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The EA European Academy

The EA European Academy of Technology and Innovation Assessment GmbH deals 
with the relation of knowledge and society: Science, technology and innovation 
change our societies rapidly. They open new courses of action and create opportu-
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research institute, the EA European Academy analyses and reflects these develop-
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Center (DLR).
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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.
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Chapter 1
The New Worlds of Synthetic  
Biology—Synopsis

A diverse and dynamic field that should not be judged 
as a whole but rather by its specific new features.

Margret Engelhard, Michael Bölker, Nediljko Budisa, Kristin Hagen, 
Christian Illies, Rafael Pardo-Avellaneda, Georg Toepfer and Gerd Winter

© Springer International Publishing Switzerland 2016 
M. Engelhard (ed.), Synthetic Biology Analysed, Ethics of Science  
and Technology Assessment 44, DOI 10.1007/978-3-319-25145-5_1

Abstract  Synthetic biology is a young and heterogeneous field that is constantly 
on the move. This makes societal evaluation of synthetic biology a challenging 
task and prone to misunderstandings. Confusions arise not only on the level of 
what part of synthetic biology the discussion is on, but also on the level of the 
underlying concepts in use: concepts, for example, of life or artificiality. Instead 
of directly reviewing the field as a whole, in the first step we therefore focus on 
characteristic features of synthetic biology that are relevant to the societal discus-
sion. Some of these features apply only to parts of synthetic biology, whereas oth-
ers might be relevant for synthetic biology as a whole. In the next step we evaluate 
these new features with respect to the different areas of synthetic biology: do we 
have the right words and categories to talk about these new features? In the third 
step we scrutinize traditional concepts like “life” and “artificiality” with regard to 
their discriminatory power. Lastly, we utilize this refined view for ethical evalu-
ation, risk assessment, analysis of public perception and legal evaluation. This 
approach will help to differentiate the discussion on synthetic biology. By this we 
will come to terms with the societal impact of synthetic biology.
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1.1 � Attraction of Synthetic Biology

Synthetic biology was attractive to scientists, practitioners, policy makers and 
societal groups right from the beginning. This is mainly because synthetic biology 
aspires to rationally design the realm of the living according to our needs, rather 
than to rely on the products of natural evolution. It promises to fulfill many goals 
of “classic” genetic engineering but in a quicker, cheaper and more predictable 
way. Synthetic biology sets off to create1 artificial cells and living machines, to 
reassign the genetic code or to change the basic chemistry of the genetic material. 
Such visions reflect both scientific curiosity and technological ambitions; they 
appeal to policy makers’ searches for the next big step in converging technologies 
and associated economic prospects. Synthetic biology is fascinating; approaching 
the limits of life by controlling its code and synthesis seems to open up limitless 
possibilities. There is a considerable element of hype generated by some leading 
figures in the field, both as a way of building identity and of giving salience to the 
emerging area and, obviously, attracting support.

Synthetic biology has also become a topic of consideration for philosophy and 
for science and technology studies: what are its ethical implications and how 
should it be governed? Early ethical and societal research about synthetic biology 
was partly invited by the field’s protagonists,2 who initially proposed strategies for 

1The term “create” is used by a number of protagonists of the field, as well as “make’’, “redesign’’, 
“construct’’. We discuss the normative level of these expressions in Chap. 5 of this book.

2E.g. Craig Venter's ethics group (Cho et  al. 1999); SynBerc Human Practices (Rabinow and 
Bennett 2009).
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self-regulation.3 NGOs were quick to warn that regulation should not be left to the 
scientific community alone and that broader ethical and societal implications 
needed to be taken into account (ETC Group 2007). The debate was stirred further 
when some synthetic biologists used “creation of life” rhetoric to promote their 
work. Fear of negative reactions by the public stimulated funding of ELSI activi-
ties (Torgersen 2009). Governmental bodies and representatives of academia have 
commissioned reports to prevent some of the alleged mistakes and dynamics that 
occurred during previous genetic engineering governance (DFG et al. 2009; EGE 
2009; PCSBI 2010; RCUK 2012).4

Publications on the potential chances and challenges often address synthetic biol-
ogy in general.5 There may be good reasons for this in some cases. For example, 
Deplazes et al. (2009) maintain that all fields of synthetic biology share an aim to cre-
ate or recreate life, and that they therefore also share related ethical questions. Some 
analysis around the concept of life can thus be relevant to synthetic biology generally. 
However, even with regard to this particular topic it does make a difference, whether 
ethical implications of challenging the concept of life are analyzed in the context of 
“protocells” or in the context of “genetically engineered living machines”. Therefore 
general recommendations about synthetic biology can be misleading.

1.2 � A Mosaic-like Field on the Move

There are probably not many other scientific fields besides contemporary synthetic 
biology that can name their exact place and date of birth: the formal delivery room 
of synthetic biology is the Massachusetts Institute of Technology (Cambridge/
Mass), its birth day is the 10th June 2004, and the founding conference “SB 1.0”.6 
Since then, synthetic biology has matured and spread with a remarkable speed: 
with its own conference series, journals, chairs and funding schemes being already 

3On the conference “Synthetic Biology 2.0: The Second International Meeting on Synthetic 
Biology May 20−22, 2006 at UC Berkeley” a biosecurity resolution was discussed: http://synthe
ticbiology.org/SB2.0/Biosecurity_resolutions.html. Accessed 18 July 2015. At the end no action 
on self-governance was taken.
4Therefore, ethicists and sociologists have soon had to reflect their roles within the emerging 
technology (Rabinow and Bennett 2009, 2012; Calvert and Martin 2009). This is a phenome-
non known from other science and technology fields characterised by such early concomitant 
research (cf. nanotechnology, see Schummer 2011). Synthetic biology has also become a case 
study object for secondary research about policy advice.
5For an exception, see Rabinow and Bennett (2009).
6“The First International Meeting on Synthetic Biology’’ 10.-12.6.2004 at the Massachusetts 
Institute of Technology Cambridge (MIT), MA, USA, http://syntheticbiology.org/Synthetic_
Biology_1.0.html (accessed on 14 May 2013). This was when the ideas about how to revolution-
ize the use of open source and engineering principles in genetic engineering Endy (2005) were 
first presented by their protagonists. Other research lines as for example protocell research that 
now are commonly included under the synthetic biology umbrella term have their own roots.

http://syntheticbiology.org/SB2.0/Biosecurity_resolutions.html
http://syntheticbiology.org/SB2.0/Biosecurity_resolutions.html
http://syntheticbiology.org/Synthetic_Biology_1.0.html
http://syntheticbiology.org/Synthetic_Biology_1.0.html
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right in place. It has attracted researchers not only from scientific and engineering 
disciplines but also philosophers and social scientists who got quickly involved in 
synthetic biology. But even though we know when and where it started, there is lit-
tle agreement about what exactly started then.

To understand contemporary synthetic biology it is worth having a look at 
its roots. The label synthetic biology is not new and had, for instance, sporadi-
cally been used in the 1970s to describe genetic engineering. In the context of 
contemporary synthetic biology, however, the label ‘synthetic biology’ seems 
to have emerged without direct verbal or historical link to those earlier appear-
ances. Moreover, tracing the disciplinary label falls short, since other names like  
“constructive biology or “intentional biology”, had also been discussed in advance 
of the inaugural conference in 2004 (Campos 2009). Synthetic biology as founded 
at the SB 1.0 conference has developed out of several fields and contexts. Most 
key actors at this early time came from outside biology and were mainly special-
ized in computer sciences, artificial life research or engineering. They were driven 
by the vision of transforming biology into an engineering discipline, which was 
discussed in diverse scientific contexts for quite some time. But only the new 
achievements in molecular genetics, systems biology, next generation sequenc-
ing technologies and large-scale automated synthesis of DNA enabled synthetic 
biology to find the required technical preconditions and to get started. These new 
technological advances attracted engineers who were fascinated by the vast pos-
sibilities that living production platforms offer. They sought to make the methods 
of classical genetic engineering radically more effective through the application of 
principles already established in mechanical and electrical engineering sciences. 
Foundational principles like standardization and modularization were introduced, 
allowing for the effective design of genomes and cells (Endy 2005).

Synthetic biology thus started with the application of engineering analogies and 
models, that were developed for technical purposes, to biological systems. 
Although the field has developed and matured since then, some of the engineering 
analogies were difficult to realize in practice. In classical engineering practice 
standardized parts are utilized that work strictly independently of the chassis they 
are implemented in. In living systems, however, phenomena like signaling cross-
talk, cell death, mutations, intercellular communication, extracellular conditions 
and stochastic noise have to be taken into account (Purnick and Weiss 2009). 
Biological systems are unique in their complexity, and synthetic biology had to 
integrate a lot of fundamental understanding from the biological and chemical sci-
ences in order to get closer to achieving its goals. Although the integration of the 
biological and chemical sciences and engineering has probably become more 
appreciated (Smolke, personal communication 20127), some of the leading figures 

7The provided information is based on a non-public expertise conducted by Margret Engelhard 
and Kristin Hagen for the German Parliament. The expertise (duration: 2/2012–12/2012) is based 
on qualitative interviews with leading scientists from within synthetic biology, scientists that 
research on synthetic biology and active artists. Main content of the interviews were the current 
status of synthetic biology, its framing (also in comparison to genetic engineering), on xenobiol-
ogy and protocell research, the individual research agendas, the role of DIY-biology and ques-
tions on potential risks.
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of synthetic biology even advocate shifting back to cell free systems to manage 
multiple enzymes in ever more complex systems (Billerbeck et al. 2013).

In addition, researchers originating from different disciplines have rather differ-
ent approaches to synthetic biology. The disciplinary background is framing the 
individual research agenda and also the image, aim of and approach to synthetic 
biology.8 Very often the scientific socialization plays also a role in the conceptual 
foundations of the work. For instance, engineers might be most interested in the 
development of cell factories and production platforms, whereas scientists trained 
as chemists are more likely to focus on optimizing molecular tools or developing 
new genetic materials functioning as chemical alternatives to DNA (XNA, Xeno 
Nucleic Acids). Other lines of research that are commonly seen as part of synthetic 
biology include the design and construction of minimal cells and the chemical 
generation of protocells.

The recent discovery of a new method of genome editing called CRISPR/Cas9 
(clustered regularly interspersed short palindromic repeats) has further boosted 
the field. This system is making use of a defense machinery of certain bacteria 
against viruses. Researchers figured out how to use this system to precisely cut 
DNA at any location on the genome and to insert new material to alter its function 
or to introduce new traits (Makarova et al. 2011; Jinek et al. 2012). This is a pro-
found advantage over other techniques developed to edit the genome, such as zinc 
finger nucleases or TALENs. These are quite complex so only a few expert labs 
followed up on genome editing as a practical tool. CRISPR/Cas9 is a methodol-
ogy that brings the central agenda of synthetic biology to the point. It provides a 
simple, standardized and highly predictable method for engineering the genomes 
of organisms for new purposes. A similar methodological paradigm shift has been 
described in the context of recombinant DNA technology as being triggered by 
methodical break through.

Although revolutionary in their impact, the tools and procedures per se were not revolu-
tionary. Rather, the novel ways in which they were applied was what transformed biology. 
(Berg and Mertz 2010).

In this sense CRISPR/Cas9 is one of the most effective tools ever developed for 
synthetic biology, and its potential has been by far not exploited yet.

During its short existence, synthetic biology has thus not only grown substan-
tially and moved on at the methodological level, but also broadly expanded its 
scope. Part of the expansion has been achieved by active field-building initiatives: 
at the “SB x.0” conference series, people from neighboring disciplines were and 
are deliberately invited to mutually stimulate the research and possibly join the 
field.9 In addition, the prominent international undergraduate student competition 
iGEM (international genetically engineered machines) attracts growing numbers 

8Results interviews see FN above and Table 3.1, Chap. 3.
9This was stated on one strategy of the conference in the welcome address of Drew Endy at the 
“SB5.0: the Fifth International Meeting on Synthetic Biology” held at the Stanford University, 
Stanford, California USA, June 15–17, 2011.

http://dx.doi.org/10.1007/978-3-319-25145-5_3
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of participants. It has already spawned several generations of students who are 
making their way into synthetic biology research and development.

Today, synthetic biology is a very diverse field. It comes along in a mosaic-like 
structure, for which there exists no sharply-cut and generally accepted definition. 
(Kronberger 2012, for a good overview on various definitions of ‘synthetic biol-
ogy’ see Deplazes-Zemp 2009 “Piecing together a puzzle’’). Thus, the label ‘syn-
thetic biology’ serves more as an umbrella term. Nevertheless, intense 
identification with synthetic biology is widespread among its protagonists.10 Thus, 
ethical and societal discussions have to take into account the complex and fluid 
state of synthetic biology. Societal evaluation needs to differentiate from case to 
case if it is appropriate to discuss synthetic biology as a whole, a subfield or just 
an exceptional mosaic stone.

1.3 � Challenges to the Societal and Ethical Evaluation

The mosaic-like structure of synthetic biology makes social and ethical evaluation 
a demanding task. Consequently, the results of the ongoing societal, ethical and 
risk debate about synthetic biology’s consequences and implications have been 
divergent (example reports include: BBSRC Report 2008; PCSBI Report 2010; 
ECNH Report 2010; Kaebnick et al. 2014 and the report of Secretariat of the CBD 
2015). There is little agreement on guidelines for science, political recommenda-
tions, or prohibitions (‘further discussion is needed’, being the nearest statement 
to one of prohibition). We can find a multitude of positions, ranging from cautious 
and critical views (e.g. Hauskeller 2009 on protocells) to liberal laissez-faire atti-
tudes (e.g. Eason 2012). Some authors even regard it a moral obligation to actively 
promote further development in synthetic biology to secure, for example, global 
food supply (e.g. Tait and Barker 2011).

There is also some disagreement over the importance of various issues, in par-
ticular the implications of changing concepts and definitions of life. Are the rami-
fications of such worldview changes central (e.g. Presidential Commission for the 
Study of Bioethics 2010), or are they irrelevant (e.g. Kaebnick 2009)? Will we get 
used to the idea that life can be synthetic, and that human beings will create life, in 
the same way we got used to seeing the world as a sphere (Tait 2009)?

What, then, are the ethical issues that require careful reflection? In the begin-
ning, ethical debate within the synthetic biology community and within govern-
mental organisations dwelt almost exclusively upon the issue of risk. And there 
can be no doubt that safety is of great importance: bio-safety and bio-security 
remain dominant issues especially within the synthetic biology community and in 
debates concerning government policy making (e.g. DFG et al. 2009). This almost 
exclusive focus did, however, stir reactions in both civil society groups and with 

10Results interviews, see FN 7.
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philosophers (Boldt and Müller 2008; Torgersen 2009; Friends of the Earth 2012). 
They asked for a more profound ethical investigation of the field. As a conse-
quence, broader ethical issues are now increasingly being taken into account, such 
as problems of international justice or fundamental concerns about human beings 
“playing God” and re-defining “life” and “nature” (Dabrock 2009). Many of these 
debates have parallels in previous discussions concerning genetic engineering and 
cloning.

The described diverse and partly contradictory lines of debates have their origin 
in the multilayered structure of synthetic biology and in differences in the under-
lying concepts that are applied like, for example, the concept of life or artificial-
ity. The societal, ethical and risk evaluation of synthetic biology is therefore often 
prone to misunderstandings and may lead to debates that go astray. To overcome 
the problem of the complexity of the field, we will focus on specific features of 
synthetic biology that might be relevant to the societal discussion rather than on 
synthetic biology as a whole. By this approach we hope to clarify on what aspects 
of synthetic biology a new societal discussion is needed. At the same time this 
approach will circumvent the problem of misunderstandings resulting from the 
fluid state of synthetic biology.

1.4 � Relevant Features and Concepts of Synthetic Biology

Although synthetic biology builds on many of the techniques of genetic engineer-
ing, some critical features of synthetic biology are new and thus are—next to the 
well-known features of genetic engineering—important for an appropriate soci-
etal evaluation. Synthetic biology aims at the design and construction of new bio-
logical parts, devices and systems. Thus, it goes far beyond mere modification of 
existing cells by inserting or deleting single or a few genes. Instead, cells will be 
equipped with new functional devices or even complete biological systems will 
be designed. Therefore, in comparison to genetically modified organisms (GMOs), 
synthetic cells are characterized by a much larger depth of intervention into the 
organism. The resulting synthetic organisms may have only very little in common 
with any other organism, and predictions on the behavior of these synthetic cells 
cannot simply be drawn from the behavior of any of the many donor organisms 
that have been used for the creation of synthetic cells.

Another critical dimension of synthetic biology is the introduction of unnatural 
chemical compounds into living systems. This results in cells whose metabolism or 
genetic material is incompatible with that of natural biological systems. Although 
this orthogonality is sometimes discussed as a means to enhance biosafety (Marliere 
2009; Budisa 2014; Budisa et al. 2014) these xeno-organisms may have an unpredict-
able impact on the ecosystem if released into the environment.

In addition, the more orthogonal synthetic organisms are to their natural coun-
terparts, the more unfamiliar they are, not only for the ecosystem but also for 
both scientists and the public. Therefore knowledge that comes with practical 
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experience is lacking. This unfamiliarity results in an enhanced uncertainty with 
respect to risk assessment, since any predictions are normally modelled along the 
known properties of related organisms we are familiar with.

Another aspect of synthetic biology becomes most apparent in those experi-
mental set-ups where simple protocells are generated from non-living materials. 
Here it is the question at what point (if at all) these cell-like structures can be 
regarded as being alive. The claim to create live from inanimate matter will have a 
deep ontological impact on the concepts of life and artificiality.

To illustrate these dimensions of synthetic biology we introduce a layer model 
that analyses and classifies organisms developed by synthetic biology on an evolu-
tionary and systemic level.

1.5 � Layer Model

For the development of the layer model we will focus on the connectivity of syn-
thetic or semisynthetic organisms and cells with the realm of natural organisms 
derived by evolution. In our model, organisms created by synthetic biology will 
be assigned to different “layers” on the basis of their biological and chemical 
nature: all organisms that use the same genetic material (e.g. DNA or any kind 
of xeno-DNA) and the same genetic code for translation of genetic information 
into proteins are placed within one layer. This implies that within such a layer 
any exchange of genetic material results in meaningful exchange of genetic infor-
mation. With this definition, all naturally occurring organisms based on DNA as 
genetic material and the standard genetic code belong to one layer.

Such a description directly serves as a template to clarify a number of discus-
sions. In the risk discussion, for example, the degree of familiarity among the 
organisms is essential to judge potential risks. On the basis of the proposed layer 
model the degree of familiarity to natural organisms can be better analyzed.

If a synthetic cell or organism differs in its chemical composition and/or uses a 
different genetic code it belongs to a different layer of organisms since no mutual 
exchange of genetic information is possible between such cells and those of the 
“natural” layer. One thread in this book will be an explication of this layer model 
and its application in focussing the discussion about societal and ethical conse-
quences of synthetic biology on its new and relevant features. This approach 
differs from earlier descriptions of synthetic biology that are based more on cat-
egorisations of its different methodological characteristics and branches, (e.g. de 
Lorenzo and Danchin 2008; O’Malley et al. 2008; Schmidt et al. 2009; Deplazes 
2009; IRGC 2010; Joly et al. 2011; Pei et al. 2011).

How the layer model illustrates the biological properties of natural and syn-
thetic organisms may be exemplified for the engineering branch of synthetic biol-
ogy. It aims at creating new cells by using minimal cells that will be equipped with 
standardized DNA modules (biobricks) conferring useful properties. Since all bio-
bricks are currently based on the standard genetic code, synthetic cells created by 
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this approach still belong to the layer which also contains the naturally occurring 
organisms. In this sense, synthetic biology can indeed be regarded as an extension 
of classic genetic engineering. The latter technique, however, normally generates 
organisms that share most of their genome with that of their natural progenitors 
since only a single or a few genes are exchanged. Therefore in the layer model, 
genetically modified organisms (GMOs) have their place in close vicinity to natu-
ral cells. In contrast, synthetic biology aspires to explore the full sequence space 
of all potential organisms, which have not yet been realized by evolution and thus 
can be termed “beyond natural” (Elowitz and Lim 2010). Therefore, synthetic 
cells are placed within the layer at a large distance from natural cells. This illus-
trates the deeper level of intervention of synthetic biology. In this regard, synthetic 
biology goes far beyond genetic engineering.

Since engineered synthetic cells are still able to interact with natural organisms 
at the genetic level, this constitutes the risk that its genetic material may spread 
into the environment and may cause damage to the microbial communities of the 
ecosystem. To prevent such unwanted exchange of genetic information it has been 
proposed to design cells that are orthogonal to natural cells. Orthogonal organ-
isms are unable to interfere or to interact with natural ones. This can be reached, 
for example, by using chemical molecules that are new-to-nature as genetic stor-
age material. If such material is released into the environment it cannot be used by 
other species as a useful source of information. However if other organisms can-
not use such materials their degradation might become problematic and might thus 
lead to unwanted accumulations. Another strategy for orthogonalization would 
be the reassignment of one or several codons of the genetic code. In this case the 
chemical basis of cellular and genetic metabolism can be maintained. Exchange 
of genetic material (DNA) might still occur, but will not result in meaningful 
exchange of genetic information since the incoming DNA will be translated into 
a completely different protein. But even if the strategy of orthogonalization pre-
cludes unwanted spreading of genetic information into the environment one has 
still to consider ecological interactions at the level of competition for nutrients or 
toxicological aspects of the xeno-material used to construct these cells.

In contrast to the vision of most synthetic biologists to create synthetic cells 
by large-scale redesign of natural cells, protocell researchers address the prob-
lem of constructing simple life forms directly from non-living matter. With most 
approaches, lipid vesicles are used to mimic cellular compartments in which 
enzymes maintain simple metabolic networks or self-replicating polymers dis-
play basic features of growing cells (Rodbeen, van Hest 2009). As it is commonly 
accepted that life must have started from similar vesicles, protocell research is also 
a means to study prebiotic evolution by reconstructing the emergence of early life 
forms. Here it is the big question at which point a protocell indeed becomes a liv-
ing entity. A common notion is that as long as the cell is capable of self-main-
tenance, reproduction, and evolvability, it can be regarded as being alive. (Luisi 
et al. 2006). Most of the contemporary attempts to create such cells are far from 
reaching this point and in no case, cells were equipped with a core translation 
machinery which would be necessary to express genetic information. In most 
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cases only single aspects of self-maintenance and reproduction have been realized 
and often in very primitive fashion, e.g. self-catalyzed replication of a ribozyme in 
vitro (Wochner et al. 2011) or template-directed synthesis of a very short genetic 
polymer in a model protocell (Mansy et al. 2008). Therefore, these simple systems 
can hardly be called living and in our layer model such protocells would occupy 
layers of very limited size. Since RNA or DNA molecules that can be faithfully 
replicated by such means are only very short, the number of different sequences is 
very limited. This defines the very small size of a protocell layer. Some challenges 
of protocell biology seem insurmountable, like reinventing a translation machin-
ery that uses genetic information to instruct the synthesis of proteins. Therefore in 
some approaches the plan is to circumvent this problem by implanting ribosomes 
derived from natural cells into protocells. Such cells are termed semisynthetic 
cells and might be the prime candidates to cross the border between the non-living 
and the living. But in the very moment where such a semisynthetic cell uses DNA 
and the standard genetic code it will be found on the natural layer of cells (maybe 
not far from minimal cells deprived of all unnecessary functions).

1.6 � Challenge to the Concept of “Life”

With the aim of creating non-natural “life”, synthetic biology obviously presup-
poses a general understanding of what “life” is. But, at the same time, the success 
of synthetic biology’s project will have profound impacts on this very concept. 
Many protagonists in the field see the most obvious impact in a more (or possibly 
exclusively) mechanistic understanding of life. In the view of synthetic biologists, 
(artificial) living beings are composed of arranged chemical building blocks and, 
consequently, can be completely explained by reference to these dynamic parts 
and their organization. Within this conception there remains no place for vital 
forces or special properties of living matter, that have been evoked since antiquity 
in order to account for the manifest autonomy and internally driven dynamics of 
living beings. In our everyday notion of life these aspects of living beings are still 
very prominent, and they are also connected to our ethical evaluation of life as 
something inherently good, fragile and at the same time extremely persistent in 
its self-maintenance. Entirely mechanistic conceptions of life clearly challenge our 
well-established normative notion of life as something flourishing and striving for 
its own good.

In the eyes of the protagonists, the achievement of creating artificial living 
beings out of inanimate matter would result in the final refutation of all non-nat-
uralistic views of life. In an almost paradoxical manner the artificiality of living 
beings created by synthetic biology could strengthen our naturalistic understand-
ing of life: the possibility of making organisms synthetically by assembling non-
living building blocks into an integrated organized system suggests that nature 
can proceed in similar ways. The only difference can be noted in the fact that 
in natural living systems the organizing process comes from within the system 
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(self-organization), whereas in artificial living beings it is the result of external 
forces (at least at the beginning by setting the starting point for a series of self-
replicating systems).

It is suggested that, with the step of synthesizing organisms, the concept of life 
will lose much of the mysticism which has accompanied it for centuries. By further 
integrating “life” into the net of naturalistic explanations, it will become part of the 
normal physical world. Quite adequately, then, the construction of artificial living 
beings can be called “one of the most important scientific achievements in the his-
tory of mankind” (Caplan 2010, p. 423). With this integration being accomplished 
we would no longer need to postulate a special force or power to explain life. 
Living beings would become nothing else but very complex molecular mechanisms.

But, on the other hand, synthetic biology, as it is already expressed in its name, 
is not a purely analytic and reductionist research strategy. It does not focus exclu-
sively on the study of components but stresses the importance of higher level phe-
nomena and their integration into the system. Therefore, synthetic biology will not 
necessarily strengthen a purely mechanistic view of living beings. Central con-
cepts of the discipline like “organization”, “interdependence”, “mutual control”, 
“modularity” or “redundancy” are not are not reductionist concepts. They refer to 
the level of the whole system and do not necessarily support the reducibility of 
higher level phenomena to the level of the parts.

It is therefore attractive to understand synthetic biology as a systems theoreti-
cal approach that provides concrete models for the scientific explanation of living 
beings in the real world. On the basis of the model of synthetic organisms, it will 
be possible to better understand the material and systemic implementation of the 
complex and holistic capacities that are characteristic of living beings and used to 
define life, e.g. growth, organizational closure and self-maintenance.

The three areas of synthetic biology that we propose to distinguish, i.e. engi-
neering biology (layer of genetically modified and artificially designed cells), 
xenobiology (layer of orthogonal cells) and protocell research (layer of simple 
life forms), provide quite dissimilar models for this aim. They focus on differ-
ent aspects of living beings and correspondingly their achievements will proba-
bly have different effects on the concept of life: engineering biology is especially 
concerned with the organizational architecture of living beings, for example the 
modularity of their parts; xenobiology starts with the genetic level and, at its 
beginning, leaves the extragenetic machinery of the cell untouched; protocell 
research, finally, is especially focused on the establishment of the metabolism and 
functional organization of a single cell. Accordingly, the synthetic projects on the 
three layers will provide insights into the structural design, genetic mechanism 
and metabolic circuits respectively. Although the insights gained by the different 
approaches of synthetic biology will be based on artificial systems, they will refer 
also to the realized systems in nature as one of the solutions among the possible.

The artificial creation of living beings will contribute to our understanding of 
naturally occurring organisms. At the same time, it will have impacts on the prin-
ciples that scientists will use for the analysis of naturally occurring organisms. 
And this “creation” will also readjust the general scope of the concept of life. 
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This will take place in some obvious senses as the realm of the living will lose its 
coherence and unity given until now by the universal genealogical and ecological 
nexus between all living beings. By definition, the products of synthetic biology 
are not part of the natural genealogical nexus; and on purpose, they are (at least 
in many cases) designed not to interact ecologically with the naturally occurring 
organisms.

It is likely that this divide between two worlds within the sphere of the living 
will be accompanied by an increasing divergence between the scientific and the 
non-scientific concept of life. In its non-scientific usage, “life” is a fundamental 
category for the self-description of our existence; in its well established biograph-
ical sense the term refers to “the sum of one’s aspirations, decisions, activities, 
projects, and human relationships” (Rachels 1986, p. 5). These phenomena are 
essentially unpredictable and have an opaque structure; they are not completely 
controllable but have freedom, chance and contingency as integral moments. For 
this reason, they seem not to be compatible with the complete mechanistic under-
standing of artificial organisms for which synthetic biology strives. And more than 
that: for reasons of safety it is exactly these aspects that synthetic biology tries to 
eliminate in artificial organisms. The intentionally created organisms are designed 
in order to be completely predictable and reliable in their behavior. To the extent 
that this aim will be accomplished, our scientific concept of life will change and 
our non-scientific concept will depart from the scientific understanding.

Another tension within the concept of life that will be established by synthetic 
biology refers to the teleological order and autonomy of living beings: in synthetic 
biology, artificial living beings are constructed with the aim of using them for our 
purposes, not their own: the life processes of these organisms serve not only inter-
nal but also external purposes. This seems in conflict to how we normally under-
stand life, namely having nearly-complete functional self-referentiality. To be sure, 
man always has used animals and plants for his purposes. But he always had to 
respect their autonomy and particular way of life in order to do so. In contrast to 
this, synthetic biology carries the heteronomy of living beings to its extreme: the 
degree of the autonomy of the system is not something we are forced to work with 
but what we determine.

In imagination this strategy was always legitimate as the long history of 
the notion of “artificial life” shows, which never was a contradiction in terms. 
Synthetic biology forces us to take this option seriously: living beings that are 
designed and used for external purposes and that are completely predictable in 
their behavior should not lose their property of being alive.

1.7 � Ethical Evaluation

In the film Blues Brothers (1980) Jake and Elwood Blues must drive 100 miles to 
Chicago; it is night and they are chased by hundreds of police cars. Time is tight 
and things do not look too good, as Elwood rightly remarks: “It’s 106 miles to 



131  The New Worlds of Synthetic Biology—Synopsis

Chicago, we got a full tank of gas, half a pack of cigarettes, it’s dark… and we’re 
wearing sunglasses”. We might opine that they could have taken their glasses off!

When we look at synthetic biology, the situation is worse. There are certainly 
more than 106 miles ahead of us and our ethical vision of things to come is struc-
turally limited by things we cannot simply take off like the Blue Brothers’ sun-
glasses. It is simply too early to foresee all possible developments of synthetic 
biology. This limitation is a general problem with knowledge, as Karl Popper has 
argued: “no society can predict, scientifically, its own future states of knowl-
edge”.11 In order to know about technological inventions of the future one would 
already have had to make them.

However, what we can anticipate, and in particular what we cannot, makes 
synthetic biology of high ethical relevance. Hans Jonas (1987) has identified five 
characteristics of modern technologies (for example nuclear power) that explain 
why these technologies pose such a problem for mankind and the environment and 
are thus in need of moral regulation. What are these five characteristics? Jonas first 
sets out the inherent ambivalence of modern technology’s consequences (1987, 
42f.): many of its developments show unexpected and undesired side-effects. The 
same is certainly true for synthetic biology, as the risk-discussions show. We might 
create organisms which are prima facie useful (e.g. in the production of bio-fuel) 
which could turn out to have harmful and uncontrollable effects. Secondly, Jonas 
points to the inherent dynamics of developing new technologies (1987, 44): fas-
cination with the science itself, irrespective of its application, stirs scientists to 
do more and more research. The scientific hype around synthetic biology shows 
that this is very much what we find today; we see a scientific gold rush. The same 
is true for the third characteristic Jonas lists (1987, 45ff.), namely the spatial and 
temporal scale of the consequences. If synthetic biology creates artificial life, then 
its consequences could be far-reaching. New organisms could enter the evolution-
ary chain and be part of the future of life. After all, the commercial world seeks 
reliable, robust, and long-lasting new organisms. These might be fitter than some 
“traditional” life forms and could replace them according to the principles of natu-
ral selection. Jonas’s fourth issue is that technology poses problems that cannot 
be answered within traditional anthropocentric ethics alone. In response to this 
problem, the last decades have seen many proposals for an environmental ethics 
(including Jonas’s own efforts). While some of the problems raised by synthetic 
biology fall under the domain of traditional anthropocentric ethics (such as the 
problems of risks to human life), the issues certainly go beyond that. New organ-
isms could be a danger to other organisms but we might have to decide, for exam-
ple, whether we want to protect a synthetically designed species. Anthropocentric 
ethics will not be enough and it is still open as to whether traditional environmen-
tal ethics is sufficient. Jonas refers, finally, to a fifth characteristic (1987, 48 f.): 
modern technology raises fundamental ethical concerns which Jonas calls “met-
aphysical” issues (should, for example, the continued existence of the human 

11The Poverty of Historicism Boston: Beacon Press (1957), p. 21.
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species be thought desirable?) The risk-debates have shown how much synthetic 
biology adds to this concern—and radicalises some of these questions even fur-
ther. What is life? What is natural? All of these questions are hard to answer, but 
they have become even tougher since the rise of synthetic biology, because of the 
intermediate status some of the developed organisms represent.

There can be no doubt that even now, at this early stage, ethics must take syn-
thetic biology seriously. If we distinguish between the level of engineering biol-
ogy, chemical synthetic biology (orthogonal life or xenolife), and proto-cell 
research, we can look at the five characteristics in a more careful way and antici-
pate possible developments more clearly. While all fundamental concerns are 
raised on all three levels (Jonas’ fifth characteristic), the harmful and uncontrol-
lable effects are probably mostly at the engineering, and partly on the proto-cell, 
level. If it is true that xenolife can eventually be isolated by a genetic fire-wall 
from the environment (Budisa 2014), then negative effects on this level might be 
minimized. However one still has to take into account effects on ecosystems of a 
different kind, as for example at the level of substrate competition or accumulation 
of toxic chemicals. The problem of how to deal with entirely new organisms will 
crop up mainly at the level of engineering biology and xenolife.

Even at this early stage there can be no doubt that the ethical challenges of 
synthetic biology are substantial—some would say dramatic—and that all devel-
opments in technology in the area certainly call for monitoring. But we do not 
even have adequate means for such monitoring. We have already stated that the 
biosafety risks of synthetic organisms are particularly difficult to assess because 
of their divergence from the natural and their depth of intervention. We have 
therefore little if any knowledge of how synthetic organisms or proto-cells might 
interact with ecosystems. That is why research in synthetic biology should be 
accompanied by work on improved methods of risk-assessment, well beyond what 
is typically undertaken today. (This does not mean that central underlying moral 
guidelines are likely to change: the central concerns remain fundamental human 
rights, the protection of the environment, and the demand that risks and gains 
should be in a reasonable proportion.)

It must be made clear that currently synthetic biology is acting under uncer-
tainty, in particular in the cases of organisms that are released—wanted or 
unwanted—to the environment. Following Sven Ole Hansson (1996, p 369), we 
might even call it a “great uncertainty”, because neither do we have a picture of 
all the options that we (or the scientists involved) have, nor do we have a clear 
perception of possible consequences. That is why probabilities can simply not be 
assigned to consequences, not even in the case of xenolife. Compared to traditional 
genetic engineering, this is a new quality of uncertainty, which is why a precau-
tionary principle should rule. Highly harmful consequences are imaginable, and 
possible. To these we can attach no probability rating. We should avoid such risk.

Whether, in the end, a new type of ethics (an ethics of synthetic biology) is 
required, is too early to say. Certainly, many ethical debates in synthetic biology 
are simply continuations of debates we know from previous discussions regarding 
genetic engineering. Potential problems of international justice, for example, are 
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discussed very in a similar way and these traditional arguments are still used in 
synthetic biology (new developments might solve the problems of future genera-
tions—or they might deprive poor people of their resources).

The so-called “playing God” argument has sometimes been seen as unique to 
the ethical debate on synthetic biology. It is, however, not obvious at all that the 
“playing God” argument is an argument at all, or much of an intuition (Müller 
2004). What could its rational core be? There are three different ways in which the 
playing God argument can be interpreted.

1.	 It might be a warning that synthetic biologists (or a society which promotes 
such research) overestimate their own abilities; they may be tempted to create 
life-forms without sufficient care, driven simply by the fascination of the pos-
sible. We might call this the “hubris-interpretation”.

2.	 Another analysis is that the discomfort arises from the limits that are trans-
gressed by synthetic biology. Does artificial life violate a hitherto-unrecognized 
moral norm? Perhaps “life” is a limit that science should respect under all cir-
cumstances? This is the “taboo- interpretation” of the argument.

3.	 A third analysis is to understand the objections in the spirit of Goethe’s 
“Sorcerer’s Apprentice”, the pupil of a magician who exercises his master’s 
tricks but cannot stop what he has started. Artificial organisms might develop 
a dynamic we cannot control. In this interpretation, the argument shares the 
problem of acting under uncertainty: we cannot foresee what will happen and 
do not have the means to recapture organisms once deliberately or accidentally 
released.

All these warnings are, of course, familiar from other contexts: human hubris is 
much discussed in political ethics, life as a possible absolute limit turns up in some 
bioethical debates (for example on euthanasia), and uncontrollable effects are cen-
tral to environmental ethics (for example the debate on nuclear power). At least if 
one defines “new ethics” as an attempt to introduce new norms or values (as envi-
ronmental ethics argued in the 20th century), then synthetic biology is not likely 
to require a “new” ethics. The ethical concerns it raises, such as risk, acting under 
uncertainty, global justice, and hubris, are familiar. But still, synthetic biology is 
adding a new dimension to these concerns and certainly requires close monitoring 
and careful attention. If “new ethics” is understood as a demand to intensify reflec-
tion and debate in a new field, then we can certainly talk about a necessary new 
ethics of synthetic biology. After all, there are features of synthetic biology which 
require normative answers beyond the scope of traditional ethical debates.

This, at least, seems clear: synthetic biology demands careful investigation in 
its own right. We must understand what exactly is new and where precisely the 
challenges of this new technology are to be found. This can be done most effi-
ciently by identifying characteristic differences between synthetic biology and 
genetic engineering in terms of operative features and the nature of produced 
objects by looking, for example, at the three levels separately.

But further differentiation will be necessary. Even if traditional normative cate-
gories suffice for an ethics of synthetic biology, their exact meaning and reference 



16 M. Engelhard et al.

is challenged. An example is the term “species”. Environmental ethics generally 
sees a good in the protection of all species and the diversity of life forms—but 
does this include artificial organisms? We must also ask what exactly the ‘pres-
ervation of a species’ requires if extinct species can be rebuilt where we have the 
genetic information (here conceptual problems touch ontological ones). Another 
example is “life”, as already discussed above. If its meaning changes we might 
have to reconsider basic categories. If “life” is naturalized further (as synthetic 
biology seems to promise), is there any reason left to treat living things differently 
from inanimate matter? And how do we respond if the concepts of life in a scien-
tific and ordinary-language context differ dramatically? The reach of these concep-
tual changes might be profound enough to touch meta-ethical issues and problems 
of justification. Why should we treat organisms with special care if they do not 
have the functional self-referentiality of traditional organisms and if they are fully 
predictable in their behavior? Synthetic biology certainly challenges “old” ethics 
in many ways. And thus a new and profound ethical debate is required and that 
might change old ethics fundamentally. Synthetic biology has the power to under-
mine much of our traditional worldview, possibly even beyond ethics.

1.8 � Synthetic Biology as an Object of Public Perceptions

The hallmarks of synthetic biology as an object of public perceptions are right now 
fuzziness and a low degree of salience. The lively societal debates accompanying 
the field from the outset have been confined to analysts and experts from ethics and 
social sciences, while the public at large remains virtually unaware of this emer-
gent field and its many promises and challenges. Certainly, the technical complex-
ity of synthetic biology, including the mosaic-like structure described above, poses 
difficulties even for scientists from other disciplines, and makes it all but impene-
trable for individuals that lack even a modest level of familiarity with biology and 
genetics; the case in most adults, even in highly developed societies. But, at pre-
sent, the main barrier is not lack of knowledge about synthetic biology, but its exig-
uous impact in the public domain due to low media coverage. The public’s space of 
contact with science in the making is for the most part vicarious, relying mainly on 
the breadth and depth of attention paid by the mass media, which in most countries 
has been fairly limited (in terms of quantity, recurrence and highly conspicuous 
attributes).12 Usually, for scientific breakthroughs to attain high media salience 
requires particularly exciting practical benefits (readily available or anticipated) or, 
at the other extreme, serious mishaps or accidents, vocal and publicly aired disa-
greements among scientists, clashes between the scientific community and policy-
makers and regulators, or significant campaigning in favor or against particular 

12For reviews and recent data, see Ancillotti and Eriksson (in production 2016, about media cov-
erage in Italy and Sweden) and Seitz (in production 2016, about media coverage in Germany).
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developments by influential interest groups and organizations (as was the case, 
very early on, with plant biotechnology). The fairly scant influence of these factors, 
or even their absence, explains the marked contrast between, on the one hand, the 
profusion of reports (some by officially appointed bodies) and the boom in the eth-
ical, social and legal literature and, on the other, the silence of an oblivious public.

Although lack of public salience, at the time of this writing, severely limits the 
kind of public perception studies that can be conducted, it does not completely 
rule out the feasibility and value of such analyses. However, the route followed 
must perforce be an indirect one. On the basis of findings about public attitudes 
toward similar cases of scientific and technological developments during their ini-
tial development stage, it is possible to anticipate the main evaluative angles that 
the public will apply when the field reaches a threshold of media coverage and 
starts to receive significantly increased attention from organized groups like envi-
ronmental organizations. Biotechnology, without doubt, is the most commonly 
used case as the background analytical framework.

The early public perceptions literature on synthetic biology and available data 
from surveys and focus groups confirm that most people know very little or noth-
ing at all about this emergent scientific area. They also document, however, that a 
majority (of individuals) is able to form and express views about it, falling back 
on very general frameworks (worldviews), more focused frames and, also, spe-
cific “cues”, shortcuts, images and symbols taken from medical developments and 
biotechnology. Among the most relevant attributes people tend to attach to “syn-
thetic biology”, once they are briefed about its basic coordinates, are the ideas of 
“man-made”, “artificial”, “fake” and “unnatural”, the trade-off between means 
(degree of acceptability of risks, clashes, alignment or, at a minimum, compat-
ibility with shared values at a particular point in time and in a given society) and 
goals (ranking of potential benefits, from trivial to critical, fairness in the distribu-
tion of potential gains and losses). The case of biotechnology shows that speci-
ficity counts: the valence (positive, neutral, negative) of the public’s response to 
each application is, at least partially, a function of the potential goals to be reached 
(“promises”) and the particular nature of the means to be employed (Pardo et al. 
2009). As in the case of other technological areas, medical and energy applica-
tions are in general favorably perceived, although medical ones may also generate 
ambivalence due to reservations regarding the means deployed (i.e., goals such as 
eradicating genetic diseases or new approaches to cure cancer are approved, but 
the use of “engineered” organisms in the human body triggers resistance).

According to Eleonore Pauwels’ systematic review of the literature on pub-
lic perceptions of synthetic biology published up to 2009 and the data available 
to 2013, the perceived risks of synthetic biology were associated to three com-
ponents: first of all, the difficulty of managing unknowns, second, human and, 
particularly, environmental side effects, and, finally, long-term effects. These 
results are consistent with the findings from a major international survey, the 2010 
Eurobarometer on the life sciences (Gaskell et  al. 2010). From a list of seven 
potential aspects of synthetic biology people might wish to know more about 
to evaluate this new area, the majority chose the potential risks, followed by the 
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expected benefits and the distribution of gains and risks. Interestingly, “what is 
being done to deal with the social and ethical issues involved” did not seem par-
ticularly salient or relevant for most people at the time the survey was conducted. 
Under conditions of a low level of awareness and information about synthetic biol-
ogy, a relative majority, according to the Eurobarometer data, would be inclined 
to approve it, provided appropriate regulations were introduced, although another 
large group would demand stricter constraints. Around a fifth had no position on 
the benefits and acceptability of synthetic biology and a small, but significant 
minority would favor a ban on this area of research and its applications.

In terms of the governance of synthetic biology, two main dimensions stand 
out as relevant. The first is that the present lack of strong opposition to the field 
is compatible with a clear preference for tight regulation by government versus 
the option of giving the scientific community and corporations freedom to oper-
ate in the market, as they would in conventional business and technological areas. 
A second dimension of governance is the question of which group(s) provide 
decisive input to the regulatory process and on what basis. According to the 2010 
Eurobarometer data, more than half of the European public favored scientific evi-
dence (52 %), while just a third gave more weight to moral criteria (34 %). In line 
with this view, almost 6 out of 10 Europeans would prefer to rely on the input 
of experts in order to reach a decision about synthetic biology, rather than on the 
views of the majority of people in the country (Gaskell et al. 2010). These results 
appear to favor institutional arrangements for the regulation of synthetic biology, 
such as risk and bioethics committees integrated by experts, over mechanisms of 
social participation such as consensus conferences or, more amply, direct consulta-
tion of the public at large. However, as in other cases that are culturally shaped, 
there is large variability and pluralism in these preferences, with countries like 
Germany, Denmark and Austria giving significant weight to moral criteria and a 
direct public “voice”, while in countries like Hungary, Spain and Italy, among oth-
ers, most people are willing to rely on professional input based on scientific rea-
sons and evidence.

As discussed above, potential developments of synthetic biology could have 
profound impacts on the concept of life, to the extent of blurring the borders of 
the evolutionary—and natural—realm (see the layer model presented in Sect. 1.5 
above). Although the deeply embedded cultural dimension of synthetic biology 
has not yet emerged into the public sphere, assuming that it will surface once 
the field develops, it is plausible to anticipate a significant civic debate about the 
views of life entailed by the field, the role of humans, and scientists in particu-
lar, in the modification of “natural” processes, the creation of life, and even the 
radical redefinition of the boundaries of such a highly symbolic concept as life, 
so central to the social mindscape. In the absence of highly visible and differenti-
ated applications, a global evaluative and attitudinal position on synthetic biology 
could develop if leading researchers in the field insist on offering symbolic nar-
ratives (such as the creation of synthetic life in the laboratory, “regenesis”, living 
machines) that stand at odds with current worldviews and values.
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If in the next few years synthetic biology impacts on the worldviews and core 
values of contemporary culture, its institutional or governance dimension (includ-
ing diverse forms of public participation) will likely become a major issue. Today 
many scientists and institutions no longer dismiss the concerns of the public on the 
basis of their low level of scientific knowledge, knowing that a vast array of values 
and central worldviews, besides knowledge and information, play a role in shaping 
attitudes to new scientific developments. As the legal chapter in this book makes 
clear, citizens’ cultural concerns may very well be considered a legitimate reason 
in the not so distant future for imposing regulatory constraints on certain subsets 
of science and technology. And as in other cases where culture is important as an 
explanatory variable for attitudes, we should expect to find significant national dis-
parities in citizenry’s response and the regulatory framework.

The case of the social reception of biotechnology shows that a vast array of 
variables other than scientific literacy are at work in people’s attitudes to new, 
potentially disruptive scientific developments, the most significant being risk per-
ceptions, trade-offs between goals and means, ethical views, and trust in science 
and regulatory institutions. The scientific community not only needs to do better 
in communicating the basic profile of its work to society at large, but should also 
take into account these other value-laden factors when engaging with the public, 
from risk considerations to ethical aspects, and a fair balance—highly specific to 
each subset of synthetic biology—between goals and means. It should also rec-
ognize that the just-mentioned canonical variables operate within a more general 
framework, the overarching culture of society, integrated by potent symbols (such 
as beliefs about life) and worldviews (such as images of nature). Accordingly, 
the cultural, implicit and open, component of its work should also be part of its 
“map”. The worldview that affects many subsets of the life sciences is without 
doubt the current vision of nature and natural processes: most people are aware 
of the collisions between economic growth based on intensive use of science and 
technology and the conservation of the natural environment, and there is acute 
sensitivity to scientific advances that further challenge the boundaries of “natural” 
processes and objects. Although this component is currently dormant apropos syn-
thetic biology, due to the low salience of the field in the media and public sphere, 
it may become one of the most difficult concerns to address and, for that reason, 
should be part of the mindset of researchers and regulators.

1.9 � Legal Challenges

Law in modern societies approaches new scientific and technological develop-
ments in three characteristic ways: It provides forms which enable innovation and 
at the same time sets limits in order to prevent unwished side-effects; it provides 
incentives that foster research and development (R&D) development and steer 
it into certain directions; and it sees to that benefits from R&D results are fairly 
shared. Synthetic biology is also exposed to this legal interference.
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1.9.1 � Law Enabling and Regulating Synthetic Biology

The current dynamic evolution of synthetic biology research is enabled by the 
constitutional freedoms of scientific research as well as of free enterprise and 
property. These rights allow for regulatory restrictions in the public interest. Such 
regulation must be introduced if constitutional rights (such as of health) of third 
persons or constitutional obligations of environmental protection so require.

In view of the fundamental change in socio-economic life that must be 
expected from synthetic biology, it would be politically wise to develop a legal 
basis for it. This legal basis should take a fresh look at the entire biotechnology 
and establish a framework not only for synthetic biology but also for genetic engi-
neering and high tech breeding of plants and animals. That would also give justice 
to new developments like the CRISPER/Cas9 technology that brings the current 
legal framework to its limits. Constitutional law can be interpreted to enable and 
even require such legal framework, because biotechnology affects fundamen-
tal rights and obligations, and because it encroaches on the separation of powers 
which assumes that “essential” innovations should be deliberated by parliaments 
rather than be left to the executives.

Alternatively, the regulation of synthetic biology could also be based on the 
current legislation on genetically modified organisms. However, although some 
strands of synthetic biology falls under the definition of genetic modification oth-
ers are not. They should be included in the scope of application of GMO (geneti-
cally modified organisms) laws.

More precisely, the following synthetic biology techniques are covered by the 
legal definition of GMOs:

•	 Techniques of the first strand of synthetic biology, here called radical genetic 
engineering, unless they create a completely new organism; for instance, the 
partial replacement of the content of a cell with synthesized material of natu-
ral and artificial design would still be regarded as the production of a GMO 
because an original cell (and its capacity to live) was used.

•	 Xenobiology insofar as it incorporates genetic xeno-material into a genome.

In contrast, the following synthetic biology activities are not captured by the GMO 
regime:

•	 Within the first strand:
–	 the full synthesis of an organism and the complete replacement of the 

genetic material of an organism, be it of known or new design, including 
xenomolecules

–	 the synthesis and placing on the market of bioparts

•	 The second strand, i.e. the designing and synthesis of a protocell or minimal 
cell (be it constructed top-down in the case that no additional genes are added or 
bottom-up)
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•	 Within the third strand: xenobiology, insofar as it alters chemical derivatives 
(amino acids, proteins) of an organism thus producing a CMO (chemically 
modified organism13)

Even if the non-captured kinds of synthetic biology were subsumed to the GMO 
regime the current methodology of risk assessment, which was developed for the 
genetic modification of organisms, must be examined as to its fit to synthetic biol-
ogy. Considering the increasing depth of intervention and artificiality of construc-
tions the familiarity principle used in GMO risk assessment must be replaced by a 
methodology which better accounts for new designs.

Considering the impossibility of proving a zero risk to health or the environ-
ment more criteria of risk evaluation should be applied. If a risk assessment con-
cludes that the risk is low, the project should nevertheless be asked to prove that 
it provides a benefit to society. Moreover, cultural concerns of populations about 
the benefits, risks and ethics of synthetic biology should be taken seriously in the 
regulatory discourse and not regarded as irrational and therefore negligible. They 
should, if they can be substantiated, be accepted as legitimate ground for regula-
tory restrictions.

For the time being, until the regulatory regime will be established a moratorium 
should be applied on any release into the environment of organisms resulting from 
synthetic biology.

1.9.2 � Law Fostering Synthetic Biology

Synthetic biology is legally incited by two major instruments: research funding 
and the provision of intellectual property rights.

Concerning research funding, a mechanism should be established that weighs 
conflicting interests and identifies justifiable goals in order to avoid public spend-
ing following the rhetorics of hypes, unfounded promises and hasty international 
competition. Given the wide uncertainty concerning risks, research on safety 
should be supported in parallel with R&D on the construction and performance of 
new organisms.

Intellectual property discourse and legislation have since a long time disap-
proved of the argument that natural phenomena should not be appropriated by pri-
vate persons. It was acknowledged that discoveries and technical advancements of 
natural phenomena shall be patentable. This privatization of nature is now being 
extended to the results and methods of synthetic biology. Although this technol-
ogy is still very much dependent on natural processes, material and information, 
the privatization appears to have more justification because of the increasing 
proportion of technical input. However, this proportion is still poor in relation to 

13A definition of CMO is provided in Budisa (2014).
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the “higher workmanship of nature” (Darwin). Life and the natural processes of 
its evolution are a common good which should not be appropriated by anyone. 
Moreover, the privatization of life forms has more and more hindered pluralistic 
R&D. There is a risk that the direction of R&D will gradually be determined by 
commercial objectives, and that they will hinder basic research, research on risks 
and research on benefits for society as a whole. For this reason open source sys-
tems have emerged. They deserve to be supported. In addition, the patenting pre-
conditions should be restrictively interpreted so that patents are not provided for 
information accruing in the early stages of the R&D processes but only at the end 
when products are ready to be brought on the market.

1.9.3 � Law Ensuring Benefit Sharing

Synthetic biology is only slowly taking notice of the fact that it will be affected by 
an emerging regime introduced by the United Nation’s Convention on Biological 
Diversity (CBD) and specified by the Nagoya Protocol which acknowledges sover-
eign rights of states to regulate access to their genetic resources and ask for a share 
in the benefits drawn from R&D on them. This appropriation of genetic resources 
by resource states is a response of developing states to intellectual property rights 
(IPR) strategies of industrialized states. This is understandable although it con-
tradicts the idea of common goods. The regime suggests a bilateral exchange, 
“access to genetic resources for a share in commercial revenue from R&D”. This 
may work if the R&D process is short. It is problematic, if the valorization chain is 
long because it is then hardly possible to trace benefits back to a genetic resource 
that was sampled in a specific provider state. Therefore, common good concepts 
should be tried. They would consist of cooperation between users and providers 
of genetic resources in R&D activities and subsequent commercialization. This 
option is preferable because the provider state, by participating in the whole pro-
cess, stays informed about its incurring revenues and—even more importantly—is 
able to build up its own R&D capacity.

1.10 � Outlook

To approach synthetic biology the classical methods of ELSI fall short. Synthetic 
biology is a very heterogeneous and dynamic field surrounded by grandiose 
visions on its scope and its economical and societal impact. These visions entail 
deep dimensions and concepts like that of life and our ability to reshape nature 
and evolution radically. Transferring the full set of engineering principles and 
visions from the material world to living beings has a deeper impact on both cul-
ture and nature than canonical biotechnology using genetically modified organ-
isms (GMOs). Without taking this dimension into account, many discussions on 
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synthetic biology appear rather general and therefore misleading; Synthetic biol-
ogy is rooted not only in genetic engineering but also in mechanical and electrical 
engineering, organic chemistry, theoretical physics and computer science to name 
but a few. Thus, it has elements of both continuity and novelty. We suggest that the 
discussion of synthetic biology should be focussed more on the specific features 
that it brings up.

The aims of this book are therefore

•	 to identify the new features of synthetic biology in a conceptual analysis
•	 to frame the relevant features in relation to a categorization of research lines and 

envisioned applications,
•	 to apply these conceptual tools in the societal, ethical and legal analysis and 

judgment of specific features of synthetic biology,
•	 and, on the basis of this differentiated analysis, to suggest structures for the 

societal, ethical and legal discussion and policy recommendations.

This book addresses not only policy makers and interested members of the public, 
but specifically also the scientific communities. It is an appeal to scientists that 
one of their main responsibilities towards society is to be open and realistic, and 
also—depending on the case—to allow the critical question “is it worth it?”
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Abstract  Prerequisite for any evaluation of synthetic biology is the precise 
description of its scientific rationale and its biological objects. Here, we develop 
a layer model that helps to categorize subfields of synthetic biology along their 
operative procedures and based on the biological status of the organisms gener-
ated by synthetic biology. The layer model classifies synthetic and semisynthetic 
organisms and cells according to their genetic connectivity and to their potential 
interaction with natural organisms derived by evolution. We use the model to char-
acterize three distinct approaches within synthetic biology: engineering biology, 
xenobiology and protocell research. While the latter approach generates organisms 
that hardly could be termed living, xenobiology aims at orthogonal living systems 
that are disconnected from nature. Synthetic engineering biology could be consid-
ered as extreme form of gene technology since all resulting organisms share the 
universal genetic code with the natural living beings and are based on the same 
molecular and biochemical principles. Such biological description can be used to 
determine both the degree of familiarity and the level of uncertainty associated 
with synthetic organisms and may thus facilitate to judge potential risks of syn-
thetic biology.
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2.1 � Introduction

Any appraisal of synthetic biology should distinguish between the narrative of its 
naming and its conceptual and experimental development. Synthetic biology has 
to be seen in the light of the different scientific traditions that have contributed to 
its formation, in particular gene technology, organic chemistry, chemical engineer-
ing and computer science. The term “Synthetic Biology” has been first used by the 
French chemist Stéphane Leduc in 1912 in his treatise “La Biologie Synthéthique” 
(Leduc 1912). In his experiments he studied the growth of chemical salt crystals 
mimicking the appearance of biological processes in his “Jardins Chimiques”. He 
compared the osmotic growth of these forms to that of living beings and argued 
that in studying these formations one can learn about basic processes of life. His 
contemporaries, however, criticized that his growing crystals can be regarded 
only as an imitation of life but not as synthetic life (Campos 2009). The term 
“Synthetic Biology” was reinvented in the 1970 by the Polish-American geneticist  
W. Szybalski to describe the newly developed techniques of recombinant DNA 
technology: “The work on restriction nucleases not only permits us easily to con-
struct recombinant DNA molecules and to analyze individual genes, but also has led 
us into the new era of synthetic biology where not only existing genes are described 
and analyzed but also new gene arrangements can be constructed and evaluated” 
(Szybalski and Skalka 1978). These historical records could suggest a connection 
between genetic engineering and the naming of contemporary synthetic biology. 
Though Luis Campos could demonstrate that the inventors of modern synthetic 
biology did neither know about Leducs early publications nor the further use of this 
term (Campos 2009). During the preparation of the first international conference on 
synthetic biology the organizers even discussed the alternative name “Intentional 
Biology” for this emerging branch of biology. This designation should emphasize 
the purposeful and applied nature of an engineering biology. The name “Intentional 
Biology” was, however, promptly abandoned since it could imply that other fields 
of biology would be “unintentional”. The term “Synthetic Biology” was then picked 
to stress the analogy with “Synthetic Chemistry” (Campos 2009). Against this back-
ground, the notion of a synthetic biology refers to the synthetic approach that revo-
lutionized organic chemistry in the 19th century. It certainly should also evoke the 
huge economic impact of synthetic organic chemistry on the development of the 
European dye and pharmaceutical industry (Yeh and Lim 2007).

Clearly, synthetic biology would not have been conceivable without the previous 
and successful development of genetic engineering. It was the elucidation of the 
universal nature of the genetic code that paved the way for experimental transfer of 
genes between unrelated organisms (Jackson et al. 1972; Cohen et al. 1972, 1973). 
These experiments are considered as genuine experimental breakthrough and mark 
the starting point of modern biotechnology. As early as in 1977, Genentech, one 
of the first biotech companies, reported the production of a human protein manu-
factured in bacteria: Somatostatin, a human growth hormone-releasing inhibitory 
factor. Since then, genetic engineering has been used in a vast number of appli-
cations, from the production of useful molecules, such as biopharmaceuticals, the 
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sustainable generation of renewable fuels, to the design of transgenic plants that are 
resistant against pathogens and herbivores. Characteristic for this classic period of 
gene technology was the transfer of single genes or of small clusters of genes into 
recipient organisms, predominantly the bacterium Escherichia coli. Alternatively, 
single genes were mutated in bacteria, fungi, animals or plants to abolish or 
change their function. The basic concept of genetic engineering, however, did 
not aim primarily at reconstructing or improving nature as such. Rather, particu-
lar genetic elements were recombined or targeted mutations were introduced into 
genes to improve certain properties or to enhance productivity. Nevertheless, the 
experimental foundations of current synthetic biology resulted from that approach 
when the first conceptual ideas for a radical improvement of nature were developed 
(Szybalski and Skalka 1978). But realization of these early concepts had to wait 
for major new developments in the fields of systems biology and bioinformatics 
that together with the rapid technological progress in DNA analysis and synthesis 
finally allowed sequencing of whole genomes and large-scale gene synthesis.

Although gene technology and synthetic biology share many common roots, 
the latter has to be viewed in the light of a larger diversity of scientific traditions 
such as synthetic organic chemistry and, as described in the following chap-
ters, also in the light of modern engineering and bioinformatics. In addition, the 
research agenda of synthetic biology clearly surpasses that of gene technology. 
Most important is the change of focus from manipulation to construction. It is 
not single genes or gene clusters any more that are mutated or recombined, but 
complete biological systems that are reconstructed from scratch or redesigned as a 
whole (Schwille 2011; Bohannon 2011). Synthetic biology even comes along with 
its own artistic visions (Reardon 2011).

Another important difference between gene technology and synthetic biology is 
the depth of intervention exerted on the organisms, both in relation to quantity and 
quality. In general, organisms created by synthetic biology are much more distant 
to any natural beings than a genetically modified organism which still can be rec-
ognized as variant of a natural species. With its methodical approach to rely more 
on systemic and engineering principles, synthetic biology resembles more applied 
sciences than basic sciences. Furthermore, synthetic biology departs from clas-
sical biological thinking and includes elements of playfulness such as the iGEM 
competition with its creation of bacteria that smell of bananas and wintergreen, are 
able to count or to blink. Nevertheless, there is no sharp boundary between classic 
gene technology and synthetic biology, since many applications of synthetic biol-
ogy can still be regarded as gene technology. Furthermore, also gene technology is 
developing and sometimes reaches levels of intervention similar to that of synthetic 
biology. New technologies, such as CRISPR/Cas9-mediated genome editing will in 
future even more obscure the conceptual differences and hamper a clear distinction 
between these two disciplines (Cameron et al. 2014). For many critics of synthetic 
biology, synthetic biology is anyway nothing else than an extension of gene tech-
nology and has been called ‘extreme genetic engineering’ (ETC group 2007). For 
now, however, it may suffice to state that synthetic biology in its core area and with 
its conceptual and methodical impetus clearly surpasses classic gene technology.



30 M. Bölker et al.

According to its own definition, synthetic biology deals both with the design 
of new biological parts, devices and systems and/or the redesign of existing, natu-
ral biological systems for useful purposes (see definition on http://syntheticbiolo
gy.org). To do so engineering principles like modularization and standardization 
will be implemented that allow the design and description of standard biological 
parts. These parts can then be used to equip minimal cells with defined function-
alities. The resulting synthetic cells have no direct counterpart in nature but can 
be used for chemical, pharmaceutical, medical and biotechnological purposes. 
Another aspect of synthetic biology is the generation of protocells derived from 
simple and defined molecules. Here, the major goal is the reconstruction of living 
systems from first principles. In recent years, a third approach has become more 
and more important aiming at the integration of non-natural (xenobiological) com-
pounds into complex living systems. Due to the different chemical makeup of their 
genetic material, such cells cannot exchange any genetic information with natural 
organisms. A similar isolation can also be reached by changing the genetic code 
through reassigning the translation of triplet codons to other amino acids. In both 
cases the resulting organisms cannot interact genetically with the environment and 
thus are called orthogonal. Importantly, orthogonality of synthetic cells provides 
a high level of biosafety (Marlière 2009; Schmidt 2010; Mandell et  al. 2015). 
Furthermore, due to their chemical alterations, xenobiological approaches have the 
potential to greatly expand the diversity of potential life forms.

Interestingly, these divergent fields of synthetic biology differ not only in their 
basic experimental approaches but alike root in different academic disciplines. 
Many stakeholders of synthetic biology have been drawn into this field from other 
scientific or engineering disciplines. Therefore, they have been trained in diverse 
fields and this has shaped their views on synthetic biology. This becomes apparent 
not only in their view on synthetic biology and in their conceptualizations of life 
but also in their attitudes of risk and biosafety management.

2.2 � The Main Research Agendas of Synthetic Biology

Here, we will describe the basic concepts of the major subfields of synthetic biol-
ogy. In general, three main areas of synthetic biology can be described as

•	 Engineering Biology, aiming at the transformation of biology into an engineer-
ing discipline by introducing standardized modules, parts and devices with well-
described characteristics that can be used to construct novel biological systems 
or to redesign existing living systems.

•	 Orthogonal Biology, trying to create cells that are unable to exchange genetic 
information with natural organism either by integrating non-natural molecular 
compounds (xeno-life) or by reassignment of the natural genetic code (recoded 
life).

•	 Protocell Research, aiming at recapitulation of prebiotic evolution by building 
simple cellular vesicles that fulfil at least some criteria of living systems.

http://syntheticbiology.org
http://syntheticbiology.org
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2.2.1 � The Engineering Branch of Synthetic Biology

Traditional molecular biology and gene technology at large both depend on the 
natural genetic material as it can be found in existing living organisms. The advent 
of modern DNA synthesis and next generation sequencing technologies makes it 
possible to read and write DNA in large scale and with high precision. This has 
not only greatly enlarged the repertoire of available natural genes and enzymes, 
but also allows to design novel polypeptides without any precedent in nature. The 
opportunity to use DNA and protein molecules just like any other technically mal-
leable material has attracted engineers from different fields into Synthetic Biology. 
From an engineer’s point of view, a living cell can be considered as highly inte-
grated complex system consisting of biochemical modules, functional devices and 
higher order signalling systems that works like any other hierarchical technical 
system (Andrianantoandro et  al. 2006). All biological functions of a living cell, 
like environmental sensing, motility, metabolism, information processing etc. are 
realized by molecular complexes that fulfil specific functions. Thus, the whole cell 
looks like a technical apparatus well-designed to exert a complex and purpose-
ful function. However, all simplistic approaches to reconstruct or redesign natural 
cells have been hampered by the high level of complexity of living cells. Many 
of the functional modules display intricate interdependencies that are not sim-
ply due to their obvious function. Natural organisms are the product of evolution 
and thus underlie constraints both from their phylogenetic origin and ontogenetic 
development. In addition, the process of molecular evolution by random mutation 
and selection entails the organisms with historical contingency. This may explain 
why some synthetic biologists have a delicate relationship to evolution. They often 
describe the complexity of living entities that result from their evolutionary origin 
as unnecessary (Trafton 2011) or complain that “… the design of natural biologi-
cal systems are not optimized by evolution for the purposes of human understand-
ing and engineering” (Endy 2005). On the other hand, natural evolution is a very 
efficient optimization strategy and synthetic biologists have also applied the tech-
nique of accelerated evolution to reprogram bacterial cells (Wang et al. 2009).

One of the main initial tasks of synthetic biology was the transformation 
of biology into an engineering technology. Accordingly, one of the major foun-
dational efforts of synthetic biology dealt with refactoring biological systems to 
make them better suited for engineering purposes (Chan et al. 2005; Voigt 2011). 
As a direct way to this aim the introduction of basic engineering principles such 
as modularization and standardization was proposed. The most visible outcome of 
this approach was the construction of standardized “biobricks” organized in a reg-
istry of standard biological parts (Knight 2003; Canton et al. 2008). Biobricks are 
designed to allow fast, efficient and rational design of living systems by human 
engineers.

A second aspect of modularization and standardization is the introduction of 
an abstraction hierarchy of communication, which is typical for the manufacturing 
of highly integrated technical systems composed from many different parts and 



32 M. Bölker et al.

devices (Endy 2005). Standardization of parts and interfaces relieves the engineers 
from understanding all details of a complex system instead they are responsible 
only for a certain layer of functional complexity. They design specialized mod-
ules and devices that are used by other engineers to be integrated into higher sys-
tems. While it may not be necessary to understand the function of those modules 
and devices in all details, it is of prime importance that the technical specifications 
and functional parameters of these parts are described quantitatively. Due to this 
abstraction the standardized parts and modules can be regarded as black boxes as 
long as they work according to their specifications (Endy 2005). Only with this 
approach, an engineering technology of highly integrated living systems would be 
feasible in large scale.

Another important strategy of the engineering branch of synthetic biology is 
the use of minimal cells as platform (or chassis) for the construction of more com-
plex systems. Minimal cells just contain all genes and proteins necessary to pro-
vide the basic living functions. The usual way to define a minimal cell is to strip 
natural cells from all non-essential functions. This is normally reached by random 
mutagenesis in combination with identification of the core essential functions by 
comparative genomics (Juhas et al. 2012; Acevedo-Rochas et al. 2013; Stano and 
Luisi 2013). Such minimal cells can then be equipped with additional modules 
that confer specific functionalities.

2.2.2 � Orthogonal Biology

The engineering branch of synthetic biology primarily aims at redesigning natu-
ral cells to make them more useful for human purposes. Thus, ‘natural’ molecules 
are used to create ‘artificial cells’ that perform ‘unnatural functions’ (Benner and 
Sismour 2005). A complementary approach is characteristic for the ‘chemical’ 
branch of synthetic biology. Here the aim would be to use ‘unnatural’ chemical 
compounds to reproduce biological behaviour without making an exact molecu-
lar replica of a natural living system (Benner et al. 2011). Such molecular mim-
icking of a biological system requires an intimate understanding of the chemical 
properties of complex molecules and therefore mostly chemists are involved in 
promoting artificial life based on an alternative molecular design (Luisi 2007). 
Interestingly, this approach addresses another important aspect of engineering 
integrated technical systems, the notion of decoupling or orthogonality. Technical 
systems and devices are called orthogonal if they are completely separated from 
each other and thus do not show any unwanted interactions or crosstalk. This 
makes it possible to add parts to a system without creating or propagating side 
effects. Thus, even large systems containing large numbers of parts and devices 
can be designed and actually operated successfully. In synthetic biology, orthog-
onalization refers primarily to the inability of artificial cells to exchange genetic 
material and/or metabolites with natural organisms. Orthogonality is at odds 
with the canonical research focus in biology, where most effort is put on the 
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detection and unraveling of more and more intricate networks of interactions. 
Orthogonalization aims at reversing this view and implies that system simplifica-
tion might actually be at the heart of implementing a reliable and robust bioen-
gineering. The prime route to this simplification goes through orthogonalization 
of biosystems to limit unpredictable (e.g. side) reactions and interactions. Current 
research in synthetic biology makes a lot of efforts to demonstrate the power of 
orthogonalization as a biosystems engineering strategy (An and Chin 2009; 
Schmidt and de Lorenzo 2012).

Orthogonality of biological systems can be reached by different means and 
at different levels. The most extreme version would be the total construction of 
a living cell only from unnatural components. To stress the alien nature of these 
artefacts and their large distance to existing biological entities these cells are also 
termed ‘xenobiotic’. One has to point out, however, that orthogonalization is scal-
able and already low-level incorporation of unnatural components into existing 
organisms could result in considerable genetic and biological isolation (Marlière 
2009; Mandell et al. 2015). In principle, it would be sufficient to replace only one 
of the natural base pairs by xeno-DNA bases (XNA) to prevent genetic exchange 
with other organisms in the natural environment (Malyshev et al. 2014).

The universality of the genetic code is the basis for gene technology since it 
allows functional expression of heterologous genes in cells of different hosts. 
Also in the natural environment genes can be laterally transferred between spe-
cies. Horizontal gene transfer is a major factor of adaptation and speciation and is 
assumed to have occurred at large scale during natural evolution. Thus, any arti-
ficial reassignment of the genetic code is an efficient means to prevent unwanted 
exchange of genetic information with the organismic world. Recoded cells are 
genetically isolated and even resistant to the attack of viruses since viral repro-
duction depends on genetic compatibility. In analogy to computer networks, the 
genetic isolation of orthogonal cells has been termed a ‘genetic firewall’ (Marlière 
2009). Although not the only advantage of orthogonal cells, this property is largely 
exploited to justify xenobiological approaches as an ultimate safety tool for syn-
thetic biology (Schmidt 2010; Schmidt and de Lorenzo 2012).

In 2010 the first chemical synthesis of a complete bacterial genome has been 
achieved (Gibson et  al. 2010). Therefore, reassignment of the genetic code is in 
reach. Just recently, in a recoded E. coli strain all UAG stop codons have been 
replaced by synonymous UAA codons demonstrating the principal feasibility of 
this approach (Isaacs et al. 2011; Lajoie et al. 2013). Even sense codon reassign-
ments should be possible at least for amino acids whose aminoacyl-tRNA syn-
thetases do not depend on recognition of the tRNA anticodon loop. In principle, 
genome-wide replacement of a single defined codon together with the respective 
exchange of the corresponding tRNA anticodon sequence would be sufficient to 
reassign the genetic code. Although recoded cells would still be able to exchange 
genetic material with the environment, natural cells taking up this DNA cannot 
read the genetic information of codon-reassigned organisms.

Furthermore, recoding would also allow to expand the coding capacity of the 
genetic code towards additional, non-natural amino acids. Therefore, efforts to 
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expand the genetic code are expected to become a core discipline in synthetic biol-
ogy as it offers an efficient platform for the transfer of numerous chemistries from 
the synthetic laboratory into the biochemistry of living cells (Hoesl and Budisa 
2012). Any attempt to generate sequence diversity by classical protein engineer-
ing is always limited to the set of 20 canonical amino acids. This set of building 
blocks does not span all dimensions of chemical variability that could be poten-
tially advantageous to diversify the catalytic performance of enzymes or to gain 
desired features for whole cells. For that reason, synthetic non-canonical amino 
acids represent an ideal tool to supply proteins and cells with novel and unusual 
functions and emergent features. Thereby, successful experiments include (1) 
uptake/import of non-canonical amino acids (2) their intracellular accumulation 
at levels high enough for efficient substrate turnover (activation and tRNA acyla-
tion) by aminoacyl tRNA synthetases, (3) metabolic and chemical stability of 
imported non-canonical amino acid; (4) tRNA charging (acylation) that must be 
achieved at a reasonable rate, and (5) the translation of the non-canonical amino 
acid into a nascent polypeptide chain. A second approach relies on the orthogo-
nalization of protein translation as a tool for protein engineering whereby various 
orthogonal-pairs were developed (An and Chin 2009; Wang et al. 2014). It enabled 
the incorporation of around 40 different amino acid analogs, for different applica-
tion purposes such as crosslinking, site specific coupling reactions etc. (Liu and 
Schultz 2010).

The generation of artificial genetic systems would certainly require additional 
and chemically different coding units. For that reason, much work has been 
focused on biomimetic chemistry of the DNA bases, and recently few research 
teams demonstrated novel DNA bases and base pair structures capable for stable 
unnatural base pair formation, with the ability to serve as substrate for polymerase 
enzymes (Pinheiro et al. 2012; Hunter 2013). This is indeed an important step in 
the direction to explore the possibilities of employing a new alphabet in order to 
change/modulate/reprogram already existing replication, transcription and transla-
tion machineries of living cells (Malyshev et al. 2014). Here we shortly outline the 
pioneering research in this field as newest progress is covered in numerous recent 
reports publications.

As DNA forms stable double helices via weak interactions between only two 
base pairs (A = T and G ≡ C) and exhibits considerable resistance to hydrolytic 
cleavage, new genetic alphabets composed of unnatural base pairs can be syn-
thesized by shuffling the hydrogen bonding sites in the nucleobases. It was also 
shown that chemically synthesized mRNA containing the modified nucleotides 
is able to direct position-specific incorporation of 3-iodotyrosine into a polypep-
tide via a suppressor tRNA containing the unnatural anticodon (Chin et al. 2003; 
Hammerling et  al. 2014). In the meantime, many research groups succeeded to 
greatly expand the number of synthetic base pairs capable of transcription into 
mRNA. For example, in vitro transcription/translation systems where DNA with 
unusual base pairs can be transcribed into RNA molecules and subsequently 
participates in protein synthesis on the ribosome were also reported (Hirao and 
Kimoto 2012).
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2.2.3 � Protocell Biology—Recapitulation of Evolution

Darwins explanation for the origin of species by means of natural selection imme-
diately provoked the question for the first appearance of life on earth. The com-
mon origin of all living species and the absence of any present-day spontaneous 
generation of life indicate that this event may have happened only once. Singular 
events, however, are difficult to treat by any scientific theory due to lack of repro-
ducibility. Nevertheless, experiments have been designed to get clues as to how 
life might have been spontaneously arisen in the primordial soup. Already in the 
early 1950ies Miller and Urey demonstrated that common organic molecules such 
as amino acids and nucleobases are formed spontaneously in a chemical envi-
ronment that resembled the early reducing atmosphere of the earth if energy was 
provided mainly in the form of electric discharges (Miller 1953). Based on theo-
retical considerations, Manfred Eigen proposed a model where a replicating sys-
tem results from cyclic coupling of enzymatic reactions (hypercycle) (Eigen and 
Schuster 1977). Therefore many of the approaches in protocell research concen-
trate on the chemical realization of such life-like reaction networks. It is gener-
ally assumed that compartmentalization in lipid vesicles is the most likely scenario 
that enabled these simple replicators to become subjects of Darwinian evolution 
(Mansy and Szostak 2009; Loakes and Holliger 2009). There is ample evidence 
that at a certain stage during evolution RNA formed the material basis of informa-
tion storage but was also able to catalyse chemical reactions (ribozymes) (Joyce 
2002). However, how stable replication and faithful distribution of these complex 
molecules was accomplished in such early versions of protocells is still largely 
unknown.

In the present era of synthetic biology, the rational design of protocells may 
provide an alternative way for the generation of minimal cells that could serve 
as chassis for the rational design of modularized cells (‘bottom-up approach’). 
However, the lack of any knowledge on how early life forms looked like during 
prebiotic evolution on earth together with the very limited capacities of simple 
replicating systems makes it likely that it will be still a long way to a stable proto-
cell endued with the basic properties of a living system. But on this route, impor-
tant insights into possible scenarios for prebiotic evolution will be gained. Since 
the formation of a self-sustaining autocatalytic chemical network is a necessary 
step to establish simple life-like conditions, organic chemists interested in biologi-
cal evolution have developed numerous self-replicating or autocatalytic systems 
(Mansy and Szostak 2009; Attwater and Holliger 2014). By careful inspection of 
metabolic synthetic processes it is almost always possible to detect some basic 
principles. For example, despite their diversity the amino acid synthesis pathways 
in extant cells share two basic features (a) the nitrogen of the α-amino group origi-
nates from NH4+ and (b) the sources of skeletal carbons are intermediates of the 
tricarboxylic acid cycle and the other major metabolic pathways that are coupled 
to the assimilation of CO2 (in autotrophs) (Pereto 2012). In general, this chemi-
cal determinism should be kept in mind when considering the possibility to create 
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living cells with biopolymers whose structure and function tolerate a systemic 
chemical change in the backbone such as the substitution of one atom by another: 
phosphorus by arsenic, carbon by silicon or oxygen by sulphur etc. That implies 
that all extant cells are characterised by an invariant basic chemical organisa-
tion i.e. all the properties of living beings rest on the fundamental mechanism of 
molecular invariance.

In addition to terminological issues, inquiries into the ways of creating life 
reveal that there is no consensus among scientists, philosophers, and theologians 
about the term “life”. Thus, the aim of “creating life” is a vague scientific goal as 
nobody exactly knows what life itself is (Luisi 1998). The different subfields of 
Synthetic Biology not only differ in their methodological approaches but also in 
their underlying conceptions of life. The products of synthetic biology itself are at 
the borderline between living and non-living matter (Deplazes and Huppenbauer 
2009). Depending on the different approaches of synthetic biology, certain aspects 
of “being alive” are emphasized. For chemists trying to reconstruct simple life-like 
cellular structures, self-maintenance of metabolic reactions already suffices for a 
minimal definition of life. Luisi has introduced the term “autopoiesis” into protocell 
research (Luisi 2003). A metabolic process enclosed in a semipermeable spherically 
closed membrane is called a minimal autopoietic system, if it is able to replace 
decaying components of its membrane. Depending on the kinetics of generation 
(Vgen) and decay (Vdec), this system will be in homeostasis (Vgen = Vdec), grow 
(Vgen > Vdec) or die (Vgen < Vdec) (Luisi 2003). Autopoietic systems depend only on 
open dissipative processes that allow the yielding of energy from the uptake and use 
of nutrients. They even do not require hereditary material, but it is easy to incorpo-
rate nucleic acids and enzymes into this theoretical framework (Luisi 2003).

From such simple forms of synthetic life to bacteria “rebooted” with a chemi-
cally synthesized genome (Gibson et al. 2010) is a large jump. While the former are 
close to non-living matter, the latter are indistinguishable from natural bacteria of 
the same species. This makes it necessary to devise a scheme, in which the differ-
ent life forms that are produced by the diverse approaches of synthetic biology can 
be described and compared. This will also help to conceive risk assessment strate-
gies and to give specific recommendations for cellular constructs generated in the 
diverse fields of synthetic biology. Here, we propose a layer model that should help 
to get a better picture of synthetic biology and to describe its different approaches.

2.3 � A Layer Model to Describe and Classify Natural  
and Synthetic Organisms in Different Fields  
of Synthetic Biology

All approaches of synthetic biology outlined above are dealing with living or life-
like systems thus expanding the number of potential designs to a great extent. 
Synthetic organisms will be created that have not been evolved and thus can be 
regarded as being beyond natural (Elowitz and Lim 2010). Here we develop a 
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model, which will allow classifying the different artificial living systems accord-
ing to their position within or outside of the realm of the natural life forms. All 
existing life forms on earth have arisen by natural evolution. Due to Darwinian 
evolution by random mutation and selection, natural “life” as it exists on earth is 
also highly contingent since many crucial inventions that enabled organic life on 
earth have been “invented” only once (for example the genetic code). It is com-
monly accepted that all living beings can be traced back to a “last universal com-
mon ancestor” (LUCA) and that all extant species are connected by a common 
genealogy (Kyrpides et al. 1999; Lazcano and Forterre 1999; Woese 1998).

However, from a global point of view, existing life forms represent only a very 
tiny fraction of all “potential” living beings including those that have not yet been 
evolved. All existing species depend on DNA as its hereditary material and use 
(with only very few exceptions) the same (universal) genetic code. Thus, every spe-
cies is unambiguously defined by its genome sequence. Since DNA sequences con-
sist of four different bases (A, C, G, T) and are of various lengths—typically they 
range from a few million base pairs to several billion—the number of potential 
genome sequences is almost infinite. If each (actual or potential) genome sequence 
is represented by a single point on a layer, all points of this layer represent the 
sequence space of all organisms that share a common genetic code. Within such a 
layer, the number of potential living organisms is infinite, since it equals the num-
ber of all possible genome sequences. Every point on the layer corresponds to a 
single species, either to one that exists in nature or to one that have not (or not yet) 
evolved. One has to point out, that within this layer of natural species exchange of 
genetic information is possible since all species share a common genetic system, 
the universal genetic code. Since the number of extant species is small if compared 
to the number of all possible genome sequences the area covered by natural is tiny 
and resembles more small islands in a vast empty space (see Fig. 2.1).

According to the modern evolution theory, species evolve by mutation, selection 
and genetic drift (Kimura 1983). Therefore all new species are closely related to their 
progenitors and contain only a few number of sequence deviations. Thus, the dynam-
ics of evolutionary change results in a slow but continuous spreading of species that 
explore the neighbouring uncharted territory of the sequence space. Synthetic biol-
ogy now provides the new and unique possibility to create any of potentially viable 
organisms within a layer while both natural evolution and gene technology depend 
more or less on the limited amount of present-day organisms and genomes.

Since the total number of potential organisms corresponds to the number of 
potential genomes, it thus equals the number of possible DNA sequences. Simple 
calculations demonstrate that in the previous billions of years only a very tiny 
fraction of all potential genomes has been realized by evolution. This is due to 
the fact that the combinatorial number of sequences is beyond our imagination. 
Genomes encode thousands of proteins but even for a rather short peptide of 
only 100 amino acids 20100 different sequences are possible. Therefore “the ratio 
between the possible (say 20100) and the actual chains [realized in nature by evolu-
tion] (say 1015) corresponds approximately to the ratio between … all the grains 
of sand in the vast Sahara and a single grain” (Luisi 2006). This does not imply 
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that every point on the unlimited sequence space immediately corresponds to a 
putative living being. In contrary, one has to assume that the vast majority of all 
potential organisms are not able to “live” in the common sense. Since each point of 
the sequence space corresponds to one (random) sequence, the chance that it repre-
sents a successful living being, would equal that of a monkey typing randomly on 
a typewriter to reproduce the works of Shakespeare to quote a famous saying.

If the infinite sequence space of potential genomes is depicted as a two-dimen-
sional layer, than only a tiny space is filled by the existing natural genomes that are 
all connected by evolutionary trajectories (Fig. 2.1). In contrast to natural evolution 

Fig. 2.1   Although life on earth exists for more than 3 billion years, the number of genomes that 
have been realized by evolution corresponds only to a tiny fraction of the number of possible 
genomes. Synthetic biology is able to create synthetic organisms that are not derived from pre-
existing organisms
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that explores the remaining space only in small mutational steps all starting from 
the existing species, synthetic biology can make immediate use of the complete 
sequence space, because it does neither depend on mutations nor on any previous 
gene sequences. The ability to read (sequence) and write (synthesize) DNA in large 
scale allows to design any sequence and even to assemble whole genomes. This has 
liberated synthetic biology from the direct connectivity to existing species (Fig. 2.1).

The layer model visualizes the large sequence space that now can be explored 
by designing novel genomes. In addition, the layer model is also able to accom-
modate attempts to create orthogonal life forms that are separated from the natural 
world by a “genetic firewall” (Marlière 2009). Those synthetic organisms that dif-
fer from natural ones in their biological and chemical nature can be placed on sep-
arate layers. Layers are defined such that within a certain layer all organisms use 
the same genetic material and use the same genetic code. This allows unlimited 
exchange of genetic material and information within a layer. One has to point out, 
that all biological systems created by the engineering branch of Synthetic Biology 
are based on DNA and the standard genetic code and therefore able to exchange 
genetic material not only between each other but also with the existing natural 
organisms. Between the layers no such exchange is possible because they differ 
in their chemical composition and/or in their genetic code. Therefore organisms 
that are placed on different layers are genetically isolated from each other and thus 
have to be regarded as orthogonal. The use of non-standard bases or reassigned 

Fig.  2.2   The existing living organisms, produced by natural evolution, cover only a very tiny 
area of the nearly unlimited space of all potential organisms. The infinite  sequence space of 
potential organisms sharing a common genetic code  is indicated by a single layer. Beyond the 
natural form of life, characterized by DNA as genetic material and the standard genetic code, 
many other sequence spaces can be imagined, that differ in the genetic code, or in the chemi-
cal nature of the hereditary material. While exchange of genetic information is feasible within a 
plane, no such transfer is possible between different layers
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genetic codes in orthogonal synthetic biology is visualized in our model as sepa-
rate layers of possible genomes.

The layer model is not hierarchical and being placed in another layer does not 
indicate that some organisms are higher developed than others. However, there 
might be some layers with a more restricted sequence space, e.g. due to a reduced 
genetic code encoding a smaller number of amino acids. Such layers most proba-
bly correspond to early stages of natural evolution but would also apply to artificial 
protocells with a reduced genomic content (Loakes and Holliger 2009) (Fig. 2.2).

According to this model, a single layer of the sequence space contains only 
species that share a common molecular basis of metabolism and reproduction. In 
particular, all natural organisms belong to one single layer, which might be termed 
the “natural” layer. It is defined by the use of the “universal” genetic code, which 
obviously has evolved only once.1 The universality of the natural genetic code has 
an important consequence: since it allows the meaningful exchange of genetic 
information not only between closely related species, but also between those that 
are only distantly related and may share a common ancestor dating back millions 
of years. Such events, termed horizontal gene transfer, may occur in nature only 
infrequently. Nevertheless, they have shaped many species and are an important 
factor in evolution. Furthermore, several times during evolution novel species have 
been generated by endosymbiosis events in which complete cells were taken up by 
another species. The most spectacular case is the fusion of a bacterium with an 
early archeal cell to form the first “eukaryotic” cell. In these cases it is assumed 
that a transient uptake of free-living cells lead to an intimate coexistence and 
finally resulted in intracellular organelles (Sagan 1967). Importantly, this process 
was accompanied by a transfer of genetic information from the originally free-liv-
ing but now enslaved bacteria to the nucleus of the eukaryotic cell. This transfer 
would not have been possible if these two cells, that most probably differed in 
many aspects, did not share at least the same genetic code.

2.3.1 � Layer of Genetically Modified and Artificially  
Designed Cells

Therefore, all organisms placed within a layer can exchange genetic informa-
tion, be it via natural mechanisms or genetic engineering. Deletion of endog-
enous genes, or introduction of additional DNA derived from a heterologous 
donor organism, would change the genome sequence and thus shift the position 
of this organism. In general these alterations are small if compared to the size of 
the total genome, and the genetically modified organisms are still very similar to 
their natural progenitors. But with increasing number of transferred genes and size 
of transformed DNA the relationship with the original organism dwindles. If a 

1Interestingly there exist a few exceptions e.g. in Candida yeasts (Ohama et al. 1993; Santos and 
Tuite 1995), but these species use a code with some small deviations, i.e. the code is not totally 
unrelated.
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large number of genes, originating from many different species, is used to create a 
“chimeric” new organism containing an artificially designed genome, this genome 
sequence has to be placed within the layer of natural species but somewhere in the 
open space as yet uncharted by evolution. Although the biological and biochemi-
cal basis of such synthetic creatures does not differ from their natural counterparts, 
one may regard such living cells as “Life beyond natural Life” (Elowitz and Lim 
2010). Within our scheme it becomes obvious, that there is no principal difference 
between organisms created by natural evolution, natural mechanisms of horizontal 
gene transfer, gene technology or by engineering synthetic biology: all are based 
on DNA as genetic material and the universal genetic code. But the groundbreak-
ing “creation of a bacterial cell controlled by a chemically synthesized genome” 
has demonstrated: Current synthetic biology does not any longer depend on 
natural sources of DNA to generate a living organism. It was only the sequence 
information that was used to direct chemical synthesis and assembly of a com-
plete bacterial chromosome (Gibson et  al. 2010). However, this implies that any 
sequence designed in the computer can be realized by chemical synthesis and may 
serve as a blueprint for a novel bacterial species. There are no principal technical 
barriers, at least on the level of genome synthesis, preventing us from designing 
a synthetic organism whose genome would correspond to any point on the layer, 
independently whether this designed organism would be viable or not.

Thus, it is not only that all existing biological species can be used as a starting 
point for genetic modification but also that the vast space of not yet evolved organ-
isms can be explored by synthetic biology. Many critics of the Venter experiments 
have complained that a mere exact synthetic copy of a natural bacterium just con-
firms what has long been known, that it is the DNA sequence, which determines 
the identity and the phenotype of a species. However, the aim of that study was 
less to demonstrate the creation of novel forms of life, but more to show that it 
is feasible to synthesize any given genome sequence and to bring it to life with 
the help of a DNA-free cell. Admittedly, there are and will be many technical 
obstacles to use this technique for implementing synthetic genomes that are not 
closely related to existing ones. One of the biggest challenges will be which cells 
can be used to accept a chemically synthesized genome. It has to be compatible 
with the incoming DNA to allow for the replacement of endogenous ribosomes 
by the novel ones. Craig Venter calls this step the “rebooting” of a cell with a new 
genome. However, “rebooting” may require a high level of genomic compatibility, 
setting tight constraints on the fantasy of genome designers.

The layer model demonstrates that there are no explicit distinctions between 
organisms that have been shaped by natural processes such as mutation, recombi-
nation and horizontal gene transfer, and those produced by genetic modification or 
even by introducing a chemically synthesized genome. Even if cells were gener-
ated by extreme genetic engineering using many different sources of natural donor 
DNA or by synthetic biology on the basis of a complete new genome design, in 
all cases these organism share the same principles of metabolism and inheritance. 
Therefore they can interact with each other not only in the environment but also by 
transfer and exchange of genetic information. This has been interpreted by many 
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to state that synthetic biology essentially is nothing but gene technology. Taking 
an extreme position, Rob Carlson even claims that natural processes occurring 
during evolution can be regarded as “technology”, as stated in his book “Biology 
is Technology” (Carlson 2009). He describes “life” as we see it today as organisms 
that exploit each other to survive and make energy in the Earth’s newly formed 
atmosphere. Eukaryotic organisms utilize mitochondria and chloroplasts acquired 
through symbiosis for their own purpose. In this sense, bacteriophages appear to 
be perfect synthetic biologists. Injection of a short piece of viral DNA is sufficient 
to reprogram a bacterial cell to produce several hundred bacteriophage copies 
within less than an hour.

Nevertheless, there are good reasons to stick to the traditional scheme of dis-
tinguishing organisms derived by natural modes of gene transfer from those mod-
ified by classic gene technology or constructed as artificially designed synthetic 
cells. Especially in the discussion of potential risks for health or environment, we 
depend on experience and knowledge of both the probability and the damage that 
might be caused by novel species. We know that natural organisms have existed 
for as long as life has existed on earth. This does not necessarily imply that these 
organisms are by any means harmless; mankind was and is always confronted with 
emerging diseases, including pandemic ones. But we know that all existing organ-
isms, including ourselves, have been shaped by this long record of historical chal-
lenges, and we are confident that our immune system will be able to cope with 
these challenges as it has developed during evolution just for this purpose (if one 
may use such teleological terminology as a surrogate for selection and fitness). For 
organisms genetically modified by classic gene technology, it is the close similar-
ity and relationship to existing biological species that can be used to assess poten-
tial risks and to decide at which safety level experiments have to be performed. 
These criteria are not available for synthetic cells that are either composed of 
DNA fragments originating from many different natural sources, or that have been 
rationally designed with the help of computers (see Chap. 3 on risk).

Engineering biology aims at a simplification of biological systems into modular 
and abstract networks to facilitate re-engineering of living systems and even make 
the technical “synthesis of life” feasible. Philosophically speaking, the belief in an 
“artificial creation of life” is based on the rigid determinism and reductionism of 
19th century materialistic western philosophy. This is best illustrated by a lecture 
entitled “Life”, held in Hamburg, Germany, in 1911 where the American physiolo-
gist Jacques Loeb proclaimed his reductionist view that sees living organisms as 
chemical machines (see Chap. 4). There is indeed a long history of ingenious auto-
matic devices already in the late classical period and during medieval times, not 
only for popular entertainment but also to serve religious purposes and which later 
influenced the mechanical natural philosophy of the Enlightenment. For example, 
Descartes maintained that animals (and the human body) are “automata”, mechan-
ical devices differing from artificial devices only in their degree of complexity. 
With a similar belief in mind, Loeb proclaimed the goal of a controlled and use-
ful design of “synthetic life” by forming new combinations of the elements of liv-
ing nature by engineering. The engineering version of Synthetic Biology is also 

http://dx.doi.org/10.1007/978-3-319-25145-5_3
http://dx.doi.org/10.1007/978-3-319-25145-5_4
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reflected in the prescient imagination of the French biologist Stephane Leduc, who 
proclaimed a future quantitative biology, which—in analogy to theoretical phys-
ics—should give a precise description of organisms whose behaviour is not only 
completely quantifiable but also predictable and controllable.

From the engineering perspective of modern synthetic biology, a cell is 
regarded as a complex system of devices and functions that can be reconstructed 
by rational design. A major goal is the reduction of the complexity of natural 
cells, which appears to be an unnecessary complication due to historic contingen-
cies. The commonly accepted generalized strategy for this approach is the design 
and construction of a standardized minimal cell. Such cells can then be used as 
a chassis to set up artificially designed cells that fulfil useful functions that are 
novel and have not been seen in nature. The minimal cell itself is equipped only 
with the basic life-sustaining functions but has been stripped of everything which 
appears in the eyes of the engineers as contingent or unnecessary. Although there 
exist no bona fide minimal cells yet, a number of different approaches have been 
discussed (Acevedo-Rocha et  al. 2013). Popular approaches to exploring the 
“minimal requirements for cellular life” include comparative genomics and mas-
sive genome mutagenesis (Forster and Church 2006). Synthetic biologists usu-
ally approach this problem by considering “minimal genetic requirements” or by 
employing information theory to living systems. But, one has also to think of the 
chemical invariance of living beings: a finite number of basic chemical building 
blocks (metabolites, amino acids, and nucleotides) participate in endless cycles of 
transformation between plants, animals and microorganisms in the biosphere. At 
least one can imagine that one day such a minimal cell could gain the status of a 
model system like E. coli. If one gains enough experience working with such an 
established minimal cell, it may even be less risky than working with natural cells. 
This concept could pave the way to a standardized synthetic biology.

2.3.2 � Layer of Orthogonal Cells (Xenobiology)

One of the basic assumptions of orthogonality and xenobiology is that the molecu-
lar nature of the extant living organism is only one solution to the problem of cre-
ating life. If evolution were rerun on our planet, most probably another sequence 
of molecular events would have occurred. Therefore the specific chemistry of liv-
ing beings is for a large part due to historical contingencies. In the very moment 
where the first successful life forms emerged on earth, it was no longer possible to 
switch to other molecules of life. This suggests, however, that at least potentially 
there should exist many more molecular structures able to constitute living mat-
ter. This view was supported by some early and recent experiments where natu-
ral amino acids and co-factors were replaced by related substances without severe 
loss of function (Cowie and Cohen 1957; Lemeignan et al. 1993; Ma et al. 2014). 
Therefore the space of yet unexplored alternative life forms is enormous.
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This raises the question whether these life forms can indeed be regarded as 
“alternative” or “beyond natural” (Elowitz and Lim 2010). Here one has to con-
sider that xenobiotic life forms are more or less explicitly modelled on existing 
living beings. For example genetic information is stored by XNA, which resem-
bles natural DNA not only in its base pairing principle but also in its double hel-
ical structure. But this chemical mimicking of natural life, in combination with 
the inherent genetic firewall of xenobiotic organisms, provides at least one signif-
icant advantage to engineering synthetic biology. With regard to their biological 
safety orthogonal organisms are easier to handle since by design they are unable 
to exchange any genetic information with natural organisms. They are for example 
resistant to phages, which could become an advantage in production. It is argued 
that the farther they are away from natural organisms the safer they are (Marlière 
2009; Budisa 2014). This is in sharp contrast to the engineering branch of syn-
thetic biology that argues that artificial life forms constructed on the basis of mini-
mal cells and standardized modules are safer because their behaviour will be much 
better predictable. Therefore, xenobiotic cells can keep some of the vitality and 
unpredictability of their natural counterparts.

In contrast to minimal cells that are at least derived from normal cells, it is 
not so easy to decide whether a cell is still alive if many or all important biologi-
cal functions are exerted by similar but not identical chemical compounds. If one 
sticks to a definition of life, which also refers to its material basis, for example 
that life is defined as being based on DNA as genetic material, then xenobiotic life 
forms using alternative XNA for information storage cannot be regarded as alive. 
However, many biological definitions do not make any material constraints but 
refer only to functional attributions (cf. Chap. 4 by Toepfer). Therefore, replacing 
certain (or all) parts by those of different chemical composition would not affect 
the ability of the system to be alive. Even from a practical aspect this is evident, 
since all realistic approaches to the construction of xenobiotic cells conceptually 
start with the chemical transformation of an existing organism. Into this undoubt-
edly living entity, novel components are inserted which then take over certain cel-
lular functions (see Schmidt and de Lorenzo 2012). However, if DNA is replaced 
by XNA, such an organism would no longer fit into the layer of natural species. 
Since exchange of genetic information is no longer possible due to the different 
chemical nature of its material, organisms would belong to a parallel layer, which 
is neither intersecting nor overlapping with the natural layer.

Although initial steps have been achieved (Malyshev et  al. 2014) organisms 
containing XNA instead of DNA are still far from being realized. Two types of 
orthogonal organisms, however, might be much easier to achieve: recoded cells 
with a reassigned genetic code and mirror-like cells based on stereoisomers of 
natural compounds. In principle, reassignment of only a few codons is sufficient 
to exclude any meaningful exchange of genetic information. There is good evi-
dence that large-scale reassignment of the genetic code will not be easy to achieve. 
This is due to the structural constraints in enzymatic realization of different codes, 
for example in the biochemical structure of proteins involved in charging tRNAs 
with amino acids. Interestingly, some naturally occurring species (e.g. Candida 

http://dx.doi.org/10.1007/978-3-319-25145-5_4
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albicans) have evolved reassignment of a single codon demonstrating that genetic 
recoding of cells is feasible (Ohama et al. 1993; Santos and Tuite 1995)

An interesting alternative to the difficult tasks of xenobiology or genetic recod-
ing is the construction of mirror-like cells (Church and Regis 2012). Such cells 
are predicted to behave identically to natural ones since they are based on mirror-
like versions of natural compounds. Most organic molecules used in biological 
systems display chirality, and in all cases nature uses only one of the two pos-
sible stereoisomers. Since it is known from physics and chemistry that all proper-
ties and reactions are independent of chirality, one can predict that a mirror-like 
cell will display exactly the same properties and phenotypes as its natural counter-
part. However, such cells would fully depend on left-handed compounds whereas 
a normal cell uses right-handed ones and vice versa. For biotechnology this might 
be even an advantage. Since all existing natural species are subject to parasite 
attacks, being mirror-like makes a bacterial cell invulnerable to the attack of bac-
teriophages. George Church even envisions the creation of mirror-like humans 
who would then constitute a “parallel” humankind (Church and Regis 2012). With 
regard to our layer model there exists exactly one orthogonal layer of mirror-like 
organisms; for every single existing species there exists exactly one that is of 
opposite chirality. In contrast, with regard to codon reassignments there are almost 
infinite orthogonal layers if one considers all possible reassignments of the genetic 
codes. One can even imagine that companies construct their “individual” (and 
maybe patentable) cells, which are characterized by their highly specific genetic 
code. These cells are “labelled” by their genetic code and can always be traced 
back to their inventors in case of alleged misuse of intellectual property.

Although in principle every species might be equipped with an alterna-
tive genetic code, there might be serious constraints: regulatory elements such as 
enhancers depend on DNA sequence. If located in coding regions the sequence of 
such elements will be altered upon recoding. Therefore it is not guaranteed that 
replacement of many or even a few codons is compatible with functionality; fitness 
could be severely decreased. But genetic recoding might be interesting in the con-
struction of minimal cells, which are reduced in their biological complexity anyway. 
One can imagine different sets of minimal cells constructed on the basis of alter-
native genetic codes. These constraints are much greater upon the introduction of 
XNA. Here it is already extremely difficult to establish such an organism. Current 
scenarios imply a transition from natural to xeno-organisms by gradually replac-
ing natural DNA with its chemical counterpart XNA (Schmidt 2010). This resem-
bles the metaphor of the Delphic boat (Danchin 2003, 2009), where it is not clear 
whether it is the same after all the planks have been replaced during its long jour-
ney. In xenobiology it would be the property of being alive which is maintained (or 
not), even if all the chemical components are replaced by different versions.
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2.3.3 � Layer of Simple Life Forms and Protocells

Protocells are cell-like structures that are spatially delimited by a membrane 
boundary and contain biological material that can be replicated. Ideally they 
consist of a self-assembling chemical system capable of reproduction. Current 
research in this field is mainly concerned with the fundamental questions of the 
origin of life (Rasmussen et al. 2009). The crucial goal is to understand and exper-
imentally master the transition from complex abiotic chemistry to simple biology 
that is to enable the emergence of complex chemical assemblies capable of fulfill-
ing the criteria for life. In other words, to perform the transition from “non-life” to 
“life” one needs to define at least basic terminology: “non-life” usually means the 
maintenance of chemical rules (chemical equilibrium and reaction rates) whereas 
“life” is described as a system that maintains biological rules (selective pressures 
from the environment and replication rates).

Another motivation for protocell research is the “artificial life” (AL) field 
which traditionally includes in silico design of systems constructions that exhibit 
lifelike behaviour (“Soft” AL) and even robotics (“Hard” AL). In this context, 
“fluid” (or “wet”) AL involves the creation of lifelike protocells, based on aqueous 
carbon chemistry in water with repeatable sets of autocatalytic chemical cycles 
that are properly coordinated. These autocatalytic cycles include replication of 
informational material coupled with internal metabolic reactions in a self-main-
tained manner within the membrane boundary. In an ideal case, the conditions for 
the coordination of the growth and shape changes of the cell’s membrane (that is 
cell growth and division) are defined. At the level of simple physicochemical laws, 
the processes of vesicle growth and reproduction occur as a consequence of break-
ing the spatial symmetry of a synthetic protocell. Finally, protocell research can 
be employed for the design of drug delivery systems in medicine, for example the 
encapsulation of drug cocktails in liposomes and various nanoparticle.

If one questions whether protocells are alive or not, the answer very much 
depends on the criteria that are used to distinguish between living and non-living 
systems (see Toepfer, Chap. 4). Traditionally, living beings have to fulfil a consid-
erable number of criteria derived from the description of existing biological organ-
isms. In protocell research it is often a single unifying aspect of living systems, 
which is used to distinguish living systems from non-living ones. Autopoiesis 
has been proposed to serve as such a unifying concept (Luisi 2006). Autopoiesis 
is the ability to maintain a system from within by replacing components that are 
degraded by chemical processes. Such an autopoietic process results in stable 
maintenance if the number of replaced components equals the number of degraded 
ones. If the system produces more components than are degraded, the system will 
grow. This definition does not depend on reproduction or genetic information but 
resembles more the chemoton definition of life (Gánti 1975) which is modelled 
along dynamic chemical equilibria. Protocells have a dualistic nature; on the one 
hand they can be described as a complex chemical system but on the other hand 
they can be seen as simple forms of life (Rasmussen et al. 2009).

http://dx.doi.org/10.1007/978-3-319-25145-5_4
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In the layer model, the size of a layer is determined by the number of possi-
ble genome sequences. Typically, synthetic protocells carry no heritable material 
at all (purely metabolic networks) or only very short polymers capable of self-
replication (Mansy and Szostak 2009). Therefore, protocells are usually unable to 
exchange any kind of “genetic” information with each other. This indicates that 
in our layer model every protocell represents its own small island, separated from 
other protocells that operate by different metabolic mechanisms. Layers, in a strict 
sense, are thus only present if some kind of hereditary system will be established 
allowing the exchange of information between different protocells. Admittedly, 
with such simple life forms the layer model reaches its limits. But this may actu-
ally reflect the unique position that protocells occupy if compared both to natural 
and engineered synthetic cells.

2.4 � Conclusions

One of the major goals of synthetic biology is the design of novel living systems. 
These can be based on defined minimal cells that are derived from naturally exist-
ing cells but with reduced complexity. In essence, this strategy follows traditional 
engineering principles: reduction of complexity by modularization in combination 
with quantitative estimation of module parameters is expected to allow total con-
trol of such highly integrated “systems”. Whether the behaviour of such synthetic 
cells indeed becomes more predictable remains to be seen since also purely tech-
nical systems turned out to be less controllable as originally planned especially if 
they surpass a certain level of complexity.

The generation of orthogonal living systems follows an alternative rationale: 
Here it is the genetic incompatibility of these organisms with natural species that 
confers a certain level of safety. But this is paid by the significantly higher level of 
unfamiliarity that characterizes such xenobiological organisms. Therefore, in the 
moment, it is difficult to judge whether this strategy will ever provide a practicable 
road to synthetic cells that can be used also outside the laboratories.

Thirdly, protocells might be an interesting alternative for certain simple appli-
cations that do not require fully living cells. Here it is the defined chemical com-
position and the inability of these systems to compete with complex organisms 
that provides some opportunities both with regard to safety considerations and 
applications.
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Abstract  When approaching the discussion on possible risks that might be 
elicited by synthetic biology we face two problems: The first one is the fluid 
definition of synthetic biology and the associated difficulties structuring the dis-
cussion. In the context of benefit/risk assessment this problem is even aggravated, 
since the label of synthetic biology is used ambiguously depending on political 
context. One possible tool to circumvent this problem is to reflect the realities of 
the research field and to focus on new features of synthetic biology that are rel-
evant to the risk discussion. These new features are in particular the growing depth 
of intervention in the organism and, the decreasing familiarity of synthetic organ-
isms that together with the high speed of technological development challenge 
established risk assessment systems. This leads to the second problem in the risk 
assessment: the increasing level of uncertainty associated with synthetic organ-
isms that is due to our lack of knowledge of their behaviour in the environment 
which cannot be reduced by research within a relevant time of action. Thus, lacks 
of knowledge in combination with the transformative potential of synthetic biol-
ogy are the main challenges ahead.

Emerging new technologies quickly provoke a discussion on potential new risks. 
In the case of synthetic biology—often considered as an extreme form of con-
flict-laden genetic engineering—front lines along the risk evaluation are rapidly 
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developing. A focal point in this context is the judgment of the novelty and the 
framing of the technology. Are we dealing with new risks or old ones? Are risk 
assessment and management systems currently in place, sufficient to deal with 
synthetic biology or do we need to adapt them?

Many of these questions relate to the very nature of synthetic biology, which is 
discussed in this volume: whether it is a novel technology or just an extension of 
the well-known genetic engineering1 and what are its perimeters. Thus, we have to 
consider these topics and analyze them in the light of risk evaluation. While syn-
thetic biologists cope very well without a concise definition of their new science, 
its precise or imprecise scope can have huge effects if potential chances and risks 
of synthetic biology have to be assessed. E.g. depending on a narrower or wider 
definition some groups might be included or excluded from funding programs or 
might or might not fall under certain legal regimes.

This societal and political level might be one reason for the ambiguous labels 
and descriptions of synthetic biology in the risk discussion. Another significant 
contributing factor, which shapes the complex discussion, is the large diversity of 
disciplinary backgrounds of the scientists (Sect. 3.1.1). In general, active research-
ers feed their specific horizon of experience into the discussion and thus they have 
very different views on the scope, novelty and risk evaluation of synthetic biology.

We will argue that due to the ambiguity of the label “synthetic biology” 
(Sect. 3.1) it could be a helpful strategy to focus on the characteristic features of 
this new technology that might be relevant for evaluation (Sect.  3.3). Therefore, 
identification of specific features of synthetic biology and its subfields (e.g. the 
imminent loss of familiarity with synthetic organisms) that are relevant to risk 
evaluation might be a good way out of this dilemma. A second argument for com-
piling such a list of new features irrespective of a more rigid or ambiguous defini-
tion of synthetic biology is that this strategy remains flexible and can easily be 
adapted to new scientific developments. Nevertheless, the mosaic structure of syn-
thetic biology makes it necessary to take the diversity of its subdisciplines into 
account for risk assessment.

3.1 � Synthetic Biology in the Risk Discussion

One of the first obstacles in assessing the risks of synthetic biology lays in the 
reality of this scientific field itself. Its highly fractionated and mosaic-like charac-
ter (Sect. 3.1.1) gives space to utilize the label synthetic biology in a very broad 
and ambiguous way: on the level of scope, continuity, novelty and time point of 
development.

1See also Chap. 2.

http://dx.doi.org/10.1007/978-3-319-25145-5_2
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3.1.1 � Background: The Mosaic-like Structure of the Field

The synthetic biology research field is multi-layered and diverse. Beyond the sub-
divisions of engineering, orthogonal and protocell branches, the plurality of scien-
tific backgrounds of the protagonists further contributes to the structuring of the 
field. The synthetic biology research community consists of scientists trained in a 
vast variety of disciplines such as engineering, organic chemistry, systems biology, 
theoretical physics or computational science, to mention but a few. All of these 
fields provide their own concepts, metaphors, tools, and models, which are typically 
utilized by synthetic biologists if drawing analogies between the old and new field 
of inquiry (Knuuttila and Loettgers 2014). In addition, we can show2 that research 
agendas of the individual scientist are connected to and driven by the individual dis-
ciplinary roots (Engelhard and Hagen 2012). John Glass of the Craig Venter 
Institute, for example, is a virologist by training and worked for a long time in polio 
and vaccinia research, before he moved into bacterial pathogenesis and genomics. 
He became interested in organisms called mycoplasmas, which are the smallest 
cells known to be capable of independent growth. He was caught up by the idea of 
defining a minimal cell, not knowing that this ever would be called synthetic biol-
ogy. Later he became head of the synthetic biology group at the Craig Venter 
Institute and has since then focussed on the design and construction of synthetic 
viral and bacterial genomes. One important track of that research was the develop-
ment of new techniques called genome assembly and genome transplantation that 
culminated in the first bacterial cell controlled by a chemically synthesized genome. 
This cell was called “synthetic” by the authors, because its genome was chemically 
synthesized rather than replicated from an existing template. This experiment is 
seen as an important step in the development of a system that would allow the con-
struction of a minimal bacterial cell, which could lead to a better understanding of 
the first principles of cellular life (Gibson et al. 2010; Glass 2012) but also serve as 
a useful tool for biotechnological applications. Two recent publications by John 
Glass on synthetic vaccine virus generation (Dormitzer et  al. 2013) and bacterial 
genome reduction (Suzuki et al. 2015) illustrate that disciplinary background per-
sists for long time in the individual research agendas of synthetic biologists. This is 
only one example demonstrating the close connection between the scientific and 
academic training of the leading scientists and their current research agendas and 
also their visions of the future. This phenomenon stands for a common pattern in 
synthetic biology and some more examples are given in Table 3.1.

When studying the examples in Table  3.1, it becomes obvious that synthetic 
biology is characterized by a scientific pluralism that goes far beyond the 

2Most of the provided information is based on a non-public expertise conducted by Margret 
Engelhard and Kristin Hagen for the German Parliament. The expertise (duration: 2/2012–
12/2012) is based on qualitative interviews with leading scientists from within synthetic biology, 
scientists that research on synthetic biology and active artists. Main content of the interviews 
were the current status of synthetic biology, its framing (also in comparison to genetic engineer-
ing), on xenobiology and protocell research, the individual research agendas, the role of DIY-
biology and questions on potential risks.
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“traditional” sub-divisions of engineering, orthogonal and protocell branches 
(Fig. 3.1a). It might, therefore, be helpful to analyze the means as well as the goals 
of synthetic biology on the basis of the disciplinary background of the protagonists 
(see also Bensaude-Vincent 2013 for the analysis of information technology and 
synthetic chemistry as roots of synthetic biology). In the search for a plausible 
image of synthetic biology, one could think of a mosaic picture that consists of 
numerous small pieces (see Fig. 3.1b), but nevertheless reveals a few overarching 
ideas of synthetic biology like, for example, the application of engineering princi-
ples to fundamental components of biology.3

3As an example of the unifying power of synthetic biology “This is a new way of thinking and it 
is not limited to biologists. Our science is so much more kid-driven and open to people outside of 
conventional biology than it’s ever been before. I meet engineers; I meet physicians, people using 
these tools to solve problems.” (John Glass, 31.05.2012) (source interviews, see FN1)

Table 3.1   Influence of the disciplinary background on the focus of the research agendas of 12 
synthetic biologists (Engelhard and Hagen 2012)

Synthetic biologists in   order of appearance: Michael Bölker, LOEWE-Centre for synthetic microbiology, 
Marburg (FRG); Nediljko Budisa, Institute for Chemistry, Technical University of Berlin (FRG); Victor de 
Lorenzo, Molecular Environmental Microbiology Laboratory, Centro Nacional de Biotecnología, Madrid 
(ES); Bruno Eckhardt, LOEWE-Centre for synthetic microbiology, Marburg (FRG); Bärbel Friedrich, 
Institute for Microbiology, Humboldt- University Berlin (FRG); Martin Fussenegger, Department of 
Biosystems Science and Engineering, ETH Zürich (CH); John Glass, J. Craig Venter Institute (USA); Sheref 
Mansy, Centre for Integrative Biology, University of Trento (I); Lynn Rothschild, NASA Synthetic Biology 
Earth Science Division (USA); Petra Schwille, Max-Planck-Institute for Biochemistry, München (FRG); 
Christina Smolke, Bioengineering Faculty, Stanford University (USA); Wilfried Weber, Center for Biological 
Signaling Studies, University of Freiburg (FRG). Source see FN1

Disciplinary background Focus of research in synthetic biology

Biochemistry, genetics Reduction of signal complexity, signal-transduction

Chemistry, molecular biology, biophysics Integration of synthetic amino acids in proteins 
(Xenobiology)

Chemistry Design of bacteria for environmental purposes, 
standardization

Physics Mathematics in biology, development of  
quantitative models

Microbiology Oxygenic photosynthesis in cyanobacteria in 
combination with hydrogenase, development of 
BioBricks

Microbiology, biotechnology Metabolic engineering

Virology Synthetic viral and bacterial genome, minimal cells

Biochemistry Protocells, origin of life

Astrobiology, molecular biology,  
evolution

Extremophile research, Synthetic biology as a tool 
for astrobiology

Biophysics Reconstruct cellular subsystems, minimal cells, 
protocells

Biotechnology, chemical engineering Develop molecular tools

Biotechnology, engineering science Development of molecular tools
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This pluralism must not be perceived as a shortcoming of the discipline, quite 
the opposite. The diversity of disciplines involved in synthetic biology appears to 
be not a temporary phenomenon typical of young disciplines, but rather a charac-
teristic attribute of synthetic biology. In many interviews4 the interdisciplinary 
character of synthetic biology was emphasized as a value,5—also in the long run.6

In summary, the pluralisms of research agendas, the lack of a coherent group of 
researchers, coupled with significant variations across regions, results in a lack of 
a linear description of synthetic biology. The reality of the research field does not 
evoke an empirical and self-evident definition of synthetic biology. Also, discipli-
nary boundaries are still fuzzy. This situation is not necessarily a problem for the 
scientific advancement of the field itself and is not perceived as threatening to the 
discipline. However, the ambiguity of the label synthetic biology caused by the 
complexity of the research field is carried over to the discussion on risks associ-
ated with synthetic biology.

3.1.2 � Dichotomy of the Attributes Novelty and Continuity

When synthetic biology is discussed in the contexts of science policy, legislation 
and public funding, the situation becomes even more complex. The scope of syn-
thetic biology and its attributes are interpreted quite differently depending on the 

4See FN1.
5For example „You get a lot of very exciting research and breakthroughs when you bring people 
with different disciplines together on a problem” (Lynn Rothshield, 14.06.2012); “Because if it 
becomes a sort of, let’s say synthetic biology training—we will lose some of the interdisciplinar-
ity, which will not be nice.” (Sheref Mansy, 15.06.2012), (source interviews, see FN1).
6However having in mind the rapid speed of synthetic biology, the statements were cautious with 
respect to predictions (for positive predictions see also Schmidtke and Schmidtke, 2007.).

orthogonal protocell

engineering

(a) (b)

Fig.  3.1   The three main tribes of synthetic biology (a) compared to a mosaic-like image of 
synthetic biology (b) that reflects the plurality of research agendas in the field caused by diverse 
disciplinary backgrounds of its protagonists. Researchers are closely connected to their disci-
plinary roots bringing along their own concepts, metaphors, tools, models and, in consequence, 
research agendas which contribute to the structuring and advancement of the field. This image 
also illustrates the lack of a clear center and dominant approach in synthetic biology
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strategic goals. For funding, the notion of novelty becomes a central argument for 
promoting the research field. While novelty is emphasized with regard to fund-
ing, it could turn out to be an obstacle in the context of risk evaluation. However, 
the vague label “synthetic biology” gives room to an often-practiced ambiguous 
use of the attributes novelty and continuity. Similarly, the different aspects of syn-
thetic biology or the continuity argument in discussing synthetic biology might be 
played out differently depending on the political context.

3.1.2.1 � Novelty in the Synthetic Biology Context

Right from the beginning of synthetic biology, the narratives of novel futures and 
novel strategies have been central to identity building within the field and—what 
is even more important—have been an inherent strategic part of synthetic biology. 
Or, as Christina Agapakis put it, “a discipline defined much better by shared 
dreams for the future rather than any present technique or application.”7 Grand 
visions or even science fiction are not seen as pure phantasies, but rather as 
thought experiments that help to understand the needs of the present world. This 
“design fiction”8 helps to develop projects that start with a simple “what if…?”. 
One example of far reaching visions can be found in the book Regenesis of 
George Church, one of the leaders in the field, about advances in genome editing 
that may make it possible to clone extinct species, including Neanderthals. But the 
talk on novel futures is also aiming at creating prototypes that convince others (in 
particular venture capitalists and funders) to see the potential of synthetic biol-
ogy.9 However, this twofold role of helping the field to develop scientific road-
maps and promoting the field in the public can turn out to be a double-edged, since 
in the political realm novelty is often connected with novel risks.

The example of Drew Endy, another forerunner in the field, shows some adap-
tation to these political realities. He was selling visionary programs for the future 
of synthetic biology, emphasizing its novelty and revolutionary status. A couple of 
years later, after having closer contact with policy makers for whom such attrib-
utes might have raised concerns, he switched from a more revolutionary rheto-
ric to a strategic downplaying of the novelty and risks of the new field (Campos 
2013). The dichotomous use of novelty—emphasizing the novelty in the context 
of funding while downplaying it in the frame of risk discussion to minimize legal 
hurdles—was (and sometimes still is) also common in genetic engineering com-
munication (Tait 2009).

As long as the term novelty is used in the described ambiguous way debates about 
synthetic biology get caught in the gap between the existing realities of the field and 

7Synthetic Biology as Collective Fantasy by Christina Agapakis, http://studiolab.di.rca.ac.
uk/blog/synthetic-biology-as-collective-fantasy, assessed 11 August 2015.
8See FN above.
9See FN above.

http://studiolab.di.rca.ac.uk/blog/synthetic-biology-as-collective-fantasy
http://studiolab.di.rca.ac.uk/blog/synthetic-biology-as-collective-fantasy
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design fiction. One way out of this dilemma could be to start a discussion in the 
political realm, whether novelty is at all a good indicator of novel risks. Novelty has 
a clear normative level with references to context and purpose (Guston and Brian 
2015) but is consequently a rather unreliable indicator of potential risk. It misses out 
the fact that conventional risks are not less risky, only because we are used to them, 
but can just as well lead to harm. Some of these risks will be new and we will have to 
develop tools to handle them. But the same is true for conventional risks that are not 
obvious. In all cases though, it will be essential to identify and manage them.10

3.1.2.2 � Invalidity of the “Continuity Argument” in the Context  
of Risk Evaluation of Synthetic Biology

While the notion of novelty plays its role in the political realm and within the field 
of synthetic biology, the continuity argument is almost exclusively been found in 
political contexts. It appears in two different forms: either the continuity of syn-
thetic biology to “thousand of years of experience in breeding” is spelled out or 
the continuity between genetic engineering and synthetic biology is emphasized.

Whether or not it makes sense to refer to such continuities, however, depends 
on the context in which synthetic biology is discussed. For example in the con-
text of science history it is quite adequate to emphasis continuities, whereas in 
the frame of risk evaluation it is important to focus on discontinuities to identify 
fields where action is required. The reference to traditional breeding in risk assess-
ment of new applications of biotechnology leads to the false and potential dan-
gerous conclusion, that no new risk evaluation of the technology is needed. It is 
quite tempting to assume that old practices can serve as a carte blanche for future 
applications. However as Richard Twine unmasks the argument in the context of 
transgenic animals it is an “ethical bypass” (Twine 2010, p. 54). Even if tradi-
tional breeding, modern genetics, and biotechnological methods all aim to opti-
mize organisms for the good of man, they differ on the level of risk evaluation. 
It is quite questionable, whether the traditional praxis to breed plants, animals 
and microbes also legitimate deeper, more targeted and quicker interventions in 
the germ line. The evolutionary space is already expanded in genetic engineering, 
when species barriers are getting blurred. In synthetic biology the evolutionary 
realm does not act as a limiting factor any more and thus disconnects applications 
more and more from existing organisms. This higher depth of intervention is the 
most important difference to traditional breeding (see Sect. 3.3.1). It leads to a loss 
of familiarity to known, natural organisms, which we could refer back to. However 
current risk assessment systems rely on the familiarity-principle that is based on 
the knowledge on behaviour and risk profiles of organisms experienced and col-
lected in centuries. With the increasing loss of familiarity, this traditional princi-
ple for risk assessment has to be increasingly suspended. The continuity argument 

10http://2020science.org/2015/02/02/novelty-nanomaterials-overrated-comes-risk/#1.

http://2020science.org/2015/02/02/novelty-nanomaterials-overrated-comes-risk/%231
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in the context of risk assessment seeks to convey that we still dispose over such 
experienced knowledge also in the context of new applications of biotechnology. 
Sometimes even a transmission of public acceptance of traditional breeding tech-
nologies to the modern biotechnology is hoped to be achieved by emphasising the 
continuity to traditional practices. The first part of the continuity argument, which 
places synthetic biology in a wider historic and technological connection is surely 
correct. Due to time limits and evolutionary constraints, however, the depth of 
intervention in organisms is limited in traditional breeding. Acceleration of speed 
is characteristic for modern biotechnology starting from marker assisted breed-
ing, over genetic engineering to synthetic biology. In combination with the van-
ishing limits of evolutionary provisions this leads to a rising depth of intervention 
in organisms and a loss of the familiarity principle. Thus the second part of the 
continuity and breeding argument that suggests that applications of modern bio-
technology and synthetic biology are automatically safe because of their historic 
background is insufficient and illegitimate.

3.1.3 � Scope of the Synthetic Biology Politicized

Besides the already described obstacles to grasp the reality of the research field 
synthetic biology, in the discussion on risk evaluation and funding the scope of the 
label “synthetic biology” can in addition become politicized. When it comes to 
funding policies and promotion of the field, very wide definitions of synthetic 
biology are regularly used to promote the field. In contrast, very narrow definitions 
are common when regulations are discussed.11 Definitions of synthetic biology 
have therefore often a political dimension.

3.1.4 � Time Point and Speed of the Scientific Development 
Differentiated

Another important aspect that needs to be taken into account in differentiating 
the discussion on risks is the time point of the scientific development the discus-
sion is on. For the majority of current and near-term commercial and industrial 

11See for example the Convention on Biological Diversity online discussion about synthetic biol-
ogy, Topic 3: “Operational definition of synthetic biology, comprising inclusion and exclusion 
criteria”, where operational definitions are discussed, bch.cbd.int/synbio/open-ended/pastdiscuss
ions.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 informa-
tion with its originating species strain or any other 'natural' species.” Thus, in effect, Evans sug-
gests restricting an operational definition of synthetic biology to xenobiology.
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applications of synthetic biology the risk assessment framework is often being 
discussed as sufficient in most cases though it has its pitfalls already for existing 
applications in genetic engineering. With respect to future applications it needs 
to be assessed at what point our current instruments are no longer fully adequate. 
This will especially be the case when the principle of familiarity cannot be applied 
for the risk assessment procedure anymore. In current risk assessment discourses 
a wide range in viewpoints both on the status on current synthetic biology appli-
cations and on the expectations for future synthetic biology applications exist. In 
calling for a sound discussion on synthetic biology it has been emphasized neither 
to hype the hopes nor the risks of synthetic biology (Sauter 2011; Kaiser 2012). 
However if we are too cautious in the discussion we might underestimate the field. 
Even though synthetic biology has not yet succeeded to synthesize a single living 
cell from the scratch, nor has it brought back the mammoth to live, one should 
not underestimate the rapid development within synthetic biology that has already 
been accomplished. As the case of genome editing already shows, some develop-
ments may even occur sooner than anticipated or in a much expanded fashion. 
Especially the CRISPR/Cas9 system can act as a catalyst for synthetic biology 
by accelerating the speed and extending the scope of synthetic biology—moving 
away from a limited number of prokaryotic model organisms, to a wider range of 
organisms up to the level of higher organisms like plants and animals.

3.2 � Level of the Risk Discussion

In addition to the above-mentioned obstacles in the risk evaluation on the label, 
scope and historic placement of synthetic biology, the discussion is sometimes 
also prone to misunderstandings, when different levels of synthetic biology are 
discussed in parallel. It is in a way self evident that for example synthetic biology 
does not pose a risk by itself, but rather the individual organisms, genetic devices 
(like for example the release of gene-drivers) or products (as for example xenobio-
logical compounds), that derive from these organisms. Next to it risk evaluation 
needs not only to evaluate the nature of the particular genetic changes but also the 
specific use of that organism. On this level the biggest difference lays in the expo-
sure routes to environment and humans: is the application designed for contained 
use, field release or gene therapy? This has direct consequences for the assessment 
of potential risks for biodiversity and human health. Especially in cases with a 
great level of uncertainty that we discuss below, the retrievability and recovery of 
the organisms is of great importance. Most organisms (except some sterile organ-
isms or large animals) can however no longer be retrieved once released. Most of 
current and near future synthetic biology applications are aimed for contained use, 
but the volumes envisioned are rising and by this also the probability of uninten-
tional release. Thus questions on the policy of containment practices will suppos-
edly gain momentum.
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The described further structuring is of course somehow trivial but nevertheless 
in praxis again and again underrepresented. Thus awareness of these different lev-
els in discourse could be a helpful tool.

3.3 � New Features of Synthetic Biology Relevant  
for Risk Evaluation

As elaborated in Sect. 3.1 on the level of risks evaluations the ambiguity in the use 
of the label “synthetic biology” in the political context can become an obstacle 
for a differentiated discussion on potential risks of synthetic biology applications. 
We thus suggest focusing not on the label “synthetic biology”, but on the features 
that synthetic biology brings along and that are relevant to the societal evaluation. 
To approach the risk discussion it is important to identify critical features that are 
new to synthetic biology or its subfields when compared to genetic engineering 
and that are important for an adapted risk evaluation. These new features are in 
particular the growing depth of intervention in the organism and, the associated 
decreasing familiarity of synthetic organisms that together with the high speed of 
technological development challenge established risk assessment systems. This 
should however not imply that other risk assessment categories that are already 
valid for genetic engineering are not significant as well.

3.3.1 � Depth of Intervention, Complexity and Predictability

3.3.1.1 � Depth of Intervention

Although synthetic biology builds on many of the techniques of genetic engineer-
ing, it aims at the design and construction of new biological parts, devices and 
systems. Thus, it goes far beyond mere modification of existing cells by insert-
ing or deleting single or a few genes. Instead, cells will be equipped with new 
functional devices or even complete biological pathways and systems will be 
designed. Therefore, in comparison to genetic engineering, organisms produced  
by synthetic biology are characterized by a much larger depth of intervention into 
the biological nature of the organism,—both by quality and quantity. The quality 
level is mainly introduced by the new sequence space that synthetic biology can 
explore by designing novel genomes beyond evolutionary realm (compare layer 
model, Fig.  2.1 of Chap.  2). The resulting synthetic organisms may have only 
very little in common with any other organism and predictions on the behavior 
of these synthetic cells cannot simply be drawn from the behavior of any of the 
donor organisms that have been used for the creation of synthetic cells. Another 
dimension of the depth of intervention is the introduction of unnatural chemi-
cal compounds into living systems. This results in cells, whose metabolism or 
genetic material is incompatible with that of natural biological systems. Although 

http://dx.doi.org/10.1007/978-3-319-25145-5_2
http://dx.doi.org/10.1007/978-3-319-25145-5_2
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this orthogonality of xeno-organisms is also discussed as a means to enhance 
biosafety, such organisms may have a yet unpredictable impact on the ecosystem 
if released into the environment. This comes along with a lack of detection meth-
odology for xeno-organisms (see also Sect. 3.4).

3.3.1.2 � Predictability: Safety Concepts of Synthetic Biology

Synthetic biology as engineering technology based on living systems may claim 
that reduction of complexity is the only way to create living cells with a com-
pletely predictable behavior. However, it is foreseeable, that cells engineered for 
specific purposes have to be equipped with additional functions to enhance their 
stability and robustness. It is well known that even in classical engineering tech-
nologies the construction of ever more complex systems is accompanied with 
an increase of inherent instability and uncertainty. Even for mathematical sys-
tems it was proven that they will contain theorems that cannot be decided. Thus 
we are left with a level of uncertainty even in a world of complete predictabil-
ity. In synthetic biology as generalized strategy it is commonly accepted that the 
design and construction of novel biological functions works best on the basis of 
a minimalized cell. Such minimal cells can be used as chassis to set up artificially 
designed cells that can fulfil useful functions that are novel and have not been seen 
in nature before. Estimation of parameters, predictability, reducing of complex-
ity by standardization and modularization, aim is the total control over the behav-
iour of the “system” This concept results from the world view: life is composed 
of devices and modules and can be described as an integrated complex system 
(Andrianantoandro et al. 2006) like a computer which is built from simpler com-
ponents like cards, processing units, transistors etc. This engineering view allows 
the construction of complex systems by using a highly effective ‘hierarchy’ of 
communication between engineers of different system levels that each are respon-
sible and (perfect) in their field.

Risk comes here not only from the inherent unpredictability of living organ-
isms that might be retained in spite of all engineering, but also form the painful 
experience that has been made with recent technologies dealing with highly com-
plex technologies like personal computers, large electric power transmission grids 
and nuclear power plants. While personal computers often crash and just have to 
rebooted, failure of the latter can result in nation-wide blackouts or may cause 
high financial and material losses and even make (large) areas uninhabitable. In all 
these cases it is the large complexity of these highly integrated modular systems 
that inherently bears the risk of unpredictable behaviour.

While genetically modified organisms, in which single or only few genes have 
been manipulated or been introduced may be regarded as safe, the high complex-
ity of organisms carrying diverse genes of different origin or even designed genes 
with no natural counterparts, may carry a similar risk as highly complex technical 
systems. This not necessarily enhances the actual risk in terms of potential damage 
or danger but results in an unpredictability, which enhances the uncertainty con-
nected with these artificial cells.
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In contrast to many technical systems where risk assessments can be made 
more or less precisely (even for worst case scenarios) this appears difficult for syn-
thetic biology. The potential damage (if any) is hard to estimate and at the same 
time the probability of occurrence is nearly indeterminable. Therefore these sys-
tems are afflicted rather with uncertainty than with risk

3.3.2 � Risk Assessment Challenged: Familiarity Principle  
and Speed of Developments

Closely connected to the rising depth of intervention are challenges to current 
comparative risk assessment. Especially in those areas of synthetic biology that go 
beyond genetic engineering by broadening the evolutionary realm suitable ‘com-
parators’ are missing due to a growing lack of familiarity to natural organisms. 
Particular in those cases our ability to predict potential risks to humans and biodi-
versity is limited by a lack of experience with comparable cases. We can gain some 
experience with research and a step-by-step approach, but in the cases of low simi-
larity and familiarity to natural organisms, even this approach can bring along very 
limited knowledge within a relevant timespan. Therefore, the traditional assess-
ment of potential risks according to the hazard potential of both donor and acceptor 
organism reaches theoretical and technical limits. Even beyond these limits will be 
the estimation of risks connected with cells and organisms that have been designed 
from the scratch on computers or that have no natural counterparts. These problems 
are further complicated, with the rising speed of developments—another relevant 
feature of synthetic biology. The number of introduced transgenic traits and types 
of donor and acceptor organism increases, which—in combination with the sheer 
volume and speed of introduction of novel organisms—will bring a ‘case by case’ 
evaluation to its limits. Thus the comparative risk assessment system based on the 
familiarity principle and case-to-case approach will be at stalk as the production 
systems for novel organisms become more and more sophisticated and effective. 
Risk assessment mechanisms will have to be adapted in parallel, taking into account 
the whole novel organisms as the depth of intervention increases and the limitations 
in the time frame in a step-by-step approach. To prevent acting under uncertainty 
with respect to risks to humans and biodiversity in the cases of low familiarity to 
natural organisms, the implementation of the precautionary principle and in addi-
tion an ongoing dialog between scientists and society is of special importance.

3.4 � Special Cases of Risks Assessment in Synthetic Biology

With respect to orthogonal biology and protocell research some special aspects 
are discussed in the following. For all layers that contain orthogonal organisms 
the current lack of knowledge on potential interactions with the biotic and abiotic 
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environment makes any established risk assessment methodology nearly impossi-
ble. Xenobiological life forms that do not rely on DNA as their genetic base are 
unfamiliar both for us and the environment and thus challenge not only the tradi-
tional methods of risk analysis but also pose questions to their artificial nature and 
to the concept of life.

3.4.1 � “The Farther, the Safer”?

Genetic encoding in living systems is based on a highly standardized chemistry 
composed of the same number of 4 nucleotides or “letters” as building blocks of 
the informational polymers DNA and RNA, respectively, and the twenty α-amino 
acids as basic building blocks for proteins. The universality of the genetic code 
enables the horizontal transfer of genes across biological taxa, which afford a 
high degree of standardization and interconnectivity. Thus, all changes that affect 
this chemistry within living systems tend to be generally lethal (Marlière 2009; 
Schmidt 2011; Acevedo-Rocha and Budisa 2011). In this context, one of the great 
challenges is the development of a strategy for expanding the standard basic chem-
ical repertoire of living cells to inter alia improve biocontainment by man-made 
or naturally evolved changes in the genetic code (Mandell et  al. 2015; Rovner 
et al. 2015). All basic constituents of DNA (the heterocylic bases, the deoxyribose 
sugar and the connecting phosphodiester backbone) are exchangeable with alterna-
tive chemical structures such as novel base pairs (Piccirilli et  al. 1990) or xeno-
DNA nucleic acids (Pinheiro et al. 2012). On the other hand, long-term cultivation 
experiments with quick-growing asexual bacterial cells, as pioneered by Lenski 
(Blount et al. 2012) with serial dilutions using conventional chemostats or turbi-
dostats, also showed notable success. Thus, the canonical chemical barrier was 
recently surpassed by evolving an E. coli strain with a genome in which thymine 
was replaced 5-chlorouracil (Marlière et al. 2011). This is a first important exam-
ple in the construction of biological systems composed of more than 90  % thy-
mine replaced with 5-chlorouracil, that are thus composed of xeno-nucleic acids, 
to a large extent.

One of the arguments to follow this path of orthogonality is the safety aspect. 
“The farther, the safer” is the slogan of orthogonality (Marliere 2009). The idea 
behind this approach is to create synthetic organisms that keep all the complex-
ity and unpredictability inherent to life but to control these artificial life forms by 
efficiently preventing any genetic interaction with natural cells. Essentially, these 
cells are in total genetic isolation from extant species for an indefinite duration. 
Thereby unanticipated forms of life could emerge from evolving populations with 
non-canonical xeno-proteins and nucleic acids making plausible the advent of a 
parallel xeno-biological world (Schmidt 2010; Budisa 2014).

Orthogonal artificial living beings are thus separated from nature by a genetic 
fence or “firewall”. Although this approach might be theoretically tight it leaves 
many observers with the same feeling as if wild animals are watched in a zoo 
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behind a glass window or a moat: “What happens, if…?” Again we are left with 
a sense of uncertainty although we cannot explain by which means the fail-safe 
system might nevertheless flop, at least with respect to genetic exchange between 
xeno-organisms and natural organisms. Even if orthogonalization precludes any 
unwanted spreading of genetic information into the environment one has still to 
consider both the ecological impact at the level of competition for nutrients and 
toxicological aspects of the xeno-material used to construct these cells. Not only 
is the genetic material incompatible with that of natural biological systems, xeno-
biological organisms differ also in their metabolism. The release of e.g. xeno-DNA 
(XNA) into the environment may have a yet unknown impact on the ecosystem. 
Many of these molecules are chemical compounds that are new-to-nature and thus 
may possibly accumulate in the environment. It is known that xenobases such as 
chloruracil are stable during autoclave sterilization (Patra et al. 2013). There exists 
no established legal regime for these alien compounds since REACH is not appli-
cable for such small quantities. Furthermore, large-scale propagation of orthogonal 
cells or introduction of unnatural chemical compounds into living systems requires 
the development of appropriate detection methods for these cells and compounds 
in environmental settings. In addition, traditional methods like DNA-amplification 
by PCR that are extremely sensitive with naturally occurring DNA may not work 
to detect xeno-DNA and/or xenobiological cells in the environment.

3.4.2 � Sense Codon Reassignment in the Genetic Code  
and Its Possible Consequences

Some of these problems might not apply to organisms in which reassignment of 
one or several codons of the genetic code serves as strategy for orthogonalization. 
Some radically new technologies and materials in future will be generated by non-
canonical amino acids (ncAAs)12 or their precursors that are expected to be the 
key xenobiotic building blocks (Bohlke and Budisa 2014; Liu and Schultz 2010). 
Via newly designed biosynthetic pathways, the cellular metabolism will be redi-
rected to produce ncAAs. Combined with novel orthogonal pairs (o-pairs) of 
tRNA and aminoacyl-tRNA synthetase, peptides and proteins will be endowed 
with these artificial chemical handles—expanding the genetic code and introduc-
ing xenobiotics into the chemistry of life. Thereby, it is not difficult to anticipate 
the power of orthogonalization to engineer complex biological systems in order to 
(a) provide solutions of industrially relevant bio-production problems, such as 
peptide and protein production beyond the canonical set of natural molecules;  
(b) to expand the arsenal of chemistries available for living cells (Budisa 2014).

This is indeed plausible, since it is now well established that between 30 and 40 
sense codons in the genetic code are adequate to encode the genetic information of 

12Noncanonical amino acids, are amino acids that do not occur in the genetic code.
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an organism (O’Donoghue et al. 2013), a large number of sense codons (>20) may 
be available for recoding with ncAAs. Current genetic code expansion approaches 
(e.g. Chin 2014), programmed to reassign UAG or UGA stop codons, are geared 
to produce new proteins or biomaterials containing one or multiple ncAAs with 
fluorescent or chemically reactive groups for a host of in vivo or in vitro appli-
cations. However, proteome-wide replacements of amino acids by sense codon 
reassignments are not practical by this route as recently demonstrated by long-
term E. coli evolution experiment that resulted in an organism in which all 20,899 
UGG codons were ‘recoded’ by substituting the supply of the original tryptophan 
with thienopyrrolyl-alanine (Hoesl et al. 2015). This example of a proteome-wide 
amino acid replacement represents a significant ‘genetic code expansion’ and a 
real step towards a synthetic organism. Ultimately, the progressive reprogramming 
of existing biological functions will lead to artificial life ideally so isolated from 
natural life that surviving outside the laboratory is not possible.

The strategy of codon reassignment differs with respect to orthogonalization, 
from the earlier described case of xenobases (see Sect. 3.4.1). In the case of codon 
reassignment the natural chemical makeup of cellular and genetic metabolism is 
maintained. Physical exchange of genetic material (DNA) between these cells and 
their natural counterparts might still occur. The alternative genetic code, however, 
prevents any useful exchange of genetic information since the incoming DNA will 
be translated into a completely different protein. In this scenario the genetic fire-
wall relies on semantic differences rather than on grammatical ones.

3.4.2.1 � Natural Background

It is generally accepted that the genetic code has developed from earlier life forms 
with fewer amino acids. Its current structure is considered to be evolved from a 
‘frozen accident’ during early development of complex life on Earth (Gusev and 
Schulze-Makuch 2004; Sella and Ardell 2006). Thus, the genetic code is the oldest 
molecular fossil descending directly from the last-common ancestor—a grantee of 
the biochemical uniformity in all living organisms. At the time of its deciphering, 
the genetic code was suggested to be universal in all organisms. Crick proposed a 
first theory on its evolution saying that the genetic code was a result of a “frozen 
accident” unable to evolve further, since “no new amino acid could be introduced 
without disrupting too many proteins” (Crick 1968; Söll and RajBhandary 2006).

However, the theory of a frozen universal genetic code was disproved by 
genetic code variations found in vertebrate mitochondria, where AUA encodes 
Met instead of Ile and UGA encodes Trp instead of being a translational termina-
tion signal (reviewed in: Budisa 2005). Today, around 20 variations of the standard 
genetic code are known, not only in organelles but also in free-living microbes 
(O’Donoghue et al. 2013).

Changes in codon meaning can be classified into two general categories: the 
first of such variations includes the naturally occurring reassignment of standard 
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stop codons (UGA, UAA and UAG) to Trp or Gln found in some prokaryotes and 
archaea, but also in mitochondrial genomes and even in nuclear genes of some 
protozoa (e.g. Tetrahymena and Paramecium). The second category includes 
altered meanings in mitochondrial sense codons such as Met → Ile; Lys → Asn; 
Arg →  Ser and Leu → Thr. The only documented case of natural sense codon 
reassignment among nuclear genes is the incorporation of serine instead of leu-
cine at CUG codons in the Candida, Debaryomyces, and Lodderomyces genera 
(CTG clade) of ascomycetous fungi (Butler et  al. 2009). However, it should be 
kept in mind that these reassignments do not affect the standard (canonical) amino 
acid repertoire. For that reason, Bohlke and Budisa reasoned such reassignments 
might be seen as flexibility in the “frozen” structure of the genetic code as no 
known examples for codon reassignment introduce a non-canonical amino acid in 
response to a sense codon (Bohlke and Budisa 2014).

3.4.2.2 � Adaptive Features

From the experimentalist’s point of view, the departures in codon reassignment 
although described as “evidences” for the ‘continuous’ evolution of the genetic 
code, are in fact functional adaptations. For example, the well-documented (CUG) 
Leu → Ser reassignment in some genes of C. cylindrica is a useful adaptation to 
stress response (Santos et  al. 2004). In particular, the CUG: Leu →  Ser change 
would be expected to exert a strong negative impact on the organism’s fitness. 
The reassignment of CUG in phylogenetically related Saccharomyces cerevisiae 
by introduction of tRNACAG gene from C. cylindrica yielded in yeast strain with 
harmed viability due to the production of aberrant proteins. However, in C. cylin-
drica this reassignment is ‘reserved’ only for a tiny portion of genes involved in 
stress response and pathogenicity; the CUG triplet does not appear in most of the 
cellular mRNA.

3.4.2.3 � Technological Risk and Benefits

Experimental attempts to develop heterologous expression systems with an 
extended amino acid repertoire change at the level of single target proteins were 
successful in the last decades (Liu and Schultz 2010). These experiments should 
enable the rebuilding of the code structure based on a different set of chemicals as 
the current one and will yield tailor-made proteins and designer cells with novel 
teleonomic determinants; these can bring about new technological promises: envi-
ronmental-friendly biotechnologies, novel tools in diagnostics as well as in fight-
ing infection diseases, to mention but a few. However, such developments also 
might bring about potential risks as well. For example, it is conceivable to gener-
ate lethal viral/bacterial/fungal strains with their ‘own’ genetic codes resistant to 
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all known defense repertoires. In addition it might be capable to introduce lethal 
sense-to-sense or sense-to-nonsense codon reassignments into their hosts and 
subsequently seriously harm or even kill them either in selective or non-selective 
manner. In nature such detrimental codon reassignment (see above) is already well 
documented at least in one case.

3.4.3 � The Innocence of Protocells

In general, the protocell approach appears to be the least risky one. This is mainly 
due to the inherent simplicity of protocells that are being generated. Although 
nature has been quite successful in evolving living systems of unanticipated 
complexity “from the scratch”, this process has taken some time (at least 3 bil-
lion years) and started under completely different environmental conditions. The 
pristine soup contained many energy-rich compounds in a highly reducing atmos-
phere. If released into the current environment, protocells would have to compete 
with billions of perfectly adapted microorganisms. Therefore, survival of pro-
tocells is conceivable only in completely controlled environments. Escape from 
these closed compartments might be imaginable but it is hard to believe that such 
cells have the tiniest chance to compete with the omnipresent and well-adapted 
natural organisms. It may be thus no wonder that ethical considerations regarding 
protocells so far rather deal with the “ethics of protocells” asking the questions 
whether these organisms are already alive or not and whether they contribute to 
biodiversity thus have to be protected.

3.5 � Summary and Outlook

This chapter aims to offer some tools to the discussion on possible risks that might 
be elicited by synthetic biology, by describing areas of misunderstandings, con-
nected to the label and scope of synthetic biology and the novelty and continuity 
argument. With the focus on specific features of synthetic biology that are rele-
vant to the risk discussion, some areas of discourse on suitable risks assessment 
methodology might be facilitated. However this will only cover the strand of pri-
mary risk assessment. Secondary effects of synthetic biology applications such as 
socioeconomically effects, as for example the impact to small-scale farming, will 
clearly add up to the already complex situation in synthetic biology risk assess-
ment. Here, it becomes even more important to approach these challenges in a 
multi-disciplinary way—and also in line with the precautionary principle
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Abstract  In this chapter I analyze the research program of synthetic biology from 
a conceptual point of view. With this aim, I first highlight four episodes in the 
history of artificial life research. To give a more abstract characterization of the 
synthetic aspects of artificial life, I further propose to differentiate between eight 
categories of artificiality arranged in two broad groups, the first starting from liv-
ing and the second from non-living precursors. I then discuss artificial systems as 
models for living systems in general, by pointing out the conceptual affinities in 
our description of organisms and machines as two types of functional systems that 
are clearly separated from inorganic bodies. However, despite the fact that living 
beings are considered as a separate and distinct class, the concept of life is very 
ambiguous. This is illustrated by giving a list of ontological categories to which 
the referent of “life” may belong. In conclusion, I discuss whether artificially 
designed systems can be instantiations of life at all and I point to the influence the 
potential success of synthetic biology may have on our concept of life by strength-
ening its individualistic aspects and neglecting, or, for reasons of safety and sus-
tainable use, even intentionally suppressing its evolutionary side. At any rate, the 
success of synthetic biology will remove one central unifying link of all forms of 
life on earth at the moment, common descent.

“Life” is a common term in our everyday language which is used both for the des-
ignation of our own being in the world and for the description of other beings in 
nature. Because of its status as an important reflexive term it has value-laden con-
notations but, at the same time, it serves as a merely descriptive concept within 
natural science. One common aspect of the two meanings, the reflexive and the 
descriptive, is the opaque character and self-referential structure of those entities 
considered as “living”. Due to these attributes, living beings are often conceptu-
alized in contrast to completely understood systems with an entirely predictable 
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behaviour. As many man-made machines are of this type, the opposition of “living 
beings” and machines has emerged. This distinction can best be made clear in tele-
ological terms: whereas machines serve external functions for the use of humans, 
living beings are characterized by an internal teleology, because all their activi-
ties are aimed at their own preservation and propagation. This idea leads back to 
Kant’s concept of organisms as “natural purposes” or “self-organizing beings” 
in nature, and to Goethe, who imagined “the closed animal as a little world that 
exists for itself and through itself” such that every living being is a “purpose for 
itself” (Goethe 1795, p. 125). In the nineteenth century these ideas were taken up 
by many authors, for example by Hegel, who described a living being as a “total-
ity” which is not determined and alterable from outside, but which forms itself 
from within such that it is related to itself as a subjective unity and purpose for 
itself (Hegel 1829, p. 165).

With these ideas of living beings as essentially self-organizing and self-deter-
mining entities in mind, it seems to be a contradiction in terms to think of artifi-
cially designed living beings. It is part of our traditional concept of life that living 
beings are causally autonomous and functionally closed: they are produced by 
other systems of their kind and all their activities are directed towards their own 
maintenance, which may mean self-maintenance as an individual organized being 
or maintenance of their kind by reproduction. In this double respect an artefact 
could never be said to be alive, because (1) it is not produced as a result of a self-
referential dynamic but as the intentional product of a producer that is of a dif-
ferent type than that which he produced, and (2) it is designed (as a technical 
product) for other purposes than its mere maintenance (for example, for producing 
food or medicine for human purposes). Above all, “life” is a term that we use for 
describing our own existence, which appears to us as not fully controllable and 
projectable. A strong intuition contradicts the conception of a living being which 
was made for predictable purposes other than its maintenance. Or, as Paul Valéry 
has put it, if life had a goal, it would no longer be life (“Si la vie avait un but, elle 
ne serait plus la vie”; 1910, p. 57). With this conceptual tradition of “life” in mind, 
synthetic biology could be conceived of as a necessarily failing, tragic approach 
for purely conceptual reasons: because of its property of being made for some pur-
pose external to it (even if this is only to imitate natural living beings), any organ-
ism intentionally made by humans could never be a living being.

But it seems too easy to accept purely conceptual reasons for the impossibil-
ity of synthetic biology. Humans have always used and manipulated other living 
beings for their purposes—and this use has not prevented the ascription of “life” to 
these creatures. At the moment, synthetic biology obviously is a flourishing field 
of empirical investigations which may help to better understand the organization 
of living beings in nature. Therefore, it might be a more modest and appropriate 
task for philosophers to remind practitioners in the field of the history of their 
activity and its conceptual consequences. This seems to be necessary, as it is part 
of the rhetorical strategies of cutting-edge scientists to neglect their forerunners 
and to stress the revolutionary impetus of their research by looking forwards and 
not backwards. Philosophers can remind the scientific protagonists that there were 
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forerunners in their field who faced similar conceptual difficulties. With these 
experiences in mind they can help to clarify the concepts and theories in use.

The first things to make clear are the semantic complexities of “life” and the 
non-scientific, cultural dimensions of the concept.

Understanding living beings as self-referential entities has resulted in a rich 
tradition which asserts that “life” is an essentially inexplicable phenomenon for 
which our concepts will never suffice. This claim has been made by many of the 
prominent thinkers about the concept of life, for example Wilhelm Dilthey, Henri 
Bergson, Ernst Cassirer, Adolf Portmann, and Erwin Chargaff (Toepfer 2011; tab. 
166). This tradition continues into the present, for example in those authors who 
claim that “life” is a phenomenon that cannot be grasped by an external perspec-
tive, but can only be understood from within, from the perspective of each singular 
living being itself (Brenner 2012, p. 107). Following this line of reasoning, it is for 
conceptual reasons that “life” will never be completely understood; epistemologi-
cal opacity will remain part of the semantics of the term.

It is very improbable that the rapid progress in biology, especially synthetic 
biology, will change this semantic situation such that “life” will gradually lose its 
aspect of inexplicability. This is because “life” is only to a small degree a scientific 
concept. It is a multifarious term that takes a central position in diverse cultural 
contexts and is described and explained by many different fields (Deplazes-Zemp 
2012, p. 758). It is a concept with great symbolic power to which many societal 
concerns are attached. This is also the reason why “life” is one of the most potent 
terms of propaganda within science. In part, it is exactly the aura of mystery and 
inexplicability surrounding the term which makes it so attractive. Possibly, this 
attraction will be diminished to the degree that the program of biology is success-
ful in explaining and, especially, making life.

But, certainly, this scientific progress will not destroy the holistic and normative 
dimensions of the term. With regard to science, synthetic biology may “bring to an 
end a debate about the nature of life that has lasted thousands of years” (Caplan 
2010, p. 423). However, this scientific development touches only upon parts of the 
whole concept. For the entire concept and its public understanding, the main result 
of synthetic biology will probably be the introduction of “a new dimension of 
weirdness” (Rheinberger and Bredekamp 2012). This is because the public usage 
of “life” as the central integrating term of our existence will surely be somehow 
disturbed by the fact that scientists claim to be able to make “life”. Nevertheless, 
our conception of “life” in its everyday biographical sense need not be seriously 
altered by this progress within science.

The new dimension of weirdness released by synthetic biology has much 
to do with the normative dimensions of the notion. “Life” in its public under-
standing is something intrinsically valuable or even sacred—“sanctity of life” 
is an idiomatic expression, not only in religious contexts. With this understand-
ing in mind, life is seen as something which is in need of care and must not be 
manipulated. Therefore, some may fear that treating living beings as entities that 
can be replaced and constructed anew could imply a loss of care and responsi-
bility towards naturally living beings and life per se. Scientific methodological 
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reductionism, in explaining the phenomenon, may also be accompanied by onto-
logical reductionism, for example in an extreme form, in denying the relevance of 
the vital phenomena that are central to the common usage of the term (Boldt et al. 
2009, p. 50).

The amount of impact of the scientific demystification of “life” on the everyday 
use of the term remains a question to be answered in the future. At the moment, it 
seems most probable that the mechanistic understanding of “life” within science 
will, step-by-step, simply lose the biographical, normative and holistic dimensions 
of the concept that are central to its everyday usage.

In the following, I shall discuss traditional approaches to the definition of 
life and their application in artificial life research. I shall not go into ethical or 
practical issues but focus on theoretical problems. Already at this level there are 
many ambiguities in the project of “creating life”. To start with, the very notion 
of “creating life” is, without further clarification, not an operational term because 
it depends on various metaphysical interpretations (Schummer 2011, p. 133). 
There is neither consensus on how to define “life” nor what to accept as a genu-
ine “creation”. With respect to life, the question whether having a metabolism is 
sufficient or reproduction necessary for a system to be alive, is a much debated 
one. With respect to creation, it is uncertain where to draw a line between breeding 
or genetic manipulation and genuine “creation”. “Life” and “creation” are basic 
and general concepts that are not suitable for establishing clear-cut and universally 
accepted differentiations.

This chapter has five parts: the first gives an historical introduction by high-
lighting four episodes in the history of artificial life research, the second is about 
modes of artificiality in artificial life research, the third discusses artificial systems 
as models for living systems in general, the fourth covers modes of vitality in the 
artificial life research, and the last discusses whether artificially designed systems 
can be instantiations of life.

4.1 � Four Episodes in the History of Artificial Life Research

There are four historical episodes in the development of the concept of artificial 
life that I should like to discuss here. The first of them is prehistoric, the second 
takes place in early modern times, the third at the beginning and the fourth at the 
end of the 20th century.

Human Life as Artificial Life

According to a once common definition, artificial life is the life of human beings. 
The very term “artificial life” first appeared in this context. It was used by Peter 
Damian, a reforming monk of the 11th century, to designate the life of man in 
an urban environment in contrast to rural life (“vita artificiosa satis et lepida”; 
Damiani, Epistula 44, p. 68). At the end of the 18th century, Christoph Wilhelm 
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Hufeland, the famous physician, wrote: “Our artificial diet is made necessary by 
the fact of our artificial life” (1796/1798, p. 313). In the 19th century it was com-
mon practice to contrast the artificial life of civilized man with the “savage life” 
of primitive people (Anonymous 1868, p. 137). “The artificial life of civilization” 
became a well-established figure of speech (Anonymous 1870, p. 147).

In the context of philosophical anthropology of the first half of the 20th cen-
tury, it is not only civilized man but man himself that is characterized by artificial-
ity. In his famous book of 1928, Helmuth Plessner coined the expression “natural 
artificiality” for the position of man at the top of the organic world (Plessner 1928, 
p. 309). Seen from this perspective, the first artificial life on earth would be the 
first human beings. On the one hand, they were products of natural evolution but 
on the other hand, they initiated the process of cultural evolution which produced 
deterministic forces that were, to some extent, antagonistic to natural evolution 
and, therefore, established a self-referential framework for the development of 
human culture.

Now, however, we would expect an artificial living being to be intention-
ally designed, and not to be a link in the chain of living beings in the process of 
evolution. Artificial living beings are not elements in the continuous transforma-
tion of living beings that take place in evolution; in contrast they are intentionally 
designed art works.

Automata Imitating Life Functions

Perhaps, therefore the first artificial life on earth is the first figurative art work. 
As far as is currently known this is the Venus of Hohle Fels, an Upper Paleolithic 
Venus figurine found in 2008 in Schelklingen, Swabia, Germany. It is dated to 
between 35,000 and 40,000  years ago and is the oldest undisputed example of 
Upper Paleolithic art and of all figurative prehistoric art (Conard 2009).

However, the ascription of artificial life to this material entity is problematic 
as, obviously, it is an inanimate body. Despite its inanimate nature, this piece of 
matter has some aspects of a living body, namely its form or shape that resembles 
living beings.

The point I want to make with this example is simply that every entity that is 
considered as an embodiment of artificial life bears no more than a few attributes 
of nonartificial life. Living entities that resemble, in all their aspects, natural living 
beings are natural living beings. In this example, it is only the external shape that 
is similar to natural living beings. This is particularly unsatisfying, because one of 
the most fundamental aspects of living beings is that they are, first of all, dynamic 
systems. They consist of parts that interact with each other and they exchange mat-
ter and energy with their environment in order to maintain their instable material 
organization. Therefore, it seems to be more attractive to view artificial machines 
as models, or even as embodiments, of natural living beings.

Mechanical or hydraulic devices that imitate living functions have been man-
ufactured since antiquity. They were described, for example, in Homer’s “Iliad”. 
But the most influential book was the “Pneumatics” of Heron of Alexandria from 
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the first century AD, which was used for constructing machines until early modern 
times. One of the most famous artificial living beings was the mechanical duck of 
Jacques de Vaucanson, which he constructed in 1738 (Vaucanson 1738; Chapuis 
and Droz 1958; Heckmann 1982).

Despite being made of copper plates, it was destroyed in a fire at the museum 
of Nizhny Novgorod in 1879. The duck was said to be able to swim in water, 
to move its wings in a duck-like manner, to utter duck-like sounds, and, most 
famously, to eat kernels of grain and to digest and excrete them. But, as a contem-
porary critic commented, the duck did not really have this ability, as the ingested 
food did not continue down the neck and into the stomach but rather stayed at the 
base of the mouth tube (Nicolai 1783, p. 290; Riskin 2003). The excretion pro-
cess therefore was chemically unrelated to the ingested food. Nevertheless, there 
remain some similarities between this mechanical duck and living creatures, espe-
cially with regard to body movements.

Starting with René Descartes’ mechanical understanding of life phenomena in the 
first half of the 17th century, the description and analysis of living beings in terms of 
mechanical devices was well established. In this context, the expression “artificial life” 
was introduced, e.g. by Thomas Hobbes in the introduction to his book “Leviathan” 
which first appeared in 1651. There he posed the following question:

why may we not say, that all automata (engines that move themselves by springs and 
wheels as doth a watch) have an artificial life? For what is the heart, but a spring; and 
the nerves, but so many strings; and the joints, but so many wheels, giving motion to the 
whole body, such as was intended by the artificer (Hobbes 1651, p. ix).

However, obviously there are things these mechanical automata are unable to do: 
they do not build their own body and they do not reproduce. They are allopoietic 
instead of autopoietic; they depend on an external designer and constructor.

These shortcomings are crucial, of course, and as a result there were many 
attempts, for example by Immanuel Kant at the end of the 18th century, to specify 
the fundamental characteristics of living beings in contrast to automata, even if the 
latter show some life-like properties.

Inorganic Chemical Processes Induced in the Laboratory as Artificial Life
In the 19th century, progress in the physiological and chemical understanding of 
the phenomena of life resulted in new approaches in artificial-life research. For 
some leading scientists a complete understanding of life seemed to be possible 
in the near future. Famously, Emil DuBois-Reymond claimed, in 1872, that con-
sciousness was too complex a problem for the human mind to solve, it belonged to 
the category of ignorabimus: we will never know. In contrast, life was, according 
to DuBois-Reymond, something not yet understood but in principle understand-
able: ignoramus, not ignorabimus (1872, p. 64–5).

Some decades later, physiologist Jacques Loeb declared that it would be possible 
not only to understand but to create life. In a letter to Ernst Mach in 1890 he wrote:

The idea is now hovering before me that man himself can act as a creator, even in living 
nature, forming it eventually according to his will. Man can at least succeed in a technol-
ogy of living substance (acc. to Pauly 1987, p. 51).
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Loeb admitted that contemporary artificial machines were fundamentally distinct 
from living systems, but since he viewed living organisms as nothing but “chemi-
cal machines”, he maintained that there is nothing that impedes “the artificial 
construction of living machines” (Loeb 1906, p. 1). With this claim the era of syn-
thetic biology began, at least in its programmatic phase.

The very term “synthetic biology” is usually attributed to Stéphane Leduc, a 
French biologist. But in fact the expression already appeared in the middle of the 
19th century. Hugh Doherty brought it into use in 1864, in the sense of “unified” 
or “systematic biology” (Doherty 1864, p. iv). Benjamin Franklin, the Christian 
writer who was the Rector of Christ Church in Shrewsbury, New Jersey, USA, 
used it in a similar sense in 1881 (p. 19).

But the first to use the expression in its modern sense seems to be Stéphane 
Leduc, in a short paper about the laws of biogenesis which appeared in 1906. He 
claimed that time was ripe for the new science of synthetic biology: “Nos res-
sources scientifiques sont actuellement suffisantes pour nous permettre, à côté 
de la biologie analytique, d’élever la biologie synthétique” (Leduc 1906, p. 268). 
Nevertheless, two years later, Leduc warned that not too much should be expected, 
because every science proceeds stepwise, by progressive evolution (Leduc 1908, 
p. 280). Synthetic biology, therefore, could not start by the construction of living 
beings which are in every respect similar to existing creatures. The systems Leduc 
discussed in his synthetic biology are simply products of inorganic chemical pro-
cesses, for example crystal growth, mineral formation or osmotic effects in colloi-
dal mixtures of salts.

Notwithstanding their simplicity these systems have, according to Leduc, 
something in common with living systems. They are intermediate products 
between the mineral and the living worlds: “des productions intermédiaires entre 
le règne mineral et les êtres vivants” (Leduc 1910, p. 135). Because of their inter-
mediate position, these systems may help to overcome the isolated position of 
the life sciences that Leduc complained about. In fact, Leduc called biology part 
of the physico-chemistry of liquids (ibid., p. 6), but he did not really claim that 
his osmotic systems were living; they only resemble living beings. These resem-
blances are, according to Leduc, multiple:

(1) They have an “evolutionary existence” because they constantly change their 
shape; (2) they nourish themselves by a selective intake of substances from their 
environment; (3) they metabolize their food by changing their chemical constitu-
tion and expelling waste products; (4) they grow and develop and produce forms 
similar to those of real plants and fungi; and finally (5) they even have sensory 
capacities insofar as they react to disturbances from the environment. In principle, 
therefore, Leduc concludes, there is not a single attribute exclusive to living beings:

ni l’évolution, ni la nutrition, ni la sensibilité, ni la croissance et l’organisation, ni même 
la reproduction n’appartiennent exclusivement à la vie de façon à pouvoir la caractériser 
(ibid. p. 5).

It was not Leduc’s primary aim to create synthetic life but to understand existent life 
forms by producing artificial life-like forms within physico-chemical systems: “C’est 
la méthode synthétique, la reproduction par les forces physiques des phénomènes 
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biologiques, qui doit contribuer le plus à nous donner la compréhension de la vie” 
(Leduc 1912, p. 12; cf. Campos 2009, p. 8). This means that the synthetic method 
can be applied to provide a better understanding of natural living beings.

Artificial Life as Viewed from Computer Algorithms

In this aim Leduc’s project was radically distinct from the last approach to artificial 
life which I shall discuss here: artificial life as viewed from computer algorithms. 
In a well known, manifesto-like statement Christopher Langton wrote in 1989:

Artificial Life is the study of man-made systems that exhibit behaviors characteristic of 
natural living systems. It complements the traditional biological sciences concerned with 
the analysis of living organisms by attempting to synthesize life-like behaviors within 
computers or other artificial media. By extending the empirical foundation upon which 
biology rests beyond the carbon-chain life that has evolved on Earth, Artificial Life can 
contribute to the theoretical biology by locating life-as-we-know-it within the larger con-
text of life-as-it-could-be (Langton 1989, p. 1)

This is a purely functional approach to the definition of life. As Langton explic-
itly states, he views “life as a property of the organization of matter, rather than a 
property of the matter which is so organized” (ibid., p. 2). With this functionalism 
in mind, it is the aim of Langton’s approach not only to simulate, but to create life 
in the computer, or, as he put it in 1987: “We would like to build models that are 
so life-like that they cease to be models of life and become examples of life them-
selves” (Langton 1987, p. 147).

The life-likeness of computer-based entities consists of capacities, “manifest 
functions” as Langton calls them (Langton 2000), that are similar to the capaci-
ties of living beings. These are, for example, movement, growth, and evolution. 
One famous example is the glider in the “Game of Life”, developed by the British 
mathematician John Conway (cf. Gardner 1970, p. 123).

Following simple algorithmic rules this configuration of dots, a cellular autom-
aton, can move across a computer screen. Thus, it has the life-like property of 
self-movement. In subsequent efforts, there were whole ecosystems created in 
computer worlds with much interaction between the entities. The interaction was 
interpreted as competition, symbiosis, social learning, social strategies, and so on, 
in biological terminology developed for the description of the interaction between 
natural organisms.

There were many discussions about whether cellular automata are mere simula-
tions or realizations of living entities. Conway, at least, was convinced that these 
structures were really living, as he said: “On a large enough scale you would really 
see living configurations. Genuinely living, whatever reasonable definition you 
care to give to it. Evolving, reproducing, squabbling over territory. Getting clev-
erer and cleverer” (acc. to Levy 1992, p. 58).

But, of course, there are many people who have trouble ascribing life to entities 
consisting of computer software. Elliot Sober argues that software entities do not 
live because they do not metabolize in the proper sense of the word: they do not 
ingest matter and assimilate it into their body (Sober 1992, p. 374–5). On the other 
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hand, others think the concept of metabolism could be modified in order to make it 
appropriate for software entities (cf. Lange 1996, p. 230).

One important point, that seems to be different in artificial life on the computer 
and natural life in our world, is the embodiment of structures. The metabolism of 
natural living systems results in the production of an individual body, which is a 
structurally coherent and functionally integrated material system. The body is con-
structed and maintained by selective assimilation of substances from the environ-
ment and it functions as a distinct, autonomous, that is internally produced as a 
level of causation, operating in addition to general physical laws and the boundary 
conditions generated by external agents like the software engineer.

I will not go into the details of these discussions here. The main point I want 
to make is that in this context, again, there surely are certain aspects of living 
beings that can be found in artificial life on the computer. Whether these structures 
merely represent or realize life remains a matter of judgment.

In summarizing these four approaches to artificial life–human art works that 
resemble living organisms, automata, osmotic chemical reactions, and computer 
algorithms–it is obvious that all of them have something in common with natural 
life. Nevertheless, I think everyone would hesitate to call them living.

4.2 � Modes of Artificiality in Artificial Life Research

To give a more abstract characterization of the synthetic aspects of artificial life, 
I propose to differentiate between eight categories of artificiality, arranged in two 
broad groups, of which the first starts from living and the second from non-living 
precursors:

Eight Categories of Artificiality in Artificial Life Research

Starting from living precursors:

1.	 Human beings: Organisms with the capacity to establish a system of autono-
mous rules for the determination of actions that reach beyond the natural tel-
eology of self-preservation and reproduction, for example the human being that 
made the Venus of Hohle Fels some 40,000 years ago.

2.	 Artificially selected organisms: Organisms in which certain traits are present 
because they were selected during the process of breeding.

3.	 Genetically manipulated organisms: Organisms with genetic material from 
other organisms (of different species) that was intentionally inserted.

4.	 Organisms with artificially designed parts: Organisms built on the basis of nat-
urally occurring living precursors to which intentionally designed parts have 
been added, especially in order to prevent genetic interaction with natural 
organisms, for example the organisms in the xeno-layer of synthetic biology, 
which are cells with a chemically synthesized genome on a different basis than 
DNA (XNA).
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Starting from non-living precursors:

5.	 Artefacts with formal resemblance to living organisms: Art works such as the 
Venus of Hohle Fels.

6.	 Dynamic systems with capacities of living organisms: Designed systems 
with some capacities typical of living beings, such as movement, metabo-
lism, growth, or reproduction, for example 18th century automata or Leduc’s 
osmotic vegetations.

7.	 Synthetic organisms: Intentionally constructed organized systems that have 
many capacities typical of living beings and which are constructed out of non-
living matter. The protocell layer of synthetic biology belongs here.

8.	 Nature identical synthetic organisms: Intentionally constructed organisms 
that are identical, with respect to their structure and functioning, to organisms 
occurring in nature. Some of the future products of engineering biology would 
belong in this category.

In this classification, “artificiality” is a complex concept with a catalog of quite 
different meanings. The same is true, certainly, of “life”, the second component 
of “artificial life”, to which I shall turn later. This is, at least, one common ground 
for the two concepts: “artificiality” and “life” are both heterogeneous notions. But 
there are other similarities as well, which I shall address now.

4.3 � Artificial Systems as Models for Living Systems

Since late antiquity, automata have been described by some authors as if they 
were living beings. In the fourth century AD Gregory of Nyssa gave an account 
of mechanical toys exhibiting phenomena typical of living beings, for example 
certain forms, movements, and sounds. He explains them by reference to a mov-
ing power (κινετικὴ δύναμις; Gregory of Nyssa, De anima et resurrectione, 
33D1–36A15; Meissner 1990, p. 232–3), which was the result of a mechanism put 
into the system by the designer. Gregory explicitly states that, in these systems, the 
mechanism (τέχνη) replaces the soul as the moving and organizing principle of 
these systems (Gregory of Nyssa, De anima et resurrectione, 36B5–15).

In the 17th century, the mechanical artefact, the machine, was established as 
a prominent model for understanding and explaining living beings. In this pro-
cess, living beings changed into organisms insofar as the concept of organiza-
tion displaced the ancient principle of life, which is the soul. Hence, the machine 
was conceptually not opposed to the living being, but served as a means for the 
understanding of its working order. This is especially obvious in Kenelm Digby’s 
comparison of “living creatures” and mechanical “engines”. According to Digby, 
living creatures and engines are both heterogeneous systems consisting of different 
parts that are harmoniously arranged. The common organizing principle of living 
beings and mechanical artefacts is interdependence of parts:
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the one [part] not being able to subsist without the other, from whom he deriveth what 
is needefull for him; and again being so usefull unto that other and having its action and 
motion so fitting and necessary for it, as without it that other can not be (Digby 1644,  
p. 205; cf. Cheung 2008, p. 25).

The immediate stimulus for Digby’s comparison of machines and living beings 
was an engine for producing coins which he saw during a trip to Spain. In this 
machine the end product was achieved by the organized interaction of the parts; 
the same was true in the body of an animal, as Digby argued:

every one [part], requireth to be directed and putt on in its motion by an other; and they 
must all of them (though of very different natures and kinds of motion) conspire together 
to effect any thing that may be, for the use and service of the whole (Digby 1644, p. 208; 
cf. Blank 2010, p. 127ff.).

It is the comparison with man-made machines that allowed Digby to describe 
living creatures as harmonious systems of parts that interact, or “conspire” as 
he wrote, with respect to one common goal and without postulating a center of 
regulation.

In the 18th and 19th century the machine became a well-established model for 
the explanation of organisms. Famously, Immanuel Kant analyzed organisms in 
an analogy with man-made machines. He argued that our idea of the unity of the 
organism has to judge it as if it were the result of the operation of an intelligent 
designer.

Following Michael Polanyi’s analysis in 1968, machines and organisms are 
both “irreducible structures” because their working order cannot be reduced to 
general physical laws, as it depends on the special boundary conditions which are 
imposed by the very structure of the system (Polanyi 1968, p. 1309–10). Machines 
and organisms are under “dual control”, as Polanyi put it; they are controlled, 
as every system is, by the laws of physics and chemistry, and at the same time 
by their own organization which creates the boundary conditions for these laws 
and which constrains the dynamic processes constituting their identity (Moreno 
and Umerez 2000, p. 107). Hence, in machines and organisms we have a kind of 
downward causation, or at least downward control of the activities of the parts 
by the structure of the whole system. For this reason, machines and organisms 
together form a class of organized systems that is clearly separated from the inor-
ganic bodies of nature. Or, as Hannah Ginsborg put it, organisms are mechanically 
inexplicable simply because of their machine-nature:

organisms are mechanically inexplicable, not in virtue of what distinguishes them from 
machines, but rather in virtue of what they have in common with machines […]: they pos-
sess a regular structure, and display regularities in functioning, which cannot be accounted 
for in terms of the basic physical and chemical powers of matter alone (Ginsborg 2006,  
p. 462).

The reason why I discuss this conceptual vicinity of machines and organisms here 
is that it makes talk of “artificial” or “synthetic life” very plausible. Although liv-
ing organisms are natural and machines are artificial there is, nevertheless, a struc-
tural congruence in both that has been highlighted for centuries. It is part of our 
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traditional understanding of the concept of life that it designates systems that are 
structurally similar to man-made machines. This similarity refers, first of all, to the 
internal and external teleology of machines and organisms: both consist of func-
tional parts and are useful for external purposes. Besides that, machines and liv-
ing beings can be characterized on an organizational level by similar engineering 
principles, like standardization and modularization of their components. Synthetic 
biology, especially in its engineering layer, emphasizes this parallel. The concep-
tual affinities between the terms “living organism” and “machine” are so close that 
even the group of scientists that established autopoiesis as the most distinctive 
property of living beings in contrast to non-living things, used “living machine” 
as their standard, technical term to designate organisms (“máquinas vivientes”; 
Maturana and Varela 1972, p. 17).

Despite these conceptual affinities between living organisms and machines, 
synthetic biology faces a fundamental dilemma on the basis of the traditional 
understanding of “machine”: synthetic biologists want their products to be sta-
ble and predictable in their behaviour, yet the essence of living beings is constant 
change and plasticity (Schark 2012, p. 32). To resolve this dilemma, the living 
machines of synthetic biology may themselves become plastic and autonomous, 
at least to a certain degree. By this development, synthetic biology will not only 
change our view of the phenomenon of life but also our concept of machines: with 
their status of living beings, the products of synthetic biology will have an auton-
omy and a value of their own which exists alongside our instrumental interests that 
we have by using them. Linked to this, the artificial living beings will have inter-
ests of their own which may demand that we have duties towards them. In conclu-
sion, with the creation of living machines synthetic biology will not necessarily 
strengthen our purely mechanistic view of life but rather broaden our concept of 
machines.

4.4 � Modes of Vitality in Artificial Life Research

One of the most characteristic features of biology is that some of its central con-
cepts have a very long tradition, reaching all the way back to antiquity. In contrast 
to physics, biology has not faced conceptual revolutions in which the core of its 
central concepts was overthrown. ‘Nutrition’, ‘growth’, ‘development’, ‘reproduc-
tion’, or ‘sensation’ are all concepts that were already present in ancient theories 
of life. And even the one theory that is often associated with a revolution in biol-
ogy, the evolutionary theory of the 19th century, has not changed these concepts 
much. Many physiological theories and concepts remained largely untouched 
by this so-called “revolution” in biology. One of the reasons for this may be that 
many fundamental concepts in biology are descriptive, functional concepts: they 
conceptualize activities of organisms by their visible effects or functions. Even the 
detailed physiological explanations of mechanisms, which were provided by sub-
sequent theories, did not change much the descriptive content of these concepts: 
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‘Nutrition’, ‘growth’, ‘development’, ‘reproduction’, or ‘sensation’ are fundamen-
tal biological phenomena that were conceptualized before they could be explained, 
and their explanations did not significantly alter their descriptive content. All this 
is also true of the most fundamental concept of biology, which is, of course, “life”.

“Life” is a descriptive concept that was introduced in antiquity and was defined 
on the basis of certain capacities and functions of organisms. In a famous passage 
in De anima, which could be considered as the starting point of the scientific use 
of the concept, Aristotle gives the following explanation:

Of natural bodies some have life and some have not; by life we mean the capacity for  
self-nutrition, growth and, decay. […] The word living is used in many senses, and we say 
that a thing lives if any one of the following is present in it – mind, sensation, movement 
or rest in space, besides the movement implied in nutrition and decay or growth (Aristotle, 
On the soul 412a; 413a.).

In this passage, the concept is introduced not by identifying one single property 
but by citing several. These properties do not always occur together. Aristotle 
himself admits that plants do not have sensations and do not move. That is the 
reason why he maintains that they have a different kind of life compared to ani-
mals: “life” is generally understood to mean not one kind of thing only, but to 
be one thing in animals and another in plants” (Aristotle, Topics 148a30–31). 
Consequently, the word “life” is, and Aristotle explicitly says this, homonymous.

Since antiquity the homonomy of the term “life” still has continued to increase. 
For Aristotle it was clear that life was a property or, more precisely, a way of being 
of an individual organism. In subsequent times, the focus shifted away from the 
individual to the series of organisms in time and the concept “life” was increas-
ingly associated with this progression in time. This trend was especially strong 
after the formulation of the theory of evolution. For the neo-Darwinian biologist 
August Weismann it is not the individual organism that has a proper life (“eigen-
tliches Leben”), but the germ cells that have a potentially indefinite existence. 
Compared to that, Weismann calls the individual body of an organism a second-
ary appendage (“nebensächliches Anhängsel”; Weismann 1884, p. 165). A similar 
view can be found in Paul Valéry when he writes: “Life changes one individual for 
another as a moving object changes surroundings, as a traveller changes trains” 
(Valéry 1923, p. 140; this simile has ancient roots: Lucretius said of life it is 
passed on from one body to the next like a torch: “quasi cursores vitai lampada 
tradunt”; De rerum natura II, 79). The individual organism is only “half of life”, as 
Jesper Hoffmeyer and Claus Emmeche wrote in 1991 (p. 154). The other half is a 
process embracing more than individual organisms.

This reference to individual organisms as well as interindividual processes 
makes the concept of life fundamentally ambiguous. Already in ontological terms 
it is not at all clear what the referent of “life” is. Here is a short list of ontological 
categories to which the referent of “life” may belong (Toepfer 2011, tab. 158):

1.	 The ontologically irreducible way of being of individual organisms.
2.	 The sum of characteristic types of activities of organisms, e.g. nutrition, 

growth, reproduction.
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3.	 The arrangement of matter or material state of a certain class of objects.
4.	 A property of complex dynamic systems far from equilibrium.
5.	 The sequence of events and their unity in the life-history of an individual 

organism.
6.	 The sum of living beings in a geographical region or space of time.
7.	 A multigenerational dynamic in the “chain” or “flow” of beings in time.
8.	 A measure for the amount or intensity of the characteristic activities of 

organisms.

With all these different meanings in mind, it is difficult to make use of the word in 
order to achieve a clear understanding of a phenomenon. Hence, “life” may be a 
useful concept for integrative purposes because it incorporates the many facets of 
biological phenomena, but it is not very useful for clear argumentations in specific 
contexts. It has the vague character of an overarching umbrella-concept, not of a 
scientific term (cf. Machery 2012).

The inherent heterogeneous nature of the concept of life was obvious already 
at its historical beginning in Aristotle. This heterogeneity has increased since then, 
especially with the additional perspective of evolutionary theory. Therefore, one 
may say that scientific progress has resulted in a progressive dissolution of the 
concept of life. The word does not designate any clearly defined object.

Synthetic biology may have a strengthening influence on some of the aspects 
of this concept while suppressing others, because its primary objects of concern 
are individual living beings. The approach of synthetic biology is compatible with 
the thesis of the irreducibility of vital phenomena to the level of the system’s com-
ponents; in both natural and artificial organisms life consists of an ensemble of 
activities that is only present at a high level of integration in an individual system. 
Nevertheless, synthetic biology is, in all its different layers, especially focused 
on the compositional aspects of organisms. It deals with molecules, compart-
ments and local mechanisms in order to create the self-maintaining bodies of liv-
ing beings and their characteristic types of activities. With this organismic and 
individualistic approach, the sequence of organisms in time and the possibility of 
evolution is rather neglected, or, for reasons of safety and sustainable use, even 
intentionally suppressed. Life in synthetic biology is the reproducible set of func-
tions and activities resulting from the composition of individual organisms that 
ideally remains the same across generations.

4.5 � Can Artificially Designed Systems Be Instantiations  
of Life?

In the third section of this chapter I pointed out the conceptual proximity between 
“life” and “machine”. This is, certainly, only part of the story. For many contem-
porary authors “artificial life” is an oxymoron, a contradiction in terms, the one 
belonging to nature, the other to human culture (Mutschler 1999–2000, p. 73; 
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Rödl 2014). Because artificial life is intentionally planned and constructed, it is 
distinct from the spontaneous origin of natural living organisms. Whereas the 
machine is the paradigm of the completely controlled system, the entirely under-
stood object, the living organism remains an enigma in its self-referential organi-
zation, spontaneous behavior and subjective experience of its particular world.

Nevertheless, as I pointed out in section three, there are close conceptual 
affinities between “life” and “machine”. Both are functional concepts, and usu-
ally they are identified by types of activities and the outcome of an inner working 
order. They do not depend on a certain type of matter or a particular causal his-
tory (natural or artificial). It is only basic functions that identify a system as living. 
Therefore, in contrast to “nature” which always had its counterpart in “technol-
ogy” or “culture”, “life” is, and since its beginning has always been, a concept 
that, at least in our imagination, connects the two sides of the nature-culture 
divide. For conceptual reasons there never will be artificial nature, but since antiq-
uity there has always been the conceptual possibility of artificial life.

Besides this fundamental conceptual level, the artefact model had always had 
immense heuristic value for research in biology. Even many fundamental theoreti-
cal concepts of biology can best be analyzed within the artefact model, the techno-
morph understanding of living organisms, as Ernst Topitsch called it (1958, p. 19). 
Subsequently, philosophers of biology were of the opinion that any theoretical 
explication of central biological concepts, such as ‘function’, depend on the techno-
morph perspective (Ruse 1982, p. 304). This “engineering perspective on biology” 
was thought to be fundamental also for analyzing the transformations that have taken 
place in the evolutionary past of all organisms (Dennett 1995, p. 233).

But there is, of course, one ironic twist in all these statements: in the last 
150 years the evolutionary perspective has gained an increasing influence on bio-
logical thinking. This perspective was included in the very definition of the con-
cept of life (Muller 1966, p. 513; Joyce 1994, p. xi; Ruiz-Mirazo, Peretó and 
Moreno 2004, p. 330). In these definitions, evolution comes into play as future 
evolution; it is not claimed that past evolution is essential. But there are other 
authors who claim this as well (Lahav and Nir 2002, p. 133; Dupré and O’Malley 
2009, p. 1).

Nevertheless, there are many definitions of “life” with no reference at all to 
evolution (Szathmáry 2002, p. 183; Damiano and Luisi 2010, p. 149). The irony 
with past evolution as a criterion for life is that the genealogical connection of past 
evolution is the only sufficient criterion for the identification of a system as living. 
Being part of the phylogenetic tree is the only exclusive property common to all 
currently existing forms of life on earth. In contrast to this property of genealogi-
cal association, the other signs of life, self-motion, growth, or reproduction, are 
not exclusive properties of living beings. This was already declared by Stéphane 
Leduc, whom I quoted at the beginning. But, and this is the irony, being part of 
one and the same phylogenetic tree may be a sufficient but not a necessary con-
dition for a system to be alive. This was evident in biology before the advent of 
evolutionary theory, of course, as there were supposed to be manifold instances 
of spontaneously generated organisms, but it was well established even after the 
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general acceptance of evolutionary theory, as the existence of the science of exobi-
ology, that is of hypothetical extraterrestrial life, proves.

It seems that man will turn this science of living beings, that are not part of the 
genealogical tree of life on earth, from its hypothetical stage into a science dealing 
with real entities. By doing so, he will remove the only criterion that is common to 
all forms of life on earth at the moment, which is common descent. After the crea-
tion of the first synthetic organism, the universal genealogical connection of living 
beings will be the restricted empirical criterion only for life as it can be found in 
nature (natural life), and not for life per se.
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Chapter 5
New Debates in Old Ethical Skins
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I would feel more optimistic about a bright future for man
if he spent less time proving that he can outwit Nature

and more time tasting her sweetness and respecting her 
seniority.

E.B. White (2007)

Abstract  One of the central characteristics of modern science is that understanding 
can be measured by prediction, manipulation, and manufacture. That is why syn-
thetic biology can be regarded as the climax of this project. It would seem that we 
truly understand living organisms only when we can re-create them. Synthetic biol-
ogy therefore radicalizes tendencies in modern science. What does this mean for 
ethics? By applying five criteria, originally proposed by Hans Jonas, we can show 
that synthetic biology is of high ethical relevance. To illustrate this relevance, tradi-
tional ethical issues, such as risk and outcome-uncertainty, are applied. The ‘playing 
God’ argument is scrutinized by dividing it into three sub-arguments: the ‘hubris’ 
argument (science overestimates its power), the ‘taboo’ argument (some things 
should not be done at all), and the ‘sorcerer’s apprentice’ argument (we might not 
be able to control what we create). None of these concerns are entirely new; they 
are known, for example, in genetic engineering. But they seem to reach new sig-
nificance in the realm of synthetic biology. As a consequence, precautionary prin-
ciples are most certainly demanded by synthetic biology and a new ethical debate 
is called for. This debate is urgent but also particularly challenging. It raises fun-
damental issues (such as the meaning of basic terms like ‘nature’) and faces pro-
fessional, conceptual, and institutional inhibitions which must be overcome for 
substantial answers to be reached. The chapter concludes by suggesting three ethi-
cal laws which might be taken as basic for any future ethics of synthetic biology.  

C. Illies (*) 
Chair of Philosophy II, Otto Friedrich University, 96045 Bamberg, Germany
e-mail: christian.illies@uni-bamberg.de
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1.: A biotic artefact may not injure a human being. 2.: A biotic artefact must be 
strictly functional, except where this would conflict with 1. And 3.: A biotic artefact 
must be protected and respected as a form of life, so long as such protection does 
not conflict with either 1 or 2.

5.1 � Ethics of Technology

Most ethical debates begin only when events urgently require an ethical or political 
answer.1 Novel cultural phenomena, including new technologies and scientific dis-
coveries, often pose problems for ethics that were not obvious at the outset. A long 
time passed, for example, before the effects of industrialisation were generally 
regarded as a global threat to the climate.2 The negative effects of high CO2 con-
centration in the atmosphere were already pointed out in 1980 when Global 2000, 
the report for the American president, was published. The report clearly speaks 
about carbon dioxide’s “potential for warming the earth” (Seven Locks edition; p. 
36). But initially no ethical discussion followed; for the first three decades climate 
change remained a topic of economic and scientific debate only (cf. Brown 2012).

It is hard to deny that technological innovations require ethical reflection. Few 
things have changed our world more fundamentally than science and technology; 
they alter the face of the non-human world, but they also re-shape human activities 
and their meaning (cf. Mitcham and Waelbers 2009). Winner (1980) argues that 
artefacts “have politics” because they change social arrangements and re-order the 
social world. And, most obviously, nothing magnifies the effects of human action 
more dramatically than technology. Traditional ethical theories have almost exclu-
sively focused on society, human well-being, and human interaction on a short-
range scale (both in space and time) and were not designed for these new types 
of problems: “Modern technology has introduced actions of such novel scale, 
objects, and consequences that the framework of former ethics can no longer con-
tain them”, as Hans Jonas points out (Jonas 1984, p. 6).

It seems a truism that phenomena can be addressed and analysed only after they 
have become apparent. We have to know what it is we are talking about. That is 
why Hegel asserts that philosophy understands its own time only with hindsight.3 
But moral orientation should accompany and guide developments rather than write 
their obituaries. This is obviously a demanding task, requiring a wide competence. 
Besides having a normative understanding, ethicists must identify consequences of 
technologies in advance, by, for example, learning from experience gained in 

1The Vietnam War, for example, triggered an intense debate on the use of power, just war, and 
just society. Rawls’ Theory of Justice (1971) can be read as a response to this event.
2A general awareness of environmental impact began earlier, with, for example, Rachel’ Carson’s 
Silent Spring (1962) and the studies of the Club of Rome.
3This is captured by Hegel’s melancholic remark in the Preface of his Philosophy of Right 
(1820): “the owl of Minerva spreads its wings only with the falling of the dusk”.



915  New Debates in Old Ethical Skins

familiar cases (familiarity principle). Such work can hardly be done by ethicists 
alone and, luckily, there are many interdisciplinary engagements where the ethical 
problems of new technologies are tackled (such as the research conducted in the 
course of writing this book). That moral orientation requires profound factual 
knowledge has been widely acknowledged and has given rise to, for example, the 
new science of Risk Analysis (RA) and of Technology Assessment (TA) in the 
1970s (Hansson 2009). By then it had become obvious that many technological 
developments, in particular the large-scale use of industrial chemicals such as pes-
ticides and fertilizers, have harmful effects on the environment in the long-term.4

It is obvious that synthetic biology could also have harmful effects; it has the 
potential to change things radically. It is therefore desirable that ethical reflection 
accompanies synthetic biology from the outset. And luckily synthetic biology been 
accompanied by ethical reflection from the very beginning.

5.2 � Synthetic Biology—A Philosophical View

5.2.1 � Synthetic Biology as a Climax of Modern Science  
and Technology

In many ways, synthetic biology is more than just an example of a new technology 
in need of ethical orientation—it is a climax of modern science and technology. 
Weber (1934) and White (1978) point out that new cultural ideas and ideals were 
important impulses for the Scientific Revolution in 16th and 17th century Europe. 
Following Vittorio Hösle (1991, pp. 43–68), we might identify three central ideas:

(a)	 New self-understanding
	 Mankind began to consider itself in a new way in the 15th century (cf. 

Burckhardt 1878). Renaissance humanists and theologians understood human 
beings to have a unique status within nature due to their freedom, reason, and 
creative powers (cf. Na 2002, p. 93). This idea culminated in the Renaissance 
ideal of art and the artist.

(b)	 Changed conception of nature
	 The more human beings saw themselves as self-determining, independent sub-

jects, the more nature appeared as a well ordered system of events without any 
intent or telos. Simmel (1900, p. 30ff.) observes that the main difference between 

4At the same time, the general acceptance of modern technology declined and mistrust and dis-
approval (for example, of nuclear power) became quite common in the West (e.g. Habermas, 
Marcuse, Schelsky, but also Pardo and Hagen in this volume): “Without this crisis [of orienta-
tion] surrounding the optimistic belief in progress, TA would presumably never have developed” 
(Grunwald 2009, p. 1105). The pressure became too high and politics realized that it had to find 
answers—which required a more detailed knowledge and understanding of the societal and envi-
ronmental impacts of concrete technical products and processes (TA), and of the probability and 
severity of possible damage (RA).
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antiquity and modernity is the “deep and profound notion of the self” that is 
opposed to the “strong notion of objectivity” in nature “that finds its expression 
in the non-circumventable laws of nature”. These laws were seen as “mechani-
cal”, representing a causal and non-intentional order that can be expressed in 
mathematical language.5

(c)	 Understanding of truth
	 A new concept of truth resulted from this altered self-understanding. The tra-

ditional concept relied upon the existence of things independent of (but dis-
covered by) rational beings; the new concept emphasized dependence on 
human beings. Something is ‘true’ if it is at our disposition, if we can master 
it. Giambattista  Vico expresses this as the Verum-factum Principle  first for-
mulated in 1710 as part of his De antiquissima Italorum sapientia, ex linguae 
latinae originibus eruenda: “The criterion and rule of the true is to have made 
it. Accordingly, our clear and distinct idea of the mind cannot be a criterion of 
the mind itself, still less of other truths. For while the mind perceives itself, it 
does not make itself.” The point is that we can only understand something that 
we can also recreate (Löwith 1968 and Na 2002)—and thus truth is verified 
through bringing something about, not by mere observation or clear insights (as 
Descartes had argued). The true and the made are convertible.

This point has been taken up by modern theory of science. The so-called 
Verification and Falsification Principles (of Logical Positivism) follow this line but 
shift emphasis to us as human agents, since our actions determine whether or not 
we can call some hypothesis “true” (Löwith 1986). Statements about cause and 
effect are only considered to be correct if we can replicate the phenomenon they 
refer to, that is, if human beings can bring the effect about in an experiment.6 Or 
as Richard Feynman, the late Nobel Laureate in physics, had written on his black-
board at the time of his death in 1988: “What I cannot create, I do not understand”. 
(Craig Venter’s team famously coded these words, though slightly misquoted, into 
their first chemically synthetized bacterial genome.7) In sum, a proper science is 
based upon a kind of technical knowledge, a knowledge about how to change or 

5The “book” of the universe “is written in the mathematical language” as Galilei remarked in 
1623 (1842, p.171). Quoted from Donald DeMarco (1986).
6It is not a sufficient condition because we can sometimes make things which we do not understand.
7Cf. Press release from the J. Craig Ventre Institute (20th May 2010): “they designed and inserted 
into the genome what they called watermarks. These are specifically designed segments of DNA 
that use the “alphabet” of genes and proteins that enable the researcher to spell out words and 
phrases. […] Encoded in the watermarks is a new DNA code for writing words, sentences and 
numbers. In addition to the new code there is a web address to send emails to if you can suc-
cessfully decode the new code, the names of 46 authors and other key contributors and three 
quotations: ‘TO LIVE, TO ERR, TO FALL, TO TRIUMPH, TO RECREATE LIFE OUT OF 
LIFE.’—JAMES JOYCE; ‘SEE THINGS NOT AS THEY ARE, BUT AS THEY MIGHT 
BE.’—a quote from the book, ‘American Prometheus’; ‘WHAT I CANNOT BUILD (sic!),  
I CANNOT UNDERSTAND.’—RICHARD FEYNMAN.” See: http://www.jcvi.org/cms/press/
press-releases/full-text/article/first-self-replicating-synthetic-bacterial-cell-constructed-by-j-
craig-venter-institute-researcher/#sthash.DPPZiRxd.dpuf.

http://www.jcvi.org/cms/press/press-releases/full-text/article/first-self-replicating-synthetic-bacterial-cell-constructed-by-j-craig-venter-institute-researcher/%23sthash.DPPZiRxd.dpuf
http://www.jcvi.org/cms/press/press-releases/full-text/article/first-self-replicating-synthetic-bacterial-cell-constructed-by-j-craig-venter-institute-researcher/%23sthash.DPPZiRxd.dpuf
http://www.jcvi.org/cms/press/press-releases/full-text/article/first-self-replicating-synthetic-bacterial-cell-constructed-by-j-craig-venter-institute-researcher/%23sthash.DPPZiRxd.dpuf
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how to make things.8 This explains the close connection of modern science and 
technology: the process of scientific discovery is itself a technical one. Francis 
Bacon, another father of the modern scientific project, states this point rather 
plainly when he claims that knowledge is power (“ipsa scientia potestas est”).9 By 
this he means that knowledge is not about understanding the world as it is but 
about changing it for the better. (Or, as we might add, sometimes for the worse.)

The structure of modern science clarifies why physics and chemistry could much 
more easily (than biology) become modern sciences and explains the basis for their 
respective technologies (Illies 2006a, b, p. 50 ff. See also Chap. 2 of this volume.). 
It is relatively unproblematic to design and execute physical or chemical experi-
ments, while life phenomena are much more difficult to manipulate. Kant expresses 
the problem in his Critique of Judgement, where he doubts that organisms would 
ever give up their secrets: “it is absurd for human beings […] to hope that perhaps 
some day another Newton might arise who would explain to us, in terms of natural 
laws unordered by any intention, how even a mere blade of grass is produced.” (Kant 
1790 (Akademie Ausgabe Vol V, p. 400), cf. Boldt and Müller 2008, pp. 387–389).

It was only when Alfred Russel Wallace and Charles Darwin presented their the-
ory of evolution through natural selection that biology began to become a modern 
science. The novelty of their “one long argument”, as Darwin calls it (1993, p. 140), 
was not the claim that evolution has taken place (many had argued so before them), 
but the suggestion of a causal mechanism for it, namely Natural Selection. For the 
first time, evolutionary theory was a scientific theory in the modern sense. It prom-
ised to explain the process of evolution ‘in terms of natural laws unordered by any 
intention’. At least it came close to explaining it because evolutionary theory could 
still not test its central hypothesis by controlled experiments. A proper experiment in 
evolutionary biology would take thousands or millions of years (at least with multi-
cellular organisms10). To this extent, the project of biology as a modern science was 
not completed. Certainly, a crucial step in this direction has been made possible by 
genetic engineering and DNA-synthesis: life (that is living organisms) could be 
technically changed.11 Now human beings could in principle bring about new evolu-
tionary developments—hand-tailored variations could be experimentally “made” 
and thus radically altered life-forms created. One might, however, object that tradi-
tional genetic engineering merely modifies existing organisms; it does not create life.

By going beyond this last limitation, synthetic biology promises to be the next 
and decisive step towards the convergence of knowing and making. Synthetic 

8This is not true for all sciences. Astronomy, for example, has long been considered to be a sci-
ence without being able to perform any experiments. Here, the predictive power of theories 
replaces the need to bring about effects.
9Meditationes sacrae 1597, 11th section, “De Haeresibus”, quoted from Bacon 1711, p. 402.
10Experiments with bacteria such as E. coli can take less time. It is therefore mainly with bacteria 
that evolutionary experiments are performed.
11One might object that domestication and breeding are already a “craft-based technology” that 
“was used in transforming living organisms to become biotic artefacts” (Lee 2009, p. 101). But 
genetic engineering is much more efficient and systematic, and allows for conscious intervention 
into life-forms.
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biology has reached a new depth of intervention, as we showed in Chap.  2.  
“The deeper the science, the deeper becomes the level of manipulation through 
its corresponding technology, and therefore also the deeper the level of artificial-
ity embodied by its products” (Lee 2009, p. 102; see also Toepfer in this volume). 
For the first time biology aspires actually to make life from scratch (Boldt et  al. 
2009, p. 48). This high aspiration looks different when we consider the three dis-
tinct approaches within synthetic biology that we have distinguished above. With 
respect to proto-cell research the focus is on constructing simple life forms from 
non-living matter. Here synthetic biology is, in a way, imitating prebiotic evolu-
tion. (As we have seen in the discussion of different definitions of life, the point 
at which a proto-cell can be called a living entity is certainly controversial.) With 
respect to engineering biology, the act of creation is mainly an act of composi-
tion; biobricks are added to a minimal cell. At this level, synthetic biology imi-
tates existing life-forms. By contrast, with respect to chemical synthetic biology 
(orthogonal life or xeno-life), synthetic biology creates the very code of life anew 
(namely non-DNA or non-RNA xeno-nucleotides as information-storing biopol-
ymers). If xeno-life organisms ever become alive, then biology will have trans-
gressed the “genealogical tree of life” in a radical way (see Toepfer, Sect. 4.5.).

Even if these three approaches are different ways of “making” life, they all 
bring crucial phenomena for the first time under our control. Therefore the crea-
tion of new life-forms can rightly be called “one of the most important scientific 
achievements in the history of mankind” (Caplan 2010, p. 423). Synthetic biology 
promises to be the climax of modern science and technology.

5.2.2 � The Ethical Relevance of Synthetic Biology

Synthetic biology has a prime place within the sciences and technology—but is it 
also of particular ethical relevance? It is helpful to look at five aspects that Hans 
Jonas identifies (1987); these are said to explain the challenge modern technology 
presents for ethics.

1.	 The consequences of modern technology are inherently ambivalent (1987,  
p. 42f.), not simply because they can be used for good or ill, but more pro-
foundly. Even the apparently good use of technology is likely to have negative 
consequences in the long run.12 Chemical fertilizers, for example, though used 
for good purpose, have been shown to destroy the soil by promoting erosion.

2.	 There is an “enforced” application of new technologies (Jonas ibid., p. 44). 
Once something is technically possible its application seems inevitable.  

12This is a one-sided ambivalence; he does not explore the possibility that bad intent might ulti-
mately have good consequences.

http://dx.doi.org/10.1007/978-3-319-25145-5_2
http://dx.doi.org/10.1007/978-3-319-25145-5_4
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This fascination with doing what is technically possible seems to be a psycho-
logical trait in human beings. It is reflected in Robert Oppenheimer’s famous 
statement about the atomic bomb. “When you see something that is technically 
sweet, you go ahead and do it and argue about what to do about it only after 
you’ve had your technical success.”13

3.	 The consequences of technology seem to be inherently global and long-lasting 
(p. 45ff.). New technologies can create changes globally and for the long term. 
Climate change is an example.

4.	 Jonas diagnoses that technology poses problems that cannot be answered by 
traditional (anthropocentric) ethics. The effects of technology bring to the fore 
our greater responsibility: for the environment and to non-human organisms.

5.	 Modern technology has metaphysical relevance. In the face of the global threat 
to the environment Jonas asks, for example, whether and why there should be 
human life at all. Is there something intrinsically “good” about mankind? A 
positive answer cannot simply be based upon the preferences of human beings; 
it requires more principled (and thus metaphysical) reasoning.14

What Jonas claims with respect to technology in general is true for synthetic biol-
ogy in particular. The inherent ambivalence of technology’s consequences (Jonas 
1987, p. 42f.) is certainly to be found in synthetic biology. If synthetic microbes 
produce renewable liquid fuels at low prices we might be able to become more 
independent of fossil energy by using biomass. This could, however, have 
unwanted consequences, such as a further increase in car production, an expan-
sion of the private-transport infrastructure, and even more sprawling cities. There 
is also the unpredictability of synthetic life itself. Would all synthetic organism 
remain for ever under human control? Synthetic organisms can replicate and can 
have profound effects on the environment (see Chap. 3). Even xeno-life, sepa-
rated from all other life-forms by a genetic firewall (Marliere 2009), could become 
uncontrollable by being practically invulnerable to any infection or disease once 
escaped from the laboratory. And even if the firewall prevents any gene-flow into 
wild populations, in principle it could numerically outgrow and replace traditional 
organisms by competing for resources or by releasing toxic and un-degradable 
compounds. The long-term effects of synthetic biology might be much worse than 
those of any known invasive species.

Jonas’ second observation is that new technologies have their own dynamics 
(1987, p. 44). Obviously, synthetic biology is also “technically sweet” and seduc-
tive. One has only to look at the International Genetically Engineered Machine 
(iGEM) student competition that has grown, within nine years, from a local 
project to a worldwide synthetic biology competition. It is no longer restricted 
to undergraduates at the Massachusetts Institute of Technology, but includes 

13Testifying in his defense in his 1954 security hearings (p. 81 of the official transcript)
Quoted from http://en.wikiquote.org/wiki/Robert_Oppenheimer (20.7.2013).
14For general metaphysical questions raised by technology see also Dupuy (2009, p. 214).

http://dx.doi.org/10.1007/978-3-319-25145-5_3
http://en.wikiquote.org/wiki/Robert_Oppenheimer
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divisions for high school students and software teams from all continents. 
Synthetic biology is not only “sweet”, but also an intellectual challenge for many 
people who are not professional scientists. It is something that can be done in a 
backyard biological laboratory with a small budget—and it is already practiced 
there on a basic level.

In addition, Jonas argues that technology can readily have global and long-last-
ing consequences (1987, p. 45ff). This is certainly the case with synthetic life-
forms; it is even the reason for creating them. Many synthetic biology companies 
hope to produce, by means of synthetic biology, engineered micro-organisms and 
specialized enzymatic products for a broad and long-lasting application. Their aim 
is to operate on the large scale: to produce, for example, bio-fuels using under-uti-
lized desert land with ready nearby sources of CO2 (cf. Connor and Atsumi 2010). 
If such technology were to succeed at low cost, then we might very quickly see a 
global phenomenon that is likely to become more significant in the future. If only 
some of the aspirations of synthetic biology are fulfilled, the face of this planet 
might be changed in profound ways.15 As living beings, new organisms pose an 
enormous risk: It might be very difficult, if not impossible, to prevent biotic arte-
facts having harmful consequences.

Synthetic biology will not only transcend anthropocentric ethics (Jonas’ fourth 
point), but transcend also traditional environmentalist ethics of various types. In 
recent years, there have been many debates on the question as to whether a liv-
ing being has integrity, is ‘intrinsically’ valuable (in the way that a non-living 
being is not). Different positions are struck in this debate (cf. report EKAH 2010, 
pp. 15–19). Some critique the concept of intrinsic value as speculative or ill-
founded, while others go so far as to attribute it even to micro-organisms “on the 
basis of conation, along with their enormous instrumental value” (Cockell 2005, 
p. 375). With synthetic biology, this debate is stretched even further because we 
are obliged to consider the value of biotic artefacts (cf. Heaf and Wirz 2002). 
Currently we create only micro-organisms which might be of little practical rel-
evance, but synthetic biology certainly aspires to the creation of multi-cellular 
organisms. The re-creation of mammoths is envisaged. A “Pleistocene Park” has 
already been established in Siberia, where attempts are made to restore the mam-
moth ecosystem of the late Pleistocene period so that these mammoths will find a 
suitable habitat, alongside the woolly rhinoceros and others. What sort of ethics 
will be adequate here? And what about xeno-organisms, which are not part of the 
evolutionary tree of life at all? Anthropocentric ethics as we know it will hardly do 
justice to all of them.

15Or perhaps even of other planets: “One thing that was agreed upon, however, is the tremendous 
excitement and potential for synthetic biology to positively transform humanity in the coming years”, 
as the Stanford-Brown iGEM team says, a group working at BioBricks parts which allow cells to sur-
vive harsh extraterrestrial conditions (Biobricks are defined DNA sequences with a known function). 
Brown-Stanford iGEM 2011 (http://2011.igem.org/Team:Brown Stanford/SynEthics/Summary).

http://2011.igem.org/Team:Brown


975  New Debates in Old Ethical Skins

Jonas’ fifth concern (1987, p. 48 f.) is that modern technology raises metaphysical 
issues, including the question as to the desirability of the continuation of the human 
species.16 Synthetic biology is likely to accentuate further metaphysical issues. 
Traditional ontological categories seem suddenly insufficient. The distinction 
between nature and artefact becomes questionable if we can (artificially) create 
nature-like artefacts. (The recreated woolly mammoth would be an example of such 
an artificial nature-like organism.) Similarly, the category “life” becomes unclear. We 
have already seen how difficult it is to find any one common criterion that holds 
together all life-forms that we know– and perhaps their common evolutionary origin 
is the only one (cf. Toepfer, Sect. 4.5.). We are about to create “life” that is no longer 
part of the hitherto uninterrupted genealogy of some billion years. That is why Paul 
Thompson talks pithily about “the ‘sexy’ issues surrounding synthetic biology: 
issues that occasion widespread comment by philosophers, theologians and general 
pundits of science policy” (2012, p. 2).

Synthetic biology is thus obviously of high ethical relevance, and requires 
philosophical guidance. Let us therefore look more closely at the ethical issues it 
raises and ask in particular whether this new field requires a new ethics.

5.3 � Ethical Issues of Synthetic Biology

5.3.1 � Does Synthetic Biology Need a New Ethics?

Some authors argue that we are entering an area where regulations and principles 
once adequate in the field of genetic engineering no longer apply (Boldt and 
Müller 2008). Others maintain that a new ethics is not required (Eason 2012).17 
They argue that all relevant ethical issues have been already addressed in tradi-
tional bio-ethics. The Hastings Centre Report 2011, for example, “unanimously” 
concludes: “the field of synthetic biology does not require new regulation, over-
sight bodies, or a moratorium on advancing research at this time” (2011, p. 17). 
Some even warn against a “further balkanization of bioethics” by looking for new 
ethical principles (Parens and Johnston 2008, p. 1449).

It is yet early in the development of the science to come to a decision about the 
ethics. Synthetic biology has produced the first chemically synthesized yeast chro-
mosome and the first bacterial genome, but the most promising potential benefits, 

16When Craig Venter’s group first made a synthetic bacterial genome, announced as the “First 
Self-Replicating Synthetic Bacterial Cell” (Press Release 20-May-2010), this achievement (and 
the way in which it was presented) stirred a debate on ‘life’. Speculations on the metaphysi-
cal (and theological) implications of creating life followed (see, for example, the Presidential 
Commission for the Study of Bioethics, 2010).
17Perhaps not even for genetic engineering (see Block 2012).

http://dx.doi.org/10.1007/978-3-319-25145-5_4
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and most worrisome risks, are not yet here.18 Yet, because synthetic biology is 
such a dynamic enterprise, we can expect many more biotic artefacts in the near 
future (cf. Hümpel and Diekämper 2012). We can look at the products of synthetic 
biology and anticipate ethical challenges to come. Only then can we make efforts 
to consider and recommend safe development and control of this field for the 
greater good of all, before major problems arise. “The only reason for Ethics to lag 
behind this line of research is if we choose to allow it to do so” (Cho et al. 1999, p. 
2090).

5.3.2 � Risk

The problem of risk is well known from earlier debates in bioethics. It reaches, 
however, a new dimension with synthetic organisms with their specific charac-
teristics. Most importantly, synthetic organisms are, because of their unparalleled 
depth of intervention on the gene pool, much less predictable. One might put 
this metaphorically: On the first two levels of synthetic biology, the words of the 
genetic code will be altered, on the level of Xenobiology, an entirely new genetic 
language is initiated. We know very little about the possible side-effects of these 
profound genetic changes, about the ecological traits of the new organisms (e.g. 
effects on soil food-web communities, other animals, plants, aquatic systems, and 
on sediments) or about their interactions with biological systems (habitat, target 
ecosystem, and other possible systems the new organisms can create). Neither is it 
clear to what extent they can transfer genes to other organisms or interact in patho-
genic ways. In brief, because of the depth of intervention, the products of synthetic 
biology might behave in hitherto unknown and unpredictable ways.

The point of risk-assessment is to enable an evaluation of possible harm, or 
likelihood of harm occurring, after a release—but there is no available procedure 
or method for risk-analysis in synthetic biology. There are simply too many possi-
ble interactions of synthetic organisms with their environment and too few we can 
anticipate. The familiarity principle no longer works, and, consequently, the tradi-
tional methods of risk-analysis or technology-assessment are not able to deal with 
synthetic biology. We have little or no information on the probabilities of events 
occurring or on the magnitude of their effects. This marks a major dissimilarity 
with genetic engineering and explains why risk becomes such a pressing ethical 
problem.

That is true for all three levels of synthetic biology. We are ignorant of many fea-
tures of novel life-forms on the level of engineering biology and know little about 
their chance of survival in different environments. Nor do we know much about 

18There are other products occasionally discussed in literature (Church and Regis 2012): trans-
genic “Glofish” with a fluorescent colour from a jelly fish, and goats which have a spider-gene 
so that spider silk can be extracted from their milk. These, however, are not proper examples of 
synthetic biology; they are not new, but only genetically modified life-forms.
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the survivability, and potentially infectious nature, of synthetic proto-cells. At pre-
sent, at least, it seems that the risks are highest in the world of proto-cell research 
and of engineering biology (Bedau et al. 2009), because deep interactions with the 
environment are likely here. After all, these organisms are designed to interact in 
some way with  parts of the environment. As a consequence, new organisms and 
proto-cells might be toxic or infectious and may reproduce exponentially. On the 
level of xeno-life (organisms based on alternative biochemical structures) the dan-
ger of interaction with the environment is probably smaller. Xeno-life is genetically 
isolated and is unlikely to interfere with organisms with naturally-evolved DNA 
(Marliere 2009; Schmidt 2010), at least not directly. But it is still possible that 
some products of xeno-life might have harmful effects on the environment.

As long as synthetic organisms are confined within in the laboratory or in 
smaller settings, the risk might be limited, because the effects can be controlled 
and the organisms can be eliminated if necessary. But once these organisms are 
used for industrial purposes, such as fuel- or protein-production of some kind, 
huge quantities will be needed, and these are more and more difficult to control. 
Experience shows that some accidental release of organisms into the environment 
is inevitable. How might we assess the risk of a synthetic bacterium proliferating 
in nature? How might we calculate the probability of it replacing or contaminat-
ing other life-forms? Even if synthetic biology construct organisms with a reduced 
capacity to survive outside the laboratory or industrial process, such organisms 
might adapt rather quickly and interact in ways that are very different from what 
we have experienced so far.

Safety-related issues are wider than the accidental release of harmful synthetic 
biological agents or unintentional exposure to their products (pathogens, toxins, 
etc.). In particular intended misuse (this is the question of bio-security) is a signifi-
cant risk in synthetic biology (Schmidt 2008; Bennett and Gilman 2009). A prime 
reason is that most of the relevant technologies are easily and cheaply available. 
It has already been shown that contagious viruses can be synthesised in laborato-
ries by procuring DNA sequences online from commercial providers. The 1918 
influenza virus could be isolated from exhumed corpses of people who have died 
of that disease; and corpses were frozen in permafrost soils in Russia, Norway, 
and Alaska (Tumpey et al. 2005). Entirely new viruses and other bio-weapons are, 
of course, possible. As a consequence, the ‘dual-use dilemma’ (important insights 
can be used in harmful or beneficial ways) poses a major problem. New tech-
nologies offer much potential for abuse. Bioterrorism (Bugl et al. 2007) is made 
the more possible by advances in engineering biology. At present proto-cells and 
xeno-life-forms seem much less useful as potential bio-weaponry.

To sum up, synthetic biology raises important ethical issues with regard to 
safety and security. These issues are not entirely new. In principle, the ethical 
challenge is the same as with genetic engineering: the crucial question is whether 
something we produce (an altered organism or a new life-form, process, or appli-
cation) is safe enough to be developed and used, or whether it will present too 
great a risk for human beings, other animals, or the environment, whether directly 
or indirectly. There certainly is a continuity between the risk-problems of genetic 
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engineering and synthetic biology; in both cases entirely new interactions are 
possible. But even if no new ethics is required, the classic methods of technol-
ogy-assessment are not easily, or indeed no longer, applicable to many products 
of synthetic biology. That is why synthetic biology requires not only new meth-
ods of risk assessment but also extreme caution, at least until we have sufficient 
experience and until an adequate body of knowledge is gathered to allow proper 
evaluation and assessment. After all, the deliberate or accidental release of these 
organisms into the environment introduces potential ecological hazards of a hith-
erto unknown magnitude.

5.3.3 � Global Justice

For a long time ethical debates within the synthetic biology community and 
among government policy-makers have dwelled almost exclusively upon risk (e.g. 
DFG et  al. 2009), that is bio-safety and bio-security. This comes as no surprise: 
these are familiar challenges that we know from genetic engineering.

But the almost exclusive focus of the debate on risk, safety, and security has 
evoked reactions from civil society groups and philosophers (Boldt and Müller 
2008; Torgersen 2009; Friends of the Earth 2012). They ask for a more profound 
ethical investigation of the field. Broader ethical issues, such as international jus-
tice, are raised.

Synthetic biology promises to create substitutes for natural products such as 
artemisinin, liquorice, palm oil, pyrethrin, rubber (isoprene), stevia, and vanillin 
(CSO 2011, p. 37f.). If these much-needed goods can be provided more cheaply 
and easily than the plant-based topical commodities that are currently still made 
by farming then this may deprive agricultural earners of their only income. Cheap 
production in itself is not unjust (the economic advantage of more efficient pro-
duction is primarily a feature of the free market) but it raises issues of global 
responsibility when it has a negative impact on traditional exports and diminishes 
the livelihoods of farmers. All of these are serious issues. In 2011, the 
International Civil Society Working Group on Synthetic Biology19 emphasised this 
concern and warned: “No inter-governmental body is addressing the potential dis-
ruptive impacts of synthetic biology on developing economies, particularly poor 
countries that depend on agricultural export commodities.”

Ethical issues of global justice can also arise in connection with land use or 
pressure on biomass and its attendant socioeconomic consequences, especially in 

19Consisting of the Action Group on Erosion, Technology and Concentration (ETC Group), Center 
for Food Safety Center for Food Safety Econexus, Friends of the Earth USA, International Center 
for Technology Assessment, and The Sustainability Council of New Zealand. Cf. http://www. 
econexus.info/sites/econexus/files/CSOsynbiosubmission_CBD_SBSTTA_synbio.pdf.

http://www.econexus.info/sites/econexus/files/CSOsynbiosubmission_CBD_SBSTTA_synbio.pdf
http://www.econexus.info/sites/econexus/files/CSOsynbiosubmission_CBD_SBSTTA_synbio.pdf
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the developing world. Material that would otherwise be used for food or building 
activities or returned to the eco-system might become precious (as industrial-scale 
feedstock for biorefineries and fermentation tanks) and will be inaccessible to the 
poor. Even though all of these issues are not new, they are still relevant. These 
global concerns have already been widely discussed with regard to other new tech-
nologies such as genetic engineering and chemistry. (Raw materials from plant 
oils and waste animal fats supplied for biodiesel production raise similar prob-
lems.) Global concerns do indeed pose ethical questions, but they do not indicate a 
need for a new ethics of synthetic biology.

5.3.4 � The ‘Playing God’ Argument

There is, however, a rather new type of ethical concern which often comes up in 
debates. Is synthetic biology ‘playing God’? Though this question is not entirely 
unique to synthetic biology,20 it is often mentioned in recent ethical debates on 
synthetic biology (e.g. Boldt et  al. 2009; ETC. Group 2007; Balmer and Martin 
2008; Bedau et al. 2009). The ‘playing God’ argument is also raised in discussions 
amongst lay people and in the mass media but notably hardly ever by theologians. 
It is “the curious fact”, as Van den Belt rightly remarks (2009, p. 257) “that this 
argument is used mainly by secular organizations.” Still, it is the most opaque 
argument in the debate. Let us therefore consider this objection and see what it 
might amount to.

A literal reading of the ‘playing God’ argument does not lead us very far; it is 
not clear within theological discourse why synthetic biology would amount to an 
illegitimate act of playing God. At least in the Christian tradition, human beings 
are generally seen as co-creators of the world, placed above all other creatures 
precisely because of this ability. Human beings were commissioned by God to 
improve the world, to build it up and even transform it. A distinction between two 
kinds of creative acts needs to be drawn. God is the only one who creates ex nihilo 
(beri’ah) in the first act of Genesis. There is also the creation out of pre-existing 
material (yetzirah)—that is God’s work after the initial act and it is also the area 
for human creativity. This has been emphasized in the Christian as much as the 
Judaic tradition, which similarly sees human beings as co-creators and God’s part-
ners in the on-going process of creation. (It is also the origin of the understanding 
of human beings as creators in the Renaissance mentioned above). It was generally 
thought, therefore, appropriate that we should cultivate the earth, breed plants and 

20As Peter Dabrock rightly observes (2009, 47): ““Playing God”—this reproach has accompa-
nied modern biotechnology from its very beginnings. Almost every step forward in research has 
provoked vehement protest against the disregarding of creation: anaesthesia against pain, the 
birth control pill, transplantation medicine and diagnosing brain death, stem cell research and 
genetic engineering and many more innovations were faced with this reproach” For this history, 
Dabrock refers to Ramsey (1970), Chadwick (1989) and Coady (2009).
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animals, create artworks, and build temples. Why should this not include the crea-
tion of biotic artefacts? Is this not just another realm of creative self-expression, of 
human beings improving and transforming the world? Consequently, contempo-
rary theologians have argued that there is nothing wrong in principle with creating 
new life as long as it is not claimed that we do it better than God (or nature); syn-
thetic biologists do not make such a claim (cf. Dabrock 2009, Haker 2012, Heavey 
2013).

Let us therefore take the objection out of its theological context in order to 
explore its other interpretations. Often it is merely mentioned as an expression of 
angst or fear in face of synthetic biology, and sometimes the argument is straight-
forwardly dismissed as a pre-modern theological relic or conservative reservation 
without argumentative value (see for example Dworkin 2000).This is probably the 
reason why ethical analyses of synthetic biology tend not to address this argument. 
But we should follow Anselm Müller (2004, p. 193) who points out that this ‘argu-
ment’ is, at least as often presented, ultimately a strong intuition. What could this 
intuition be? It is, perhaps, the idea that we should not simply create all the things 
we can create (‘be like God’) but rather respect certain limits when we create—
limits set for us as human beings with human capacities. Creating new life might 
be a transgression of those limits: human hubris, as in the creation of the tower of 
Babel. If this reconstruction is correct, then we could distinguish three aspects or 
versions of the ‘playing God’ argument. Either we focus on the agents (I will call 
this the Hubris-interpretation), or on the transgression of certain limits (the Taboo- 
interpretation), or on the danger that comes with this transgression (the Sorcerer’s 
Apprentice-interpretation). The three versions probably exhaust the rationale 
behind the argument in the bioethical debate. Let us look at them in turn.

•	 The Hubris-interpretation

The hubris-version sees a seductive danger in synthetic biology that is likely to 
make the scientist overestimate his power. Driven further and further by what he 
can do, simply because it is possible or “technically so sweet” (to quote 
Oppenheimer again), he goes beyond his own capabilities or competence. Hubris, 
here, refers to a state where the individual loses contact with reality in an immoral 
way (“pride blinds”) and acts unreasonably. This version of the argument can be 
illustrated by Mary Shelley’s Frankenstein, a novel which dwells upon the emo-
tional horror of the young scientist and body-snatcher Dr Frankenstein when he 
faces his own creation, a being assembled out of human parts from a graveyard.21 
Out of similar hubris, it might be argued, synthetic biologists could also act fool-
ishly, creating life-forms they cannot adequately deal with. (The recreation of 
Homo neanderthalensis, advocated by George Church and others, might raise 
problems that are similar to the ones described by Mary Shelley.22)

21Mary Shelley portrays Victor Frankenstein as running away from his own creation, unable to 
interact with it. Thus the tragic life of a lonely and rejected new creature begins.
22Church and Regis (2012), 137–140.
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Synthetic biology seems to nurture this temptation particularly well. The dan-
ger of hubris can be seen as arising either from the actions caused by hubris or 
from the megalomaniac subject. If the focus is more on the action, then the cri-
tique concerns the dangerous outcomes of actions arising from hubris: “Pride goes 
before destruction, a haughty spirit before a fall” (Proverbs 16:18). In this version 
the hubris-argument comes close to the Sorcerer’s Apprentice- interpretation 
which we will discuss below.23 If the focus is the subject, then the concern is more 
with the deluded and inflated self-image and how this might lead to dangerous or 
immoral or amoral actions. Hubris can corrupt people’s heart and cloud their judg-
ment, as Raskolnikov in Crime and Punishment demonstrates. In a similar manner, 
synthetic biology might lead to the perversion of human beings. It might change 
attitudes towards nature by making us feel like sovereign masters of life. And it is 
quite possible that some of these attitudes are morally suspect.

Does, then, the ‘playing God’ objection in its hubris version show that a new 
ethics of synthetic biology is needed? Not necessarily. The peculiar seductive 
power of technology has been analyzed philosophically before the rise of synthetic 
biology. We find it already in Greek antiquity. Then Ovid re-tells in Book VIII of 
the Metamorphoses the story of Daedalus and his son Icarus. To escape from an 
island, Daedalus makes wings for himself and his son. Icarus takes these and flies 
higher and higher, as if to reach heaven. But the hot sun softens the wax, the feath-
ers come off, and Icarus falls down and drowns. We learn from this myth that 
hubris (based on technological abilities) can make human beings act foolishly. 
And Heidegger (2002) points out that technology can affect our perception of the 
world quite generally by making us believe that everything, including nature, is at 
our (instrumental) disposal. Heidegger’s point is certainly valid; technological 
artefacts do influence what we do (Illies and Meijers 2009) and even the way in 
which we perceive things and ourselves (cf. Peter-Paul Verbeek (2005) who coined 
the term “persuasive technology”).24 Long before synthetic biology people knew 
that technology can breed deluded and dangerous attitudes. Thus the hubris inter-
pretation does not seem to demand a new ethics. It can, however, remind us of the 
danger of this new technology. The problem of human hubris should therefore cer-
tainly be part of the ethical debate around synthetic biology. 

•	 The Taboo-interpretation

While the hubris-interpretation emphasises  a perverted self-image, this second 
interpretation of the ‘playing God’ argument focuses on the act of creating life. 
Here the point is that by creating life synthetic biology does something that should 
not be done at all: it transgresses a limit that should be universally respected.

23A difference remains: the hubris-interpretation links the dangerous outcomes to a certain atti-
tude of the agent while the Sorcerer's Apprentice-version is focusing primarily on the uncontrol-
lable outcomes, independently from the dubious character of their creator.
24This influence has also been considered in the context of applied ethics, for example in healthcare. 
As Judith A. Erlen observes (1994, 66): “The promise of technology has the potential to act as a 
seductive force luring nurses and other health care providers to use it and luring patients to request it.”.
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This comes close to what Leon Kass has called the “‘Yuck’ factor”.25 In a 
famous article “The Wisdom of Repugnance”  (1997), and in later writings, he 
argues that even within a secular society there are deeply rooted inhibitions 
against, for example, human cloning or incest. Any transgression is experienced as 
shocking and repulsive. Kass’ central point is that we should take this strong emo-
tional repulsion very seriously as an expression of a deep moral wisdom. This is a 
strong assumption: that there is reliable knowledge about moral limits discernible 
through our emotions and gut feelings.

But should we accept such boundaries, and if we choose to, why is synthetic 
biology seen as such a great transgression? Some ethical theories come to a simi-
lar conclusion, but by very different routes. Kantian ethics, most prominently, sees 
human value “beyond all price”: a point of reference that is non-negotiable.26 Very 
much in this spirit, some have argued that synthetic biology should not create 
humanoids or engineer the human genome (for example by trying to make human 
beings multi-virus resistant or change human cells so that they are cancer free27). 
Beneficial as the outcomes might be, the process would require using human 
beings for experiments and thus would instrumentalize them—something which, 
according to Kantian ethics, should be avoided at all costs.

In the debate on synthetic biology, the taboo-interpretation is often presented 
with a more general limit, namely “life” itself. After all, life has been a factual 
limit during most of history, in which people have exercised their scientific power 
and modified nature technically. Historically, life could never be made, it could 
only be destroyed; the step from life to death had been irreversible. That might 
be the reason why the factual limit was also seen as an ethical one; life seemed to 
be something holy and untouchable (Koepsell, p. 7). As Dabrock rightly observes 
(2009), synthetic biology “is on the point of breaking through a boundary deeply 
rooted in human cultural memory by penetrating into a domain that is believed to 
be exclusively reserved to the divine.” As a consequence, ‘life’ and unique life-
forms (such as species) have served as a yardstick for some ethical theories. In 
modern times, Albert Schweitzer (e.g. 2003) has argued that we must respect life 
in all its forms. Preston asserts that “environmental ethicists with a commitment to 
the normative significance of the historical evolutionary process may see synthetic 
biology as a moral ‘line in the sand’” (Preston 2008, p. 23).

But why should the boundary of human creativity be here rather than there? One 
might argue that there are no good reasons to respect life as such (Illies 2006b) or, 

25Cohen, Patricia (Jan 31, 2008). “Economists Dissect the ‘Yuck’ Factor”. The New York Times. 
See also Fukayama and McGibben.
26Utilitarianism (an ethical theory of balancing pains and happiness or human preferences) has 
traditionally not offered any such boundary and was much criticised for the consequent prob-
lems. As a result, modern versions of Utilitarianism tend to include human freedom (and basic 
human rights) as such a boundary, thereby making the theory internally less consistent but its 
moral judgements more plausible.
27Cf. for example G. Church (http://www.spiegel.de/international/zeitgeist/george-church-
explains-how-dna-will-be-construction-material-of-the-future-a-877634-2.html; 12.7.2013).

http://www.spiegel.de/international/zeitgeist/george-church-explains-how-dna-will-be-construction-material-of-the-future-a-877634-2.html
http://www.spiegel.de/international/zeitgeist/george-church-explains-how-dna-will-be-construction-material-of-the-future-a-877634-2.html
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more pragmatically, that such a general moral demand to respect all life is of little 
practical use because it demands the impossible (Hauskeller 2006). (If, for exam-
ple, any interference with life is regarded as an immoral act, then the breeding and 
the cultivation of plants and animals would be immoral.) Yet even if a consistent 
version of Albert Schweitzer’s ethics, which allows for some interference, could be 
properly formulated, it is not clear why it should outlaw the creation of artificial 
organisms and the expansion of the diversity of life-forms. If every organism has 
a fundamental value then its destruction is wrong, as Schweitzer emphasises, then 
the creation of new life seems acceptable (or even laudable). (The risk of possible 
harmful side-effects of such new life remains, but that is germane to the Sorcerer’s 
Apprentice-interpretation of the argument.) Thus bare ‘life’ as such is not a good 
candidate for the locus of absolute value, because such is not a basis for an ethical 
theory which works in practice.

Would a qualified notion of ‘life’ do a better job? Philippa Foot  (2001) argues 
that forms of life provide their own measure of good and bad. A good dog, for 
example, is one that can walk and it is therefore bad to create one that cannot. 
Consequently, one might argue that creating a biotic artefact which could not have a 
normal life (for example, a dog without legs) would be objectionable, but the crea-
tion of a mammoth would not be.28 But then, any such approach would have to 
show in detail what a normal form of life is; a particularly difficult task when it 
comes to artificial organisms. Is it, for example, improper for a goat to produce milk 
that contains spider-silk? What sort of arguments could be raised do determine what 
‘normal life’ amounts to? All of this raises more questions than it answers.

Can, then the Taboo-interpretation of the ‘playing God’ argument show that we 
need a new ethics for synthetic biology? Any such conclusion faces two problems. 
It would have to show, firstly, that “natural life” can meaningfully be distinguished 
from “artificial life” (biotic artefacts). It must provide an argument why this differ-
ence is of high ethical relevance, so that any transgression, such as the creation of 
biotic artefacts, should be strictly forbidden. Otherwise the claim that we need a 
new ethics of synthetic biology because it transgresses a limit is begging the ques-
tion: it presupposes that any such transgression is morally taboo and then ‘con-
cludes’ that we must not allow it. But so long as we do not have strong arguments 
for the distinction between artificial and natural life (see Toepfer above, Sect. 4.5.), 
the Taboo-interpretation does not require a new ethics of synthetic biology. 

•	 The Sorcerer’s Apprentice-interpretation

This interpretation envisages the possibility of synthetic biology having incalcu-
lable and thus uncontrollable consequences, as Margret Engelhard has pointed 
out. The Sorcerer’s Apprentice-interpretation is named after the poem by Goethe 
in which a magician’s pupil uses his master’s tricks but turns out to be unable to 

28Philippa Foot’s argument in Natural Goodness (2001) does not help. She claims that each spe-
cies has its own standard as to how it should be treated, namely, in such a way that members of 
the species may realize their potential. This argument cannot say anything about the morality of 
the creation of new species.

http://dx.doi.org/10.1007/978-3-319-25145-5_4
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control what he has created. The apprentice enchants a broom to fetch water in 
buckets—but he does not know how to stop it and so more and more water floods 
the floor. “Spirits that I’ve cited/My command ignore”, he shouts in despair; but 
luckily his master appears and stops the broom. In this version, the ‘playing God’ 
argument emphasizes that we might not be able to control the outcome of the 
process. Does synthetic biology lead us to uncontrollable forces and thus to risks 
that are too great? Can synthetic biology guarantee that it will be able to control 
newly-created living organisms? After all, qua being alive, these new organisms 
potentially have a strong dynamic of growth, proliferation, and evolution. Like the 
waters flooding everywhere after the broom has been enchanted, we can imagine 
new organisms polluting our environment or displacing others organism, with no 
experienced sorcerer around to stop them.

In this interpretation, the argument touches on (and transgresses) the risk prob-
lems discussed above: synthetic biology might have uncontrollable effects. We 
have already discussed that it is nearly impossible to make, at present, a proper 
risk assessment; we simply know too little about the possible interactions of new 
life-forms with the environment. The sorcerer’s apprentice reminds us of our 
methodological limitations in prediction. Like the apprentice, we are much better 
at bringing new things about than in controlling and limiting their effects.

There is, indeed, a serious problem when we act in ignorance of consequences; 
and this problem is substantial in the case of synthetic biology. We would still 
argue that this does not necessitate an entirely new ethics of synthetic biology. 
Jonas reminds us that our technological abilities are rather often not matched 
with an ability to anticipate (let alone control) global effects in the long run. 
(Extant examples include human-induced climate change, the problem of radioac-
tive waste, and the damage caused by human-introduced non-native species into 
habitats.) One might, however, wonder whether this problem has reached a new 
magnitude in the case of synthetic biology. Let us therefore turn to “acting under 
uncertainty”.

5.3.5 � Acting Under Uncertainty

Whenever we act there is some uncertainty with respect to consequences. But act-
ing ‘under uncertainty’ refers to the extreme case, where lies a serious ethical chal-
lenge. While ‘risk’ has to do with situations where probabilities can be assigned 
to possible harmful consequences, ‘acting under uncertainty’ refers to situations 
where no probability can be attributed to such consequences or where possible 
consequences are unknown. In these situations risks seem to be merely “calcu-
lable, hence controllable, islands in the sea of uncertainty” (Van Asselt and Vos 
2006, p. 314). When we are in this sea, traditional risk-assessment is not of much 
help to decide what we should or should not do.
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The economist Knight argued in 1921  that the two types of situation can be 
strictly distinguished, and that acting under uncertainty demands different strate-
gies of decision-making from acting under risk. It does, however, seem that the 
difference between the two is not as strict as he imagines; and often the two are 
interwoven (van Asselt and Voss 2006, p. 313): we might know some, but not all, 
possible consequences of an action and might be able to make rough estimation 
as to their probabilities. The difference is also dynamic; over the time, our calcu-
lable knowledge of consequences can rise like a volcanic island out of the sea of 
uncertainty. This process is not linear (sometimes more knowledge will increase, 
rather than reduce, the amount of uncertainty by showing that our models were 
too simplistic) and may never have a terminus. Some uncertainties are ‘radical’ 
(Funtowicz and Ravetz 1990): either incalculable in principle (concerning, for 
example, human behavior in the future), or uncertain in practice, incalculable 
because of their complexity, given our current cognitive abilities and time-frames.

Let us specify what we mean by ‘acting under uncertainty’. Hansson (1996,  
p. 369) distinguishes between four types of what he calls a “great uncertainty”:29

He identifies firstly an “uncertainty of demarcation”, when options are not 
really clear (1996, p. 370); either because we do not yet have a complete list of 
all possible options (“decision making with an unfinished list of options”, p. 371), 
or we do not even know “what the decision is all about. It is not well determined 
what the scope of the decision is or what problem it is supposed to solve.” (In 
the latter case he talks about “decision making with an indeterminate decision 
horizon” (p. 371)).

There is, secondly, an “uncertainty of consequences”, when we do not know the 
consequences of different options. This can occur in two ways. Either we are igno-
rant of the probabilities of harmful consequences (all “we know about their prob-
abilities is that they are nonzero” (p. 376)), or we do not even know what these 
consequences are (or, at least, do not know all consequences).

Thirdly, Hansson distinguishes “uncertainty of reliance” when the decision-
maker is uncertain whether he can rely on the information of others (given by, for 
example, scientists).

There is, fourthly, a possible “uncertainty of values” when it is not obvious 
which values should be applied (Hansson 1996, p. 370).

What, then, are the relevant uncertainties in case of synthetic biology? Of the 
aspects listed by Hansson, the third does not require further discussion. There can, 
of course, be doubts as to whether we can trust scientific experts in synthetic biol-
ogy; but there is no reason why this should be more troublesome than in the case 
of other technologies. Obviously, some people are less reliable than others, and 
self-interest influences judgment rather generally and not even consciously: “the 
violations of professionalism induced by conflicts of interest often occur automati-
cally and without conscious awareness” (Moore and Loewenstein 2004, p. 199). 
This is a general truth about human nature and not specific to synthetic biology.

29Which he defines rath‑er intuitively as “a situation in which the decision maker lacks much of 
the information that is taken for granted in the textbook cases” (1996, p. 369).
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When we look at the fourth potential uncertainty, we find in practice little disa-
greement in the choice of most ethical norms. Ethical considerations of synthetic 
biology are generally based upon standard moral principles. Most people agree, 
for example, that the environment must be protected and that synthetic biology 
should not be applied to human beings. But the debate is still in its early days 
and it is easy to accept general values and prohibitions (such as non-application 
to human being) because synthetic biology is not able to act against these values. 
(As in the case of PID, disagreement may yet come, when technological capabil-
ity increases.) Only in the context of the taboo-interpretation of the ‘playing God’ 
argument we can identify a straight-forward uncertainty of values: Is “life” a value 
that we should not touch at? There are also controversies about the hierarchy of 
values. Is a potential risk to the environment always a reason to limit the freedom 
of research? If not, where exactly should we draw the line? It is likely that there 
will be much discussion of this kind ahead; and it is desirable that there should be. 
But these issues are not new; we recognize them from the ethics debates concern-
ing other technologies.

The uncertainty of demarcation and the uncertainty of consequences are obvi-
ously most relevant to synthetic biology. Let us look first at the problem of options. 
Synthetic biology is such a new field and the term covers so many different devel-
opments that we simply do not know what options there are. This ignorance is 
profound; the list of options is by no means complete and grows all the time. The 
number of DNA-sequences we can synthesize, for example, has grown enormously 
within a few years and the iGEM compiles an ever-growing list of genes which 
can be newly combined. In contrast to mere genetic engineering synthetic biology 
is not restricted to the evolutionary realm (see Chap. 2): the depth of intervention 
is much higher and so is the level of uncertainty. New technologies and options 
will emerge that we do not yet know of. In synthetic biology the scope of the deci-
sion has still to be clarified. Synthetic biology gives much rein to fantasy. Scientists 
claim that synthetic life creations could become tiny self-reproducing factories 
which perform many useful functions such as cleaning the environment, supplying 
us with limitless energy at low cost, or possibly even eliminating human sickness 
and age-related disease. There are few limits to the imagined benefits of this tech-
nology and thus few limits to our options. Imagination gives birth not only to great 
promise, but also to potential peril. We have critical cultural images and cautionary 
narratives about this new technology. Films such as the French-Canadian science 
fiction thriller Splice (2009) or Andrew Swann’s Moreau Series (with its humanoid 
genetically-engineered animals) and other works of art, portray unwelcome options 
which might become available through synthetic biology. Both promise and peril 
remain to some extent still in the realms of fantasy, but such fantasy reveals how 
little we know about the options available to us.

The uncertainty of possible consequences is similarly high. This can be shown 
by reference to the ‘checklist’ Hansson suggests (1996, p. 378): a means of finding 
out whether we face a serious “high-level consequence uncertainty”. Firstly, there 
must be an “asymmetry of uncertainty”, by which he means that some new option 
has consequences much more uncertain than an alternative. Secondly, high-level 

http://dx.doi.org/10.1007/978-3-319-25145-5_2
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uncertainty comes with the “qualitative novelty” of phenomena. Thirdly, where 
consequences have no obvious bounds in time or space uncertainty is increased. 
Finally we must face a possible “interference with complex systems in balance” 
(such as ecosystems) which we cannot bring back once disturbed. All these criteria 
are fulfilled by synthetic biology. The consequences of developing new synthetic 
life-forms are obviously much more uncertain than the option of not doing any 
further research in this area. The phenomena we are talking about are also qualita-
tively new and we do not know, therefore, much about them. Furthermore, the 
behavior of novel synthetic biological artefacts is inherently uncertain and unpre-
dictable; but by being living biological entities they can also interfere with com-
plex systems. Potentially, then, the products of synthetic biology could have an 
enormous or even devastating impact on biodiversity and thus on the functioning 
and resilience of ecosystems.30

This shows how urgently synthetic biology needs ethical analysis, even if we 
can apply the strategies that have been suggested to deal with uncertainty in gen-
eral. There are two ethical rules which are crucial here. The first is to “diminish 
uncertainty by acquiring knowledge of the issue” (Tannert et al. 2007, p. 892). In 
the case of synthetic biology this amounts to the requirement of further research 
into the possible effects of biological artefacts. (This requirement is, however, 
extremely difficult to fulfill in practice. Possible effects are often too heterogenous 
and diffuse for systematic investigation.) The second is to apply a general precau-
tionary principle in the absence of sufficient data, knowledge, or understanding. 
This principle requires that we do not increase danger without good reason, and 
thus do not find ourselves in situations of high uncertainty. In 2008 the Conference 
of the Parties to the Convention on Biological Diversity called at its ninth meeting 
for “submissions of information on synthetic biology and geo-engineering, while 
applying the precautionary approach to the field release of synthetic life, cell or 
genome into the environment” (Decision IX/29).31 The precautionary principle 
deals with uncertainties in a proactive fashion (Jordan and O’Riordan 2000). If we 
cannot exclude that some option has a nonzero probability of extremely harmful 
consequence, and cannot perform any risk analysis, then we should not choose 
that option. This principle can come in weaker or stronger forms. A very strong 
form has been suggested by Ted Lockhart (2000): if we are not certain whether an 
action is morally permissible, and we do have an option we are certain is morally 
acceptable, then we should choose the latter (or, at least, that which most probably 
maximizes the good).

The precautionary principle should be applied when we can anticipate the pos-
sibility of great harm to the environment or to human beings (both those living and 
those yet to be born); and synthetic biology offers such possibility. A caveat might be 
that these harm scenarios must be reliable. We should take only “scientifically based 
harm scenarios” (Ekeli 2004, p. 431) into account, not any imaginable eventuality. 

30Biodiversity loss is a pivotal driver of ecosystem change (cf. Hooper et al. 2012).
31Cf. http://www.cbd.int/cop9/doc/ (1.1.2014).
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That sounds very reasonable, but the problem is, as expressed above, that we often 
do not know how to differentiate between these two kinds of scenarios.

5.3.6 � New or Old Ethics?

There can be no doubt that synthetic biology forces us into an area of extreme 
uncertainty. We can justly describe this as a qualitative leap. The potential magni-
tude of possible consequences rightly disturbs us and requires a moral response. 
But, despite this seeming newness, most challenges of synthetic biology are famil-
iar in principle, at least at present. They do not require a new ethics if ‘new ethics’ 
is understood as a field of new norms or values. The challenges are well known 
from previous contexts: genetic engineering is also facing major risks, acting 
under uncertainty, or issues of global justice.

However, synthetic biology is certainly radicalizing some of these challenges. 
As an extreme science—perhaps the apogee of modern science and technology—it 
might also be regarded as an extreme case of uncertainty. If we define ‘new eth-
ics’ as a field that requires intense debate and new methods of Risk Assessment or 
Technology Assessment, then synthetic biology is in need of a new ethics, beyond 
the scope of traditional ethical debate.

5.4 � The Need for New Ethical Debate and Its Problems

5.4.1 � The Need for Debate

All the ethical issues of synthetic biology we considered thus far already exist in 
the arena of other modern technologies, in particular with genetic engineering. But 
even if synthetic biology does not raise new kinds of moral concern, it requires 
new answers to old concerns. After all, the uncertainty of what synthetic biology 
will bring about is much higher—and also the speed of its development. A lot of 
energy is put into this new science. Its enormous promise fascinates scientists and 
meets economic and political interests; in fields such as the production of new 
fuels or medicinal drugs, great hopes accompany the work of synthetic biology. 
These are areas of huge importance for industry but also for nation states, as the 
possibilities of, for example, bio-weapons, expand.

All of this explains why an ethical debate about where we want to go or not to 
go, a debate that will be more fundamental than those within genetic engineering, 
is much needed—“there is a critical need to examine the ethical implications of 
the new field of synthetic biology” (The Hasting’s Centre 200832). In other words, 

32From Hasting’s Center press information (September 11, 2008); cf. September 12 Issue of 
Science.
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not a new ethics but a new ethical debate is required. Such a debate must be an 
enquiry into hitherto unknown fields in need of profound conceptual clarifications, 
a better understanding of the area and methods of dealing with uncertainty, and 
intense moral reflection. Only after such debate can we hope to find our way in a 
largely unexplored area with very specific challenges.

To be sure, this debate has already started, yet not many seem interested. 
Certainly not the public; only some ethicists, and merely few scientists are seri-
ously engaged in this discussion. Why do so few people participate in the debate?

5.4.2 � The Lack of a Public Debate

As it has been pointed out by Pardo and Hagen “most scientific developments take 
place silently, contributing to the continuous expansion of knowledge but known 
only to the corresponding subsets of the scientific community. They also tend to 
receive virtually no media attention”33 What is true for most scientific develop-
ments is certainly the case for synthetic biology. Only very few people seem 
actively engaged in a public debate on it, and not many have even heard of it at all. 
83 % of Europeans have no idea what synthetic biology is (Gaskell et al. 2010). 
Prado and Hagen add further reasons for this lack of a debate or even interest of 
the public.34 One is that the potential applications of synthetic biology are not 
apparent to the public. We are still in the early days of this new technology. 
Synthetic biology and its products are not yet publicly visible, and neither its ben-
efits nor its risks have reached the general awareness of the common person. In 
addition, synthetic biology is a rather complex field of technologies and scientific 
developments which can barely be understood without some scientific training and 
without a familiarity with basic genetic concepts. And they add that “cases of sig-
nificant resistance to or open rejection of scientific developments by the public are 
an anomaly” (ibid.) and are thus not to be expected when the transformation is 
silent and more or less invisible. That is why many attempts to give the public a 
voice in these debates, and to encourage discussion and active engagement, 
including institutional mechanisms set up for this purpose, have failed.

5.4.3 � The Conceptual Challenge for Ethicists

A further problem for this debate is that traditional ethical concepts (categories 
and norms) do not easily embrace the new phenomena. Synthetic biology has the 
potential to undermine many established moral responses. We have, for example, a 

33See Sect. 6.4. in this book.
34Ibid.

http://dx.doi.org/10.1007/978-3-319-25145-5_6
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basic environmental ethics which includes, amongst other things, the protection of 
biological diversity. But what does that amount to in the case of a new artificially 
created species? We referred to Hans Jonas above, who argues that modern tech-
nology shows us the limits of anthropocentric ethics—synthetic biology certainly 
does so and reveals the limits of many basic and generally-held assumptions and 
ethical concepts and categories.

Ethics is generally divided into three branches: Aplied Ethics, Normative Ethics, 
and Meta-Ethics. Applied Ethics is the area of actual problems; here general norma-
tive theories are applied to particular circumstances. The results can differ: there are 
conclusions that something is right or wrong, or conditional answers (‘if you take 
standard y, than you have to do x’).35 Normative Ethics is the attempt to identify and 
justify an ethical theory which provides moral norms, rules, or guidelines. (Mill’s 
Utilitarianims or Habermas’ ethics of discourse are examples of Normative Ethics.) 
Meta-Ethics, the third branch, works on a more abstract level. It concerns itself with 
the analysis of basic concepts (What is the meaning of ‘good’? Can it be reduced to 
usefulness?) and of methodological problems (How is an ethical norm justified?).

What is the impact of synthetic biology on these three branches of ethics? 
Some of the difficulties synthetic biology presents for Applied Ethics have been 
mentioned above. When dealing with new technologies, applied ethics has devel-
oped a set of standard procedures. Based upon the results of technology assess-
ment, the risks and potential benefits of a new technology are examined, the 
public response and acceptance taken into account, and from this an ethical rec-
ommendation is formulated. Controversial areas remain, but the controversies are 
mainly between rival ethical theories and the different norms or values they apply. 
(Deontological ethics, for example, places a higher and even absolute value on 
human life, while utilitarian ethics allows for more ‘trade-offs’.) Synthetic biol-
ogy raises questions where standard procedures simply fail to provide answers. 
A prime example is risk-analysis in the face of much uncertainty. With respect to 
biotic artefacts we neither know what potential harm they might cause, nor can we 
specify the likelihood of such harm, and we can but speculate about potential ben-
efit. In most cases, the complexity and novelty of synthetic biology does not allow 
for a traditional risk assessment. Another problem with Applied Ethics is the appli-
cation of norms and values regarding ‘life’. Can any ethical norm which demands 
respect for life be applied to biotic artefacts? Will the recreated woolly mammoth 
be an animal that commands respect?

Within Normative Ethics there arises the problem of new objects that are not 
covered by traditional normative theories. Most ethical theories have already 
evolved to the point where they can supply answers to moral problems concern-
ing the environment, human interactions with (natural) species, and even with arte-
facts (such as artworks). But artificial organisms do not fit easily into any of the 
traditional theories. Is a synthetic organism a new species that should be preserved 

35Some argue for an even more limited role of ethics, namely that it should confine itself to 
mediating between different positions and interests.
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and protected from extinction? What of an organism with xeno-DNA? In his book 
Animals, Humans, Machines. Blurring Boundaries Mazis (2008) addresses this 
consequence of modern technology with regards to the difference between humans 
and animals. Synthetic biology goes even further and blurs more boundaries, like 
the one between natural and artificial (more so than, for example, nanotechnology 
or the genetic engineering of existing species).

One of the problems in Applied and Normative Ethics here is the need for a 
bridge between different and hitherto-unconnected ethical debates. Thompson 
(2012) has emphasized that the rather diffuse character of synthetic biology as a 
“platform technology” transcends traditional ethical theories. Such technologies, 
he argues, allow for “rapid and diffuse innovations and simultaneous product 
development in diffuse markets, often targeting sectors of the economy that have 
traditionally been thought to have little relationship to one another”. As a conse-
quence, he argues, we must bring different ethical debates together: “traditional 
medical applications”, for example, and issues of global justice such as “land use 
and its attendant socioeconomic consequences, especially in the developing 
world” are all linked (Thompson 201236).

At the Meta-Ethical level, these new technological developments stretch the 
boundaries of our traditional concepts. The notion of ‘nature’, for example, was 
often used in a normative way to indicate limits of intervention. Moral demands 
to preserve ‘nature’ are based upon the assumption that the concept places things 
with certain characteristics (living organisms, ecological systems) apart from inan-
imate things (minerals, artefacts). This intuition entails that everything belonging 
to ‘nature’ must be treated respectfully so that it can continue to exist in a (more 
or less) autonomous way. Synthetic biology sits close to the border between the 
living and the non-living, not only in its attempt to construct living organisms 
from non-living material, but also by constructing machines from living mate-
rial. It abuts this border from both sides (see Deplazes and Huppenbauer 2009). 
Certainly, terms such as ‘nature’ or ‘life’ have already been under siege for some 
time, but synthetic biology seems to undermine them even more radically. The 
distinctions between natural and artificial, organism and machine, evolved and 
created, and between life and inanimate matter are now blurred, and even the con-
cepts of identity and continuity face conceptual challenge.

There is, however, some disagreement about the importance of these conceptual 
changes: in particular about the implications of the changing concept of life. Are 
the ramifications of such conceptual changes crucial or irrelevant (e.g. Kaebnick 
2009)? Will we simply get used to the idea that life can be synthetic and that 
human beings can create life, in the same way that we got used to seeing the world 
as a sphere (Tait 2009: p. 20)? Or does the mechanical view of life pose a threat 
to normative theories by implying that because life can always be recreated like 
a machine it is therefore ultimately worthless? In whatever way we answer these 
questions, they force us to reconsider some of our meta-ethical concepts.

36For this see also the 2010 report of the Presidential Commission for the Study of Bioethics.
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5.4.4 � The Silence of the Labs?

Scientists do discuss the ethics of synthetic biology, it seems. Any conference, 
book, or research application in the field has a section dedicated to ethical or 
social aspects of synthetic biology. It is, however, questionable whether all scien-
tists are seriously involved in these debates. Some scientists, at least, regard them 
merely as compulsory exercises.37 Ethical questions are not, of course, the most 
obvious concern for scientists.

There is, for one thing, a motivational problem. Most scientists acknowledge the 
need for reasonable risk-regulation (risks are, after all, quantifiable entities that can 
be dealt with in a roughly-speaking scientific manner), but otherwise are reluctant 
to engage in such debate. There are professional reasons for this lack of motiva-
tion. Following Ludwik Fleck, we can identify professional “thought-constraints“ 
(1936, VI; 1935, IV.3) typical within the world of the natural scientist. In his work 
on the genesis and development of a scientific fact, Fleck has argued that groups 
of scientists form a specific “thought-collective” characterized by a collective 
“thought-style”, which is a unique way of viewing and conceptualizing the world, 
but also includes shared practices. New members of the group are socialized into 
the specific thought-style by acquiring the worldview, concepts, and practices of 
the group. There are probably some norms belonging to the “thought-style” of the 
natural scientist, but they mostly concern how to do research (how to accumulate 
data, how to deal with the results of other scientists, etc.). Ethical issues, or debates 
on whole fields of research, are neither part of the academic education of scientists, 
nor do they play any role in the daily life of most laboratories. The style of working 
and thinking is shaped in a way independent of many ethical problems.

Even more profoundly, there are scientific reasons that seem to place ethical 
concerns outside the professional focus. In a Weberian sense, science is norma-
tively neutral because rationality can only discover and analyze functional rela-
tions: it explains how and why things are as they are, but does not make claims 
about how they should be. Weber does not deny that we make normative claims 
(moral, aesthetic, and other), but for him they are based upon feelings, conven-
tions, or religious convictions; they are not rationally established or justified. 
Science presents us with a disenchanted world, Weber argues, and ethics is part 
of the magical enchantment that we have overcome. Weber’s understanding has 
become part of the fundamental scientific creed and explains the strong reserva-
tions many scientists have toward ethical debate beyond risk-analysis. Why should 
they rationally engage in debates which are, by their very nature in the scientist’s 
view, not rational at all?

37One has the impression that some are hostile to any ethics, seeing ethics as a threat to sci-
ence, as a set of obstructive restrictions from an ill-informed public or religious grouping. If such 
scientists can see any purpose in public debate, then it is as a means of creating a climate of 
confidence and to secure public funding for further research. Admittedly, this picture is a bit of a 
caricature. But the reality is sometimes not very sophisticated.
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We should also note institutional problems. Work in a laboratory is extremely 
time-consuming and the competition between scientists is tough. There is no time 
to be wasted in ethical reflection or in the writing of papers which will not con-
tribute to the scientist’s professional development. Participation in ethical debates 
does not pay off and a scholarly article on the ethics of synthetic biology will 
normally not make its way into a natural science journal with a high impact fac-
tor. Most scientists can simply not afford to get engaged in such debate. But they 
should. They are the experts and know most about the technology and its potential 
effects. They are responsible for what they do.

5.4.5 � Scientific and Public Language

In addition to the above-mentioned reasons and motives explaining why neither 
the public, nor ethicists, nor scientists become engaged in profound ethical inves-
tigation into synthetic biology, there are conceptual problems in communication 
(cf. e.g. Cho et  al. 1999). Scientists and the public often use important terms in 
different ways. Consider, for example, the word ‘nature’. Due to its non-norma-
tive approach, science uses ‘nature’ to mean a dynamic world of events governed 
by natural laws which can be expressed in mathematical language. Nature can 
be fully understood once we know all the mathematical formulae which describe 
the interdependencies between events. In contrast to the Aristotelian view, this 
understanding is strictly a-teleological: in nature, there are no underlying goals or 
ends. For the scientist our world is without purpose and governed by “blind“ laws 
(Monod 1970). Investigating nature will therefore not unearth any ethical insights.

This interpretation of ‘nature’  differs enormously from that which dominated 
the West for nearly two millennia and still shapes public understanding today. “The 
poetry of the earth is never dead”, as John Keats rightly states in his poem On the 
Grasshopper and Cricket. In the pre-Enlightenment view, nature is loaded with 
magic, with beauty, and even with normative content. Thus ‘natural’ implies good 
and is contrasted with ‘artificial’. This understanding of the natural can affect what 
we do and what we choose not to do. Bernard Williams has coined the expres-
sion “thick concepts” for such “action-guiding” terms (1985, p. 140). The public 
understanding of ‘nature’ can ultimately be traced back to the classical view (of 
Aristotle and others) that nature is a universe of goal-directed entities, open to 
teleological (and, Christianity adds, theological) interpretations. Events in nature 
result from an inner dichotomy between change and being at rest; any explanation 
of movement will have to refer to this (Aristotle, Physics 2.1, 192b20–23). Outer 
forces affect nature only indirectly; the “active powers or potentialities (dunameis), 
which are external principles of change and being at rest (Aristotle, Metaphysics 
9.8, 1049b5–10), [are] operative on the corresponding internal passive capacities 
or potentialities (dunameis again, Metaphysics 9.1, 1046a11–13)” (Bodnar 2012). 
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According to Aristotle, understanding nature is as much a metaphysical as a physi-
cal enterprise: it requires an inquiry into the true nature of things. Therefore we can 
always ask four question, Aristotle concludes, about any natural event, one of them 
being, ‘For what purpose did it happen?’ But this is a question explicitly rejected 
by science. Not only human beings and animals, but also plants and inanimate 
objects, are, in Aristotelianism, supposed to have an inner directedness, a telos. 
Understanding nature properly means understanding its point and purpose. It was 
this telos that could easily be linked to normative approaches, the full realization 
of one’s telos being the good of one’s existence. In this sense nature can be action-
guiding, and it is still such an understanding which dominates public discourse on 
‘nature’. This discourse is much more Aristotelian than Galileian as Christina Aus 
der Au rightly remarks (2008).

Thus, the scientists and the public appear to speak of the same things but do not 
in reality do so. What is worse is that the two groups use the same words; scien-
tists use widely-understood common language when they talk about ‘nature’, but, 
in the eyes of the public, without taking the normative connotations seriously. This 
is at least one reason for the lay person’s suspicion of the scientist. And for most 
scientists, lay people are relics of a pre-scientific worldview which needs to be 
eradicated. This, in turn, explains, why many lay people do not feel that they are 
being taken seriously and therefore distrust scientists (Aus der Au 2008, p. 24). 
What has been said of the term ‘nature’ is also true of other key concepts such 
as ‘life’ and ‘artificial’. These are used as a “thick concepts” by many; as notions 
with normative implications. But not by scientists.

The problems, then, encountered here are not only the conceptual difficulties 
presented by new technology, but also professional, conceptual, and institutional 
inhibitions on the part of the participants. They must be overcome for substantial 
answers to be reached. What is necessary is a real encounter between scientist and 
public, held in a mutually intelligible lingua franca, and an overcoming of pro-
fessional inhibition. This requires ethical reflection, political effort, economic and 
scientific incentives, as much as a willingness on both sides to enter the debate 
seriously. The lay person must try to understand what is going on in synthetic biol-
ogy, and the scientist must show the same cooperativeness. The scientist must try 
to empathise with those who express fear or misgiving, and also understand that, 
and how, they use the same terminology differently from them. We hope that some 
of the clarification achieved here will be of help in this cause.

But we need more. We need actual suggestions as to where the debate can 
start from. The point of an ethical debate on synthetic biology is to formulate 
answers: to find out whether society has good reasons to promote, allow, or disal-
low research areas, products, developments, or individual technologies within the 
world of synthetic biology. In good Socratic tradition (of setting up a hypothesis 
which can be argued against) I will end this chapter by making a moral proposal 
for the level of engineering biology. I suggest what might be called ‘The Three 
Moral Laws’ of synthetic biology.
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5.5 � The Three Moral Laws

5.5.1 � A Moral Proposal

In his 1942 short story Runaround, Isaac Asimov, the author of several sci-
ence fiction stories, introduced a set of three laws or rules which any robot must 
obey. These “Three Laws of Robotics” (often simply called “The Laws”) read as 
follows:

1.	 “A robot may not injure a human being or, through inaction, allow a human 
being to come to harm.”

2.	 “A robot must obey the orders given to it by human beings, except where such 
orders would conflict with the First Law.”

3.	 “A robot must protect its own existence as long as such protection does not 
conflict with the First or Second Law.”

Following a suggestion by Michael Bölker, we can try to apply the Three Laws to 
synthetic biology, in particular to the level of engineering biology where we will 
soon find artificial organisms which can interact easily with the environment, at 
least in principle. These “Three Laws of Synthetic Biology” read:

1.	 A biotic artefact may not injure a human being.
	 Synthetic biology must obey a precautionary principle and must avoid caus-

ing any significant immediate or long-term risk to human beings or the 
environment.

2.	 A biotic artefact must be strictly functional, except where this would conflict 
with the First Law.

	 Biotic artefacts must be designed for a limited purpose. Synthetic biology must 
not create artefacts for their own sake nor artefacts with a possibility for active 
further development (something we might call evolutionary autonomy).

3.	 A biotic artefact must be protected and we should respect it as a form of life as 
long as such protection does not conflict with the First or Second Law.

	 The life of biotic artefacts must be respected and their value acknowledged but 
only to the extent that they do not threaten mankind, and where they are strictly 
functional. We must not respect or support their evolutionary autonomy.

Obviously, it was easier for Asimov than for us to formulate his Three Laws and 
to hope for their general acceptance. As a writer he is the creator of his own (liter-
ary) universe, where he sets the rules and determines what happens: his rules are 
for robots and can directly be incorporated into them. They cannot be bypassed, 
even if the robots might act in strange and unexpected ways when they apply the 
laws (that is the punch line of many of Asimov’s stories). Things in the real world, 
especially products of synthetic biology, differ from entities in Asimov’s uni-
verse. For a start, moral laws cannot be programmed into biotic artefacts; we must 
address moral issues to the synthetic biologists, lawgivers, and other stakeholders. 
Furthermore, we cannot determine how such people will behave, because we are 
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not the authors of their lives and actions. We relate to them as free, independent 
beings. That is why we can merely present the laws and argue for them, hoping 
that people will be motivated to act upon them. Let us, therefore, say a little more 
about the Three Laws of Synthetic Biology and why we should accept them.

5.5.2 � First Law: A Biotic Artefact May not Injure  
a Human Being

Most ethical theories accept human life (and its necessary conditions) as valuable 
in themselves. The respect for human beings, their autonomy and well-being are 
generally acknowledged norms. And theories in the Kantian tradition see human 
dignity as the fundamental value in all ethics. While traditional ethics focuses on 
human beings who already exist, Jonas expands the principle to include those who 
have not yet been born. His moral imperative of responsibility (1984, p. 43) reads: 
“Act so that the effects of your action are compatible with the permanence of gen-
uine human life.”

Kantian ethics sees human value “beyond all price”, as an absolute which must 
not be subject to any weighting or trade off. A contemporary version of this can 
be found in the work of Roger Brownsword, who argues that there is an abso-
lute which all ethical theories must acknowledge; namely the conditions necessary 
for any moral community to exist. This follows from the requirement that moral 
demands be self-consistent and do not undermine themselves. If as a society we 
look for moral orientation, we need to identify all the conditions necessary for this 
society to exist as a moral community. These conditions must be respected at all 
costs, in order to avoid theoretical inconsistency and practical self-destruction. The 
moral order must be geared towards longevity and may not include norms whose 
consequences turn against that order. Human dignity is a good candidate as an 
absolute. If we fail to treat human beings with respect, we will certainly under-
mine the possibility of any moral community.

If we take a fundamental norm like ‘secure the conditions necessary for any 
moral community to exist’ as a starting point of ethical reasoning, the First Law 
follows. When creating biotic artefacts, synthetic biology must always avoid 
harming human beings. This requires not merely the avoidance of obvious harm 
(as might be caused by the creation of, for example, a dangerous virus) but also 
the prohibition of any form of experimentation on humanoids. Re-creating 
Neanderthal Man (even if it is “technically sweet”) seems clearly against this 
law. Not only will such an attempt be unavoidably accompanied by the misery of 
many failed attempts, the artificial Homo neanderthalensis will, on a purely bio-
logical basis, not be well equipped to withstand contemporary diseases, bacteria, 
or viruses; so his life might be short and full of suffering. Moreover, we know 
nearly nothing about his needs, wishes, or desires, and what might happen when 
he finds himself in a situation where he is a lonely alien, in a world he was not 
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made for, would be profoundly unpredictable. Jürgen Habermas’ argument against 
cloning (namely that an asymmetrical situation is created where the clone has lim-
ited freedom) applies here in an even more extreme way. It is hard to see how a 
Neanderthal Man could become a truly autonomous being and a part of our moral 
community. The problem is not the creation of a potentially autonomous being as 
such (after all, we do it by sexual reproduction all the time), but the circumstances 
that prevent the being actually developing this autonomy. Autonomy, after all, is 
the result of growing up amongst kin in a supporting culture; things he will not 
experience.

The First Law also dictates that we must be extremely careful with respect to 
possible risks. If human existence is the fundamental value, then nothing could 
justify risking human existence as such in the short or long term. If any biotic arte-
fact presents a possible risk to human beings, directly or indirectly, or by affecting 
the environment in negative ways, the burden of proof that it is not harmful falls 
on synthetic biology. Research in synthetic biology must always be accompanied 
by careful investigation of possible consequences, with sober multi-disciplinary 
risk-assessment. Only such assessment can be a fair basis for ethical debate on 
action and policy. At present, however, we seem unable to execute any proper risk-
assessment for most products of synthetic biology. And as argued above, acting 
under uncertainty requires a strict precautionary principle. Obviously, it is difficult 
to determine how strict the precautionary approach should be: does it mean that 
creating any new artefact must be outlawed, simply because we cannot know all 
consequences in advance? The First Law certainly demands extreme care at least 
when there is potential harm to human beings.

5.5.3 � Second Law: A Biotic Artefact Must Be Strictly 
Functional

The Second Law can be deduced from the First Law. To demonstrate this, let us 
review what we have argued concerning the First Law: we claimed that the First 
Law implies that there should be no significant risk of harm to human beings. This 
statement, however, requires further qualification. Not to run any risk would be 
equivalent to prohibiting synthetic biology completely because a minimal level of 
risk will always obtain. After all, we live in a world of probabilities, where we can 
never be absolutely certain about the outcomes of events. (And as Chaos Theory 
tells us, in a non-linear system, as most physical systems are, simple changes can 
produce complex effects.) Hence, if we followed the strict principle of avoiding 
any risk whatsoever, no new technology would be acceptable. The laptop on the 
table might electrocute its user; and if we take up our long-forgotten fountain pen 
instead, it is still possible that something dreadful happens. But strict risk-avoid-
ance is also morally problematic: it might imply absolute passivity, which is not an 
ideal of the moral life. Moreover, even passivity might be risky. We should accept 
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instead that we live in an imperfect world where everything we do has some risk 
of bad (yet unintended) consequence. Absolute risk-avoidance is not a possible 
principle; there are good reasons to accept a principle of minimal risk instead.

It follows that we must make some benefit/risk assessment; possible harm and 
its probability must be assessed against the benefit of an action or new technol-
ogy. But as stated above, any such calculation will be extremely complex and diffi-
cult in case of synthetic biology. We simply know too little about the likelihood of 
genetic pollution, direct or indirect effects on other organisms or the environment, 
etc. But we do know something about the relative importance of certain features. 
Let us look at them:

Firstly, we know that there must be a clear non-negligible benefit in the tech-
nology; otherwise no risk would seem acceptable. If there are no potential ben-
efits any risk would be too high, simply because the minimal potential harm is 
not counterbalanced by any benefit. We can also conclude that, if there are two 
biotic artefacts A and B, which are alike with the exception that A has a beneficial 
feature while B has a merely neutral ones, then we know that it is ethically bet-
ter, ceteris paribus, to create A rather than B. And as B has no beneficial feature, 
we know a priori that the risk will outweigh the benefits and that the risk/benefit 
balance will weigh against its creation. A biotic artefact must promise some par-
ticular benefit and be designed for a clear purpose; otherwise we should not coun-
tenance its creation. This purpose should be strictly limited. The artefact must not 
have an unpredictable variety of features and abilities which are neither needed 
for its existence, nor are potentially beneficial for humans. Any additional feature, 
over and above the clear purpose of creation, will increase the risk of unforesee-
able negative interactions with the environment. The ideal (and actually the only 
acceptable) biotic artefact is a minimal organism with a clearly defined and lim-
ited function. (This criterion is likely to be in harmony with economic interests. 
Newly created organisms are designed to fulfill a specific task within industrial 
scale operations, and designed not to lose or alter their ability to perform this task. 
In most cases, evolutionary changes in the organism are not welcomed.)

Biotic artefacts should not have the potential for further evolutionary develop-
ment. Certainly, by being a living organism such an artefact will always be, in 
principle, capable of variation and adaptation and thus a possible subject for natu-
ral selection. Some evolutionary potential cannot be excluded. But this potential 
must be minimized, if possible, because it increases the likelihood of uncontrolla-
ble and unwanted harm. If the artefact becomes evolutionary active, it will replace 
other forms of life (as implied by the term “natural selection”)38 and thereby 
increase its role in the ecosystem, which makes it yet more difficult to control. 
Again, this Second Law can be argued for in an a priori fashion without attaching 

38Replacement happens on two levels: a better-adapted strain of one species replaces other 
strains of that same species, and successful species can replace other species. In the case of biotic 
artefacts, the first is less dangerous than the second, but even the first is potentially harmful: it 
means that the new life form may become better and better adapted to its environment and there-
fore more and amore able to interact with it.
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any absolute value to risks or benefits. If there are two biotic artefacts A and B, 
which are alike with the exception that B has more evolutionary potential than A, 
then B has the potential, in the long run, to interact more intensively with the envi-
ronment, replace more life-forms, and change things more effectively than A. 
Since all these influences are potentially harmful, B itself is potentially more 
harmful than A. It follows that it is ethically better, ceteris paribus, to create A 
than B. Another consequence is that synthetic biology should not explore areas 
where functional applications are not immediately apparent. Research without a 
clear goal (‘curiosity-driven science’, as it is sometimes called) is not acceptable 
as long as we follow the pre-cautionary principle (even if many unanticipated sci-
entific breakthroughs are only possible if this freedom of research were granted). 
At present, it seems the most rational (and thus ethical) principle that biotic arte-
facts must be designed for a strictly limited purpose and must not have the poten-
tial of dynamic (evolutionary) development.

5.5.4 � Third Law: A Biotic Artefact Must Be Protected

This law is based upon the idea that all forms of life, whether biotic artefacts or 
traditional life-forms, deserve respect. Observance of this law is qualified by the 
First and Second Laws: only un-harmful and strictly functional artefacts are sup-
posed to be created and only they deserve the minimal respect commanded by the 
Third Law. If a biotic artefact has too much evolutionary potential, it violates the 
Second Law and therefore must not be created, being simply too dangerous for a 
world such as ours.

Why should this Third Law be applied? We have argued above against the idea 
that ‘life’ as such is an absolute value, mainly because it is not the possible basis 
for an ethical theory. The Third Law is different because it is based on a principle 
of fairness. We do in practice give some normative status to plants or animals: we 
regard it as immoral to make a species extinct and consider cruel treatment of at 
least higher animals to be immoral. But then, we should pay the same respect to 
members of artificial species. Fairness would demand that we treat a higher arti-
ficial animal, such as a mammoth, in the same way that we would treat, say, an 
elephant. They deserve the same respect we owe to all higher animals: we must 
not make them suffer, and we must keep them in appropriate conditions—as long 
as the First and Second Laws are obeyed.

In most cases such respect for a novel form of life, based upon this fairness 
principal, does not have much ‘cash value’: it does not entail that the organism in 
question must be protected under all circumstances (cf. Boldt et al. 2009). This is 
because we are, in practice, mainly dealing with very simple organisms (such as 
proto-cells and bacteria) towards which we seem to have few, if any, obligations. 
Even ‘natural’ bacteria do not seem to ask for much respect, so the fairness-princi-
ple does not create many obligations in the case of artificial bacteria.
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5.5.5 � Short Conclusion

What follows? The three Laws are a suggestion which may at least generate 
debate; only in the outcome of such debate might they be shown to be plausi-
ble compasses for moral orientation in the field of synthetic biology. It would be 
good to have such a debate before the developments of synthetic biology urgently 
demand ethical or political answers, because by then it might be too late to  
give any.
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Abstract  We analyze some of the issues that synthetic biology raises for the 
social sciences within the “public perceptions of science” framework. The chang-
ing roles of public perceptions in policy making are described in relation with 
changes in the institutional and cultural contexts of science. We take a closer 
look at the available empirical evidence about public views on synthetic biology 
against the background of what is known about public perceptions of biotech-
nology more generally. Many vectors influence public attitudes to biotechnol-
ogy, notably risk perceptions, tradeoffs between goals and means, ethical views, 
and trust in science and regulatory institutions. Attitudes are also associated with 
frames, symbols and worldviews. One of the central worldviews that affects 
subsets of the life sciences is the current vision of nature: many people are aware 
of problematic aspects of economic growth that makes intensive use of science 
and technology, and there is therefore sensitivity to scientific progress that further 
challenges the boundaries of “natural” processes and objects. Synthetic biology 
has components in potential conflict with the public’s preference for “naturalness” 
in many areas, although this is at present dormant due to the low salience of syn-
thetic biology in the media and public.
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6.1 � Introduction

Synthetic biology is an emergent scientific area with an explicit dual purpose: to 
provide a new and deeper understanding of biological systems, and to design from 
scratch biological parts and systems for a number of practical purposes, from medi-
cine to the restoration of the natural environment. In contrast to most scientific 
areas, in which a significant accumulation of knowledge takes place before applica-
tions are envisioned, leading figures in synthetic biology have publicly portrayed a 
future of multiple innovations and applications, despite the fact that few scientific 
breakthroughs have so far been produced. Indeed the amount of hype and articula-
tion of grandiose visions has been considerable by any standards. In this respect, 
synthetic biology reflects the new rules of the game for doing science: to claim criti-
cally important practical benefits in order to achieve rapid recognition, advancement 
in academia and access to custom-made support programs from governments and 
private investors. A more significant novelty of this still fuzzy field is its interdisci-
plinary character and multidimensional scope, ranging from basic to applied knowl-
edge and engineering, and including also an ontology and cultural narrative about 
life and living organisms and entities and, implicitly, about the depth of intervention 
of science in nature. Finally, the synthetic biology research community is not only 
building its cognitive and professional identity but has also, from the outset, devoted 
significant attention to ethical, risk and social analyses, with the declared goal of 
avoiding the mishaps encountered in the case of earlier biotechnology. It is for these 
reasons that this scientific area merits closer sociological analysis, despite what is 
still a low level of salience in the public opinion domain. In this chapter, we will 
offer a particular type of social science analysis, applying mainly the “public per-
ceptions of science” framework and concentrating on just one subset of the issues 
raised by synthetic biology. Given the field’s relative youth and its continuities with 
prior biotechnology, we will approach its treatment in an indirect way. We will start 
by examining for our purpose here the latest perspective of “public perceptions of 
science” and presenting some of its main results in the case of biotechnology (rou-
tinely used as a background case for the analysis of synthetic biology), before going 
on to delineate public views on synthetic biology and, from there, to extrapolate 
about how its applications may be received in the not so distant future.

6.2 � The Space and Role of Public Perceptions  
of Emergent Technoscientific Areas

Since the turn of this century, public perceptions of science have been a relevant 
input to regulatory agencies, the scientific community, high tech companies and 
other stakeholders, particularly in Europe. This is a significant novelty. Until the 
last decades of the 20th century, public views on scientific advances were not part 
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of the “public opinion” landscape and played no role in the regulatory process. 
That is not to say that, from time to time, some newly arrived scientific application 
did not spark a degree of controversy, which in most cases was fairly short-lived. 
But, generally speaking, until the last part of the 20th century, most scientific 
advances had a public profile that can be characterized as follows: (a) low public 
awareness or salience in comparison with other areas (politics, economic affairs, 
sports, entertainment), (b) only a small segment of the public regularly followed 
scientific news (the so-called “attentive public”, that is, individuals interested and 
informed, albeit at an elementary level, about science; usually around 10 % of the 
population in most societies), (c) either they were positively received (the shared 
assumption being that virtually any scientific advance was good and an indicator 
of “progress”) or else they were not problematic, (d) to benefit from them it was 
not necessary to understand the substantive content, but only to possess a fairly 
basic operational knowledge (“push buttons”) and rely on the appropriate experts, 
and (e) there was a high level of trust in the scientific community and science-
based technical expertise. Science and progress were perceived as strongly associ-
ated, reinforcing each other, and that link was a core component of the modern 
cultural narrative and the mindset of “modern” individuals.

However, from the late 1950s up to the present, a number of episodes of unease 
and even resistance to subsets of science and technology began to emerge; some of 
the most salient were nuclear armament, advanced automation (robots in industrial 
processes), fertilizers and pesticides (core elements of highly intensive agricul-
tural practices supported by chemistry), nuclear energy, human embryo research, 
genetic modification of plants and animals, cloning, and, more recently, embryonic 
stem cell research. Resistance did not arise from a single overarching motive, but 
was associated with diverse factors, chief among them: (a) opposition to war and 
the arms race, particularly regarding nuclear and other weapons of mass destruc-
tion (represented by new pacifist movements), (b) the emergence in the mid-1960s 
of the so-called “environmental consciousness” and “green” values, (c) an explo-
sion of publicly available information and media coverage on the risks linked, 
directly or indirectly, to science and technology, contributing to the promotion of 
a culture of benefits without side effects), (d) clashes between, on the one hand, 
ethical and religious creeds and, on the other, embryo research (clashes linked to 
conflicting views on the definition of when individual human life begins and the 
moral status and rights of an early human embryo), (e) the emergence of so-called 
“postmaterialist values” among the younger generations, and (f) the postmodern-
ist critique of science and technology by influential figures in the humanities and 
the social sciences, not merely calling into question the side effects of science and 
technology, but also challenging the special epistemological status of scientific 
theories, and praising instead so-called “local knowledge” based on direct, intui-
tive and holistic experience (unaided by conceptual tools such as analysis, abstrac-
tion and formalization, or appropriately specialized instruments) open not just to 
the professional scientist.
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The increase in mass media coverage of scientific and technological controver-
sies has been a significant factor fueling public anxieties about certain scientific 
and technological advances. Media studies have shown that mass communication 
has a stronger influence on the “about what” than on the “what”, and thus plays a 
major role in “agenda setting”, giving salience to certain objects and issues while 
demoting or silencing many others. More specifically, according to the thesis of 
the “amount of coverage” of technological controversies, what really matters is not 
so much the balanced or unbalanced nature of coverage, but the sheer quantity of 
news devoted to potentially problematic areas, with a high coverage interpreted 
by the public as a signal that there is something wrong with a particular scientific 
development (see Mazur 1981).

The risks and ethical aspects associated with scientific developments and tech-
nological applications are the two dimensions that have received the most atten-
tion from new academic specialties. Risk analysis and bioethics have been the 
two main conceptual instruments deployed to address the regulatory challenges 
posed by disruptive technological innovations and, particularly, to address the 
latent concerns of a skeptical or potentially critical public regarding recent scien-
tific advances. Most of the subsets of science that have come under open criticism 
in the last two decades are part of the life sciences, and this helps to explain the 
emergence and public prominence of bioethics as a field, and the proliferation of 
committees officially appointed to provide reports and advice to policy-makers on 
the ethical dimensions of new scientific developments.

While risk analysis research was quick to factor psychosocial and cultural vari-
ables into its models, such as the mental mechanisms employed by non-experts in 
the perception and ranking of technoscientific risks, usually at odds with the cri-
teria used by experts (Slovic 2000), the large majority of bioethical analyses have 
paid little or no heed to any views or ethical judgments that the public might form, 
despite the availability of empirically grounded social science analyses of values 
and ethical views.

However, in the last few years a small but growing segment of the bioethical lit-
erature has taken as its starting point empirical data, including “public perceptions 
of science” (Lassen et  al. 2006; Molewijk et  al. 2004; Sugarman 2004). This 
recent approach still tends to operate under an implicit division of labor between 
bioethics and public perception studies, which consigns the latter to a very limited 
role; that of describing people’s values and moral standards.1 But this division of 
domains (bioethics dealing with the theoretical and normative ethical dimensions 
of new technoscientific developments versus empirical social studies confined to 
describing and offering “raw” data of values and perceptions) fails to take into 
account a number of relevant points.

Social science studies of values and perceptions of science not only describe 
(“measure”) people’s ethical mindset, but also analyze its formal properties such 

1Felix Thiele’s chapter “The Ethical Evaluation of Pharming”, in Rehbinder et  al. (2009), pp. 
179–200, and the much earlier contribution by Birnbacher (1999) give more scope to social sci-
ence studies in the framing of bioethical questions and objects.
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as depth and structure (scope, consistency or inconsistency), its variability in the 
population and offer explanatory schemas on its underlying whys or “reasons”. 
These studies, empirically grounded, show that moral values interact with other 
more general values and worldviews (such as views on nature and naturalness, 
demarcation between species, the role of humans in relation to nature, science and 
progress, religion, equality, peace, democracy) that are important for understand-
ing more specific ethical evaluations. What from a bioethical perspective may 
seem to be inconsistent values held by an individual, from a social science angle 
may be understood as the result of individuals, for varied reasons, giving different 
weights to diverse frames2 when evaluating a specific situation; distinct in most 
cases from those they would apply in another context. Social science analyses 
show that, when confronting a moral issue, most individuals, except principally 
those operating with a tightly integrated ideological structure—usually belonging 
to or identified with specific organizations with an explicit culture or credo—do 
not engage in a deductive chain of thought starting from a fundamental and over-
arching ethical or normative principle, but tend to apply a piecemeal approach, 
sensitive to the specifics and salient attributes of the issue at hand. Furthermore, 
moral views on central issues posed by the life sciences exhibit large variability 
within and between societies, and this is relevant for understanding the compo-
nents and sources of moral concern and, obviously, for ethical debate and regula-
tion in pluralistic societies. To sum up, studies of public perceptions of science are 
today not only descriptive but also explanatory. Although they usually lack an 
explicit normative dimension, in contrast with bioethics, they may have a role in 
the multidimensional evaluation of potentially controversial technoscientific devel-
opments. In turn, social science studies could benefit from the formal objects, con-
cepts and explanatory schemas constructed by the bioethical and, more generally, 
the philosophical literature.

To recapitulate, while in the last two decades regulators sought to ground their 
decisions regarding scientific advances on analyses of risks and benefits and bio-
ethics recommendations, more recently they have realized that here, as in other 
more classical domains, such as economic policy, open to public scrutiny and 
demands, public opinion cannot be ignored. In the case of the European Union, 
studies on public perceptions of science and technology have become a useful 
input for policy-makers, finding a place beside the standard soundings on eco-
nomic or political issues. The interdisciplinary field known as “public perceptions 
of science” is of particular interest when public bodies are confronted with the 
challenge of balancing diverse goals in a democratic regulatory process, and it is 
also relevant for the scientific community and its interaction and communication 
with today’s public.

2Frames are one of the two main components of “schema theories” in cognitive psychology and 
artificial intelligence (the other is “script”), and were introduced by computer scientist Marvin 
Minsky to denote the representation and the structure of a given piece of knowledge. Frames 
store an object in memory as a list of its most typical attributes, and when an individual hears, 
sees or reads something about the object, he/she “recalls” these attributes en bloc.
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6.3 � An Enlightenment Assumption: Resistance to Science 
as a Function of Lack of Knowledge

In the last part of the 20th century, diagnosis of the limited cases of opposition to 
science was reduced to a single factor: poor public understanding or, to give it the 
conventional label, low scientific literacy. This contemporary embodiment of an 
Enlightenment assumption—the attribution of opposition to material and institu-
tional progress to a cognitive deficit or cultural barriers—rapidly gained currency 
among the scientific community, regulators and early public perceptions of science 
analysts. Accordingly, the recommendation or remedy was straightforward: the 
improvement of the formal (via education) and informal (via popularization) trans-
mission of science to the public at large. Both, analysis and course of action were 
canonically represented by an influential report, prepared by the Royal Society in 
the UK under the title The Public Understanding of Science (The Royal Society of 
London 1985).3 This approach has come to be labeled as the “deficit model”.

Neither the scientific community nor public decision-makers paid any real heed 
to factors of resistance other than the low scientific literacy of the public. The pub-
lic’s values and preferences, the social and political culture and the worldview 
articulated by new social movements such as the “Greens” received either scant 
consideration or none at all. The skirmishes between the scientific community and 
the public were interpreted as a collision between, on the one hand, competence, 
rationality and progress and, on the other, public ignorance, unfounded or irra-
tional fears and attitudes labeled “neo-Luddite” (in reference to the early resist-
ance to and destruction of the new textile machinery by displaced artisans during 
the 19th-century Industrial Revolution in England).

The scientific community interpreted the critiques of specific subsets of science 
as a general frontal assault on two pillars of science as an institution: its funding 
with public monies, and its autonomy in setting scientific goals and conducting 
research. In this charged context, calls were made to promote public scientific lit-
eracy. The resulting program was deficient in its conceptual basis and patronizing 
in its orientation: it was assumed that anxieties and resistance to specific subsets 
of science and technology were without merit from a “rational” perspective and 
would be dissolved simply by improving the public’s familiarity with the con-
cepts and methods of science. All that was required of the scientific community 
was to leave their laboratories, not only to talk to policy-makers and entrepreneurs 
(the direct providers of financial resources), but also to devote time to explaining 
science to the public. However, this was a task with no immediate return and not 
likely to advance a scientist’s career.

A decade later, a contrasting and more nuanced view of public resistance to sci-
ence and how best to contend with it started to take shape, and was captured by the 

3For a brief history and background of the report and the Public Understanding of Science field, 
as related by the scientist who chaired the ad hoc group appointed by the Royal Society, see 
Bodmer (2010).
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House of Lords report Science and Society (House of Lords Select Committee on 
Science and Technology 2000; see also Einsiedel et al. 2006) The context of the 
science–public relationship was characterized then as a crisis of trust, and varia-
bles other than just scientific literacy were identified as responsible for the deficit. 
Improving the level of understanding of science was still perceived as relevant, but 
a new climate of openness, dialogue and “engagement” of the scientific commu-
nity with the public was advocated.4 New forms of public participation were also 
encouraged (for example deliberative polling, standing consultative panels, citi-
zens’ juries, consensus conferences, internet dialogues). In sum, the recipe this 
time was participation, dialogue, and a new science-society contract. Although the 
conceptual model of this new framework was not without its flaws, it was instru-
mental in fostering a conceptual and institutional space for legitimate differences 
in values and goals, and not just in levels of knowledge, between the professional 
scientist and the lay public. The net practical effects of the new mechanisms to 
give the public its say on potentially conflictive scientific areas have been subject 
to evaluation, but no clear evidence has been found that they have succeeded in 
overcoming public anxieties and reservations, although they may have contributed 
to offering new insights to decision-makers.5 Despite this shortcoming, the new 
framework has been a significant step forward in enlarging the conventional view 
on public responses to science, indirectly stimulating a new generation of studies.

Recently, a more robust and general  approach to explaining public views of 
science is in the process of being developed.6 Its main novelty is to postulate that 
not only formal knowledge of science, but also culture count toward shaping evalu-
ations of and attitudes to science. Some of the main elements and findings of this 
line of work are the following: (a) knowledge plays a role in the evaluation of sci-
ence in general, with a positive correlation between knowledge and attitudes (more 
knowledge tends to be associated with more positive attitudes), but the size of its 
independent and direct contribution is small (Allum et al. 2008; Bauer et al. 2007; 
Pardo and Calvo 2006a), (b) unless there is a personal and strongly vested interest 
at stake, most people don’t engage in a systematic, time consuming search for 
information in evaluating complex objects such as new scientific developments, but 
make use of a minimalistic and informal template composed of a straightforward 
hierarchy of goals and means (means-goals tradeoffs), that is, if the goals are highly 
valued (for example, potential gains in health) most individuals are willing to com-
promise regarding the means—assuming these don’t directly impinge on core val-
ues (Pardo et al. 2009), (c) worldviews, values and specific cultural frames have a 
very significant influence in shaping views of some scientific and technological 
advances (Pardo and Calvo 2008), that is, attitudes to specific subsets of science, 

4On the varieties of engagement, see Rowe and Frewer (2005).
5See methodological considerations about the evaluation of public participation forms in science 
policies in Rowe et al. (2004), Rowe and Frewer (2000, 2004), Levitt et al. (2005), and Nielsen 
et al. (2011).
6A sample of this work can be found in Bauer et al. (2012).
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like biotechnology, are influenced by constructs embedded in the general culture of 
a society such as general expectations about science, belief in progress, images of 
nature and “naturalness” and associated beliefs about the role of humans in nature 
and “natural processes”, views on animal and human life and the demarcation 
between the domains of the natural and of the artificial or designed, perceptions of 
non-human animals and their status in relation to humans, views on the moral sta-
tus of human embryos, (d) risk perceptions play an independent role in shaping 
views on science developments, and (e) “trust” or Vertrauen in the scientific com-
munity and the regulator (based on perceptions of scientists’ respect for the general 
interest) and “confidence” or Zutrauen (grounded on perceptions of technical com-
petence, that is, the belief that researchers and experts, in their professional domain, 
know what they are doing better than anybody else) also have a significant influ-
ence on attitudes to science and may compensate for a modest level of scientific lit-
eracy (Priest et  al. 2003; Siegrist 2000; Pardo 2012). In conclusion, according to 
current views from cognitive science, social psychology and cognitive and cultural 
sociology, people don’t use mainly formal, systematic or “textbook” knowledge to 
make sense of complex issues such as scientific developments and their acceptabil-
ity, but rely on an array of diverse ideational, symbolic and emotional elements pre-
sent in the culture of a society at a given time (worldviews, beliefs, frames, values, 
fears and “taboos”, reference groups, trust) and readily available for “activation” by 
most individuals as shortcuts, heuristics and “gut feelings” (including the so-called 
“yuck factor”) when confronted with specific situations and decisions.7 From this 
perspective, the until recently canonical approach of resorting to levels of scientific 
literacy alone to understand people’s views of science would, in the best case, be no 
more than a limited subset of a more general explanatory framework that incorpo-
rates a much larger array of cultural components and captures not just the valence 
of attitudes (positive or negative), but their actual content.8

6.4 � Changes in the Institutional and Cultural Framework 
for the Development of New Areas of Science

It is important not to exaggerate the scope and depth of current criticism of sci-
ence. Contrary to postmodern characterizations of the status of science at the end 
of the 20th century,9 it is safe to affirm that science exhibits a positive valence in 
today’s culture and that this encompassing “environmental” influence corresponds 

7For an early formulation of the “cognitive miser” model (the use of shortcuts and heuristics to 
overcome limitations in information processing), see Taylor (1981). On holistic and intuitive cog-
nitive processing, see Gigerenzer (2007).
8On this point of characterizing the substantive content of evaluations and not only their sign 
(positive, negative), see Pardo and Calvo (2006a).
9For a review of this critique, see Heise (2004).
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with favorable general perceptions of science by the public, as documented by 
numerous surveys on both sides of the Atlantic. The standard case of science-soci-
ety interaction is represented by the following features. Firstly, most scientific 
developments take place silently, contributing to the continuous expansion of 
knowledge but known only to the corresponding subsets of the scientific commu-
nity. They also tend to receive virtually no media attention, although this is com-
pensated by a growing projection of research results through the Internet on 
websites maintained by universities, public research organizations, scientific acad-
emies, hospitals and industrial laboratories. Secondly, the vast majority of applica-
tions of science to satisfy social demands through technology are not problematic 
for the majority of people, and most of them are perceived as clearly beneficial. 
Thirdly, these technological advances embedded in new products or services 
become integrated into the background of the complex mode of the collective sat-
isfaction of needs, without the public playing any direct role other than their more 
or less smooth, rapid or slow adoption. Fourthly, only very specific cases of scien-
tific advances attain a high level of salience while still in the laboratory, due to 
their particular attributes and potential for fostering radical innovations that are 
socially, environmentally or culturally disruptive. Fifthly, cases of significant 
resistance to or open rejection of scientific developments by the public are an 
anomaly. These currently occur almost exclusively with certain subsets in the 
domain of one of the most dynamic scientific areas—that of biotechnology—
whereas information technologies are viewed in a clearly positive light and 
eagerly embraced in a growing number of areas. At the current time, public aware-
ness about another emergent area, that of nanotechnology, is medium to low, and 
developments are perceived for the most part as non-controversial (Cobb and 
Macoubrie 2004; Einsiedel 2005). Other technological areas that could be an 
object of controversy are developments that affect the natural environment, such as 
the technique for natural gas extraction known as “fracking”.

Frequently, diagnoses of the reservations felt towards biotechnology in 
European societies are still based on the old template of a low level of scientific 
literacy and, in particular, the public’s lack of familiarity with basic genetic con-
cepts and principles. Certainly, there is ample evidence for this specific deficit 
of scientific literacy (in Europe, for instance, the much quoted, erroneous belief, 
documented by Eurobarometer surveys, that “genetically modified tomatoes con-
tain genes while ordinary tomatoes do not”). But the literature consistently shows 
that this cognitive deficit is not sufficient to explain the complexity of public per-
ceptions of biotechnology (Bauer and Gaskell 2002; Pardo et al. 2002). To make 
sense of that complexity, one would have to consider not solely knowledge of 
science but also general and specific variables, focusing on cultural and psycho-
social factors and on the perceived salient attributes of biotechnology.

Two very general interrelated factors to take into account are that the institu-
tional architecture for public decision-making and, also, the cultural framework 
for biotechnology research and applications today are significantly different from 
those surrounding the technoscientific areas which emerged earlier in the 20th 
century (including nuclear power in its initial years and almost up to the late 
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1960s). Institutional and cultural variables are associated and, thus, when a new 
scientific or technological development impinges on the “social mindscape” of a 
society,10 impacting on the worldviews, frames (objects and their most salient 
properties) and core values of contemporary culture, the institutional or govern-
ance dimension of science may take on a significant importance, with mounting 
pressure for public participation or “voice”.

From the mid-19th century, decision-making in technical or complex areas has 
been reserved for those individuals who, through a lengthy and demanding process 
of knowledge acquisition and parallel mechanisms of formal accreditation of the 
competencies thus attained, can exhibit the credentials of being legitimate mem-
bers of a professional group, usually affiliated with a university department or 
research organization in a clearly demarcated field of knowledge.11 In contrast, 
since the turn of this century we are witnessing growing pressure for the extension 
of the democratic principle to what was once considered the exclusive preserve of 
expert opinion, reserved for the professional scientist. The creation of a public 
entrance to the science domain, even if at present only limited access is granted, 
and this only in very special cases, marks a far-reaching institutional change, 
based on a principle neatly summed up in the dictum of French physicist and 
essayist Jean Marc Lévy-Leblond that “conscience should take precedence over 
competence”, that is, no knowledge prerequisites should be imposed on individu-
als for expressing their views and preferences as a vote (Lévy-Leblond 1992). If, 
until recently, the view of Lévy-Leblond was very much a minority one with no 
real practical repercussions, today it is in the process of becoming an assumption 
that is taken for granted in a number of societies. And although the science domain 
is one of the few areas in which a large percentage of the public is willing to leave 
it to the experts (scientists) to make technical decisions that affect society at large, 
the canonical combination of external oversight by bureaucratic agencies and the 
principle of “self-regulation” by the scientific community is no longer perceived as 
sufficient for a healthy governance of science. The dramatic decline of trust in 
most public institutions and, secondarily, elite (professional) decision-making 
observed in many advanced societies since the last part of the 20th century is con-
tributing to the creation of new spaces for public participation (see Norris 1999; 
Nye et al. 1997). Not only the social scientist but also the regulator knows that to 
give “voice” to the public on scientific policies in sensitive areas (such as biotech-
nology), or at least to take into account its views as gauged by surveys and other 
means, may be critical in avoiding the alternative and more costly course of 
action: namely the public’s “exit” or alienation from and opposition to new scien-
tific developments, to borrow the elegant typology of Albert Hirschman, proposed 
for a different domain (Hirschman 1970).

10On the concept of “social mindscape” see Zerubavel (1997).
11On the emergence of the role of scientist and the process of institutionalization of science, see 
Ben-David (1984).
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In parallel with the novelties in the institutional landscape in which science 
operates, an even more far-reaching change has taken place in the cultural domain, 
deeply affecting the social reception of the life sciences and, especially, of bio-
technology. Paradoxically, this novelty is due in part to the very development of 
science, particularly of ecology and conservation biology: new academic disci-
plines that have not only provided solid theoretical models and robust empirical 
evidence on the sorry state of the natural environment and its anthropogenic ori-
gin, but have also issued calls for action, influenced general ideas and narratives 
about nature (such as the ones portrayed by literature and films), and, indirectly, 
contributed to shaping values, feelings and emotions about its conservation. This is 
not to say that ecology as a scientific field and environmental consciousness and 
green social movements share the same conceptual basis. Each of them has its 
specific roots, traditions and conceptual schemas, some of them at odds with each 
other: specifically, the analytical and to some extent value-free approach of ecol-
ogy versus the critique or skepticism about the scientific approach as a way of 
acquiring knowledge and its detrimental practical effects embraced by subsets of 
the environmental movement (see Bowler and Morus 2005, pp. 213–236; Marx 
1988, pp. 160–178; Pepper 1996, pp. 239–294). In contrast to what happens in 
other areas of science, research in ecology and, particularly, conservation biology 
is guided by external goals or has an explicit commitment to conserve and restore 
“natural” ecosystems and species, and it is not uncommon to hear distinguished 
researchers advocating for public action to reverse the conventional course of soci-
ety-natural environment interactions. New scientific knowledge in the environ-
mental sciences (recently on climate change) and any associated policy proposals 
are given salience by the media, and environmental organizations translate them to 
calls for individual and collective action. Also, in the last two decades, in addition 
to compelling narratives about nature offered by fictional works in literature and 
films, there has been an explosion of vivid nature documentaries, many of them 
based on scientific evidence, offered by TV channels and available on the Internet 
and other electronic media, which are contributing to shape and activate an envi-
ronmentally friendly “mindscape”. The roles of the scientific community, the 
media and environmental associations, coupled with people’s personal, macro-
scopic experience with the environmental side effects of the dominant model of 
growth (supported by intensive use of science-based technologies and inattentive 
until very recently to environmental negative externalities), have eroded the belief 
in progress and, above all, the assumption that any possibility for action, opened 
up by scientific advances, has a positive valence and should be supported.12 We 
are witnessing the emergence of motifs and elements of a neo-Romantic, pastoral 
vision of nature, dramatically different from the Enlightenment-rooted perspective 
that accompanied modernity and industrial society until the mid-1960s of the 20th 
century. This reborn Romantic vision has among its main properties being holistic, 

12Cultural historian Leo Marx has attributed the loss of collective optimism and the erosion in the 
narrative of progress to awareness of “the grave damage that modern industrial societies inflict 
upon the global environment” (see Marx 2001).
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based on feelings, aestheticism and an aspiration to heal the wounds humans have 
inflicted on nature through industrial production and mass consumption sustained 
by science and technology.

Erosion of the idea of progress does not signify abandonment and replacement 
of one of the most powerful narratives of modernity, still active in the second dec-
ade of the 21st century.13 But a large part of the population in many advanced 
societies, while believing in progress and the beneficial role of science, is more 
alert now to the side effects and advocates for a more restrained intervention of 
science and technology in the “natural domain”. And this worldview in flux has 
already had deep implications for specific areas of science such as biotechnology, 
perceived by many as a radical, unacceptable way of crossing natural boundaries 
and altering the very last frontier of “naturalness”. It also seems likely that it could 
influence the reception of some synthetic biology applications, once they become 
available and reach a sufficient level of public awareness (which, as we will see 
later, is now virtually absent). For this reason, it is of paramount importance to 
grasp the main elements of the vision of nature embedded in the culture of the pre-
sent decade.

The current components of the worldview of nature and the role of science 
within it are documented in a recent international study on values and worldviews, 
based on a large survey applied to representative samples of the adult population 
in ten European countries, Russia, Japan, the United States and Mexico.14 The 
main results relevant for our purpose are set out below.

An almost universal view in the 14 countries analyzed is that nature has 
a systemic character (that is, it is a set of interconnected elements), and is both 
extremely fragile and acutely sensitive to human activities. The view that nature 
would be at peace and in equilibrium if left untouched by humans also tends 
to predominate, despite meeting with less consensus in Japan, Denmark, the 
Netherlands, the USA and Sweden (see Table 6.1).

A second vector of the current worldview refers to the aesthetic and emotional 
attachment of humans to nature. In all the societies considered, the aesthetic 
dimension of nature is ranked above the artificial or “built environment” (“the 
things built or created by humans”), albeit slightly less pronouncedly in Denmark, 
the Netherlands, France and Germany. A feeling of “peace and tranquility” is 

13For the case of Germany, characterized both by a high appreciation of science and 
also of nature and environmental values, see Institut für Demoskopie Allensbach, Kein 
Fortschrittspessimismus. Eine Dokumentation des Beitrags von Dr. Thomas Petersen in der 
Frankfurter Allgemeinen Zeitung Nr. 115 vom 18. Mai 2011, available at http://www.ifd-
allensbach.de/uploads/tx_reportsndocs/Mai11_Fortschritt.pdf, accessed 22 July 2015.
14Information was gathered through a survey of 21,000 people aged 18 and over in 10 European 
Union countries (Sweden, Denmark, the United Kingdom, Germany, Netherlands, France, Italy, 
Spain, the Czech Republic and Poland), Russia, Japan, the USA and Mexico. Fieldwork was con-
ducted by Ipsos and completed in January 2013. Sample size of 1,500 cases in each country. 
The design and analysis of the study are the work of R. Pardo, M. Szmulewicz, J. Maquet and  
C. Perera at the BBVA Foundation Department of Social Studies and Public Opinion.

http://www.ifd-allensbach.de/uploads/tx_reportsndocs/Mai11_Fortschritt.pdf
http://www.ifd-allensbach.de/uploads/tx_reportsndocs/Mai11_Fortschritt.pdf
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associated with nature in the fourteen societies, with very high mean values (above 
7.5 on a scale from 0 to 10) (see Table 6.2).

A third component of this worldview refers to the presence or absence of the 
canonical materialist or utilitarian view of nature that goes back at least to the 
Enlightenment, and that was part of the narratives of modernity and industrializa-
tion (see Table 6.3).15 The strongest formulation of this vision is captured by the 
statement that “nature exists to be dominated by human beings”, which is gener-
ally rejected, but with variability within and between countries: strong rejection in 
Denmark, Sweden and Japan, followed at a distance by France, Spain and 
Germany; less pronounced rejection in the USA, Mexico, the Czech Republic, the 
Netherlands, Italy, Russia, and the United Kingdom; and, finally, approval in 
Poland alone. Europeans are divided, both between and within countries, as to 
whether “the exploitation of nature is unavoidable if humanity is to progress” 
(mean value of 5.2), but in general this less radical facet meets with wider accept-
ance than the idea of humans dominating nature. The exceptions are Germany and 

15This vision is already present in the Bible (Genesis chapter 1–28.29) and has been identified 
as a cultural component of the contemporary ecological crisis; see L. White, Jr’ influential paper 
“The historical roots of our ecological crisis” (1967).

Table 6.1   Statements reflecting a systemic and fragile view of nature

“I would like you to tell me how much you agree or disagree with the statements I am going 
to read out.” Means on a scale from 0 to 10 where 0 means “totally disagree” and 10 “totally 
agree”. Base: all cases

Nature is a set of 
interconnected 
elements

Nature is very 
fragile

Nature’s balance 
is extremely  
delicate and  
can easily be 
altered by  
human activities

Nature would be 
in peace and  
harmony if 
human beings 
would leave it 
alone

Total EU countries 
(10)

7.9 7.6 7.5 7.3

Sweden 8.5 7.9 7.5 6.6

Denmark 7.8 7.0 7.1 6.3

UK 7.5 7.7 7.5 7.0

Germany 8.1 7.4 7.5 7.3

Netherlands 7.7 7.5 7.3 6.3

France 7.9 8.2 8.0 7.3

Italy 8.2 7.4 7.6 7.8

Spain 7.8 7.7 7.5 7.5

Czech Rep. 8.2 8.0 7.7 7.3

Poland 7.3 6.9 7.0 7.0

Russia 8.4 8.4 7.9 7.7

Japan 7.6 7.9 7.3 5.6

USA 7.1 7.2 6.8 6.4

Mexico 6.8 7.4 6.9 7.0
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Table 6.2   Statements reflecting an aesthetic and emotional attachment of humans to nature

“I would like you to tell me how much you agree or disagree with the statements I am going 
to read out.” Means on a scale from 0 to 10 where 0 means “totally disagree” and 10 “totally 
agree”. Base: all cases

Natural things are more beautiful 
than the things built or created by 
human beings

Nature gives me feelings  
of peace and tranquility

Total EU countries (10) 7.3 8.1

Sweden 7.0 8.9

Denmark 6.6 8.6

UK 7.6 7.7

Germany 6.9 7.9

Netherlands 6.6 7.9

France 6.7 8.3

Italy 7.9 8.4

Spain 7.8 8.5

Czech Republic 7.5 8.1

Poland 7.0 7.5

Russia 7.6 8.3

Japan 7.8 8.1

USA 7.4 7.8

Mexico 7.5 7.7

Table 6.3   Statements reflecting an instrumental view of nature

“I would like you to tell me tell me how much you agree or disagree with each of the statements 
I am going to read out.” Means on a scale from 0 to 10 where 0 means “totally disagree” and 10 
“totally agree”. Base: all cases

Nature exists to be 
dominated by human 
beings

The exploitation of 
nature is unavoidable  
if humanity is to 
progress

Economic growth 
is more important 
than protecting the 
environment

Total EU countries 
(10)

3.9 5.2 4.3

Czech Rep. 4.5 6.9 4.4

Poland 5.7 6.5 5.5

Germany 3.7 4.4 3.7

Netherlands 4.4 4.4 4.3

UK 4.2 5.7 4.7

Spain 3.5 4.7 4.2

France 3.1 5.7 4.2

Denmark 2.4 6.2 3.0

Sweden 2.6 5.1 2.9

Italy 4.3 5.1 4.8

Russia 4.3 6.9 4.3

Japan 2.9 4.5 4.3

USA 4.6 5.0 5.0

Mexico 4.6 5.1 4.9
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the Netherlands, where this view of the inevitability of the exploitation of nature is 
rejected by the majority. Finally, the critical tradeoff of economic growth versus 
the protection of the natural environment, favoring the former at the latter’s 
expense (a finding that is routinely taken as an indicator of the persistence of 
materialist values), is rejected by the population in all countries except Poland and 
the USA. In three societies (Mexico, Italy and the United Kingdom) there is a 
sharp division between the two views. The strongest rejection is observed in 
Sweden, Denmark and Germany.

As remarked before, the environmental mindset has a rather uneasy relationship 
with science. On the one hand, it draws on scientific knowledge about the state of 
the environment through fields like ecology, conservation biology and the interdis-
ciplinary field of climate change. On the other, there is a widespread perception, 
particularly strong among members of environmental organizations, that science 
and technology, coupled with a growth model uncaring about negative externali-
ties, are at the root of the current destruction of ecosystems and species extinc-
tion.16 Scientific and technological progress can be seen then as part of the 
solution or, alternatively, as a threat, and most people tend to perceive the dual 
character of science in this respect.

Most citizens believe that science provides a potent tool with which to under-
stand nature (mean value of 7.2 in the ten European countries and slightly lower 
in all remaining societies) and also that science can help to solve major environ-
mental problems such as climate change. But at the same time, they see clear 
boundaries in the natural domain beyond which science must not trespass: in the 
14 societies a clear majority believes that “scientists should not interfere with or 
change the workings of nature” (mean value of 6.7 in the ten European countries 
and Russia, and slightly below in all other countries). This position is connected 
with the very strong view that “any change man makes in nature will be for the 
worse, even if it is grounded in science”, which is approved in all but three (the 
two Scandinavian countries and the Netherlands) of the fourteen societies sur-
veyed (see Table 6.4).

Finally, a much debated reason for pro-environmental attitudes is the belief that 
“human beings should respect nature because it is the work of God”. This idea 
has a clear association with the level of religiosity in each society and, accord-
ingly, support is particularly high in countries characterized by a high degree of 
religiosity: Russia (mean of 7.4), the USA (mean of 7.0), Poland (mean of 6.9), 
Mexico (mean of 6.8) and Italy (mean of 6.5) (see Table 6.5). But the fact that this 
idea finds majority support in 11 of the 14 societies considered, even in countries 
like France with a strong secular culture, shows that it has found its way into the 
contemporary mindscape or culture at large, decoupled from or deflating the literal 
religious interpretation.

16For a general picture of the historical link between science development (including 
ecology) and the accompanying narrative and the exploitation of new natural resources and areas 
of the planet, see Bowler and Morus (2005), pp. 213–236.
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These data suggest that any new scientific development that could be perceived 
as compromising nature and radically departing from “naturalness” would proba-
bly activate the just-charted multifaceted worldview of nature, which today is part 
of the “mindset” of a large part of the population in advanced societies, thus trig-
gering opposition and resistance to it.

Before we present the scant empirical evidence and review the main findings of 
the literature on the social reception of synthetic biology, it may be useful to briefly 
characterize the main profile of the public’s response to biotechnology, since the 
new developments have some commonalities and perceived similarities with it, and 
because it is a matter of debate whether synthetic biology applications would trig-
ger similar responses to those encountered in biotechnology. Also, the question of 
the existence in parallel of a culture positive about science (measured through posi-
tive attitudes to science at large) and opposed to just a few of its subsets has been 
analyzed with regard to biotechnology, and the findings may also be relevant for 
synthetic biology. In this context, it is also of interest to see whether it is more 
fruitful to focus on attitudes to an entire scientific or technological field (biotech-
nology, synthetic biology) than to specific applications with particular attributes.17

17In chapter two of this book it is argued that, in the case of synthetic biology, these specific attrib-
utes go beyond genetic engineering. Attributes include the depth of intervention that leads to a 
new dimension of uncertainty, the orthogonality that causes a stepwise genetic separation of syn-
thetic organisms from natural organisms and the claim to create life with its ontological impact.

Table 6.5   Respect for nature 
because it is the result of 
God’s work

“I would like you to tell me how much you agree or disagree 
with each of the statements I am going to read out”. Means on 
a scale from 0 to 10 where 0 means “totally disagree” and 10 
“totally agree”. Base: all cases

Human beings should respect nature because it is the work  
of God

Total EU countries (10) 5.2

Sweden 3.5

Denmark 2.8

UK 5.7

Germany 6.2

Netherlands 4.7

France 5.0

Italy 6.5

Spain 5.2

Czech Republic 5.7

Poland 6.9

Russia 7.4

Japan 5.9

USA 7.0

Mexico 6.8
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6.5 � Positive Attitudes to Science and Reservations  
About Biotechnology

An analytical task needing more attention in the field devoted to the study of sci-
entific culture is how to account for the simultaneous presence of clear positive 
predispositions to science at large and strong reservations to specific subsets or 
areas. The mere existence at a given time of diverse science domains (from astro-
physics to biotechnology let’s say) perceived to have opposite valences (positive to 
negative, through neutral) suggests that a number of salient traits specific to each 
domain trigger or are associated with different evaluative responses. And this, in 
turn, indicates that factors (cultural, socio-psychological, and institutional) other 
than knowledge are at play. Yet during at least its first decade of existence, the 
public understanding of science field worked on the implicit assumption that sci-
ence was an undifferentiated “whole”, perceived as such by the public. The field’s 
main object of interest was general attitudes to science. And these attitudes or per-
ceptions were measured through a haphazardly composed list of items and effects 
of science, without giving adequate weights to different, representative areas of 
science and technology, such that the inclusion in surveys of more or fewer items 
capturing potentially positive or, at the other extreme, problematic areas could 
have the effect of raising or lowering the global score.18

Some authors began to point out in the early 1990s that general attitudes to sci-
ence have little predictive power for evaluations of markedly different scientific 
areas. Science as a whole might have a positive image in the minds of the public, 
but this is nonetheless compatible with critical attitudes to specific scientific areas. 
The best course, they argued, would be to focus on public perceptions of clusters 
of science and technology sharing properties or attributes that separated them 
from the rest (see Daamen et al. 1990). Other researchers took a different route, 
and instead of using a single score (resulting from adding items with opposite 
valences, positive and negative) to capture attitudes to science at large, or even to 
some of its subsets (such as biotechnology), advocated for distinguishing between 
two facets of science (or even two facets of a specific area of science), one with a 
positive valence (labeled “promise of science”), the other with a negative valence 
(labeled “reservations about science”), opening up the characterization of these 
two components and their interaction in different societies and for different areas 
of science (from virtually no correlation between them to a negative correlation of 
different magnitude) (Miller et al. 1997; Miller and Pardo 2000).

The research conducted in the last two decades has shown that even clusters 
of scientific areas and two evaluative facets aggregate too much. There are com-
monalities in public perceptions of a cluster such as biotechnology (percep-
tions in many countries tend to be more negative than positive), but people also 

18For example, the inclusion in a battery of 10 items measuring general attitudes to science of 
just one item or statement capturing the effects of science and technology on armaments could 
lower the global score of positive attitudes (see Pardo and Calvo 2002).
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discriminate by type of application/purpose (agriculture and food or “green bio-
tech”, biomedical or “red biotech”) and type of means (roughly, plants, animals, 
humans). Even when there is an open or latent general distrust of the means 
employed—the modification through genetic engineering of the blueprint of plant 
and animal life, and even more so that of humans—in general the so-called “red” 
biotechnologies, of a biomedical nature, are favorably perceived or, at least, a num-
ber of them do not meet with significant reservations (with the exception of cases 
that involve early human embryos or cloning), whereas “green” biotechnologies, 
focusing on the genetic modification of plants for agriculture and the production 
of foods (not for pharmaceuticals), are critically perceived (Gaskell et  al. 2010; 
Gaskell et al. 2006; Pardo et al. 2002; Pardo and Calvo 2006b; Sjöberg 2004).

The application of the current conceptual schema allows us to see that the more 
or less active resistance to biotechnology of the first half of the 1990s has given 
way, in the early 21st century, to a more moderate opposition and even a positive 
evaluation of some applications and, more importantly, to a more flexible perspec-
tive that discriminates according to the specifics both of the goals of the research 
and the means being utilized (Pardo et al. 2009). This new mindset may be simply 
an effect of increased familiarity with biotechnological applications, linked to the 
passage of time and the incremental and piecemeal societal integration of the cor-
responding research applications, which gradually leave the foreground and recede 
into the background in a trajectory observed in other, earlier cases of technologies 
surrounded by controversy.

Critical views of biotechnology are not just a function of lack of biologi-
cal knowledge (although this is very low and contributes to them). Two types of 
explanatory variables should thus be considered. Firstly, there are a number of 
specific evaluative angles which have been shown in the literature to be relevant to 
the perception of biotechnological developments (variables with a short distance to 
the object of the attitudes, whether biotechnology as a whole or specific biotech-
nological applications), among them: “literacy on genetics”, and, for each applica-
tion, evaluation of its “usefulness” (perceptions of benefits and their distribution), 
“morality”, “recklessness”, “naturalness”, “riskiness”, “playing God”, product of 
“scientists’ arrogance or hubris”, compromising the principle of “human dignity” 
and, in the case of animal biotechnology, incompatibility with the “dignity of ani-
mals”, “suffering of animals” and the question of their “rights”. Secondly, there 
are more general variables (with a long distance to the attitudinal object), i.e., var-
iables not immediately connected with a particular scientific development, known 
to influence people’s views of particular areas of science (such as biotechnology): 
“scientific knowledge” (general scientific literacy), “general expectations about 
science” (positive and negative facets of attitudes to science as a whole), “images 
of nature” (instrumental, romantic), different facets of the “vision of animals” 
(perceived position on the sociozoological scale, perceived intelligence, perceived 
sentience), “general risk perceptions or attitudes”, the pair “trust-confidence” in 
the scientific community and regulators, the “amount” and “style” (congenial, neu-
tral, adversarial; balanced/unbalanced) of media coverage of science and technol-
ogy, and the political and civic culture regarding “public participation” in policies 
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in novel areas (for example, environment, health, food, science and technology). 
Culture has many strata and usually the variables closer to or sharing more speci-
ficity with the attitudinal target have more direct explanatory power than more dis-
tant or contextual variables, although the latter are still influential (see Pardo and 
Calvo 2008; Pardo and Calvo 2006a, particularly p. 10). In sum, a vast domain of 
elements, many of them pertaining to the cultural framework of a given society 
and period, shape the public’s mindset and attitudes to specific scientific devel-
opments, particularly in the symbolically rich areas of the life and environmental 
sciences.

Scientific and technological developments, taken as a whole, play a very signif-
icant cultural role, shaping, enlarging and changing the frontiers of the “mind-
scape” of a given period and society, affecting even the perceived ontology (the 
population of objects and entities, natural and artificial, their status, autonomy, 
salient attributes, demarcation and interrelatedness), the language, the ideas, the 
beliefs, the values, the narrative, in sum, the cognitive schemas that individuals 
apply to interpret and evaluate the world, and to organize the realm of everyday 
experience.19 In turn, culture at large interacts in many ways with the development 
of science: from prizing certain “themata” and presuppositions to demoting or 
ignoring many others;20 from being more congenial to more critical, through more 
cautious or skeptical; from favoring a more theoretical, abstract orientation to a 
more applied and useful type of scientific research; from being more sensitive to 
the natural environment to favoring its artificial re-creation and radical modifica-
tion for practical purposes, as the history of science and culture has documented.21 
Cultural metaphors also influence at least the first development stages of symboli-
cally rich scientific fields such as biology (see Keller 1995, XIII–XVIII). Elites of 
individuals (intellectuals, artists, writers, influential and outspoken scientists and 
technologists, science communicators) and organizations (the mass media, policy-
making institutions and interest groups with a stake in science) play a significant 
part in the cultural integration of science in a particular society or period. 

19Gerald Holton has noted that “science has always had (…) a metaphoric function—that is, it 
generates an important part of a whole culture’s symbolic vocabulary and provides some of the 
metaphysical bases and philosophical orientations of our ideology. (…) Ideas emerging from sci-
ence are, and will continue to be as they have been since the seventeenth century, a central part of 
modern culture—through pure thought, through practical power, and through metaphoric influ-
ence” (Holton 1995, p. 129).
20One particularly influential preconception is “the generally accepted thema of the unlimited 
possibility of doing science, the belief that nature is, in principle, fully knowable” (Holton 1988, 
p. 18). Analysis and synthesis are also cultural presuppositions: “High on the list of achievements 
our culture has traditionally defined as best are grand, synoptic, and unifying works usually char-
acterized as ‘syntheses’ of the thinking of a period or a field” (Holton 1978, p. 111).
21Science historian Thomas P. Hugues has characterized the relationship between science and 
technology with American society during the period 1870-1970 as a “century of invention and 
technological enthusiasm”, shared both by the scientific community and technologists, entrepre-
neurs, the government and society at large (Hugues 2004).
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This process, labeled “intellectual appropriation” of science and technology (Hård 
and Jamison 1988), takes place today at the local, national and global levels. 
National society, despite having fuzzier contours and less symbolic influence in 
the 2010s than three or four decades ago,22 still operates as a culturally differenti-
ated domain, and is accordingly an obligatory unit of analysis for explaining the 
variability in the interplay between science and culture at large. This cultural role 
of science and the more general culture in which is embedded, affecting its devel-
opment, is an important axis for charting the trajectory of acceptance and integra-
tion of scientific areas with a disruptive potential; biotechnology and synthetic 
biology chief among them.

6.6 � Public Views on an Emergent and Fuzzy Object: 
Synthetic Biology

Taking into account the immense domain that is science and technology today, 
where can we locate the relative visibility attained by synthetic biology in the pub-
lic opinion mindscape? How can we calibrate the relative weight of risks, benefits, 
ethical issues and worldviews (particularly of “unnaturalness” and general atti-
tudes to science) in the public’s acceptance of synthetic biology applications? 
Would public views be equivalent to the by now familiar perceptions of biotech-
nology?23 And might we therefore expect a trajectory of resistance followed by 
partial acceptance, similar to that encountered by biotechnology? Is it likely that 
demands will emerge for a public “voice” in synthetic biology developments, or 
will the public consent to a regulatory institutional architecture in which scientists, 
public officers and policy-makers shape the direction of the field and its translation 
into practical applications? These are the main questions addressed in the closing 
part of this chapter.

22Probably the following characterization is no longer valid, but a more relaxed one is still at 
work for many areas of public opinion and culture: “We tend to think of the ‘country’—the par-
ticular nation-state we live in—as the maximal social unit not only of economic and political life, 
but also of social organization and culture, the ‘way of life’ we are part of. The nation-state has 
such special importance that many of us rarely think beyond it […]”, (Worsley 1987, p. 50).
23Biotechnology as a frame of reference for the analysis of the many dimensions of synthetic 
biology is a constant in the literature. For a defense of the differences between them regarding 
the ethical component, see Boldt and Müller (2008). For these authors, the ethical novelty of 
synthetic biology is the result of the fundamental discontinuity entailed by the transition from 
“manipulatio” to “creatio”: “In synthetic biology, the aim is not to amend an organism with a cer-
tain quantity of altered characteristics (that is, to manipulate); instead, it is to equip a completely 
unqualified organism with a new quality of being (that is, to create a new form of life). […] Seen 
from the perspective of synthetic biology, nature is a blank space to be filled with whatever we 
wish.” (p. 388).
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6.6.1 � Low Level of Salience and the Study of Public Views

For an emergent scientific field to become institutionalized, it must first acquire 
critical mass, attract young researchers, have its early theoretical, methodological 
or practical novelties recognized by fellow scientists from the matrix discipline 
and neighbouring ones as making a distinctive and significant contribution and, 
last but not least, gain access to specific funding and academic positions. Synthetic 
biology is, in these respects, at an early stage, particularly in Europe.24

Even when a field has reached a certain level of institutionalization, the path 
to achieving salience beyond the laboratory, academic department or specialist 
meeting is not an easy one. Today, more than in the not so distant past, a level of 
public salience and a positive climate for its social reception may have an indirect 
but significant influence in the field’s take-off and possibly even its maturity stage. 
The opportunity cost of supporting one specific area versus any other(s) is too high 
to be ignored by policy-makers, private investors and researchers.

Synthetic biology, moreover, faces two major barriers in the way of becoming 
an object of public perceptions.25 One is its technical complexity, which poses 
considerable difficulties for the media and members of the public with little under-
standing of biology and genetics. In this sense, even a modest increase in the rele-
vant scientific knowledge of journalists and the public may be helpful, and a 
clearly guided effort on the part of the scientific community to convey early on its 
key concepts and messages could make a difference.26 The other barrier, con-
nected with the first, is reaching a salience threshold (in terms of both quantity and 
recurrence) in the media. Salience will usually result from dramatic theoretical 
advances, the announcement of particularly important benefits (actually delivered, 
but also anticipated or hyped), powerful or highly symbolic narratives about the 
field, or, at the other extreme, mishaps or accidents, publicly aired disagreements 
among the experts, or campaigning in favor or against by influential stakeholders 
and organizations.

Despite the emphatically applied nature of synthetic biology, it has not so far 
produced substantial practical developments in domains such as human health, the 
economy, energy production or cleaning the environment. What there is, as 

24For a study of national differences in public funding in Europe of both synthetic biology and 
ELSI (Ethical, Legal, Social Issues) linked to synthetic biology, see Pei et al. (2011).
25Although references are made in these pages to attitudes and views on synthetic biology as a 
whole, this is just shorthand for attitudes to specific synthetic biology applications. It is highly 
unlikely that most individuals will form or hold attitudes towards a new scientific field as such, 
unless the field becomes linked and identified with an overarching and public narrative (such as 
“regenesis”, “creating life”). At the time of this writing, the expression “synthetic biology” for 
the large majority of people is not associated with strong traits, attributes or images, in contrast 
with genetic engineering and, particularly, of cloning.
26For a number of interesting findings apropos of the communication of synthetic biology, see 
Kronberger et al. (2009).
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generally occurs with the advent of a new technoscientific field with a potentially 
strong applied focus, is an abundance of promises and hype, aimed more at build-
ing a professional identity, giving direction to the field and capturing the attention 
of policy-makers and potential financial backers than at gaining the interest of the 
general public. Still, leading researchers working in synthetic biology know quite 
well that in the current competitive market for resources, the attention of the media 
and the public could have a significant impact on the level of support obtained. 
And perhaps even more important, they are fully aware, due to the painful experi-
ence with biotechnology, that the valence (positive, negative, ambivalent) of early 
social reception may have an impact on the regulatory framework. One of the 
challenges, precisely, is to pitch their field against a myriad of other scientific 
domains and subfields, and particularly to demarcate it from conventional biotech-
nology. The absence at present of highly visible positive and/or adverse effects, the 
cautious approach of researchers in this area, who from the outset have shown 
themselves to be sensitive to the ethical and risk dimensions in order to avoid the 
problems besetting the biotechnology field, and the lack, at this time, of significant 
campaigning by organized groups explain the low public salience of synthetic 
biology. According to data from a European Commission Eurobarometer, con-
ducted in 2010, 83 % of Europeans knew nothing or had never heard of synthetic 
biology (European Commission 2010; Gaskell et al. 2010). Given this low level of 
awareness, organizations (such as environmental groups) who might wish to make 
a public issue of synthetic biology developments have at present little room for 
manoeuvre. It could well happen that the field develops silently in the next few 
years, without major public attention and, correspondingly, no opposition, even 
though it may impact more deeply on the very dimensions that fueled rejection in 
the case of biotechnology applications. Today’s situation regarding the social 
reception of synthetic biology has been aptly characterized in a recent paper under 
the expressive title “Looking for conflict and finding none” (Kaiser 2012), which 
contrasts the flurry of reports and special working groups on ethical, legal and 
social issues (ELSI) of synthetic biology with its virtual absence from the public’s 
mindset, and calls into question central assumptions and even the meaning of early 
analyses of public perceptions of this area.27 Its author, Matthias Kaiser, summa-
rizing the main conclusions of a special issue of the journal Public Understanding 
of Science devoted to synthetic biology, has noted that, in Europe, general attitudes 
to science are positive; the scientific community is viewed favourably by the pub-
lic; media coverage of synthetic biology has been ambivalent, “between fascina-
tion and repulsion”, but without giving special weight to critical aspects of the 
associated developments (Gschmeidler and Seiringer 2012); and, finally, there are 
no clear signals that developments in synthetic biology would mimic the contro-
versies over genetically modified foods (Torgersen and Hampel 2012). Kaiser also 
echoes the doubts and even skepticism voiced by a new generation of researchers 

27For a review of ELSI reports on synthetic biology, see Torgersen (2009).
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regarding the model of “public engagement”, but advocates good governance 
mechanisms that take into account ELSI and, perhaps more significantly, people’s 
latent values that could be affected or activated by new developments in this scien-
tific field.

Although the currently underdeveloped status and low public awareness of the 
synthetic biology field limit the kind of public perceptions studies that can be con-
ducted, it does not completely rule them out. However, the analysis route must be 
somewhat indirect and of an exploratory nature. Taking into account the dominant 
worldview of nature, general perceptions of science, the public’s views on the role 
of scientists regarding the radical modification of nature (the “playing God” argu-
ment), the specific factors sustaining reservations towards biotechnological appli-
cations, the main attributes of the synthetic biology field and the early data 
available regarding its perception, it is possible to anticipate a number of plausible 
evaluative angles that the public will apply when the field reaches a threshold of 
maturity and coverage in the media. And, as has been the experience with biotech-
nology, public views can be expected to exhibit significant variability as a function 
of the specifics (that is, the goals and means) of the various applications mooted. It 
is also plausible that, even in the absence of high profile applications, a global 
positioning on synthetic biology could develop if leading researchers in the field 
insist on offering a highly symbolic narrative (perhaps necessary for demarcating 
the field from neighboring disciplines) that stands at odds with current worldviews 
and values: a narrative that portrays synthetic biology as “the creation of synthetic 
life in the laboratory”, “the dawn of a new era in which new life is made to benefit 
humanity”, as “a second genesis” or “regenesis”,28 as the production of “living 
machines”; a self-presentation aligned with characterizations of the field such as 
“extreme genetic engineering” offered by social analysts of science and technol-
ogy.29 And since synthetic biology touches on a highly sensitive domain (nature) 
and deeply rooted cultural dimensions (views of life, the role of humans regarding 
life and, particularly, the role of scientists in its modification or creation), we 
should expect significant national disparities deriving from cultural differences.

28Craig Venter quoted in The Guardian on Thursday 20 May 2010, under the title “Craig Venter 
creates synthetic life form”. See also, Church and Regis, Regenesis (2012).
29See ETC Group (2007). Joachim Boldt and Oliver Müller have alerted synthetic biology 
researchers to the risks of using metaphors of the type mentioned that change the notion of life 
and blur the boundaries between organisms and artifacts (see Boldt and Müller 2008, p. 388), 
activating images of Faust or Frankenstein. See also the complementary letter to the editor under 
the title “Of Newtons and heretics” by Ganguli-Mitra et  al. (2009), which presents the results 
of a survey conducted by its authors among 20 European synthetic biology researchers, show-
ing that most of them had a narrow and traditional vision of the ethical problems posed by the 
field (mainly, issues of biosafety and biosecurity), virtually none of them connected to its larger 
purpose.
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6.6.2 � Early Characterizations of Public Views on Synthetic 
Biology in the United States

The limited data and early academic literature on social perceptions of synthetic 
biology in the USA offer a convergent profile of current perceptions that can be 
economically presented saying that (1) there is a low level of awareness, although 
it seems to be rapidly on the rise, (2) no visible signs of conflict have emerged at 
present, (3) the ethical component implicated by synthetic biology does not carry 
significant weight in public perceptions today, (4) but there are pointers to latent 
or potential reservations, beyond the conventional realm of risks (biosecurity and 
biosafety) and ethics, regarding the depth of intervention in nature entailed by 
synthetic biology (the “naturalness” frame seems to have a potentially important 
role in the acceptance of the area), (5) the applications likely to receive the highest 
level of approval in the foreseeable future are those addressing key environmental 
issues, and (6) there is a preference for (a) tight regulation, (b) a governance archi-
tecture based more on technical aspects than on ethical considerations and, accord-
ingly, (c) for arrangements that give a significant say to the experts (the scientific 
community) versus public participation mechanisms.

A useful starting point to review the findings just mentioned is the brief report 
published under the title Awareness of and Attitudes toward Nanotechnology and 
Synthetic Biology, which covers the results of two pioneering studies in the United 
States, a national representative survey and two focus groups (Hart Research 
Associates 2008). Pauwels (2009) has provided a more conceptual summary of 
Hart’s quantitative survey combined with the analysis of an additional online sur-
vey (conducted within the framework of the Cultural Cognition Project, CPP, at 
Yale Law School) and, particularly, an expansion of the qualitative findings con-
tained in the Hart report. More recently, Pauwels has offered a new review of both 
the quantitative data and qualitative information available for the United States 
case (2013). We will refer here to both the Hart report and Pauwels’ two review 
papers.

According to Pauwels, two main findings emerge from early survey research on 
the public’s views about synthetic biology in the United States. The first is that in 
2008 the adult population knew nothing at all (67 %) or little (22 %) about syn-
thetic biology, while only 9 % knew “something” and a mere 2 % “a lot” (Hart 
Research Associates 2008, p. 8). Three years later, “most Americans remain unfa-
miliar with synthetic biology. However, despite being relatively low, public aware-
ness of synthetic biology in the United States has nearly tripled over the past 
3 years, with 26 % of the survey respondents in 2010 saying that they were aware 
of the topic. This is up from 22 % in 2009 and nearly three times the percentage 
(9 %) of those who said that they had heard about synthetic biology in 2008. Just 
43 % of the respondents said that they had heard nothing at all about it, down from 
67 % two years ago” (Pauwels 2013, p. 82). Secondly, notwithstanding this lack of 
knowledge, most individuals were willing and able to express their views on what 
they thought synthetic biology was about and the tradeoff between potential 
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benefits and potential risks. In answer to the open-ended question “Regardless of 
how much you have heard about synthetic biology, what do you think synthetic 
biology is? What ideas, images, words, or phrases do you associate with synthetic 
biology?”, the distribution of responses in 2008 was as follows: 29  % of adults 
admitted they didn’t know; almost 29  % answered that synthetic biology was 
something “man-made”, “artificial”, “fake”, “unnatural”, or “not real”; 11 % said 
that it was about cloning, genetic engineering, or genetic manipulation; 7 % said it 
had to do with altering biology or biological make-up; 4 % explained it as creating 
artificial life; 7 % replied that it was used in medical research and another 6 % that 
it was used to create human skin, organs, and tissue (Hart Research Associates 
2008, p. 9).30

These quantitative results were replicated in various focus groups, provid-
ing useful insights into the frames utilized to apprehend synthetic biology in the 
absence of specific knowledge about the field. The images and words associated 
with the development of synthetic biology were borrowed from medical or indus-
trial activities—products such as medicines, vaccines, and plastics. The adjectives 
most commonly cited were consistent with the results of the open-ended question 
in the survey mentioned above: “man-made” was cited repeatedly, and other recur-
rent adjectives were “artificial”, “created”, “unnatural”, and “synthetic”. When 
elaborating on the goals of the technology, participants made use of the verbs 
“altering” and “duplicating”, and the expression “improving the quality of life” 
was also mentioned several times. Participants in the focus groups also tended to 
describe synthetic biology by drawing parallels with more familiar biotechnology 
or biomedical developments such as cloning, genetic engineering and stem cell 
research (Pauwels 2009, p. 40).

Another relevant element in the framing process of emerging technologies 
is that applications matter (see Pardo et al. 2009). The type of synthetic biology 
application influences the potential reservations and specific evaluations. Among a 
series of potential applications, both medical and energy prospects appeared prom-
ising to the focus group participants. The top-ranked application of synthetic biol-
ogy was creating new, cheaper, and cleaner sources of energy. Participants were 
more ambivalent about the benefits of medical applications being developed using 
synthetic biology, with their expectations or perceived promise (for example, erad-
ication of genetic diseases or curing cancer) being as high as their reservations (for 
example, about the use of “engineered” or “re-designed” organisms in the human 
body) (see Pauwels 2009, p. 43).

30According to the latest survey results reviewed by Pauwels (2013), “despite their limited 
awareness of synthetic biology, 7 in 10 respondents reported some sense or idea about what they 
think synthetic biology involves, and their top of mind perceptions were focused mainly on the 
concept that it is human-made or artificial (30 %). Fully 12 % said that it has something to do 
with genetic engineering or with modifying or altering plants, crops, and cells. Smaller percent-
ages of the respondents mentioned science or biology (6 %); cloning (6 %); machines, drugs, or 
advancements in medical research (5 %); or synthetic materials and chemicals (5 %). Nearly a 
third (29 %) of the respondents had no sense of synthetic biology or did not offer a response.” 
(Pauwels 2013, p. 82).
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Around two thirds of adult Americans offered a global evaluation of synthetic 
biology without proper knowledge, relying instead on associations, parallels with 
biotechnology and shortcuts, with 29 % believing that “benefits and risks will be 
about equal”, 21 % thinking that “benefits will outweigh risks”, 16 % that “risks 
will outweigh benefits”, and the remaining 34  % “not sure” (Hart Research 
Associates 2008, p. 10). In the qualitative study, the perceived risks of synthetic 
biology were associated with three components: firstly, the difficulty of managing 
unknowns, secondly, human and, particularly, environmental side effects, and, 
thirdly, long-term effects. Fear of “unknowns’’ and “long-term effects” implies 
that, in the public’s mind, the scientific community is not able to predict, much 
less control, many of the consequences of their work (Pauwels 2009, p. 44). Two 
further critical dimensions of public perceptions are, firstly, the issue of “who is in 
charge?”, on the assumption that the level of security of technological develop-
ment may be a function of “whose hands it is in and what they intend to do with 
it”, and, secondly, the major evaluative axis of “not messing with God’s creation”, 
natural selection or what it is to be human; a concern deeply rooted not only in 
religion but also in worldviews and cultural beliefs.31

Pauwels’ review of the empirical evidence of the CCP survey in the USA found 
weak support for the canonical “familiarity argument” of the public understanding 
of science field, that is, the tenet that support for emerging technologies will likely 
increase with the level of awareness of what they are about. Reported familiarity 
with synthetic biology was not strongly associated with respondents’ perceptions 
of its risks and benefits. Even more significantly, the Hart survey shows that after 
learning about synthetic biology and being informed of its potential risks and ben-
efits, the greatest shift in public opinion was toward an increase in the perception 
of risks. Also, how much participants knew about synthetic biology had little rela-
tion to their framing of its risks and benefits. In one qualitative study reviewed, 
confronting the focus group participants with balanced information about syn-
thetic biology did not lead to more or less support for the technology, but to a 
more fine-grained level of discussion. This result is consistent with previous find-
ings that have linked level of informedness to more differentiation and structure in 
attitudes toward the object or issue and not to the valence of such attitudes (Allum 
et al. 2008; Evans and Durant 1995; Pardo and Calvo 2002). Finally, according to 
the results of the focus groups reviewed by Pauwels, most people were in favor of 
regulation of synthetic biology by the federal government, because of its account-
ability, but also of giving a powerful voice to the scientific community and other 
experts due to their knowledge and competence (Pauwels 2009, p. 45).

31For interpretations of “the playing God argument” decoupled from a religious interpretation, 
see Peters (2006), section, “The Problem of Scientists Playing God”, pp. 382–384); van den 
Belt (2009); and Lentzos et  al. (2012), section “’Playing God’ and Challenging the Organism/
Machine Divide”, pp. 139–142).
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6.6.3 � Vistas on European Perceptions of Synthetic Biology

These results obtained in the first quantitative (surveys) and qualitative (focus 
group) studies conducted in the United States are convergent with the latest find-
ings based on the Eurobarometer survey (Gaskell et  al. 2010) carried out in 32 
countries,32 which also offers additional angles on public views of synthetic biol-
ogy. The main questions covered by this international survey are: (1) awareness of 
synthetic biology, (2) importance of seven different criteria for taking a position 
on synthetic biology (from the technical and scientific aspects to the ethical com-
ponent), (3) global attitudes to this area (from unconditional approval to total 
rejection), and (4) preferences regarding various components of the regulatory 
regime for synthetic biology, including 4.1, market mechanisms versus tight regu-
lation by the government; 4.2, relative weights of scientific evidence versus ethical 
aspects, and 4.3, the role of experts and the public in the regulatory process. 
Unfortunately, there was no specific question either about a critical feature of syn-
thetic biology, its perceived (un)naturalness, or about the perception of scientists 
“playing God” in trying to create life from scratch; a side effect of the weak theo-
retical development of the public perceptions of science field, which not infre-
quently leaves aside canonical variables (which should be considered a component 
of the “state of the art”) without any explanation when designing new studies.

6.6.3.1 � Awareness of Synthetic Biology in Europe

Since the Eurobarometer survey started with the assumption that synthetic biol-
ogy is still widely unknown, respondents were first presented with the following 
description or semantic frame:

“Synthetic biology is a new field of research bringing together genetics, chem-
istry and engineering. The aim of synthetic biology is to construct completely new 
organisms to make new life forms that are not found in nature. Synthetic biology 
differs from genetic engineering in that it involves a much more fundamental rede-
sign of an organism so that it can carry out completely new functions” (Gaskell 
et al. 2010, p. 120)

The level of synthetic biology’s salience in the European public opinion land-
scape is extremely low: 8 out of 10 Europeans had not heard about synthetic biol-
ogy before the interview took place (Table  6.6). Of those having heard about it 
(17 %), 50 % declared that they had never talked about it and 70 % that they had 
never searched for any information (see Tables 6.7 and 6.8).

32Of the 32 countries, only the 27 belonging to the EU in 2010 have been included in the analysis 
that follows.
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In Europe, public awareness about synthetic biology is accordingly minimal at 
the beginning of the second decade of the century, far below that of biotechnology 
and cloning; a fact that casts doubts on the common assumption in the literature on 
social aspects of synthetic biology that the frame of reference should be similar to 
the one applied apropos of biotechnology. A legitimate question is if this very 
modest level of salience rules out the possibility of any study on public percep-
tions of what would seem to be too new an area. Not infrequently, when results 
from public opinion studies on objects with such a low level of visibility are 
reported, they are viewed as merely an artifact or as findings about a “phantom 
public”.33 Certainly, empirical public opinion studies of emerging and still fuzzy 
objects for the public’s mindscape, as synthetic biology is today, must be taken as 
being merely exploratory, suggestive of hypotheses but unable to substantiate them 
(hypotheses, furthermore, based on more familiar and salient objects bearing sig-
nificant similarities with the new ones under study).

33Political scientist George F. Bishop has referred to the “phantom public” when pollsters insist 
on measuring attitudes to objects far removed from people’s attention and understanding, issues 
that at a particular time are not yet part of public opinion. See the chapter “Illusory Opinions on 
Public Affairs” (Bishop 2005, pp. 19–46).

Table 6.6   Before today, 
have you ever heard about 
synthetic biology?

Source Eurobarometer 73.1 (European Commission 2010)

Frequency Percent

Yes 2219 16.9

No 10924 83.1

Total 13143 100.0

Table 6.7   Have you ever 
talked about synthetic 
biology with anyone before 
today?

Source Eurobarometer 73.1 (European Commission 2010)

Frequency Percent

Yes, frequently 84 3.8

Yes, occasionally 495 22.3

Yes, only once or twice 502 22.6

No, never 1110 50.0

Don’t know 28 1.3

Total 2219 100.0

Table 6.8   Have you ever 
searched for information 
about synthetic biology?

Source Eurobarometer 73.1 (European Commission 2010)

Frequency Valid Percent

Yes, frequently 70 3.1

Yes, occasionally 280 12.6

Yes, only once or twice 303 13.7

No, never 1560 70.3

Don’t know 6 0.3

Total 2219 100.0
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6.6.3.2 � Relative Weight of Different Criteria in the Evaluation 
of Synthetic Biology

After this caveat, the next big question is how people deal with the evaluation of 
synthetic biology—an object still unfamiliar to most individuals—when they are 
asked by interviewers to express a judgment. We know that in order to apprehend 
an attitudinal object, people regularly turn to shortcuts and heuristics, especially in 
the absence of specific knowledge and also when the object is perceived as being 
fuzzy in its boundaries and denotation. Using this template to determine the evalu-
ative handles a typical European would choose in order to take a position on syn-
thetic biology, the following hypothetical question was posed in the context of the 
Eurobarometer survey:

“Suppose there was a referendum about synthetic biology and you had to make 
up your mind whether to vote for or against. Among the following, what would be 
the most important issue about which you would like to know more?” The ques-
tion offered the following seven categories (each of them could be selected as a 
1st, 2nd, and 3rd response): (1) scientific and technical aspects, (2) source of fund-
ing of the research, (3) potential risks, (4) potential benefits, (5) distribution of 
risks and benefits, (6) regulation and control, and (7) social and ethical aspects. 
The response distribution of the first mention (which captures the most impor-
tant or salient aspect as perceived by the public) shows that the potential risks 
and benefits related to synthetic biology are of prime importance to respondents 
(see Table 6.9). This result suggests that, as in most other cases of new technosci-
entific developments, people tend to use the evaluative axis of the risks-benefits 
tradeoff. Taking into account the three categories chosen by most people, all the 
other informational aspects presented were of interest to a significant proportion 
of the European public, although risks, benefits and the distribution of both occu-
pied the top positions. A third, significant conclusion is that the actual social and 
ethical issues raised by synthetic biology do not appear, currently, to be particu-
larly relevant for most people in the majority of countries (reaching only 16  % 
of mentions after adding the three responses, although in a few societies the con-
cerns expressed are of a considerable magnitude). The basic template of “moral-
immoral” seems, for most people, to be distant from the synthetic biology object, 
possibly because there is no clear involvement of humans and/or animals as pri-
mary subjects in this type of research, that is, due to the absence of the main (rela-
tionships between humans) and even secondary (behavior of humans in relation to 
animals) targets of moral concern and ethical analysis in Western cultures.

There are significant national differences in the European Union regarding the 
role assigned to social and ethical aspects in the evaluation of synthetic biology. 
According to first mentions of “social and ethical issues” from the nine possibili-
ties, we can see that in three countries there are significant minorities who care 
about them very much: Denmark (11  %), the Netherlands (10  %) and Sweden 
(8 %). And, combining the three possible mentions, we find five societies where a 
considerable subset of the population rates these issues as very important: namely, 
the Netherlands (39 %), Denmark (37 %), Sweden (33 %), Belgium (25 %), and 
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Great Britain (22 %). In these countries at least, the scientific community working 
in synthetic biology should pay attention to maintaining an open mind about the 
potential reservations and views the public may have.

6.6.3.3 � Global Positions on the Acceptance of Synthetic Biology

An additional “vista” on public perceptions of synthetic biology can be 
obtained from the responses to a hypothetical scenario of approval-disapproval. 
Specifically, the question posed was “Overall, what would you say about syn-
thetic biology?” and the possible responses were: (1) full approval, no special 
laws necessary, (2) approval, regulated by strict laws, (3) no approval, except 
under very special circumstances, (4) no approval under any circumstances, and 
(5) don’t know. As the distribution in Table 6.10 shows, at present, under condi-
tions of a limited level of awareness and information about synthetic biology, a 
relative majority would be inclined to approve it, provided strict regulations are 
introduced. However, another large group would demand even stronger constraints 

Table 6.9   Aspects of synthetic biology about which respondents would like to know more

Source Eurobarometer 73.1 (European Commission 2010)

Frequency  
1st mention

Percent 1st 
mention

Frequency 
1st, 2nd, 3rd 
mention

Percent 1st, 2nd, 
3rd mention

What the scientific 
processes and  
techniques are

1982 15.1 4134 31.5

Who is funding the 
research and why

1045 7.9 3114 23.7

What the claimed 
benefits are

2799 21.3 6809 51.8

What the possible  
risks are

3113 23.7 8371 63.0

Who will benefit and 
who will bear the risks

1315 10.0 5313 40.4

What is being done to 
regulate and control 
synthetic biology

668 5.1 3754 22.6

What is being done to 
deal with the social and 
ethical issues involved

441 3.4 2113 16.1

Other 
(SPONTANEOUS)

26 0.2 94 0.7

None  
(SPONTANEOUS)

427 3.3 597 4.7

Don’t know 1327 10.1 1563 11.9

Total 13143 100.0
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(suggested by the clause “except under very special circumstances”). A small but 
significant minority (17 %) would favor a ban on this area of research and applica-
tions. A large percentage (23 %) doesn’t have a position yet about the hypothetical 
course of action to take. The main interpretation of the distribution of responses is 
that synthetic biology is a potentially controversial technology, with the capacity 
to generate division. It also seems, however, that there is no crystallized opposi-
tion at present and, contingent on an appropriate regulatory framework, a slight 
majority would be inclined to consent to its development. Focusing only on the 
two polarized positions (“fully approve, no special laws necessary” and “do not 
approve under any circumstances”), in all European countries the segment favor-
ing non-approval is much larger than the one willing to accept synthetic biology 
without special constraints. This extremely critical segment is particularly numer-
ous in East Germany (28 %), Greece (26 %), Austria (23 %), Denmark (21 %) and 
the Netherlands (21  %). In the country with the highest full acceptance of syn-
thetic biology, Spain, only 6 % would support this position.

6.6.3.4 � The Regulatory Regime for Synthetic Biology

The governance of synthetic biology—much as in other emerging scientific and 
technological areas—aims to balance measures for the promotion of various 
values and goals: (1) promoting scientific freedom and progress, that is, setting 
the scene for research, development, innovation, and resulting benefits for soci-
ety (most often interpreted as tackling grand challenges, or leading to  more 
resources  and economic growth), (2) avoiding risks, that is, ensuring safety and 
security in the areas of human health, the natural environment, and biosecurity, 
and (3) respect for moral views and other central values that usually vary within 
and across societies.

Similar sets of goals are reflected in the current European Commission science 
funding policy: the concept of “Responsible Research and Innovation” is meant to 
promote research and innovation that drives towards human benefit and societal 
desirability, is sustainable by avoiding significant adverse effects through effective 
risk management, and is ethically acceptable (European Commission 2011, 2012).

Table 6.10   Approval of synthetic biology

Source Eurobarometer 73.1 (European Commission 2010)

Frequency Percent

You fully approve and do not think that special laws are necessary 448 3.4

You approve as long as this is regulated by strict laws 4783 36.4

You do not approve except under very special circumstances 2744 20.9

You do not approve under any circumstances 2211 16.8

Don’t know 2956 22.5

Total 13142 100.0
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It is extremely challenging to balance different values that may be inherently 
conflicting. There are opposing interests, matters of priority, and diverging opin-
ions about the relative importance of diverse goals and about how this balancing 
could be best accomplished. There has thus been a lively debate about the future 
governance of synthetic biology. The historical background has also played an 
important role in the comparatively early introduction of scientific and policy ini-
tiatives, which has mainly been motivated by a perceived need to avoid the dynam-
ics seen in biotechnology debates in the past.

Scientists’ bottom-up governance initiatives have largely focused on stand-
ardization, biosecurity, biosafety and avoidance of public unease (Check 2006; 
Maurer et al. 2006; Tepfer 2005). While self-regulation undoubtedly has a major 
role to play in some areas of the governance of synthetic biology, these foci have 
prompted concerted reactions by civil society organizations, which have per-
ceived them as attempts to avoid new governmental regulation and broader socio-
economic and political issues (Pollack 2010; Torgersen 2009). To some extent, 
the synthetic biology community has accommodated such reactions by offer-
ing opportunities at professional meetings to address wider societal issues than 
those of safety and security. For example, human practices and ethics are com-
monly addressed in The International Genetically Engineered Machine (iGEM) 
Foundation’s competitions, and the ETC Group contributed to “SB4.0”—the 2008 
Synthetic Biology Conference in the BioBricks Foundation’s Series “SBx.0”.

Scientists and science organizations continue to actively shape policy in syn-
thetic biology.34 One example is the “Six party symposia on synthetic biology”, 
chaired by key players in the field, where the focus at the final 2012 meeting was 
explicitly on “next-generation tools, platforms, and infrastructure necessary for 
continued progress in synthetic biology and the associated policy implications” 
(Joyce et al. 2013, p. 6). This way of putting it already shows that the progress of 
scientific research remains a constant priority. There is thus still reason to doubt 
motivations, as illustrated also by an inspection of many ELSA activities.

Like initiatives emanating from the scientific community, policy initiatives call-
ing for research on ELSA and public engagement have also been part of the syn-
thetic biology field from the start, and synthetic biologists have been pro-active in 
supporting such activities. There have been numerous projects at technology 
assessment and policy analysis institutions, and the topic has received substantial 
support from national and international research organizations.35 As Gottweis 
(2008) has pointed out, participation and governance have become intermingled to 
an unusual extent in the domain of the “politics of life”, because a diversity of val-
ues as well as feelings of distrust and uncertainty have to be accommodated in an 
agenda of openness, participation and accountability. In fact, openness, accounta-
bility and participation, alongside effectiveness and coherence, were defined as the 
main principles of “good governance” by the European Commission in 2001 

34For an overview, see the second part of Acevedo-Rocha (2016).
35For an overview, see Zhang et al. (2011).
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(COM 2001). Previous ELSA activities had been heavily criticized for effectively 
reducing participatory events to public relations activities and advertisement (e.g., 
Bogner and Menz 2005). In synthetic biology, this criticism was taken into 
account at an early stage and led to a focus on upstream engagement of the public 
and on securing analytical input from the social sciences and humanities (Calvert 
and Martin 2009; Torgersen 2009).

However, reality may not be quite as rosy as appears on first sight. Two oppos-
ing streams of criticism can be identified: (1) according to some critics,  current 
approaches over-emphasize the role of the public, give too much power to non-
governmental organizations (NGOs), demote the science component, and may 
ultimately hinder innovation and development (Lowrie and Tait 2011; Tait 2012), 
and (2) despite past criticism of some  ELSA research serving public relations 
efforts rather than critical analysis, current approaches still sometimes amount 
to fig-leaf activities: the synthetic biology scientific community and government 
institutions with a focus on innovation for economic growth have, at least in some 
cases, appeared to instrumentalize social scientists and public participation initia-
tives to promote public acceptance (cf. Marris 2014).

These opposing views may be related to different underlying values and world-
views. In both cases, the need to integrate various governance strategies is acknowl-
edged, but the type of strategy differs as does the weight given to the different 
interests and values (Garfinkel et al. 2007; Weir and Selgelid 2009). Controversies 
revolve around the roles of scientists, industry, governmental and trans-national 
regulators, NGOs/community service organizations and other stakeholders and 
citizen groups. How should decisions about funding and changes in legal frame-
works be made? How much weight should be given to the various interests, and 
how much weight should be given to science versus values? A key component of 
the answer to these questions is the views of the public, since in the end good gov-
ernance mechanisms require a certain level of consent from society at large. In the 
following pages of this section, we examine the main profile of those views.

Consistent with the scenario of qualified approval of synthetic biology depend-
ent on regulation based on “strict laws”, a very large majority in Europe would 
favor the government having a strong role versus giving synthetic biology freedom 
to operate in the market like any conventional business (77 % versus 11 % respec-
tively, see Table 6.11). A second aspect of the regulatory regime of a scientific area 
like synthetic biology is the relative weight of strictly technical considerations 

Table 6.11   Preference for regulation by the government versus market mechanism

Source Eurobarometer 73.1 (European Commission 2010)

Frequency Percent

Synthetic biology should be tightly regulated by the government 10119 77.0

Synthetic biology should be allowed to operate in the market place  
like a business

1412 10.7

Don’t know 1611 12.3

Total 13142 100.0
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and, at the other extreme, of moral and ethical values. A large majority favors sci-
entific evidence (52 %), while a third of the population gives more weight to moral 
criteria (34 %) and around 14 % have no opinion (see Table 6.12). Aligned with 
this preference, an even higher percentage of the population is inclined to rely on 
experts rather than following what the public thinks in order to reach a decision 
about synthetic biology (see Table 6.13).

Gaskell and the co-authors of the report Europeans and Biotechnology in 
2010. Winds of change? (p. 9) have proposed an intriguing typology of govern-
ance, based on the combined responses to the nature of the criteria to be employed 
(for example, scientific or moral) and the main input that should inform decisions 
about synthetic biology (for example, the views of experts or of the public). The 
first type is called the “principle of scientific delegation” and relies on scientific 
criteria and expert input. According to Gaskell and co-authors, an institutional 
correlate would be expert commissions on risk assessment, although many other 
arrangements could be compatible with the preference for technical competence 
and decision-making informed by the experts. The second is called the “princi-
ple of scientific deliberation” and combines scientific evidence and public “voice”. 
Consensus conferences would be one of the corresponding institutional forms. 
The third is the “principle of moral delegation” (ethics, experts) and its organi-
zational embodiment could be “ethics committees”. The last is the “principle of 
moral deliberation”, and relies on the moral dimension and the views of the public, 
which would correspond with various forms of public deliberation such as peo-
ple’s initiatives (see Table 6.14).

Table 6.12   Approval of synthetic biology: scientific evidence versus moral criteria

Source Eurobarometer 73.1 (European Commission 2010)

Frequency Percent

Decisions about synthetic biology should be based primarily  
on scientific evidence

6888 52.4

Decisions about synthetic biology should be based primarily  
on the moral and ethical issues

4427 33.7

Don’t know 1827 13.9

Total 13142 100.0

Table 6.13   Approval of synthetic biology: experts versus lay public

Source Eurobarometer 73.1 (European Commission 2010)

Frequency Percent

Decisions about synthetic biology should be based mainly on the  
advice of experts

7725 58.8

Decisions about synthetic biology should be based mainly on what the 
majority of people in a country thinks

3817 29.0

Don’t know 1600 12.2

Total 13142 100.0
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The two most interpretable of the four principles proposed by Gaskell and col-
leagues are the first and the last, taking into account the questions asked and the 
fact that most people are totally unaware of the main institutional forms of the 
other two. A clear majority of the adult population in Europe would be happy with 
decisions about synthetic biology taken on the basis of scientific reasons, and rely-
ing on bodies that follow technical criteria versus the views of the public at large 
(“scientific delegation”, according to Gaskell’s label). Fifty-two per cent of the 
population in the 27 EU countries in 2010 would prefer this option, which implies 
a high level of confidence in professional competence and scientific knowledge. 
The socio-demographic profile or segmentation of people favoring each of these 
two options is as follows. The principle of “scientific delegation” is more prevalent 
among men, the 35 to 44 year age group, and those with more formal education, 
the non-religious and those identifying with the left on an ideological scale. The 
principle of “moral deliberation” is the option best represented among women, the 
65 year and over age group, those with less formal education, and religious indi-
viduals (both Catholics and Protestants). Focusing on educational level alone, we 
can see a clear pattern emerging. Individuals with more years of formal education 
are the ones that most favor “scientific delegation”: 44 % of people that left full-
time education when they were 15  years old, 52  % of those that left education 
when they were 16 to 19 years old, and 56 % of people with a university degree 
(aged 20 or more when they finished education). At the opposite extreme, a little 
more than a fifth of the population (23 %) favor the use of ethical criteria and the 
views of society versus scientific considerations and expert views. People with less 
formal education tend to prefer the option of public involvement and give more 
weight to ethical considerations: 33 % of those aged 15 years or under, 23 % in the 
16 to 19 year age group and 17 % of those aged 20 years and over.

As in the case of most questions that are culturally shaped, there is large vari-
ability in these preferences among the European societies studied, with countries 
such as Denmark, Austria and the Netherlands in which just a third of the popula-
tion prefers a scheme of governance based on “scientific delegation”, and coun-
tries such as Hungary, Spain, the Czech Republic and Italy where at least 60 % 
of the population embrace this way of regulating synthetic biology. The states 
belonging to the former West and East Germany have a diverse profile: in both 
cases there is sharp division, but in the East there is a larger segment favoring “sci-
entific delegation” over “moral delegation” (Table 6.15).

Table 6.14   Principles of 
governance of synthetic 
biology

Source Eurobarometer 73.1 (European Commission 2010)

Frequency Percent

Scientific delegation 5289 51.6

Moral delegation 1572 15.3

Scientific deliberation 1027 10.0

Moral deliberation 2357 23.0

Total 10245 100.0
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6.6.4 � Synthetic Biology, Unnaturalness and “Playing God”

A potentially very important angle for the evaluation of synthetic biology is the 
perceived naturalness (or unnaturalness) of its different applications, which is a 
function of the depth and scope of intervention by science in the natural domain. 
“Naturalness” today is one of the main elements of a worldview or cultural vector 
associated with the evaluation of a large series of processes and objects.36 The 
dominant worldview about nature encompasses attributes such as beauty, peace, 
fragility and interconnectedness, and also skepticism or strong reservations about 
the modification of natural processes by science and technology, which is per-
ceived as being equivalent to tampering with the “wisdom” embedded in millions 
of years of evolution, of piecemeal trial and error. Most people worry about the 
level of degradation of nature, as reported in a constant flow of published research 
in scientific areas like ecology and conservation biology and corroborated by per-
sonal macroscopic experience in everyday life. In a number of domains, mainly 
agriculture and food production, the attribute of naturalness carries a positive 
valence both for the environment and human health (Rozin et  al. 2012). Even if 
people are not consistent in their everyday behavior with their beliefs about nature, 
it remains a significant fact that most individuals, since the closing decades of the 
20th century, would like to preserve nature as much as possible, even while many 
of them are aware that most facets of “nature”, including today’s landscapes, 

36For a systematic and enlightening analysis of the naturalness concept, see Siipi (2005).

Table 6.15   Principles of 
governance of synthetic 
biology by country (based on 
Gaskell et al. 2010, p. 165)

Countries Scientific Delegation Moral Delegation

Hungary 66 13

Spain 62 18

Czech Republic 62 19

Italy 61 22

Belgium 57 14

France 55 16

Great Britain 55 20

Portugal 52 15

Sweden 52 15

Poland 50 23

Greece 46 38

Germany (East) 38 33

Netherlands 38 32

Austria 38 32

Denmark 37 26

Germany (West) 30 39
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reflect a process of systematic modification by humans in the past. Unless the 
potential gains are fundamental, a large majority would prefer not to pursue the 
path of aggressive intervention in nature, particularly if this entails the modifica-
tion of the genetic blueprint. This is the main cultural reason for resistance to or 
ambivalence about biotechnology.

Not only one of the main goals but also the explicit narrative of synthetic biol-
ogy involves radically surpassing and ameliorating nature, or even entirely bypass-
ing known biological processes in order to satisfy needs in areas such as energy 
production, bioremediation and health. In no other area of science can we find a 
more fundamental and radical role for the figure of the scientist than in synthetic 
biology. It is not surprising that the classical symbolic figures of Faust and 
Frankenstein and the perception of scientists as “playing God” have resurfaced in 
the context of synthetic biology. The idea of the researcher “playing God” is, at 
the beginning of this century, largely disconnected from a religious or theological 
interpretation, as suggested by the large number of non-believers and largely secu-
lar societies such as France that use this perspective in assigning a negative 
valence to radical modifications of nature.37

Synthetic biology has embedded and promotes an ontology populated by new 
objects and entities that seem to radically cross the boundaries between life and 
not-life, animate and inanimate, the natural and the artificial (Lentzos et al. 2012). 
The first systematic and robust study seeking to ascertain the role of the “unnatu-
ral objection” in the perception of synthetic biology, the work of Dragjlovic and 
Einsiedel, has convincingly shown that concerns over the use of genetic mate-
rial of dissimilar organisms (“evolutionary distance” between “donor” and “cre-
ated organisms”), views of nature and, particularly, the unnaturalness frame, 
if activated, would play a significant role in the evaluation of synthetic biology 
(Dragojlovic and Einsiedel 2013). Although the public at large is currently una-
ware of the development and goals of synthetic biology, it is plausible that, if the 
organizations opposing it were able to activate and give salience to the frame of 
extreme “unnaturalness”, most individuals would oppose many of the applications 
except for those few that address critical social challenges in areas like the natu-
ral  environment and animal and human health. The scientific community should 
be aware of this overarching cultural dimension of their work, which is beyond the 
bounds of conventional ethical and risk analyses.

37Dabrock in his insightful paper “Playing God? Synthetic biology as a theological and ethical 
challenge” (2009), in our view misses the point that “playing God” could and does have a non-
religious interpretation, even if this cultural angle has some echoes of its religious origin. In con-
trast, van den Belt, in his “Playing God in Frankenstein’s Footsteps: Synthetic Biology and the 
Meaning of Life” (2009) offers a cogent secular meaning of that notion.
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6.7 � Conclusion

Public voices play a significant role today in shaping the regulatory climate and 
trajectory of some subsets of science and technology, particularly in those cases 
that have the potential to disrupt or collide with social values and perceptions. It 
is no longer valid to dismiss public concerns, fears and preferences regarding spe-
cific scientific developments on the basis of a low level of scientific literacy, real 
or alleged. Certainly, the diffusion of scientific knowledge to the public at large 
is in need of renewed attention as regards its agents, scope, methods, narratives 
and channels, and the scientific community should, of course, incorporate that 
task in its portfolio of recurrent activities. But much more is needed. Above all, a 
more balanced interaction between experts and the public, alongside a conscious 
engagement of the scientific community with the social values of the host society.

The experience with biotechnology in many advanced societies has shown that 
cultural factors could indirectly affect the regulatory treatment of biotechnologi-
cal applications in sensitive areas such as food and agriculture, and, even more 
importantly, the public’s willingness to adopt them. Besides the tradeoff between 
goals and means, a number of vectors influence the valence (positive, negative or 
ambivalent) of public attitudes and behaviors, among them risk perceptions, ethi-
cal views and trust in the scientific community and the institutional architecture 
of regulation. Beyond that, other powerful cultural variables (worldviews, frames, 
values and symbols) associated with attitudes to subsets of the life sciences should 
be considered. One of the central worldviews (with an array of connected val-
ues) that affects such areas of science is the current vision of nature and the vec-
tor “natural”–“unnatural”. At the beginning of the 21st century, a large majority 
of the population is aware of the negative environmental externalities of a model 
of growth that has made intensive use of science and technology while, in turn, 
permeating the goals and subculture of a large subset of the scientific community. 
Accordingly, many individuals are acutely sensitive to new scientific knowledge 
that pushes forward the boundaries of “natural” processes and objects, particularly 
if such knowledge involves the alteration of the genetic blueprint of life.

Synthetic biology has a practical and also a cultural component in potential 
conflict with the dominant worldview about nature, and the public’s preference for 
“naturalness” in many areas. The explicit and embedded general narrative about 
life, its radical modification and even creation (the so-called “regenesis”) devel-
oped by leading synthetic biology researchers could trigger strong resistance on 
the part of the public and compromise the future trajectory of the field. And, as 
pointed out by Gerd Winter (see legal chapter in this book), “the cultural con-
cerns” of the public should “be accepted as a legitimate ground for regulatory 
restrictions”. At present, the worldview about the natural domain and the unnatu-
ralness frame are dormant in relation to synthetic biology, due to the low salience 
attained to date by this emergent scientific area. However, given the appropriate 
conditions (visibility and activation of the worldview and frame by environmen-
tal organizations and other groups), they may prove to be a formidable barrier to 
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research and, particularly, to the deployment of applications that do not address 
critically important goals. As well as the factor of the synthetic biology-enabled 
evolutionary distance between the donor and recipient of traits and parts, the 
social reception of the corresponding applications would depend very much on 
whether these were perceived as creating objects and entities comparable to physi-
cal artifacts (where there would be less or no resistance), or as biological parts 
and systems (where there would be greater resistance). Beyond conventional ELSI 
analyses, the scientific community working in this area should build a minimalistic 
narrative of its goals, and develop a research culture that takes into account the 
current mindset regarding nature and “(un)naturalness” and the role of science in 
its modification, creation and management.
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How fleeting are the wishes and efforts of man! How short his 
time, and consequently how poor will be his results, compared 
with those accumulated by Nature during whole geological 
periods! Can we wonder, then, that Nature’s productions 
should be far “truer” in character than man’s productions; that 
they should be infinitely better adapted to the most complex 
conditions of life, and should plainly bear the stamp of far 
higher workmanship? (Darwin p. 73).
En quoi est-il moins admissible de chercher à faire une cellule 
que de chercher à faire une molécule? (Leduc Chap. 2).

Abstract  The law answers to new technologies in three different ways: the tech-
nologies are enabled and restricted by regulation, they are promoted by (among oth-
ers) granting intellectual property rights, and they may be required to share benefits. 
All of these functions come into play in synthetic biology. They are discussed in 
the present contribution. Concerning the enabling and regulating function the study 
suggests that the existing regulatory framework for genetically modified organ-
isms (GMOS) cannot be relied on as an adequate means of controlling risks from 
synthetic biology. Various strands of synthetic biology are either not captured by 
the present regulation, or not appropriately treated by the present risk assessment 
methodology. This study suggests that based on a screening and categorisation of 
the risks from synthetic biology new regulation should be introduced covering both 
genetic engineering and synthetic biology. Concerning the promotion of the tech-
nology through intellectual property law the article finds that patent law has primar-
ily served interests of industry to privatise nature. This has hindered the pluralistic 
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evolution of research and development (R&D). Besides advocating common pool 
solutions, the article explains how the preconditions of patenting can be interpreted 
in a way that sparks free R&D in synthetic biology. Concerning benefit sharing the 
new legal regime on access and benefit sharing is applicable also to synthetic biol-
ogy. The increasing artificiality of its products however poses the question how the 
contribution of the original genetic resource can be tracked and valued. It is sug-
gested that rather than relying on the bilateral exchange ‘genetic resource for remu-
neration’ joint R&D projects between provider and user should be strived for.

7.1 � Introduction

Synthetic biology comprises a variety of modifications and constructions of life 
forms, all gradually replacing natural with artificial design and/or material. There 
is no clear-cut definition of synthetic biology so far, but it exhibits features that go 
far beyond genetic engineering and other biotechnologies. Three main strands of 
synthetic biology research and development (R&D) may be distinguished 1:

•	 Genetic modification of organisms at larger scale (radical genetic engineering): 
It envisions the assembly in organisms of novel genomes from genetic parts (i.e. 
“biobricks” or “bioparts”) and devices (functional units). These bioparts may be

–	 natural genomic sequences that are being applied to a new purpose,
–	 natural genomic sequences that have been redesigned to function more effec-

tively, or
–	 artificial genomic sequences that have been designed and synthesized from 

scratch and do not have any natural counterpart.

This approach includes the radical modification of existing cells, including sup-
porting operations such as the construction of minimal cells (top down approach) 
that are reduced to a set of minimal functions and serve as chassis cells for further 
constructions (Danchin, forthcoming).

•	 The construction of standardized bioparts and of protocells by “bottom up” in 
vitro chemical synthesis. Protocells are vesicles that can exhibit certain organis-
mic functions as for example growth, division or metabolism.

•	 Xenobiology, that is the construction of cells based on a chemistry not found in 
nature, e.g. based on nucleic acids or amino acids (so called Xenonucleic acid 
(XNA) and Xenoaminoacids) that are fundamentally different from (or “orthog-
onal” to) the molecular design of existing living organisms.

While the second and third strands of development are particularly unique, the 
first basically is still a kind of genetic modification. However, the modifications 
become more and more radical so that the resulting systems may have new fea-
tures not found in existing natural living systems. Future organisms may reach the 
stage of complete synthesis and new assembly.

1See Chap. 1. in this volume.

http://dx.doi.org/10.1007/978-3-319-25145-5_6
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In terms of cell functions the major lines of research concentrate on:

•	 novel cells as metabolic machines: they immensely enhance production techno
logies and product yield

•	 novel cells as biosensors2: whole cells that indicate the presence of a target ana-
lyte, as for example arsenic

•	 novel cells used as secure information storage device
•	 novel cells as experimental artefacts: made for scientific purposes, for the pleas-

ure of experimentation, or for fun.

Given the early stage of synthetic biology R&D, the potential applications of the tech-
nology are not yet clear. They are envisaged to include computer technology, medicine, 
energy, fine chemicals, food, materials, environmental engineering and agriculture.3

Concerning potential benefits, there is hardly any comparative research. In 
some cases synthetic biology might be the only means to produce a certain end-
product, while in other cases it may be a more efficient tool when compared to 
conventional genetic engineering. Until now only few examples exist. This is a 
shortcoming which makes it difficult to properly determine whether synthetic biol-
ogy will generate benefits at all—and what kinds. 

The risks of the technology are likewise widely unknown.4 The closer synthetic 
biology comes to methods of conventional genetic engineering, the more know
ledge—scarce as it still is—is available and the better risk assessment methodology  
developed for genetic modification—imperfect as it still is—can be used as a blue-
print. But the more radical the technology becomes, the more uncertainty prevails. 
It may be that the situation is not yet pressing because the technology is in most 
cases still practiced in closed systems. But it should be ensured that it remains there 
(and that the containment itself is safe) and any deliberate release is prohibited 
before sufficient risk related knowledge is available.5

Besides safety issues, biosecurity must also be examined because synthetic 
biology may open up new potential for warfare.6

The law answers to new technologies in different ways, which can be divided 
into three functions:

•	 enabling and regulating: this somewhat paradoxical function of the law is char-
acteristic for liberal societies. R&D is on the one side enabled by constitutional 
freedoms and certain legal infrastructure; on the other hand it is restricted by 
regulation based on countervailing constitutional guarantees

2Described by French et al. (2015) to be “a hybrid device consisting of a biological component, 
which provides the desired sensitivity and specificity, and an electrical transduction system, 
which converts the response to an output which can be monitored, analysed and recorded.”
3Baldwin (2012) Chap. 7; Church and Regis (2012).
4For recent attempts to describe and explain risks of synthetic biology see Bölker (2015), 
Breckling and Schmidt (2015), Giese and von Gleich (2015).
5For a similar proposal see Friends of the Earth (2012).
6For an in-depth analysis in relation to the US see Maurer (2010/2011).
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•	 promoting: governments provide incentives by various means, including R&D 
funding and the rewarding of R&D results by intellectual property rights

•	 redistributing: the law demands that those who draw benefits from R&D share 
them with other contributors.

In synthetic biology R&D all of these functions come into play and will be treated 
in this contribution. The crucial legal device enabling this technology is the consti-
tutional freedoms of research and entrepreneurial activity. Concerning regulatory 
functions, existing laws ensuring biosafety and biosecurity must be checked 
whether they sufficiently control synthetic biology or must be amended by new 
laws and other standards of control (Sect. 7.2). Laws promoting the development 
of synthetic biology include a broad range of measures, of which R&D funding 
and intellectual property rights are the most important ones in the present context. 
The questions will be in what directions the funding programmes and intellectual 
property law guide synthetic biology R&D (Sect. 7.3). Finally, in relation to the 
question of redistributing, the new regime on access to genetic resources and bene-
fit sharing (ABS) between providers and users of such resources must be consid-
ered.7 Although most of the organisms presently used for synthetic biology (such 
as Escherichia coli) exist in countries which do not claim ABS rights, this situa-
tion may change in the future. An example is extremophile microorganisms from 
tropical countries, which may be used as source or recipient of synthetic biology 
constructs (Sect. 7.4).

7.2 � Enabling and Regulating Synthetic Biology  
in View of Environmental and Health Risks

As synthetic biology is a new technology, no specific regulation has as yet been 
introduced. This raises the following questions: whether constitutional law, while 
enabling synthetic biology, also allows or even requires that a regulatory frame-
work must be introduced (Sect. 7.2.1), what parts of the technology are already 
covered by existing legislation (Sects. 7.2.2 and 7.2.3), and in what respects the 
current risk assessment and management approach must be adjusted to the specif-
ics of synthetic biology (Sect. 7.2.4).

7.2.1 � Constitutional Freedoms and the Regulation  
of Synthetic Biology

The current dynamic evolution of synthetic biology research is enabled by the consti-
tutional freedom of scientific research. This freedom has been laid down in Art. 13 of 
the EU Charta of Fundamental Rights (ChFR) and, in Germany, by Art. 5 para 3 

7For an overview see Kamau and Winter (2015).
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Grundgesetz (GG).8 Both provisions, however, allow for regulatory restrictions if 
public interests so require. While these interests can be politically defined by the leg-
islator at the EU level,9 they need to have a basis in competing basic rights or princi-
ples under the German Grundgesetz (GG),10 such as the right to health and the 
obligation to protect the environment.11

Likewise, economic activities in synthetic biology are enabled by constitutional 
rights, namely the freedom of professions and the freedom of enterprise.12 But 
also these freedoms can be restricted in the public interest by regulation.13

While the legislator has wide powers to introduce regulatory measures, it may 
even be obliged to do so. As the legislator is bound to apply the precautionary 
principle,14 full knowledge about the size and likelihood of harmful effects is not 
required for the adoption of regulatory instruments. On the other hand, however, 
they must not be based on pure speculation. There must be an indication of a risk 
to human health or the environment. In relation to synthetic biology, as mentioned 
above, risk-related knowledge is widely lacking with regard to some of its recent 
developments, such as xenobiology and protocell research and engineering. But 
interpolations may be possible from better known research. To the extent they 
reveal indications of risk, the legislator is empowered and even obliged to regulate, 
such as by introducing prior risk assessment and approval.

German constitutional law provides one further basis for an obligation of the 
state to legislate on synthetic biology, which shall be sketched out here because it 
might also serve as a model for EU constitutionalism. This basis is the so-called 
essentiality principle (Wesentlichkeitstheorie). The principle addresses the question 
under what circumstances a parliamentary law must be introduced, and how 
exhaustively it must rule on an issue. Traditionally, the problem at stake was the 
separation of powers between the legislatory and executive branch. The principle of 
“legal reservation” (Vorbehalt des Gesetzes) was developed to ensure democratic 
legitimation of executive action. It stipulates that executive action needs a basis in a 
parliamentary law if it intrudes into the basic freedoms of individual citizens. This 
principle was later extended by jurisprudence of the Federal Constitutional Court to 

8There is no specific freedom of research in the European Convention on Human Rights (ECHR) 
but research is considered to be part of the freedom of opinion according to Art. 10 ECHR.
9See Art. 52 para 1 ChFR.
10See Art. 5 para 3 sentence 1 GG which guarantees the freedom without any restriction. 
Jurisprudence has however established that restrictions are possible and even mandatory if based 
on other constitutional provisions.
11Art. 2 para 2 sentence 2 GG, Art. 20a GG.
12Art. 15 and 16 ChFR. In the German Grundgesetz both of these freedoms are derived from Art. 12.
13Art. 52 para 1 ChFR; Art. 12 para 1 sentence 2 GG.
14Art. 192 TFEU. The German Grundgesetz includes an obligation of the state to protect human 
health on the basis of Art. 2 para 2 sentence 1. This article is interpreted as involving the precau-
tionary principle (BVerfGE 49, 53 (Kalkar). Concerning environmental protection an obligation 
to protect is based on Art. 20a. However, this clause cannot be read as requiring precautionary 
measures. It is thus less “environmentalist” than Art. 192 TFEU.
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also cover those executive activities which do not directly intrude on basic freedoms 
but indirectly influence the enjoyment of the same, or, more generally, touch upon 
“fundamental normative areas” (“grundlegende normative Bereiche”).15 It has since 
been called the “Wesentlichkeitstheorie” (essentiality principle). In the leading deci-
sion the court applied the principle to the fast breeder technology.16 This decision 
could be understood to mean that not only state action but also private activities, if 
of crucial importance for society, must be based on a law. Apart from nuclear 
energy, the question was also posed in relation to other new technologies17 such as 
genetic engineering,18 non-ionising radiation from mobile radio,19 nanotechnology, 
and agroindustrial techniques such as the keeping of laying hens in cages.20 It is 
true that the courts which supported this extension found, in the normal case, that 
the new technology was already sufficiently captured by existing legislation. But 
this was founded on their basic conviction that the Wesentlichkeitstheorie was 
applicable not only to state measures but also to societal activities. The ruling opin-
ion of scholars, however, opposed this, arguing that the principle of a free society 
would be reversed if a new technology were allowed only if based on a legal act.

My opinion is that the Wesentlichkeitstheorie should, indeed, be understood as 
a request for a parliamentary legal basis for new technologies that may endanger 
basic rights and the environment, even (or especially) if knowledge about its 
effects is not yet conclusive. Such law would certainly require that synthetic biol-
ogy, be it exerted by state-based institutions or by private actors, must be subject 
to risk assessment.21 In order not to hinder scientific progress, the law could intro-
duce different degrees of control depending on a preliminary estimate of the haz-
ard potential of different lines of research. If there is sufficient knowledge to 
predict that certain categories of research will not cause harm, those categories can 
even be freed from further risk assessment.22

15BVerfGE 49, 53 (126) (Kalkar).
16BVerfGE 49, 53 (127) (Kalkar).
17Further policy areas where the principle was invoked include such diverse issues as the protec-
tion of young people from pornography (BVerfGE 83, 130 (142)), the governmental subsidisation 
of the media (BVerfGE 80, 124 (132)), the deployment of armed forces for military purposes 
(BVerfG 90, 286 (383)). In still other cases the court applied the Wesentlichkeitstheorie to imbal-
ances of powerful and powerless positions which needed reequilibration, such as concerning the 
rights of trade agents after dismissal by their principal (BVerfGE 81, 242, 254 et seq.) and the 
legal hedging of struggles between capital and labour (BVerfGE 84, 212, 226 et seq.).
18VGH Kassel, judgement of 6 November 1989, NJW 1990, 336 = NVwZ 1990, 276, available in 
German at http://openjur.de/u/289489.html (accessed 27.07.2015); see further below Footnote 39.
19OVG Lüneburg, Decision of 06.12.1993-6 M 4691/93, DVBl. 1994, 297.
20BVerfGE 101, 1 (34 et seq.).
21In addition, an essential impact on society could also be seen in synthetic biology’s challenge 
of moral values. We will come back to this in Chap. 6.
22Such preliminary identification of the parts needing further risk assessment is a common tech-
nique of environmental law, as for instance in the law on environmental impact assessment. It has 
also been proposed for nanotechnology by the German Expert Commission on Nanotechnology.

http://openjur.de/u/289489.html
http://dx.doi.org/10.1007/978-3-319-25145-5_6
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The envisaged law might even take a much broader approach and be developed 
as a comprehensive basis for all kinds of biotechnology, including modern breeding 
techniques, traditional genetic engineering and synthetic biology. This would over-
come the present inconsistencies, which introduce a very strict regulatory regime 
for certain kinds of biotechnology (such as genetic engineering) while others are 
largely left untouched (such as certain kinds of highly intrusive breeding), although 
the latter might be more consequential for biodiversity and human health23.

Insofar as any existing legislation already covers potential impacts of synthetic 
biology on human health and the environment, and appropriately so, no new law 
addressing synthetic biology is constitutionally required. In this vein we need to 
check what risk regulation is applicable to synthetic biology, and whether it covers 
the relevant risks posed by this technology.

The regulatory framework that must be scrutinised for this purpose comprises 
preventive administrative law and ex post civil liability. We will discuss them  
in turn.

7.2.2 � Preventive Administrative Regulation

Preventive administrative regulation means that actors in the field of research, 
development, production, trade and use of synthetic biology are subjected to a 
set of duties of care concerning effects on third parties or public goods. The ful-
filment of these duties is supervised by administrative bodies. Third parties may 
be given rights to claim protection against risks. To grasp the whole regime one 
speaks of an administrative law relationship between actors, affected third parties 
and administrative bodies.

Most closely related to synthetic biology is the legal regime on genetically 
modified organisms (GMOs). Other regimes (which are not considered here) are 
the regulation of chemicals and that of pathogens. The GMO regime consists of 
both EU and MS legislation. It is basically structured according to whether GMOs 
are handled in containment, or intentionally introduced into the environment, be it 
through release at a predetermined site or, after they have been placed on the mar-
ket, through introduction anywhere.

In the EU any works or products based on genetic modification are subjected 
to a special legal regime for GMOs. The EU thus hooks its regulation up with the 
technology. In contrast, in the US processes and products are checked as part of 
the control regime for non-modifying processes and non-modified products.

It has been debated what concept is more appropriate. The proponents of the 
US approach allege that the EU overregulates the issue. They regard many kinds 
of genetic engineering as safe and criticise that in the EU two authorizations may 

23See further G. Winter, P. Knoepfel, H.-P. Fricker, The biotechnological utilisation of genetic 
resources and its regulation, Biel: Durabilitas 2014 (http://www.sanudurabilitas.ch/uploads/
downloads/5/Durabilitas_2014_Genetic_resources.pdf)
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be needed for one product, such as in the case of a genetically modified pesticide 
plant that would require one authorization under GMO and the other under pesti-
cides legislation while in the US just one authorization under the pesticides legis-
lation would suffice (Lynch and Vogel 2001). Vice versa, the proponents of the EU 
approach doubt that in the US the risks are adequately assessed. Concerning prod-
ucts, while in the EU all genetically modified products are subject to administra-
tive oversight, this is in the US only the case for a limited range of products which 
are considered to be intrinsically dangerous for other reasons than their being 
genetically engineered, such as drugs, toxic substances, foods, seeds, fertilizers, 
and pesticides. Other genetically modified products which fall outside that scope 
are however imaginable, such as microorganisms engineered for soil decontamina-
tion or for energy production. Synthetic biology might contribute even more, such 
as products for purposes of construction, computing, leisure, and arts. The prod-
uct-related US approach will therefore need to be extended to new products. In 
addition, pre-market authorization may have to be introduced for some product 
lines. With that, a shift of the burden of proof of safety which currently widely 
rests with the authorities might have to be shifted to the producers.24

Before considering whether the EU’s GMO regime is an appropriate regulatory 
tool for synthetic biology we need to examine if, and to what extent, the existing 
EU GMO regulatory regime is applicable to synthetic biology at all.

7.2.2.1 � Applicability to Synthetic Biology of the GMO Regime

The GMO regime is, as already mentioned, applicable to the “contained use,” the 
individual “release” and the wider “placing on the market” of “GMOs.” The regu-
lation of contained use is harmonized EU wide only in relation to genetically mod-
ified microorganisms (GMMs).25 Contained use of other GMOs is thus left to the 
regulatory competence of the Member States (MS).26 In contrast, the regulation of 
the release and placing on the market of GMOs is standardized by EU legislation 
concerning all kinds of GMOs.27 In any case, the core notion triggering the regula-
tory regime is a GMO. Its legal definition must therefore be explained and applied 
to synthetic biology techniques. The legal definition varies to some degree in rela-
tion to GMOs in general and GMMs, but the differences are not important in the 
present context.

24See further Paradise and Fitzpatrick (2012/2013) and Mandel and Marchant (2014/2015).
25Art. 1 Directive 2009/41/EC on contained use of GMOs.
26The German Act on Gene Technology (Gentechnikgesetz—GenTG), for instance, extends its 
provisions on contained use to all GMOs. It however empowers the government to exempt those 
GMOs which are considered to be safe (Sect. 2a GentG).
27Art. 2 (1) Directive 2001/18/EC on the deliberate release into the environment of genetically 
modified organisms.
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An “organism” is legally defined as

any biological entity capable of replication or of transferring genetic material.28

This already excludes from the application of the GMO regime any modified or 
artificial subcellular bioparts that are not capable of replication.

Further, a genetically modified organism is defined as

…an organism, with the exception of human beings, in which the genetic material has 
been altered in a way that does not occur naturally by mating and/or natural 
recombination.29

Thus, for a GMO an organism must exist that is modified in certain artificial 
ways. For synthetic biology, this means that the GMO-regime only deals with 
activities which start with a real organism and modify it in specified ways. This 
excludes from the regime the complete synthesis of a known organism as well as 
the completely new design and synthesis of a new organism. In particular, bottom-
up constructed protocells are not covered by the GMO regime.

The third element of the definition of a GMO is that the “genetic material” of 
the organism has been altered. The term “genetic material” undoubtedly includes 
the DNA and arguably also the RNA, considering the fact that the mRNA and 
tRNA, switched on by a gene, are part of the information process initiating the 
production of amino acids and through them of proteins. However, if by methods 
of the so-called xenobiochemistry (Budisa 2012) the amino acids are replaced by 
non-natural ones, and thus, new proteins emerge creating hitherto unknown prop-
erties of the organism, the “genetic material” is not altered but rather the higher 
level of derived chemicals.

The fourth element is that the genetic material contained in the organism 
was “altered”. This poses the question if “alteration” also includes the complete 
replacement of the genome of a cell, such as in the experiment with mycoplasma 
bacteria of the Craig Venter Institute (Gibson et al. 2010). Based on a teleological 
reading this would, because of the unknown risks, need to be controlled even more 
than the mere modification. However, in a literal interpretation the full replace-
ment is different from a mere alteration. One may ask if this should be different in 
the case in which the inserted material consists of newly synthesized conventional 
components. But in this case the organism is not altered but remains the same both 
chemically and functionally.

The fifth element is that the nucleic acid molecules inserted into a host organ-
ism may have been “produced by whatever means outside an organism.”30 This 
means that traits taken from an existing other organism are covered, but also a syn-
thesized copy of them, and even synthesized traits having a new design, such as 

28Art. 2 (1) Directive 2001/18/EC.
29Art. 2 (2) Directive 2001/18/EC.
30Art. 2 (2) together with Annex I A Part I (1) Directive 2001/18/EC.
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those generated by xenobiology (Schmidt 2010; Budisa 2012).31 This means that 
xenobiology insofar it induces artificial DNA or RNA is included in the GMO 
regime.

The sixth element is that nucleic acid molecules must be inserted into a host 
organism. This excludes from the GMO-regime methods of reducing organisms to 
minimal cells because in this case genetic material is removed from, rather than 
added to, the organism.32

The seventh element, as mentioned, is that the alteration of the genetic material 
is done “in a way that does not occur naturally by mating and/or natural recombi-
nation”.33 The core techniques qualifying as not natural are listed in Annexes to 
the relevant directives. They include, inter alia, the insertion of nucleic acid mole-
cules by means of a vector system into a host organism in which they do not natu-
rally occur, or by direct introduction such as micro-injection, or by not naturally 
occurring cell fusion or hybridisation.34 This implies, for instance, that the gene 
gun method used in the do-it-yourself networks (DIY-Bio) is un-supervised.35

In contrast to the positive list of techniques qualifying as genetic engineering, 
certain techniques are excluded from the GMO regime because although being 
more or less artificial they can (at least theoretically) also occur under natural con-
ditions. These techniques are mutagenesis and certain kinds of cell fusion.36 
However, a whole bunch of “New Plant Breeding Techniques (NPBTs)”—argua-
bly included in a broad understanding of synthetic biology—have been developed 
that although in principle “natural” are so deeply interfering that they can be as 
hazardous as GMOs in the legal sense. Such techniques include targeted site-spe-
cific mutagenesis, transgenesis as an intermediate step of breeding processes 
where the transgene is subsequently removed, or “cisgenesis” where genes from 
the same species or family are transferred (Parisi 2012; Raaijmakers 2009). Thus, 
a substantial part of new breeding techniques appear not to be captured by the EU 
GMO regime (Table 7.1).

In conclusion, synthetic biology, insofar as it works on existing living cells 
and alters their genetic material in a way that does not occur naturally, must be 
counted as a technique resulting in genetic modification and thus as subjected 
to the existing EU GMO regime. In particular, organisms in which the genetic 
content was modified by synthesized material of natural or artificial design are 

31This technique was however not unknown to earlier genetic engineering. For instance, the gene 
which encodes the PAT-protein and conveys tolerance of the herbicide glyphosate was redesigned 
and thus differs from the natural PAT-gene. Example taken from (Bundesregierung 2011).  
The radical version would be the above cited mycoplasma experiment.
32For a description of this technique see Budisa (2012), pp. 103–108.
33Art. 2 (2) Directive 2001/18/EC.
34Directive 2001/18/EC Art. 2 (2) together with Annex I A Part I (1)–(3).
35How naïvely the networks operate can be studied from the video displayed at http://www. 
sueddeutsche.de/wissen/biohacking-bewegung-leuchtende-pflanzen-zum-selberbasteln-1.1875586-2 
(visited 27.07.2015).
36Directive 2001/18/EC Annex I B.

http://www.sueddeutsche.de/wissen/biohacking-bewegung-leuchtende-pflanzen-zum-selberbasteln-1.1875586-2
http://www.sueddeutsche.de/wissen/biohacking-bewegung-leuchtende-pflanzen-zum-selberbasteln-1.1875586-2
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covered, even insofar as new genetic xeno-material is introduced. By contrast, the 
following synthetic biology products are not captured by the GMO regime:

•	 an organism which was synthesized, be it of natural or artificial design
•	 an organism in which the genetic material was completely replaced by known or 

artificial genetic material
•	 an organism into which genetic material was inserted by other techniques than 

vector systems, micro-injection, non-natural cell-fusion or hybridization
•	 an organism whose chemical derivatives (amino acids, proteins) were modified
•	 a protocell
•	 a minimal cell
•	 synthesized or extracted bioparts
•	 an organism resulting from new breeding techniques which although in princi-

ple naturally occurring are deeply interfering.

It appears that this result—important synthetic biology techniques not being cov-
ered by the GMO regime—is not adequately discerned by research institutions and 
governments.37

There are two ways of reacting to the fact that parts of synthetic biology escape 
the scope of the existing GMO regime: One is to widen the scope so that more 
areas of synthetic biology are covered, and the second is to introduce a new law. 
The first option is certainly easier to reach politically, but the second would be 
more appropriate because it could be based on a new approach which better 
matches instruments of administrative oversight with different categories of risk. 
This approach could even release those kinds or results of genetic engineering that 
can be considered safe from regulation or at least from a full premarket control.

37See for Germany Acatech et al. (2009), p. 34. Bundesregierung (2011).

Table 7.1   Defining GMOs in application to synthetic biology

Elements covered by the legal definition  
of a GMO

Elements not covered

The GMO must be an organism Bioparts

The GMO must derive from an organism Complete synthesis of an organism; bottom-up 
construction of a protocell

The genetic material must be altered Modification on level of amino-acids or  
proteins (xenobiochemistry)

The genetic material must be altered Complete replacement of the cell content,  
be it with conventional or new design

The inserted transgenes can be of any design 
and construction method

–

Transgenes must be “inserted” A minimal cell

Positive and negative lists of techniques  
of insertion

Not listed techniques (e.g. gene gun),  
new breeding techniques
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7.2.2.2 � Adequacy of the GMO Regime

Introduction

We now proceed to consider what principles of risk assessment are appropriate for 
synthetic biology. This shall be done by critically reviewing the risk assessment 
methodology that is presently applicable to GMOs. If they are found to be inap-
propriate, better methodologies for synthetic biology must be introduced.

Products from synthetic biology, or synthetic biology products (SBPs)38 will 
probably be fabricated and used in contained systems for a long time to come. 
Therefore, the relevant EU legal acts on contained genetic engineering operations 
must be consulted for their adequacy for SBPs. However, it is also possible that 
SBPs will be developed that shall intentionally be introduced into the environment, 
such as microorganisms for the treatment of contaminated water or soil; or for the 
production of energy from biomass (French et  al. 2014). It is less probable that 
SBPs will be placed on the market for random release in the near future. But the 
possibility exists, for instance for microorganisms constructed for environmental 
management or energy fabrication. It must also be considered that a vibrant market 
has emerged for bioparts which provides services for contained R&D in synthetic 
biology. We will therefore first explore the regime for contained operations, and then 
the deliberate release of SBPs at certain locations as well as their market placement.

Contained Use

As already indicated, EU law on contained use of GMOs only refers to genetically 
modified microorganisms (GMMs) leaving other GMOs to the legislative compe-
tence of the member states.

Risk Paths

Even if kept in containment, GMMs may cause risks for the researchers and work-
ers. Moreover, they may unintentionally leak into the environment through persons 
carrying them out of the lab, or through solid waste, sewage or exhaust disposed 
from the lab. The same paths must be considered for SBPs.

Protected Goods

According to Art. 4 Directive 2009/41/EC Member States

…shall ensure that all appropriate measures are taken to avoid adverse effects on human 
health and the environment which might arise from the contained use of GMMs.

The goods protected by the GMM regime are thus human health and the envi-
ronment. Any “adverse effect” to them must be avoided.

Although this is not explicitly mentioned in the directive it has been discussed 
whether besides preventing risks GMMs must also provide a socio-economic 

38I suggest this term for the emerging debate on a regulatory scheme for synthetic biology. 
Alternatively one could consider “SynBio organism”, but this would not cover bioparts.
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benefit. When in the late eighties and early nineties the first facilities with con-
tained systems were built for research on dangerous microorganisms, concerns 
were raised if the containment would be perfect enough to hinder any escape of 
GMMs. Considering that a residual risk of leakage cannot be avoided, it was 
debated if the unavoidable remaining risk should not be weighed against the bene-
fits generated by the GMM. For instance, in a hearing on the construction of a 
BASF facility for the production of the pharmaprotein Tumor Necrosis Factor 
(TNF) a concerned citizen argued that TNF was ineffective if not detrimental as a 
medicinal drug so that the construction of a production unit for TNF constituted, 
as she called it, a senseless risk (cf. Winter et al. 1993:34). Since then, the discus-
sion about weighing risks against social benefits (or their absence) has faded away 
in relation to contained systems. It has however continued in relation to the delib-
erate release and market distribution of GMOs.39

Concerning highly problematic kinds of SBPs the same discussion may be reo-
pened even in relation to contained systems.

Burden of Submission of Risk Related Data

Risk assessment is only possible if appropriate data are available. Generally, in adminis-
trative proceedings the authorities are responsible for collecting the relevant data (inves-
tigation principle).40 Ultimately, this rule rests on the fundamental right to individual 
freedom, which implies that if a law imposes restrictions based on certain factual cir-
cumstances these facts must be identified and proven by the competent authority.

The burden of producing evidence can however be imposed on the individual 
by special legislation. This normally occurs, if an activity requires prior authoriza-
tion or notification, because it is assumed that the activity is suspected to pose a 
risk and shall therefore only be allowed after detailed examination. The EU GMM 
regime is based on this assumption and therefore shifts the burden of data provi-
sion to the applicant.41 It specifies which data have to be presented, limiting the 
scope to those data which are needed to assess whether the substantive protective 
standard (the protection of human health and the environment) is met.42

If the presented data are not sufficient to allow a prognostic assessment, the 
competent authority can request the submission of additional data.43 If the availa-
ble knowledge is not sufficient for this purpose, the applicant bears the burden of 
generating it, provided there are indications of risk.44

39See further below.
40See Art. 337 TFEU and von Danwitz 2008, 417–421. For Germany see Sect. 24 Administrative 
Procedure Act (Verwaltungsverfahrensgesetz—VerwVfG).
41It is true, however, that Directive 2009/41/EC allows for exempting from its scope those GMMs 
which are considered to be safe (Art. 3 (1) (b) together with Annex II Part C of the same directive).
42Arts. 6–9 Directive 2009/41/EC.
43Art. 10 (3) (a) Directive 2009/41/EC.
44This requirement can be based on Art. 4 Directive 2009/41/EC as interpreted in view of the 
precautionary principle according to Art. 191 (2) (2) Treaty on the Functioning of the European 
Union (TFEU). On the necessity of indications and thus the exclusion of a zero risk approach see 
European Court, Case T-13/99, judgment of 11 September 2002 (Pfizer), paragraphs 144-148.
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Knowledge relevant to an authorisation or notification proceeding may already 
be held by the administrative authority. If that is the case, the authority must make 
use of it in the authorisation procedure and cannot ask the applicant to reproduce it 
anew.45

It appears that these principles of data submission would also fit if an authorisa-
tion regime for using SBPs in contained systems was introduced.

List of Data to be Submitted

In the case of contained use of highly hazardous GMMs the data to be submitted 
by the applicant comprise the following:

(a)	 […]
(b)	 the recipient or parental micro-organism(s) to be used,
	 the host-vector system(s) to be used (where applicable),
	 the source(s) and intended function(s) of the genetic material(s) involved in 

the modification(s),
	 the identity and characteristics of the GMM,
	 the culture volumes to be used;
(c)	 a description of the containment and other protective measures to be applied, 

including information about waste management, including the type and form 
of wastes to be generated, their treatment, final form and destination,

	 the purpose of the contained use, including the expected results,
	 a description of the parts of the installation;
(d)	 information about accident prevention and emergency response plans, if any:
	 any specific hazards arising from the location of the installation,
	 the preventive measures applied, such as safety equipment, alarm systems and 

containment methods,
	 the procedures and plans for verifying the continuing effectiveness of the con-

tainment measures,
	 a description of information provided to workers,
	 the information necessary for the competent authority to evaluate any emer-

gency response plans, if required under Article 13(1);

While the data listed sub (c) and (d) might be transferable to the situation of haz-
ardous SBPs those sub (b) reflect the fact that the object of assessment is genetic 
modification of existing organisms. This may be appropriate for SBPs that are 
based on existing organisms. However, for new SBPs lists of required data must 
be developed that are better targeted to the specific risks of such SBPs. Where 
interpolations from donor, vector and recipient organisms are not possible specific 
tests concerning the resulting organism must be required. Moreover, as the GMO 
regime only covers living organisms, risks from bioparts, individually and in com-
binations, are not addressed by the data list.

45See the clause “if necessary” in Art. 10 (3) Directive 2009/41/EC.
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Assessing and Categorising Risk and Containment

Risk prevention measures should differ depending on the severity of the risks 
caused. The more hazardous the use of an organism is the tighter the containment 
must be. This is also the logic applied in the EU GMM regime. Four risk catego-
ries are distinguished corresponding to an increasing intensity of containment 
measures. These categories are described as Class 1: no or negligible risk, Class 2: 
low risk; Class 3: moderate risk; and Class 4: high risk. The four risk classes are 
correlated with four containment classes. These consist in clusters of measures 
concerning the construction of the lab (e.g. isolation), the equipment (e.g. negative 
pressure), the system of work (e.g. restricted access, clothing), and the treatment 
of waste (e.g. inactivation of GMMs).46

The risk assessment serves to classify any use of GMMs into one of the four 
risk and containment classes. A two-step procedure is recommended for this 
exercise47:

Procedure 1

Identify potentially harmful properties (hazard) of the GMM and allocate the 
GMM to an initial class (class 1–class 4), taking into account the severity of the 
potentially harmful effects.
and
Assessment of possibility of harmful effects occurring by consideration of expo-
sure (both human and environmental), taking into account the nature and scale of 
the work, with containment measures appropriate to the initial class allocated.

Procedure 2

Determination of final classification and containment measures required for the 
activity.

Confirm final classification and containment measures are adequate by revisiting 
Procedure 1.

When assessing the risk of the resulting GMO, the hazards of the donor as well as 
the resulting organism must be considered, i.a.48:

(i)	 the recipient micro-organism;
(ii)	 the genetic material inserted (originating from the donor organism);
(iii)	 the vector;
(iv)	 the donor micro-organism (as long as the donor micro-organism is used during 

the operation);
(v)	 the resulting GMM.

46Art. 4 (3) and Annex IV of Directive 2009/41/EC.
47Commission Decision 2000/608/EC, Annex Nr. 2.
48Annex III A (2) Directive 2009/41/EC.
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The following endpoints must be examined49:

Human health considerations:

expected toxic or allergenic effects of the GMM and/or its metabolic products,
comparison of the modified micro-organism to the recipient or (where appropriate) 
parental organism regarding pathogenicity,
expected capacity for colonisation,
if the micro-organism is pathogenic to humans who are immunocompetent,
diseases caused and mechanism of transmission including invasiveness and 
virulence,
infective dose,
possible alteration of route of infection or tissue specificity,
possibility of survival outside of human host,
biological stability,
antibiotic-resistance patterns,
allergenicity,
toxigenicity,
availability of appropriate therapies and prophylactic measures.

Environmental considerations:

Ecosystems to which the micro-organism could be unintentionally released from 
the contained use,
expected survivability, multiplication and extent of dissemination of the modified 
micro-organism in the identified ecosystems,
anticipated result of interaction between the modified micro-organism and the 
organisms or micro-organisms which might be exposed in case of unintentional 
release into the environment,
known or predicted effects on plants and animals such as pathogenicity, toxicity, 
allergenicity, vector for a pathogen, altered antibiotic-resistance patterns, altered 
tropism or host specificity, colonisation,
known or predicted involvement in biogeochemical processes.

These parameters will have to be revisited in relation to SBPs. Based on accumu-
lated experience, lists of typical organisms and treatments have been compiled for 
GMMs. However, concerning SBPs, it is questionable if the research activities can 
already be categorized in a like manner. They are still very diverse, and risk related 
knowledge is scarce. Moreover, the risk classes and containment measures mainly 
refer to the hazards of the donor and receiver organisms. It appears that for the 
more radical interventions of synthetic biology into the genome, genuine meth-
ods of assessment must be developed. This is all the more the case in relation to 
bioparts, protocells and minimal cells. Obviously, more discussion with scientists 
is needed in this regard.

49Commission Decision 2000/608/EC, Annex Nr. 3.2.5.
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Introducing SBPs into the environment and placing SBPs on the market50

As already indicated, EU legislation, and in particular Directive 2001/18/EC cate-
gorises the introduction of GMOs into the environment as the deliberate release at a 
particular site and the introduction into the environment at any site after GMOs 
have been placed on the market. Both the release and the placing on the market 
must be authorised.51 An authorisation of market placement of a GMO implies the 
subsequent introduction into the environment at any location, unless the allowable 
locations are restricted by conditions of the authorisation.52 Concerning genetically 
modified food and feed, including seeds, a special regime has been established 
which takes precedence over the general regime. This will however not be treated 
in this article because synthetic biology is still far from resulting in food or feed.53

We can treat the deliberate release and the market placement together because 
the risk prevention criteria and risk assessment methodologies are largely the same 
for both activities, with certain variations due to the larger geographical scope 
of introductions into the environment of GMOs that are authorised for market 
release.

Risk Paths

According to Art. 4 (3) Directive 2001/18/EC Member States

shall ensure that potential adverse effects on human health and the environment, which 
may occur directly or indirectly through gene transfer from GMOs to other organisms, are 
accurately assessed on a case-by-case basis.

Correspondingly, an environmental risk assessment (ERA) must evaluate risks 
“whether direct or indirect, immediate or delayed, which the deliberate release or 
the placing on the market of GMOs may pose […].”54

The distinction between direct and indirect effects means that not only those 
adverse effects caused by GMOs in direct contact with endpoints (e.g. a human 
being, animal or plant absorbing a GMO) have to be prevented but also those 
which are mediated by intervening factors. Annex II of Directive 2001/18/EC 
defines indirect effects as referring to:

effects on human health or the environment occurring through a causal chain of events, 
through mechanisms such as interactions with other organisms, transfer of genetic mate-
rial, or changes in use or management.

On this basis one could differentiate indirect effects further into natural causal 
chains (horizontal and vertical gene transfer, food chain, etc.) and chains mediated by 
human practices (such as agricultural change in pesticide use and crop rotation, etc.).

50The following analysis is based on von Kries and Winter (2011).
51Articles 5 and 6; 13-15 Directive 2001/18/EC which provide differentiated procedures of notifi-
cation, risk assessment, commenting and final decision.
52Parts B and C of Directive 2001/18/EC.
53Regulation (EC) No 1829/2003 on genetically modified food and feed.
54Art. 2 (No. 8) Directive 2001/18/EC.
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Concerning the distinction between immediate and delayed effects, the 
Commission Guidance on the environmental risk assessment (Commission 2001) 
gives examples for delayed effects such as the GMO developing invasive behav-
iour several generations following its release.55

In addition to alerting the risk assessment to direct/indirect and immediate/delayed 
effects the ERA must also consider different environments exposed to the GMO56:

For each adverse effect identified, the consequences for other organisms, populations, spe-
cies or ecosystems exposed to the GMO have to be evaluated.
Moreover, there may be a broad range of environmental characteristics (site-specific or 
regional-specific) to be taken into account. To support a case-by-case assessment, it may 
be useful to classify regional data by habitat area, reflecting aspects of the receiving envi-
ronment relevant to GMOs (for example, botanical data on the occurrence of wild rela-
tives of GMO plants in different agricultural or natural habitats of Europe).

This rather ambitious programme, relating to genetically modified plants, was 
further elaborated by Guidance of 2010 of the European Food Safety Agency 
(EFSA) (EFSA 2010). It concentrates on interactions of the plant on the levels of 
organisms and ecosystems.57

While this analytical framework looks comprehensive, a note of caution is, 
however, appropriate: The fate of the GMO in the various environments may prove 
to be too complex to be examined. This is particularly true if the GMOs intro-
duced into the environment are microorganisms. It is telling that in that regard the 
pertinent EFSA Guidance somewhat wearily states as follows:

Predicting impacts of GMMs and derived food or feed on complex ecosystems can be dif-
ficult due to continuous flux and spatial heterogeneities in ecosystems creating a myriad 
of potential microbial habitats in which interactions between GMMs and their products 
with the indigenous organisms and/or abiotic components can take place. It is recog-
nised that an ERA cannot provide data of a GMM or its products, which would cover all 
potential environmental habitats and conditions. Consideration of environmental impact 
(damage) should, therefore, focus on environments in which exposure is most likely or in 
which, when relevant, viable GMMs could potentially proliferate.

Protected Endpoints

Human Health and the Environment

EU law has established that for the deliberate release of GMOs as well as for con-
tained use the protected goods shall be human health and the environment. These 
shall be kept safe from ‘adverse effects.’ ‘All appropriate measures’ must be taken 
to prevent these.58

55Guidance Notes on the Objective, Elements, General Principles and Methodology of the 
Environmental Risk Assessment Referred to in Annex ii to DIRECTIVE 2001/18/EC, OJ L 18, 
07.11.2003, p. 32.
56Annex II Directive 2001/18 Sect 4.2.2 and Commission Guidance (above Footnote 55) Sect. 3 
3rd hyphen.
57See further on a multilevel approach of risk assessment of GMOs and SBPs Breckling and 
Schmidt (2015).
58Art. 4 Directive 2001/18/EC.
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What are adverse effects? Is the mere presence of a GMO outside the field of 
release, per se, to be considered as adverse effect? Prevailing court practice and 
doctrine negate this. They posit that the adverse effect must be a result of such 
presence, like the damaging of non-target species from an insecticide plant. The 
justification given is that the law only addresses the specific risks of genetic engi-
neering, which shall be only health and environmental risks.59

Concerning SBPs this might be seen differently. It could be argued that given 
the early stage of R&D in this area and the radically artificial nature of synthetic 
biology, SBPs should not be allowed to spread at all. Any release would then have 
to be contained. Alternatively, if SBPs were constructed to only survive under 
artificial conditions, one could consider their safe release into the environment, 
because they would immediately die off there. However, this would not apply to 
organisms which are intended to survive and perform in the open environment.

Socio-economic Benefits

GMO releases may create benefits for the producer and consumer. Is this to be 
weighed against the risks to human health and the environment? Such an analysis 
is envisaged in the genetic engineering legislation of some countries.60 It is, how-
ever, only scarcely present in European GMO legislation.61

When pursuing this request two brands of risk-benefit-consideration should 
be distinguished: a risk-tolerating variant which would allow any risk that is out-
weighed by benefits, and a risk-averse variant according to which only residual 
risks can be outweighed by benefits. It is submitted that only the second variant 
should be adopted.

Concerning the release of SBPs into the environment, socio-economic benefits 
should also be introduced as an additional requirement; but only after its risks 
where assessed and found minimal, not as a vehicle to outweigh significant risks 
by higher valued benefits.

59See for Germany Administrative Court (VG) Berlin, decision of 12.09.1995 - 14 A 255.95, in: 
Eberbach/Lange/Ronellenfitsch, Recht der Gentechnik und Biomedizin, Entscheidung Chap. 4 
on Sect. 16 GenTG; VG Braunschweig, judgment of 12. 9.1995 - 14 A 255.95, No. 27.
60For Germany see Sect. 16 paras. 1 und 2 GentG, according to which “harmful effects on the 
protected goods listed in Sect. 1 No. 1 must not be incurred if unacceptable in view of the objec-
tive of the release”. Unacceptability in view of the release objective can be understood as a kind 
of weighing risk versus benefits. German scholars tend to reject such interpretation, arguing 
that this would be incompatible with the relevant EU law. See also Art. 10 of the Norwegian 
Gene Technology Act: “In deciding whether or not to grant an application, considerable weight 
shall also be given to whether the deliberate release will be of benefit to society and is likely to 
promote sustainable development.” This provision has, however, rarely been applied in practice 
(Spök 2010).
61See the rather enigmatic opening clause (“…other legitimate factors”) in Arts. 7 and 19 
Regulation (EC) 1829/2003.
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Cultural Factors

The rejection of GMOs by the majority of the population in a number of countries 
can be explained by cultural factors. This scepticism is based on a conglomerate of 
concerns including extreme precaution, criticism against neglecting the evolution-
ary wisdom, doubts about whether the promised benefits are not already available 
from existing organisms, political will as well as ethical concerns and religious 
beliefs.62 The cultural factor is not well represented in national and international 
law as a legitimate justification for trade restriction. For instance, it was not even 
considered in the resolution of the WTO panel on EC restrictions concerning the 
marketing of biotech products.63

The ECJ has shown understanding for the cultural factor in Commission v 
Poland but finally rejected it by splitting the issue into three parts: Insofar as 
extreme precaution was alleged, the Court said that this does not dispense from the 
normal standard applied in the EU; concerning the opponent political will it held 
that the MS must neglect it once an EU legal act has been adopted; and concerning 
ethical and religious beliefs it held that the strength and spread thereof was not 
sufficiently proven.64

It is submitted that the cultural factor should be given a more legitimate place 
in regulatory designs concerning synthetic biology.65

Data to be Submitted

A long list of data has been compiled that must be submitted for an application for 
release of GMOs. It comprises66:

Information relating to the GMO
Characteristics of (a) the donor, (b) the recipient, or (c) (where appropriate) paren-
tal organism(s)
Characteristics of the vector
Characteristics of the modified organism
Information relating to the conditions of release and the receiving environment
Information relating to the interactions between the GMOs and the environment
Information on monitoring, control, waste treatment and emergency response 
plans

62Such skepticism has normally been neglected by the ruling mechanistic approach since its 
onset. See for a the complete lack of comprehension of the difference between a molecule and 
a (living) cell the citation introductory to this paper by Leduc (1912). Leduc is said to have 
coined the term synthetic biology. Darwin (see his statement introductory to this paper) seems to 
be more aware of such concerns although being considered the herald of mechanistic biological 
thinking.
63See further G. Winter, Cultivation restrictions for genetically modified plants: On variety of risk 
governance in European and international trade law, 1/2016 EJRR (forthcoming)
64ECJ Case 165/08, judgment of 16 July 2009 (Commission v Poland) paragraphs 54, 55, 58, 59.
65See further chapters of Pardo Avellaneda and Kristin Hagen in this volume.
66Annex III of Directive 2001/18/EC.
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This list would have to be thoroughly checked for its suitability for SBPs releases. 
Once again, it must be considered that more and more research is aiming at replac-
ing traits from parental organisms by synthesis and, even more importantly, by 
artificial design.

The ERA, as outlined by Annex II Directive 2001/18/EC, focuses on those 
paths of risk with human health and the environment as endpoints. Other end-
points, like the coexistence with non-GM agriculture, the economic benefit and 
political as well as cultural values, are hardly considered (Dolezel et al. 2009: 27). 
However, should these aspects become a legally required part of the risk manage-
ment, then information has to be provided and assessed which is methodologically 
clear and rich in substance.

The Stepwise Generation of Knowledge

Towards the end of the nineteen-eighties, when the deliberate release of GMOs 
was approached, knowledge about the involved risks was still highly undevel-
oped. Even today, there remain gaps in our knowledge. Nonetheless, to enable 
the release of GMOs and acquire knowledge, the step-by-step principle was intro-
duced which stipulated the incremental generation of knowledge in parallel with 
decreasing containment of tests.

The step-by-step principle is characterised by recitals (24) and (25) Directive 
2001/18/EC as follows:

The introduction of GMOs into the environment should be carried out according to the 
“step-by-step” principle. This means that the containment of GMOs is reduced and the 
scale of release increased gradually, step by step, but only if evaluation of the earlier steps 
in terms of protection of human health and the environment indicates that the next step 
can be taken.
No GMOs, as or in products, intended for deliberate release are to be considered for plac-
ing on the market without first having been subjected to satisfactory field testing at the 
research and development stage in ecosystems which could be affected by their use.

The following sequence of steps has emerged in practice:

laboratory
greenhouse
small-scale release into the environment under containment (not specified in law)
point release into the environment
placing on the market
subsequent random introduction into the environment

The substance of the step-by-step principle was somewhat specified by 
Commission Guidance which says that “data from each step should be collected as 
early as possible during the procedure.” It points to the possibility that “simulated 
environmental conditions in a contained system could give results of relevance to 
deliberate release,” such as the simulation of behaviour of microorganisms in the 
laboratory, and of plants in greenhouses.67

67Commission Decision 2002/623/EC, Chap. 2.
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The step-by-step principle is an instrument of societal learning. In the initial 
phase of European genetic engineering legislation, it was at the fore of public 
debate and became a legal requirement as outlined.68 With the amendment through 
Directive 2001/18/EC, post-release monitoring has become an additional instru-
ment. In order to increase safety, and at the same time facilitate the release and 
market distribution of GMOs, it was emphasized that those issues which, for rea-
sons of time or scale, cannot be solved at one level can be clarified through moni-
toring at the next level. Monitoring can therefore be seen as a phase of learning 
following the release or market distribution, respectively. This concerns especially 
the investigation of effects which cannot be researched on an experimental basis, 
such as complex interactions on population and ecosystem levels, or cumulative 
and long-term effects.

As to procedural aspects, the applicant must submit a monitoring plan that con-
tains the following information69:

1.	 methods for tracing the GMOs, and for monitoring their effects;
2.	 specificity (to identify the GMOs, and to distinguish them from the donor, 

recipient or, where appropriate, the parental organisms), sensitivity and reliabil-
ity of the monitoring techniques;

3.	 techniques for detecting transfer of the donated genetic material to other 
organisms;

4.	 duration and frequency of the monitoring.

The monitoring programme is then determined as a condition for the release 
authorisation. The operator is responsible for implementing the programme and 
reporting results to the authority.

It is submitted that the step-by-step-principle, including self-monitoring, should 
also be used in relation to synthetic biology. Of course, the methodology must still 
be adapted to the various strands of synthetic biology and its peculiarities.

Steps in the Analysis and Assessment of Risks

It is characteristic for the risk assessment in form of the environmental risk assess-
ment (ERA) that it processes the data successively in pre-defined steps. The 
staggered evaluation of risks is finally followed by the risk management, which 
translates the scientifically informed risk evaluation into measures, i.e. the authori-
sation, the conditions for the authorisation and, if applicable, the rejection of 
authorisation.

According to Annex II of Directive 2001/18/EC and the respective Commission 
Guidance the ERA consists of six steps. Using the language of the Annex the steps 
can be summarized as follows:

68The step-by-step procedure goes back to OECD reports, including OECD, Safety considera-
tions for biotechnology, 1992.
69Art. 6 (2) (V) and Annex III C Directive 2001/18/EC.
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In step 1, the inherent characteristics of the GMO are to be identified. They 
present factors (or “hazards”) that can lead to risks depending on environmental 
conditions and usage.

In step 2, the potential consequences of each established adverse effect have 
to be evaluated. The evaluation concerns organisms, populations, species and eco-
systems interacting with the GMO. Particular emphasis is given to the expected 
magnitude of the consequences. The latter can depend on the genetic design, the 
established adverse effects, the number of released GMOs, the receiving environ-
ment, the manner of the release and the control measures taken as well as on a 
combination of all these factors.

In step 3, the likelihood of the occurrence of each identified potential adverse 
effect is to be evaluated; here, each effect is examined individually, taking into 
account the risk factors, the number of released GMOs, the likelihood and fre-
quency of gene transfer, the receiving environment and the conditions of the 
release.

In step 4, the different magnitudes of consequences (high, moderate, low or 
negligible) of every risk factor are linked to the different degrees of their likeli-
hood (high, moderate, low or negligible). In addition, the overall uncertainty for 
each identified risk has to be described, including assumptions and extrapolations 
made at previous levels in the ERA, different scientific assessments and view-
points, and the uncertainties contained in each evaluation.

In step 5, management strategies for risks from the deliberate release (or mar-
keting) of GMOs are to be developed. The risk management is to be designed in a 
way so that identified risks can be controlled and that uncertainties can be covered. 
Safeguarding measures (coated seeds, isolation distances, etc.) have to be propor-
tionate to the levels of risk and uncertainty.

In step 6, the overall risk of the GMO is determined. This consists of a sum-
mary of all identified risks and uncertainties of the examined application, taking 
into account the magnitude and likelihood of the adverse effects as well as the pre-
vious release of other GMOs. The achieved risk reduction caused by the manage-
ment measures must also be considered.

Core to this 6 step procedure is the distinction between inherent factors of a 
GMO, adverse effects of these factors through interactions on the levels of the 
organism, populations, species and ecosystems, the magnitude of each adverse 
effect, and its likelihood. In addition, the uncertainties of the assessment shall be 
described. Safeguarding measures shall also be taken into account. This sounds 
thorough and comprehensive but may not sufficiently reflect the fact that syn-
thetic biology is too diverse and unstructured to allow for a standardisation of risk 
assessment. For instance, the fact that much of the produce of synthetic biology 
is claimed not to survive under real world conditions must be integrated into the 
methodology (Giese and von Gleich 2015). Likewise, the focus on organisms does 
not reflect possible risks from bioparts and minimal cells.
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Familiarity

The major innovation needed in risk assessment for Synthetic biology will be that 
the familiarity principle must be modified and finally even abandoned, because 
the newly designed organisms are intentionally more and more alienated from the 
genome of existing organisms.

The status of the familiarity principle in the GMO risk assessment can be sum-
marized as follows: Risks to human health and the environment can be caused by 
traits of the non-modified parental lines and of the genetic modification. The con-
cept of familiarity (or—using about the same approach—comparison with simi-
lar organisms or substantial equivalence), which goes back to an OECD paper of 
1993, suggests that only effects of the genetic modification should be assessed. 
This is reasonable; otherwise the applicant could be blamed for adverse effects 
that are already contained in the parental line. However, critiques have alleged 
that, by focusing on the modification, the concept of familiarity cuts the organ-
ism into pieces and disregards effects of the newly created organism as a whole. 
Rather than assuming firm knowledge of the unmodified organism, one should 
rather look for the unexpected, the unfamiliar in interactions between the existing 
cause-effect network and the newly introduced GM component (Breckling 2004: 
52–59).

Asking what the law demands in this regard, it should first of all be noted that 
the concept of familiarity is not conveyed by the wording of the substantive stand-
ard expressed in Directive 2001/18/EC. Rather, Art. 4 (1) states comprehensively 
that the release and the placing on the market of the GMO must not cause any 
adverse effects. The annexed rules on the ERA, however, state that a comparison 
with non-modified organisms “will assist in identifying the particular potential 
adverse effects arising from the genetic modification.”70 The new EFSA Guidance 
of 2010 unwisely reinforces this approach by making the “comparative safety 
assessment” the core yardstick of risk assessment.71

Whether called comparative or not, the examination is not allowed in any case 
to imply that the transgene has to be considered in isolation. Unintended position 
effects and mutual reactions at all organismic levels are rather the consequence of 
genetic modifications and have to be considered to their full extent. Upon closer 
look this is also envisaged by the EFSA Guidance of (2010). Therefore, the Annex 
on ERA is still right to regard the comparative approach as a heuristic, rather than 
constitutive, tool of the risk assessment.

Concerning synthetic biology, however, even this heuristic function will lose 
ground with the growing alienation from parental lines of the new synthetic organ-
isms. New methods of risk assessment must be developed. It is suggested that such 
methodology should start with risk-related analysis of the main strands of devel-
opments of this technology. Subcellular parts and protocells, for instance, do not 
pose a risk of replication and through that of risks attached to life forms, such as 

70Annex II Directive 2001/18/EC, C.
71EFSA (2010) Sect. 2.1.
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becoming dominant in ecosystems. Rather, they are to be evaluated in terms of 
criteria used for chemicals, such as toxic, carcinogen, mutagen and allergen prop-
erties, persistence and bioaccumulation, as well as exposure analysis. Xenobiology 
is claimed to be safe because resulting organisms can only survive under very arti-
ficial circumstances. However, this is not necessarily true, so that scenarios and 
tests must be developed to prove this assumption. In addition, criteria used for 
chemicals should be applied. The major challenge will be to develop methods for 
the vast and ever-expanding works of those kinds of genetic engineering which 
increase the degree of artificiality even more. Specific tests must be developed in 
order to identify risks. Specific risk abatement technology must also be developed.

As all this costs time and effort, it appears to be advisable to establish a mora-
torium for the release into the environment of synthetic biology organisms, as well 
as a moratorium for the placing on the market of such organisms insofar as this 
entails any release into the environment.

7.2.3 � Regulation Ex Post

Regulation ex post makes an actor liable to remedy or compensate for damage he 
or she has caused. There are various legal bases for such liability, general ones and 
ones specifically created for GMO- related risks.

The general scheme is tort liability. It presupposes that damage was intention-
ally or negligently caused to human health or material assets by an operator. The 
burden of proof, in principle, lies with the victim. Tort liability seldom leads to 
convictions because the causation and negligence are difficult to prove.

More specific and promising from the victim’s perspective is strict liability for 
GMOs which has been introduced by some countries including Germany. Article 32 
of the German Genetic Engineering Act (Gentechnikgesetz- GentG) provides:

Where any properties of an organism that result from genetic engineering operations 
cause the death of a person or injury to his/her health, or damage of property, the operator 
shall be obliged to give compensation for the damage ensuing therefrom.

No intention or negligence is required. The proof of causation is facilitated in 
two ways:

Causation from genetic engineering operations is presumed if the damage was caused by 
genetically modified organisms. The burden of proof that this was not the case lies on the 
operator.72

If the victim brings a prima facie proof that the damage was caused from 
genetic engineering operations of an operator the operator must disclose informa-
tion “about the type of and steps involved in the genetic engineering operations 
performed” by her.73

72Art. 34 GentG.
73Art. 35 GentG.
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In addition, the liability does not only extend to the victim’s own damage but 
also covers expenditure incurred by her for the restoration of damage to the envi-
ronment. If, for instance, a bacterium which has been gene-coded for an infectious 
animal disease escapes from the laboratory and causes a disease to bees, the opera-
tor is liable to pay for the forgone fruit yield and for the restoration of the bee 
population.

Directive 2004/35/EC on environmental liability establishes a third basis for 
liability. The concept does not introduce an additional right of a victim against an 
operator, but empowers and obliges administrative authorities to intervene. This is 
possible, i.a., if any deliberate release into the environment, transport and market 
placement of genetically modified organisms causes environmental damage.74 The 
administrative authority can order the operator to take remedial action. NGOs are 
given rights to sue the authority if it remains passive.

Overall, synthetic biology as far as it is subject to the GMO regime, faces rather 
strict liability rules. As the special rules all refer to GMOs, they do not apply to 
technologies or products outside this scope. For this reason it must be considered 
whether the liability should be extended to those parts of synthetic biology which 
do not consist of GMOs in the legal sense, i.e. completely new organisms, organ-
isms whose genome was completely replaced, organisms into which transgenes 
were inserted by other techniques than those contained in the positive and nega-
tive lists, organisms modified by xenobiochemistry, protocells, minimal cells, and 
bioparts.

7.2.4 � Conclusion

Other than official statements by governmental and scientific bodies assume75 the 
existing regulatory framework cannot be relied on as an adequate means of con-
trolling risks from synthetic biology. Various kinds of synthetic biology are either 
not captured by the present regulation, or not appropriately treated by the present 
risk assessment methodology. This study suggests that the risks from synthetic 
biology should carefully and systematically be examined. On such basis new regu-
lation should be introduced. This could be done by extending the scope and 
improving the risk assessment of the existing regulation on genetically modified 
organisms, or by taking a new approach that addresses biotechnology in a broad 
sense, including GMOs, synthetic biology, new breeding techniques and possibly 
further variants.

74Art. 3 para 1 and Annex III Directive 2004/35/EC.
75See for Germany Acatech et al. (2009), p. 34; Bundesregierung (2011).
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7.3 � Promoting Synthetic Biology Through the Granting  
of Intellectual Property Rights

Intellectual property is generally considered to be a powerful incentive to engage 
in R&D.76 As in genetic modification, patents are the kind of intellectual property 
right which researchers will most often seek also in synthetic biology. A count of 
present patents in the field reveals that the rate is still low, but a significant increase 
is expected with the further development of the technology towards applications. 
Most of the patents are related to knowledge generation, enabling technologies and 
engineering principles (van Doren et al. 2013).

I will start with some basic reflections on patent law in biotechnology and then 
turn to more concrete problems of applying the existing legal framework.

7.3.1 � Patenting Life Forms

Patents are, in spite of the many international treaties concluded for harmonisation 
purposes, still national constructs. This means that the procedure of granting, the 
preconditions and content as well as the sanctioning mechanisms are all nationally 
regulated and administered and judicially supervised by national institutions. Only 
in Europe, among the parties of the European Patent Convention, has the harmoni-
sation progressed towards a quasi European patent, which although being provided 
by a centralised institution, the European Patent Office, is however still con-
structed as a national right subject to national implementation mechanisms. In the 
EU the harmonisation has even more been intensified by joint standards concern-
ing biotechnology.77

Content-wise there are, in spite of a wide-ranging harmonisation of standards 
and procedures, some significant differences between the European and the 
American concept of patenting. In principle the US system has been more patent 
friendly and the European more restrictive. Very stimulating for US biotechnology 
has been the Supreme Court decision of 1980 in Diamond v Chakrabarty with its 
now proverbial cite that Congress had intended patentable subject matter to 
“include anything under the sun that is made by man”.78 The Court stresses human 
ingenuity (such as genetically modifying a microorganism) as a reason for patent-
ing, as opposed to products of nature. If human impact can be shown life forms are 

76Subsidies are another tool of promoting a new technology. Subsidiy strategies will however not 
be discussed in the present paper.
77Directive 1998/44/EC.
78Diamond v. Chakrabarty, 447 U.S. 303 (1980), Chap. III. See for the intentions of the ruling 
majority of the judges to encourage biotechnology Holman (2015), pp. 404 et seq.
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open to patenting, including plants and animals.79 In contrast, Europe while being 
less reserved about patenting phenomena of nature has more exceptions when 
phenomena of nature consist of life forms. Exempted is therefore the patenting of 
animals, plant varieties, biological procedures and therapeutic procedures. Europe 
is also more inclined to make use of the ordre public-exception if life forms are 
patented (Mueller 2006). With some simplification the difference between the US 
and the EU may be characterised as a difference between Anglo-Saxon utilitarian-
ism with its focus on the input of human craft and European ethics that acknowl-
edge an intrinsic value of life.

In my own opinion, the reluctance to patent phenomena of nature in the US 
and life forms in the EU is most convincing if embedded in a sociological consid-
eration: nature, and especially living nature belongs to humanity as a commons. 
There is no reason why an individual, simply because he or she adds some tiny 
property to the complexity of an organism, should have a hold on the whole evolu-
tionary process which has elaborated the organism. Patenting natural processes is 
rather an economic strategy to privatise nature, or, in terms of materialist theory, a 
new method of ursprüngliche Akkumulation (original accumulation).

In spite of such conceptions of common property the drive towards patenting 
has proven to be more powerful. This is even the case with regard to the European 
exemptions concerning higher life forms. Whereas Article 53 (b) EPC excludes 
patents for animal varieties, the patenting of a particular animal specimen has been 
accepted: The EPO started this practice with granting a patent for the so-called 
Harvard onco mouse,80 which had already received a US patent a few years ear-
lier.81 The EPO did not regard the patent claim which related to a ‘transgenetic 

79The patenting permissiveness of Chakrabarty was somewhat confined by two Supreme Court 
decisions of 2012 and 2013 which even more stressed the requirement of human ingenuity. In 
Mayo the Supreme Court excluded laws of nature from patenting (Mayo Collaborative Services 
v Prometheus Labs., Inc, 132 S. Ct. 1289, 1296–1298 (2012)). The case concerned a test kit that 
helped to identify relationships between concentrations of certain metabolites in the blood and 
the likelihood that a dosage of a thiopurine drug will prove ineffective or cause harm. The court 
held that “the claims inform a relevant audience about certain laws of nature; any additional steps 
consist of well understood, routine, conventional activity already engaged in by the scientific 
community; and those steps, when viewed as a whole, add nothing significant beyond the sum 
of their parts taken separately.” In Myriad the court denied the patentability of naturally occur-
ring DNA (Association for Molecular Pathology v Myriad Genetics, Inc., 133 S. Ct. 2107, 2111 
(2013)). The case concerned two human genes mutations of which increase the risk of cancer. 
The claim was an exclusive right to the two natural genes as well as to synthesized genes that are 
identical with the natural ones but for the fact that only the exons but not the introns are synthe-
sized. The court held that the natural genes are products of nature, but not the synthesized gene 
if deviating from the natural one. See Holman (2015): 409 et seq. for the legal uncertainty this 
jurisdiction has created with regard to the thousands of patents that had since Chakrabarty been 
granted on isolated DNA.
80See Harvard and Onco-mouse (1991) Eur. Pat. Off. Rep. 525.
81U.S. Patent No. 4,736,866,1089 Off.Gaz.Pat.Off.703(April 12, 1988).



1997  In Search for a Legal Framework for Synthetic Biology

non-human mammal’ as extending to an animal variety.82 Plant or animal varieties 
are even be subsumed themselves under a patent if the variety is produced by non-
biological methods and the application requests a product by process patent. 
Again, the US pioneered in this respect.83 The EC Directive on patent protection 
for biotechnological inventions appears to follow this line.84 Moreover, the Art. 53 
(b) EPC exemption for biological methods of producing new plant or animal varie-
ties is more and more narrowly interpreted in order to extend the patentable space 
for genetic engineering. According to the said EC Directive, a method is to be 
regarded as non-biological (and hence patentable) already if, in step-by-step meth-
ods, only one step is based on genetic engineering.85 Thus, overall, the drive ena-
bling patenting in biotechnology has even invaded those realms which were 
exempted to pay tribute to the givenness of life (Rimmer 2008: 26).

7.3.2 � Patent—A Stimulus of What?

Apart from the discourse about patenting life forms, doubts about the functions of 
patent law in general can also be raised. Critiques have argued that the broad pat-
enting of DNA sequences and proteins, of techniques of analysis, and of bioinfor-
matic tools managing and combining the data-masses, hinders free research rather 
than stimulating it. This may be the case especially in synthetic biology where the 
number of bioparts that are used and therefore require patent licence and royalty 
payment may rise to a level that certain projects become difficult to manage.86 
That has prompted some synthetic biology promotors to advocate for open source 
policies (cf. Holman 2015: 427). The hinderance of R&D they fear has been 
described as a tragedy of the anti-commons. It holds that, other than in the tragedy 
of the commons where common use consumes the common good, in the tragedy 
of the anti-commons the privatisation of the common good hinders the further 
development of the same (Rimmer 2008: 9).

It is however difficult to prove if that is true. After all, the USA has since ever 
excelled in their share in the worldwide patent applications. Of all applications in 

82EPO Technical Appeal Chamber, decision of 3 Oct 1990 in GRUR (1990), 978. The argument 
is very positivistic because by Art. 53 (b) EPC it was meant to exclude patenting of living beings 
(be they varieties or genera or whatever). On the other hand, at the times of negotiations of the 
EPC one could not foresee how much biotechnology would become able to cut living forms into 
pieces and recombine them.
83Ex parte Hibberd, 227 USPQ 473 (PTO Bd. Pat. App. & Int., 1985).
84Art. 4 (3) Directive 98/44/EC.
85Cf. Art. 2 (2) Directive 98/44/EC.
86Consider, for instance, the following statement of the BioBricks Foundation. Referring to the 
MIT Registry of Standard Biological Parts it is said: “There are over 10,000 parts in this reposi-
tory, and it keeps growing. To patent each of these parts would already cost tens of millions of 
dollars: if you gave a would-be engineer of biology that much money he or she would probably 
use it to make better parts.” See https://biobricks.org/bpa/faq/#6 (accessed 27.07.2015).

https://biobricks.org/bpa/faq/#6
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biotechnology in 2006 globally 41.5  % came from the US (van Beuzekom and 
Arundel 2009: 71). This is hardly an indication that the research in the USA was 
hindered by patents. But, from the inverse perspective, this is also not a proof that 
the US-based research has been more beneficial for mankind. I would rather argue 
that patenting practices reflect differences of industrial strategies between coun-
tries. For instance, the share of the EU in patent applications in biotechnology in 
2006 was only 27.4 %, although the number of biotechnology firms was larger in 
the EU than in the US.87 This may reflect an attitude of researchers in the EU to 
consider their results to be due to the public domain. The US R&D in biotechnol-
ogy may nevertheless have been more dynamic due to the patentability of life 
forms,88 at least until the Supreme Court took its restrictive turn in Mayo and 
Myriad.89 But the crucial point is, I believe, not the dynamics as such but the direc-
tion it takes. Patenting directs R&D towards commercializability rather than 
towards the generation of basic knowledge, knowledge for the public good, and 
knowledge about risks. It appears that this kind of knowledge flourishes better if 
generated in the public domain. It may grow at a slower pace but its pluralistic 
nature helps to avoid detrimental trajectories. For instance, if universities nowadays 
push for patenting this is a serious assault on the public domain of which they 
claim to be an important part. The public research domain has since long been well 
guided by the stimulus of scientific esteem for researchers. It will lose its independ-
ence from short term economic goals if esteem is replaced by financial gain as the 
major incentive.

In conclusion, it appears that patenting in biotechnology has rather become a 
means of rushing to seize and appropriate as much valuable R&D results as possi-
ble in order to exclude others.90 The initial idea of stimulating R&D for the public 
good seems to have been replaced by a scheme where a few fast runners make the 
rest of the R&D world pay royalties. The big R&D players get hold of an ever-
increasing part of life. In addition, enormous transaction costs have emerged on all 
sides—patent holders, government, competitors, opposing NGOs—which are 
hardly justified by the benefits for society. Therefore, when exploring the details of 
patent preconditions and content a critical stance is appropriate, attempting to 
apply patent law with a view to avoid distributive injustice and premature com-
mercial aspiration.91 This implies, in particular, that the preconditions of patenting 
should be interpreted restrictively and with a view to shifting patenting from the 
early to later phases of the R&D process.

87Namely 3301 firms in the US and 3377 firms in the EU, not counting the Member States from 
which data were not available, see van Beuzekom and Arundel (2009) p. 15.
88Mueller (2010) p. 230 who points to the fact that the Chakrabarty decision of the US Supreme 
Court has been a strong stimulus for the biotechnology industry.
89See above Footnote 79.
90See Holman (2015) p. 389 et seq for a description of the patent strategies of Genentech, Amgen 
and Monsanto.
91See for a similar approach Rimmer (2008).
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7.3.3 � Applying Patent Law to Synthetic Biology

At first sight the concerns about patenting living nature have less grounding in the 
context of synthetic biology because of its increasing degree of artificiality of pro-
cesses and products. However, the opposite may also be true: First, until today life 
has not been artificially constructed. Any organism originating from synthetic biol-
ogy has as yet been one that took its life from nature, not from man. Secondly, the 
ever increasing artificiality suggests that the technological development should not 
be accelerated but slowed down in order to allow for time for sound evaluation of 
development lines. If patents were refused on phenomena of nature and life forms, 
or if they were granted not prematurely but at a late stage in the R&D process, and 
more restrictively, more room would be available for a pluralist generation of ideas 
and evaluative discourses. This would prevent path dependencies emerging, which 
make it difficult to suppress the bringing on the market of unneeded or detrimental 
products at a later stage.

In that line open source systems have been set up in synthetic biology. A major 
example is the Biobrick Foundation. It runs a data bank to which anyone can con-
tribute standardised biobricks and which can be used by anyone. The contributor is 
asked not to assert any IPR against a user while the user must agree to attribute 
publications and products to the data bank and—if she so requests—the 
contributor.92

In summary, supporting the public domain against patenting may be justified on 
two levels: On the level of “objective” nature, because the “technology” of nature 
belongs to humanity as a commons,93 and on the level of “subjective” human 
ingenuity because the “technology” of humankind is a collective undertaking 
which best flourishes in the open exchange of ideas94.

A more patent friendly way is to suggest a restrictive approach to understand-
ing and applying the patenting preconditions and the protective scope of a 
patent.95

Four preconditions must be met for a patent: The object of patenting must be an 
invention in a field of technology, the invention must be novel, it must involve an 
inventive step, and it must be susceptible to industrial application.96

92The BioBrick Contributor Agreement and the BioBrick User Agreement are available at https://
biobricks.org/bpa/ and http://dspace.mit.edu/handle/1721.1/50999 (accessed 27.07.2015).
93Consider the statement of Charles Darwin at the beginning of this chapter.
94For an analysis see Torrance (2010) pp. 659 et seq.
95On the important question what agent would be more prepared to adopt a new policy—the 
patent administration and its networks, the legislator or the judiciary—see Schneider (2014).
96See Article 52 (1) EPC: “(1) European patents shall be granted for any inventions, in all fields 
of technology, provided that they are new, involve an inventive step and are susceptible of indus-
trial application”.

https://biobricks.org/bpa/
https://biobricks.org/bpa/
http://dspace.mit.edu/handle/1721.1/50999
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Concerning the notion of invention in the field of biotechnology gene 
sequences, proteins, cells and microorganisms are all patentable objects, whether 
natural or genetically engineered. However, it is important to stress that the appli-
cant must prove a function of the object.97 It is not sufficient to just describe it, 
even if in artificially purified form (Mueller 2006: 227). Otherwise genomes, cells 
and microorganisms would soon all become private property. But even if it is 
ensured that genes, cells and microorganisms are only patented if the function has 
been identified, this would still be an obstacle for pluralist research. Therefore, 
reconsidering the fact that the genetic resource and its function is not an invention 
but a discovery, no natural gene, cell or microorganism should be patentable at all. 
Patents should only be allowed on modified constructs and the method of their 
construction.

Concerning the novelty requirement, the notion of state of the art is crucial as 
reference.98 The state of the art comprises making the invention publicly available 
by means of oral or written description, by use or in any other way. In order to be 
relevant to the assessment of novelty, the prior publication must be enabling. This 
means that the mere description of a gene does not hinder the patentability of a 
later description of the function encoded in the gene (provided a discovery is 
accepted as patentable at all).

Data base entries of nucleotide sequences have been considered as representing 
state of the art, if the data bases are of a kind:

(a)	 which are known to the skilled person as an adequate source for obtaining the 
required information,

(b)	 from which this information may be retrieved without undue burden, and
(c)	 which provide it [the information] in a straightforward and unambiguous 

manner without any need for supplementary searches.99

The case leading to this general statement was a request concerning chimeric 
genes useful for mediating herbicide tolerance in plants. The relevant coding 
sequence had been deposited in a publicly available database which was consid-
ered to represent common knowledge. Thus, as the public domain of R&D results 
destroys novelty, the willingness of the R&D community to make results publicly 
available is crucial for the realm of patentability.

97This is stated in consideration no. 23 of Directive 98/44/EC:” Whereas a mere DNA sequence 
without indication of a function does not contain any technical information and is therefore not 
a patentable invention”. The function must also be described as being industrially applicable, see 
consideration no. 24 of Directive 98/44/EC which reads: “Whereas, in order to comply with the 
industrial application criterion it is necessary in cases where a sequence or partial sequence of a 
gene is used to produce a protein or part of a protein, to specify which protein or part of a pro-
tein is produced or what function it performs.” However, these restrictions are unfortunately not 
expressed in the wording of the patent preconditions.
98Art. 54 EPC. On case law see Jaenichen et al. (2012), Chaps. 15 and 16.
99EPO T 890/02–3.3.8, “Chimeric gene/Bayer”, headnote; Jaenichen et al. (2012), p. 610.
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Concerning the precondition of an inventive step, it is current practice to iden-
tify the closest prior art and compare the invention with this, considering whether 
the inventive step was not obvious to a person skilled in the art.100 A restrictive 
interpretation would particularly target the reference person searching for her in 
the global public domain and assuming her to have some skill. Likewise, what is 
“obvious” might be interpreted very broadly.101

Concerning the precondition that the invention must be susceptible to industrial 
application, critique has been raised against the current practice that information 
is already patented if its application is only aimed at further R&D. For instance, 
a patented gene function which needs further R&D in order to be developed into 
a product is already considered to be industrially applicable. A researcher who 
wishes to explore it further and develop a product from it must pay royalties. It is 
submitted that “industrial applicability” should be interpreted more restrictively, 
such that only products ready to be brought on the market are patentable.

From a more radical perspective it can be alleged that industrial applicability 
should be understood to mean use value, not exchange value. This would mean 
that it does not suffice if a product can earn money, but that some substantial ben-
efit for society is to be expected (Winter 1992: 185).

Concerning the scope of the patent protection it has been debated whether the 
protection is absolute in the sense that any further use of a patented DNA sequence 
is subject to the consent of the patent-holder, or whether the protection should be 
restricted to the patented function and its industrial applicability thus allowing for 
free use for other functions. It is suggested that the latter approach should be taken 
in order to limit the power of the patent holder to steer the further technological 
development.102

7.3.4 � Copy Right for Synthetic Biology Programs?

It has been suggested that a copy right might be more appropriate than a patent 
right as intellectual property in the area of synthetic biology (Holman 2015:  
458–462). Indeed, the design of new organisms has more and more become an 
exercise in silico rather than experimentation. It very much resembles a computer 

100Art. 65 EPC; Jaenichen et al. (2012), Chaps. 17 and 18.
101The EPO appears to take a more patent friendly stance which does not take note of the con-
cern expressed here. See the summarizing formulations in EPO (2013), p. 184: “In accordance 
with the case law of the boards of appeal, a course of action could be considered obvious within 
the meaning of Art. 56 EPC if the skilled person would have carried it out in expectation of some 
improvement or advantage (T 2/83, OJ 1984, 265). In other words, obviousness was not only at 
hand when the results were clearly predictable but also when there was a reasonable expectation 
of success (T 149/93)”.
102For an elaborate discussion of the absolute or function-orientated protective scope see 
Kunczik (2007) pp. 156–193.
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program, which has been included in the copyright regime.103 With the precondi-
tions of copyright (such as originality, authorship, creation, work, etc.104) it would 
be clear that no programme found in nature is protectable. However, the analogy 
stops short in some important respects: synthetic biology computer programmes 
do not aim at being operated within the in silico world but shall be translated into 
the organismic world. The protection must therefore extend to that real world. 
Copyright however confers the exclusive right of publication of the programme 
but not the making use of its content. Moreover, the copyright originates without 
administrative oversight and thus lacks legal certainty, while a patent right must be 
granted by administrative decision. Besides, the time span of protection105 is much 
too long. Therefore, if an IPR shall be at all, a patent right—a reformed version, to 
be sure—appears to be the better solution.

7.4 � Redistributing Benefits from Synthetic Biology

Targeted breeding, genetic engineering and synthetic biology all work on the 
same resource: the genetic program of organisms. Even the most advanced tech-
niques of synthetic biology, such as the replacement of the complete genome of a 
microorganism, is still based on the life processes of the original organism. In the 
Venter experiment, notably, the synthetic genome depended on the natural appa-
ratus of the recipient cell, its “machinery of transcription, translation, and replica-
tion, its ribosomes, metabolic pathways, its energy supplies, and so on.” (Church 
and Regis 2012: 50). This means the vital power was not artificially created but 
used and redirected. And even the imported genome—although synthesized—was 
mainly a replication of the real genome of the donor organism, with some newly 
designed strains of minor importance.

The fact that the genetic programs are still the physical and intellectual origin 
of synthetic biology raises the question if there is ownership in those programs and 
if that is the case, what bearing ownership would have.

In fact, after some debates about the best solution the Convention on Biological 
Diversity (CBD) has determined that states have sovereign rights over their genetic 
resources and hence the genetic programmes.106 In 2014 the Nagoya Protocol (NP) 
entered into force, which specifies the basic CBD rules further. The object of the 
sovereign rights is termed “genetic resources” which are defined as genetic material 

103In the EU see Directive 2009/24/EC on the legal protection of computer programs.
104The criteria vary according to national legislation. They have hardly been internationally 
harmonized. In Germany computer programs are protected if involving a “genuine intellectual 
creation” (eigene geistige Schöpfung), see Sect. 69a Urheberrechtsgesetz (Copy Right Act).
105It varies according to national legislation. In Germany it extends to 70 years after the death of 
the author.
106Art. 15 CBD.
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of plant, animal, microbial or other origin containing functional units of heredity 
and having actual or potential value.107 Geographically the sovereign rights of 
states extend to “their”108 genetic resources, which means to those found within a 
state’s territory, including the territorial sea, the exclusive economic zone and the 
continental shelf. Content-wise, the sovereign rights comprise the right to regulate 
access to the genetic resources and the right to claim the sharing of benefits drawn 
from them.109 The state allowing access can use its right to determine, by adminis-
trative act and/or a contract with the accessor, the kinds of genetic resources 
allowed to be sampled or otherwise acquired, the R&D allowed to be performed, 
the use of such results for commercial purposes or the public domain, etc. As for 
benefit sharing, monetary benefits (for example from the marketing of products) 
and non-monetary benefits (for example the sharing of research results and the par-
ticipation of provider state personnel in R&D projects) are possible.110 The state 
can, when negotiating the access agreement with the researcher (called mutually 
agreed terms in the CBD and NP language), ask for either or both of these benefits.

Prior consent of the provider state is not necessary if this state has waived its 
right to establish an access regime. Many states have opted this way, especially 
states of the industrialised world. They allow any researcher to take a sample and 
use it freely for any R&D.

Where an access regime has been established two questions concerning benefits 
arise. The first is whether the influence of the genetic resource can wither away in 
the process of valorization until a final product. This depends on the interpretation 
of the wording in Art. 15.5. CBD, “benefits arising from the commercial and other 
utilization of genetic resources”, and Art. 5.1 Nagoya Protocol, “benefits arising 
from the utilization of genetic resources as well as subsequent applications and 
commercialization.” Do benefits still “arise from” “commercialization” in the fol-
lowing exemplary case? A gene is extracted from an organism X accessed in state 
A. Its genome is sequenced. The DNA data are put into a public database. The 
data are taken from the database. By computer screening or tests, the functions 
encoded in the gene are identified. The result is again put into a public database. 
The functional data are used to plan the modification of an organism Y. The gene 
is inserted into organism Y. The modified Y is multiplied and sold on the market. 
It generates profitable revenue. Can one say that in the course of valorization the 
contribution of the original genetic resources is lost? Should the case be treated in 
analogy to the exhaustion of a patent right which loses its power if an invention 
is achieved that is novel compared with the original invention? These questions 
are still unsolved and rarely even discussed. My own reaction is that as long as 

107Definition compiled from Art. 2 paragraphs 9 and 10 CBD.
108See Art. 15.1 CBD.
109Art. 15 CBD and Arts. 5 and 6 Nagoya Protocol.
110Art. 15.5 CBD speaks of “sharing in a fair and equitable way the results of research and devel-
opment and the benefits arising from the commercial and other utilization of genetic resources”.
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the original genetic program is still present in the final product its coverage is not 
exhausted. The case would be different if the genetic program were only used as a 
means of comparing genes and the result—the identification of a function—related 
to the gene from organism Y rather than to that from organism X.

The second question is whether not only natural but also artificially modified 
genetic resources should be subject to the sovereign rights of states. For instance, 
if a German researcher applying synthetic biology methods constructs a new 
microorganism in a Brazilian laboratory, has Brazil sovereign rights to regulate the 
access and utilization of this organism, allowing the state, for instance, to ask for 
prior consent? In more general words, is any new genetic resource the “property” 
of the state? Once more, the question is hard to answer and has hardly even been 
discussed. My suggestion is this: The state has indeed sovereign rights over those 
new creations. This follows from the definition of genetic resources which covers 
genetic material not only of plant, animal and microbial origin, but also of “other 
origin”.111 It would however be wise for any state not to make use of its regulatory 
powers in such cases. If the state says nothing about property in artificial genetic 
programs, these simply are ownerless. The only kinds of property rights affecting 
them is ownership of the natural genetic program contained in the artificial one, as 
well as any patent rights or other intellectual property rights that may be obtained.

In conclusion, it appears that the upcoming legal regime of access to genetic 
resources and benefit sharing may have consequences for synthetic biology, but 
that this question has hardly touched the relevant R&D community, nor govern-
ments responsible for the sector.

7.5 � Summary

Law in modern societies approaches new scientific and technological develop-
ments in three characteristic ways: It provides forms which enable innovation and 
at the same time sets limits in order to prevent unwished side-effects; it provides 
incentives that foster R&D development and steer it into certain directions; and it 
sees to that benefits from R&D results are fairly shared. Synthetic biology is also 
exposed to this legal interference.

(1)	 Law enabling and regulating synthetic biology

The current dynamic evolution of synthetic biology research is enabled by the 
constitutional freedoms of scientific research as well as of free enterprise and 
property. These rights allow for regulatory restrictions in the public interest. Such 
regulation must be introduced if constitutional rights (such as of health) of third 
persons or constitutional obligations of environmental protection so require.

111Art. 2 (9) CBD.
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In view of the fundamental change in socio-economic life that must be 
expected from synthetic biology, it would be politically wise to develop a legal 
basis for it. This legal basis should take a fresh look at the entire biotechnology 
and establish a framework not only for synthetic biology but also for genetic engi-
neering and high tech breeding of plants and animals. Constitutional law can be 
interpreted to enable and even require such legal framework, because biotechnol-
ogy affects fundamental rights and obligations, and because it encroaches on the 
separation of powers which assumes that “essential” innovations should be delib-
erated by parliaments rather than be left to the executives.

Alternatively, the regulation of synthetic biology could also be based on the 
current legislation on genetically modified organisms. However, although some 
strands of synthetic biology falls under the definition of genetic modification oth-
ers are not. They should be included in the scope of application of GMO laws.

More precisely, the following synthetic biology techniques are covered by the 
legal definition of GMOs:

•	 Techniques of the first strand of synthetic biology, here called radical genetic 
engineering, unless they create a completely new organism; for instance, the 
partial replacement of the content of a cell with synthesized material of natu-
ral and artificial design would still be regarded as the production of a GMO 
because an original cell (and its capacity to live) was used.

•	 Xenobiology insofar as it incorporates genetic xeno-material into an existing 
organism.

In contrast, the following synthetic biology activities are not captured by the GMO 
regime:

•	 Within the first strand:
–	 the full synthesis of an organism and the complete replacement of the 

genetic material of an organism, be it of known or new design, including 
xenomolecules

–	 the synthesis and placing on the market of bioparts

•	 The second strand, i.e. the designing and synthesis of a protocell or minimal cell 
(be it constructed top-down or bottom-up)

•	 Within the third strand: xenobiochemistry, insofar as it alters chemical deriva-
tives (amino acids, proteins) of an organism thus producing a chemically modi-
fied organism (CMO).

Even if the non-captured kinds of synthetic biology were subsumed to the GMO 
regime the current methodology of risk assessment, which was developed for the 
genetic modification of organisms, must be examined as to its fit to synthetic biol-
ogy. Considering the increasing depth of intervention and artificiality of construc-
tions the familiarity principle used in GMO risk assessment must be replaced by a 
methodology which better accounts for new designs.

Considering the impossibility of proving a zero risk to health or the envi-
ronment more criteria of risk evaluation should be applied. If a risk assessment 
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concludes that the risk is low, the project should nevertheless be asked to prove 
that it provides a benefit to society. Moreover, cultural concerns of populations 
about the benefits, risks and ethics of synthetic biology should be taken seriously 
in the regulatory discourse and not regarded as irrational and therefore negligible. 
They should, if they can be substantiated, be accepted as legitimate ground for 
regulatory restrictions.

For the time being until the regulatory regime will be established a moratorium 
should be applied on any release into the environment of organisms resulting from 
synthetic biology.

(2)	 Law fostering synthetic biology

Intellectual property discourse and legislation have since a long time disapproved 
of the argument that natural phenomena should not be appropriated by private per-
sons. It was acknowledged that discoveries and technical advancements of natural 
phenomena shall be patentable. This privatisation of nature is now being extended 
to the results and methods of synthetic biology. Although this technology is still 
very much dependent on natural processes, material and information, the privat-
ization seems to have more justification because of the increasing proportion of 
technical input. However, this proportion is still poor in relation to the “higher 
workmanship of nature” (Darwin). Life and the natural processes of its evolution 
are a common good which should not be appropriated by anyone. Moreover, the 
privatization of life forms has more and more hindered pluralistic R&D. There is a 
risk that the direction of R&D will gradually be determined by commercial objec-
tives, and that they will hinder basic research, research on risks and research on 
benefits for society as a whole. For this reason open source systems have emerged. 
They deserve to be supported. In addition, the patenting preconditions should be 
restrictively interpreted so that patents are not provided for information accruing 
in the early stages of the R&D processes but only at the end when products are 
ready to be brought on the market.

(3)	 Law ensuring benefit sharing

Synthetic biology has hardly taken notice of the fact that it will be affected by an 
emerging regime introduced by the CBD and specified by the Nagoya Protocol 
which acknowledges sovereign rights of states to regulate access to their genetic 
resources and ask for a share in the benefits drawn from R&D on them. This 
appropriation of genetic resources by resource states is a response of developing 
states to IPR strategies of industrialized states. This is understandable although it 
contradicts the idea of common goods. The regime suggests a bilateral exchange, 
“access to genetic resources for a share in commercial revenue from R&D”. This 
may work if the R&D process is short. It is problematic, if the valorization chain 
is long and complex because it is then hardly possible to trace benefits back to 
a genetic resource that was sampled in a specific provider state. Therefore, com-
mon pools should be tried as solutions. They would consist of cooperation 
between users and providers of genetic resources in R&D activities and sub-
sequent commercialization. This option is preferable because the provider state, 
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by participating in the whole process, stays informed about its incurring rev-
enues and—even more importantly—is able to build up its own R&D capacity. 
Concerning synthetic biology based new organisms the question arises if the state 
in which it is located can claim sovereign rights over them. This is arguably the 
case. But it is submitted that states should desist from introducing an access and 
benefit sharing regime in this respect.
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