[image: image1]Epistemology of synthetic biology: a new theoretical framework based on its potential objects and objectives

		HYPOTHESIS AND THEORY
published: 20 November 2023
doi: 10.3389/fbioe.2023.1266298


[image: image2]
Epistemology of synthetic biology: a new theoretical framework based on its potential objects and objectives
Mirco Plante1,2*
1Collège Montmorency, Laval, QC, Canada
2Centre Armand-Frappier Santé Biotechnologie, Institut National de la Recherche Scientifique, Université du Québec, Laval, QC, Canada
Edited by:
Pasquale Stano, University of Salento, Italy
Reviewed by:
Nathalie Gontier, University of Lisbon, Portugal
Lorenzo Baravalle, University of Lisbon, Portugal
* Correspondence: Mirco Plante, Mirco.Plante@cmontmorency.qc.ca
Received: 24 July 2023
Accepted: 07 November 2023
Published: 20 November 2023
Citation: Plante M (2023) Epistemology of synthetic biology: a new theoretical framework based on its potential objects and objectives. Front. Bioeng. Biotechnol. 11:1266298. doi: 10.3389/fbioe.2023.1266298

Synthetic biology is a new research field which attempts to understand, modify, and create new biological entities by adopting a modular and systemic conception of the living organisms. The development of synthetic biology has generated a pluralism of different approaches, bringing together a set of heterogeneous practices and conceptualizations from various disciplines, which can lead to confusion within the synthetic biology community as well as with other biological disciplines. I present in this manuscript an epistemological analysis of synthetic biology in order to better define this new discipline in terms of objects of study and specific objectives. First, I present and analyze the principal research projects developed at the foundation of synthetic biology, in order to establish an overview of the practices in this new emerging discipline. Then, I analyze an important scientometric study on synthetic biology to complete this overview. Afterwards, considering this analysis, I suggest a three-level classification of the object of study for synthetic biology (which are different kinds of living entities that can be built in the laboratory), based on three successive criteria: structural hierarchy, structural origin, functional origin. Finally, I propose three successively linked objectives in which synthetic biology can contribute (where the achievement of one objective led to the development of the other): interdisciplinarity collaboration (between natural, artificial, and theoretical sciences), knowledge of natural living entities (past, present, future, and alternative), pragmatic definition of the concept of “living” (that can be used by biologists in different contexts). Considering this new theoretical framework, based on its potential objects and objectives, I take the position that synthetic biology has not only the potential to develop its own new approach (which includes methods, objects, and objectives), distinct from other subdisciplines in biology, but also the ability to develop new knowledge on living entities.
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1 INTRODUCTION
Since the discovery of DNA (Watson and Crick, 1953), several techniques and disciplines have been developed to understand, modify, and create new biological entities. Synthetic biology1 is a new research field which attempts to accomplish this objective by adopting a modular and systemic conception of the living organisms, based on practices and techniques developed in engineering (electric, mechanics, computer science) and biology (biochemistry, molecular biology, biotechnology) (Hartwell et al., 1999; Knight, 2005). Indeed, on the one hand, synthetic biology would not have been possible without the various discoveries and fundamental technological breakthroughs in biology: PCR (Saiki et al., 1988), genome sequencing (Hunkapiller et al., 1991; Fleischmann et al., 1995), as well as the discovery of genetic regulation systems (Jacob et al., 2005). On the other hand, the foundation of synthetic biology was based, among others, on concepts borrow from engineering, which considers biological entities as modular systems that can be hierarchized, normalized, modified and (de)assembled, like computers with its components (Endy, 2005).
Two achievements marked and characterized the beginning of the era of synthetic biology as a potential new discipline. First, the development of the concept « biobrick » (Elowitz and Leibler, 2000; Gardner et al., 2000; Levskaya et al., 2005), based on the physical and mechanistic vision of the concept « living » by Morowitz (1987). Second, the synthesis of an artificial chromosome (genome) introduced into a bacterium, creating the first functional synthetic living organism named Mycoplasma laboratorium (Gibson et al., 2008; 2010). These achievements lead to the establishment of one of the main goals in synthetic biology: the creation of the minimal living genome and cell (Glass et al., 2017; Lachance et al., 2019).
The development of synthetic biology has generated a pluralism of different approaches that may lead to confusion with other biological fields, like systems biology (Westerhoff and Palsson, 2004; Kirschner, 2005) and biotechnology (Aguilar et al., 2013), and suggests that synthetic biology might only be an umbrella that brings together a set of heterogenous practices and conceptualizations from various disciplines (O’Malley et al., 2007; Raimbault et al., 2016). That said, some scientists consider synthetic biology as an extension of biotechnology (Koide et al., 2009; Erickson, 2011), while other scientists advocate that synthetic biology is the applied science of biology, like engineering is for physics (Church, 2005; Knight, 2005; Serrano, 2007; Lachance et al., 2019).
I present in this article an epistemological analysis of synthetic biology in order to clarify this new discipline by specifying its particular objects of study and objectives.
First, I present and analyze the principal research projects developed at the foundation of synthetic biology, in order to establish an overview of the practices in this new emerging discipline (section 2). Then, I analyze a scientometric study on synthetic biology to complete this overview (section 3). Afterwards, considering these analyses, I suggest a three-level classification of the object of study of synthetic biology (which are living entities that can be built in the laboratory), based on three successive criteria: structural hierarchy, structural origin and functional origin (section 4). Finally, I propose three successively linked objectives in which synthetic biology can contribute (where the achievement of one objective led to the development of the other): Interdisciplinarity collaboration (between natural, artificial, and theoretical sciences), knowledge of natural living entities (past, present, future, and alternative), pragmatic definition of the concept of “living” (that could be used by biologists in different contexts) (section 5).
In doing so, I take the position that synthetic biology has not only the potential to develop its own new approach (and objects), distinct from other subdisciplines in biology, but also the ability to develop new knowledge on living entities (as objective).
2 PLURALITY OF RESEARCH PROGRAMS IN SYNTHETIC BIOLOGY
To define the potential discipline of synthetic biology, it is necessary to analyze the different approaches used by its practitioners in order to develop a common “paradigm” or “research program"2 (Raimbault et al., 2016, p.10): « It is crucial to study the way groups of scientists emerge and develop shared visions of their research topic, and eventually create what Kuhn coined as a paradigm ». I present and analyze in this section five main research projects (or “research programs”) composed of different pathways at the foundation of synthetic biology, which will allow to better define the objects and objectives to this new discipline in the next sections of this manuscript (Figure 1).
[image: Figure 1]FIGURE 1 | Main “research programs” (composed of different pathways) in synthetic biology. (A) Rasmussen et al. (2004); (B) Benner and Sismour (2005); (C) Endy (2005); (D) Forster and Church (2007); (E) O’Malley et al. (2007).
2.1 Top-down and bottom-up pathways (Rasmussen)
Following the analysis of two important international conferences on synthetic life, the team of Rasmussen et al. (2004) proposes a research program composes of two pathways based on methods for building living entities in synthetic biology (Figure 1A). This classification is closely related to one of the main projects of synthetic biology: creating the minimal living cell (Xu et al., 2023).
The “Top-down” (or descendant) pathway attempts to build new living entities by taking as a starting point a simple natural unicellular living organism (with a small genome) that will be reduced to the minimum of its structures and functions following mainly genetic manipulations on their genome, in order to obtain the minimal living cell. For example, the studies on reducing the genome of the bacteria Mycoplasma mycoides (Hutchison et al., 1999; Glass et al., 2017), Mesoplasma florum (Baby et al., 2013; Matteau et al., 2017) and Escherichia coli (Posfai et al., 2006).
The “Bottom-up” (or ascendent) pathway, for its part, attempts to build minimal living cells through the assembly of molecular modules (biobricks) made of protein, DNA, RNA or membrane vesicles. For example, the study on building protocells with a lipid vesicle that could self-replicate (Bachmann et al., 1992; Szostak et al., 2001; Adamala and Szostak, 2013; Matosevic and Paegel, 2013; Drobot et al., 2018) or the building of a combined genetic elements into a functional network (Guet et al., 2002).
Let us emphasize that the “top-down” pathway is more particularly favored over the “bottom-up” pathway by synthetic biologists at the moment, considering the large gaps in our knowledge to understanding how cells work. Indeed, it is easier to build the minimum living cell by stripping a given living cell step by step and piece by piece, rather than trying to build an all-functioning living cell all at once with various molecular pieces (Ostrov et al., 2019). That said, these two methods should collaborate and be complementary in a same research program, considering that in the process of building a living entity we might both adding and removing parts along the way.
2.2 Natural and non-natural pathways (Benner)
Benner and Sismour (2005) suggest a research program composed of two pathways, based on the functional and structural origins of the created entities in synthetic biology (Figure 1B).
The “Natural” pathway allows the reproduction of biological functions found in natural terrestrial entities using non-natural structures created in the laboratory (like biomimicry; Breslow, 1972). For example, the studies on new monomers (e.g.,: new nucleotides or amino acids) or polymers (e.g.,: new DNA, RNA and proteins) supporting natural functions (Geyer et al., 2003; Isaacs et al., 2011).
The “Non-natural” (or unnatural) pathway allows the artificial integration of new functions within a natural living entity, by modifying or interchanging natural structures from one entity to another in the laboratory. For example, the studies on genetically modified organisms (e.g.,: bioluminescence in mice; Hadjantonakis et al., 1998) or on the creation of new genomes (Palmiter et al., 1982; Gibson et al., 2009).
Thus, Benner build his Natural and Non-natural functional pathways respectively with non-natural and natural structures. Of course, natural functions are also supported by natural structures (e.g.,: all living things in Nature), and non-natural functions are also supported by non-natural structures (e.g.,: all machines built in engineering). That said, the non-natural function expose by Benner seems to be a natural function (supported by a natural structure, like a known gene) transfer artificially from one natural living entity to another one. We could say that the transferring technic is non-natural, but it could happen in nature in some way following natural evolution process. Could we imagine a non-natural function, not found in nature, that a natural living entity (made of natural and/or non-natural structures) could express following laboratory building? In order to apply these natural and non-natural principles more broadly to all kinds of structures and functions, I suggest a redefinition of the research program of Benner into four pathways, where the “natural” pathways could refer to structures and functions found in Nature, while the “non-natural” pathways could include structures and functions imagined and artificially designed in the laboratory by humans. I will develop and use this classification in section 4 of this manuscript, to identify the objects of synthetic biology.
This revised research program of Benner could be complementary to Rasmussen’s program (Figure 1A), considering that an ascending or descending pathways could either be natural or non-natural in their structures and functions built. It could also be applied to other programs, as I will underline in the presentation of the following research programs.
2.3 Biologist, chemist, writer-editor, engineer pathways (Endy)
Endy (2005) suggests a research program for synthetic biology divided in four pathways based on different disciplinary fields (Figure 1C).
First, the “Biologist” pathway uses technological advances and methods of synthetic biology to study and validate our present knowledge of natural biological systems. For example, the studies on rebuilding and studying natural genetic circuits in vitro and in vivo (Sprinzak and Elowitz, 2005).
Second, the “Chemist” pathway considers synthetic biology as an extension of synthetic chemistry, which allows the construction of new molecules for the purpose of drug development or to better understand living entities. For example, the studies on the synthesis of new molecules that can reproduce natural functions, or studies on transferring functions from a given entity to another (Geyer et al., 2003; Isaacs et al., 2011).
Third, the “Writer-editor” pathway rewrite genomes, like a linguist or a computer programmer, to generate living entities that are simplified or more efficient than natural entities for certain functions. For example, we could include in this path the study of redesigning the bacteriophage T7’s genome (Chan et al., 2005).
Fourth, the “Engineer” pathway design and build biological systems in a simpler and more efficient way. For example, we could include in this path the concept of biobricks or modules which allows the building standardization of new entities (Shetty et al., 2008).
Let’s point out a few remarks on the research program of Endy. First, we can see that some pathways within this research program overlap. Among others, the “chemist”, “writer-editor” and “engineer” pathways all have the objective of creating new molecules or biological subsystems. Furthermore, I do not believe that the “biologist” pathway is the only pathway that can develop knowledge about natural biological systems. Indeed, I take the position that all four Ender’s paths can lead to the development of this knowledge in a complementary manner, through their potential to construct module and whole living entities (natural or non-natural). I will develop this point of building and knowing in section 5 of this manuscript, where I expose the fundamental objectives of synthetic biology.
Then, we note that Endy’s program develops different pathways in connection with other disciplines (biology, chemistry, programmer-computer scientist, engineering), thus questioning the distinction of synthetic biology from other disciplines, and reinforcing the “multidisciplinary umbrella” label attached to synthetic biology.
Finally, we find similarities between Endy’s and Benner’s program (Figure 1A), where all pathways of Endy could be represented in the “natural” and “non-natural” pathways developed by Benner.
2.4 In vitro and In vivo pathways (Forster-Church)
Forster-Church’s team (Forster and Church, 2007) develop a research program composed of two pathways based on structural hierarchical level of complexity (Figure 1D).
The “in vitro” pathway builds autonomous biochemical systems without a cellular membrane. For example, the studying on creating in vitro molecular systems composed of DNA (Tian et al., 2004), RNA (Wang, 1984) and/or proteins (Zhang et al., 2004).
The “in vivo” pathway build new biological entities at the cellular hierarchical level (bacteria mostly) by reducing, modifying or redesigning their genome (Hutchison et al., 1999; Posfai et al., 2006; Baby et al., 2013; Glass et al., 2017; Matteau et al., 2017).
Let highlight a few points of discussion on the Forster-Church’s program. First, the “in vitro” and “in vivo” pathways of Forster-Church’s program are similar respectively to the “bottom-up” and “top-down” pathways of Rasmussen’s program, considering that they involve respectively molecular and cellular structural hierarchical levels of life. They are also similar to the different disciplinary paths of Endy’s program, since they involve both “in vitro” (pathways chemist, editor-writer, engineer) and “in vivo” (pathway biologist) aspects.
Also, the “in vitro” and “in vivo” pathways seems very similar to each other considering that they operate concretely on the same hierarchical level of complexity: DNA molecule. Indeed, the “in vivo” approach focuses on modifying genomes and testing them in a cell, while the “in vitro” approach concentrate on DNA segments linked to RNA and protein expression.
Finally, Forster-Church’s program pathways could be complementary with the revised program of Benner, considering that the “in vitro” and “in vivo” can generate entities from both natural and non-natural structures and functions.
2.5 DNA, genome, protocellule pathways (O’Malley)
O'Malley and Dupré (2007) proposes a research program composed of three pathways based on both the structural hierarchy of the entities and the techniques to be used in the building process (Figure 1E).
First, the “DNA-device construction” pathway aims at building modular biological components (biobricks, modules or genes) using a “bottom-up” method (Wang, 1984; Tian et al., 2004; Zhang et al., 2004; Chen and Elowitz, 2021).
Second, the “genomic cell engineering” pathway aims to synthesize minimal genomes and insert them into genome-less cells. To do this, genomes would first be generated theoretically by bioinformatics and then constructed in the laboratory following “bottom-up” (Palmiter et al., 1982; Guet et al., 2002; Gibson et al., 2009) and “top-down” methods (Hutchison et al., 1999; Posfai et al., 2006; Baby et al., 2013; Glass et al., 2017; Matteau et al., 2017).
Third, the “creation of a protocell” pathway has the objective of creating a complete functional cell from scratch. To do this, the cell would be constructed by assembling cellular subsystems (modules) and membrane vesicles using the “bottom-up” method (Bachmann et al., 1992; Szostak et al., 2001; Adamala and Szostak, 2013; Matosevic and Paegel, 2013; Drobot et al., 2018).
Let’s raise a few points of similarities between the program of O'Malley and the other programs. First, at the level of experimental techniques and methods, “Device-DNA construction” and “creation of a Protocell” pathway correspond to the “bottom-up” pathway of Rasmussen’s program, while “genomic cell engineering” pathway corresponds to the “top-down” pathway of Rasmussen’s program.
Second, at the level of molecular hierarchical level of complexity, the “gene” pathway corresponds to the pathways “in vitro” of Forster-Church and “bottom-up” of Rasmussen. On the hierarchical cellular level of complexity, the “genome and cell” pathway corresponds to the pathways “in vivo” of Forster-Church and “top-down” of Rasmussen. That said O'Malley develops a more detailed, flexible and complementary gradation of these hierarchical pathways than those presented by Forster-Church and Rasmussen.
Finally, we also note that O'Mailey’s program is complementary to Benner’s program (as are those of Forster-Church and Rasmussen), considering that its different paths of construction generate entities that can be “natural” or “non-natural” for their structures and functions.
Considering this analysis of the different research programs in synthetic biology, we could develop a more general and common research program based, on the one hand, on the structural hierarchical level of the constructed entity (or object of study), similar to the programs of O'Malley, but with a broader scope to include entities beyond the cellular level. On the other hand, we could develop a research program based on the structural and functional origin of the constructed entity (or object of study), like the revised program of Benner exposed previously.
In doing so, we should not define a research program based on laboratory techniques (e.g.,: Forsters-Church’s “in vivo” and “in vitro” pathways, Rasmussen’s “bottom-up” and “top-down” pathways, or Endy’s disciplinary pathways) considering that they could be modified over time and eventually become obsolete due to technological advances. That said, all research projects (and pathways) should use and share different methods and techniques in a complementary and collaborative process to achieve its objectives, as proposed by the research program thesis of Lakatos, 1968-1969 (see footnote 2). I will present in the last two sections a new research program for synthetic biology, by defining its objects and objectives, that could address the problems mentioned in this section and guide the development of this discipline to its full potential.
Before presenting my research program proposal, I analyze in the following section a scientometric study of synthetic biology based on O'Malley’s program, which allows an in-depth analysis of all the research published since its foundation, in order to complete the overview of this new discipline.
3 SCIENTOMETRIC STUDY ON SYNTHETIC BIOLOGY
Following the advancement of research, techniques, and scientific publications in the field of synthetic biology, scientometrics uses different computerized tools to process and present the results of analyses made from banks of scientific publications. This thorough process could help to establish a research program (or paradigm) for a given discipline.
An important scientometric study, published in 2016 by Raimbault et al. (2016), analyzes 4,605 articles on synthetic biology published between 1980 and 2015 (from the Thomson Reuters Web of Science article bank)3. I present in this section two characteristics of synthetic biology revealed by this scientometric study: modulation and heterogeneity.
3.1 Building new modules and systems
The study analyzes synthetic biology according to a classification divided into 4 methodological categories. The first three categories are directly linked to O'Malley’s research program (Figure 2E): “biobrick engineering” (corresponding to “DNA-device construction” of O’Malley), “genomic engineering” (corresponding to “genomic cell engineering” of O’Malley) and “protocell creation” (corresponding to “protocell creation” of O’Malley). The fourth category adds to O'Malley’s classification, named “metabolic engineering”, pursues the idea of building small cell-based industries with the construction of new metabolic pathways to produce a desired molecule, such as drugs (Ro et al., 2006) or biofuels (Peralta-Yahya et al., 2012; Choi and Lee, 2013). As the authors themselves point out in their studies, this category is in fact only the application of the three other categories of Raimbault’s classification (or O’Malley’s), leading us to doubt the relevance of this addition. Moreover, this path seems to only takes up the torch of biotechnology, following commercial and practical type of research to produce molecules for human purpose and needs.
[image: Figure 2]FIGURE 2 | Classification of the objects created by synthetic biology based through three successive criteria of construction: Structural hierarchy (1–5), Structural Origins (A-D), and Functional Origins (I and III).
That said, of these four categories, the authors assert that the pathway of “biobrick engineering” would be the most important at the foundation of synthetic biology, considering its specific potential to create new modules (biobricks) or whole systems (living entities) not found in nature. In doing so, this pathway casts a new and innovative light on the study of natural living entities and on scientific practices in the laboratory not found in other disciplines. This new avenue could contribute to the development of new knowledge on living entities, as I will expose in the last section of this manuscript.
3.2 Heterogeneity
The scientometric study also points out a general heterogeneity within synthetic biology, suggesting that this discipline is not a new science per se, but rather an umbrella that encompasses an amalgam of techniques and concepts. In doing so, the authors assert that synthetic biology has for the moment only potential for technological innovation, through its capacity to build biological entities. That said, this heterogeneity might heralds the emergence and stability of this new discipline in the making.
I would add to their affirmation that the plurality and diversity of propositions should be encouraged when brainstorming ideas. But over time, they can become confused if they are not analyzed, organized and articulated with one another, as part of a main comprehensive plan of actions. Thus, I’m for an organized heterogenous discipline, where the diversity of the propositions (e.g.,: methods, objects, objectives) is analyzed on their similarities, differences, and complementarities, in order to articulated them as a whole (e.g.,: a main research program). The present manuscript is a respond to establish a more articulated and heterogenous research program for synthetic biology, based on its object and objectives.
Following this assertion, let us analyze the heterogeneity of synthetic biology which, as I will demonstrate, seems for the moment to be more homogeneous than the authors of the article suggest.
First, the study reveals that the core of synthetic biology was developed mainly in the United States (publications, institutions, scientists)4 and plays the role of boundary spanners at the foundations of this discipline, revealing a more homogeneous than heterogeneous origin of synthetic biology. Although we can undoubtedly consider the United States to be the cradle of synthetic biology, it will be necessary to follow and consider the development of synthetic biology elsewhere in the world before we can depict a more heterogeneous picture of the discipline, as the (European commission, 2005, p.5) pointed out: « Synthetic biology is a nascent field, and there is currently no systematic, global effort to coordinate the developments in this field. Much of the research so far has been pioneered by individual groups in the US, and the European research community has been relatively slow to embrace the field. What is needed [.] is a framework for coordinating the current research, fostering a community of researchers [.] and creating a forum for the establishment of clear goals, shared tools and agreed standards ».
Secondly, the authors use three “Indicators” to select the articles in the scientific literature in order to describe and define synthetic biology: core institutions, business development, governance. The “business” (or commercial) indicator, which selects, for example, research on the production of drugs, biofuels and cosmetics through synthetic biology, is particularly strong in this selection process, as the authors themselves underline (Raimbault et al., 2016, p.14-15): « The indicator “business development” was built from three kinds of information: participation in a Scientific Advisory Board (SAB), creation of a start-up, and ownership of patents as inventors […] The “business development” indicator is particularly strong compared to the other two indicators. The proximity of members of the core-set with commercial activities is almost systematic, suggesting that the relationships between academia and industry are particularly structuring ». In doing so, this criterion orient and homogenizes their scientometric study towards an economic aspect, reinforcing again the idea that synthetic biology is merely an extension of biotechnology. For my part, as I will expose in the last section of this manuscript, I prioritize an objective that is more fundamental than economics, in order to establish a broader, objective, heterogeneous and collaborative discipline that has the potential to develop new knowledge on living entities (rather than economic aspects).
Finally, the scientometric study concludes that the specific object of study in synthetic biology is mainly located at the DNA level, associated with the used of the terms: genomes, biobricks, genetic networks and circuits5 (as also observe with the different research programs exposed in the previous section of this manuscript; Figure 2).
That said, focusing only on the DNA molecules (or proteins) might seem reductive and homogeneous for the object of study of synthetic biology, considering the different structural levels of the hierarchy in Nature (e.g., virus, unicellular and multicellular entities, populations, communities, ecosystems, biomes, biospheres), as well as the diversity of the biological entities on each of this level. In order to widen and heterogenized the field of study of synthetic biology, we should consider extending its object of study to other hierarchical levels of complexity of living organisms. In doing so, it could help to better define this new discipline. Indeed, a discipline can be defined in different ways depending on the point of view chosen: academic institutions (Becher, 1989; Turner B. S., 2000; Parker, 2002; Aram, 2004), social structures (Apostel et al., 1972; Huber and Shaw, 1992), the object of study (Boisot, 1972; Squires, 1992). This scientometric study exposed that synthetic biology has developed a diversity of research programs that provide the singular ability to construct its own object of study (living entities) following different methods. Considering this particularity, I support the idea of defining a discipline by its object of study rather than its academic and social structures.
For example, Squires (1992, p.202) suggests three “dimensions” to define a discipline through its object of study: « i) what they are about (object, content, topics or problems); ii) their stance toward that object, in terms of a concern with knowing, doing or being (methodologies, techniques and procedures); and iii) the extent to which they are operating in a normal, reflexive or philosophical mode (in the extent to which the discipline treats its own nature as the subject of reflexive analysis) ». In the case of synthetic biology, the “object dimension” could be the living entities (as I will expose in section 4 and Figure 2), the “method dimension” could be linked to its ability to build all kinds of living entities in laboratories following different laboratory technic of construction (as expose in section 2 and Figure 1), and the “philosophical dimension” could be linked to the analysis of the orientations and objectives of synthetic biology (as I will expose in section 5).
Thus, following this scientometric study and the research programs expose in the last section (Figure 2), we observe that synthetic biology is for the moment homogenous in its origins, objects of study and objectives. These characteristics might reflect the “child” stage of this discipline prior to its implementation (Bensaude Vincent, 2013, p.128).
That said, the development of its locations (countries) and technologies (methods), as well as its specific objects and objectives, could reveal a more heterogeneous discipline, which could then be analyzed (on its similarities, differences and complementarities) in order to articulate a comprehensive core research program for synthetic biology.
I present in the next two sections of this manuscript some thoughts on the objects and objectives of synthetic biology that might help this potential new discipline to pass from “child” to “coming of age” state of development, as an articulated heterogenous discipline.
4 STRUCTURAL AND FUNCTIONAL OBJECTS OF SYNTHETIC BIOLOGY
I present in this section a proposition of classification of the objects of study built by synthetic biology based on three successive criteria, inspired mainly by the “research program” of O’Malley (Figure 1E; which shares similarities with the research program of Rasmussen, Endy and Forster-Church) and Benner (Figure 1B; which is complementary to all other research programs): Structural hierarchy, Structural Origins, and Functional Origins (Figure 2). This classification of objects could help define synthetic biology as a discipline, and precise its objectives (as I will expose in section 5).
4.1 Structural hierarchy
First, inspired by the research program of O'Malley (Figure 1E), we find a criterion that classifies the object of study according to its structural hierarchy of complexity found in Nature (Figure 2, Level 1, hierarchies 1–5): molecule (e.g.,: monomers and polymers of protein, carbohydrate, lipid and nucleic acid), cell (e.g.,: virus, prokaryote, eukaryote), population-community (e.g.,: grouping of several unicellular and/or pluricellular entities), ecosystem-biome (e.g.,: population and/or community of cellular organisms and their environment) and biosphere (e.g.,: a whole planet, meteorite, stars or other celestial objects)6.
As criticized previously following the analysis of the research programs and scientometric analysis, synthetic biology limits for the moment its object of study mainly to the level of molecule (Figure 2, Level 1, hierarchy 1; e.g.,: DNA fragments, genomes, gene circuits) and unicellular organism (Figure 2, Level 1, hierarchy 2; e.g.,: lipids cellular membranes). Thus, this first criterion broadens the scope of this new discipline to include different structural levels beyond the unicellular organism, as exposed with the following levels of structural hierarchy.
At population and community level (Figure 2, Level 1, hierarchy 3), we could study the communications and interactions between the cells of a given cellular population or communities (Yokobayashi et al., 2003; Tamsir et al., 2011; Cable et al., 2022), involved in the repair, modification, replacement, or addition of cells to the whole. For example, at the bacterial level, scientists are trying to recreate communication systems (“quorum sensing”) to develop new bacterial populations and communities (Brenner et al., 2007; Jaramillo, 2017). We could also study the possibility for a unicellular population to form a pluricellular organism by identifying the genes that allow this transition in Nature, such as the study on the amoeba Dictyostelium discoideum that identified 4 genes essential for this process (Wang et al., 2021).
At the ecosystem level (Figure 2, Level 1, hierarchy 4), we could repair, modify, or replace our terrestrial ecosystems and biomes to ensure their balance and prosperity on our planet. Indeed, human activity is currently altering and deteriorating natural terrestrial ecosystems, causing, among other things, a sixth mass extinction of living species (Ceballos et al., 2017). This extinction will eventually jeopardize certain keystone species supporting ecosystems, potentially leading to their collapse (Paine, 1995; Davic et al., 2003). Scientists could thus intervene on these keystone species to preserve the ecosystem, such as the study of the kangaroo rat Dipodomys replaced by the mouse Chaetodipus baile in the Chihuahuan Desert in the United States (Brown and Heske, 1990; Ernest and Brown, 2001).
At the level of an entire biosphere (Figure 2, Level 1, hierarchy 5), considering again the imbalances caused by human activity, scientists could intervene to repair and modify our biosphere to preserve its balance and prosperity (Solé et al., 2015; Griscom et al., 2017; Solé and Levin, 2022). For example, we could intervene in the terrestrial geobiochemical cycles, such as the CO2 cycle responsible for global warming (Delisi, 2019; Delisi et al., 2020), or in the web of biodiversity (Redford et al., 2013). We could also imagine 1 day being able to reproduce the terrestrial biospheres (by terraforming process) on other planets, moons or celestial objects, following the successive integration and coordination of biological functions supported by different living species (Menezes et al., 2015; Conde-Pueyo et al., 2020).
4.2 Structural origins
Then, based on the revised Benner’s research program (Natural and Non-natural pathways, Figure 1B) we find a criterion that classifies the object of study according to its structural origin. This classification is also inspired by the field of Artificial Life, which has similar and complementary objectives and practical issues to synthetic biology, such as the building of living entities (from artificial and virtual structures) and the extraction of the concept of “minimal life” (Langton, 1989, p.1): « Artificial life is the study of artificial systems that exhibit behavior characteristic of natural living systems. It is the quest to explain life in any of its possible manifestations, without restriction to the particular examples that have evolved on earth. The ultimate goal is to extract the logical form of living systems ». The philosopher Bedau (2007) goes in the same direction by proposing a classification of the artificial living entities in three categories: soft (e.g.,: computer simulations or digital constructions), hard (e.g.,: mechanical, electronic and computer parts), wet (e.g.,: biochemical systems made in laboratories). Considering the classifications of Benner and Bedau, I suggest four kinds of structural origin for the entities made in the laboratory (Figure 2, Level 2, structures A to D): natural, non-natural, artificial, virtual. In doing so, every structural hierarchy level exposed in the first criteria (Figure 2, Level 1) could be made from any of these four kinds of structure.
First, the entity could be built with “natural” organic structures (Figure 2, Level 2, structure A), made in Nature through evolution process. For example, the study of reconstruction of the entire genome of an entity, both those present in Nature today (Palmiter et al., 1982; Gibson et al., 2009; Gibson et al., 2010) and those past or extinct (e.g., the mammoth; Noguchi et al., 2012). We could also add to this category alternatives entities (that could have been built in nature following possible different evolution paths), future entities (anticipated or predicted evolutionary entities) and minimal entities (which is at the center of all natural living entities, as I will develop in the last section of this manuscript), build in laboratory through modification of natural organisms. We might also be able 1 day to build a hybrid living entity made of mixed parts from earth and exoplanetary, which naturally evolve on their respective planets (e.g.,: by using organic structures found in meteorites; Furukawa et al., 2019). At another structural hierarchical level, we could include the rehabilitation or integration of a natural species from a given community or ecosystem into the biodiversity web of another community or ecosystem (Mooney and Hobbs, 2000; Ernest and Brown, 2001). Let us also highlight this interesting study that attempts to encapsulate in a single cell the metagenome and metabolic network of an entire ecosystem (Belda et al., 2021), which could represent a way to study some aspects of the ecosystems in the laboratory, and ultimately distilled the minimal functional metagenome possible that support an ecosystem.
Second, the constructed entity could be built with “non-natural” organic structures (Figure 2, Level 2, structure B), which are not made in Nature from the evolution process. For example, the studies on the synthesis of new organic molecules (nucleotides, amino acids or hybrid molecules; Geyer et al., 2003; Isaacs et al., 2011), new replicative lipid vesicles (Zepik et al., 2001; Noireaux and Libchaber, 2004), new genes (Palluk et al., 2018) or even new cellular entities from scratch.
Third, the constructed entity may be built with “artificial” inorganic structures (Figure 2, Level 2, structure C). These man-made structures (made of metallic and/or plastic parts) are mechanical, electrical and computer circuits that mimic natural functions found in living entities. For example, nanorobots (small robots at the nanoscale) could act as cellular organelles, such as mitochondria to produce cellular energy, or as a kind of cell in a pluricellular organism, such as lymphocytes to kill cancer cells or pathogens (Esteban-Fernandez de Ávila et al., 2018; Wavhale et al., 2021). At another level of hierarchy, artificial entities could mimic natural pluricellular animals, such as pollinating insects, to alleviate the environmental problems of animal and plant biodiversity loss (Chen et al., 2019). And let’s not forget the thousand and one humanoid robot projects (robot sapiens) developed all over the world, such as the Atlas robot by the company Boston Dynamics7.
Finally, the constructed entity may be made of “virtual” immaterial structures (Figure 2, Level 2, structure D). This category could include in silico logical models or software systems that can support properties of the living, as Benner and Sismour (2005, p.542) underline: « Various types of artificial life that live in silico have been suggested as being a form of ‘synthetic biology’. This approach involves using simulations to evolve computational analogues of the emergent behaviours of living systems. Many of these artificial life forms compete for resources (such as computer processor cycles) within a computer, and therefore evolve ». For example, computer programs that would enable the design of virtual cells (Tomita et al., 2009; Schellenberger et al., 2011; O'Brien et al., 2015; Breuer et al., 2019) or artificial intelligence supporting living properties (e.g.,: AlphaGo developed by Silver et al., 2018).
4.3 Functional origins
Finally, once again inspired by the revised program of Benner (Natural and non-natural; Figure 2B), we find the criterion that classifies the object of study according to its functional origin (Figure 2, level 3, functions I to III): natural, supernatural, non-natural. In doing so, every hierarchical structure exposed in the first criteria (Figure 2, Level 1), made from all kinds of structural origins as mentioned in the second criteria (Figure 2. Level 2), could support any of these functions.
First, the constructed entity could perform a “natural” function (Figure 2, Level 3, function I), which has been developed in Nature following the evolution of biological entities. This function may be found originally in a natural entity that developed it following natural evolution (or be transferred to another species following laboratory techniques) or supported by non-natural or artificial entities. For example, the bioluminescence produced by the green fluorescent protein, which is originally expressed by fireflies and jellyfish, can be transferred to other animal species, such as plants (Hu and Cheng, 1995) or animals (Hadjantonakis et al., 1998). At another structural level, we could include studies on the integration of a new species in a given ecosystem, which replace the natural function of an extinct species (Mooney and Hobbs, 2000; Ernest and Brown, 2001). We could also include robots that replace natural insects for the natural function of polinization (Chen et al., 2019).
Second, the constructed entity could perform a “supernatural” function (Figure 2, Level 3, function II), which correspond to a perfected or extrapolated natural function. This category echoes the statement of Morange (2009, p.23) that synthetic biology could perfect or optimize Nature: « Their conviction is that ‘nature is imperfect and should and can be revised and improved’». For example, we could include the studies of building entities that produces a more efficient and strong bioluminescence than that found in nature (Cubitt et al., 1995; Heim and Tsien, 1996), or develop a hemoglobin protein that transports oxygen more efficiently in red blood cells (Cooper et al., 2019; Morita et al., 2021), or extend the natural lifespan of a given living cell (Smith et al., 2018; Lan et al., 2019; Mahmoudi et al., 2019). We could also include studies on the design of artificial intelligence (or A-life) that can perform better human intellectual function (e.g.,: AlphaZero play the games of Chess and Go better than humans; Silver et al., 2018; McGrath et al., 2022) or human physical capacity (e.g.,: the promising Atlas robot from Boston Dynamics; DIANA robot that can ski a big slalom, Park et al., 2022; also the team of robots playing soccer; Yu et al., 2023) or footbal (Song et al., 2022).
Third, the constructed entity may perform a “non-natural” function (Figure 2, Level 3, function III), which is not found in nature, but was generated by the human mind and concretized in the laboratory, as underlined by the New and Emerging Science and Technologies committee of the European Commission (2005), (p.5): “For some, synthetic biology is the engineering of biology: the synthesis of complex, biologically based (or inspired) systems, which display functions that do not exist in nature ". This type of function allows for the exploration and extension of the functional limits of living entities, as O'Malley underline (2007, p.63): « Instead of being an end, the production of unnatural functions by engineering can be framed as a profound question about biological plasticity and how our understanding of natural phenomena can be extended ». For example, the production of a new drug by cells created in the laboratory (Bashor et al., 2022), or a bacteria expressing a new metabolic pathway conceptualized in the form of a module capable of degrading a polluting agent in the environment, like plastic or a particular toxic compound. We could also include the creation of a potential entity that can generate its energy from galactic rays (as suggest the bacteria Desulforudis audaxviator, which is powered by radioactive substances; Chivian et al., 2008; Atri, 2020). Pushing the imagination a little further, we could build a living entity that can spit fire, in the manner of the myth of dragons.
According to this categorization, a living entity constructed in laboratories thus comprises a hierarchical structural level (molecule, cell, population-community, ecosystem-biome, biosphere), a structural origin (natural, non-natural, artificial, virtual) and a functional origin (natural, supernatural, non-natural). For example, synthetic biology could build a cellular entity (Structural hierarchy level 2: cell; e.g.,: a bacterium), with a non-natural structure (Structural origin level B: non-natural; e.g.,: biobricks or modules made from modified nucleotides and phospholipids that do not exist in nature), which express a supernatural function (Functional level 2: supernatural; e.g.,: powerful bioluminescence).
Moreover, a combination of these classify structures and functions are also possible. Indeed, we could build a structural hybrid entity with different hierarchical levels (molecules and/or cells and-or population-communauté and/or ecosystem and/or biosphere), using different structural origin (natural and/or non-natural and/or artificial and/or virtual). For example, we could build a natural multicellular entity (an animal) to which an artificial molecular module or cell or organ has been grafted (e.g.,: the pacemaker in a heart, a mechanic heart, nanorobots in blood with immune cells functions, or the Neurolink project on human cortex (Musk, 2019)). We could also imagine a biofilm of bacteria (Watnick and Kolter, 2000) in symbiosis with nanorobots, or an artificial organism that could replace a keystone species in a natural ecosystem (e.g.,: a pollinating robot insect (Chen et al., 2019)).
The constructed entity may also have a hybrid function, such as integrating a multicellular entity with a non-natural function into a natural ecosystem performing natural functions. For example, a bacterium with a new module which produces a new molecule that could neutralize a toxic molecule in the natural geochemical cycle of an ecosystem.
Thus, this classification of the objects of construction and study of synthetic biology demonstrates the potential of this discipline to go beyond the construction of DNA or cellular entities as an object of study, with a variety of structural and functional origins. These objects of study could help define the objectives of this new discipline in development, as I will expose in the next section.
5 FUNDAMENTAL OBJECTIVES OF SYNTHETIC BIOLOGY
Following the analysis of the research programs and the scientometric study in synthetic biology, we note that the fundamental objectives of this potential discipline are not clearly established for the moment. That said, based on the classification of the objects of synthetic biology I suggested in the previous section, I propose in this section three successive fundamental objectives for synthetic biology, where one objective brings the other following this sequence: Interdisciplinary collaboration, Knowledge on living entities, Definition of the concept of “living".
5.1 Interdisciplinarity collaboration
Each discipline has its specific object of study, objectives, and methods, but in order to develop knowledge on complex objects or questions, we sometimes need to go beyond the classic border of disciplines, toward an interdisciplinarity collaboration (Rossini and Porter, 1979; Choi and Pak, 2006; Jacobs and Frickel, 2009; Brigandt, 2013; Clark and Wallace, 2015; Hannon et al., 2018). That being said, we should not in the process reduce complex problems to disciplines studying lower levels of phenomena by supposing that they are explanatorily more valid or fundamental, like chemistry and physics levels (Oppenheim and Putnam, 1958; Brigandt, 2010, p.309)8. In our present case, the “living entity” is a complex object which should not be reduced to its molecular aspects with the DNA molecules (or genes and genomes) studied by molecular biology, as exposed with the analysis of the research programs in synthetic biology (Figure 1). This research process should rather involve a collaborative network of different teams and projects with a specific common object of study (living entities) and a common objective of developing new knowledge on it (this point of view is, among others, based on the theory of knowledge “research programs” developed by Lakatos (1968-1969); see footnote 2 in this manuscript). In doing so, all structural levels of complexity of the living, through an interdisciplinary collaboration between different sub-disciplines of biology (e.g.,: molecular biology, cellular biology, ecology, and synthetic biology), should be involved in developing knowledge on this complex object (as I exposed with my classification of the objects built in synthetic biology; Figure 2, Level 1).
Moreover, as presented previously, synthetic biology contains aspects of several disciplines at its foundation: biochemistry, molecular biology, chemistry, biotechnology, genetics, engineering, computer science, microbiology, biophysics, mathematical and computer biology (Raimbault et al., 2016; Shapira et al., 2017). Thus, synthetic biology is interdisciplinary both internally, considering its foundations, and externally, considering its objects of study shared with other disciplines. In doing so, synthetic biology must, as a first fundamental objective, develop and maintain an interdisciplinary collaboration. As I will demonstrate in this section, this collaboration should go beyond biological disciplines, to include artificial and theoretical sciences.
In order to articulate the interdisciplinary collaboration to study living entities, we could follow the example one of the most cited organizational systems for academic disciplines: the “Three dimensions” classification of Biglan (Biglan, 1973a; Biglan, 1973b; Stoecker, 1993; Simpson, 2017). In the first dimension, Biglan divides disciplines into “hard” disciplines (i.e.,: natural sciences), which “subscribed to by all members of the field” (Biglan, 1973a, p. 201), and “soft” disciplines (i.e.,: humanities/social sciences), which “content and method tend to be idiosyncratic” (Biglan, 1973a, p. 202). In the second dimension, Biglan classifies more specifically the disciplines into “pure” (e.g.,: mathematics, chemistry, geology … ) and “applied” (e.g.,: engineering). In the third dimension, Biglan separates disciplines engage with “living systems” (e.g., biology) and “non-living systems” (e.g.,: history)9.
Inspired by Biglan’s classification, I propose an interdisciplinary model for synthetic biology that articulates three general spheres of science, which include all the specific disciplines involved in the project of studying the object of living entities in a collaborative way (Figure 3):1- « Natural science » (which includes biology, microbiology, genetic, chemistry; Figure 3A), corresponding to the “hard” disciplines of Biglan; 2- « Artificial science » (which includes all types of engineering: civil, electric, mechanic, informatics; Figure 3B), corresponding to the “apply” disciplines of Biglan; 3- « Theoretical sciences » (which includes mathematics and computer sciences; Figure 3C), corresponding to “pure” disciplines of Biglan. This interdisciplinary dynamic in synthetic biology is well represented by the design of the “genetic toggle switch” module (Gardner et al., 2000, p.339): « Here we have integrated theory and experiment by constructing and testing a synthetic, bistable gene [natural science] circuit [artificial science] based on the predictions of a simple mathematical model [theoretical science] ».
[image: Figure 3]FIGURE 3 | Interdisciplinarity of synthetic biology. Three main spheres to study living entities: (A) Natural Sciences (e.g.,: biology, genetics, microbiology, chemistry, physics … ); (B) Artificial Sciences (e.g.,: mechanical, computers, electric and civil engineering); (C) Theoretical sciences (e.g.,: philosophy, mathematics, computer … ). Light gray areas are the intersection of spheres of study where we could build knowledge on the living entities. Dark gray area is the intersection of spheres of study where we could not build knowledge on living entities.
Compared to Biglan first and second dimensions, I choose to separate “natural science” and “artificial science” in my model considering the structural origins (or composition) of the object studied in synthetic biology (as presented previously in this manuscript: Figure 2, Level 2). I also prefer the term “theoretical science” over “humanities” in order to blend mathematics and computer sciences with humanities disciplines in a pragmatic theoretical context. I would also include the discipline philosophy (philosophy of science and philosophy of biology) in the sphere of “theoretical sciences”, considering, on the one hand, that it could help clarify the objects and objectives of a given discipline, as I am doing with the present manuscript, on the other hand, it could contribute to solving concrete scientific problems (as exposed by Laplane et al., 2019)10. Indeed, one of the main concrete problems for synthetic biology is linked to its capacity to build new entities characterized as “living”, even though the concept of “living entity” has no clear definition and is still debated within the communities of philosophers and scientists (as I will expose in the last section of this manuscript; Trifonov, 2011). How can we build and characterize an object as “living” if we do not have a clear definition of it?
Considering the fundamental role of philosophy (theoretical sciences) in establishing a definition of the concept “living” and identifying living entities, we could add at the intersections of the three spheres of the model whether the constructed entity is characterized as “living” or “non-living”. In doing so, the light gray areas in my model correspond to the intersections of the spheres where we could identify and construct knowledge about living entities according to philosophy (between Theoretical Sciences and Natural Science and between Theoretical Sciences and Artificial Science). The dark gray area in my model corresponds to the intersection of the spheres where we could not construct knowledge about living entities (between Natural Science and Artificial Science) since philosophy (included in Theoretical Sciences) is not involved in this intersection.
This aspect of my model is different from the third dimension proposed by Biglan’s model, since the latter does not specify the definition (or meaning) of the “living” concept he used to classify his disciplines. For example, a chemical system classifies as a “non-living system” by Biglan could be characterized as living using different or flexible definitions of the concept “living”, like the definition use by NASA (Joyce, 1995): « Self-sustaining chemical system capable of Darwinian evolution ». More fundamentally, Biglan classify the discipline philosophy in the “non-living system” group, despite the fact that philosophy is at the center of the epistemology of the concept “living”, and that it might play a main role to identify which entities are living and non-living, as expose by my model with the gray intersections (Figure 3).
Thus, “Theoretical Sciences”, which have been dissociated from biology for several decades, would regain their place alongside the experimental sciences through the development of synthetic biology (as also affirm by Morange, 2009, p22-23). More generally, this model contributes to the dialogue between the “two academic cultures” (to use the expression use by Snow, 2001), which are the natural sciences and the humanities.
Following and related to this first fundamental objective of synthetic biology on interdisciplinary collaboration, essential to the resolution of complex problems, I present in the next sections two other fundamental objectives of this discipline, representing complex problems where synthetic biology could contribute: Developing knowledge on living entities, Developing a pragmatic definition of the concept of “living".
5.2 Knowledge on living entities
Each biological subdiscipline has its own angle or structural hierarchical level of study of living entities, shedding light on one facet of the living world. By pooling this knowledge, we can have a better understand of the living. For example, molecular biology and genetics study the DNA molecule, biochemistry study the metabolism of living organisms, microbiology and cellular biology study the cell, ecology study populations, communities and ecosystems. Synthetic biology has for its part the particular capacity of constructing living entities (Forster and Church, 2007; Ruiz-Mirazo and Moreno, 2013), where “constructing” can be synonymous of “knowing”, as suggested by Keller (2009, p.337): “Making, be it with mathematical objects, paper tools, chemical precipitates, or nucleo-protein or robotic modules-as itself a form of knowing”. Considering the range of living entities that can be constructed by synthetic biology (Figure 2, Level 1), the second fundamental objective of synthetic biology should then be the development of knowledge on living entities, in collaboration with other biological subdiscipline. We could point out four kinds of knowledge that could be developed by synthetic biology.
First, synthetic biology has the potential to contribute to the development of knowledge on living entities found in the present or past Nature, as outlined previously with the construction of living entities made from natural structures (Figure 2, Level 2: A) that support natural functions (Figure 2, Level 3: I). We could include in this category of knowledge the research on the origin of Life on Earth (Oparin, 1924; Fox and Dose, 1972; Miller and Orgel, 1974; Dunér et al., 2016) and on the “Last universal common ancestor (LUCA) " (Rouch, 2014; Weiss, 2016; Weiss et al., 2018).
Second, this discipline has the capacity to imagine and construct living entities that could have appeared in Nature following alternative path of evolution (Keller, 2009, p.337): « […] manual and experimental manipulations can stir and provoke the theoretical imagination, thus leading us to an understanding not of how life actually did evolve, but how it could have evolved ». This aspect reminds us of the “videotape” metaphor of Gould (1989), who argues that if we could rewind the movie of the history of life and replay it, the evolutionary history that would unfold would be different, with different living entities in a different tree of life. We could therefore imagine and build these possible alternative living entities in the laboratory, made from natural and/or non-natural organic structures (Figure 2, Level 2: A and B), which can support natural, supernatural and/or non-natural functions (Figure 2, Level 3: I, II and III).
Third, we could use synthetic biology to imagine and build living entities that would come from outside the Earth’s biosphere, from elsewhere in the Universe. Let us underline that NASA founded a major Astrobiology Institute11 in 1998, whose goal is to answer these three fundamental questions: “How did life begin and evolve? Is there life elsewhere in the Universe? What is the future of life on Earth and in the Universe? That said, one of the great challenges of the discipline astrobiology lies in the fact that it is still looking for its own object of study, extraterrestrial living entities, which may have structures and functions different from those observed in terrestrial Nature (Dick, 2012; Cleland, 2019; Kolb, 2019; Malaterre et al., 2022; Malaterre and Lareau, 2023). Synthetic biology can contribute in studying the structural and functional flexibility and possibility of the living entities in the laboratory, as points out by Benner (2013, p.118): “Synthetic biology should also help NASA to seek life in its probes of the Solar System. By asking what is possible in the chemistry that supports life, we are more likely to recognize weird life should we encounter it".
That said, a fundamental question remains: what is the definition of the concept “living entity”, or to put it more simply, “what is life"12 ? Indeed, when building new living entities (in synthetic biology) or searching for new living entities in the Universe (in astrobiology), we first need a pragmatic definition of this concept. This question is another fundamental objective that synthetic biology could contribute to, linked to the previous objectives of interdisciplinary collaboration and development of knowledge, as I expose in the next section.
5.3 A pragmatic definition of the concept of “living"
Scientists and philosophers still do not agree on a clear and unanimous definition of “living”: There are 123 non-redundant definitions of “living” (Trifonov, 2011). Each discipline has its own angle and agenda depending on their theoretical and experimental perspective, leading to forge definitions of living in a subjective, redundant, or divergent manner depending on their disciplinary agenda (Machery, 2012; Bich and Green, 2018). This definitional pluralism can become a problem in certain situations requiring a more consensual and practical definition of “living entity”, as exposed for synthetic biology and exobiology.
In order to overcome this complex epistemological problem, it is necessary to use a collaborative and interdisciplinary approach (Dupré and O’Malley, 2009; Ruiz-Mirazo et al., 2010; Cleland, 2012). Considering its internal and external interdisciplinarity (corresponding to the first objective; Figure 3), its wide range of building entities (corresponding to the second objective; Figure 2) and its goal of building the minimal cellular living entity following different methods (Figure 1), synthetic biology could play a central role in defining the concept of living, and thus should represent its third fundamental objective (Morange, 2009, p.29): « Synthetic biologists will answer the question ‘What is life?’ and give an implicit definition of it ». I present in this section three successive steps to achieve this objective.
First, we must ensure that we have a representative heterogenous sample of living entities, in plurality and variety, to extract a definition of the concept of “living entity”. In doing so, the study of the terrestrial tree of life (including present and past species) is not sufficient in this epistemological quest, considering that it represents only one example of life (n = 1), as Cleland (2012, p.126) states: “One cannot safely generalize to all of life, wherever and whenever it may be found, from a single, potentially unrepresentative, example of life”. Indeed, all terrestrial living entities derive from the present evolutionary tree and from the same ancestor or group of ancestors (Doolittle, 1999; Bapteste et al., 2009). We must therefore imagine alternative trees of life, search for extraterrestrial living entities, and test the flexibility of life to increase the number of examples of life, as exposed previously with the second objective of synthetic biology. Besides natural entities, we could also conceive living entities made of inorganic or immaterial structures (such as electrical and computer circuits, mechanical systems or computer software) that would artificially and virtually mimic the minimal living functions, as expose previously with the objects of synthetic biology (Figure 2). These types of entities could in turn contribute to studying and defining the concept of “living entity".
This objective requires, as exposed previously, the collaboration of all the disciplines (Figure 3), from Natural, Artificial and Theoretical sciences, which study different aspects of the living at the structural and functional level (Figure 4, I, II, III, IV). Synthetic biology, being between natural and artificial sciences, can be the interdisciplinary bridges of these disciplines for the study of the diversity and flexibility of living entities, considering its ability to build (and develop knowledge on) different kinds of living entities.
[image: Figure 4]FIGURE 4 | Collaboration on the epistemology of the living. Raw I and II: Theoretical sciences are necessary to help Natural and Artificial Sciences identify their objectives of the object of study: living entities. Raw II and III: Examples of specific disciplines in Natural Sciences (Terrestrial biology and exobiology) and Artificial Sciences (Engineering and Artificial life). Synthetic biology is half-natural and half-artificial science considering its interdisciplinary foundation (on methods and objects of study). Raw III and IV: each specific disciplinary can study living entities through their methods and point of view. Synthetic biology, considering its interdisciplinary foundation, can collaborate on both sides of these sciences (Natural and Artificial) and make bridges between them. On raw IV and V: All specific disciplines can collaborate to establish the minimal living entity and the definition of life.
Second, from this plurality and diversity of living entities, we could then extract or distill a minimal entity common to all these living entities (Figure 4, IV, V). This minimal entity has potentially never existed naturally by itself in its most refined form but would be found in an immutable way at the heart of all entities characterized as living. It would be buried under different natural structural (Figure 2, Level 2, A) and functional (Figure 2, Level 3, I) layers, resulting from the natural evolution process in different environmental contexts (Glass et al., 2006, p.425): “In an environment that is free from stress and provides all necessary nutrients, what would constitute the simplest free-living organism?
Third, once the minimal living entity is “extracted”, we could verify if we can make this natural minimal living even more minimalism by replacing a natural module supporting a given function by another laboratory-designed module (of natural or non-natural structural origins; Figure 2, level 2) that could be simpler and/or more efficient than the naturally evolved module (like supernatural functions; Figure 2, level 3, II). For example, the studies on rewriting a genome by altering its genetic code (Ostrov et al., 2016; Fredens et al., 2019).
Considering these three steps, the minimal living entity generated could be considered as the materialization or a pragmatic definition of the concept “living entity".
6 CONCLUSION

I present in this manuscript an epistemological analysis of synthetic biology to specify its objects and objectives, in order to define and develop this new discipline.
I first present and investigate the pluralism of “research programs” developed at the foundation of synthetic biology, complemented by the analysis of a scientometric study, in order to establish an overview of the practices and concepts at the foundation of this new emerging discipline.
Then, to better define synthetic biology through its object of study, I suggest a three-level classification of living entities that can be built in the laboratory, based on their hierarchical structural level (molecule, cell, population-community, ecosystem-biome, biosphere), structural origin (natural, non-natural, artificial, virtual) and functional origin (natural, supernatural, non-natural).
Finally, considering its objects of study, I propose three successively linked objectives in which synthetic biology can contribute: to maintain internal and external interdisciplinary collaboration (between natural, artificial, and theoretical sciences); to develop knowledge on living entities (by building a great variety of them); to establish a pragmatic definition of the concept of “living” (by distilling the minimal living organism).
These fundamental objects and objectives could correspond to a new theoretical framework or “research program” for synthetic biology, which defines this new discipline. Thus, considering this epistemology, we might conclude that synthetic biology is a discipline at his “coming of age” step (rather than at his “child” step, as affirm by Bensaude Vincent (2013), p.128), which has the potential to develop a new and distinct angle for studying, understanding, and defining living entities in a collaborative manner.
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FOOTNOTES
1The first scientist to use the term “synthetic biology” was probably Stéphane Leduc in his book Synthetic Biology published in 1912, which exposed the creation of non-living entities that could reproduce certain structures and functions of living entities (Keller, 2009, p.335). Today, it is generally recognized that the term made its appearance with the meaning used today following the publication of an important article by Hartwell in 1999 (titled “From molecular to modular cell biology” and publish in the journal Nature), which laid the foundations of this potential new discipline (Morange, 2009, p.22).
2“Paradigm” and “Research program” refer respectively to the theory of knowledge developed by Thomas Kuhn (1962) and Imre Lakatos (1968-1969). A Kuhnian paradigm is, as summarized by Godfrey-Smith (2003), p.239): " a whole “way of doing science”. A paradigm will typically include theoretical ideas about the world, methods, and subtle habits of mind and standards used to assess “good work” in the field”. A Lakatosian research program is, for its part (Godfrey-Smith, 2003, p.240): " a sequence of scientific theories that all explore and develop the same basic theoretical ideas ". I favor the Lakatosian concept of “Research program” (complemented by the “tradition of research” of Laudan (1977)) which allows the coexistence of several progressive “programs” at the same time, as I will expose in this section for synthetic biology, while the khunian paradigm approach only allows one paradigm at the time, which can be replaced completely through a “revolution” process.
3This study follows another scientometric study publishes by Oldham et al. (2012), which analyze 1,255 articles publish between 1980 and 2011.
446.5% of the articles on synthetic biology, as well as 8 of the 10 most important institutions publishing in the field of synthetic biology, are of American origin. American scientists pioneers of synthetic biology include C.A. Voigt, D. Endy, J.M. Church, J.D. Keasling, J.J. Collins and J.C. Venter.
5Some scientists are trying to broaden the field of synthetic biology by including engineer (or design) proteins (Foo et al., 2012; Liu, 2015; Hu, 2015; Chen and Elowitz, 2021), but this object is still at the hierarchical level of molecules, and closely connected to DNA considering their link to the transcription-traduction process.
6Some entities from different levels of structural hierarchy of the living are considered by some scientists and philosophers as “superorganisms” following revision of certain properties. For examples: biofilms (Shapiro, 1988; Watnick and Kolter, 2000; O'Malley and Dupré, 2007), clonal plant populations (such as trembling aspen; Jackson et al., 1986; Bouchard, 2008), eusocial animal population (such as the termites; Wilson, 1985; Turner J. S., 2000; Bouchard, 2010), the whole biosphere (Lovelock, 1979; Doolittle, 2017). These “superorganisms” could be objects of study for synthetic biology.
7https://www.bostondynamics.com/atlas
8There is a debate in philosophy of biology on reductionism in biology. I will not elaborate on this topic in the present article. To read on this subject, I recommend the following articles: Hull (1972) Reductionism in Genetics—Biology or Philosophy? Gilbert and Sarkar (2000) Embracing complexity: organicism for the 21st century; Rosenberg (2006) Darwinian Reductionism: Or, How to Stop Worrying and Love Molecular Biology; Morange (2006) Post-genomics, between reduction and emergence; Brigandt (2010) Beyond reduction and pluralism: toward an epistemology of explanatory integration in biology; Muszynski and Malaterre (2021) A roadmap to explanatory pluralism: Introduction to the topical collection.
9Biglan was inspired by the theory of knowledge of Thomas Kuhn and his concept of “paradigm” (a body of theory which is subscribed to by all members of the field). He then characterizing is “hard” and “soft” disciplines respectively as “paradigmatic” (with high degree of paradigmatic consensus) and “pre-paradigmatic” (paradigms that are more nebulous). As I previously mentioned in this paper (footnote 2), I prefer the term “research programs” of Imre (Lakatos, 1968-1969) over the “paradigm” of Thomas Kuhn, considering that it is more adapted to an interdisciplinary and pluralistic context of research projects.
10We could also include the discipline of ethics in this sphere since all science discipline will need ethical guidance and boundaries it their research. On that matter, synthetic biology is currently the subject of several discussions (which I will not elaborate in the present paper) on the limits of what we can build or modify in living entities in order to preserve the integrity of life and ensure our biosafety (Cello et al., 2002; Samuel et al., 2009; PCSBI, 2011; Keiper and Atanassova, 2020; Lewis et al., 2020).
11Astrobiology Institut of NASA: https://astrobiology.nasa.gov/nai/about/
12The book “What is life ? the physical aspect of living cell”, published in 1944 by Erwin Schrödinger (1944), laid the modern foundations for this fundamental and still relevant questioning.
REFERENCES
 Adamala, K., and Szostak, J. W. (2013). Nonenzymatic template-directed RNA synthesis inside model protocells. Science 342 (6162), 1098–1100. doi:10.1126/science.1241888
 Aguilar, A., Magnien, E., and Thomas, D. (2013). Thirty years of European biotechnology programmes: from biomolecular engineering to the bioeconomy. N. Biotechnol. 30 (5), 410–425. doi:10.1016/j.nbt.2012.11.014
 Apostel, L., Berger, G., Briggs, A., and Michaud, G. (1972). Interdisciplinarity: problems of teaching and research in universities, 323. Paris: Organisation for Economic Cooperation and Development, ED061090. 
 Aram, J. D. (2004). Concepts of interdisciplinarity: configurations of knowledge and action. Hum. Relat. 57 (4), 379–412. doi:10.1177/0018726704043893
 Atri, D. (2020). Investigating the biological potential of galactic cosmic ray-induced radiation-driven chemical disequilibrium in the Martian subsurface environment. Sci. Rep. 10, 11646. doi:10.1038/s41598-020-68715-7
 Baby, V., Matteau, D., Knight, T. F., and Rodrigue, S. (2013). Complete genome sequence of the Mesoplasma florum W37 strain. Genome announc. 1 (6), 008799–e913. doi:10.1128/genomea.00879-13
 Bachmann, P. A., Luisi, P. L., and Lang, J. (1992). Autocatalytic self-replicating micelles as models for prebiotic structures. Nature 357, 57–59. doi:10.1038/357057a0
 Bapteste, E., O’Malley, M. A., Beiko, R. G., Erehefsky, M., Gogarten, J. P., Franklin-Hall, L., et al. (2009). Prokaryotic evolution and the tree of life are two different things. Biol. Direct 4, 34. doi:10.1186/1745-6150-4-34
 Bashor, C. J., Hilton, I. B., Bandukwala, H., Smith, D. M., and Veiseh, O. (2022). Engineering the next generation of cell-based therapeutics. Nat. Rev. Drug Discov. 21, 655–675. doi:10.1038/s41573-022-00476-6
 Becher, T. (1989). Academic tribes and territories: intellectual enquiry and the cultures of disciplines. Milton Keynes: The Society for Research into Higher Education and Open University Press, 238p. ISBN-10 ‏ : 0335206271. 
 Bedau, M. A. (2007) Artificial life. Handbook of the philosophy of science. Volume3: philosophy of biology. Editors: Matthen M., Stephens C., Paul Thagard D. M. G., and Woods J., Amsterdam: Elsevier, 585–603. ISBN: 9780080471242.
 Belda, I., Williams, T. C., de Celis, M., Paulsen, I. T., and Pretorius, I. S. (2021). Seeding the idea of encapsulating a representative synthetic metagenome in a single yeast cell. Nat. Commun. 12, 1599. doi:10.1038/s41467-021-21877-y
 Benner, S. A. (2013). Synthesis as a route to knowledge. Biol. Theory 8, 357–367. doi:10.1007/s13752-013-0142-y
 Benner, S. A., and Sismour, A. M. (2005). Synthetic biology. Nat. Rev. Genet. 7 (4), 533–543. APR 2006 6: 533–543. doi:10.1038/nrg1637
 Bensaude Vincent, B. (2013). Discipline-building in synthetic biology. Stud. Hist. Philos. Biol. Biomed. Sci. 44 (2), 122–129. doi:10.1016/j.shpsc.2013.03.007
 Bich, L., and Green, S. (2018). Is defining life pointless? Operational definitions at the frontiers of Biology. Synthese 195, 3919–3946. doi:10.1007/s11229-017-1397-9
 Biglan, A. (1973a). The characteristics of subject matter in different academic areas. J. Appl. Psychol. 57 (3), 195–203. doi:10.1037/h0034701
 Biglan, A. (1973b). Relationships between subject matter characteristics and the structure and output of university departments. J. Appl. Psychol. 57 (3), 204–213. doi:10.1037/h0034699
 Boisot, M. (1972). “Discipline and interdisciplinarity,” in Interdisciplinarity: problems of teaching and research in universities (Paris: Organization for Economic Co-operation and Development), 89–97. ERIC Number: ED061895. 
 Bouchard, F. (2008). Causal processes, fitness and the differential persistence of lineages. Philosophy Sci. 75, 560–570. doi:10.1086/594507
 Bouchard, F. (2010). Symbiosis, lateral function transfer and the (many) saplings of life. Biol. Philosophy. 25 (4), 623–641. doi:10.1007/S10539-010-9209-3
 Brenner, K., Karig, D. K., Weiss, R., and Arnold, F. H. (2007). Engineered bidirectional communication mediates a consensus in a microbial biofilm consortium. Proc. Natl. Acad. Sci. U. S. A. 104, 17300–17304. doi:10.1073/pnas.0704256104
 Breslow, R. (1972). Centenary lecture. Biomimetic chemistry. Chem. Soc. Rev. 1, 553–580. doi:10.1039/CS9720100553
 Breuer, M., Earnest, T. M., Merryman, C., Wise, K. S., Sun, L., Lynott, M. R., et al. (2019). Essential metabolism for a minimal cell. eLife8 8, e36842. doi:10.7554/eLife.36842
 Brigandt, I. (2010). Beyond reduction and pluralism: toward an epistemology of explanatory integration in biology. Erkenn 73, 295–311. doi:10.1007/s10670-010-9233-3
 Brigandt, I. (2013). Integration in biology: philosophical perspectives on the dynamics of interdisciplinarity. Stud. Hist. Philos. Biol. Biomed. Sci. 44 (4), 461–465. doi:10.1016/j.shpsc.2013.09.009
 Brown, J. H., and Heske, E. J. (1990). Control of a desert-grassland transition by a keystone rodent guild. Science 250 (4988), 1705–1707. doi:10.1126/science.250.4988.1705
 Cable, J., Arlotta, P., Parker, K. K., Hughes, A. J., Goodwin, K., Mummery, C. L., et al. (2022). Engineering multicellular living systems-a Keystone Symposia report. Ann. N. Y. Acad. Sci. 1518 (1), 183–195. doi:10.1111/nyas.14896
 Ceballos, G., Ehrlich, P. R., and Dirzo, R. (2017). Biological annihilation via the ongoing sixth mass extinction signaled by vertebrate population losses and declines. Proc. Natl. Acad. Sci. U. S. A. 114, E6089-E6096–E6096. doi:10.1073/pnas.1704949114
 Cello, J., Paul, A. V., and Wimmer, E. (2002). Chemical synthesis of poliovirus cDNA: generation of infectious virus in the absence of natural template. Science 297, 1016–1018. doi:10.1126/science.1072266
 Chan, L. Y., Kosuri, S., and Endy, D. (2005). Refactoring bacteriophage T7. Mol. Syst. Biol. 1, 2005.0018. doi:10.1038/msb4100025
 Chen, Y., Zhao, H., Mao, J., Chirarattananon, P., Helbling, E. F., Hyun, N. s. P., et al. (2019). Controlled flight of a microrobot powered by soft artificial muscles. Nature 575, 324–329. doi:10.1038/s41586-019-1737-7
 Chen, Z., and Elowitz, M. B. (2021). Programmable protein circuit design. Cell 184 (9), 2284–2301. doi:10.1016/j.cell.2021.03.007
 Chivian, D., Brodie, E. L., Alm, E. J., Culley, D. E., Dehal, P. S., DeSantis, T. Z., et al. (2008). Environmental genomics reveals a single-species ecosystem deep within Earth. Science 322 (5899), 275–278. doi:10.1126/science.1155495
 Choi, B. C., and Pak, A. W. (2006). Multidisciplinarity, interdisciplinarity and transdisciplinarity in health research, services, education and policy: 1. Definitions, objectives, and evidence of effectiveness. Clin. Invest Med. 29 (6), 351–364.
 Choi, Y. J., and Lee, S. Y. (2013). Microbial production of short-chain alkanes. Nature 502 (7472), 571–574. doi:10.1038/nature12536
 Church, G. M. (2005). From systems biology to synthetic biology. Mol. Syst. Biol. 1, 2005.0032, 2005.0032. doi:10.1038/msb4100007
 Clark, S. G., and Wallace, R. L. (2015). Integration and interdisciplinarity: concepts, frameworks, and education. Policy Sci. 48, 233–255. doi:10.1007/s11077-015-9210-4
 Cleland, C. E. (2012). Life without definitions. Synthese 185, 125–144. doi:10.1007/s11229-011-9879-7
 Cleland, C. E. (2019). Moving beyond definitions in the search for extraterrestrial life. Astrobiology 19 (6), 722–729. doi:10.1089/ast.2018.1980
 Conde-Pueyo, N., Vidiella, B., Sardanyés, J., Berdugo, M., Maestre, F. T., De Lorenzo, V., et al. (2020). Synthetic biology for terraformation lessons from mars, earth, and the microbiome. Life (Basel) 10 (2), 14. doi:10.3390/life10020014
 Cooper, C. E., Silkstone, G. G. A., Simons, M., Rajagopal, B., Syrett, N., Shaik, T., et al. (2019). Engineering tyrosine residues into hemoglobin enhances heme reduction, decreases oxidative stress and increases vascular retention of a hemoglobin based blood substitute. Free Radic. Biol. Med. 134, 106–118. doi:10.1016/j.freeradbiomed.2018.12.030
 Cubitt, A. B., Heim, R., Adams, S. R., Boyd, A. E., Gross, L. A., and Tsien, R. Y. (1995). Understanding, improving and using green fluorescent proteins. Trends Biochem. Sci. 11, 448–455. doi:10.1016/s0968-0004(00)89099-4
 Davic, R. D. (2003) Linking keystone species and functional groups: A new operational definition of the keystone species concept. Conservation Ecology , 7(1), r11.
 DeLisi, C. (2019). The role of synthetic biology in climate change mitigation. Biol. Direct 14 (1), 14. doi:10.1186/s13062-019-0247-8
 DeLisi, C., Patrinos, A., MacCracken, M., Drell, D., Annas, G., Church, G., et al. (2020). The role of synthetic biology in atmospheric greenhouse gas reduction: prospects and challenges. BioDesign Res. 2020, 1016207. doi:10.34133/2020/1016207
 Dick, S. J. (2012). Critical issues in the history, philosophy, and sociology of astrobiology. Astrobiology 12 (10), 906–927. doi:10.1089/ast.2011.0786
 Doolittle, W. F. (1999). Phylogenetic classification and the universal tree. Science 284 (5423), 2124–2128. doi:10.1126/science.284.5423.2124
 Doolittle, W. F. (2017). Darwinizing gaia. J. Theor. Biol. 434, 11–19. doi:10.1016/j.jtbi.2017.02.015
 Drobot, B., Iglesias-Artola, J. M., Le Vay, K., Mayr, V., Kar, M., Kreysing, M., et al. (2018). Compartmentalised RNA catalysis in membrane-free coacervate protocells. Nat. Commun. 9 (1), 3643. doi:10.1038/s41467-018-06072-w
 Dunér, D., Malaterre, C., and Geppert, W. (2016). The history and philosophy of the Origin of Life. Int. J. Astrobiol. 15 (4), E1. doi:10.1017/S1473550416000197
 Dupré, J., and O’Malley, M. A. (2009). Varieties of living things: life at the intersection of lineage and metabolism. Philosophy Theory Biol. 1, 1–25. doi:10.3998/ptb.6959004.0001.003
 Elowitz, M. B., and Leibler, S. (2000). A synthetic oscillatory network of transcriptional regulators. Nature 403, 335–338. doi:10.1038/35002125
 Endy, D. (2005). Foundations for engineering biology. Nature 438, 449–453. doi:10.1038/nature04342
 Erickson, B., Singh, R., and Winters, P. (2011). Synthetic biology: regulating industry uses of new biotechnologies. Science 333 (6047), 1254–1256. doi:10.1126/science.1211066
 Ernest, S. K., and Brown, J. H. (2001). Delayed compensation for missing keystone species by colonization. Science 292 (5514), 101–104. doi:10.1126/science.292.5514.101
 Esteban-Fernández de Ávila, B., Angsantikul, P., Ramírez-Herrera, D. E., Soto, F., Teymourian, H., Dehaini, D., et al. (2018). Hybrid biomembrane-functionalized nanorobots for concurrent removal of pathogenic bacteria and toxins. Sci. Robot. 3 (18), eaat0485. doi:10.1126/scirobotics.aat0485
 European Commission (2005) Synthetic Biology Applying Engineering to Biology, Report of a NEST High-Level Expert Group. Luxembourg. 38. 
 Fleischmann, R. D., Adams, M. D., White, O., Clayton, R. A., Kirkness, E. F., Kerlavage, A. R., et al. (1995). Whole-genome random sequencing and assembly of Haemophilus influenzae Rd. Science 269 (5223), 496–512. doi:10.1126/science.7542800
 Foo, J. L., Ching, C. B., Chang, M. W., and Leong, S. S. (2012). The imminent role of protein engineering in synthetic biology. Biotechnol. Adv. 30 (3), 541–549. doi:10.1016/j.biotechadv.2011.09.008
 Forster, A. C., and Church, G. M. (2007). Synthetic biology projects in vitro. Genome Res. 17, 1–6. doi:10.1101/gr.5776007
 Fox, S. W., and Dose, K. (1972) Molecular evolution and the origin of life. Published by W. H. Freeman, San Francisco. 360p. ISBN 10: 0716701634. 
 Fredens, J., Wang, K., de la Torre, D., Funke, L. F. H., Robertson, W. E., Christova, Y., et al. (2019). Total synthesis of Escherichia coli with a recoded genome. Nature 569, 514–518. doi:10.1038/s41586-019-1192-5
 Furukawa, Y., Chikaraishi, Y., Ohkouchi, N., Ogawa, N. O., Glavin, D. P., Dworkin, J. P., et al. (2019). Extraterrestrial ribose and other sugars in primitive meteorites. Proc. Natl. Acad. Sci. 116 (49), 24440–24445. doi:10.1073/pnas.1907169116
 Gardner, T. S., Cantor, C. R., and Collins, J. J. (2000). Construction of a genetic toggle switch in Escherichia coli. Nature 403, 339–342. doi:10.1038/35002131
 Geyer, C. R., Battersby, T. R., and Benner, S. A. (2003). Nucleobase pairing in expanded Watson-Crick-like genetic information systems. Structure 11 (12), 1485–1498. doi:10.1016/j.str.2003.11.008
 Gibson, D. G., Benders, G. A., Andrews-Pfannkoch, C., Denisova, E. A., Baden-Tillson, H., Zaveri, J., et al. (2008). Complete chemical synthesis, assembly, and cloning of a Mycoplasma genitalium genome. Science 319 (5867), 1215–1220. doi:10.1126/science.1151721
 Gibson, D. G., Glass, J. I., Lartigue, C., Noskov, V. N., Chuang, R. Y., Algire, M. A., et al. (2010). Creation of a bacterial cell controlled by a chemically synthesized genome. Science 329 (5987), 52–56. doi:10.1126/science.1190719
 Gibson, D. G., Young, L., Chuang, R. Y., Venter, J. C., Hutchison, C. A., and Smith, H. O. (2009). Enzymatic assembly of DNA molecules up to several hundred kilobases. Nat. Methods 6 (5), 343–345. doi:10.1038/nmeth.1318
 Gilbert, S. F., and Sarkar, S. (2000). Embracing complexity: organicism for the 21st century. Dev. Dyn. 219, 1–9. doi:10.1002/1097-0177(2000)9999:9999<::AID-DVDY1036>3.0.CO;2-A
 Glass, J. I., Assad-Garcia, N., Alperovich, N., Yooseph, S., Lewis, M. R., Maruf, M., et al. (2006). Essential genes of a minimal bacterium. Proc. Natl. Acad. Sci. U. S. A. 103 (2), 425–430. doi:10.1073/pnas.0510013103
 Glass, J. I., Merryman, C., Wise, K. S., Hutchison, C. A., and Smith, H. O. (2017). Minimal cells-real and imagined. Cold Spring Harb. Perspect. Biol. 9 (12), a023861. doi:10.1101/cshperspect.a023861
 Godfrey-Smith, P. (2003). Theory and reality: An introduction to the philosophy of science. Chicago: University of Chicago Press. 288. 
 Gould, S. J. (1989). Wonderful life: the burgess shale and the nature of. History. New York, NY: W. W. Norton & Co., 283. ISBN‏: 039330700X. 
 Griscom, B. W., Adams, J., Ellis, P. W., Houghton, R. A., Lomax, G., Miteva, D. A., et al. (2017). Natural climate solutions. Proc. Natl. Acad. Sci. U. S. A. 114 (44), 11645–11650. doi:10.1073/pnas.1710465114
 Guet, C. C., Elowitz, M. B., Hsing, W., and Leibler, S. (2002). Combinatorial synthesis of genetic networks. Science 296, 1466–1470. doi:10.1126/science.1067407
 Hadjantonakis, A. K., Gertsenstein, M., Ikawa, M., Okabe, M., and Nagy, A. (1998). Generating green fluorescent mice by germline transmission of green fluorescent ES cells. Mech. Dev. 76 (1-2), 79–90. doi:10.1016/s0925-4773(98)00093-8
 Hannon, J., Hocking, C., Legge, K., and Lugg, A. (2018). Sustaining interdisciplinary education: developing boundary crossing governance. High. Educ. Res. Dev. 37 (7), 1424–1438. doi:10.1080/07294360.2018.1484706
 Hartwell, L. H., Hopfield, J. J., Leibler, S., and Murray, A. W. (1999). From molecular to modular cell biology. Nature 402, C47–C52. doi:10.1038/35011540
 Heim, R., and Tsien, R. Y. (1996). Engineering green fluorescent protein for improved brightness, longer wavelengths and fluorescence resonance energy transfer. Curr. Biol. 6 (2), 178–182. doi:10.1016/s0960-9822(02)00450-5
 Hu, W., and Cheng, C. L. (1995). Expression of Aequorea green fluorescent protein in plant cells. FEBS Lett. 369 (2-3), 331–334. doi:10.1016/0014-5793(95)00776-6
 Huber, L., and Shaw, G. (1992). Editorial. Eur. J. Educ. 27 (3), 193–199. 
 Hull, D. (1972). Reductionism in genetics—biology or philosophy?Philosophy Sci. 39 (4), 491–499. doi:10.1086/288470
 Hunkapiller, T., Kaiser, R. J., Koop, B. F., and Hood, L. (1991). Large-scale and automated DNA sequence determination. Science 254, 59–67. doi:10.1126/science.1925562
 Hutchison, C. A., Peterson, S. N., Gill, S. R., Cline, R. T., White, O., Fraser, C. M., et al. (1999). Global transposon mutagenesis and a minimal mycoplasma genome. Science 286, 2165–2169. doi:10.1126/science.286.5447.2165
 Isaacs, F. J., Carr, P. A., Wang, H. H., Lajoie, M. J., Sterling, B., Kraal, L., et al. (2011). Precise manipulation of chromosomes in vivo enables genome-wide codon replacement. Science 333 (6040), 348–353. doi:10.1126/science.1205822
 Jackson, J. B. C., Buss, L. W., and Cook, R. E. (1986). Population biology and evolution of clonal organisms, 531p. USA: Yale University Press. ISBN-10‏ : 0300036507. 
 Jacob, F., Perrin, D., S0ánchez, C., Monod, J., and Edelstein, S. (2005). The operon: a group of genes with expression coordinated by an operator. C. R. Acad. Sci. Paris 250. 1727-1729. C. R. Biol. 328 (6), 514–520. doi:10.1016/j.crvi.2005.04.005
 Jacobs, J. A., and Frickel, S. (2009). Interdisciplinarity: a critical assessment. Annu. Rev. Sociol. 35, 43–65. doi:10.1146/annurev-soc-070308-115954
 Jaramillo, A. (2017). Synthetic biology: engineered stable ecosystems. Nat. Microbiol. 2, 17119. doi:10.1038/nmicrobiol.2017.119
 Joyce, G. F. (1995). “The RNA world: life before DNA and protein,” in Extraterrestrials—where are they? ed Editors B. Zuckerman, and M. Hart (Cambridge: Cambridge University), II, 139–151.
 Keiper, F., and Atanassova, A. (2020). Regulation of synthetic biology: developments under the convention on biological diversity and its protocols. Front. Bioeng. Biotechnol. 8, 310. doi:10.3389/fbioe.2020.00310
 Keller, E. F. (2009). Knowing as making, making as knowing: the many lives of synthetic biology. Biol. Theory 4 (4), 333–339. doi:10.1162/BIOT_a_00005
 Kirschner, M. W. (2005). The meaning of systems biology. Cell 20, 503–504. doi:10.1016/j.cell.2005.05.005
 Knight, T. F. (2005). Engineering novel life. Mol. Syst. Biol. 1, 2005.0020. doi:10.1038/msb4100028
 Koide, T., Pang, W. L., and Baliga, N. S. (2009). The role of predictive modelling in rationally re-engineering biological systems. Nat. Rev. Microbiol. 7, 297–305. doi:10.1038/nrmicro2107
 Kolb, V. M. (2019). Handbook of astrobiology. Boca Raton, Florida (United States): CRC Press, 846. ISBN 9780367780487. 
 Kuhn, T. (1962) The structure of scientific revolutions, Chicago: University of Chicago Press. 210p. ISBN: 0-226-45803-2. 
 Lachance, J. C., Rodrigue, S., and Palsson, B. O. (2019). Minimal cells, maximal knowledge. Elife 8, e45379. doi:10.7554/eLife.45379
 Lakatos, I. (1968-1969). II—criticism and the methodology of scientific research programmes. New Ser. 69, 149–186. doi:10.1093/aristotelian/69.1.149
 Lan, J., Rollins, J. A., Zang, X., Wu, D., Zou, L., Wang, Z., et al. (2019). Translational regulation of non-autonomous mitochondrial stress response promotes longevity. Cell Rep. 28 (4), 1050–1062.e6. doi:10.1016/j.celrep.2019.06.078
 Langton, C. G. (1989). “Artificial life,” in Artificial life, langton (Reading, Boston, MA, USA: Addison-Wesley), 688. 
 Laplane, L., Mantovani, P., Adolphs, R., Chang, H., Mantovani, A., McFall-Ngai, M., et al. (2019). Why science needs philosophy. PNAS 116 (10), 3948–3952. doi:10.1073/pnas.1900357116
 Laudan, L. (1977). Progress and its problems: towards a theory of scientific growth, 257p. University of California Press. ISBN 0520037219. 
 Levskaya, A., Chevalier, A. A., Tabor, J. J., Simpson, Z. B., Lavery, L. A., Levy, M., et al. (2005). Synthetic biology: engineering Escherichia coli to see light. Nature 438 (7067), 441–442. doi:10.1038/nature04405
 Lewis, G., Jordan, J. L., Relman, D. A., Koblentz, G. D., Leung, J., Dafoe, A., et al. (2020). The biosecurity benefits of genetic engineering attribution. Nat. Commun. 11 (1), 6294. doi:10.1038/s41467-020-19149-2
 Liu, S., Lever, G., Wang, Z., Merel, J., Eslami, S. M. A., Hennes, D., et al. (2015). Toward metabolic engineering in the context of system biology and synthetic biology: advances and prospects. Appl. Microbiol. Biotechnol. 99 (3), 1109–1118. doi:10.1007/s00253-014-6298-y
 Lovelock, J. E. (1979). Gaia: a new look at life on earth. Oxford University Press, 176. ISBN-10‏ : 0192862189. 
 Machery, E. (2012). Why I stopped worrying about the definition of life. and why you should as well. Synthese 185, 145–164. doi:10.1007/s11229-011-9880-1
 Mahmoudi, S., Xu, L., and Brunet, A. (2019). Turning back time with emerging rejuvenation strategies. Nat. Cell Biol. 21 (1), 32–43. doi:10.1038/s41556-018-0206-0
 Malaterre, C., Jeancolas, C., and Nghe, P. (2022). The origin of life: what is the question?Astrobiology 22 (7), 851–862. doi:10.1089/ast.2021.0162
 Malaterre, C., and Lareau, F. (2023). The emergence of astrobiology: a topic-modeling perspective. Astrobiol. May 23 (5), 496–512. doi:10.1089/ast.2022.0122
 Matosevic, S., and Paegel, B. M. (2013). Layer-by-layer cell membrane assembly. Nat. Chem. 5 (11), 958–963. doi:10.1038/nchem.1765
 Matteau, D., Pepin, M. E., Baby, V., Gauthier, S., Arango Giraldo, M., Knight, T. F., et al. (2017). Development of oriC-based plasmids for Mesoplasma florum. Appl. Environ. Microbiol. 83 (7), 033744-16–e3416. doi:10.1128/AEM.03374-16
 McGrath, T., Kapishnikov, A., Tomašev, N., Pearce, A., Wattenberg, M., Hassabis, D., et al. (2022). Acquisition of chess knowledge in AlphaZero. Proc. Natl. Acad. Sci. U. S. A. 119 (47), e2206625119. doi:10.1073/pnas.2206625119
 Menezes, A.A., Montague, M.G., Cumbers, J., Hogan, J.A., and Arkin, A.P. (2015) Grand challenges in space synthetic biology. J. R. Soc. Interface . 12 (20150803), 1–2. doi:10.1098/rsif.2015.0803
 Miller & Orgel, (1974) The origins of life on the earth. Publisher: Prentice-Hall, Englewood Cliffs, N.J. 299p. ISBN-10‏: 0136420745. 
 Mooney, H. I., and Hobbs, R. J. (2000). Invasive species in a changing world. Washington, DC: Island, 384. ISBN: 9781559637824. 
 Morange, M. (2006). Post-genomics, between reduction and emergence. Synthese 151, 355–360. doi:10.1007/s11229-006-9029-9
 Morange, M. (2009). A critical perspective on synthetic biology. Hyle: Int. J. Philosophy Chem. 15 (1), 21–30. 
 Morita, Y., Takada, R., Saito, A., and Komatsu, T. (2021). Genetically and chemically tuned haemoglobin-albumin trimers with superior O2 transport efficiency. Chem. Commun. (Camb) 57 (72), 9144–9147. doi:10.1039/d1cc03684j
 Morowitz, H. J. (1987). “A hardware view of biological organization,” in Self-organizing systems. Life science monographs ed . Editors F. E. Yates, A. Garfinkel, D. O. Walter, and G. B. Yates (Boston, MA: Springer). doi:10.1007/978-1-4613-0883-6_4
 Musk, E. (2019). An integrated brain-machine interface platform with thousands of channels. J. Med. Internet Res. 21 (10), e16194. doi:10.2196/16194
 Muszynski, E., and Malaterre, C. (2021). A roadmap to explanatory pluralism: introduction to the topical collection the Biology of Behaviour. Biol. Behav. Synthese 199, 1777–1789. doi:10.1007/s11229-020-02856-0
 Noguchi, H., Campbell, K. L., Ho, C., Unzai, S., Park, S. Y., and Tame, J. R. (2012). Structures of haemoglobin from woolly mammoth in liganded and unliganded states. Sect. D. Struct. Biol. 68 (Pt 11), 1441–1449. doi:10.1107/S0907444912029459
 Noireaux, V., and Libchaber, A. (2004). A vesicle bioreactor as a step toward an artificial cell assembly. PNAS 101 (51), 17669–17674. doi:10.1073/pnas.0408236101
 O'Brien, E. J., Monk, J. M., and Palsson, B. O. (2015). Using genome-scale models to predict biological capabilities. Cell 161 (5), 971–987. doi:10.1016/j.cell.2015.05.019
 Oldham, P., Hall, S., and Burton, G. (2012). Synthetic biology: mapping the scientific landscape. PLOS One 7, e34368. doi:10.1371/journal.pone.0034368
 O’Malley, M. A., and Dupré, J. (2007). Size doesn’t matter: towards a more inclusive philosophy of biology. Biol. Philosophy 22, 155–191. doi:10.1007/s10539-006-9031-0
 O’Malley, M. A., Power, A., Davies, J. F., and Calvert, J. (2007). Knowledge-making distinctions in synthetic biology. BioEssays 30, 57–65. doi:10.1002/bies.20664
 Oparin, A. I. (1924). in The origin and development of life (NASA TTF-488) ed . Editor A. I. Oparin (Washington: D.C.L GPO, 1968: Moscow: Moscow Worker publisher). (in Russian). English translation.Origin of life
 Oppenheim, P., and Putnam, H. (1958). “Unity of science as a working hypothesis,” in Concepts, theories, and the mind-body problem ed . Editors H. Feigl, M. Scriven, and G. Maxwell (Minneapolis: University of Minnesota Press), 3–36. 
 Ostrov, N., Beal, J., Ellis, T., Gordon, D. B., Karas, B. J., Lee, H. H., et al. (2019). Technological challenges and milestones for writing genomes. Science 366 (6463), 310–312. doi:10.1126/science.aay0339
 Ostrov, N., Landon, M., Guell, M., Kuznetsov, G., Teramoto, J., Cervantes, N., et al. (2016). Design, synthesis, and testing toward a 57-codon genome. Science 353 (6301), 819–822. doi:10.1126/science.aaf3639
 Paine, R. T. (1995). A conversation on refining the concept of keystone species. Conserv. Biol. 9 (4), 962–964. doi:10.1046/j.1523-1739.1995.09040962.x
 Palluk, S., Arlow, D., de Rond, T., Barthel, S., Kang, J. S., Bector, R., et al. (2018). De novo DNA synthesis using polymerase-nucleotide conjugates. Nat. Biotechnol. 36, 645–650. doi:10.1038/nbt.4173
 Palmiter, R. D., Brinster, R. L., Hammer, R. E., Trumbauer, M. E., Rosenfeld, M. G., Birnberg, N. C., et al. (1982). Dramatic growth of mice that develop from eggs microinjected with metallothionein-growth hormone fusion genes. Nature 300 (5893), 611–615. doi:10.1038/300611a0
 Park, C., Kim, B., Kim, Y., Eum, Y., Song, H., Yoon, D., et al. (2022). Carved turn control with gate vision recognition of a humanoid robot for giant slalom skiing on ski slopes. Sensors (Basel) 22 (3), 816. doi:10.3390/s22030816
 Parker, J. (2002). A New Disciplinarity: communities of knowledge, learning and practice. Teach. High. Educ. 7 (4), 373–386. doi:10.1080/135625102760553883
 PCSBI (2011). New directions: the ethics of synthetic biology and emerging technologies. 
 Peralta-Yahya, P. P., Zhang, F., del Cardayre., S. B., and Keasling, J. D. (2012). Microbial engineering for the production of advanced biofuels. Nature 488 (7411), 320–328. doi:10.1038/nature11478
 Posfai, G., Plunkett, G., Feher, T., Frisch, D., Keil, G. M., Umenhoffer, K., et al. (2006). Emergent properties of reduced-genome Escherichia coli. Science 312, 1044–1046. doi:10.1126/science.1126439
 Raimbault, B., Cointet, J. P., and Joly, P. B. (2016). Mapping the emergence of synthetic biology. PLoS One 11 (9), e0161522. doi:10.1371/journal.pone.0161522
 Rasmussen, S., Chen, L., Deamer, D., Krakauer, D. C., Packard, N. H., Stadler, P. F., et al. (2004). Transitions from nonliving to living matter. Transitions nonliving living matter 303, 963–965. doi:10.1126/science.1093669
 Redford, K. H., Adams, W., and Mace, G. M. (2013). Synthetic biology and conservation of nature: wicked problems and wicked solutions. PLoS Biol. 11 (4), e1001530. doi:10.1371/journal.pbio.1001530
 Ro, D. K., Paradise, E. M., Ouellet, M., Fisher, K. J., Newman, K. L., Ndungu, J. M., et al. (2006). Production of the antimalarial drug precursor artemisinic acid in engineered yeast. Nature 440, 940–943. doi:10.1038/nature04640
 Rosenberg, A. (2006). Darwinian reductionism: or, how to Stop worrying and Love molecular biology. Chicago: University of Chicago Press, 263. ISBN-10 ‏ : 0226727297. 
 Rossini, F. A., and Porter, A. I. (1979). Frameworks for integrating interdisciplinary research. Res. Policy 8 (Issue 1), 70–79. ISSN 0048-7333. doi:10.1016/0048-7333(79)90030-1
 Rouch, D. A. (2014). Evolution of the first genetic cells and the universal genetic code: a hypothesis based on macromolecular coevolution of RNA and proteins. J. Theor. Biol. Sep. 21 (357), 220–244. doi:10.1016/j.jtbi.2014.06.003
 Ruiz-Mirazo, K., and Moreno, A. (2013). Synthetic biology: challenging life in order to grasp, use, or extend it. Biol. Theory 8, 376–382. doi:10.1007/s13752-013-0129-8
 Ruiz-Mirazo, K., Pereto, J., and Moreno, A. (2010). Defining life or bringing biology to life. Orig. Life Evol. Biosph. 40, 203–213. doi:10.1007/s11084-010-9201-6
 Saiki, R.K., Gelfand, D.H., Stoffel, S., Scharf, S.J., Higuchi, R., Horn, G.T., et al. (1988) Primer-directed enzymatic amplification of DNA with a thermostable DNA polymerase. Science . 239 (4839), 487–91. doi:10.1126/science.2448875
 Samuel, G. N., Selgelid, M. J., and Kerridge, I. (2009). Managing the unimaginable. Regulatory responses to the challenges posed by synthetic biology and synthetic genomics. EMBO Rep. 10 (1), 7–11. doi:10.1038/embor.2008.232
 Schellenberger, J., Que, R., Fleming, R. M. T., Thiele, I., Orth, J. D., Feist, A. M., et al. (2011). Quantitative prediction of cellular metabolism with constraint-based models: the COBRA Toolbox v2.0. Nat. Protoc. 6 (9), 1290–1307. doi:10.1038/nprot.2011.308
 Schrodinger, E. (1944). The physical aspect of living cell. Based on lectures delivered under the auspices of the Dublin. Dublin: Institute for Advanced Studies at Trinity College, 194.What is Life
 Serrano, L. (2007). Synthetic biology: promises and challenges. Mol. Syst. Biol. 3, 158. doi:10.1038/msb4100202
 Shapira, P., Kwon, S., and Youtie, J. (2017). Tracking the emergence of synthetic biology. Scientometrics 112, 1439–1469. doi:10.1007/s11192-017-2452-5
 Shapiro, J. A. (1988). Bacteria as multicellular organisms. Sci. Am. 256, 82–89. doi:10.1038/scientificamerican0688-82
 Shetty, R. P., Endy, D., and Knight, T. (2008). Engineering BioBrick vectors from BioBrick parts. J. Biol. Eng. 2, 5. doi:10.1186/1754-1611-2-5
 Silver, D., Hubert, T., Schrittwieser, J., Antonoglou, I., Lai, M., Guez, A., et al. (2018). A general reinforcement learning algorithm that masters chess, shogi, and Go through self-play. shogi, Go through self-play 362 (6419), 1140–1144. doi:10.1126/science.aar6404
 Simpson, A. (2017). The surprising persistence of Biglan's classification scheme. Stud. High. Educ. 42 (8), 1520–1531. doi:10.1080/03075079.2015.1111323
 Smith, J. T., White, J. W., Dungrawala, H., Hua, H., and Schneider, B. L. (2018). Yeast lifespan variation correlates with cell growth and SIR2 expression. PLoS One 13 (7), e0200275. doi:10.1371/journal.pone.0200275
 Snow, C. P. (2001). [1959]. The two cultures, 66p. London: Cambridge University Press. 978-0-521-45730-9. 
 Solé, R., and Levin, S. (2022). Ecological complexity and the biosphere: the next 30 years. Philos. Trans. R. Soc. Lond B Biol. Sci. 377 (1857), 20210376. doi:10.1098/rstb.2021.0376
 Solé, R. V., Montañez, R., and Duran-Nebreda, S. (2015). Synthetic circuit designs for earth terra formation. Biol. Direct 10, 37. doi:10.1186/s13062-015-0064-7
 Song, H. F., Wulfmeier, M., Muller, P., Haarnoja, T., Tracey, B., Tuyls, K., et al. (2022). From motor control to team play in simulated humanoid football. Sci. Robot. 7 (69), eabo0235. doi:10.1126/scirobotics.abo0235
 Sprinzak, D., and Elowitz, M. B. (2005). Reconstruction of genetic circuits. Nature 438 (7067), 443–448. doi:10.1038/nature04335
 Squires, G. (1992). Interdisciplinarity in higher education in the United Kingdom. Eur. J. Educ. 27 (3), 201–210. doi:10.2307/1503449
 Stoecker, J. L. (1993). The biglan classification revisited. Res. High. Educ. 34 (4), 451–464. doi:10.1007/bf00991854
 Szostak, J. W., Bartel, D. P., and Luigi Luisi, P. (2001). Synthesizing life. Nature 409, 387–390. doi:10.1038/35053176
 Tamsir, A., Tabor, J. J., and Voight, C. A. (2011). Robust multicellular computing using genetically encoded NOR gates and chemical ‘wires. Nature 469, 212–215. doi:10.1038/nature09565
 Tian, J., Gong, H., Sheng, N., Zhou, X., Gulari, E., Gao, X., et al. (2004). Accurate multiplex gene synthesis from programmable DNA microchips. Nature 432, 1050–1054. doi:10.1038/nature03151
 Tomita, M., Hashimoto, K., Takahashi, K., Shimizu, T. S., Matsuzaki, Y., Miyoshi, F., et al. (2009). E-CELL: software environment for whole-cell simulation. Bioinformatics 15 (1), 72–84. doi:10.1093/bioinformatics/15.1.72
 Trifonov, E. N. (2011). Vocabulary of definitions of life suggests a definition. J. Biomol. Struct. Dyn. 29, 259–266. doi:10.1080/073911011010524992
 Turner, B. S. (2000). “What are disciplines? And how is interdisciplinarity different?,” in Practising interdisciplinarity ed . Editors P. Weingart, and N. Stehr (London: University of Toronto Press), 46–65.
 Turner, J. S. (2000). The extended organism: the physiology of animal-built structures. Cambridge, MA: Harvard University Press, 256. p. ISBN 9780674009851. 
 Wang, S. Y., Pollina, E. A., Wang, I. H., Pino, L. K., Bushnell, H. L., Takashima, K., et al. (2021). Role of epigenetics in unicellular to multicellular transition in Dictyostelium. Genome Biol. 22, 134. doi:10.1186/s13059-021-02360-9
 Wang, Y. (1984). A total synthesis of yeast alanine transfer RNA. Acc. Chem. Res. 17, 393–397. doi:10.1021/ar00107a003
 Watnick, P., and Kolter, R. (2000). Biofilm, city of microbes. J. Bacteriol. 182, 2675–2679. doi:10.1128/jb.182.10.2675-2679.2000
 Watson, J. D., and Crick, F. H. C. (1953). Molecular structure of nucleic acids: a structure for deoxyribose nucleic acid. Nature 171, 737–738. doi:10.1038/171737a0
 Wavhale, R. D., Dhobale, K. D., Rahane, C. S., Chate, G. P., Tawade, B. V., Patil, Y. N., et al. (2021). Water-powered self-propelled magnetic nanobot for rapid and highly efficient capture of circulating tumor cells. Commun. Chem. 4, 159. doi:10.1038/s42004-021-00598-9
 Weiss, M. C., Preiner, M., Xavier, J. C., Zimorski, V., and Martin, W. F. (2018). The last universal common ancestor between ancient Earth chemistry and the onset of genetics. PLoS Genet. 14 (8), e1007518. doi:10.1371/journal.pgen.1007518
 Weiss, M. C., Sousa, F. L., Mrnjavac, N., Neukirchen, S., Roettger, M., Nelson-Sathi, S., et al. (2016). The physiology and habitat of the last universal common ancestor. Nat. Microbiol. 1, 16116. doi:10.1038/nmicrobiol.2016.116
 Westerhoff, H. V., and Palsson, B. O. (2004). The evolution of molecular biology into systems biology. Nat. Biotech. 22, 1249–1252. doi:10.1038/nbt1020
 Wilson, E. O. (1985). The sociogenes.is of insect colonies. Sci. New Ser. 228 (4707), 1489–1495. doi:10.1126/science.228.4707.1489
 Xu, X., Meier, F., Blount, B. A., Pretorius, I. S., Ellis, T., Paulsen, I. T., et al. (2023). Trimming the genomic fat: minimising and re-functionalising genomes using synthetic biology. Nat. Commun. 14 (1), 1984. doi:10.1038/s41467-023-37748-7
 Yokobayashi, Y., Collins, C. H., Leadbetter, J. R., Arnold, F. H., and Weiss, R. (2003). Evolutionary design of genetic circuits and cell-cell communications, Advances in complex systems (ACS) , 6. World Scientific Publishing Co. Pte. Ltd., 37–45. doi:10.1142/S0219525903000700
 Yu, L., Li, K., Huo, S., and Zhou, K. (2023). Cooperative offensive decision-making for soccer robots based on bi-channel Q-value evaluation MADDPG. Technical applications of artificial intelligence. Volume 121, 105994, ISSN 0952-1976, doi:10.1016/j.engappai.2023.105994
 Zepik, H. H., Blöchliger, E., and Luisi, P. L. (2001). A chemical model of homeostasis. Angew. Chem. 113, 199–202. doi:10.1002/1521-3773(20010105)40:1<199::AID-ANIE199>3.0.CO;2-H
 Zhang, Z., Gildersleeve, J., Yang, Y.Y., Xu, R., Loo, J.A., Uryu, S., et al. (2004) A new strategy for the synthesis of glycoproteins. Science 303, 371–373. doi:10.1126/science.1089509
Conflict of interest: The author declares that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2023 Plante. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fbioe-11-1266298-g003.gif
Q
Theoretical
Sciences

Philosophy
Mathematics
Computer

A
Natural Engineering: Artifcial
Sciences Mechanical sciences

Computer
Electric
cil

2Living ?






OPS/images/fbioe-11-1266298-g004.gif
Natural
sciences

Theoretical
Sciences

tcal
Sciences

Exabiology

Engineering

it |
e |

Natural Exraterestrisl  NonNatural Arfcal Vietal
Luing. Uing. Ling Ling. L,
(ol o (organic) (norgani) (el
T
Winimalife

Dafinition of Ne





OPS/xhtml/nav.xhtml
Contents

		Cover

		Epistemology of synthetic biology: a new theoretical framework based on its potential objects and objectives		1 Introduction

		2 Plurality of research programs in synthetic biology		2.1 Top-down and bottom-up pathways (Rasmussen)

		2.2 Natural and non-natural pathways (Benner)

		2.3 Biologist, chemist, writer-editor, engineer pathways (Endy)

		2.4 In vitro and In vivo pathways (Forster-Church)

		2.5 DNA, genome, protocellule pathways (O’Malley)





		3 Scientometric study on synthetic biology		3.1 Building new modules and systems

		3.2 Heterogeneity





		4 Structural and functional objects of synthetic biology		4.1 Structural hierarchy

		4.2 Structural origins

		4.3 Functional origins





		5 Fundamental objectives of synthetic biology		5.1 Interdisciplinarity collaboration

		5.2 Knowledge on living entities

		5.3 A pragmatic definition of the concept of “living"





		6 Conclusion

		Data availability statement

		Author contributions

		Funding

		Publisher’s note

		Footnotes

		References









OPS/images/cover.jpg
& frontiers | Frontiers in Bioengineering and Biotechnology






OPS/images/fbioe-11-1266298-g001.gif
Resenrch Prograrms | __ Pothwayy Descriptions
S T e T
Nt ey | oo et e 5
‘ = et e e e
[ o o e i s
e
oy i e mimmig e e
i
= [T p—
o e e i
e i e
T — Ty
0%ty ) [ i o ety
e i ey






OPS/images/fbioe-11-1266298-g002.gif
Level 1: Structural hierarchy

Characteristics.

1-Molecoles

Monomer and poymer

2-cells

Viruses, profaryotes, evkaryotes

- Population /Community

interscing celllar orgaisms

- Ecosystem /Bome.

Popuations and communites and thir anvironment

5-Blosphere

Planets, Moon, meteorites, other celstial enities

Level 2:Structuraloriins

Characteristics

A Notural Organic, Having undergone the present natural evolution
& Non-natural Organic Not having undergone the present natural evolution
Crifial norganic

o virwat immaterial

Characterisics

Nawral

Found innature present o past)

i Supernatural

Found I nature, but more effctive

i Nomnatural

"Not found in nature.










OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
P frontiers | Frontiers i

Bioengineering and Biotechnology





