)

In the end it was the interpretation as Morse code that had a deep impact on the
following history of molecular biology, biochemistry and genetics:

For illustration, think of the Morse code. The two different signs of dot and dash in
well-ordered groups of not more than four allow thirty different specifications. (Schrodinger
2012, p. 61)

The philosopher Hans Blumenberg has described this episode within his metaph-
orological history of the legibility of the world (Blumenberg 1986, pp. 372-409).
The genetic code, descendent from the old script metaphor of the book of nature,
here fulfills the function of closing the gap between metaphor and model, i.e. a
transition from initially struggling with different metaphorical explanation models
to a hypothetic scheme that drives scientific research and initiates a paradigm shift.
According to Blumenberg, biochemistry and genetics were successful not least
because Schrodinger’s metaphorical idea was taken literally (Blumenberg 1986,
pp. 376-379). The approaches and visions of synthetic biology are now the latest
highlight of this successful story of modern life sciences—and, thereby, of the
genetic code metaphor. Venter referred to this in his anniversary lecture and placed
himself in an ancestral story of discovering the genetic code (Venter 2012).

But not only in the history of science can a line be drawn from Schrodinger to
Venter. The story from the discovery of the gene to the synthesis of a bacterial
genome is also the success story from reading the genetic code to writing DNA in
digital code of bits and bytes. Evelyn Fox Keller and Lily E. Kay have both pointed
out that it is not only the metaphor of the book of nature that sets the background
concept for reading and writing the genetic code: the technological and practical
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dimensions of research, the information discourse in computer science and cyber-
netics, and the political and social context of the cold war and the human genome
project all strongly influenced the history of biology in the middle of the 20th
century—and are contained, one could say “encoded”, in the metaphor of the
genetic code (Kay 2000; Keller 2002).

With this perspective it becomes clear that the metaphor of reading and writing a
binary code of life is not only for illustrative and eye-catching purposes, but rather it
is an expression of the theoretical approach and epistemic foundation with which
Venter describes and understands the development of biology and his own research.
He directly refers to the Morse code metaphor and brings it up to date by refor-
mulating it as digital computer code:

I view DNA as an analogue coding molecule, and when we sequence the DNA, we are
converting that analogue code into digital code; the 1s and O s in the computer are very
similar to the dots and dashes of Schroedinger’s metaphor. I call this process ‘digitalizing
biology’. (Venter 2012)

Venter does not just see DNA as the software of life, he actually and literally writes
this code. In this sense, DNA as digital computer code is not only an illustrating and
heuristic description, but a practical instruction for its own realization. The digital
world of artificial life in the computer becomes physical reality. “We can digitize
life, and we generate life from the digital world.” (Venter 2012) Now the thesis of a
potential ontologization and artificialization of life, mentioned above, takes a
remarkable turn: The metaphor of the genetic code comes to life in Venter’s cre-
ation of the first artificial organism in a true sense of the word. The metaphor of the
genetic code is obviously more than just a metaphor. It is a redescription of reality
in the sense that the cellular processes of replication under the conditions of stability
and mutability of the genetic factors can not only be explained as based on “some
kind of codescript”, as Schrodinger assumed, but also initiated and created as
digital code. This shift from the domain of explanation to the domain of phenomena
—which can be seen analogous to the shift from analysis to synthesis that is
claimed as the revolutionary nature of synthetic biology—had a striking impact on
the epistemic and technical principles of research and the scientific and societal
discourse in the modern life sciences and biotechnologies.

6 Between Living Art and Artificial Life. An Ethical
Perspective on the Metaphors in Synthetic Biology

This perspective on one of the most prominent and much-noticed projects of
synthetic biology may lead to a reassessment of synthetic biology with regard to
scientific theory. If metaphors are constituent elements and driving forces of
innovation and creativity on all levels of scientific inquiry, and Venter’s creation of
a bacterial genome could be seen as the “realization” of the metaphor of the genetic
code, then one could say that Venter is a kind of artist and creative mind. Horst
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Bredekamp und Hans-Jorg Rheinberger see synthetic biology in the context of the
historical debate between science and art, and thereby between artificial life and
living art (Bredekamp and Rheinberger 2012). From this perspective, the world’s
first synthetic cell is a spectacular result of hard scientific work as well as a piece of
designed technology. Venter not only reconstructed the DNA sequence of an
existing bacterial genome, he also rewrote the code and inserted watermark
sequences including an e-mail address, the names of all authors, and three quota-
tions from famous scientists and writers (cf. JCVI 2010). Venter’s masterpiece was
created, signed and presented like a piece of art and in this sense dissolves the
distinction between aesthetic representation and scientific description of the living.

Of course, this interpretation may be a little bit overambitious and exaggerated,
but it fits in this picture that, according to Bredekamp and Rheinberger, Venter
presents his own work as a painting and himself as an artist. They even interpret this
event as one of the most remarkable upheavals in the history of the life sciences and
therefore speak of a “century painting”. However, I think that the example of the
metaphors of “genetic code”, “DNA as software of life” and other computer met-
aphors in the context of synthetic biology illustrate that they are more than just
rhetorical ornaments and an eye-catching strategy (which they also are). They have
crucially influenced the history of modern biology and life sciences, made possible
new epistemic and technical approaches and changed the way we speak of life.

What does such a classification of one synthetic biology event, located between
science and art, mean for the ethical evaluation of metaphors in synthetic biology in
general? The example of the genetic code metaphor has shown a close connection
and interplay between metaphors, scientific proceeding and technical developments
that can be understood as innovative redescription and critical reflection, on the
level of scientific explanatory language, the level of technological developments
and the level of societal discourses. However, this says nothing about the ethical
risk and danger of a change of our self-conception or the concept of life. It would
have to be shown whether synthetic organisms must be attributed a moral status and
whether the human self-conception is affected in a morally relevant way. This is no
new issue with respect to the engineering approach to life in synthetic biology, but
refers to a long tradition of well-known debates around the concept of life in the
history of science and philosophy (see Steizinger, this volume).

I want to draw attention to another ethical dimension which is implied in the
communicative function of metaphors and their role in discourses. Pielenz describes
an evocative function of metaphors as topical inference rules and claims a specific
logic of the plausibility of metaphors in reasoning (Pielenz 1993). This means,
analogous to the epistemological normativity in scientific inquiry, metaphors in
argumentations evolve a specific metaphorical rationality and evoke associative
ideas and contexts of actions in terms of plausible and probable arguments. Herein
is the innovative function of metaphorical redescription, in opening up new per-
spectives on issues in the mode of “seeing-as”.

But this logic of plausibility also has the potential of supporting questionable
ideology and intentional rhetorical disturbance. Speaking of virtualization and
digitizing the world often means the implicit promise of a free, democratic and
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connected world. The possibility of digital networking all over the world suggests
free exchange of information as well as the abolition of hierarchical power struc-
tures. It is the phantasmic picture and utopian promise of a decentralized and real
democratic world community, organized and realized in the internet (Frohlich
1996). This is of course and particularly true for the scientific world too. The
“digital age of biology” proclaimed by Craig Venter means not only that “life is
based on DNA software”, which offers new ways of creative design for science, but
also a simplification and acceleration of exchange of information and access to
scientific knowledge:

Scientists send digital code to each other instead of sending genes or proteins. [...W]e can
send digital DNA code at close to the speed of light and convert the digital information into
proteins, viruses and living cells. (Venter 2012)

The revolutionary visions of synthetic biology go even further and promise to solve
nearly every urgent problem of humankind:

Synthetic life will enable us to understand all life on this planet and to enable new industries
to produce food, energy, water and medicine as we add 1 billion new humans to earth every
12 years. (Venter 2012)

But there is also a dark side to this picture. This dream of a “new age of scientific
swarm intelligence” (Moos 2014, p. 17) is at least the old Baconian dream of
enlightenment, of humanizing society by science. But the historical lessons learned
from the dialectical nature of enlightenment should make us skeptical. As Dirk
Vaihinger reminds us in relation to the promises of the digital revolution, it is
quickly forgotten that the financial basis of an economically profitable venture is
still the powerful context for efficient selection and processing of large amounts of
data (Vaihinger 1997, p. 31). This could relativize the supposed subversive pos-
sibilities of hackers and all experimental private users, and condense the theory of
new media into a concrete ideology. The image of the brilliant, subversive bio-
hacker, who does synthetic biology in his own garage lab, and thereby helps to
solve almost any burning problem of humanity, is surely unrealistic, considering the
current and expected state of research in synthetic biology. It is also in contrast to
the reality of an aggressive, monopolizing patent policy by the established bio-
technology companies, the maintenance of socio-economic imbalances, and the
unequal distribution of benefits and costs of biotechnological developments (see
ETC Group 2007).

7 Conclusions. Three Functions—Three Perspectives

I have drawn from Ricoeur’s theory of the living metaphor three functions of
metaphors in the intersection field of science, technology and society. This ana-
lytical frame, applied to the story of the genetic code and its revitalization by Craig
Venter, has led to three perspectives:
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1. Metaphors have innovative and epistemological value. Metaphors in this per-
spective appear as driving forces in the research process on all levels of theory
building, practical norms of science, technological development, and the
accompanying political and social discourses, as the metaphor of the genetic
code—from Schrddinger to Venter—illustrates.

2. Metaphors are critical instances in scientific description language and the phi-
losophy of science discourse on truth. Therefore, metaphors can open up new
perspectives and introduce new ways of seeing things. In our case, this leads to a
new perspective and reassessment of synthetic biology in the context of the
historical debates between science and art: synthetic biology can be conceived
as an endeavor between artificial life and living art.

3. Metaphors have a communicative dimension and argumentative power. With a
specific rationality and logic of the plausible, metaphors can rule a debate in a
positive, creative way as well as in negative, distorting ways. To make this
distinction is a task for ethical critique and leads to revealing some of the
promises of synthetic biology, transported in and by metaphors, as ideological
and research funding policy strategies.

I want to end this reflection on metaphors in science in general and in synthetic
biology in particular with a comment which takes up this last point—the argu-
mentative power and ideological danger of metaphors. Whenever progress is evoked
with a revolutionary claim, it is advisable to be skeptical and to look closely at the
visions, prophecies and promises that were claimed in the name of a better future and
the humanization of society. Promises and visions accompanied by metaphors can
help to provide legitimacy and attention, which may be important factors in research
policy. However, the example of the genetic code has shown that metaphors are
more than just metaphors and eye-catchers. They influence both the social discourse
and the epistemic and technical processes in scientific inquiry. Therefore, metaphors
must be recognized as an irreplaceable condition and driving-force of progress and
innovation. Yet, given the risk of the ideological transfiguration of metaphors, it is
also a matter for ethical critique to reflect such metaphors as metaphors, reveal their
positive and negative implications and claim communication responsibility with
respect to the implicit and explicit usage of metaphors. The ethical responsibility of
researchers includes, besides the fundamental norms of the scientific ethos (Merton
1968), the communicative task of a sincere presentation of their own scientific work
and research activities to society as a whole. Academic freedom and the fundamental
rights of a democratic social system depend intimately on each other (Ozmen 2012,
pp. 126-132). From this perspective an ethical dimension of synthetic biology
comes to the fore, which is in the fundamental relationship of responsibility and trust
between science and society (cf. EGE 2009, p. 37). This relationship seemed to have
been plunged into a “crisis of confidence” (Mittelstrall 2006, p. 9). The actual ethical
question in the debate on synthetic biology can be seen as manifestation of this crisis.
It is then no longer: “What is life?”, but rather: “How do we want to live together and
what role should synthetic biology play in our society?” A part of the answer
probably lies in the metaphors we use to talk about life and synthetic biology.
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Debasement of Life? A Critical Review
of Some Conceptual and Ethical
Objections to Synthetic Biology

Tobias Eichinger

1 The Productional Paradigm of Creating Life

One of the expressions most commonly used in media reporting on synthetic
biology as well as in diverse forms of self-presentation of scientists is the formula of
creating new life forms or the creation of life. This is often coupled with the
adjective artificial, so that synthetic biology is often presented as a new techno-
science that deals with the artificial creation of life in the lab. Let us illustrate that
characterization with some examples from the field. Martin Fussenegger writes the
goal of synthetic biology is “to create and engineer functional biological designer
devices and systems” (What’s in a name? 2009). Quite similarly, Anthony Forster
and George Church state that “creating bacteria” is part of the agenda of synthetic
biology (Forster and Church 2007). Victor de Lorenzo and Antoine Danchin talk
about “the creation of new organisms” and the goal “to recreate a cell” (Lorenzo
and Danchin 2008). And the paper from the Venter Institute that attracted so much
attention in 2010 was entitled “Creation of a Bacterial Cell Controlled by a
Chemically Synthesized Genome” (Gibson et al. 2010). Philosophers and ethicists
who observe the field are adopting these expressions and are discussing one of the
key issues of synthetic biology under the umbrella of the term of life creation: Mark
Bedau refers to the activity in synthetic biology as “creating genuinely new forms
of life” (Bedau 2011) and Joachim Boldt and Oliver Miiller emphasize the crucial
fact that synthetic biology “can create new life forms” (Boldt and Miiller 2008).
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Thus, synthetic biology is not only concerned with the living in terms of disas-
sembling, analyzing and maybe modifying it, but with creating life. Especially that
more fundamental claim makes a great media stir, causes and focuses manifold
hopes and visions, fears and vehement critique at the same time.

One of the objections that are advanced against the aim of creating life from an
ethical perspective refers to conceptual implications for the whole emerging field of
research. This critical view refers above all to the technical concept of creating and
the engineer-driven paradigm of production. As an example of this main feature,
consider a paper by the Bio Fab Group in which a whole range of expressions
characterize synthetic biology in a very technical and explicit engineering way. The
authors use terms like “to construct”, “to produce”, “to reengineer”, “to generate”,
“to build”, “manufacturing” and “designing” for the activities in synthetic biology
(Baker et al. 2006). Thereby, the new section of biology that calls itself ‘synthetic’
is linked to the conceptual field of technical production and engineering. This
conceptual field is shaped by the paradigm of means-end-relations and instrumental
rationality. That means that under the paradigm of engineering, the activity in
question is primarily targeted at an end that lies outside of itself. The activities of
building, constructing, manufacturing and producing are paramount examples for
that paradigm. The end that sets the whole activity in motion and lies outside of it,
is a product. The product as the result of a production process is characterized by its
concrete objectivity that makes it independent of its production history and its
producer. It is an artificial thing which is constructed, built, produced, etc. to serve
its purpose. The purpose of a product and its production process is (usually) a
human purpose, the product typically would not have come into existence without
human action, and consequently extends the range of nature and natural objects.

These more general features of the pattern of production indicate that the pro-
ductional paradigm is predominant for synthetic biology in conceptual and practical
regards. They fit in with a very common definition of synthetic biology that stresses
“the design and construction of new biological systems not found in nature”
(Schmidt 2009a). Moreover, in the majority of cases, the products of synthetic
biology are not produced for their own sake, but for a certain instrumental purpose.
An exception—and it seems to be a big and relevant exception—is foundational
research. Here the main aim is to increase biological knowledge, to make progress
in understanding life, that is discovering the preconditions of life’s emergence in the
past or exploring the minimal functional requirements of life. Another exception of
the purpose-driven productional paradigm is the field of bioart, where the agenda
and activity of synthetic biologists are items for artistic reflection and playful work.
Beyond these two fields, synthetic biology largely is concerned with creating life
forms in a productional manner."

1Presumably in the near future great efforts will be made promoting industrial application of
synthetic biology.
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2 The Critique of the Concept and Handling of Life
in Synthetic Biology

Ethical criticism based on the fact that synthetic biology deals with life concerns
two aspects: the conceptual dimension of the paradigm of life in synthetic biology
and the more practical or consequentialistic implications of the synthetic biologist’s
approach to life and the living.

2.1 A Misguided Concept of Life: The Reductionism
Argument

As synthetic biology is a subdiscipline of biology, the natural science of life, it is by
definition dealing with life. What makes it special and new is its productional or
engineering approach. And it is no wonder that this technically dominated approach
implicates and shapes the objects of its activity: life, life forms, living systems and
so on. This controversial understanding of life in synthetic biology is different from
the implicit concepts of life in other fields of biology. Even more importantly, there
seems to be a considerable difference between the synthetic biology conception of
life and conceptions of life outside the natural sciences, not to mention in the public
and media.

The very concept of life in synthetic biology arouses criticism and contradiction.
It is feared that the leading science-oriented paradigm of synthetic biology in
dealing with life forms could have negative consequences on the concept and the
understanding of life and the living in general. According to the criticism which
addresses a kind of ontological question on a descriptive level, the methodological
strategy of synthetic biology. Thus, synthetic biology’s methodology which is
strongly shaped by a pragmatical engineer’s approach, represents and reinforces
epistemically a misguided reductionistic conception of life.

A very fundamental version of this objection highlights the fact that every
arrangement and observation of living phenomena in an experimental manner—in
an artificial setting like a laboratory—could necessarily reveal only a very special
and limited view of and insight into life. What experimental research in the lab
never could show are insights according to sample discovering the ‘real logic’ or
‘true principles’ of life. Revolutionary and final answers to the question what life
‘as such’ actually is could never be found in a scientific laboratory (if indeed such
an insight enterprise is possible).

Criticism of this type rejects every comprehensive claim that synthetic biologists
make when they publish—or are quoted with—phrases like ‘life is not more
than...”. For this skeptical position, it is clear and almost self-explaining that life is
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always more than any reductionistic or focused view on some aspects of what it
could contain. What reinforces the objection from this holistic-life-position is the
idea of separating, disassembling and modularizing living systems in small and
smallest possible parts—an idea that influences biology in general all along.” The
tool kit pattern, the metaphor of life as a tool box and the concept of the BioBricks
illustrate this approach of modularization and standardization of life in a concise
way with a certain symbolic value. And in addition to that, this view is also
incompatible with a concept of life as some kind of complex, whole and undi-
vidable entity. Above all, concentrating on minimal preconditions of life’s func-
tioning as an epistemic way to figure out what life is—as in top-down-synthetic-
biology—is therefore misguided from the start.

As part of this argument, sometimes the ‘mystery’, ‘self-will’ or the ‘wisdom’ of
life is mentioned. Here life often is understood as an elusive, holistic entity which
could necessarily never be explained completely—even less by means of hard
science, there always will be an unachievable rest. More specific for synthetic
biology, that view which sometimes recalls vitalistic motives, could be confirmed
by the problem of biosafety issues. The fact that synthetic biology has to face
difficulties of unexpected and—to a certain degree—unpredictable outcome, is tied
back to this peculiar remain of life that defies control. For some critics, ignoring
life’s specific intangibility by claiming to exercise total controllability is con-
demned to failure. From this point of view, this kind of failure underlies the con-
ceptional misapprehension in the understanding of life.

2.2 A Problematic Handling of the Living: The
Instrumentalization Argument

The technological paradigm determining synthetic biology of controlling, con-
structing and creating the living is not only criticised in a descriptive or ontological
way as fundamental misguided research approach; critics also fear questionable
effects in normative regards. As mentioned above, according to the dominant
premise in the field of synthetic biology, living beings could be taken apart in
minimal functional components out of which completely novel living systems could
be reassembled from the scratch independently from natural standards. Besides the
descriptive objections the engineering approach of modularization and standardi-
zation, of partition and building, of deconstructing and reconstructing has obviously
practical implications concern the ways of doing synthetic biology and give

2Cf. the chapter by Andreas Christiansen in this volume.



Debasement of Life? ... 271

occasion to criticism on a prescriptive level. Doing science under the label of
synthetic biology implies always a certain mode of working with living entities.
This mode of handling of the living which is strongly shaped by the technical,
productional and instrumental paradigm that determines synthetic biology, leads for
some to ethical problems.

The disputable norms of acting are consequences of the understanding of the
living. By seeing life as a result of a technological process of production which is
activated for arbitrary purposes, a manipulative and instrumental approach to the
outcome of the production is predefined. Inevitably, the products of synthetic
biology—which are alive by definition—would thereby be subject to a handling
according to inanimate artifacts that doesn’t acknowledge any value for its own
sake. For critics of synthetic biology (and biotechnology in general) such an attitude
of a technical-instrumental use is not compatible with living objects in principle
because it has no regard for any intrinsic value the living may have. For them, even
the designing and engineering of microorganisms from the scratch could mean a
devaluation of these basal life forms.

But this apprehension of instrumentalization and debasement of life and natural
values go beyond the particular living systems. In further consequence, critics fear
negative retroaction and a certain ethical impact on how life in general is under-
stood and valued (cf. Boldt 2013). In a temporal respect, this fear concerns effects in
the present as well as in the future. As a current impact it is assumed that if low or
rudimentary forms of living organisms are treated like nonliving material without
any intrinsic value, as they belong to the sphere of the living, also the status of other
living objects—that are not only bacteria or yeast—could diminish as a side effect.
This would imply a weakening of the respect for higher forms of life that are
usually and so far regarded as worthy of respect and protection. Very similar, the
prospective fear contains a kind of slippery slope argument. If man is practicing the
instrumentalization and exploitation of low life forms and gets used to it, the moral
barrier to include higher organisms into the paradigm of technical-instrumental
engineering and production decreases. In the course of a process of habituation to
the usage of the living, even life forms that are commonly worth protecting would
step-by-step lose their state of intrinsic value and the morally dangerous effect of a
general brutalization is expected.

Some proponents of that line of slippery slope argumentation predict as further
consequence, that this development would finally lead, by implication, to changes
in the conception and estimation of a very special kind of a very high life form—the
moral appreciation and status of humans. Some fear certain dubious effects on the
self-conception of man if synthetic biology expands a technical-instrumental han-
dling to higher forms of life. This argument gets a special touch as the creative
moment of drafting and designing in synthetic biology is emphasized. According to
this the shift from ,traditional’ biotechnology and genetic engineering to synthetic
biology is interpreted as a shift that goes along with an alarming transition in the
human self-conception. This idea contains a shift from the anthropological term of
the homo faber that is ‘only’ manipulating existing organisms to a homo creator
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that reinvents nature and is therefore at risk of overestimating his comprehension of
nature (Boldt 2013).

3 Assessment and Conclusion

How valid are these strategies of criticism? From a strict and critical point of view
these objections turn out to be not very plausible or convincing arguments to
identify synthetic biology as a novel and peculiar alarming biotechnology and to
advice increased caution.

3.1 The Reductionism Argument

It is doubtful if one can derive from the methodological reductionism in synthetic
biology a comprehensive and conceptional claim of explaining life ‘as such’. The
reductionist view on life here is introduced and established for specific purposes, for
purposes of building and engineering, not for apprehending the essence of life or for
explaining life in its full range and complexity. There are at least two facts that
could count as an indication for that. First, the importance of biosafety issues in
synthetic biology is probably not denied by any serious scientist in the field (cf.
exemplarily Schmidt 2009b). This illustrates that there is a strong awareness con-
cerning the limits of control of living entities. And second, there are scientists in
synthetic biology who are suggesting a necessary broadening of the range of their
own activity by the term of tinkering. Steven Benner and colleagues do so with the
term of “tinkering biology” (Benner et al. 2011) or Petra Schwille, who published a
programmatic paper for bottom-up-synthetic-biology entitled “Engineering in a
Tinkerer’s World” (Schwille 2011). Thereby, the methodological procedure is to be
supplemented with the principle of trial-and-error, which means more a kind of
reacting and cooperating with the living material and its contingency, more than
determining and commanding it. By that, the tinkering synthetic biologists are also
acknowledging certain limits of prediction that emerge by working with living
objects in principle. In this sense, the designing, synthesizing and engineering of
artificial life forms could only be successful if it reckons on a certain own internal
dynamics of the living. As for example, Matthias Heinemann and Sven Panke are
considering “a fundamental difference between engineering biology and engineer-
ing in other natural sciences such as chemistry or physics”. According to these
synthetic biologists, the difference lies in the fact that “biological systems have the
capacity to replicate and to evolve” (Heinemann and Panke 20006). Regarding this
dimension of a kind of natural originality and obstinacy or self-will, one could
rather come to the opposite conclusion: by doing synthetic biology, the respect and
estimation of the living is rather reinforced than weakened.
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3.2 The Instrumentalization Argument

Here one has to differentiate two levels of argumentation. First, the assumption that
the purposeful designing and engineering of living systems implies that these low
life forms are treated as mere nonliving material. Second, the fear that this kind of
objectifying handling leads to negative and brutalizing side effects. The first
assumption seems to be only an assertion that lacks the proof of its necessity. Only
because synthetic biology follows a strong technical character of engineering and
production, it doesn’t need to devaluate its objects and treat them like nonliving
material. But even if one may concede a certain tendency of such an approach, one
would have to show why this should be a normative risk specific to synthetic
biology that does not already exist in the case of conventional biotechnologies or
genetic engineering. Similarly the effect of brutalization, of an expansion of a
devaluating and careless handling from lower life forms to higher stages seems to
be more an exaggerated fear than a probable and realistic consequence (as it is a
peculiar weakness of slippery slope arguments in general). Why should the sys-
tematic design and fabrication and an instrumentalized usage of yeast cells and
bacteria lead to a problematic devaluation of higher life forms or even should have
any consequences on the self-understanding of man? In case of these lower forms of
life, the commonality with plants, animals and particularly humans is only com-
prehensible on an abstract level. We could understand or accept that bacteria are
part of the same dimension—being alive—as we are, only if we ‘learn’ biological
facts. There are no perceptible properties that connect us with yeast cells. In this
regard, ‘living machines’ as an output of synthetic biology are in ethical regards
actually more machines than living entities for us. From a morally relevant per-
spective these objects are much further away from higher organisms, that it is
absolutely not convincing that a certain way of handling bacteria in the petri dish
would jump over to our attitude to mammals for example. Not to mention our own
self-understanding and self-evaluation. Most notably, it obscure why this should
occur of all things here in the case of synthetic biology, if this has not happened
after decades and centuries of factory farming and industrial meat production. Here
chicken, pigs and cows—quite higher organisms as bacteria—are produced in an
industrial manner and are treated solely as means to human ends and not as living
beings that do possess intrinsic value.

And with regard to negative developments in the future, that could result from a
current practice, but also could not result, the claim for an initial prohibition or
moratorium seems to reveal an unfounded pessimism. That point of view shows
little confidence in the possibility of a cautious and permanent monitoring of new
and open processes in science and society. As numerous projects of accompanying
research for ethical, legal and social aspects of new biotechnologies in general and
synthetic biology in special show, there exists at least the possibility of such a
continuous control within a highly differentiated and reflective scientific culture.

So as a result of a critical appraisal of the outlined types of conceptual criticism
and ethical objections against the concept of life and the handling of the living in
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synthetic biology, it is to state that these concerns are hardly sustainable as beating
arguments. Nor could they serve as a basis for general regulations and policy
making. They rather should be understood as the expression of a conceptual
uncertainty and a corresponding uneasiness resulting from the transgression and
blurring of terminological and ontological boundaries that seemed unalterable so
far. These boundaries comprise the distinction between technology and nature,
between products and living beings, between natural and artificial, etc. Thereby it is
to emphasize that this uneasiness has a potentially big societal impact, because it
does exist (not only among ethicists and biocentrists). Moreover, regarding its
theoretical and conceptual impact, that uneasiness should lead us perhaps rather to
question the conceptual desire or demand on clear and definite distinctions and
boundaries—especially if we are dealing with thresholds between nature and
technology, as it is to a considerable degree the case with synthetic biology.

Acknowledgment I am grateful to Christian Illies for numerous helpful remarks and inspiring
comments.
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Engineers of Life? A Critical Examination
of the Concept of Life in the Debate
on Synthetic Biology

Johannes Steizinger

1 The Concept of Life. Its Return in the Debate
on Synthetic Biology

The long and complex history of the concept of life has reached a paradoxical point:
On the one hand, the term life is used ubiquitously. An array of disciplines under
the umbrella term ‘life sciences’ dominate the theoretical discourse of our times. In
fields such as medicine, pharmacology and agriculture, numerous technological
applications are changing our daily world. These applications can be understood as
an indicator of the far-reaching implications that the scientific discourses on life
have for society and culture. In the view of some, we are living in a “culture of life”,
which moves away “from the ideals of the Enlightenment towards an idea of
individual perfectibility and enhancement” (Knorr Cetina 2005, p. 76).

On the other hand, there is no precise and generally valid definition of life. This
is not least because in current biology the status of the concept of life is contro-
versial. In June 2007 an editorial article in the journal Nature claimed: “It would be
a service to more than synthetic biology if we might now be permitted to dismiss
the idea that life is a precise scientific concept” (Editorial 2007, p. 1032). Moreover,
scientists assure us that “the impossibility of a sharp distinction between animate
and inanimate would not create difficulties for the biology in its everyday scientific
practice” (Budisa 2012, p. 101; see also Toepfer 2011, pp. 467, 468).

Thus, for many scientists the possibility of a precise biological definition of life
is not important. They regard life as a “fuzzy concept” and are satisfied with the
notion that biology allows a plurality of approaches to life (see Witt 2012, p. 37).
Some scientists, like Dominique Homberger, even claim that biologists have an
intuitive knowledge of the border between inanimate matter and living beings, but
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are not able to explain the phenomenon of life physically (see Homberger 1998).
Similarly, the philosopher Jean Gayon thinks that life could disappear as a scientific
concept and remain only as a “folk concept” for our everyday practice. He claims:
“When this point will be reached, life will be no longer a concept for the natural
sciences, but just a convenient word in practice, in the world we inhabit. ‘Life’ will
be a folk concept. Its specialists will be no longer chemists, biologists, and robo-
ticists; life will be a subject for psychology, cognitive science and anthropology.”
(Gayon 2010, p. 243). But Gayon does not only deny that there can be a scientific
definition of life in the strong sense. He assumes also that “the recognition of ‘life’
has always been and remains primarily an intuitive process, for the scientists as for
the layperson. However we should not expect, then, to be able to draw a definition
from this original experience.” (Gayon 2010, p. 231). Against this background, it is
not surprising that some critics assert that the concept of life is only used as a
buzzword to create attention in a world in which the selling of a scientific result is
as important as the result itself.

The concept of life has no better a reputation in current philosophy than in
science. Traditionally, the philosophical concept of life points to a realm which
cannot be captured completely by thinking. Wilhelm Dilthey, one of the most
important philosophers of life, claimed around 1890: “The expression ‘life’ for-
mulates what is most familiar and most intimate to everyone, yet at the same time
something most obscure indeed totally inscrutable. What life is remains an insol-
uble riddle. All reflection, inquiry, and thought arise from this inscrutable [source]”
(Dilthey 2010b, p. 72). Dilthey was part of the development of a philosophy of life
in the 19th century. The term philosophy of life (Lebensphilosophie in German)
groups together highly different authors (e.g., Friedrich Nietzsche, Wilhelm
Dilthey, Georg Simmel, Henri Bergson or Ludwig Klages), who are united more by
their impact than by their doctrines. Most of them were driven by a critique of the
one-sided emphasis on reason and rationality in both idealistic philosophy and
science. Therefore, it is not surprising that there is a tension between systematic
philosophy and philosophy of life. Moreover, since some philosophers of life were
entangled in the theoretical foundation of National Socialism (see e.g., Lebovic
2013)—a part of the history of philosophy, which has still to be investigated—the
philosophy of life tradition largely disappeared after 1945. While there have been a
few attempts to renew philosophical reflection on life (see Fellmann 1993; Worms
2013), the concept of life is mostly used as a critical concept in political philosophy
(see Agamben 1998; Esposito 2013). There is little systematic work on the concept
of life in contemporary philosophy.

Against this background, synthetic biology and the discourse on its scientific and
societal consequences is clearly an exception. Here, the concept of life is not only
used as buzzword (a) but also discussed theoretically (b) and plays a crucial role in
the debate about the ontological, epistemological and ethical dimensions of synthetic
biology (c). In what follows, I will briefly outline these different aspects of its use':

'For a discussion of life as metaphor in the context of synthetic biology see Falkner, this volume.
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(a) Some protagonists of synthetic biology like Craig Venter consider the
‘creation of life’ as the central aim of their research. Moreover, ‘the creation of
artificial life’ is advertised as “the most sensational success of synthetic biology
with the promise to provide solutions to our energy, health, environmental and
nutritional problems” (Budisa 2012, p. 103). Briefly speaking, a lot of hopes and
concerns which are connected with the production of synthetic biological systems
focus on the formula ‘creation of life’. Public press and mass media have readily
accepted this self-advertisement and have reported on scientific developments in
synthetic biology from the beginning. Anna Deplazes-Zemp and Nikola
Biller-Andorno remark correctly that this use of the expression ‘creation of life’ is
based on the ambiguity in the concept of life: “Headlines such as ‘Life 2.0,
‘Engineering life: building a FAB for biology’ or ‘Synthetic life’ illustrate this
tendency [that synthetic biology would lead to ‘synthetic life’; J.S.]—such titles
would not produce the same effect, if ‘life’ was purely a scientific concept.”
(Deplazes-Zemp and Biller-Andorno 2012, p. 959).

(b) A lot of scholars—philosophers as well as scientists—in synthetic biology
assure us that they want to contribute to the basic understanding of life (see
Deplazes-Zemp 2012, pp. 762, 763). Due to experimental results like the “synthetic
cell” (Gibson et al. 2010) created by Craig Venter and his colleagues, debate on the
question ‘what is life?” has reignited. Mark Bedau, for instance, emphasizes that
“we now have an unprecedented opportunity to learn about life. Having complete
control over the information in a genome provides a fantastic opportunity to probe
the remaining secrets of how it works” (Bedau 2010, p. 422). Others, like Arthur
Caplan, conclude that we have already learnt enough to end an old and for a while
forgotten debate:

Venter and his colleagues have shown that the material world can be manipulated to
produce what we recognize as life. In doing so they bring to an end a debate about the
nature of life that has lasted thousands of years. Their achievement undermines a funda-
mental belief about the nature of life that is likely to prove as momentous to our view of
ourselves and our place in Universe as the discoveries of Galileo, Copernicus, Darwin and
Einstein. (Caplan 2010, p. 423)

Craig Venter claims that his synthetic genomics approach will provide a reduc-
tionist explanation of life (Cho et al. 1999; Deplazes-Zemp 2012, p. 763). Since, as
Michel Morange puts it, “life is on the way to being ‘naturalized’”, it thus seems
“fully accessible to scientific enquiry” (Morange 2010, p. 181).

As one would expect, these claims have invited objections. Take, for example,
Deplazes-Zemp and Biller-Andorno, who answer directly to Caplan:

Synthetic biology, even with the production of a living protocell, could not bring an end to
this debate [about the nature of life; J.S.]. Those who argue that life is more than merely a
scientific phenomenon would say that a synthetic organism, if it is considered to be alive,
also has features that cannot be captured by the life sciences. [...] Biocentrists argue that a
synthetic organism has moral value, and other philosophers claim that a synthetic organism
is an autonomous system with subjectivity and a self. (Deplazes-Zemp and Biller-Andorno
2012, p. 962)
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As these few examples already show, there is a diverse debate” about the concept of
life in synthetic biology, which is far away from a precise and universally accepted
answer to the question ‘what is life?’.

(c) The concept of life plays a crucial role in discussions about the societal
dimensions of synthetic biology. This is because the special ethical relevance of
synthetic biology is supposed to be explained by the conviction that synthetic
biology “entails a confrontation with life” (Ruiz-Mirazo and Moreno 2013, p. 378).
Therefore, some regard the concept of life as the focal point of the ethical, legal and
political questions raised by the development of synthetic biology (e.g., Dabrock
et al. 2011b, p. 14). The relevance of the concept of life for the debate about the
societal impact of synthetic biology is closely connected with its other meanings.
Within the concept of life the ethical aspects are intrinsically linked with the
epistemological prerequisites and the ontological consequences of synthetic
biology.

In the next section I will examine this point of intersection, and analyse some of
the issues which are discussed in terms of the concept of life. I will trace some
typical arguments in the debate on synthetic biology. My analysis is based on the
following assumption: If we take the idea that there is no precise and generally valid
definition of the concept of life seriously, its use raises a question rather than a
solution, contrary to what is often suggested.

2 Engineers of Life? Current Issues in the Debate
on Synthetic Biology

2.1 Fabrication of Life? The Epistemological Question

The umbrella term synthetic biology groups together a set of different scientific and
methodological disciplines, which share a constructive approach to their object (see
Acevedo-Rocha in this volume; Billerbeck and Panke 2012; Bolker 2011). In this
respect, synthetic biology can be seen as a new form and development of bio-
technology. In contrast to other biotechnologies, synthetic biology systematically
introduces engineering concepts and methodologies like standardization, modu-
larization and hierarchical organisation (see Boldt 2013, pp. 391, 392;
Deplazes-Zemp 2012, p. 772). Moreover, as both practitioners and theoreticians of
synthetic biology emphasise, synthetic biology research has a creative aim: Novel
products with useful functions should be designed in a rational manner (see Boldt
2013, p. 392; Bolker 2011, pp. 35-39). In the best case, the human designed
biological systems cannot be found in nature.

2Further examples include Boldt et al. (2012), Bedau et al. (2010), Dabrock et al. (2011a), Hacker
and Hecker (2012), Witt (2012).
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Briefly speaking, with synthetic biology the engineer enters biology and gets an
epistemological model of biological research. Since in contrast to other biotech-
nologies synthetic biology is not only the application of theoretical knowledge, the
fabrication of biological systems should also lead to a better understanding of their
composition and functioning. The phrase “knowledge through fabrication”
(Ruiz-Mirazo and Moreno 2013, p. 377) summarizes the methodological approach
of the various forms of synthetic biology (see also Kéchy 2012a, pp. 160, 161). To
sum up their attitude, several scientists refer to Richard Feynman’s saying: “What I
cannot create I do not understand” (see Deplazes-Zemp 2012, p. 762; Ruiz-Mirazo
and Moreno 2013, p. 377; Weiss 2011, p. 17).

This bon mot condenses a long tradition of modern scientific thinking. Many
studies mention the prehistory of the epistemological imperative of synthetic
biology. It goes back at least to the 17th Century, in which—after 300 years of
progress in the production of mechanical gadgets and devices—a general scientific
research strategy was established in the sciences.” René Descartes and Julien Offray
de La Mettrie exemplify a scientific attitude which identifies the explanation of a
natural phenomenon with a demonstration of how it can be generated by the action
or activity of a mechanism (see Ruiz-Mirazo and Moreno 2013, p. 376; see also
Deplazes-Zemp 2012, pp. 762, 773). Thus, a constructive approach is essential for
modern scientific thinking. From its early stages theory and practice are entangled.
Synthetic biology introduces this epistemological principle into a new realm, the
realm of biology. The ground breaking aim of synthetic biology “is to learn more
about the living by means of re-construction or fabricating it” (Ruiz-Mirazo and
Moreno 2013, p. 377).

In the debate on synthetic biology, it is exactly this combination—the engi-
neering attitude and life forms as its objects—which mostly stands for both the
potentials and problems of its way to gain and apply scientific knowledge. For
instance, Deplazes-Zemp argues:

[...] that the notions of ‘new life-forms’ in synthetic biology, the way that synthetic
biologists want to contribute to the understanding of life, and how they want to modify life
by a rational design reveal a conception of life that differs from that of traditional bio-
technology. As a result, synthetic biology adds a new facet to the multifarious notion of life.
For certain ethical positions this production- and design-oriented conception of life may
raise concerns. (Deplazes-Zemp 2012, p. 758)

Further, ethicists like Joachim Boldt completely reject the “conception of life as
a toolbox” (Deplazes-Zemp 2012). Boldt adopts Hannah Arendt’s distinction
between “action” and “work™ (he calls it “fabrication”)4 and criticises synthetic

3Martin Weiss even argues with reference to Martin Heidegger that the association of knowledge
with the notion of building characterizes the occidental philosophical tradition since Plato (see
Weiss 2011, p. 179; this volume).

“As Boldt mentions, Arendt originally distinguishes three types of human activity: “labor”, “work”
and “action”. Boldt drops “labor” with the pragmatic argument that “for the purpose of this article

[...] fabrication and action are the two types of human activity that are of special interest” (Boldt
2013, p. 393).
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biology because it is an “implementation of the ideals of fabrication in the realm of
the living” (Boldt 2013, p. 398). For Boldt, the notion of fabricating life encap-
sulates the problematic assumptions and implications of synthetic biology: It
reduces life forms to “complex conglomerations governed by regularities that apply
to physical and chemical matter” (ibid.) and is unable to explain their inherent value
(ibid. p. 397). I return to this below.

2.2 Living Beings or Artefacts? The Ontological
Question

The criticisms of synthetic biology as ‘fabrication of life’ presuppose that its objects
have a particular ontological status and deduce ethical consequences from that
status: Its objects are regarded as new variants of life and have to be treated as
forms of life. But there is a philosophical controversy about the ontological status of
the products of synthetic biology (see, e.g., Gehring 2010; Brenner 2012; Beuttler
2011). This is not least because synthetic biology challenges the well-established
distinction between nature and technology. The ontological relevance of this dis-
tinction can be traced back to Aristotle who classifies in his Physics “all the things
that are” (Aristotle 2004, p. 49) into two forms: He claims that “some are by nature”
(ibid.) and “others through other causes” (ibid.). Natural objects have the “source of
motion and rest, either in place, or by growth and shrinkage, or by alteration” (ibid.)
in themselves. The “other things” are produced and “none of them has in itself the
source of its making” (ibid.).

This influential distinction between “physis” and “techne” is still used as a
starting point to define life: Living beings are identified with natural objects whose
definition is extended by, for example, the notion of autopoietical organisation (see,
e.g., Brenner 2012, pp. 106—-108). And, they are distinguished from artefacts which
are fabricated by human beings and exist only in relation to their use. From such a
dualistic perspective, a constructive approach to the realm of the living seems to be
impossible. In fact, philosophers like Andreas Brenner, claim that synthetic biology
is a misleading concept (see Brenner 2012, p. 118), because living beings cannot by
definition be produced. Here, the notion of synthetic life is rejected as contradictio
in adiecto. Since life emerges out of itself, human technology can only produce
artefacts.

Such arguments are problematic, because they miss the significance of synthetic
biology regarding the relation of nature and technology. Kristian Kéchy emphasizes
that nature and technology are closely related, although the well-established dis-
tinction suggests an opposition. Moreover, he shows convincingly that new tech-
nological possibilities change not only our concept of technology, but also our
concept of nature (see Kochy 2012a, p. 159). Synthetic biology is clearly an
example for the blurring of the demarcation between nature and technology, which
can be interpreted in different ways.
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Some scientists as well as philosophers regard synthetic biology as the ultimate
proof of a technological understanding of nature and as the closer of the mecha-
nistic world view of modern science (see, e.g., Morange 2009; Venter 2013). They
put forward a reductionist concept of life and claim that the further development of
synthetic biology will enable us to explain the animate part of nature by con-
structing it. Michel Morange claims, for example, that the “rise of synthetic biology
is a return to the ‘old’ traditions: one can claim that a system has been fully
described only when it has been possible to reconstruct it. [...] the achievement of
the distant goal of constructing an artificial living cell will be the ultimate proof that
life has been fully explained.” (Morange 2009, p. 52). The notion of constructing
life suggests to understand the products of synthetic biology as living machines.’
What qualifies the synthetic biological systems as machines is not only their way of
production, but also their rational design and their function. Anna Deplazes-Zemp
remarks: “When synthetic biologists speak of their products as machines they imply
these entities have lost their independence and are thus controllable.”
(Deplazes-Zemp 2012, p. 767).

But it is controversial, if the notion of synthetic biological systems as living
machines captures the combination of natural and technological properties which
you find in the existing results. Products like the “synthetic cell” made by the JCVI
or Biobricks—the standardised biological parts which are used to engineer novel
biological devices and systems—present a mixture of natural and technological
properties on several levels. According to Kochy, in current research natural sys-
tems are used as material and models for both the products and the production
process (see Kochy 2012b, 147-149).° Moreover, he shows that the technological
approaches of synthetic biology are always framed by the requirements of complex
biological systems (see Kochy 2012a, 165). Kochy defines these requirements as
the natural prerequisites of the synthetic products and shows that their increasing
complexity intensifies the mixture of natural and technological modes of production
(see ibid. 172). Likewise, this complexity sets limits to the possibility of planning
and controlling the process of production. According to Kchy, in synthetic biology
the production process has to be conceived as a form of directed self-organisation
(see ibid. 171; Kdchy 2012b, 157). Thus, applying engineering principles in biol-
ogy causes changes in the concept of technology and its relation to nature. These
changes also affect the background beliefs which coin the self-understanding of
synthetic biologists. Some refer to their research activity as “tinkering” (see, e.g.,
Benner et al. 2011), a concept which is in tension to essential features of the

SFor a discussion of the complex history of the analogy between living beings and machines see
Kochy (2012b, pp. 150-157).

®Kochy indicates that the reference to natural systems is also important for the proclaimed future of
synthetic biology and refers to the report of the NEST High-Level Expert Group for the European
Commission which claims: “[...] synthetic biology aims to go one step further by building, i.e.
synthesizing, novel biological systems from scratch using the design principles observed in nature
[...]” (European Commission 2005, p. 11).
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mechanistic paradigm, especially the idea to design biological system “in a rational
and systematic way” (European Commission 2005, p. 5).

Some authors in the debate about the ontological status of the objects of syn-
thetic biology claim that their mixed character can only be understood by a her-
meneutic concept of life which connects nature and culture. From such a
perspective, synthetic biology systems are life forms, because they are both natural
objects and technological products. Here, the concept of life should achieve in
theory what synthetic biology performs in practice: a dialectic of nature and
technology. Ulrich Beuttler argues, for example, that on the one hand, synthetic
biological systems like artificial cells would still be similar to natural life forms,
insofar as they are constructed as self-maintaining systems, which serve their
purpose in an independent way (see Beuttler 2011, p. 292). According to Beuttler,
reductionist explanations cannot capture this form of selfhood. But in contrast to
certain autopoietical theories (e.g., Brenner 2012) he also emphasizes that the
self-reliance of a living being is not based on the form of its emergence: “Life
moves, preserves, organises and develops itself, but it does not create itself.”
(Beuttler 2011, p. 297; translated by J.S.). On the other hand, the entities of syn-
thetic biology are as technological products part of human culture. As Beuttler
emphasizes, his concept of life avoids the fatal alternative nature or technology,
because it encompasses the sphere of culture without blurring all distinctions. He
claims that in his theory life as culture and life as nature are united and distin-
guished likewise (see ibid. 300, 301). Regardless of the details and validity of
Beuttler’s view, such approaches are interesting, because they show that synthetic
biology can be interpreted in a non-reductionist way and, thus, indicates the limits
of a mere biological concept of life.

2.3 The Value of Synthetic Biological Systems? The Ethical
Question

These epistemological and ontological considerations are closely related to ethical
questions. The assumption that the products of synthetic biology are
human-designed life forms extends the scope and depth of the relevant ethical
considerations. Ethicists, like Joachim Boldt, emphasize that the ethical questions
which are raised by synthetic biology are an inherent part of the research activity,
and not just problems of technology assessment (see Boldt 2012, pp. 189, 190).
Here, the definition of the objects of synthetic biology as life forms is used to think of
this research in terms of interactions between different life forms, i.e. human and
non-human life. In other words, it adds an existential dimension to the practice of
synthetic biology. From this perspective, the attitude of the researchers towards their
objects becomes an important issue (see, e.g., Boldt 2013, pp. 397-400). Others
argue that the artificial production of living beings is a new challenge regarding our
responsibility for nature and its future form (see, e.g., Aurenque 2011, pp. 342-344).
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But the concept of life also motivates immediate ethical claims. There are several
versions of the argument: If synthetic biological systems are life forms, they have to
be treated as life forms. All these arguments rest on the conviction that life has an
inherent value and, thus, ethical relevance—a claim, which is intuitively right, but
nevertheless controversial (see Toepfer 2014). Take, for example, Boldt’s criticism
of current synthetic biology, which is based on an axiological concept of life. He
declares self-activity to be the bearer of the normative content of the concept of life.
This cybernetic concept of life—life as self-activity and communicative interaction
with an environment (see ibid.)—is combined with the holistic potential of the
concept of life: The boundaries between the different life forms are sublated (see
Boldt 2013, p. 399) and all life forms are conceived as being engaged in seeking a
common good. The good is a “practical notion of truth” (Boldt 2013, p. 398),
because:

The entity to which one relates is conceived of as taking part in the search for the good in
which one is immersed oneself. Hence, on this view one does not have an a priori right to
discard the interests and behavior of the entity, but is supposed to commence action towards
it in order to get to know the entity and accommodate its interests, if this appears rea-
sonable. The inherent value of the entity is a result of conceiving of the entity as a
proto-subject. Thus, the observer is compelled to respect its ways of behaving and turns
from observer into companion. (Boldt 2013, p. 397)

Another claim for the “attitude of respect for nature” (Taylor 1986, p. 59) rests on
the “biocentric outlook on nature” (ibid. p. 99). Biocentrists, like Paul Taylor, hold
“that all organisms are teleological centers of life in the sense that each is a unique
individual pursuing its own good in its own way” (ibid. p. 100). As moral agents,
human beings are obliged to acknowledge the “inherent worth” of “entities that
have a good of their own” (ibid. p. 75). Deplazes-Zemp remarks rightly that for
biocentrists “the production of synthetic organisms would [...] imply a moral
responsibility towards the produced organism” (Deplazes-Zemp 2012, p. 770).
Already in 1986, Taylor emphasizes the special relevance of an “ethics of the
bioculture” which “is concerned with the human treatment of animals and plants in
artificially created environments that are completely under human control” (Taylor
1986, p. 53). He argues that “it becomes a major responsibility of moral agents in
this domain of ethics to work out a balance between effectiveness in producing
human benefits, on the one hand, and proper restraint in the control and manipu-
lation of living things, on the other” (ibid. pp. 57, 58).

There are profound arguments which can be raised against both the cybernetic
and the biocentric starting points. Georg Toepfer remarks, for example, that neither
differentiates between the immanent normativity of every organic life form and the
normativity which is posited by individual reflection and in distance to the organic
presuppositions of life (see Toepfer 2014). But the purposes that guarantee the
self-preservation of a system are not necessarily ethically valuable. There can be a
difference between teleological purpose and the ethical good. Thus, both the
cybernetic and the biocentric position are problematic because of their equivocation
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on the concept of purpose. In addition, they do not provide any possibility of
deducing the reflexive normativity and can be accused of “immanentism” (ibid.).

3 The Concept of Life in Philosophical and Scientific
Discourses Around 1900. A Key Constellation

I have shown that the concept of life plays a crucial role in current debates on the
philosophy of synthetic biology. I will now turn to the history of the concept of life.
All of the issues I have discussed, have a long history in philosophical and scientific
reflections on life. They are what we might call tropes in the modern discourse on
life. The latter starts around 1800 and culminates in the late 19th century. But in the
context of synthetic biology the turn of the 20th century is of special interest,
because it was around this time that a strictly biological belief in the possibility of
creating life arose. Scientists like Emil Fischer or Jacques Loeb concluded inde-
pendently that the artificial production of life should be possible (see Budisa 2012,
p. 106). For Fischer—as Nediljko Budisa emphasizes—the chemical synthesis of
life seemed to be “an achievable goal”:

Fischer believed that modifications, design and creation of organisms with chemical
methods is a kind of beginning of a grand future project: he expected new forms of life with
novel/alternative chemical compositions created by synthetic means to have fundamental
advantages over the known living organisms with great potentials to gain technological
benefit for society. (Budisa 2012, p. 107).

Loeb was also convinced that the artificial production of living beings would be
possible in the future. In his opinion, only technological problems explained the
failure of contemporary attempts to synthesize life and he saw no reason why the
artificial production of living organism should be impossible in principle (see Loeb
2008, p. 258). Loeb’s lecture Das Leben (Life), which was delivered in 1911 at the
first conference of the monists in Hamburg, explained the theoretical framework
behind his belief in the possibility of “a practical, useful and controlled design of
‘synthetic life’” (Budisa 2012, p. 106). He developed a rigid “philosophy of
reductionist experimentation that sees living organisms as chemical machines”
(ibid. p. 106). Moreover, Loeb claimed that if life could be explained completely by
physics and chemistry, we could also build our social and ethical life on a scientific
foundation (see Loeb 2008, p. 255). The engineering of natural life would enable us
to engineer social life as well. His lecture ends with reflections on the natural basis
of human ethics.

The social, political and ethical implications of Loeb’s strict naturalism indicate
two important features of the scientific and philosophical discourses on life around
1900: Firstly, the reduction of the social sphere to the scientific method points to the
reach of the technical imperative of the engineer. Scientists like Loeb or Fischer
saw themselves as engineers of life. Moreover, as Petra Gehring shows convinc-
ingly, the practical orientation of the social sciences led to a technological
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understanding of society, which would enable its reform in the name of life (see
Gehring 2009, pp. 123, 134).”

Secondly, Loeb’s integration of the social sphere into his naturalistic concept of
life, together with the practical direction of his scientific approach, indicates the
claim to comprehensiveness in the discourses on life around 1900. There were
different approaches to life, which were connected to one another mainly because of
their all-inclusive concept of life. Regardless whether the conceptualisation of life
was based on nature (e.g., Loeb or Ernst Haeckel), culture (e.g., Georg Simmel) or
history (e.g., Wilhelm Dilthey) it was supposed to comprise the whole of reality.
Thus, new epistemological models arose that were mainly connected in that they
strove to transcend the opposition between the natural sciences and the humanities.
These methodological claims to comprehensiveness were based on the
all-inclusiveness of the central concept of life. Its all-inclusiveness provided the
possibility of undermining the epistemic dichotomy—so it was at least claimed.

Wilhelm Dilthey’s philosophy of life is a surprising example of the attempt to
overcome the dualism of nature and spirit (Geist in German) within the paradigm of
life. From the moment life entered the systematic part of his philosophy, a new
imperative started to guide his philosophy of science, with “life” providing the
nexus that brought together all sciences without reducing any one science to any
other. In particular, his writings from the 1890s show that this approach is based on
the definition of life as a process of articulation. This idea also grounds Dilthey’s
attempt to develop a concept of mind out of biological structures.® The life of the
spirit is considered as a more subtle and complex embodiment of structural char-
acters, which are valid for all processes of life—for instance, thinking is, according
to Dilthey, an interpolation between stimulus and response (see Dilthey 1981,
p- 13). Dilthey posits continuity between the different life forms. Moreover, the
relation between “higher” and “lower” life forms is defined as development, which
is characterised by an increasing differentiation and delineation. In other words, life
in itself develops continually more manifold and complex forms. The following
passage articulates Dilthey’s aim of grounding structures of meaning in biological
processes:

"Gehring analyses writings of Arthur Ruppin, Albert Hesse and Wilhelm Schallmayer on the sig-
nificance of the theory of evolution for social and political issues as examples of this perspective of
intervention. There are also other examples of the importance of an engineering approach in the social
thinking of this time: in 1881 Julius Post published his contributions to “Social-Engineering” (Arbeit
statt Almosen. Beitrdge zur Social-Technik; Labour rather than Charity. Contributions to Social-
Engineering). In 1899, Paul Natorp introduced the concept of social engineering in his
Sozialpddagogik.Theorie der Willenserziehung auf der Grundlage der Gemeinschaft (Social peda-
gogy. A theory of the cultivation of the will on the basis of community). In 1904, Albert Kellner
presented the Gesellschaft fiir Ethische Kultur (Society for Ethical Culture), his Social-Engineer (Der
Sozial-Ingenieur) and reports about different approaches to enhancing working conditions in the
United States and in Great Britain (see Neef 2012, pp. 257-259).

8This part of Dilthey’s philosophy was and still is neglected. An exception, on which I base my
own interpretation, are the works of Matthias Jung (see Jung 1996, 2003, 2008).
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Wherever psychic inwardness emerges, namely, in the entire animal and human world, the
structure and articulation of life is the same. But what is still completely lacking in the
lower forms of life is that manifold of discrete sensations and feelings on which psychology
as a rule is built. The primordial nucleus of inner life is always and everywhere the
progression from an impression stemming from the milieu of the living creature to the
movement that adapts the relationship of the milieu of the living creature. There is no more
original connection than this in all inner life. [...] Seen from inside, the development of the
living creature into higher forms involves an articulation; life articulates itself. And to the
inner articulation there corresponds an external articulation of the animate, organic body in
a series of stages. Intermediaries between the impression and the executed movement
multiply. Both the initial impressions and the final response assume more complex forms.
But everything happens on the basis of a schema common to animal and human life. And
precisely in this great, encompassing nexus and its relation to our intellectual inner life
there lies the convincing, unimpeachable proof that thought appears as part of life, is linked
to it, and serves its sphere. A biological perspective is necessary in order to be convincing
about the structure of life. (Dilthey 2010b, pp. 70, 71)

This glance at Dilthey’s hermeneutics of life shows that he was attempting to
integrate biological concepts into his theory of mind without deducing the latter
from a biological basis. In this respect, his philosophy is an example of the com-
prehensive claims of the discourses on life around 1900. Moreover, Dilthey’s
theoretical considerations on human nature always have a practical slant. The
“practical nature of human beings” (Dilthey 2010b, p. 14) is the starting point of his
epistemology. Therefore Dilthey developed an anthropology of knowledge in
which the nexus of life and value plays a crucial role. He claims that the main work
of life is to recognize what is really valuable for us (see Dilthey 2004, p. 88). Even
knowledge of reality serves to elaborate life-values. It is this aim which gives
human actions their teleological aspect. Moreover, Dilthey wanted to integrate
humanity into the purposiveness of nature, and defined the individual as the ref-
erence point of purposiveness. Dilthey envisaged the human life-unit as a subject of
self-preservation. The “course of a life” is defined as a “unity”, which constitutes a
“complete and self-enclosed, clearly delineated process” (Dilthey 2002, pp. 92, 93).
The lived experiences “belong to a nexus that persists as permanent amidst all sorts
of changes throughout the entire course of life” (ibid. p. 102). On the level of
culture, the continual process of individuation is exactly this ‘permanent persis-
tence’” of a single nexus in the course of life. The process of individuation has a
biological foundation: Dilthey conceives individuation as a descendant of the
self-preservation instinct. He thinks that the human life-unit is ultimately nothing
but “a bundle of drives” (Dilthey 2010a, p. 14). And life-experience, in which the
value of things is proved, can be seen as an enhancement of self-identity by
reflective awareness (see Dilthey 1990, p. 409). This process also enables the
objectification of life values. Its highest form is philosophy, which develops a

“Manfred Sommer notes correctly that this phrase is an “emphatic pleonasm” (see Sommer 1984,
p. 61). But his judgment that Dilthey’s life-unit is isolated in itself is false. For Dilthey the life-unit
is always exposed to “the pressure of the outside world” (Dilthey 2010a, p. 25). This difference is
“first experienced in impulse and resistance” (ibid. p. 23) and develops into social interaction.
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system of values and analyses their genesis and validity—a process from which
non-human life-forms are nevertheless excluded by definition.

It is important to acknowledge that it is not just the philosophical discourse on
life that is characterised by the practical turn, which entangles the concept of life
with the concept of value. As Gehring emphasises:

The oscillating concept of ‘life-value’ is a hinge of the discourse on life. Life is value and
life — as valuating authority — signalises likewise what really has value [...]. On the one
hand ‘life-value’ is (almost) a pleonasm, but on the other hand the certainty of the ‘value’ of
life constitutes what turns the mere discourse on life into a dispositif, in other words an
effective guideline also for institutional actions outside science.'® (Gehring 2009, p. 134;
translated by J.S.)

Gehring convincingly argues that this action-theoretical and existential concept of
reality emerged with this all-inclusive concept of life. The idea is that reality should
be reshaped in the name of life and values (see Gehring 2009, p. 132). Already
Friedrich Nietzsche refers in his Untimely Mediations to the “master builder of the
future” (“Baumeister der Zukunft”, Nietzsche 1874, p. 294; translated by J.S.), who
shapes a new future by the power of their will. In a posthumous fragment Nietzsche
also uses the phrase “master builder of life” (“Baumeister des Lebens”, Nietzsche
1980a, p. 631; translated by J.S.). But Nietzsche points above all to a problem in the
axiological concept of life. His vitalistic theory of history emphasises the
destructive features of innovation. For Nietzsche, the creation of something new
always presupposes the destruction of the established. Precisely in this sense, he
conceives of history as life. For Nietzsche, “life always lives at the expense of other
lives”!! (Nietzsche 1980b, p. 167; translated by J.S.) since “in its basic functions”
life “essentially [...] harms, oppresses, exploits, and destroys, and cannot be con-
ceived at all without this character.”'? (Nietzsche 1887, p. 312; translated by J.S.) It
is exactly this essential connection between the preservation and destruction of life
which is an argument against a cybernetic starting point for justifying an ethical
dimension of the concept of life (see Toepfer 2011, pp. 457, 458, 2014). This
argument holds in the realm of biology, because Nietzsche’s view is proven by
biological observation.

'%See the German original: “Ein Gelenkstiick des Lebensdiskurses ist der in sich changierende
Begriff ‘Lebenswert’. Leben ist Wert und Leben zeichnet zugleich—als wertende Instanz—*das
wirklich” Wertvolle aus [...]. Einerseits ist ‘Lebenswert’ (fast) ein Pleonasmus, andererseits liegt in
jener Gewissheit vom ‘Wert’ des Lebens das, was aus dem bloBen Diskurs des Lebens ein
Dispositiv macht, also eine praxiswirksamen Leitstrahl auch fiir auBerwissenschaftliches institu-
ionelles Handeln.” (Gehring 2009, p. 134).

See the German original: “Leben lebt immer auf Unkosten andern Lebens”. (Nietzsche 1980b,
p. 167).

12See the whole sentence in the German original: “An sich von Recht und Unrecht reden entbehrt
alles Sinns, an sich kann natiirlich ein Verletzen, Vergewaltigen, Ausbeuten, Vernichten nichts
‘Unrechtes’ sein, insofern das Leben essentiell, ndmlich in seinen Grundfunktionen verletzend,
vergewaltigend, ausbeutend, vernichtend fungirt und gar nicht gedacht werden kann ohne diesen
Charakter.” (Nietzsche 1887, p. 312).
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4 Life Again? Conclusions

This short examination of an important part of the history of the concept of life
suggests a surprising result. In the light of this history, synthetic biology leads to
well-known debates, arguments, notions and questions—especially in the philo-
sophical and ethical discourse on this new approach in biological research and
technology. The concept of “life as a toolbox”, which was shaped by the inter-
pretation of the research activity of synthetic biology, has already been formulated
in another context. It does not add “a new facet to the multifarious concept ‘life’” as
Deplazes-Zemp claims (2012, p. 772). There is a long tradition of discussing and
answering the questions about life which synthetic biology raises. Therefore, the
questions themselves have to be analysed critically. Do they capture the episte-
mological, ontological and ethical consequences of synthetic biology? And does the
concept of life provide solutions to actual problems, or at least help to understand
this new approach in biology, together with its societal impact? To answer these
questions I return to the current issues:

1. Our discussion of the current issues has shown that the phrase “fabrication of
life” encapsulates many of the hopes and concerns connected with synthetic
biology. Emphasis on this notion’s historical roots permits a more sober
judgement on synthetic biology and the expectations which are connected with
this new technology.

2. But should synthetic biological systems be defined as living? In my opinion, the
concept of life is too ambiguous and controversial to be useful for capturing the
actual practice of synthetic biology. Therefore, synthetic biology should follow
other branches of biology in being reluctant to use the term. This would be
helpful for both synthetic biology itself, and philosophical debates about it. Yet,
from another angle, it is to be welcomed that because of this new constructive
approach in biology, established dualisms such as that of nature and technology
are being questioned again. In these debates, the concept of life could play a
crucial role since, because of its ambiguity—especially its “double meaning as a
material object [...] and as a value of certain spiritual or even moral dimensions”
(Budisa 2012, p. 101)—the concept of life could mediate between heteroge-
neous spheres like the natural sciences and the humanities, theory and practice,
descriptive contexts and normative contexts. Following this view, synthetic
biology could be considered as the latest example of the entanglement of theory
and practice in modern science. It presents an essential feature of the life sci-
ences, because they are characterized by their close relation to practical appli-
cation. Moreover, their significance is based on their practical impact, which
already shapes our daily life. Thus, for a critical understanding of the life
sciences it is all the more important to consider scientific research as a social
practice. The concept of life could indicate this entanglement of science and
society. Furthermore, it emphasises the existential dimension of every cultural
practice.
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3. History tells us that the concept of life is strongly associated with the concept of
value. There are various versions of the equation “life is value”. Nevertheless
there are strong arguments against its ethical relevance, especially in the context
of synthetic biology.'? First, both concepts (life and value) are highly ambig-
uous and problematic. It would need careful elaboration to establish an ethics of
life which is based on the intrinsic value of life. Second, in the history of the
concept of life there have been arguments for and against its ethical relevance.
Careful examination of the history of ethics would reveal that it is highly
controversial whether life as such has an intrinsic value. Generally, life is
regarded only as a prerequisite for the realization of ethically valuable qualities
(see Toepfer 2014). Moreover, the historical findings clearly show that, for
example, the cybernetic version of an ethics of life is not tenable. Third, the
question remains, what counts as life? To use life as an ethical concept pre-
supposes a precise and generally valid definition of life, which is not available
so far—whether in biology or in philosophy.

But perhaps this fact does not matter because whether the objects of synthetic
biology are conceived as living beings or not isn’t important for the ethical
dimension of synthetic biology. Synthetic biology is definitely a further step in the
mastery of nature; in others words, in its cultivation. It could even lead to “a parallel
biological world” (Budisa 2012, p. 115). It is no accident that Budisa compares the
route to such a world with “a road that follows a course that has to be optimally
designed” (ibid). This “directed evolution” (ibid.) is distinguished from “natural
evolution” which is described as “a contingent historical process, like the flow of
the river” (ibid). This metaphor clearly presents synthetic biology as cultivating
natural evolution. Not least because of this radical possibility, synthetic biology has
to be seen as a new technology which raises old philosophical questions: Which
attitude towards nature is reasonable? Is the “human intellect” (ibid.) a good
“directing principle” (ibid.) for natural processes? How far should we change the
face of the world? Can we take the responsibility for the consequences of such deep
interventions, especially if we think of future generations? What can we know about
the potential consequences? In the context of such questions, the special ethical
challenge of synthetic biology becomes apparent. As several authors convincingly
argue, its risks are not captured by traditional technology assessment (e.g.,
Engelhard 2011). Complex biological systems are difficult to predict (see, e.g.,
Koéchy 2012a, pp. 172, 173). The more they diverge from nature, the less models
for comparison are available. Therefore, in my opinion, the questions of biosafety
and biosecurity are urgent. For a valid technology assessment it is certainly
important to know, as concretely as possible, how synthetic biological systems
behave. But the question whether this activity has to be conceived as life or not is a

3See also Eichinger, this volume.
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philosophical one. And in this context, Hegel’s famous claim that “the owl of
Minerva begins its flight only with the onset of dusk™ is probably true:

When philosophy paints its grey in grey, a shape of life has grown old, and it cannot be
rejuvenated, but only recognized, by the grey in grey of philosophy. (Hegel 2003, p. 23)
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Synthetic Biology and the Argument
from Continuity with Established
Technologies

Andreas Christiansen

1 Introduction

In efforts to defend synthetic biology against critics, it is common to see references
to earlier, established technologies and practices that synthetic biology is based
upon and/or an extension of. These technologies include basic domestication and
cultivation of plants and animals, systematic selective breeding, and newer tech-
niques such as directed evolution and recombinant genetic modification. The pre-
cise point of such references, particularly in public debate, is not always perfectly
clear. Here, I reconstruct them as making the (tacit) claim that since synthetic
biology is in some respect just like some technology that we think is unproblematic,
we should think synthetic biology unproblematic as well. My aim in this chapter is
to assess the argument and determine the extent to which it is successful.

I will first present a couple of examples of the line of argument as it appears in
public discussion, as well as three examples from the philosophical literature. I will
attempt to reconstruct these as instances of a type of argument that I call the
Continuity Argument. The Continuity Argument, in summary, says that some fact
about synthetic biology cannot be a reason to be critical of it unless we should also
be critical of established technologies of which that fact holds.! For example, the
fact that synthetic biology constitutes human manipulation of the genome of
organisms cannot be a reason to be critical of synthetic biology unless we should
also be critical of domestication in general, since domestication is also a form of

'T use “being critical of” as a generic term covering any negative reactions to synthetic biology. I’ll
return to this point below.
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such manipulation. It is, then, an argument that defends synthetic biology against a
suggested reason to be critical of it. It is thus a rype of argument, rather than a
single argument; there can be many different instances of the Continuity Argument.
Since the Continuity Argument is an answer to a claim that there exists some
reason to be critical of synthetic biology, much of my reconstructive effort will
make use of the notion of a reason and how reasons work.

Having reconstructed the Continuity Argument, I present three issues that may
undermine, to some extent, the soundness of the argument. These are (i) that the
argument doesn’t show that we should stop being critical of synthetic biology rather
than start being critical of the established technologies; (ii) that the argument
doesn’t allow that the degree to which a fact about synthetic biology holds may
make a difference to how that fact works as a reason; and (iii) that the argument
doesn’t distinguish between what reasons we have and what we should do all things
considered. I then discuss a specific, commonly expressed reason to be critical of
synthetic biology, namely that it involves human intentional manipulation of
organisms’ DNA, in light of these issues. Finally, I conclude with some reflections
about what thinking about continuity can teach us.

2 The Continuity Argument

As mentioned, the line of thinking I have in mind appears in both the academic
literature and in discussions in society at large. In this section I will first present two
examples from the public sphere. I then present three examples of the argument
found in the philosophical literature on synthetic biology. Finally, I construct a
general form of the argument.

2.1 Continuity Arguments in Public Debate

Example 1

At the technology-friendly info-tainment website cracked.com, an image was
posted showing a dog, a chicken, a pig and a cob of corn juxtaposed, respectively,
with a wolf, a junglefowl, a boar, and an ear of teosinte—that is, with their wild
ancestors. Accompanying the image was the following text:

Hate how common GMOs seem to be nowadays? Just remember... by one means or
another, humans have always loved screwing with nature. And we made all the really big
changes AGES ago. (Cracked.com 2014)

Example 2
In an editorial arguing against the labelling of GMO foods, Scientific American
makes the following claim:
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We have been tinkering with our food’s DNA since the dawn of agriculture. By selectively
breeding plants and animals with the most desirable traits, our predecessors transformed
organisms’ genomes, turning a scraggly grass into plump-kerneled corn, for example. For
the past 20 years Americans have been eating plants in which scientists have used modern
tools to insert a gene here or tweak a gene there, helping the crops tolerate drought and
resist herbicides. (Scientific American 2013)

These examples bring out some of the features of the Continuity Argument that I
described in the introduction. Cracked and Scientific American are arguing against
some attitude or action—namely “hating how common GMOs are becoming” and
labelling GM foods, respectively. They do so by pointing out that a fact about
GMOs, namely that they are the products of human alteration of organisms’ gen-
omes—of our ‘“screwing with nature” and “tinkering” with DNA—is also a fact
about earlier practices. Assuming that this fact is supposed to be relevant for their
case, what Cracked and Scientific American seem to be saying is that this fact is not
a good reason for hating or labelling GMOs, since we don’t hate or label non-GM
organisms that are also products of human alterations. Supposedly, someone has
made the opposite claim, that the fact that GMOs are products of human tinkering is
a reason for labelling/hating them, although neither Cracked nor Scientific
American provide sources for this.

2.2 Continuity Arguments in the Philosophical Literature

2.2.1 Douglas, Powell and Savulescu

Douglas et al. (2013) are interested in the question of whether the creation of
artificial organisms—which they define as organisms constructed from chemically
simple, non-living materials>—is “morally significant”. It is in defining what they
mean by “morally significant” that they put forward a Continuity Argument. In
order for the creation or artificial organisms to be morally significant, according to
Douglas et al., it has to be the case that (a) there are moral reasons not to create such
organisms (or factors that weaken reasons to create them),3 and (b) these reasons are

?I take this to be sufficiently close to the program of synthetic biology that I will not distinguish
between synthetic biology and the creation of artificial organisms.

3As Douglas et al. recognize, the moral significance of artificial life might be positive, i.e. there
might be moral reasons for creating artificial organisms. Since the main thrust of the debate about
synthetic life has concerned whether it is negatively morally significant, Douglas et al. do not
further discuss this possibility. For my purposes, given the fact that Continuity Arguments are
typically defences against criticism of synthetic biology, it is mainly the (possible) negative moral
significance that is at issue. But note that Continuity Arguments could be made with the opposite
valence—i.e. arguments that dismissed a reason that was alleged to count in favour of synthetic
biology (or another technology) by noting that the same reason would hold for a technology we
were disposed to reject.
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specific to the creation of artificial organisms. The latter condition means that the
reasons in question must not also apply to certain “contrasting practices”, namely
all other ways of generating new organisms—from sexual reproduction through
selective breeding to directed evolution and recombinant genetic engineering.

Already at this stage of their argument, Douglas et al. rule out the fact that
synthetic organisms are made to the specification of rational agents (i.e. humans) as
a possible reason for critical attitudes to synthetic biology. They do so on specif-
ically continuity-based grounds, arguing that since this fact is true of widespread
practices going back to the beginnings of agriculture, it would be “surprising” if it
were a reason for being critical of synthetic biology per se.

2.2.2 Holtug

Holtug’s (2009) point of departure is somewhat different. He is not concerned with
synthetic biology per se, but rather with “creating new life forms”. The latter
includes other methods of “genetic engineering”, such as recombinant techniques.
This means that Holtug cannot use recombinant genetic engineering as the estab-
lished technology with which synthetic biology is compared. Since, as noted,
Continuity Arguments are defences against criticisms of synthetic biology, this
could be either a gain or a loss depending on the specific criticism one is addressing.
If the critic accepts recombinant genetic engineering, then it makes sense to take the
Douglas et al. route. If the opponent is equally critical of recombinant technology,
Holtug’s route is more useful. As it happens, I think most critics of synthetic
biology are also critical of recombinant genetic engineering, and so I think Holtug’s
route is typically the superior one. However, some authors argue that synthetic
biology, but not recombinant genetic engineering, is problematic in some sense. For
example Boldt and Miiller (2008)—who Douglas et al. cite in motivating their
focus on synthetic biology per se—argue that synthetic biology’s move from
“manipulation” to “creation” is an ethically significant step.

Holtug introduces his Continuity Argument in assessing one interpretation of a
classic objection to genetic engineering, namely that it constitutes our ‘playing
God’. The interpretation he targets says that “genetic engineering is unnatural, and
therefore wrong” (Holtug 2009, p. 237). Unnaturalness is thus supposed to be a
reason for finding a practice morally wrong. Holtug then questions whether there is
a (non-ad hoc) sense of ‘unnatural’ that (a) would make it true that there is a reason
of the relevant kind, and (b) does not also apply to selective breeding, since “even
proponents of the “playing God” objection would want to allow this technology”.
He thus suggests that, since the critics of genetic engineering do not think that
selective breeding should be disallowed (i.e. do not think it is wrong), any sense of
‘unnatural’ that applies to selective breeding cannot be used by them as a reason to
find genetic engineering wrong.
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2.2.3 Preston

Preston (2013) argues in great detail that synthetic biology is a “red herring” in
discussions about the distinction between organisms and artefacts (a discussion that
synthetic biology and technologies like it are sometimes claimed to give rise to).
Her main focus is on theoretical issues, not on the ethical argument that is the main
interest of both Douglas et al. and of Holtug. She is primarily concerned with
showing that a range of changes that synthetic biology is claimed to cause with
respect to the distinction between organism and artefact actually occurred much
earlier, with the advent of agriculture. However, she several times hints at the fact
that this is supposed to be part of a (more) complete Continuity Argument. Those
against whom she directs her arguments are making the case that the changes
mentioned are ethically salient in some way. They argue that the fact that synthetic
biology entails some specific conception of the distinction between organism and
artefact is a reason for being critical of it. What Preston tries to show is precisely
that since this relationship between organism and artefact is present already in
agriculture, it cannot work as such a reason (at least unless it also is a reason to be
critical of agriculture as such). It is worth noting, however, that Preston does not
argue that the fact of continuity means that all the ethical worries surrounding
synthetic biology disappear, but merely that a prominent diagnosis and ‘treatment’
of the problem looks unhelpful (see esp. Preston 2013, p. 658).

2.3 The General Form

As the examples illustrate, the Continuity Argument amounts to the claim that some
proposed reason to be critical of synthetic biology is not in fact a reason unless it is
also a reason to be critical of established practices to which that reason would also
apply. Often, the tacit or explicit assumption is added that we should not, in fact, be
critical of the established practice, and hence not of synthetic biology either. I now
want to state this argument more precisely, in order to see clearly what its premises
and conclusions are. Before doing that, however, since the argument makes claims
about reasons, it might be useful to look briefly at the nature of reasons.

2.3.1 Reasons

At its core, a reason is a kind of relation; it is a relation between (at least) a fact or
consideration on one side and an action or attitude on the other, such that the fact or
consideration counts in favour of the action or attitude. There are different ways of
spelling the relation out in detail. In particular, there are differences of opinion as to
how many relata are in the relation (see Scanlon 2014, p. 31, n. 21 for an overview).
There are certainly two core relata, namely a fact or consideration (which I will call r)
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and the action or attitude a that r is a reason for. Scanlon (2014, p. 31) and Cuneo
(2007, p. 65) add a person, x, and a set of circumstances, ¢, as relata. On their
conception a reason is a relation of the type R(r, x, ¢, a): ris a reason for x in ¢ to do
action or take attitude a. Some philosophers, e.g. Skorupski (2010, pp. 36-37) add
even more relata (in his case a time, #, and a degree of strength, d).

One of the terms of the relation, r, is typically referred to as the ‘reason’. To
avoid ambiguity, I will use the capitalized ‘Reason’ to refer to whole relations, and
‘reason’ to refer to a fact that functions as an r-term in some Reason relation. In
thinking about (lower-case) reasons, it is important to remember that they only get
to be reasons by being part of a Reason relation. Hence the other terms of the
relation must be there as well (we can set aside the question of what the correct list
of relata is—whatever relata turn out to be in that correct list must all be present).
The non-core relata (i.e. the agent x, the circumstance c, the time ¢ etc.) can
sometimes be left unspecified because the Reason is supposed to be true for all
values of those terms (i.e. for all agents in all circumstances at all times, r is a
reason to take a). However, this cannot be done for the core relata, i.e. the reason
r and the action or attitude a. It makes no sense to claim that some consideration is a
reason for all actions and attitudes. And similarly, there is no action or attitude such
that every consideration is a reason for it.

In the rest of this chapter, I will focus exclusively on the r and a-terms, and
simply assume that proponents of the Continuity Argument and their opponents do
not disagree on the circumstances under which and the persons for whom r is
supposed to be a reason to take a.

2.3.2 The Argument

The Continuity Argument attempts to show that a specific fact, r, is not a good
reason for taking a specific action or attitude, a—or, in other words, that this
specific Reason relation, R, does not hold. Since the Reason under scrutiny has
been suggested by critics of synthetic biology, we can assume that a is some action
or attitude that is negative towards it. It could be very strongly negative, such as
banning synthetic biology, or it could be less negative, such as creating a certain
safeguard system, or labelling products that contain synthetic organisms, or not
supporting synthetic biology research financially. Whenever I use a, it will be
implied that the action or attitude is a negative one in this broad sense.

The r-term will be a proposition that is true about synthetic biology. Of course,
people sometimes suggest Reasons where r is not true of synthetic biology, but in
such cases the Continuity Argument is redundant anyway. The fact r will also be
true of some established technology, e.g. domestication or selective breeding. I will
use ‘E’ to refer to some such technology.

As the name of the Continuity Argument suggests, the idea is that E and syn-
thetic biology are continuous. This is not a term with a clear meaning in the
literature. For the examples I have used, i.e. domestication, selective breeding,
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recombinant genetic modification and synthetic biology, it seems obvious to see
each new technology as based upon and developed from the last—that is, as taking
the guiding ideas of the predecessor technology and pushing them further.
However, the sense of continuity that is directly important to my argument is only
continuity in terms of r, i.e. the fact that r holds for both synthetic biology and E*
Strictly speaking, then, the fact that synthetic biology is continuous with E in
former sense is beside the point. We might just as well compare synthetic biology
with very different technologies, depending on what the r under consideration
suggests; for instance, beer brewing is invoked to dismiss criticisms based on the
fact that some applications of synthetic biology makes use of fermentation products.
In the case I take up in Sect. 4, the two senses of continuity align. The r discussed
there is precisely the thing that synthetic biology has in common with those
technologies with which it is continuous in the sense of being based on and
extensions of—namely that it consists in human manipulation of organisms’
genome.

The core of the argument, then, is this: Critics have suggested that the fact r is a
reason for taking some negative action or attitude a to synthetic biology. In other
words, the Reason R(r, a) is claimed to hold with respect to synthetic biology. This
r is also a fact about an established technology E. So R should hold with respect to
E as well. But if R holds with respect to E, then we ought to take a towards E. The
converse of this is that if we ought not to take a towards E, then R does not hold
with respect to E. Since R does not hold with respect to synthetic biology unless it
holds with respect to E, we can conclude that if we ought not to take a to E, then R
does not hold of synthetic biology. In schematic form, the argument is this (I
abbreviate synthetic biology ‘SB’ in the schematic form of the argument):

(1) ris true about SB and a fact about E.

(2) If (1) is true, then if R is true with respect to SB, then R is true with respect to
E.

(3) If R is true with respect to E, then we ought to take a with respect to E.

(4) From (3) it follows that, if we ought not to take a with respect to E, then R is
not true of E.

(5) Therefore from (2) and (4) it follows that, if we ought not to take a with respect
to E, then R is not true of SB.

It is easy to see that the examples from the philosophical literature that I
described above are instances of this argument. In the case of Douglas et al., the
claim is this: The only fact that could function as an r-term with respect to synthetic
biology is that synthetic organisms are derived from chemically simple, non-living
materials. This is because all other (plausible) facts are also facts about

“This means that, in principle, Continuity Arguments could be made wherein the established
technology is as new as, or even newer than, synthetic biology—although I am not aware of any
such arguments.
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“contrasting” (that is, established) practices, including traditional genetic modifi-
cation techniques. So Douglas et al. propose a Continuity Argument that hits a
range of potential r-terms, rather than a specific one. In their paper, they then apply
this Continuity Argument (among other arguments) in rejecting several well-known
reasons proposed by synthetic biology critics (namely the ‘playing God’ worry in
various forms, the worry about reductionism, and worries concerning the interests
of organisms).

For Holtug, there is a specific r-term, namely unnaturalness, which he takes to be
an interpretation of the playing God worry. Likewise, there is a specific a-term,
finding genetic engineering morally wrong, and a specific E, namely selective
breeding. So Holtug’s is a paradigm example of a Continuity Argument; its con-
clusion is that if we do not find selective breeding morally wrong, then unnatu-
ralness cannot be a reason for finding genetic engineering morally wrong. Holtug
adds the assumption, mentioned above, that “even proponents of the “playing God”
objection” do not find selective breeding morally wrong, which leads to the con-
clusion that unnaturalness is not in fact a reason for finding genetic engineering
morally wrong.

Finally, Preston attempts to show that agriculture constitutes a breakdown of the
organism/artefact distinction. This does not in itself amount to making a Continuity
Argument. Rather, what Preston does is to provide detailed support for premise
(1) of the Continuity Argument as stated above, i.e. the claim that r is a fact about E
as well as synthetic biology. However, as mentioned, her discussion assumes that
the (dis)continuity between synthetic biology and established practice is ethically
salient. In fact, acceptance of the Continuity Argument is common ground between
Preston and her opponents, who also assume that the ethical status of synthetic
biology is (at least partly) determined by whether it is continuous with established
technologies or not. Otherwise, their efforts in proving the discontinuity of synthetic
biology and established practices would be pointless.

3 Issues with the Continuity Argument

Returning to the Continuity Argument in its general form, there are several prob-
lematic issues to take note of. First, the conclusion of the argument is not that we
ought not take a towards synthetic biology, and neither can that conclusion be
straightforwardly inferred from (5). It takes the extra assumption (like the one
Holtug makes) that we should not, in fact, take a towards E. Second, there are
conditions under which premise (2) is not true. These are conditions where there is
some potentially ethically salient difference in degree with respect to r (e.g. if r is
the fact that technologies are risky, one technology might be more risky than
another). Third, there are conditions under which (3) is not true. These are con-
ditions in which another Reason outweighs R with respect to E, and thus makes it
the case that we ought not to take a with respect to E all things considered. I will
now go through each of these issues in turn.
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3.1 Modus Ponens Versus Modus Tollens

The conclusion of the Continuity Argument as I have formulated it is this:
(5) if we ought not to take a with respect to E, then R is not true of E.

As noted, this is not the conclusion that proponents of the Continuity Argument are
ultimately looking for—mnor is it that interesting for a neutral spectator to the debate
who wants to know what she should do or think about synthetic biology. What is
sought is the conclusion that r is not a reason to take a to synthetic biology. Getting
there takes one more step.

The conclusion as stated in (5) is a conditional statement of the form if A, then B.
A and B here stand for claims—so an example of a fleshed out version could be if it
is always wrong to kill, then the death penalty is wrong. When faced with a
conditional statement, two routes are possible. First, one may claim that A is true
and infer, modus ponens, that B is true. Or one may claim that B is false and infer,
modus tollens, that A is false. In the killing/death penalty example, one may affirm
that killing is always wrong and infer that the death penalty is wrong (modus
ponens). Or one may deny that the death penalty is wrong and infer that killing is
not always wrong (modus tollens).

This means that from the conclusion of the Continuity Argument—‘if we ought
not to take a with respect to E, then R is not true of SB’—two routes are possible:
(1) claiming that we should not take a to E, and inferring that R is not true with
respect to synthetic biology; or (ii) claiming that R is true with respect to synthetic
biology, and inferring that we ought to take a to E as well. In other words, we can
just as easily use a Continuity Argument where a is, say, banning a technology and
r is the fact that the technology involves manipulation of DNA to show that we
should in fact ban E, as to show that R doesn’t apply to synthetic biology. In other
words, for all this version of the Continuity Argument tells us the correct conclu-
sion may be that we ought to ban agriculture.

Whether we should make the modus ponens or the modus tollens inference
depends on how plausible the respective claims are. In the version of the Continuity
Argument sketched just above, the first claim—that agriculture should not be
banned—is a point of view that few of us can imagine giving up on. After all,
agriculture is the way in which humanity feeds itself. So it is fairly plausible that the
modus ponens inference is the one most would be inclined to make. But some
environmental philosophers have been willing to give up on agriculture, even while
recognizing its importance for humanity. For example, the Norwegian philosopher
and ‘Deep Ecologist’ Arne Naess famously argued that the aim of securing the
flourishing of non-human life and ecosystems was sufficient reason to make a
sizeable reduction of the human population “a high priority” of policy in industrial
societies (Naess 2005, p. 44).

The main point of interest here, however, lies not in such substantive issues. The
point is rather that a Continuity Argument is not sufficient to show that we ought
not take a with respect to synthetic biology. The mere fact that established
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technologies exhibit the same characteristic that you find problematic about syn-
thetic biology does not show that you are wrong to find that characteristic prob-
lematic. Perhaps you just needed the clearer case of synthetic biology to realize how
problematic that feature of an established technology, e.g. agriculture, actually was.
What the Continuity Argument (if sound) can show is the implicit commitments
that your insistence that r is a reason to be critical of synthetic biology carries with
it with respect to other technologies and practices of which r is also true. And these
commitments can potentially be quite extensive.

3.2 Matters of Degree

I said above that synthetic biology might simply provide a clearer case of r than the
cases one has previously considered—and that this could make someone realize that
a well-established technology that had this feature was problematic for the same
reason. One thing ‘a clearer case of r’ could mean is that » is in some sense present
to a larger degree in synthetic biology than in E. Such difference in degree might
not only make someone see E as problematic because of »—it might also justify the
judgment that r is a reason to take « in the case of synthetic biology, but not in the
case of E. In other words r to degree d, could be a reason to take a, while r to
degree d; is not (where d; < d»).

A case in which matters of degree clearly make a difference is expensiveness.
Suppose that we agree that a restaurant visit is expensive if it costs more than 100 €
per person. Clearly, expensiveness might provide a reason r to take a certain a, e.g.
not to go to the restaurant. Still, it is not irrelevant how expensive a restaurant is. It
is quite coherent to think that in the case of Chez Jacques, costing 100 €, its
expensiveness is not a reason not to go, while thinking in the case of The Lean Pig,
costing 500 €, expensiveness is a reason not to go. A Continuity Argument for this
case would not work, since taking r, expensiveness, to be a reason not to go to The
Lean Pig, does not commit us to taking expensiveness to be a reason not to go to
Chez Jacques. In other words, premise (2)—"if r is a fact about CJ and a fact about
LP, then if R is true with respect to CJ, then R is true with respect to LP’—of that
Continuity Argument would not be true.

Interestingly, Beth Preston explicitly rejects that degree makes a difference. As
mentioned in Sect. 2.2, the case she is interested in is the proposed r that the advent
of synthetic organisms would blur the boundary between artefact and organism. On
domesticated plants and animals and synthetic organisms, she writes: “They are all
biological artifacts—the differences are merely a quantitative matter of how much
of their function and structure is under our control” (Preston 2013, p. 658). Of
course, Preston is not simply making a mistake here in not taking the difference in
degree to undermine her argument. Not every case is like the case of Chez Jacques
and The Lean Pig. But the argument has to be made that the case one has in mind is
not like the restaurants case. There are three possible strategies one might take in
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making such an argument. I’ll first present those strategies and then briefly discuss
how Preston deals with the issue.

The first strategy is the most straightforward one, namely arguing that the degree
of r does not in fact differ between synthetic biology and E. In a restaurants case, if
both restaurants cost 200 €, then expensiveness by itself cannot be a reason not to
g0 to one, but not a reason not to go to the other.”

The second strategy is to argue that there is a limit of » above which it provides a
reason to take a, and that both E and synthetic biology are on the same side of this
limit with respect to the level of r. The limit could be a fuzzy one, as long as it is
agreed that both E and synthetic biology are on the same side of the limit. As an
example, suppose you are deciding where to buy a house, and do not want to live
somewhere where a natural disaster might occur. Presumably, any location has
some chance of being hit by a natural disaster, but you only are only concerned to
avoid a location where the chance is high, i.e. above a certain level. If two houses
are both above the level, the chance of a natural disaster occurring is a reason to
avoid buying either of the two houses, but it cannot be a reason to avoid buying one
house but not a reason to avoid buying the other.

The third strategy denies that r (at least within this specific R) works like
expensiveness does in the restaurants example. That is,  is a reason to take
a whenever it is present, no matter to what degree, or » might be a feature that
essentially does not admit of degrees. An example of the first kind might be rights:
the fact that a is a violation of someone’s rights is often thought to be a reason not
to do a no matter how small a violation it is. Examples of the second kind are
legion; the fact that one’s dog died is a reason to be sad, and the dog is either dead
or it isn’t—it cannot be more or less dead.

Preston can be interpreted as using either of these strategies. She discusses
matters of degree in more detail in the course of arguing against the claim that
synthetic biology is problematic for ontological reasons. The idea she is opposing is
that the fact that synthetic biology gives rise to entities that are neither purely
artificial nor purely natural—i.e. synthetic organisms—is a reason to be wary of SB.
Preston does not deny that synthetic organisms are ontologically ‘blurry’. Instead,
she argues that everyone accepts that the distinction between natural and artificial is
not a strict one, but is a matter of degree. She then argues that the “qualitative

51t should be noted, however, that the structure of reasons can be quite complex. Suppose that Chez
Jacques is a three-star Michelin restaurant, while The Lean Pig is a run-of-the mill brasserie. In
that case, the judgment that The Lean Pig is too expensive (i.e. that its expensiveness is a reason
not to go) while Chez Jacques is not is intuitively quite plausible, even if they both cost the same
(e.g. 200 €). One way of interpreting this is that the restaurants’ respective status provides reason
for judging one (The Lean Pig) to be expensive, while the other was not (‘Chez Jacques is actually
cheap for a three-star Michelin’, someone might say). So expensiveness becomes a property that is
relative to the product. Alternatively, we might hold on to the idea that anything above 100 € is
expensive, but then argue that the fact that Chez Jacques is a three-star restaurant defeats or
attenuates the reason-giving force of expensiveness. Here, the different status of the restaurants
provides reasons for thinking certain things about how other features they have—here, their
expensiveness—count in favour of or against going.
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break™ at which “ontologically problematic” entities come into existence occurs
with the advent of agriculture. This is because agriculture entails domestication, and
because domesticated plants and animals are ontologically blurry in the relevant
way. Such organisms are simultaneously somewhat natural and somewhat artificial
—mnatural qua organisms, artificial in virtue of being essentially shaped by human
intervention. She then recognizes that there is a difference between agriculture and
synthetic biology in that the latter is more “refined” since it uses better knowledge
and more precise techniques for its interventions (Preston 2013, pp. 650, 651).
Preston could here be interpreted as using any of the three strategies. She at least
thinks that synthetic biology and domestication lie on the same side of a relevant
limit—the “qualitative break”. That break is marked by our determining the nature
of species of organisms, i.e. our shaping organismic DNA systematically. This
interpretation matches the second strategy above. On a stronger interpretation,
matching the first strategy, there is no further distinction in degree of the relevant
sort. Hence synthetic biology and domestication share the same level of blurriness.
On a still stronger interpretation, blurriness itself doesn’t even admit of degrees,
either in general® or insofar as blurriness is supposed to be a reason to be wary. That
matches the third strategy. Which interpretation is best depends on whether Preston
thinks ontological blurriness and ‘refinement’ are the same thing—i.e. whether
being a result of more refined intervention (such as synthetic biology) moves an
entity further into the territory of blurriness. I will not try to answer this question,
but I will say more about the sort of argument Preston is discussing in Sect. 4.

3.3 Pro Tanto Versus All Things Considered

In Sect. 3.1 I discussed the problem of deciding between modus ponens and modus
tollens given that the conclusion of the Continuity Argument is a conditional (if...
then) statement. In some cases, I suggested, the plausibility of one of the claims—
that we ought not take a with respect to E—was so high that most would be
prepared to accept the modus ponens version and hence arrive at the desired further
conclusion that r is not a reason to take a with respect to synthetic biology. This
would be the case, for example, where the proposed a is a ban and the established
technology an indispensible technology like agriculture. So one might be tempted
to accept, at least, that there are no r-terms that (i) apply to agriculture as well as
synthetic biology, and (ii) would count in favour of a ban on synthetic biology.
However, this would be too hasty a judgment. The antecedent—that we ought
not to take a with respect to E—is an all things considered judgment. But a Reason
does not only apply where we ought, all things considered, take the a in question.
To the contrary, most reasons are pro tanto (or, synonymously, contributory)

%In other words, the boundary between blurriness and non-blurriness is not a blurry boundary.



The Argument from Continuity with Established Technologies 305

reasons. The expression ‘pro tanto’ is Latin for “for so much”, or more colloquially
“for what it’s worth”. Its usage in ethics is due to Shelly Kagan. On Kagan’s
definition, a pro tanto reason “has genuine weight, but nonetheless may be out-
weighed by other considerations” (Kagan 1989, p. 17). Being in fact outweighed is
not a condition for being pro tanto. A reason for a is ‘outweighed’ when there is
some other reason r’ that counts in favour of not-a. It might do so by counting in
favour of not taking a directly, as when my being ill is a reason not to go to the
office on Saturday that outweighs my reason to do so (e.g. that I have a deadline
Monday). Alternatively, outweighing might take the form of r’ counting in favour
of some «’ that is incompatible with a, as when the fact that the weather is good is a
reason to go to the beach that outweighs my reasons to go to the office on Saturday.
In a case where r is outweighed, I ought not, all things considered, take a (or, as
some put it, I have most reason to do not-a).

Since reasons are pro tanto, we cannot conclude that a reason to take a does not
exist simply from the fact that we ought not take « all things considered. Drawing
that conclusion would be mistaking pro tanto for prima facie reasons—the latter
being reasons that seem, on the first look, to genuinely count in favour of a, but
might later turn out not to do so. It is a mistake to think that a reason’s being
outweighed means that it was no reason at all. Consider the case of heroin use.
Presumably, being high on heroin is highly pleasant, and this counts in favour of
doing heroin. For most of us, however, other reasons, e.g. the risk of addiction or
death, outweigh the pleasantness. Still, pleasantness is a reason, and it may come to
the fore if, for some reason, the reasons not to do heroin lose some of their weight
(say, if you were in the last stages of a terminal illness).

The important point is that the Continuity Argument is supposed to be about
(pro tanto) reasons. If r is merely outweighed with respect to E, then premise (3) is
false, since in that case R might be true with respect to E even though we ought not
take a to E. The proponent of the Continuity Argument needs to show that if R
applied to E, then we should take a to E. In other words, they owe an argument that
shows that r could not simply be outweighed in this case.

4 The Continuity Argument and Human Intervention

I want now to apply the insights of Sect. 3 to a set of versions of the Continuity
Argument, namely those where the proposed r-term is the fact that synthetic
organisms are the products of human intervention. By their being ‘products of
human intervention’ I mean that these organisms’ genotype is, at least partly,
determined by more or less deliberate human action. This is a common basis for
criticism of synthetic biology, and it is addressed by all the authors described in
Sect. 2. I have already touched upon Preston’s arguments regarding the issue (in
Sect. 3.2). My examples from public debate both concerned human intervention
—“screwing with nature” (Cracked.com 2014) and “tinkering with [...] DNA”
(Scientific American 2013). Holtug discusses unnaturalness, but I think what he has
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in mind is close to human intervention—modified organisms are unnatural because
they are the products of human intervention. And as noted, Douglas et al. reject the
fact that synthetic organisms are “made to specification” as a possible r-term early
in their paper. They further discuss an interpretation of the ‘playing God’ objection
according to which the problem is “exceptionally grandiose and hubristic attitudes”
that are embodied in a human “drive to mastery”—i.e. a desire to intervene where
one should not (Douglas et al. 2013, p. 690).

So how does a Continuity Argument aimed at human intervention stand with
respect to the issues discussed in the previous section? First of all, it is clearly
possible that the pro tanto/all things considered distinction could be relevant here,
since it could be so in practically all cases. But more than that, the fact that the E in
question is often agriculture, and that agriculture has the feature of being necessary
for our survival, means that any r will fypically or even always be outweighed with
respect to E. I see no reason why critics using human intervention as an r-term
could not view the intervention that agriculture embodies as sad, but unavoidable
(they might even lament that humans ever started being agriculturalists, without
thereby committing themselves to the view that we ought to abolish agriculture).
When E is a less foundational technology, as it is for both Douglas et al. and
Holtug, it becomes less obvious that there are strong reasons for being in favour of
E (that is, in favour of not-a, since a is some negative attitude or action). But
sometimes, these technologies are argued to be a necessary condition for feeding a
population of the size that exists today (to the extent that it is actually adequately
fed), or for feeding the global population at some time in the future (Borlaug 2000).
If these claims are true, the counterweighing reasons in favour of selective breeding,
or genetically modified crops, might be (almost) as strong as those in favour of
agriculture.

Above all, the pro tanto/all things considered distinction brings to the fore the
need to talk and think about what (pro tanto) Reasons there are directly, and to be
cautious about using all things considered judgments. However, doing so might
exacerbate the difficulty in deciding between modus ponens and modus tollens.
Correctly interpreted, what we know from a Continuity Argument is that if r is not a
reason to take a to E, then r is not a reason to take a to synthetic biology either. That
is, in this case, if human intervention is not a reason to take a to the E in question,
the human intervention is not a reason to take a to synthetic biology either. But
often, our commitment to the claim that a Reason applies to a case is weaker than
our commitment to all things considered judgments, in part because some Reasons
may make very little difference. If that is the case, it is easier for the opponent of the
Continuity Argument to simply bite the bullet, accept the modus tollens inference
and conclude that we do have some reason, namely the fact that E embodies human
intervention, to take a to E—for example, as mentioned, that intervention does
count in favour of ending the practice of agriculture. Of course, the critic cannot use
this strategy to defend all Reasons that she takes to apply to synthetic biology—
rationality requires that there must be some Reason that applies in the synthetic
biology case and not in the case of E if one wants different all things considered
judgments about the two cases.
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Finally, could matters of degree be important? As discussed briefly in Sect. 3.2
on Preston, there is an ambiguity here. On the one hand, intervention could be an
either/or situation—an organism’s DNA either is or is not (partly) determined by
human intervention. On the other hand, there is a sense in which interventions are a
matter of degree. Preston, recall, allowed that there is a difference in how “refined”
our intervention is, where being more refined amounts to using better knowledge
and more precise techniques for shaping organisms’ genetic makeup. Higher
refinement means that our interventions become more targeted; they determine as
little of the genetic makeup of the organism as is necessary for achieving the goal of
the interventions. In addition to refinement, we might think of the scope of inter-
vention as another dimension in which degree distinctions can be made. An
intervention is larger in scope when more of the organism’s traits are there because
of the intervention. Notice that there is a tension between refinement and scope
insofar as less refined interventions tend to be larger in scope because they change
traits that they did not intend to change. This means that a higher degree of
intervention on one dimension may alleviate worries based on higher degrees of
intervention on the other dimension. For example, a common worry in the debate
concerning genetically modified food is that the modifications might alter other
parts of the genome than those responsible for the traits we want (e.g. drought
resistance), and therefore create unforeseen harmful traits. Increasing the refinement
of the intervention may here alleviate the worry precisely by decreasing the scope
of intervention.

I think it is reasonable to see the biotechnological development as a movement
towards higher refinement of intervention. While it is difficult to say anything
definite about how domestication got started, a plausible suggestion is that the first
changes that human beings caused in the DNA of organisms were side effects of our
eating plants with desirable qualities and consequently planting their seeds by
accident (see Bulleit 2005 for an argument to this effect). If this is true, early
domestication exhibited a zero degree of refinement, since neither knowledge nor
technique was employed. Relatively soon after, more refined interventions emerged
in the form of intentional selection of crops and animals with desirable traits for
planting and breeding—basic selective breeding. In the 18th century, selective
breeding methods were further improved by the use of scientific methods (e.g. exact
measurements of wool or meat yield from sheep and cattle)—so much so that these
developments served as inspiration for the ground-breaking work on heredity and
evolution of Mendel and Darwin (the latter of whom coined the term ‘selective
breeding’). Selective breeding methods have since developed further. The bio-
technology revolution represents yet another increase in refinement by making it
possible to make very fine-grained selections, down to the level of individual genes.
And at least some of the research programmes falling under the heading of synthetic
biology embody the completion of the progression towards greater refinement: The
creation of organisms with all and only those genes that human beings have decided
they should have.

The question now is whether this increase in degree matters for our ethical
evaluation of synthetic biology—that is, whether synthetic biology’s level of
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refinement of intervention provides a reason for taking some a that domestication’s
or selective breeding’s level of refinement does not. Preston argues explicitly that
the difference in degree of control between bog-standard agriculture and synthetic
biology does not matter, since agriculture was the “tipping point” in all relevant
respects. As she herself points out, her arguments are especially aimed at those who
imagine that rolling back of modern biotechnologies (and, for that matter, modern,
industrialized agricultural techniques) would change humanity’s way of relating to
nature from one based on “control” to one based on “trust” and “nurturing” (Preston
2013, p. 658). For such people, it seems, any degree of control—that is, of inter-
vention in my sense—is troubling.

But not all critics of synthetic biology need hold such a view. I think there are
two plausible ways of understanding intervention-based worries that would make
the difference in degree relevant. First, the problem might be related to the increased
powers that more refined techniques of intervention bring us. A straightforward
worry might be, for example, that synthetic biology will be used mainly with the
interests of business in mind, and not promote (or perhaps even contradict) the
interests of animals, the environment and ‘ordinary people’. Of course, existing
biotechnology may already be used in this way (think of chickens bred to be so
meaty that they cannot carry their own weight). On that basis, one might argue that
each new power merely provides a reason (or even demand) to use it carefully and
right. But beyond this, one might use this line of reasoning as a way of grounding
scepticism towards new technologies as such. If one is sceptical of the willingness
and ability of scientists, business and the political system to use the powers that
synthetic biology brings in the right way, it is reasonable to be critical of allowing
synthetic biology in the first place, or accept it only on the condition that it is used
only in certain ways.

Less straightforwardly, there is a connection between refinement and responsi-
bility. A plausible conception of moral responsibility has it that an agent is morally
responsible for an event to the extent that the occurrence of the event can be
explained by the agent’s motivations (Bjornsson and Persson 2012). When the
refinement of our interventions increase, the fact that an organism has a certain trait
is more likely to be explained by the agent’s motivations. In the case of some
projects belonging to the umbrella of synthetic biology, all traits would be so
explained. For example, if we were to create a sentient fully artificial organism, the
fact that the organism is sentient is explained by the motivations of the designer.
Consequently, the designer bears moral responsibility for sentience. And similarly
for all other traits, be they good or bad. It is not exactly clear what reasons are
provided by the fact that more refined interventions ground extra responsibilities,
but I think it is plausible that some critics really worry about whether we—our
society or humanity as such—are well-suited for taking on these extra
responsibilities.

Second, there are views that explicitly view foo much control, rather than control
as such, as the problem. Control is objectionable only when it exceeds certain
limits, either in the sense that specific things are controlled that ought not be
controlled, or in the sense that it realizes or aims towards too much—perhaps
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ultimately wuniversal—control. For example, G.A. Cohen argues that “[i]t is
essential that some things should be taken as given: the attitude of universal mastery
over everything is repugnant, and, at the limit, insane” (Cohen 2011, p. 207). This
conservative or conservationist view is familiar, I think, from the debate about
human impact on the environment, as well as from debates on bioethical issues such
as human enhancement.

In our case, the argument made is that synthetic biology is tantamount to, or at
least invites, the attitude of or desire for universal control. For instance, Boldt and
Miiller suggest that what gives rise to ethical concerns regarding synthetic biology
is the move from manipulation to creation. Where earlier technologies aimed at
“softening unpleasant edges of” and “adding extra value to” existing organisms,
synthetic biology “brings into existence something that counts as valuable from our
point of view” (Boldt and Miiller 2008, p. 388). The latter, but not the former,
invites a view of nature as “a blank space to be filled with whatever we wish”.
For worries of this type, the degree of intervention clearly makes a difference—a
difference that makes sense of taking different attitudes to synthetic biology and
other technologies. Of course, there may be other problems with these kinds of
criticisms of synthetic biology, but those are not vulnerable to a Continuity
Argument.

5 Conclusion

I have argued above that there exists a common line of argument, which I have
dubbed the Continuity Argument, that is used in defence of synthetic biology. It
consists in denying that some fact that is claimed to be a reason to be critical (in
some specific way) of synthetic biology is in fact such a reason. The denial is
supported by arguing that the same Reason relation—the fact » counts in favour of
the critical action or attitude a—should hold with respect to some established
technology E that we are not, or have not been, inclined to be critical of in the
relevant way. I have argued that this line of argument has some limitations, espe-
cially with respect to three features: (i) It cannot determine whether to stop being
critical of synthetic biology or to start being critical of E; (ii) It does not take into
account the possibility that matters of degree of » make a difference; and (iii) It does
not adequately distinguish between pro tanto reasons and reasons all things
considered.

What can we learn from this if we are interested in the ethical assessment of
synthetic biology? I think there are two general ways to go. The first is to hold on to
the idea, which has been assumed throughout this chapter, that Continuity
Arguments are, in fact, arguments—that is, that they are a set of premises intended
to establish a conclusion. If we do this, my discussion of the argument reveals the
circumstances under which the argument is and is not sound. It shows the user of
the Continuity Argument what more, beyond the mere fact that r applies to E as
well as synthetic biology, she needs to establish. Similarly, it shows the critic of
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synthetic biology what pitfalls she needs to avoid when her proposed r is shared by
an established technology. If R is likely to be outweighed in the case of E but not
synthetic biology, or if r differs in degree between synthetic biology and E, then it is
likely that a Continuity Argument is not sound. This further suggests that tech-
nologies that are very similar to synthetic biology, such as recombinant genetic
engineering, are better candidates for successful Continuity Arguments than those
which are less similar, such as agriculture. Unfortunately this tends to diminish the
strength of the Continuity Argument insofar as we are less certain that genetic
engineering is ethically unproblematic than that agriculture is. Hence the jump from
the demand that evaluation of synthetic biology and E be the same to the conclusion
that synthetic biology is ethically unproblematic—i.e. from the establishment of the
conditional conclusion (5) to the modus ponens inference from that—is more dif-
ficult to make.

The second way to go is to give up on the idea that Continuity Arguments are
arguments in the sense described above. Instead, we might view them as heuristic
devices that help us think more clearly about the issues surrounding synthetic
biology. Noticing that domesticated plants and animals are products of human
intervention, for example, may be no more than a way of making ourselves and
others reflect on whether we really think that the fact of intervention is morally
salient. On this interpretation, the level of similarity between synthetic biology and
E is less important, since we are merely reminding ourselves of the kind of ethical
role (which may include being ethically irrelevant) that » plays in other cases. The
use of comparisons with established technologies, on this view, should be seen as
playing the same role as thinking about historical analogies does for political
decision makers. Here, no one would suggest that there is some kind of rational
demand for aligning future actions with past ones, even past ones that one approves
of. Instead, the past is a resource for understanding the current situation better,
which enables a better decision about the current situation on its own merits. If this
weaker way of understanding the Continuity Arguments is attractive, we should
also heed the advice of those decision makers who have used history well: To read
history widely, and not fixate on a single analogy. To do so would be to ignore
sources of knowledge that could improve our decisions, whether about politics or
synthetic biology.
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Synthetic Biology Between Engineering
and Natural Science. A Hermeneutic
Methodology for Laboratory Research
Practice

Michael Funk

1 Introduction

In this chapter, I investigate some basic methodological and epistemological issues
of synthetic biology and its relations to a theory of engineering and laboratory
research from a philosophical point of view. During the summer school on which
this volume is based we tried to shed light on the differences and similarities
between synthetic biology and biotechnology or genetic engineering—and more
generally the relations between synthetic biology, engineering sciences and natural
sciences. With regard to epistemological and methodological aspects of synthetic
biology, a need for clarification was identified: How can we understand the practice
and generation of knowledge in synthetic biology? Is synthetic biology engineering
science or natural science? What is the relation between engineering and natural
sciences? What is the methodology of synthetic biology? With this chapter, I want
to contribute some possible answers to these questions. They cause new challenges
because most philosophical reflections of science have been focused on natural
sciences but not engineering sciences. Therefore I am going to develop a herme-
neutic methodology of synthetic biology with respect to the works of Don Ihde,
Bernhard Irrgang, Hans J. Miink, Hans Poser and others.

2 Three Methodological Turns

In the philosophy of science, physics was long seen as a paradigmatic ideal case of
natural scientific research and thus shaped the classical philosophical approaches.
Many epistemological investigations have been oriented on terminologies, theories
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and experimental methodologies of physics—and not of biology or engineering
(Poser 2004, pp. 175-184, 2012, pp. 312-333). During recent years, a number of
philosophical investigations have also been emphasizing methodologies of engi-
neering sciences (e.g. Banse et al. 20006; Irrgang 2010; Kornwachs 2012). But even
though there is a growing number of efforts to understand the methodology of
engineering, a general philosophical approach to the epistemology of engineering is
still “work in progress” and a desideratum—especially with respect to the new
general paradigm of biology (Poser 2004, pp. 175-178, 2012, pp. 312, 313, 336,
337).

The methodological turn from physics to biology in philosophy of science is one
of three puzzle-pieces that form the background for the development of a herme-
neutic theory of synthetic biology. Another puzzle-piece can be found in the
development of genetic engineering and biotechnology since the 1970s in combi-
nation with a new technology-oriented form of laboratory research practice, which
became the historical and technical condition for current synthetic biology.
Synthetic biology is a hybrid of engineering and natural sciences which is consti-
tuted by a plurality of different methodologies (Irrgang 2004, pp. 289-294). This
hybrid-status leads to epistemological problems that are more specific to synthetic
biology—this seemed to be a general conclusion during the Summer School leading
to this book—than the ethical questions. A similar hypothesis has also been elab-
orated by Hans J. Miink, who claims that the hybrid status causes the most difficult
new questions of synthetic biology in philosophy. Evidenced by statements of
protagonists of synthetic biology during the last years, another hypothesis—for-
mulated by Irrgang (2003)—becomes more and more plausible: related to the rise
of synthetic biology and the implementation of a general principle of engineering is
a paradigmatic change of biology itself. Technological procedures and models
become dominant in the laboratory practice of synthetic biology. Synthetic biology
is biology shaped by an engineering-paradigm (Irrgang 2003, pp. 131-135, 2004,
p. 285, 2012, pp. 347-353; Miink 2011, pp. 106-117). The second puzzle-piece is
thus a methodological turn from classical natural sciences to engineering and lab-
oratory research.

In contrast with the situation where technological procedures and models are
dominant in the laboratory, classical experiments have often been described as tools
for verification and falsification of scientific theories. But in fact even classical
experiments are inherently forms of technical practice, not theory-dominated
observations. The laboratory research practice of synthetic biology is the next
technological step as it is based on the complete instrumental and technological
embedding of empirical research in combination with constructive elements and
systematic application of information- and computer-technologies (Irrgang 2003,
pp. 69-78, 2004, pp. 285-294, 2012, pp. 348-353). Synthetic biology is the
transformation of biology to a specific new form of technological practice, which is
much more than experimental verification or falsification of logical theories. This is
the third turn: from theory to practice (Irrgang 2003, pp. 129-133). In other words:
knowing means acting, and if we want to understand synthetic biology, we need to
understand the actions of synthetic biology.
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At this point we can come to a first philosophical result. Epistemology and
methodology of synthetic biology needs to implement three turns:

1. a turn from physics to biology as new general paradigm,

2. aturn from classical natural sciences and its experiments to an engineering and
new technological laboratory paradigm, and

3. a turn from research theory to research practice.

Looking back into the history of 20th-century philosophy, we can see that the first
turn from physics to biology was found in the works of Mathias Gutmann, Peter
Janich, Michael Weingarten and others. The book Wissenschaftstheorie der
Biologie (Janich and Weingarten 1999) is paradigmatic for the turn. Close to Ian
Hacking, Bruno Latour, Steve Woolgar, Albert Borgmann, Carl Mitcham and
others, Don Ihde developed the second and third methodological turns, to labora-
tory sciences and technical practice. Paradigmatic for these turns are his books
Technics and Praxis (Inde 1979), Technology and the Lifeworld (Ihde 1990) and
Instrumental Realism (Ihde 1991), in which Ihde elaborated a lifeworld-based
techno-scientific approach, focusing on the hybrid forms of instrumental practice in
modern scientific laboratories. Following these turns, Bernhard Irrgang presented a
Technikhermeneutik of genetic engineering, biotechnology and synthetic biology in
his book Von der Mendelgenetik zur synthetischen Biologie (Irrgang 2003).

On the basis of these methodological turns and their philosophical representa-
tives, I want to develop a hermeneutic heuristic of synthetic biology. As it is shaped
by an engineering-paradigm such a heuristic must include basic characteristics of
engineering methodology. Therefore, in the next step some fundamentals of a
theory of engineering sciences are summarized.

3 Some Fundamentals of a Theory of Engineering
Sciences

Understanding the methodology of synthetic biology means understanding the
epistemology of engineering: engineering knowledge, technological practice and its
relations to laboratory research procedures. In this process it is important to keep in
mind that engineering—even classical physics-oriented engineering—is always
more than just applied natural science (Poser 2004, p. 185, 2012, pp. 313-318).
Laboratory research is more than just another form of experimentation, and any kind
of experimentation is more than verification or falsification of scientific theories.
With genetic engineering and biotechnology, genuine hybrids of technological
practice and laboratory research have been generated. They are now being trans-
formed into synthetic biology as a next step of the technoscientific development
towards a practice of technoresearch (Irrgang 2004, p. 296, 2012, pp. 348-359).

It is important to note that on a general level, engineering is oriented at tech-
nological rules of procedure (“Verfahrensregeln™). Technical practice needs to be
efficient and successful. Therefore, there are no isolated logical criteria of truth for



316 M. Funk

the rules of procedure, their verification is pragmatic. This is one general difference
between engineering and natural sciences: engineering needs to be pragmatically
successful, whereas natural sciences want to generate theoretical and universal truth
(Irrgang 2003, pp. 176-183, 2004, pp. 286-288). Not the artifacts, but the aims of
engineering and natural sciences are different: natural sciences want to formulate
theoretical laws and clarify universal structures of the world, while engineering
sciences want to find solutions for practical problems (Poser 2012, pp. 317-324). In
this sense, technological progress and progress in laboratory research means pro-
gress of problem solving, a process where scientific discoveries, technological and
economic innovations go hand in hand (Irrgang 2003, p. 58). While classical natural
sciences find their objects predefined in the natural environment,
engineering-oriented laboratory sciences fundamentally generate and constitute
their research objects (phenomena, visualizations, material objects, organisms,
procedures, models, know how) actively in a technological situation (Irrgang 2003,
pp. 75-77, 2004, pp. 287-292; Poser 2004, p. 178, 2012, p. 315).

Those technological situations in which research objects are constructed are
shaped by specific conditions. Each condition needs to be interpreted adequately
from a teleological point of view in order to fulfill its pre-defined technical aims and
functions (Irrgang 2003, p. 158; Poser 2012, pp. 319-321). The focus of synthetic
biology is not an experimental procedure, but the construction of organisms—the
objects of the research practice itself. This leads to a significant methodological
consequence: synthetic biology cannot be understood in terms of a strong dualism
between nature and culture. Boundaries between natural objects and technological
objects become blurry (Irrgang 2003, pp. 219-222, 2004, p. 290, 2012, p. 354). The
reason for the blurry boundary is not a new ontology of things, but the research
practice of technological laboratory research—in this case synthetic biology.

Understanding and interpreting technological situations in terms of technological
constitution of biological objects leads to a more complex methodological heuristic
and hermeneutics of interpreting specific levels of organic materials and structures
(Trrgang 2003, p. 161, 2004, p. 291). A pragmatic framework is needed in order to
understand concrete organic situations in their technological meanings. In the next
section, I am going to re-frame fundamentals of such a hermeneutic heuristics. But
before that, I want to close this section with a short summary of some general
characteristics of engineering sciences:

1. engineering is more than applied natural science, it is an epistemologically
specific form of technological knowledge,

2. engineering is based on rules of procedure, efficiency, functionality, and the
criteria of pragmatic truth: successful means-end oriented actions, and tech-
nical tests,

3. there is no dualism between technology and nature as engineering-oriented
laboratory-sciences construct their own research objects:

(a) phenomena
(b) visualizations
(c) material objects
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(d) organisms
(e) procedures
() models

(g) know how

4. engineering intents solutions for concrete problems, and
5. therefore, engineers must be able to understand concrete technological situa-
tions in their specific singularity.

4 Technikhermeneutik (Hermeneutics of Technologies)

Tasks of understanding specific situations in their functional singularity are char-
acteristic for engineering sciences. Those tasks call for hermeneutical skills, which
have traditionally been associated with social sciences (Geisteswissenschaften). But
equivalent heuristics and competences can be found in natural sciences and engi-
neering as well. The idea of Technikhermeneutik (hermeneutics of technologies)—
which is more than social scientific methodology—has been discussed by Ihde
(1998) and Irrgang (1996). In his book Expanding Hermeneutics (Ihde 1998), Ihde
combined a post-phenomenological approach with a trans-classical form of so
called “material hermeneutics”. His main interests have been shaped by embodied
knowledge and multistable practices (dual use, etc.) of using scientific tools and
interpreting scientific visualizations.

According to Thde, scientific observations are activities which need to be
interpreted in order to constitute a technological and scientific result. Pure facts do
not tell anything about their relations to scientific theories or rules of procedure.
Also, visualizations achieved by laboratory instruments (microscopes, gel electro-
phoresis apparatus, quantitative polymerase chain reaction instruments etc.) must be
interpreted in relation to intended aims, technical functions or material organic
phenomena. Technique is described as practice and handling of technical tools in
concrete bodily and cultural situations. Technological interpretations are not
determined, not linear, and include aspects of instability and multistability (dual use
etc.). They are shaped by social aspects (values, expectations etc.), institutional
aspects (funding, law etc.), research traditions and local research cultures, meth-
odologies and technological processes, and personal skills and competence of the
actors (Ihde 1979, 1990). I want to emphasize epistemological issues of
Technikhermeneutik related to the last two points: methodology and personal skills.

A hermeneutic heuristic of synthetic biology needs to include methodology and
skills related to concrete levels of organic phenomena. It makes a difference
whether a biologist works with isolated molecules (e.g., pieces of the DNA) or
whole organisms (such as fruit flies or zebrafishes). Each level of organic structure
demands specific skills of interpretation. A hermeneutic heuristic of synthetic
biology needs to consider this circumstance by differentiating several levels with
genuine conditions for growth and development. The levels are in permanent
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autopoietic feedback relations. Their interrelations are not causally determined and
do not follow linear cause and effect chains. Within processes of self-organization
and self-structuring in quasi-teleological development step by step and level by
level, internal genetic codes and environmental factors constitute concrete struc-
tures. Every currently realized structure can be understood as a starting point for
subsequent organic and epigenetic developments (Irrgang 2003, pp. 214-232, 2004,
p. 291, 2012, pp. 354-357). In a heuristic of five levels the genuine levels of
interpretation can be used as templates for describing and interpreting processes of
organic development:

. genetic code and genomics,

. proteins and proteomics,

. cells, cytology and organs,

. organism, and

. environment and ecosystems (Irrgang 2003, p. 130, 2004, p. 291).

DN AW N

From an epigenetic and autopoietic point of view, this template involves
methodological perspectives. We cannot synthesize all five levels into one causal
model. Every level generates a specific perspective for interpretation and under-
standing of organic development. At the same time, the methodological and tech-
nological construction of phenomena differs from level to level. Especially the
molecular perspective—which is significant for synthetic biology today—is tech-
nologically mediated, because we cannot see “pure and natural” molecules without
visualization technologies. As we can learn from Eugene S. Ferguson, technologies,
visual thinking and tacit skills of imagination shape bodily forms of engineering
knowledge (Ferguson 1992). According to Ihde, the analysis that uses the frame-
work of technological hermeneutics should start with a phenomenology of per-
ception and interpretation of bodily-sensory (leibliche) phenomena (IThde 1998). So
it is not the intellectual, theory-oriented understanding that is the first step, but
rather, technical interpretation starts with bodily actions in laboratory situations;
and these are the situations which can be divided into the five hermeneutic levels
listed above. Each level carries a perspective of instrumental realism (Ihde 1991),
and all levels together constitute an instrumental hermeneutics of life and its
molecular basis (Irrgang 2003, p. 161).

Technical objects, including synthetic organisms, become results and realiza-
tions of epistemic hermeneutic actions. Consequently, current theories of engi-
neering and laboratory practice need to be technological multi-level-theories (Miink
2011, p. 117; Poser 2004, p. 191, 2012, p. 330). One of those level-tablets has
already been introduced (1. genomics, 2. proteomics, 3. cytology and organs, 4.
organism, 5. environment) and is the basis for the visualization of the hermeneutic
heuristic of the methodology of synthetic biology in Fig. 1. Concrete situations
need to be interpreted adequately at every level. Thereby the actual state of
development and the intended aim of development need to be understood in every
singular situation. Following Poser, Technikhermeneutik therefore includes three
aspects of understanding specific situations: First, facts need to be related with
values. Second, causes are related with aims. Especially in the latter, rules of
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proteomics || cytology and organs || organism || environment

genomics

Fig. 1 Scheme of hermeneutic methodology of synthetic biology

procedure, means, functions and concrete conditions are interwoven. Third, both
areas of tension—facts versus values, causes versus aims—are brought together in
specific situations as cognitive and operative relations (Poser 2004, pp. 188-190,
2012, pp. 326-331).

The relation between facts and values includes a normative element which also
calls for responsibility of engineers and ethical assessment. These are important
points; however, the focus of this chapter is on the methodology and epistemology.
The relation between causes and aims includes, for example, rules of procedure,
means, functionality, and efficiency. As these components are general aspects of
engineering methodology, I have included two wings in the visualization in order to
illustrate the specific characteristics of biotechnology, genetic engineering and
synthetic biology. The left wing is directed to the word causes and shows the
genetic forms of non-linear causality: epigenetic and autopoietic processes. On the
right side, aims of organic development and of technical practice are specified in
the second wing. Both aspects need to be interrelated by engineers. There is a
pragmatic means-end oriented technical aim—e.g. the construction of a bacteria
with a specific detox function—as well as an organic aim—the teleological goal(s)
of the development of the organism (for detailed analysis of teleological thinking
see Toepfer 2004). Organisms are not static, they are always included in genetic,
proteomic etc. processes, and so the engineer does not only need to understand the
pragmatic aim of his actions, but also the organic aim(s) of the biological material.

Figure 1 could be understood (with some power of imagination) as a coffee mill:
At each step on the engineering-timeline the whole coffee bean (the complex sit-
uation) is poured in at the top, shredded by a grinder (following the arrows, grinded
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by the wings) and cut into five pieces (levels). Insofar, this is an analytic concept in
which complex phenomena are dissected into smaller pieces. The coffee mill is not
only working once. It’s working as often and as long as necessary for solving the
whole problem—a kind of feedback-loop.

This is the reason why Technikhermeneutik is more than classical hermeneutics:
it is multi-perspective interpretation in spiral feedback-loops (classical hermeneu-
tics) related to technologically mediated engineering products and their genuine
forms of knowing (material hermeneutics). Genuine for gene technology, bio-
technology and especially synthetic biology is the fact that those engineering
products cannot be understood at one causal physical level. All five levels and the
combination of related perspectives are necessary in order to interpret adequately
the relations between genes, proteins, cells and organs, organisms, and the
environment.

Personal skills and competences play a major role in these hermeneutic pro-
cesses and cannot be replaced by theories. According to Borgmann (1984), tech-
nological processes can be understood at the surface texture (Oberflichenstruktur).
This means that we can use and handle a tool successfully without the need to
understand its theoretical background. One prominent example is breeding.
Breeding is an old skill which has been deeply embedded in a variety of human
cultures for more than 10,000 years, and of course it is much older than synthetic
biology. Surface texture knowledge shaped the practice of breeding exclusively
before the first theoretical rules of heredity were formulated by Gregor Mendel in
the 19th century and the DNA-model was developed by Watson, Crick and
Franklin in the 1950s. For 10,000 years, before those scientific milestones, breeding
was a successful cultural competence (kulturelle Kompetenz) on the basis of trial
and error, and implicit knowledge (Irrgang 2003, pp. 227-231).

The concept of implicit knowledge—or tacit knowledge—was introduced by
Michael Polanyi in 1958 and describes the circumstance that we often know (how
to do) things without being able to put it into words (Polanyi 1958, 2009). Body
movement or social gestures belong to the tacit dimension as well as perceptual or
technical skills. Explicit knowledge, in contrast, describes knowledge which can be
explained in strict and true words (logics, mathematical formulas, or natural sci-
entific laws).

Construction of synthetic organisms is the result of implicit knowledge:

1. sensorimotor and perceptual skills, and
2. cultural and social competences,

explicit knowledge which is close to the tacit knowledge-base:

3. rough-and-ready rules, and
4. technical drawings and heuristics, and

explicit knowledge:

5. methodological rules, and
6. experimental rules and technical instructions (Irrgang 2003, p. 133).
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These forms of knowledge are interrelated in feedback loops of synthetic biol-
ogy laboratory research practice. They are what protagonists of synthetic biology
need to know in order to be able—metaphorically speaking—to crush the coffee
beans into the five pieces (levels) with the heuristic grinder. Implicit as well as
explicit knowledge is needed, but starting with biotechnology and genetic engi-
neering, and now with synthetic biology, implicit knowledge seems to become
more dominant over explicit knowledge. The reason is that in laboratories of
synthetic biology an increasing number of—with Albert Borgmann’s words—
surface structures are generated. Practice has its own rules. Even if we cannot know
all rules theoretically, we can generate an implicit understanding of pragmatic
success. And again with imaging technologies or computer-simulations more and
more surface structures are generated, which also need to be adequately related to
concrete practical situations.

Computers can replace explicit knowledge much better than implicit knowledge.
Computers are the better calculators, statisticians or simulators. But they don’t tell
anything about a successful interpretation of their screen-results in a concrete
technological situation. Here, the implicit knowledge of human practitioners comes
into play. And the more explicit capacities are replaced by computers, the more
important becomes the role of implicit knowledge.

I want to close with a little outlook. By developing a methodological heuristic I
have tried to shed some light on the epistemology of synthetic biology as a hybrid
of engineering and natural science. In future steps this hermeneutic heuristic could
be enhanced by integrating more aspects, e.g.:

1. the similarities and differences between several forms of technical objects and
artifacts such as synthetic organisms, robots, machines, or handcraft tools,

2. interrelations between synthetic biology and systems biology: bottom-up and
top-down approaches (Miink 2011, pp. 106—-110),

3. the impact of standardized components (bio-bricks etc.) in the growing bio-
technological industry,

4. the circumstance that products of synthetic biology (and, although to a lesser
extent, of genetic engineering)—in contrast with classical breeding—do not stay
within the limits of species boundaries and natural evolution; how to interpret
artificial organic behavior?,

5. a differentiation of values and ethics, and

6. possible future links between synthetic biology and robotics research or
nanotechnologies.

5 Conclusion

In this chapter, I have been developing a hermeneutic methodology of synthetic
biology, primarily based on the works of Don Ihde, Bernhard Irrgang,
Hans J. Miink and Hans Poser, in order to answer the following questions: (1) How
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can we understand the practice and generation of knowledge in synthetic biology?
(2) Is synthetic biology an engineering science or a natural science? (3) What is the
relation between engineering and natural sciences? (4) What is the methodology of
synthetic biology? One conclusion is the visualization of a hermeneutic heuristic
based on five levels of organic development and their epigenetic and autopietic
non-linear causality (see Sect. 4). It is a try to answer the first question on a basis of
three turns: from physics to biology, from scientific experiments to engineering and
laboratory research, and from theory to practice (see Sect. 2). The second question
has been emphasized at the beginning of my chapter and can be easily answered:
synthetic biology is engineering. But easy answers are often complicated as well.
Yes, synthetic biology is shaped by an engineering-paradigm, but it is another form
of engineering than the classical physics oriented forms—such as mechanical
engineering. Therefore, characteristics of engineering knowledge and methodology
have been described (see Sect. 3) and compared with natural sciences. Engineering,
and especially synthetic biology, is much more than applied natural sciences. In
synthetic biology, a construction oriented engineering-paradigm and the natural
scientific approach of biology form a technoscientific laboratory research hybrid.
So, the answer to the third question is: In synthetic biology there is no relation
between engineering and natural sciences. Rather, engineering and natural sciences
are the same—but on a new technological level, which is different to the relations
between classical engineering and physics. Answering the fourth question I have
suggested a hermeneutic heuristic methodology of synthetic biology. This herme-
neutic scheme could be applicable in different concrete situations in order to
understand the concrete state of organic development and aim of technical practice
at five levels (genomics, proteomics, cytology and organs, organism, environment).
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Epistemological Implications of Synthetic
Biology: A Heideggerian Perspective

Martin G. Weiss

1 From Genitals to Laptops

Craig Venter’s announcement of the successful replacement of a bacterial genome
with a synthetic one in 2010 prompted a huge media reaction. The Economist titled
“And man made life. Artificial life, the stuff of dreams and nightmares, has arrived”,
the German weekly Die Zeit asked “What is Life?”” and declared “now Man can
play God.” Asked at a press conference about the meaning of his experiment, Craig
Venter himself—after a dramatic pause—guessed: ‘“Perhaps it is a giant philo-
sophical change in how we view life.”’

What synthetic biology is about is best illustrated by the cover of The Economist.
What we see is Michelangelo’s Adam from the famous fresco at the Sistine Chapel
depicting the creation of man. But whereas in the original it is the hand of God,
which ensouls men, here it is man that generates new life—admittedly not in the
old-fashioned way of sexual reproduction, but using a laptop that has literally
replaced his genitals.

The illustration captures the alleged essence of synthetic biology as the infor-
matization of life is, at least according to leading figures in this field, its core
element: Material DNA is translated into mere information which is then processed,
i.e. retranslated into material DNA by computerized gene synthesis machines, and
inserted into existing cells, which then replicate. In the words of Drew Endy: “We
go from abstract information to physical living design” (Endy 2010, p. 5).

"Wenter’s talk is available at http://www.ted.com/talks/craig_venter_unveils_synthetic_life.html.
Accessed 11 Nov 2014.
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The possible applications of synthetic biology are amazing:

Applications include (inter alia) renewable biofuels, pharmaceuticals, technical materials,
nuclear waste disposal, chemical detoxification, superefficient agriculture, energy harvest-
ing and conversion, and geoengineering. Creating a so-called ‘minimal microbe’ template
could streamline the design of biological systems or their components, which could then be
engineered for a host of specialized applications, such as those described above. (Buchanan
and Powell 2010, p. 1)

2 Playing God to Understand Nature

The importance the public, at least decision-makers, have given to synthetic biology
is illustrated by the fact that on the very same day Venter made his announcement,
Barack Obama, the President of the United States, ordered his newly appointed
Commission for the Study of Bioethical Issues to take action and to deliver a report
on the pros and cons of synthetic biology within six weeks:

In its study, the Commission should consider the potential medical, environmental, secu-
rity, and other benefits of this field of research, as well as any potential health, security or
other risks. Further, the Commission should develop recommendations about any actions
the Federal government should take to ensure that America reaps the benefits of this
developing field of science while identifying appropriate ethical boundaries and minimizing
identified risks. (Obama 2010, p. 1)

Two months later the first hearings before the commission took place. The cited
bioethicists not only mentioned biosafety implications—by stressing the difficulty
to foresee all possible consequences of this technology—but also addressed bio-
security issues:

A government-funded antibioterrorist initiative may stimulate research that the government
then uses for offensive purposes. Notoriously, the line between defensive and offensive
bioweapons development is hard to draw and accountability for keeping within the limits of
defense is difficult. (Buchanan and Powell 2010, p. 2)

Surprisingly, Allen Buchanan and Russel Powell explicitly dismissed the argument,
used by former Bioethics Commissions against technological innovations, that
synthetic biology was problematic because it would violate the intrinsic essence of
nature, or amount to “playing God”, as such an allegation would probably pre-
suppose a normative notion of nature on grounds of which one would be able to
distinguish between allowed (i.e. therapeutic) and forbidden (i.e. manipulative)
interventions in nature:

Because intervention in nature in furtherance of human good is widely accepted in religious
and secular circles alike (consider the eradication and treatment of disease, for example),
one would need to come up with a principled basis by which to distinguish hubristic
interventions that amount to playing God from those that are laudably foresighted, realistic,
and desirable. (Buchanan and Powell 2010, p. 5)

But even if Buchanan and Powell were wrong and the distinction between thera-
peutic and manipulative interventions beyond question, it still would remain
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questionable if deliberate manipulations of nature really amount to “playing God”,
as in the history of the three great monotheistic traditions (Judaism, Christianity and
Islam) the relationship of man to nature has taken at least three very different forms:
domination, stewardship, and co-creation (Coady 2009), of which the latter is of
particular interest in the context of the debate on synthetic biology.

Thus for Eric Parens,

[...] according to Genesis, and it seems to me much of Judaism, our responsibility is not
merely to be grateful and remember that we are not the creator of the whole. It is also our
responsibility to use our creativity to mend and transform ourselves and the world. As far as
I can tell, Genesis and Judaism do not exhort us to choose between gratitude and creativity.
(Parens 2009, p. 189)

The idea of human co-creation, well known also in Christianity (Rahner 1970), is
especially important in Judaism. Here, man is seen as being as natural as everything
else and therefore a fundamental part of creation. And if man is part of created
nature, his products are as well. Rabbi Barry Freundel, a consultant with the former
United States Presidential Commission on Cloning, states:

If God has built the capacity for gene redesign into nature, then He chose for it to be
available to us, and our test remains whether we will use that power wisely or poorly.
(Freundel 2000, p. 119)

Here the idea that man is the image of God results in the conception that man, as
poor as he is, has to be creative himself, and use technology to help God creating
the world (Prainsack 2006). In this perspective synthetic biology would not amount
to blasphemous hubris, but be the ultimate expression of the idea that man is created
in Gods image and shares the ability to create with its creator. Thus the capacity to
create life is nothing that distances us from God but rather a way to experience our
proximity to God. It is noteworthy that the capacity to create life makes man similar
to God not only with regard to his “manufacturing abilities”, but also with regard to
his knowledge, as the ability to construct life is widely identified with under-
standing life, as we will see in the next section.

3 The Epistemology of Synthetic Biology

Apart from the prospective practical applications of synthetic biology, the strongest
argument put forward to promote this technology is the assertion, that the ability to
create new life-forms would increase our understanding of how life-forms work and
ultimately lead to a better, God-like, understanding of life itself:

The capacity to engineer and reverse-engineer organisms may vastly increase our knowl-
edge of the complex causal relations between genomes and the functional properties of
living things, leading to unanticipated benefits. (Buchanan and Powell 2010, p. 1)

That Venter and his team also aimed primarily at increasing our knowledge about
life is evident from the “Watermarks” engraved into their bacteria, as the three
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quotations encrypted into the non-coding DNA of their synthetic genome are: “To
live, to err, to fall, to triumph, and to recreate life out of life” (James Joyce), “See
things not as they are, but as they might be” (Robert Oppenheimer) and finally
“What I cannot build, I cannot understand” (Cf. Angier 2010; Dillow 2010).
Especially the last (wrong) quotation from the physicist Richard Feynman (which
correctly reads: “What I cannot create, I do not understamd”),2 can be taken as the
hidden epistemological principle on which the entire endeavor of synthetic biology
is based: We can only understand what we can construct.

The association of knowledge with the notion of building is commonly identified
as the specific novelty of synthetic biology (Irrgang 2008, p. 303). The venerable
epistemological principle that identified knowledge with observation, i.e. theoria,
has allegedly been replaced by the idea that knowledge consists in construction.
The idea that we know something when we know what it is, has allegedly been
replaced be the notion that we know something when we are able to construct it.
Science has finally become engineering.

However, the equation of knowledge with construction is nothing new at all. On
the contrary, it is the leading principle of modern science. In his De Corpore
Thomas Hobbes wrote “Ubi ergo generatio nulla [...] ibi nulla philosophia intel-
ligitur® and Immanuel Kant asserted: “Finite beings cannot [...] understand other
things, because they are not their creator” (Kant 1882, p. 229). What at first glance
may appear as the “hypermodern” (Irrgang 2008, p. 303) replacement of the
old-fashioned epistemological paradigm of description with the new paradigm of
construction, at a second glance dates back at least to the 17th century.

Leaving aside the question when this change of paradigm occurred exactly, the
problem remains to explain how and why this transition from description to con-
struction took place? Or has this transition never happened at all? Has construction
perhaps always been the hidden paradigm of knowledge? And even more pressing:
Do we really understand something when we can build it? What kind of knowledge
do we gain in constructing something? What do we learn about a thing when we
know how to construct it? By constructing something, do we learn what it is, or
only how we can use it? What it is in itself, or what it is for us?

3.1 Martin Heidegger on Synthetic Biology: The
Constructivist Paradigm of Western Philosophy

That the occidental philosophical tradition, at least since Plato, has conceived the
real as produced and identified knowledge with construction, is the thesis put

ZA photo of a blackboard with Feynman’s phrase can be found on the Homepage of Caltech: http://
archives.caltech.edu/pictures/1.10-29.jpg. Accessed 11 Nov 2014.
3https://archive.org/stream/thomhobbesmalmeO3molegoog#ifpage/n120/m0de/2up. Accessed 20 June
2015.


http://archives.caltech.edu/pictures/1.10-29.jpg
http://archives.caltech.edu/pictures/1.10-29.jpg
https://archive.org/stream/thomhobbesmalme03molegoog%23page/n120/mode/2up

Epistemological Implications of Synthetic Biology ... 329

forward by Martin Heidegger in his lectures on the Basic Problems of
Phenomenology held in 1927. According to Heidegger the basic concepts of
Western philosophy, existentia et essentia, being and essence, have always been
conceived from a constructivist perspective. Heidegger writes: “We must interpret
them with a view to production” (Heidegger 1975, p. 106). What does that mean?

In regard to the notion of existence Heidegger explicates that we understand
reality, i.e. “actuality” (Wirklichkeit) as that which has the power of agency
(Wirkung). Real is what generates effects. But this model implies that before
something can be real, i.e. generate effects, it must itself have been generated, i.e.
produced. Thus to be real in the first place means to be produced and only sec-
ondarily to have the power to produce.

According to Heidegger, existence has therefore always been conceived as
something realized, generated, constructed, produced. Also the notion of essence,
which the ancient Greeks called idea or morphe, makes sense for Heidegger only
within a constructivist framework:

The potter forms a vase out of clay. All forming of shaped products is effected by using an
image, in the sense of a model, as guide and standard. [...] It is this anticipated look of the
thing, sighted beforehand, that the Greeks mean ontologically by eidos, idea. (Heidegger
1975, p. 106)

Thus according to Heidegger, the reigning paradigm of Western ontology has
always been production. Since the origins of philosophy, fo be meant fo be the
product of intentional construction. Reality has always been understood as some
sort of artefact, a concept palpable also in the Christian idea of creation: To exist
means to be created.

According to Heidegger, the fact that production—thought of as formation—
needs some sort of matter does not contradict the general constructivist paradigm.
On the contrary:

The concepts of matter and material have their origin in an understanding of being that is
oriented to production. Otherwise, the idea of material as that from which something is
produced would remain hidden. The concepts of matter and material, hule, that is, the
counter-concepts of morphe, form, play a fundamental role in ancient philosophy not
because the Greeks were materialists but because matter is a basic ontological concept that
arises necessarily when a being ... is interpreted in the horizon of the understanding of
being which lies as such in productive comportment [herstellendes Verhalten]. (Heidegger
1975, p. 116)

The paradigm of “productive comportment” identifies reality with formed matter,
i.e. with a product of construction. But has reality not always also been identified
with objectivity, meaning independence from any subjectivity? How does the
notion of “productive comportment” relate to objectivity?

Even if we accept Heidegger’s explanation of traditional ontology as an effect of
an underlying implicit “productive comportment”, it still seems difficult to make
sense of the notion of objectivity within this paradigm. If reality has always been
implicitly understood as the product of construction, then how comes that reality
has also always been described as independent from any producing subjectivity?
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Heidegger argues that objectivity, the being-in-itself, which we traditionally assign
to reality, is also the effect of the paradigm of construction and correlates with the
notion of a producing subjectivity:

Productive comportment’s understanding of the being [...] takes [...] being beforehand as
one that is to be released for its own self so as to stand independently on its own account.
The being that is understood in productive comportment is exactly the being-in-itself of the
product. (Heidegger 1975, p. 113)

In constructivist ontology, to produce means to release into independence. But the
conception of reality as an independent product does not mean that reality is granted
autonomy. On the contrary, reality, understood as an independent product of sub-
jectivity, is always already implicitly identified with the disposable, the instrument
that we can use for our purpose:

The thing to be produced is not understood in productive action as something which, as
product in general, is supposed to be existent in itself. Rather, in accordance with the
productive intention implicit in it, it is already apprehended as something that, qua finished,
is available at any time for use. (Heidegger 1975, p. 114)

On the ground of Heidegger’s analysis of Western ontology as the result of a
constructivist paradigm, it not only becomes clear where the fundamental concepts
of Western philosophy, i.e. existence and essence, come from, but also why today
our understanding of something can be defined as the capacity to construct it:

We heard earlier that the concept of eidos also had grown from the horizon of production.
[...] What constitutes the being of the being is already anticipated in the eidos. [...] The
anticipation of the prototypical pattern which takes place in production is the true
knowledge of what the product is. It is for this reason that only the producer of something,
its originator, perceives a being in the light of what it is. Because the creator and producer
imagines the model beforehand, he is therefore also the one who really knows the product.
(Heidegger 1975, p. 151)

Heidegger’s analysis of Western ontology convincingly shows that “productive
comportment” has always been the leading attitude towards being, which explains
how synthetic biology can claim that in order to understand living beings we must
be able to construct them.

My chapter could end here, if Heidegger would not insist on the dubiousness of
this paradigm. Actually, Heidegger stresses that the traditional interpretation of
being within the paradigm of construction misses the true essence of being or
nature, if it reduces nature to that which is produced. To grasp the essence of nature,
according to Heidegger, we have to go back to pre-Socratic philosophy, which
described nature as that which generates itself. Thus for Heidegger the term physis,
nature, indicates that which appears by itself, or the event of appearance, and is
exactly not a product, because there is no producer. According to Heidegger, Nature
is not something produced, not natura naturata, but the power and process of
pro-duction itself (Hervorbringung), i.e. natura naturans.

If nature is that which appears by itself, or the event of appearance, and artifacts
are the products of human activity, i.e. technology, how then are nature and
technology related? Are nature and technology in sharp contrast, or do they have
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something in common? What happens to nature, i.e. to that which appears by itself,
when it becomes the object of technology—as in synthetic biology?

For Heidegger, technology is not opposed to nature. On the contrary: technology
as a specific phenomenon is itself something that appears by itself and therefore a
manifestation of nature. The singular technological products may be the result of
human intentions, but technology, i.e. the fact that man manipulates matter to
produce usable artifacts, is nothing man could deliberately start or stop. If nature is
that which appears by itself, then the technical production of artifacts is itself a
specific mode of this appearance. Thus for Heidegger technology, which at first
glance seems to be the exact opposite of nature—as technology is the production of
usable artifacts and nature that which is beyond human disposition—at second
glance turns out to be the best example of that which appears by itself. Technology,
commonly envisioned as a means to dominate nature, becomes itself a natural force
in which the true nature of nature becomes visible. In this sense synthetic biology,
the technology as well as its products, may reveal the essence of technologys, i.e. the
untamable and uncontrollable nature of nature.

4 Bioart: Back to Life

If Heidegger is right in claiming that the original meaning of nature is physis—i.e.
that which has the principle of its movement, including becoming and dying, in
itself (as Aristotle puts it), so that to be natural means to posses some kind of
autonomy, to posses something one could call “selfhood”—then natural phenom-
ena, i.e. living beings, can’t be grasped neither by describing them as mere physical
cause-effect relations nor by ascribing them appropriateness for human purposes.
Living beings are neither biochemical mechanism nor mere machines, i.e. instru-
ments to achieve human aims, but irreducible things in themselves, i.e. subjects.4 In
this respect, however, living beings resemble works of art, which are also irre-
ducible neither to their physical makeup, nor to a fixed purpose, but autonomous
entities. In this sense artworks and living beings are analogous, in this sense both
may be called organisms.

This venerable analogy between artworks and living beings has gained new
relevance with the rise of some lines of Bioart (Kac 2007a; Stocker 2005; Wray in
this book) which use the same methods and technologies as synthetic biology, but
not to construct dead biochemical machines as means to predefined human ends,
but to produce life in the proper sense of the word, i.e. to produce nature in the

4,,Das Kunstwerk ist eine Art Analogon des ,von Natur Seienden’, weil es selbst ein Zentrum von
Bedeutsamkeit ist, das wir wahrnehmen konnen, und das sich fiir uns nicht erschopft in dem, was
es in unserem Lebenszusammenhang bedeutet. So wie jedes Lebendige, so stiftet das schone Ding
einen eigenen Horizont von Bedeutsamkeit. Und so erst ist es im vollen Sinne des Wortes wirklich
und, wie bei allem Wirklichen, ist seine Bestimmtheit unendlich® (Spaemann 2007, p. 258).
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sense of physis. Paradoxically in a situation where nature and living beings are
commonly perceived as dead biochemical machines, one possible way back to an
original experience of nature, i.e. physis, seems to be its technological manipula-
tion. Resembling the Hegelian “double negation”, the technological manipulation
(i.e. negation) of biological material, always already predefined as mere cause-effect
relations (i.e. as negation of physis), leads to a reaffirmation of physis.

The work that best illustrates this return to physis trough the negation of its
negation is Eduardo Kac’s Genesis exhibited for the first time 1999 at the Ars
Electronica festival in Linz, Austria:

Genesis is a transgenic artwork [...]. The key element [...] is [...] a synthetic gene that was
created by translating a sentence from the biblical Book of Genesis into Morse code, and
converting the Morse code into DNA base pairs [...]. The sentence reads: ‘Let man have
dominion over the fish of the sea, and over the fowl of the air and over every living thing
that moves upon the earth.” [...] The Genesis gene was incorporated into bacteria, which
were shown in the gallery. Participants on the Web could turn on an ultraviolet light in the
gallery, causing real, biological mutations in the bacteria. This changed the biblical sen-
tence in the bacteria. After the show, the DNA of the bacteria was translated back into
Morse code and than back into English. The mutation that took place in the DNA had
changed the original sentence from the Bible (Kac 2007b, p. 164).

Thus Kac’s Genesis shows how the attempt to negate the autonomy of the living
material by manipulating it technologically turns into the experience of the
uncontrollability of physis.

But if Bioart uses the same methods as synthetic biology and if Heidegger is
right in claiming that ontology and epistemology have followed a constructivist
paradigm at least since Plato (leading us to forget the original meaning physis),
what then marks the difference between synthetic biology and Bioart, respectively
between the genetically engineered synthetic life-forms and the artistically created
artworks of Bioart?

In the constructivist perspective reality is (at least implicitly) conceived as an
intentional product, which as such possess an intelligible essence (i.e. its model),
which is furthermore always linked to a specific human aim. Therefore, in the
constructivist ontological and epistemological perspective of Western philosophy,
reality is always already conceived as something “at hand”, as an instrument for
human purposes without any autonomous meaning.

The work created in Bioart in contrast has no pre-visioned idea at its origin, no
fixed essence. The work of Bioart is not constructed with reference to an already
known model, but an open process of production, therefore a form of natura
naturans and not of natura naturata. As the work of art can not be traced back to a
model of which it would represent the realization, but must be conceived as mere
becoming without an identifiable end in the sense of aim, the work of Bioart resists
all attempts to be reduced to a mere instrument. Whereas in the Western con-
structivist perspective all reality is always already instrumentalised, the works of
Bioart and the living beings resist reification and thus represent last remnants of
physis in an otherwise completely instrumentalised world.



Epistemological Implications of Synthetic Biology ... 333

But if the production of physis, i.e. of that which has the principle of its
movement in itself, is the aim of Bioart, then from a Heideggerian perspective,
Bioart makes explicitly visible what is the essence of all technology. Or put the
other way round: Technology is, by unintentionally producing physis (or revealing
to be physis itself), a sort of disguised Bioart.

5 Conclusion

By identifying technology as a natural phenomenon which allows to (re)experience
the (forgotten) nature of nature, i.e. its spontaneity, Heidegger seems to sustain not
only some sort of technological determinism, but to evade the whole issue of
technology assessment, as even the greatest technical failure would have to be
considered a welcomed hint towards the true essence of reality, i.e. its unavailability
(Unverfiigbarkeit). On the one side this concept may permit to connect the phi-
losophy of technology to the philosophy of nature, thus avoiding unfruitful dual-
isms, but on the other side it may make impossible any kind of critique of
technological developments, let alone the formulation of strategies to control
technology.”

It is certainly true that Heidegger is quite pessimistic about the possibility of
mankind to willingly stop or even turn back technological evolution:

No single man, no group of men, no commission of prominent statesmen, scientists, and
technicians, no conference of leaders of commerce and industry, can brake or direct the
progress of history in the atomic age. No merely human organization is capable of gaining
dominion over it. Is man, then, a defenseless and perplexed victim at the mercy of the
irresistible superior power of technology? He would be if man today abandons any
intention to pit meditative thinking decisively against merely calculative thinking.
(Heidegger 1966, p. 55)

Actually, Heidegger’s suggestion how man could possibly react to technology is
quite sobering. As opposition is not feasible—neither in the form of a naive turning
back technological evolution, nor in the self-contradicting form of fixing problems
created by technology by technological means—Heidegger proposes a change in
attitudes towards technology. As, like it or not, we live in a technological world, the
only thing we can do to oppose the reduction of nature to mere manipulable objects,
is to think technology differently. Technology must be freed from the conceptual
framework of “calculating thinking”, i.e. reductionism, and be put in the framework
of what Heidegger calls “meditative thinking”, i.e. a thinking that accepts that
technology is essentially unavailable (unverfiigbar). In this perspective it becomes
evident that technological developments, especially synthetic biology, are an
appearance of nature, i.e. a brute force that, according to Heidegger, has the power
to eliminate true, i.e. free, human life, as he noted already in 1955:

51 owe this insight to Georg Toepfer.
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The international meeting of Nobel Prize winners took place again in the summer of this
year of 1955 in Lindau. There the American chemist, Stanley, had this to say: ,The hour is
near when life will be placed in the hands of the chemist who will be able to synthesize,
split and change living substance at will.” We take notice of such a statement. We even
marvel at the daring of scientific research, without thinking about it. We do not stop to
consider that an attack with technological means is being prepared upon the life and nature
of man compared with which the explosion of the hydrogen bomb means little. For pre-
cisely if the hydrogen bombs do not explode and human life on earth is preserved, an
uncanny change in the world moves upon us. (Heidegger 1966, p. 52)

Thus Heidegger saw clearly the dangers of the capacity “to synthesize, split and
change living substance at will”, i.e. the dangers of synthetic biology, but as for him
the problem is not a particular technology but the underlying technological
worldview—one that reduces reality, including the human being, to mere causal
mechanism—the adequate response to this problem cannot consist in particular
guidelines for particular technologies, which have no effect on the underlying
technological ideology, but only in a complete change of the way in which we
conceive technology, which then may also lead to a different kind of technology.
Bioart may be a precursor of this natural technology to come.
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