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Abstract 

Research on genetics and related topics has been a topic of discussion and concern for more 

than a century, especially with regards to the ethics of using the genetic code as a tool. In 

recent years, the emergence of synthetic biology offers solutions to many world problems, 

while also raising questions about its responsible use. Researchers in the field aim at 

developing novel biological systems not found in nature by changing, removing, or adding 

genetic information, or creating entire organisms synthetically. Most recently, these methods 

have been applied, for example in the George Church lab, to incorporate non-canonical amino 

acids in order to create organisms with novel features. To assess chances and implications of 

such an expanded genetic code, we interviewed experts from the scientific, philosophical, and 

religious fields, and surveyed the public on their opinions with regards to this topic. Building 

upon our research, we developed practical guidelines for research projects concerning 

synthetic biology, some of which we ourselves applied during our iGEM project. 

From the scientific point of view, incorporating unnatural components to the genetic code 

still lies within the scientific definition of life as long as the organism can still preserve itself. 

While stating that synthetic biology is well covered by current biotechnology laws, 

interviewees name biosecurity and dual use concerns as the most important factors with 

regards to responsible research. 

From the philosophical point of view, expanding the genetic code by means of synthetic 

biology does not change the definition of life for the most part. Specifically, experts in the 

field state that synthetic biology will most likely not incite new discussions about bioethics, 

but rather extend existing debates and concerns. With regards to applications, they stressed 

environmental risks as most important factors to consider. 

From the religious point of view, expanding the genetic code by incorporating novel 

components does not in turn lead to a new form of life, and creating such new life should not 

be pursued as an end in itself. While it is not unethical to carry out this research in order to 

benefit humanity, the main concern is that the research could lead to reducing humans to 

objects that can be expanded and recoded, thus robbing humanity of negative experiences 

such as suffering, which are nevertheless a necessary part of life. 
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The survey of the public’s point of view shows that having prior experiences with synthetic 

biology is linked to a more favorable attitude towards the research field. Regardless of 

presence or absence of prior experiences, however, our project was generally perceived as 

useful and unobjectionable. 

Evaluating all perspectives, we developed flexible and easily applicable multi-faceted 

guidelines for research concerning synthetic biology. These guidelines contain for example 

the incorporation of expert committees relevant for the project, as well as possible dual use 

concerns. Over the course of our iGEM project, the experts’ opinions and recommendations 

have continuously shaped our work, and we were able to already apply most of our guidelines 

for our own project. 

Motivation 

In 1859, Darwin published his book “On the Origin of Species”. His theories polarized the 

society in the second half of the 19
th

 century and caused a conflict between his theories and 

the Christian creation myth. One of the most famous artworks picking this conflict as a central 

theme is the bronze statuette “Affe mit Schädel” (“Ape with skull”) produced in 1892 by 

sculptor Hugo Rheinhold. The sculpture shows a chimpanzee holding and looking down on a 

human skull. Sitting on a pile of books, it looks at the skull in a contemplative posture. With 

one foot, the chimpanzee holds a caliper, a symbol for engineering. One of the books reads 

“Darwin”, a reference to Darwin´s Theory of Evolution, while another opened book reads the 

bible quote “eritis sicut deus” from Genesis 3.5. The second half of the quote, “And ye shall 

be as God [knowing good and evil]” is missing, since one half of the page has been ripped off. 

Based on the second half of the quote, Rheinholds statuette has been interpreted as an early 

warning towards science ethics, suggesting that if man behave like god while disregarding 

good and evil, this will be the end of humanity. Other interpretations see the statuette as a 

warning against the applications of rationalism in the absence of morality (Richter and 

Schmetzke, 2005). Now, 158 years after Darwin published “On the Origin of Species” and 

125 years after Rheinhold produced “Affe mit Schädel”, the basic motives behind Rheinholds 

work are still relevant, if not even more so due to the rise of synthetic biology. Therefore, we 

decided to “update” Rheinholds statuette and to use it for our report. 
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Synthetic biology is a research field concerned with genetically engineering artificial 

biological systems, from small changes of an existing genetic code, to de novo development 

of synthetic organisms(Andrianantoandro et al., 2006). As such, it is a fast progressing field 

of science that has gained more and more attention over the last years. Advances, such as 

CRISPR(clustered regularly interspaced short palindromic repeat)/Cas9, or rapidly falling 

costs for reading and writing DNA, have expanded the possibilities of synthetic biology 

extensively. The CRISPR -Cas9 system is part of the adaptive immune system originated 

from Streptococcus pyogenes. This new technology is used for high specific genome editing 

and can be used as a tool with a simple handling (Ran et al., 2013).While synthetic biology 

offers solutions to many of the world´s most challenging problems, it also raises many 

questions regarding the responsible use of this rapidly developing technology. The project of 

this year´s iGEM team Bielefeld-CeBiTec 2017 aims at the expansion of the genetic code of 

the bacterium E. coli through the addition of unnatural base pairs. An expanded genetic code 

would allow the incorporation of non-canonical amino acids in vivo in a way that is not 

possible using the standard genetic code. This approach opens new possibilities for advanced 

protein design and engineering and therefore for novel methods and developments in 

medicine, diagnostics and biotechnology. But it also raises serious questions regarding its 

responsible use, ethics and biosafety.  

Can an organism with an expanded genetic code be described as life as we know it? In which 

scenarios should it be forbidden to utilize an expanded genetic code? What is the view of 

religious representatives, ethicists, politicians, lawmakers, and the public towards an 

expanded genetic code? With our report, we want to explore the chances and implications of 

an expanded genetic code. In order to do so we interviewed experts in the fields of 

biotechnology and medicine. Furthermore, we talked with companies to find out how an 

expanded genetic code could be used in industry. For the examination of the implications of 

an expanded genetic code, we interviewed representatives of different interest groups and 

experts from different professions and backgrounds. Furthermore, we conducted a survey to 

include the view of the public. Based on our findings, we proposed guidelines which ensure 

that expanded genetic codes are applied in a responsible and safe way. 
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Background 

Historical Background 

The Augustinian monk Gregor Mendel discovered the basic principles of genetics in 1866 

with his crossbreeding experiments of pea plants. In 1869, the Swiss physiological chemist 

Friedrich Miescher identified the DNA in the nuclei of human white blood cells as “nuclein” 

(Snustad and Simmons, 2006). Looking for protein components, he isolated this non-protein 

substance from pus of discarded bandages after clinical surgeries, which got named “nucleic 

acid” by his pupil Richard Altmann later in 1889 (Über Nukleinsäuren, 1889). Sir Archibald 

Edward Garrod studied medicine and was the first person who attributed a human disorder as 

an inborn error of metabolism. From studying the family histories of alkaptonuria patients in 

1902, he concluded that it is a recessive disorder inherited in humans in accordance to 

Mendel’s theories (Comfort, 2012). 

In 1928, the experiments with virulent and non-virulent bacteria pneumonia on mice from the 

scientist Frederick Griffith indicated that there is a molecule of inheritance. He showed that 

the inheritance molecule can be passed between bacteria by a method called transformation 

(Griffith, 1928). This investigation on the inheritance molecule was carried on by the 

immunochemist Oswald Avery a decade later (Avery et al., 1944). He destroyed all the 

components like lipids, ribonucleic acids, carbohydrates, and proteins of the virulent 

pneumonia. The occurrence of transformants then only depended on the presence of 

undestroyed DNA. 

For the next step, scientists examined the composition of DNA. The components sugar, 

phosphate and the four different bases were identified by Phoebes Levene (Bass, 1940). He 

stated that the nucleotide units are linked together by phosphates. In 1952, Erwin Chargaff 

discovered that there are equal numbers of guanine and cytosine units and of adenine and 

thymine units, while the numbers of units vary between different species (Elson and Chargaff, 

1952; Chargaff et al., 1952). These are the so-called Chargaff’s rules. In the early 1950s, the 

physical chemist Rosalind Franklin worked together with the physicist Maurice Wilkins. They 

crystallized DNA fibers and produced a high-resolution diffraction pattern via X-ray 

crystallography. From this pattern, Franklin deduced that phosphates are located at the outside 

of the DNA strand and that the DNA molecule probably has a helical structure (Everson, 

2007). In 1953 the two scientists James Watson and Francis Crick created a model of the 

DNA structure based on Franklin’s result (Watson and Crick, 1953).  
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Their model was a double helix with rungs, representing the bases of nucleotides, connecting 

the two strands. The bases paired in accordance to Chargaff’s rule through hydrogen bonds so 

that each DNA strand forms the complete complement of the other. Watson, Crick, and 

Wilkins were awarded with the Nobel Prize in Physiology or Medicine in 1962 "for their 

discoveries concerning the molecular structure of nucleic acids and its significance for 

information transfer in living material" (https://www.nobelprize.org/). 

This led to the race of decoding the DNA and the next Nobel Prize in Physiology or 

Medicine, awarded jointly to Robert Holley, Gobind Khorana, and Marshall Nirenberg "for 

their interpretation of the genetic code and its function in protein synthesis" in 1968 

(https://www.nobelprize.org/). Scientists could now translate the DNA code into a sequence 

of amino acids for proteins. Further breakthroughs in the field of molecular biology were the 

rapid DNA sequencing technique by Frederick Sanger in 1977 (Sanger et al., 1977) and the 

Human Genome Project that began in 1990, which led to the mapping of the whole human 

genome in 2003 (http://web.ornl.gov/sci/techresources/Human_Genome/index.shtml). 

Researchers now focus on epigenetics and personalized medicine based on genetic markers. 

Also, scientists started artificially expanding the DNA, creating semi-synthetic organisms. 

George Church is known for his engagement in the Human Genome Project and progressive 

research concerning genome editing. Looking for new gene therapies, his lab uses the 

CRISPR/Cas system to edit human induced pluripotent stem cells. Church sees no ethical 

conflict with editing the human genome “until safety issues are cleared up and there is a 

general consensus that it is okay” (Scientists debate ethics of human gene editing as 

international summit, 2015; Cyranoski, 2015). His radical opinion causes some controversial 

debates. In 2015 his lab published the engineering of a recoded bacterial genome, which 

enabled E. coli to incorporate nonstandard amino acids (Rovner et al., 2015). Another 

approach due the synthetic genome is their research on the 57-codon genome (Ostrov et al., 

2016). One of Church’s former colleagues, Farren Isaacs says that “it’s an important step 

forward for demonstrating the malleability and properties which can be extracted from 

organisms through genomes that have been recoded” (Check Hayden, 2016). 
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One scientist had already succeeded in creating the most popular synthetic genome, J. Craig 

Venter, also known for his work on the human genome. In 2010 the bacterial genome was 

designed on the computer and realized as complete synthetic chromosome (Gibson et al., 

2010). In an Interview (How scientists made “artificial life,” 2010) he talks about the great 

advantages a synthetic genome could offer concerning great problems of our world. “As we 

can go from 6.8 to 9 billion people over the next 40 years, we must find ways to provide food, 

the clean water, the medicines, the fuel, and we cannot do that for our existing population. So, 

without the new scientific tools, we do not have much of a chance.”  

Legal Situation in Germany 

In Germany, genetic engineering is regulated by the Act on Genetic Engineering 

(subsequently called AGC), which was introduced in 1990 (Act on Genetic Engineering, 

2017)(Act on Genetic Engineering, 2017)(Act on Genetic Engineering, 2017). The purpose of 

the AGC is to protect people, the environment, animals, plants, and material goods from any 

potential harm caused by methods used in genetic engineering and genetically engineered 

products. Another goal of the AGC is to prevent potential harm and to minimize the risk of 

genetic engineering. Furthermore, the AGC is also intended to provide a framework for the 

commercialization, research, development, and application of genetically engineered 

products. The AGC applies to every facility conducting genetic engineering, as well as when 

genetically modified organisms (GMO) are released into the environment. Products 

containing GMOs are also subject to the AGC. For our report, it is especially interesting how 

GMOs and organisms in general are defined in the AGC. The AGC defines an organism as a 

biological unit that is capable of reproduction and transmitting of genetic information.  

A GMO on the other hand is defined as an organism (with exception of humans) with genetic 

material that has been altered in a way that these modifications cannot be achieved through 

breeding or natural recombination. Such methods are separated and defined by the AGC in 

three different categories. The first category includes all methods for recombination of nucleic 

acids. This includes the introduction of in vitro produced nucleic acid molecules into viruses, 

viroids, bacterial plasmids and other vector systems, creating new combinations of genetic 

material, which can be transformed into a host organism. The second category includes all 

methods that can be used to directly transform genetic material, which was not produced in 

the host organism, into the host organism. This also includes microinjections and 

macroinjections.  
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The third category features all methods used for the fusion of cells and hybridizations in 

which new genetic material, which would naturally not occur in the specific organism, is 

transferred.  

Current State of Research of expanded or synthetic DNA 

Around the end of the 20th century and the turn of the millennium, a new field in biology 

developed – synthetic Biology. Up to this point, one of the main focuses was to understand 

how life works. How all the processes creating life function on a molecular basis and interact 

with one another. With the development in genome sequencing in the 1990’s, genomes of 

many organisms were published, leading to further potential of using this information to 

further broaden the knowledge on natural occurring processes (Benner and Sismour, 2005). 

Furthermore, the advancement in generating genetic sequences synthetically aided the push 

towards synthetic biology. At first, synthetic biology was employed to push fundamental 

research. Therefore, many naturally occurring systems were implemented in a new context to 

aid this cause. Per definition, researchers in the field of synthetic Biology aim at engineering 

synthetic biological systems which are based on nature but do not need to occur in nature 

itself.  

New synthetic biological systems or organisms could possibly aid many fields: 

bioremediation, bioaugmentation, biotechnology, medicine, and more. In order to generate 

such organisms, multiple approaches are used. The easiest ways to change an organism is to 

remove or introduce single genes or whole genomic pathways via restriction enzymes or 

oligonucleotides. More challenging approaches are to change the genetic information on the 

DNA level. Depending on the severity of the change, the whole genetic code system needs to 

be adapted.  

This adaptation can also be used to incorporate non-canonical amino acids into proteins, 

giving them potentially new properties. Another approach in synthetic biology is not to just 

change, remove or add genetic information into an existing organism but to create an 

organism de novo with either whole new chemical properties or a defined number of essential 

genes.   
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Since the discovery of the DNA structure, many tried to change the chemical and physical 

properties of it. The macromolecule DNA has a distinct structure. Two biopolymers are 

arranged in an antiparallel manner forming a double helix. Each biopolymer consists of 

nucleotides: one nucleobase, either adenine (A), thymine (T), cytosine (C), or guanine (G), is 

bound to one deoxyribose, which in itself is bound to a phosphate group. The nucleobases are 

pairwise linked by hydrogen bonds (A-T, C-G). The phosphates are forming a phosphate 

backbone. The genetic information is encoded by triplets of nucleobases (codons), which 

typically code for one specific amino acid. Even though all living organisms use codons to 

encode protein sequences, the codon usages may differ. The same codon may encode a 

different amino acid in different organisms. If genetic information is transferred from one 

organism into another, attention needs to be paid to the codon usage of the donor organism. If 

it is different from the codon usage in the host organism, the codon usage of the specific DNA 

sequence needs to be adjusted. This can be achieved by either de novo nucleic acid synthesis 

or through employing oligonucleotides to introduce the changes using site-directed 

mutagenesis. Church and colleagues developed methods called multiplex automated genome 

engineering (MAGE) and conjugative assembly genome engineering (CAGE) to dynamically 

integrate synthetic DNA into genomes and change the canonical genetic code across the 

genome (Wang et al., 2009; Isaacs et al., 2011). Doing so, they constructed a genomically 

recoded organism (GRO) in which all amber stop codons (TAG) were replaced with the ochre 

stop codon (TAA) (Lajoie et al., 2013).This led to an organism in which specific codons 

could be dedicated to incorporate non-canonical amino acids into proteins.  

Generally, the introduction of non-canonical amino acids could either be done by introducing 

the amber stop codon into permissive sites into the sequence (Liu and Schultz, 2010), 

reassigning rare sense codons (Bohlke and Budisa, 2014), or using four base codons 

(reviewed in (Hoesl and Budisa, 2012; Krishnakumar and Ling, 2014). Employing these 

methods to incorporate non-canonical amino acids leads to novel structures and functionalities 

in proteins. Non-canonical amino acids are amino acids that do not occur in nature. Usually, 

they are synthesized variants of naturally occurring amino acids with functionally diverse 

chemical properties. In order to incorporate them, the whole genetic code system needs to be 

adapted. Usually, amino acids are bound by amino acyl-tRNA synthetases and esterified onto 

the orthogonal tRNA. After the transcription of the genetic code into RNA, the loaded 

transfer-RNA (tRNA) recognizes the matching codon on the messenger-RNA (mRNA) with 

its anticodon.  
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Thus, the amino acid is added to a growing string of amino acids, resulting in a peptide or 

protein. For the incorporation of non-canonical amino acids, an orthogonal tRNA and 

synthetase pair is used, which does not utilize endogenous amino acids. Generally, this pair 

stems from a different organism. This pair needs to be adapted: (i) the tRNA needs to 

recognize the desired codon and (ii) the amino acid binding pocket of the synthetase needs to 

be adapted to bind the desired non-canonical amino acid (Xie and Schultz, 2005; Wang et al., 

2006; Young and Schultz, 2010; Liu and Schultz, 2010).  

Because these modifications are still based on the biological systems, organisms changed in 

that way called semi-synthetic organisms. Based on this definition, a whole synthetic 

organism should not have properties which normally occur in nature. The field of 

xenobiology deals with changes in the structure of DNA based on the nucleobases, the sugar, 

or the phosphate (Schmidt, 2010; Pinheiro and Holliger, 2012). The Benner lab was one of the 

first labs to work on extending the genetic code by introducing new nucleobases into the 

genome (Piccirilli et al., 1990). This first approach was built upon analogs of the normal 

nucleobases which also form hydrogen bonds. The group could show that these new 

nucleobases were able to be integrated into DNA and RNA, thus they were recognized by 

enzymes (Switzer et al., 1993; Yang et al., 2011). Many laboratories worked in this field with 

varying results (Moran et al., 1997a, 1997b; Kimoto et al., 2009; Yamashige et al., 2012). 

Recently, Romesberg and colleagues could successfully incorporate hydrophobic unnatural 

base pairs into the genome. These unnatural base pairs do not form hydrogen bonds but 

interact through hydrophobic interactions (Seo et al., 2011; Malyshev et al., 2012; Zhang et 

al., 2017). With successful addition of unnatural nucleobases or base pairs, new possibilities 

in further protein and enzymatic engineering are to come. But for that, the whole translational 

system needs to be adapted. Also, new methods for screening and analyzing this synthetic 

organism need to be established. Going into the future, new research areas will emerge and 

broaden the existing fields of expertise.  
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Chances and Implications of an Expanded Genetic Code 

The Scientific Perspective 

In order to get a scientific point of view concerning chances and implications of the research 

of an expanded genetic code, we interviewed scientists. This section presents the opinions of 

Prof. Dr. Kathryn Nixdorf, Dr. med. Hansjörg Heußlein, Dr. Benjamin Müller and Prof. Dr. 

Nediljko Budisa.  

Life 

All scientists defined life in a similar way. For Hansjörg Heußlein, a living organism is 

protein- and carbon-based reacting to environmental stimuli with an individual metabolism. 

Kathryn Nixdorff also defines life with metabolism, but further with evolution, reproduction, 

mutation, and transmission to the next generation. Those characteristics of genetic 

information are 

most important 

for Benjamin 

Müller and 

Nediljko 

Budisa. The 

ability to store 

and pass on 

genetic 

information 

makes for both of them the essential difference between living and lifeless matter. For 

Nediljko Budisa, this “genetic program” is not solely based on molecules. “Life is a complex 

chemical organization.” In his opinion, even a radical change of the central dogma with 

unnatural base pairs goes along with the definition of life as long as it still has the capacity to 

preserve itself According to the others, the expansion of the genetic code would still fulfill 

their characteristics of life, if the organism would still be able to carry out those functions 

defining life. 

  



  

 

 
13 

 

Risks & Benefits 

Especially Prof. Nediljko Budisa and Prof. Kathryn Nixdorff insisted that scientists as well as 

society should think about implications when it comes to the idea of a new technology. 

“Otherwise this technology can become a real danger like the fission of atomic nuclei that was 

misused to build bombs”, Nediljko Budisa argues. Kathryn Nixdorff states that this also 

applies to all iGEM teams. “Everyone attending iGEM should make an analysis of the project 

according to dual use and biosecurity aspects.” Concerning biosecurity, the scientific experts 

mentioned aspects about pathogens as well as other biological agents (toxins, bioregulators) 

that could be misused to cause harm.  

Biosecurity is an important aspect for all scientists. The CEO of Biofidus, Benjamin Müller, 

states that one would have to investigate if certain non-canonical amino acids could cause 

immunoreactions.  

But drugs with non-

canonical amino acids 

could also lower side 

effects, because 

advanced protein 

engineering could 

improve the specificity 

of binding through 

certain side chains. Xenobiology could be misused to create a bioweapon. Non-canonical 

amino acids could be used to increase targeting properties in order to infect a broader range of 

host cells. Another dangerous fact would be difficulties with detection methods. Pathogens 

with an expanded genetic code can possibly evade the current detection methods of PCR, 

DNA sequencing, and antibody based assays. “But is that a reason to stop science saying we 

have enough knowledge at this point?”, Nediljko Budisa asks. An open debate is important to 

discuss those problems. He further said: “We should be aware of the dangers, and scientists 

have the duty to guarantee transparency in their research.” A certain portion of skepticism will 

remain with every technology according to him. Kathryn Nixdorff also mentioned the 

microbiome of the intestine as an example. If those organisms are changed in a way that they 

cannot interact as they normally do, this could lead to health problems.  

Dr. Benjamin Müller 
Dr. Benjamin Müller is co-founder and CEO 

of Biofidus AG, a bioanalytical company 

located in Bielefeld, Germany. Biofidus offers 

a variety of bioanalytical services with focus 

on characterization of proteins and small 

molecules.  



  

 

 
14 

 

Besides the biosecurity aspects, Benjamin Müller and the physician Hansjörg Heußlein agreed 

that the whole society should benefit from applications that originate from an expanded 

genetic code. It could lead to complications with regards to acceptance of this technology by 

society in case companies profit too much, such that commercial interests prevail. To reach 

acceptance, it would help to raise awareness of biosecurity and biosafety. Based on her work 

and experience as a professor at the department of microbiology and genetics in Darmstadt, 

Kathryn Nixdorff said “Most young scientists who work with new and exciting technologies 

do not really consider dual use biosecurity aspects, primarily because they have never been 

made aware of potential biosecurity risks that may be involved in their work.” In her opinion, 

awareness should be raised through dual use biosecurity education that would promote 

reflection. “Reflecting what people are actually doing while working on projects could be a 

mechanism to reveal aspects concerning biosafety, biosecurity and dual uses of that work, as 

well as ways to mitigate potential risks that may be involved.” This should lower the risk of 

the project without stopping it. This mechanism of reflection needs to be done on an 

international level. In addition to dual use biosecurity education, there should be a code of 

conduct scientists must stick to. This could include guidelines about what things they should 

be considering before they start and while they are doing the work. 

“The stage of research for XNA is not alarming yet”, according to Nediljko Budisa. “It is still 

at the beginning.” And also Craig Venter and George Church with their famous and 

technically very challenging projects in the field of synthetic biology are still covered by the 

current law for biotechnology that regulates recombinant DNA. Recombinant organisms, for 

example, that are used in industrial fermentation processes, are strictly constitutionally 

regulated in a transparent way. Hansjörg Heußlein said: “It is most important to evaluate the 

long-lasting usage and development at every taken step, so that the project could be stopped 

immediately, if anything harmful occurs.” He further insists that this decision should not be 

influenced in anyway, no matter if politically, religiously, or commercially. Benjamin Müller 

is talking about flexibility if it comes to possible guidelines. “Scientific process should not be 

constrained” in his opinion. He thinks that the benefits of an expanded genetic code are 

predominating. This includes new and better therapeutics in the field of gene therapy or 

antibiotics. Whether the usage of a new medicine is morally reasonable should be decided by 

every physician individually. Kathryn Nixdorff agrees with flexible guidelines. “It is not 

technology that needs to be regulated, but what you accomplish with it.”  



  

 

 
15 

 

The result/product as well as the process must be regulated, not the technology itself. She 

specifies: “You should be aware of the outcome and its consequences.” In her view, every 

scientist should be responsible for what he or she creates. “Reflect on your work and try as 

hard as you can to minimize the risks, then you are doing a good job, acting responsibly.” 

Nediljko Budisa said: “The way iGEM Bielefeld-CeBiTec 2017 is using an organism 

containing one unnatural base pair on a plasmid to encode a non-canonical amino acid can be 

treated like a regular GMO.” He sees problems when it comes to several unnatural base pairs 

throughout the whole genome that provides a huge amount of new additional coding units, 

which can be used by the organism. This could be a reason to precisely investigate this 

organism with a prohibition on letting this organism get outside the laboratory in any way. A 

suitable security 

level for the 

laboratory should be 

well thought out. 

“Anyway, all 

informational 

channels should be 

used to inform the 

public about the 

research.” The 

approach to create a 

semisynthetic 

organism by 

expanding its genetics with an unnatural base pair is not more radical than the approaches of 

Venter and Church according to Kathryn Nixdorff. “It takes a step further in creating a 

synthetic organism.”  

By following those investigations on XNA, Nediljko Budisa personally hopes to get an 

answer to fundamental questions like “Why has nature chosen exactly those existing 

components for a universal DNA?” or “Can we understand how evolution and the genesis of 

life works?” Humans could benefit from possible products like complex materials or peptide 

based drugs that could originate from an expanded genetic code. It could also become an 

established tool in academic research. 

Prof. Dr. Nediljko Budisa 

Nediljko Budisa is a professor and 

chairholder for Biocatalysis at the 

Technical University Berlin. His research 

focuses on chemical synthetic biology and 

genetic code engineering with a broad 

range of biotechnological and biological 

engineering applications. He is also 

participating in current ethical and 

philosophical debates in regards to the 

work and possible outcomes of a genetic 

code engineering. 
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According to all expert 

interviews the most 

important aspects are the 

analysis due to dual use 

and biosecurity aspects. 

Every scientist needs to 

face possible missuses, 

evaluate long-last usage 

and an extensive discussion with the public must be initiated.  

The Philosophical and Ethical Perspective  

Expanding the genetic code raises many ethical and philosophical questions. What is life? 

Does an organism with an expanded genetic code still represent life as we know it? Is it 

ethical to change an organism in such a radical way? To answer some of these questions we 

interviewed Alta Charo, Warren P. Knowles professor of law and bioethics at the University 

of Wisconsin law school and former member of President Obama´s transition team, Sune 

Hannibal Holm, associate professor of philosophy at the University of Copenhagen, and 

Ulrich Krohs, Professor of philosophy at the University of Münster. 

 

Life 

What is life? There is not a single philosophic definition of life that everyone agrees on. And 

even though all life on earth shares the same DNA concerning its molecular structure and 

compounds, not every interview partner thinks that DNA is a characteristic of a “living” 

organism. Therefore, some argue, that the expansion of the genetic code through the addition 

of unnatural base pairs would not change the definition of life.  

Dr. med. Hansjörg Heußlein 

Dr. med. Hansjörg Heußlein is a 

physician who combines 

homoeopathic therapeutic 

approaches with medical 

diagnostics. 
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Ulrich Krohs considers an organism with an expanded genetic code to be “living” as long as it 

still has properties matching the criteria of life for regular organisms, but he denies that there 

can be a canonical list of such criteria. “We are forcing people to answer the question: what is 

life? And we are forcing people towards a direction to ask which are the characteristics that 

matter for the definition of life” said Alta Charo, who agrees with Krohs, that replication is 

not necessarily a characteristic of life. Sune Holm also agrees that there is no single definition 

of life. “Some people define life by certain properties that are typically present when you have 

a living system, like metabolism” Holm said, also adding that DNA does not necessarily have 

to be part of that definition: Instead, it is important that genetic information can be passed on 

to the next generation. Therefore, the composition of the DNA is not the key aspect, but the 

function. According to Holm, when we discuss life and how to define it, what we are looking 

for is what the natural properties of the systems we call living are.  

As an example, for why it is so challenging to define life, Holm described a simple example: 

“If all life on earth would have a red dot and nothing else would have a red dot, you would 

only find a red dot when there is something living present. Still, very few people would think 

that a red dot is part of the definition of life, even though “red-dottedness” and life are closely 

associated.” When asked if an organism with an expanded genetic code could still be called 

life, Holm replied that it could still be called life and that he would not even call it artificial or 

synthetic life. “It just has different DNA, it has something that other organisms do not have. 

There is a lot of talk about synthetic and artificial organisms. If someone gets a heart 

transplant, that does not make him an artificial organism”. Later Holm added, that expanding 

the genetic code is not more than adding new chemistries to a living organism.  

  



  

 

 
18 

 

Risks & Benefits 

For the risks, there are two different categories of thinking when it comes to the research for 

synthetic DNA. Very important according to our experts are the environmental risks that need 

to be faced with protection mechanisms. According to Alta Charo, biosafety measures should 

include biological restraints like a suicide or kill switch, physical containments like 

laboratories with walls and negative air pressure as multiple layers of protection and 

geographic containments like a remote location for the laboratory. These should be guidelines 

right from the beginning of such a project. “If there is better understanding of that organism, 

some of the protections can be dropped later, if they are not necessary” said Alta Charo. In 

Ulrich Krohs opinion, there should also be research conducted regarding the risks 

accompanying the 

project right from the 

beginning. This could 

include the 

documentation of 

accidents of all kinds. 

“It is the same with 

pilots, who keep records 

of mistakes during a 

flight on the airplane in 

order to improve safety 

of the air transport 

system as a whole” 

Krohs said. 

When asked about possible risks and benefits, Sune Holm said that there are risks and benefits 

from this technology and synthetic biology. “Some people think that synthetic biology could 

be used for something that would cause a lot of damage – or even unintentionally cause a lot 

of damage.” To minimize the potential risks, Holm said that vigilance is very important. How 

could a certain technology be misused? Who benefits from a technology and the applications 

based on that technology? “These are the things where the notion of vigilance is relevant” 

Holm said, continuing that “one thing that takes up a lot of space in the European context is 

the precautionary principle, the idea that we should be pretty sure that things are not harmful 

before we engage in them. That tends to focus on safety first.  

Prof. Sune Holm 

Sune Holm is an associate professor at the 

Center for Synthetic Biology at the 

University of Copenhagen who focusses on 

the ethical issues within synthetic biology in 

his research. His research interests include 

the ethical significance of the distinction 

between naturally evolved organisms and 

engineered machines, and the connection 

between the ethics of synthetic biology and 

the way in which we understand the 

purposiveness and functions of living 

systems. 
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Minimize the harm before you start thinking about the benefits.” While this approach 

minimizes the potential damage of a technology, it could also cause harm: “There is also a 

harm to being too precautions, namely that you don’t get to get the benefits, they could be 

maybe quite high.”  

Alta Charo also pointed out the basic difference in the risk assessment between Europe and 

the USA. There is a European law for biotechnology that covers all the work with 

recombinant DNA, whereas in the USA each application is regulated individually, because 

the same technology of recombinant DNA can create a drug or a pesticide. Therefore, there is 

a system to evaluate the risks and benefits of each application.  “Permit research and permit 

knowledge to be developed as much as possible” Alta Charo said. Besides critical evaluation 

of each application, Ulrich Krohs regards an overall law for biotechnology to regulate the 

technology as indispensable. In his opinion, we should not wait until we see what the actual 

product is going to be before we decide how to regulate. But he agreed that it is difficult to 

decide on rules that say what is prohibited and what is allowed, because most of the times it is 

impossible to know about the risks at the beginning. Therefore, Alta Charo thinks, researchers 

should come up with a process instead of trying to come up with definitive rules. Certain 

kinds of committees should be set up, which “must have a certain range of representation and 

certain amount of expertise and certain uses of the research must go through this process of 

review to look at the risk and benefits and how they are distributed.” This would mean that 

there would be a process set up that can solve it along the way over time as the problems 

become more concrete. But referring to biosecurity, both Ulrich Krohs and Alta Charo see 

certain restrictions necessary to prohibit a dual use of some technologies in the field of 

synthetic biology. 

This would, according 

to Alta Charo, ensure 

the national security 

and would prevent the 

misuse by terrorists. 
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New Tasks & Duties 

Does the research on an expanded genetic code call for a new debate among philosophers, 

ethicists and scientists? According to Holm there are “a lot of good issues to discuss from a 

philosophical point of view, but they are not so much about whether or not it is ok to conduct 

this kind of research”. Instead, there is a question about whether it is wrong in itself to 

conduct this kind of research: “Some people do think so, but I think they have different 

motivations for why they think it is wrong. I mean, that tends to be religiously based or based 

on the notion of nature as sacred.” Holm added that the main concern by the public would 

most likely be what this technology would be used for and who would benefit from it. 

According to Alta Charo and Ulrich Krohs, this kind of research will not cause a new debate, 

but will expand the current debate about synthetic biology “with regard to the unnatural base 

pairs that make artificial DNA” Ulrich Krohs said. Sune Holm also agreed that there is no 

new discussion necessary, since the discussion about genetic engineering and bioethics is still 

going on. The only big changes in this discussion happen when there are big marketable 

applications, which could potentially affect everyone. In this context, Holm referred to the 

discussion about CRISPR/Cas: “There is nothing about CRISPR in itself that is very different 

from having a new tool to build something. CRISPR doesn’t change anything, CRISPR in 

itself is just CRISPR. But we should continuously think about what we can do with the things 

we develop.” Holm sees a much bigger issue with these new technologies and their 

applications when it comes to social justice. According to Holm, social justice, patenting 

issues, and the distribution of these technologies remains a huge question, since most of the 

research conducted within synthetic biology is eventually used for industrial uses and mass 

production.  

Where a big change in the discussion could be observed is when it comes to religious and 

spiritual concerns, which need to be addressed. A semisynthetic organism originated in the 

laboratory that is considered to be “living” is challenging the very center of religious belief 

like: “only a supernatural being like god can create life” Alta Charo said. Alta Charo sees 

ideological radicalness of this research comparable to Kopernikus and Gallileo. She would go 

even further by proposing a law article that constitutionally protects synthetic biology and 

fundamental science that challenges religious thinking. “It is almost a political statement that 

says: we don’t need god to create life. That is the kind of thing that we need to protect from 

censorship”. In Ulrich Krohs’ opinion, there are as well no reasons to stop scientific research, 
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of not for environmental concerns or implications that are harmful for the people. “It requires 

religious authorities to really think hard about how to maintain their beliefs even if our 

science is suggesting that some of these beliefs might not be biologically justified” said Alta 

Charo. Besides spiritual and emotional concerns of some people, Ulrich Krohs said, products 

with medical benefits resulting from semisynthetic organisms would be welcomed among the 

majority of people.  

From the ethical point of view our expanded genetic code would leave to a new life. More 

important are the consequence concerning local laws and resulting benefits. Questions need to 

be asked like, who profits from the new applications and that one need to minimize the harm 

instead of preferring just the benefits. The semisynthetic organism would not cause a new 

debate but expand the current debate about synthetic biology itself. 

The Religious Perspective 

From a religious standpoint, genetic engineering has always been a very controversial topic. 

Scientists working in the field of synthetic biology often have to face accusations that they are 

playing god, creating new life in the lab, hence messing around with God´s own work. For 

that reason, it was very important to us to include religious standpoints in our report. 

Therefore, we reached out to representatives from major religions and had the chance to 

interview Wolfgang E. Heinrichs, a German historian with a professorship at the University of 

Wuppertal and a pastor of the Evangelical Free Church. Furthermore, we had the chance to 

interview Stefan Wolf, 

a theologian, a former 

protestant pastor, as 

well as Cemil Sahinöz, 

a Turkish-German 

theologian and 

chairman of the Muslim 

communities in 

Bielefeld, Germany.  
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Life 

Although most experts approved of our project, Wolfgang E. Heinrich offered a critical 

perspective on our work. From his point of view, he defines life as relationship to the 

environment, to the fellow creatures, especially to the fellow human beings, and to God as the 

creator. Based on Leo N. Tolstoi: “To know God, is life”. Therefore, he is convinced that an 

expanded genetic code could not lead to a new form of life. It would not be life as God 

planned it to be. There might be the risk that the human being degrades and controverts 

Immanuel Kant’s second formulation of the categorical imperative “Act in such a way that 

you treat humanity, whether in your own person or in the person of any other, never merely as 

a means to an end, but always at the same time as an end.” (Kant, 1785). Heinrichs fears that a 

limit will be exceeded if scientists work with the expanded genetic code or develop 

applications based on the expanded genetic code.  

Stefan Wolf offered a different definition of life. In his opinion, the following criteria must be 

met: Response to stimuli, metabolism, energy exchange, reproduction, growth, and evolution. 

For him, the human being is at the center of this definition. He mentioned Aristotle’s theories 

of life and human being. In the end, everything that has to do with people is subject to a 

different responsibility. Therefore, for him, “responsibility” is the catchword for our research. 

If a semisynthetic organism, an organism that experienced an external impulse leading to an 

expanded existence, meets the criteria above, we would have to face a kind of “Frankenstein-

dilemma”. Such an organism would still be defined as life but do we have a special 

responsibility for that life because we created it?  

Do we have any influence on that life although it could evolve naturally to something else? If 

it evolves to something bad, are we in charge? For that reasons, we must rethink our 

responsibility. 

Cemil Sahinöz offered some insights into the Muslim view on genetic engineering, the 

implications of an expanded genetic code and on the definition of life. According to Sahinöz, 

no clear definition of life is given in the Quran but life itself is described in the Quran. “In the 

Quran, life is described as a temporary test by God. More precisely, it is written that man was 

created by God to live on the earth for a short time and to be tested by God. From that, a 

philosophical definition of life can be derived by saying that life has a beginning and an 

ending, that it is short and that man are tested within that time by their creator.” 
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While the Quran offers no direct biological definition of life, religious scholars have 

interpreted the Quran and derived expert opinions on genetic engineering from it. “In these 

expert opinions, genetic engineering and the modification of DNA have been discussed. 

Repeatedly, religious scholars concluded that the modification of organisms through genetic 

engineering has to serve a greater good, for example human health.” According to Sahinöz, 

the preservation of human life has top priority in Islam, which is also why Muslims must not 

fast during Ramadan if they are sick or why Muslims would be allowed to eat pork if they 

were starving. Therefore, if research with genetically modified organisms has the goal to 

improve human health or to make life easier, it is approved by Islam. “Research in this area 

has to serve a greater good” Sahinöz said and pointed out that medical research has a long 

tradition in Islam, going back as far as to the beginnings of Islam itself. “Mohammed once 

said that there is no 

sickness without a 

doctor created by God 

to cure that sickness” 

Sahinöz said.  

Risks & Benefits 

All experts raised 

important questions 

when asked about 

risks and benefits. 

Wolfgang E. Heinrich raised the concern that this research could lead to the potential 

reduction of humans to an object that could be expanded and recoded. It would create an 

illusion of feasibility of creating new life. Moreover, he believes that the valuation of life 

would diminish. Henceforth, applications would construct an illusion of perfect life that 

would be exploited. He sees the personal duty of enlightenment, reflection of one’s own 

ethics, which is socially responsible. To that purpose, he catches up on information about 

synthetic biology and uses provided information of the German Ethics Council (Deutscher 

Ethikrat - Synthetische Biologie). 
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Stefan Wolf pointed out some questions, which are important for research on an expanded 

genetic code. If a semisynthetic organism would be able to live independently, are there any 

risks that a semisynthetic organism with an expanded genetic code could evolve further on its 

own? Do we have plans to put that genie back in the bottle? Therefore, we need to think about 

mechanisms to stop semisynthetic organisms to evolve into something unpredictable. With 

attention to the aim that future generations will not suffer from our research, we need to 

design safety forms.  

His view as a theologian offers another aspect. If we could theoretically develop 

pharmaceuticals using a semisynthetic organism and could cure certain diseases or one step 

further, if we could expand the human genome by new components to prevent diseases, we 

need to question if the personal experience of suffering is something bad. He mentioned the 

example of a person who got sick and that person became more sensitive to the depths of life 

through that experience. Therefore, sickness and suffering might make people appreciate life 

more, leading to a happier life after such an experience, a point that also Cemil Sahinöz 

raised.  

But where is the point to stop expanding? Stefan Wolf believes in the evolution. In his 

opinion, we need to stop when we go through processes of evolution, if there is no evolution 

but replacement. One needs to respect that there is no life-ineffective life, so it must not be 

substituted.  The highest maxim of human existence is to be happy. But we must not create an 

illusion of perfection that makes people unhappy because they cannot reach perfection.  

Stefan Wolf also pointed out that to increase acceptance in society, we must make our project 

transparent. Possible users of our technology need to be informed about potential risks, and 

advantages over other techniques. In his opinion, products resulting from our work need to be 

regulated by an independent institution, since people would be interested in the origin of the 

products.  

According to Cemil Sahinöz, the focus in Islam lies on the applications of a technology, not 

so much on the underlying technology itself. When asked about how risk-benefit analysis are 

performed, Sahinöz explained that an experts committee must offer a risk-benefit analysis, 

which will then be handed to a theological committee which can then decide if a certain 

technology should be used from a theological standpoint. “There is also a verse in Quran 

which says that you should seek advice from those who are well versed in their respective 

field”  
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Sahinöz said, pointing out that it is essential that an experts committee offers an opinion on 

the possible benefits, but also on the possible risks before a theological committee can assess 

a technology.  

Concluding, two different standpoints emerged from our interview. Wolfgang E. Heinrich 

said in his final analysis that research on an expanded genetic code cannot create new life and 

should not be pursued. On the other hand, Stefan Wolf is convinced that research on an 

expanded genetic code is useful. Since God gave us rationality, this enables us to carry out 

this research. Therefore, there is no reason why we should not deal with it. He further pointed 

towards the global goals of the United Nations regarding poverty, hunger and clean water 

(The Global Goals). If research on an expanded genetic code could help us in reaching these 

goals, it would be negligent 

not to grapple with synthetic 

biology in general. Cemil 

Sahinöz also approved the 

research on an expanded 

genetic code. From his point 

of view, it is essential that this 

research leads to a better or 

healthier life. Hence, society 

society can benefit from this 

technology. To conclude, the 

most theologians we had 

interviewed support the project to expand the genetic code. From their point of view there is 

no conflict between this form of life and the traditional form of life, god might have created. 

If biosafety aspects are in mind and the resulting products will help people, there is no need to 

stop this research. But there are also critical voices calling for the inviolability of God’s life. 
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The Public´s Perspective 

To assess the public opinion of synthetic biology and synthetic life, as well as thinkable 

applications and attitudes towards them, we designed an online and print questionnaire to be 

handed out to students, pupils and the general public over the course of two months. We 

analyzed and compared a subsample consisting of 96 participants who reported to have had 

experiences with synthetic biology, and 38 participants who reported to not have gotten in 

contact with synthetic biology before. Our analyses show that in general, participants have a 

favorable opinion on synthetic biology. However, people with prior experience have a 

significantly more favorable opinion on synthetic biology than people without prior 

experience, and regard synthetic biology as significantly less risky than the comparison group. 

Regardless of presence or absence of prior experiences, participants report that the majority of 

media reports too critically on synthetic biology, which science textbooks being perceived as 

most objective. Our project in particular was perceived as useful and sensible from both 

groups. 

The 9-page questionnaire for assessing the public’s opinion on synthetic biology and synthetic 

life assessed the following constructs: 

1. Attitudes towards synthetic biology 

The participant’s attitude towards synthetic biology was assessed with 10 ten questions (e.g. 

“The risks synthetic biology harbors are uncontrollable”) using a 6-point Likert-scale (Likert, 

R., 1932) ranging from “disagree completely” to “agree completely” with an “I don’t know” 

option. 

2. Perceived dangers of synthetic biology 

The perceived dangers of synthetic biology in comparison to possible dangers stemming from 

other sources were assessed with eight scenarios on a 6-point Likert-scale ranging from “very 

unsafe” to “very safe” with an “I don’t know” option. Four of those scenarios involved 

synthetic biology (e.g. “Incorporation of non-natural components into the DNA of a 

bacterium”), the other four were unrelated (e.g. “A several hours-long commercial flight 

overseas”). 
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3. Perceived objectivity of third-party reports about synthetic biology 

Participants evaluated third-party reports about synthetic biology by choosing how well 

informed about the topic they felt by six instances, that cover a great fraction of available 

sources for information (e.g. Scientists, politicians, journalists) on a five-point Likert-scale, 

ranging from “not informed at all” via “neutral” to “very well informed”, with an “I don’t 

know” option.  Perceived objectivity was also assessed on a five-point Likert-scale ranging 

from “too critical” via “objective” to “too uncritical” with an “I don’t know” option for media 

such as “Internet”, “Press”, and “text books”. 

4. Previous experiences with synthetic biology 

The participants’ previous experiences were directly assessed by asking whether or not they 

had contact with this topic before. If that was the case, they were asked to state the origin of 

their experiences (e.g. “profession”, “volunteer work”, “politics”). 

5. Definition of life 

The participants’ definition of “life” was assessed by asking them to choose one out of four 

different possible definitions of “life”, which were coded philosophical, scientific, religious, 

or judicial. Afterwards, participants were asked on a five-point Likert-scale to what extent the 

chosen definition fits their personal definition. If the definition did not or did hardly fit, 

participants were asked to write down their own definition of “life”. 

6. Attitudes towards artificial life 

The participant’s attitude towards artificial life was assessed with six questions using a 6-

point Likert-scale ranging from “disagree completely” to “agree completely” with an “I don’t 

know” option (e.g. “life is life – it does not matter whether its origin is artificial or natural”) 

7. Evaluation whether certain forms of life are natural or synthetic 

Participants’ opinion on what is natural and what is synthetic life was assessed by six 

scenarios (e.g. “a bacterium engineered in the lab”) with the options “natural life” “artificial 

life”, “no life at all” and “I don’t know”. 
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8. General attitudes towards our project 

After a two-sentence description of our iGEM-project, participants were asked in three 

questions whether our project was safe, meaningful, and whether or not – if the participant 

had the opportunity to decide – it could proceed. Options were “yes”, “no”, and “I don’t 

know”. 

9. Demographics 

Lastly, participants’ age, gender, education, and profession were assessed to further 

contextualize results. 

Results 

Of all 147 people who answered our questionnaire, a subset of 134 people categorized 

themselves as having prior experiences with synthetic biology or having no such experiences. 

Different areas counted as possible experiences if they included the topic of synthetic biology, 

such as profession, studies, volunteer work, or political activity. In total, 96 participants had 

experiences with synthetic biology, whereas 38 participants did not. In the following section, 

these two groups are analyzed and compared with regards to their opinions on synthetic 

biology and artificial life. 

Demographics 

The age of the participants with experiences in synthetic biology (henceforth: group-PE) 

ranged from 18 to 65 years (M=28.08, SD=10.91), with most of them being students (68.8%). 

Participants with no prior experience (henceforth: group-nPE) were between 19 and 71 years 

old (M=34.64, SD=16.09) with most of them being employed (44.7%). The subsample of 

participants with experience consisted of 56.3% women (36.5 % men, 7.3% did not report), 

while 50.0% of participants without experiences were women (44.7% men, 5.3% did not 

report). In both groups, the majority of participants finished their secondary-school exams, 

enabling them to enter university (group with prior experience: 78.1%, group with no prior 

experience: 68.4%). Figure A shows the mean age of both groups in comparison. 
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Figure A: Mean age of questionnaire participants, sorted by group 

Attitudes towards synthetic biology, synthetic life, and our project 

The top left panel of figure B displays the attitude towards synthetic biology by group. Both 

groups tend to have a neutral to positive view on synthetic biology (group-PE: M=4.5, 

SD=0.99; group-nPE: M=3.59, SD=1.10). However, people with prior experience have a 

significantly more favorable opinion on synthetic biology than people without prior 

experience (t=4.565, p<.001). Additionally, while people with prior experience evaluate 

scenarios of synthetic biology as significantly less dangerous than other scenarios such as 

natural disasters (t=2.884, p=.005), participants without prior experiences assess them as 

significantly more dangerous than other scenarios (t=-3.285, p=.002). See the bottom two 

panels of figure B for a comparison of safety perception with regards to synthetic biology 

(bottom left panel) and other sources (bottom right panel). Consequentially, the group-PE 

evaluates synthetic biology to be less dangerous than group-nPE (t=5.538, p<.001). Both 

groups feel equally informed about synthetic biology by various instances (group-PE: 

M=2.48, SD=0.61; group-nPE: M=2.46, SD=0.69; t=0.174, p=.862).  While both groups feel 

least informed by politicians and politics (group-PE: M=1.63, group-nPE: M=1.72), the 

group-PE states to be best informed by scientists and science (M=3.73), whereas the group-

nPE states to be best informed by non-governmental institutions (M=3.07).  
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Furthermore, participants with prior experience report scientific textbooks to be most 

objective in their reporting on synthetic biology (M=3.17, with 3=”objective”), and people 

without prior experiences state radio, science text books, and scientific papers to be most 

objective (M=3.00 for radio and text books, M=3.05 for papers). For both groups, all other 

media (i.e. the internet, press, and television) are perceived as reporting too critically on the 

subject. 

Attitude towards synthetic life 

The top right panel of figure B displays the attitude towards synthetic life by group. Overall, 

the group-PE has a more favorable opinion on creating and using artificially created life, e.g. 

for humanitarian purposes (t=2.802, p=.006). Additionally, while the decision patterns 

between natural and artificial life is similar in both groups for scenarios not related to 

synthetic biology (i.e. a robot with reactions to damage, a test-tube baby, a brain-dead coma-

patient kept alive by life-maintaining machines, self-replicating computer viruses), while the 

two scenarios concerning synthetic biology  were rated as natural life by the majority of 

group-PE (a bacterium created in the lab: 55.7% of all decisions, a new organism created by 

directed mutations: 56.6% of all decisions), but rated as artificial life by the majority of 

group-nPE (bacterium: 63.6% of all decisions, new organism: 54.8% of all decisions). 
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Attitude towards our project 

After having read a short description of the goals of our project, the attitude towards it was 

generally positive. The majority of members of both groups evaluated our project as 

meaningful (group-PE: 83.3%, group-nPE: 63.2%), and would let it continue if they were to 

decide (group-PE: 80.2%, group-nPE: 60.5%). Concerning the perceived safety of our project, 

70.8% of participants with prior experience regard it as safe, while most participants without 

prior experience do not know whether our project can be considered safe or not (52.6%). 
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Discussion of the results 

With regards to the sampling procedure, it has become apparent that people with prior 

experience in synthetic biology are overrepresented in our analysis. This might be due to the 

environment in which we gathered our participants, which is friends, family, and via the 

team’s as well as the university’s facebook accounts. As most of the people who have had 

contact with synthetic biology are students, members of this group are significantly younger 

than in the group without prior experience (t=-2.243, p=.030). Whether or not these group 

differences influence our analysis results is unclear.  

Concerning the acceptance of synthetic biology, knowledge about the topic seems to be 

positively linked to a favorable opinion. Naturally, this questionnaire is not designed to assess 

whether this link is causal and – if so – determine the direction of influence. It is both possible 

that knowledge of this topic leads to a favorable opinion, and that a favorable opinion leads to 

regular contact with this topic, e.g. by occupation or study course. For the group without prior 

experience, analysis results form a conclusive picture: Synthetic biology is perceived as 

potentially dangerous and genetically engineered organisms are perceived as artificial, hence 

creating and working with synthetic life is rejected. Again, how these attitudes may be 

causally linked is not assessable with this questionnaire.  

Still, regardless of prior experiences, the purpose of our project is generally perceived as 

positive. For members of the group without prior experience, it might be that our project is 

perceived as less problematic than the field of synthetic biology as a whole, or that specific 

applications of synthetic biology for a visible benefit are evaluated positively.  

In conclusion, creating experiences with synthetic biology for people seems to be a promising 

way to increase acceptance. While many sources of information are perceived as too critical, 

experiences provided by trusted sources such as scientists or science text books might help 

spread reasonable and motivating information and thus further promote synthetic biology as a 

helpful and necessary part of science. 
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Conclusion and Guidelines 

All experts, from a wide variety of disciplines agree on one point regarding this project: If 

someone wants to design a new form of life, biosafety and missuse issues must be faced as 

well as a public debate must be initiated. The possible benefits overcome the theroetically 

risks at the moment. 

Concerning our project, we thought about guidelines that should be applied while working 

with semisynthetic organisms. Before intending a project like the expansion of the genetic 

code, researchers should think first about the outcome. If possible, a risk assessment should be 

done, to limit the dangers of research to the minimum. Every step taken should be checked 

and evaluated. While doing this, the principle of transparency is very important in order to 

have an informational exchange, also transnational. The aspect of transparency should include 

the publishing of negative results as well. It is a big problem in the scientific competition that 

experiments that do not work or that shows a result that cannot be interpreted, or results that 

do not go along with the current hypothesis, are dropped. Those negative results could 

contribute for a better understanding in the suitable field of research, if they were accessible. 

And a better understanding leads to a lower risk of the technology in the end. 

Furthermore, all guidelines that are imposed on a certain research should be flexible. Those 

guidelines should not prohibit a project right from the beginning. The research should not be 

stopped, but the guidelines should be flexible in that way that they are individually adaptable 

to different applications that origin from this research. The definition of specific guidelines in 

general should be a process. During this process, guidelines become more and more defined, 

because dangers often become apparent during the research. After a better understanding of 

the technology of an expanded genetic could, some guidelines and biosafety aspects could be 

dispensed, if they are clearly not necessary. 

We developed a flow chart that could be used as an example how to deal with a new project. 

There should be a self-assessment of the research proposal concerning risk, benefits, dual use 

and social implications. If a scientist can justify his research it should be further examined by 

committees. Besides a committee consisting of independent scientific experts, it is also 

necessary to have a committee with experts on ethics, philosophy and religion. To have 

committees with different perspectives is important to evaluate also the social implications for 

example. All committees draft their evaluation on the research proposal into a report.  
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The approval or denial of the scientific project is then based on this report. This report is a 

transparent way to identify the concerns and problems that are stated by each expert of a 

different field. This well documented process of review could go through several cycles after 

changing the research proposal to face the problems. 

 

Tab. 1: Flowchart of essential reflection tasks of a research project. 

For us, it was important during the whole project period that we had to deal with the adopted 

guidelines.  

Parallel to the first pre-experiments in the laboratory, we had discussions with experts, who 

already had worked with our chosen unnatural base pair, concerning the implementation and 

stability of our projected system to get an idea of the dimension of an expanded genetic code. 

 Some of the experts, interviewed for this report, mentioned that we must face the 

unpredictability of an expanded genetic code in vivo. Hence, we started with in vitro 

experiments according the stability of an extended DNA strand during PCR. During our in 

vivo experiments we worked on a small scale to reduce the risk of an accidental escape. 

Additionally, we only expanded the code in some places so that the probability of the 

synthetic part being preserved in case of a release from lab conditions is smaller.  
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Nediljko Budisa calls for scientists to ensure the transparency of their project. For that reason, 

and because it is the original idea of iGEM, we publish all research results, protocols, 

methods and ideas of our project. Everyone should be able to understand our approach.  

Public engagement 

A further aspect that the interviewed experts emphasized is the importance of educational and 

public work on synthetic biology in many ways. As a first aspect, awareness for risks should 

be raised in young scientists so that they learn to reflect on what they are doing. Further on, 

more people should get to know about synthetic biology in general, its chances and what it 

really is about to fill in the blank between specifically educated scientists and people with 

other professions, mostly non-scientists. However, to bridge this gulf, clarification on the 

topic has to start even at school levels.  

As this is also a huge part of iGEM, we had already started educational work on synthetic 

biology before the report and deepened it within all the time. So, we made a lot of projects 

with pupils from higher school grades that included a theoretical as well as a practical 

approach to synthetic biology and was combined with an exchange of information with the 

students. Furthermore, we even organized a large science area in the foyer of the CeBiTec 

building for the “GENIALE – Science Festival Bielefeld”. The GENIALE is a street science 

festival that took place all over the city from August, 19th to August, 26th 2017. Here, people 

from all ages, including very small children as well as their grandparents, could get in touch 

with synthetic biology in different ways. They could do experiments, have a scientific talk 

with us or read all about it on especially created and provided posters. Furthermore, we 

organized a CeBiTec colloquium on nanopore sequencing from PacBio as well as our experts 

conference where every interested person could join the audience. 

As a last aspect, every one of us has told our social environment about synthetic biology, our 

project and the work we do. 

So, all in all, we included this conclusion into our everyday life and are all using any chance 

that we can find to do educational work. 
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