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Summary 

In 20th century classical evolutionary theory, i.e., the Modern Synthesis and its formal and 

mathematical core or fundament of population genetics, biological evolution is conceptualized 

in terms of populations of reproducing organisms and, more specifically, in terms of 

populations of heritable phenotypes, genetically represented as genotypes. A genotype is 

composed of one or several genes as units of heredity and, as such, represents the heritable 

aspect of an organism’s phenotype. The concepts of the gene and genotype thus provide a means 

to genetically ‘represent’ and, hereby, ‘track’ and ‘calculate’ the phenotypic evolution of 

organisms in a population. However, as classical evolutionary theory ‘black-boxes’ the 

complex molecular, epigenetic, biochemical and physiological developmental processes 

leading from genotype to phenotype, it is only offering a ‘coarse-grained’ abstraction of 

evolution. Research in molecular, developmental and systems biology during the past few 

decades has revealed a rich not-to-genes-reducible complex systems dynamics and modularity 

of postgenomic, epigenetic and physiological developmental processes. That is, rather than 

exhaustively determining or governing these processes genes appear to be causally and 

dynamically integrated and contextualized within them. Moreover, the transgenerational 

inheritance of biologically and possibly evolutionarily relevant information turns out to be not 

confined to solely genetic inheritance but also includes epigenetic and cellular modes of 

inheritance. Overall, the ‘zooming in’ on complex molecular, epigenetic, biochemical and 

physiological developmental processes would require a much more ‘fine-grained’ and 

sophisticated evolution-theoretical framework than the classical version with its simple and 

quasi-linear genotype/phenotype correlation. In spite of claims to the contrary by some 

prominent defenders of classical Modern-Synthesis evolutionary theory, many biologists and 

philosophers of biology have, for more than three decades already, been insisting on the 

inadequacy of the classical framework and the need for a new or, at least, extended evolutionary 

framework, recently and provisionally dubbed ‘Extended Evolutionary Synthesis’ or ‘EES’. 

One of the central discussion points and also the main problem or subject of the present 

doctoral dissertation is to what extent this new framework should be or remain ‘gene-centred’, 

i.e., centred around the causal role of genes and genetics in the biochemistry, physiology, 

development and evolution of life. From the 1980s on, and in the wake of the theoretical 

discourse of ‘Developmental Systems Theory’, there have been pleas for a radical 

‘relativization’ and/or ‘de-centralization’ of genes within the complex molecular, biochemical, 
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physiological and ecological developmental dynamics of cells and organisms, stating that genes 

are (a) one among many extra- or non-genetic causal factors co-determining the postgenomic 

synthesis of gene products and the biochemical and physiological development of cells and 

organisms and (b) one among many extra- or non-genetic heritable factors in the evolution of 

life. A more compromising – and hence more widespread and/or successful – theoretical 

framework on extra-genetic and higher-level causation is ‘multilevel selection theory’, which 

has proven its heuristic value in the research programme of the ‘major evolutionary transitions’. 

Multilevel selection theory allows to model selection (competition/conflict and cooperation) 

among lower-level units (e.g., genes) forming higher-level individuals (e.g., cells) which, in 

turn, function as selective units in themselves suppressing lower-level (e.g., intra-cellular and 

intra-genomic) conflict and potentially cooperating to form yet higher levels of individuality 

(e.g., multicellular organisms), and so on. 

In the present doctoral dissertation, we explore gene-centrism in light of the current, 21st 

century state of knowledge in biology. We try to clarify the nature of the causal role of genes 

in the postgenomic, biochemical, physiological, developmental and, finally, evolutionary 

dynamics of life on Earth. The overall objective is to find out to what extent or degree a new or 

extended ‘synthesis’ in biology should or should not be gene-centred, i.e., centred around or 

‘anchored in’ genes and genetics. In Part 1, we explore the proximate causal role of genes in 

the postgenomic, biochemical, physiological and developmental dynamics of cells and 

organisms. In chapter 1,1 we offer a thorough analysis of genetic causality at the molecular-

genetic and postgenomic level of intra-cellular biochemistry. Here, we first give a historical 

introduction on how the ‘Weismann barrier’ and later on its molecular version – Francis Crick’s 

‘central dogma’ of molecular biology – gave shape to the 20th century gene-centred paradigm 

of life, i.e., the conception of the gene/genome as a ‘central source’ from which hereditary 

specificity or information unidirectionally flows or radiates into cellular biochemistry and 

development. And then, we explore and analyse the implications of widespread reverse 

transcription (from RNA- to DNA-sequence), of the absence of a mechanism of reverse 

translation (from proteinaceous amino acid sequence to NA-sequence), and of the occurrence 

of complex postgenomic and epigenetic processes of natural genetic and genome engineering 

and editing. In chapter 2,2 we extend our analysis to higher – physiological and developmental 

– levels of organization and the proximate causal role of genes herein. After a more in-depth 

historical introduction on the gene-centred paradigm of life and its recent questioning, we 

distinguish ‘gene-centrism’ from more radical forms of ‘genetic determinism and reductionism’ 

in order to arrive at a realistic conception of genetic causality in the physiological 

developmental dynamics of cells and organisms. In chapter 3, we try to determine or gain 

 

                                                      
1 Previously published as: De Tiège A, Tanghe K, Braeckman J, Van de Peer Y (2014) From DNA- to NA-centrism 

and the conditions for gene-centrism revisited. Biology and Philosophy 29:55-69. 
2 Previously published as: De Tiège A, Tanghe KB, Braeckman J, Van de Peer Y (2015) Life’s dual nature: a way 

out of the impasse of the gene-centred ‘versus’ complex systems controversy on life. In: Pontarotti P (ed) 

Evolutionary Biology: Biodiversification from Genotype to Phenotype. Springer, Berlin-Heidelberg, pp 35-52. 
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insight into the physical-proximate nature and origin of gene-based causality in the origin of 

life on Earth or, at least, to formulate more clearly the ‘hard problem’ that still exists on this 

subject. Part 1 on the proximate causal role of genes concludes with a short fourth chapter, in 

which we arrive at a relatively simple and straightforward solution to indicate or define the 

physical nature of genetic causality in life. Part 2 on the ultimate causal role of genes in 

biological evolution consists of one extensive chapter 5.3 Here, we offer a thorough analysis of 

the explicitly gene-centred or ‘gene’s eye view’ on evolution and its complementary 

relationship to classical Modern-Synthesis evolutionary theory and population genetics as well 

as to the more recent research programme of evolutionary developmental biology or ‘evo-

devo’. In a concluding discussion, we also suggest how the gene’s eye view may account for 

life’s hierarchical organization (studied by multilevel selection theory and the major 

evolutionary transitions programme). Overall, the gene’s eye view – as it has been further 

developed during the last few years – is suggested to have the explanatory potential to serve as 

a unifying framework for biological evolution, i.e., as a potential theoretical groundwork or 

fundament for a new or, at least, extended evolutionary synthesis in biology.  

 

 

                                                      
3 Accepted for publication as: De Tiège A, Van de Peer Y, Braeckman J, Tanghe KB (2017) The sociobiology of 

genes: the gene’s eye view as a unifying behavioural-ecological framework for biological evolution. History and 

Philosophy of the Life Sciences. 
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Samenvatting 

In de 20ste-eeuwse klassieke evolutietheorie, d.i. de Moderne Synthese en haar formele en 

wiskundige kern of fundament van de populatiegenetica, wordt biologische evolutie 

geconceptualiseerd in termen van populaties van reproducerende organismen en, meer 

specifiek, in termen van populaties van erfelijke fenotypes, genetisch gerepresenteerd als 

genotypes. Een genotype bestaat uit één of meerdere genen als eenheden van overerving, en 

verwijst als zodanig naar het erfelijk aspect van het fenotype van een organisme. De concepten 

van het gen en het genotype vormen aldus een middel om de fenotypische evolutie van 

organismen in een populatie genetisch te ‘representeren’ en ‘berekenen’. Maar aangezien de 

klassieke evolutietheorie de complexe moleculaire, epigenetische, biochemische en 

fysiologische ontwikkelingsprocessen die van genotype tot fenotype leiden in een ‘zwarte doos’ 

plaatst, biedt ze slechts een ‘grofkorrelige’ abstractie van evolutie. Onderzoek in de 

moleculaire, ontwikkelings- en systeembiologie van de afgelopen decennia heeft een complexe 

niet-tot-genen-reduceerbare systeemdynamica en modulariteit van post-genome, epigenetische 

en fysiologische ontwikkelingsprocessen aan het licht gebracht. Dat wil zeggen, in plaats van 

op uitputtende wijze deze complexe processen te determineren en besturen, lijkt het er eerder 

op dat genen causaal en dynamisch geïntegreerd en gecontextualiseerd zijn in deze processen. 

De transgenerationele overerving van biologisch en, mogelijks, evolutionair relevante 

informatie blijkt bovendien niet beperkt te zijn tot genetische overerving, maar omvat tevens 

epigenetische en cellulaire mechanismen van overerving. Globaal beschouwd vraagt het 

‘inzoomen’ op complexe moleculaire, epigenetische, biochemische en fysiologische 

ontwikkelingsprocessen een meer ‘fijnkorrelig’ en gesofisticeerd evolutie-theoretisch kader 

dan de klassieke versie met haar eenvoudige en quasi-lineaire genotype/fenotype-correlatie. 

Ondanks beweringen van het tegendeel door vooraanstaande verdedigers van de klassieke 

evolutietheorie of Moderne Synthese, hebben meerdere biologen en bio-filosofen reeds 

gedurende meer dan drie decennia gewezen op de ontoereikendheid van het klassieke kader en 

op de nood aan een nieuwe of minstens uitgebreide evolutionaire synthese, recent en voorlopig 

‘Extended Evolutionary Synthesis’ of ‘EES’ gedoopt. 

Één van de centrale discussiepunten en tevens het kernprobleem of –onderwerp van 

deze doctoraatsverhandeling is in welke mate dit nieuw kader ‘gen-centrisch’ moet zijn of 

blijven, d.w.z. gecentreerd rond de causale rol van genen en genetica in de biochemie, 

fysiologie, ontwikkeling en evolutie van het leven. Vanaf de jaren 1980 en in het kielzog van 
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het theoretisch discours van ‘Developmental Systems Theory’ heeft menig auteur gepleit voor 

een radicale ‘relativering’ en/of ‘decentralisering’ van genen binnen de complex moleculaire, 

biochemische, fysiologische en ecologische ontwikkelingsdynamica van cellen en organismen, 

door te stellen dat genen (a) slechts één van de vele extra- of niet-genetische causale factoren 

zijn die de post-genome synthese van genproducten en de biochemische en fysiologische 

ontwikkeling van cellen en organismen co-determineren en (b) slechts één van de meerdere 

extra- of niet-genetische erfelijkheidsfactoren zijn binnen biologische evolutie. Een meer 

gematigd – en dus meer verspreid en/of succesvol – theoretisch kader over extra-genetische en 

hoger-niveau processen is ‘multilevel selection theory’, dat reeds zijn heuristische waarde heeft 

bewezen in het onderzoeksprogramma van de ‘major evolutionary transitions’. Multilevel 

selection theory laat toe tot het modelleren van selectie (competitie/conflict en samenwerking) 

tussen lager-niveau eenheden (bv. genen) die hoger-niveau individuen (bv. cellen) vormen die, 

op hun beurt, functioneren als selectieve eenheden die lager-niveau (intra-cellulair en intra-

genoom) conflict onderdrukken en tevens potentieel samenwerken om nog hogere niveaus van 

individualiteit (bv. meercellige organismen) te vormen, enzovoort. 

In de onderhavige doctoraatsverhandeling onderzoeken we gen-centrisme in het licht 

van de huidige, 21ste-eeuwse stand van onderzoek in de biologie. We trachten de aard van de 

causale rol van genen in de post-genome, biochemische, fysiologische, ontwikkelings- en, 

tenslotte, evolutionaire dynamica van het leven op Aarde te verhelderen. De globale doelstelling 

is te achterhalen in welke mate een nieuwe of uitgebreide ‘synthese’ in de biologie wel of niet 

gen-centrisch moet zijn, d.w.z. gecentreerd rond, of ‘geankerd in’, genen en genetica.  

In Deel 1 onderzoeken we de proximale causale rol van genen in de post-genome, 

biochemische, fysiologische en ontwikkelingsdynamica van cellen en organismen. In hoofdstuk 

11 bieden we een diepgaande analyse van genetische causaliteit op het moleculair-genetisch en 

post-genoom niveau van intra-cellulaire biochemie. We geven eerst een historische inleiding 

over hoe de ‘Weismann barrière’ en nadien haar moleculaire versie – Francis Cricks ‘centraal 

dogma’ van de moleculair biologie – vorm gaven aan het 20ste-eeuwse gen-centrische 

paradigma van het leven, d.i. de conceptie van het gen en genoom als een ‘centrale bron’ van 

waaruit erfelijke specificiteit of informatie uni-directioneel in de cellulaire biochemie en 

ontwikkeling stroomt. Vervolgens onderzoeken en analyseren we de implicaties van ‘reverse 

transcription’ (van RNA- naar DNA-sequentie), van de afwezigheid van een mechanisme van 

‘reverse translation’ (van proteïnen-vormende aminozuur-sequenties naar NA-sequenties), en 

van het bestaan van complexe post-genome en epigenetische processen van ‘natural genetic and 

genome engineering and editing’. In hoofdstuk 22 breiden we onze analyse uit naar hogere – 

fysiologische en ontwikkelings- – niveaus van organisatie en de proximale causale rol van 

genen hierin. Na een meer diepgaande historische inleiding over het gen-centrisch paradigma 

 

                                                      
1 Reeds gepubliceerd als: De Tiège A, Tanghe K, Braeckman J, Van de Peer Y (2014) From DNA- to NA-centrism 

and the conditions for gene-centrism revisited. Biology and Philosophy 29:55-69. 
2 Reeds gepubliceerd als: De Tiège A, Tanghe KB, Braeckman J, Van de Peer Y (2015) Life’s dual nature: a way 

out of the impasse of the gene-centred ‘versus’ complex systems controversy on life. In: Pontarotti P (ed) 

Evolutionary Biology: Biodiversification from Genotype to Phenotype. Springer, Berlin-Heidelberg, pp 35-52. 
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van het leven en de recente invraagstelling ervan, onderscheiden we ‘gen-centrisme’ van meer 

radicale vormen van ‘genetisch determinisme en reductionisme’ om uiteindelijk te komen tot 

een realistisch beeld van genetische causaliteit in de fysiologische ontwikkelingsdynamica van 

cellen en organismen. Vervolgens trachten we in hoofdstuk 3 de fysisch-proximale aard en 

oorsprong van gen-gebaseerde causaliteit in de oorsprong van het leven op Aarde te bepalen, 

of toch minstens ‘the hard problem’ dat zich hier voordoet op een duidelijkere manier te duiden. 

We sluiten Deel 1 over de proximale causale rol van genen af met een kort vierde hoofdstuk 

waarin we tot een relatief eenvoudige oplossing komen om de fysische aard van genetische 

causaliteit in het leven te duiden of definiëren.  

Deel 2 over de ultieme causale rol van genen in biologische evolutie bestaat uit één 

omvangrijk hoofdstuk 5.3 Hier geven we een diepgaande analyse van de expliciet gen-

centrische visie of ‘gene’s eye view’ op evolutie en haar complementaire relatie tot de klassieke 

Moderne Synthese alsook tot de meer recente evolutionaire ontwikkelingsbiologie of ‘evo-

devo’. In een afsluitende conclusie suggereren we tevens hoe ‘the gene’s eye view’ zou kunnen 

instaan voor de hiërarchische organisatie die het leven kenmerkt (bestudeerd door ‘multilevel 

selection theory’ en het onderzoeksprogramma van ‘the major evolutionary transitions’). 

Globaal gezien stellen we dat ‘the gene’s eye view’ – zoals dit verder is ontwikkeld tijdens de 

laatste jaren – het verklarend vermogen heeft om als een verenigend kader te fungeren voor 

biologische evolutie, d.w.z. als een potentieel theoretisch fundament voor een nieuwe of 

uitgebreide evolutionaire synthese in de biologie.  

 

 

 

                                                      
3 Geaccepteerd voor publicatie: De Tiège A, Van de Peer Y, Braeckman J, Tanghe KB (2017) The sociobiology 

of genes: the gene’s eye view as a unifying behavioural-ecological framework for biological evolution. History 

and Philosophy of the Life Sciences. 
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General introduction 

Historical context and situation 

The pre-modern ‘essentialist’ and ‘teleological’ paradigm of Aristotelian physics became 

systematically undermined by the ‘revolutionary’ work of Copernicus (1473-1543), Kepler 

(1571-1630), Galilei (1564-1642) and others, to eventually result in a new paradigm of classical 

Newtonian physics and mechanics and the 19th century belief that the latter could form the 

fundament – if not in practice then at least in theory – of all physical phenomena. From the 

beginning of the 20th century on, however, the classical Newtonian framework turned out to be 

solely a ‘coarse-grained approximation’ of physical reality resting on a deeper and more 

accurate or fine-grained ‘non-classical’ physical fundament of relativistic and quantum 

mechanics. In biology, a somewhat similar situation seems to have occurred. The pre-modern 

‘essentialist’ and ‘teleological’ paradigm of Aristotelian biology – still constitutive to the work 

of prominent contributors to biology like Carl Linnaeus (1707-1778), Jean-Baptiste Lamarck 

(1744-1829), Johann Wolfgang von Goethe (1749-1832), Georges Cuvier (1769-1832), Étienne 

Geoffroy Saint-Hillaire (1772-1844) and Richard Owen (1804-1892) – became systematically 

undermined by the ‘revolutionary’ work of Charles Darwin (1809-1882), Gregor Mendel 

(1822-1884), August Weismann (1834-1914) and others, to eventually result in 20th century 

classical evolutionary theory, i.e., the so-called Modern Synthesis and its formal and 

mathematical core or fundament of population genetics (e.g., Fisher 1918, 1930; Wright 1931; 

Haldane 1932; Dobzhansky 1937; Huxley 1942; Mayr and Provine 1980). As in the case of 

classical Newtonian physics and mechanics there was – and to some extent still is – a 

widespread belief or conviction that all biological phenomena, if not in practice then at least in 

theory, could and should be ultimately framed within a classical-evolutionary and even 

population-genetic framework (cf. Dobzansky’s 1964 statement that “nothing makes sense in 

biology except in the light of evolution”; Lynch’s 2007b statement that “nothing in evolution 

makes sense except in light of population genetics”; see also the authors of the ‘counterpoint’ 

in Laland et al. 2014). In classical evolutionary theory and population genetics, biological 

evolution is conceptualized in terms of populations of reproducing organisms and, more 

specifically, in terms of populations of heritable phenotypes, genetically represented as 
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genotypes. A genotype is composed of one or several genes as ‘units of heredity’ and, as such, 

represents the heritable aspect of an organism’s phenotype. The concepts of the gene and 

genotype thus provide a means to genetically ‘represent’ and, hereby, ‘track’ and ‘calculate’ 

the phenotypic evolution of organisms in a population. However, as classical evolutionary 

theory ‘black-boxes’ the complex molecular, epigenetic, biochemical and physiological 

developmental processes leading from genotype to phenotype, it is only offering a ‘coarse-

grained’ abstraction of evolution. Research in molecular, developmental and systems biology 

during the past few decades has revealed a rich not-to-genes-reducible complex systems 

dynamics and modularity of postgenomic molecular processes (involved in the epigenetic 

regulation and even editing of genes and in the synthesis of functional gene products), of 

biochemical and metabolic processes, and of physiological developmental processes. That is, 

genes appear to be causally and dynamically integrated and contextualized within these 

complex molecular, epigenetic, biochemical and physiological processes, rather than 

exhaustively determining or governing these processes. This would also explain why the 

modular developmental nature of macro-evolutionary change has always remained a problem 

for the classical population-genetic framework (e.g., Gould and Lewontin 1979; Vrba and 

Eldredge 1984; Depew and Weber 1985, 1994; Gilbert et al. 1996; Gould 2002; Wagner 2014). 

Moreover, the transgenerational inheritance of biologically and possibly evolutionarily relevant 

information turns out to be not confined to solely genetic DNA- or RNA-based inheritance but 

also includes epigenetic and cellular modes of inheritance (Griesemer 1998; Jabonkla and 

Lamb 2005; Jablonka and Raz 2009; Wilkins 2011). Overall, the ‘zooming in’ on complex 

molecular, epigenetic, biochemical and physiological developmental processes would require 

a much more ‘fine-grained’ and sophisticated evolution-theoretical framework than the 

classical version with its simple and quasi-linear genotype/phenotype correlation. In their 

seminal paper on the relatively young field of evolutionary developmental biology (evo-devo), 

Gilbert et al. (1996, p. 368) compared the situation with the transition from classical 

(Newtonian) mechanics to contemporary (relativistic and quantum) mechanics and wrote: 

“Population genetics is destined to change if it is not to become irrelevant to evolution as 

Newtonian mechanics is to contemporary physics.”  

In spite of claims to the contrary by prominent defenders of classical Modern-Synthesis 

evolutionary theory (e.g., Dawkins 2004; Haig 2007; Hoekstra and Coyne 2007; Lynch 

2007a,b; the authors of the ‘counterpoint’ in Laland et al. 2014), many biologists and 

philosophers of biology have, for more than three decades already, been insisting on the 

inadequacy of the classical framework and the need for a new or, at least, extended evolutionary 

framework (e.g., Ho and Saunders 1984; Depew and Weber 1985, 1994; Gilbert et al. 1996; 

Kutschera and Niklas 2004; Rose and Oakley 2007; Gissis and Jablonka 2011), recently and 

provisionally dubbed ‘Extended Evolutionary Synthesis’ or ‘EES’ (e.g., Müller 2007; Pigliucci 

2007, 2009; Pigliucci and Müller 2010; Laland et al. 2014; Noble et al. 2014). One of the central 

discussion points and also the main problem or subject of the present doctoral dissertation is to 

what extent this new framework should be or remain ‘gene-centred’, i.e., centred around the 

causal role of genes and genetics in the biochemistry, physiology, development and evolution 

of life. From the 1980s on, and in the wake of the theoretical discourse of ‘Developmental 
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Systems Theory’, there have been pleas for a radical ‘relativization’ and/or ‘de-centralization’ 

of genes within the complex molecular, biochemical, physiological and ecological 

developmental dynamics of cells and organisms, stating that genes are (a) one among many 

extra- or non-genetic causal factors co-determining the postgenomic synthesis of gene products 

and the biochemical and physiological development of cells and organisms and (b) one among 

many extra- or non-genetic heritable factors in the evolution of life (e.g., Oyama 1985; Keller 

2000; Oyama et al. 2001; Moss 2003; Jablonka and Lamb 2005; Callebaut et al. 2007; Noble 

2008, 2010, 2011, 2012; Griffiths and Stotz 2013; Noble et al. 2014). A less radical, more 

compromising – and hence more widespread and/or successful – theoretical framework on 

extra-genetic and higher-level causation is ‘multilevel selection theory’ (e.g., Lewontin 1970; 

Gould 2002; Okasha 2006; Godfrey-Smith 2009), which has proven its heuristic value in the 

research programme of the ‘major evolutionary transitions’ (Maynard Smith and 

Szathmáry1995; Michod 1999; Queller and Strassmann 2009; Strassmann and Queller 2010; 

Calcott and Sterelny 2011; West et al. 2015). Multilevel selection theory allows to model 

selection (competition/conflict and cooperation) among lower-level units (e.g., genes) forming 

higher-level individuals (e.g., cells) which, in turn, function as selective units in themselves 

suppressing lower-level (e.g., intra-cellular and intra-genomic) conflict and potentially 

cooperating to form yet higher levels of individuality (e.g., multicellular organisms), and so on. 

It rests on a holistic assumption of “the whole is more than the sum of its parts”, i.e., that higher-

level individuality originates from the moment that higher-level organization cannot be 

exhaustively reduced anymore to interactions among lower-level components (cf. Gilbert and 

Sarkar 2000).  

In the present doctoral dissertation, we explore gene-centrism in light of the current, 21st 

century state of knowledge in biology. We try to clarify the nature of the causal role of genes 

in the postgenomic, biochemical, physiological, developmental and, finally, evolutionary 

dynamics of life on Earth. The overall objective is to find out to what extent or degree a new or 

extended ‘synthesis’ in biology should or should not be gene-centred, i.e., centred around or 

‘anchored in’ genes and genetics. 

Introduction to the different papers/chapters 

Overall, the dissertation is composed of five chapters, each of them being a paper or article in 

its own right that, as such, can also be read separately.1 In Part 1, which consists of four 

papers/chapters (two of them being published), we explore the nature of the proximate causal 

 

                                                      
1 Three of the five papers were already published or accepted for publication at the moment of the submission of 

the doctoral dissertation. 
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role of genes in the postgenomic, biochemical, physiological and developmental dynamics of 

cells and organisms. And in Part 2, consisting of one extensive (accepted) paper/chapter, we 

explore the ultimate causal role of genes in the evolutionary dynamics of cells and organisms.  

Concerning the proximate causal role of genes (Part 1), we start in paper/chapter 1 

(entitled From DNA- to NA-centrism and the conditions for gene-centrism revisited) with a 

historical introduction on how the ‘Weismann barrier’ and later on its molecular version – 

Francis Crick’s ‘central dogma’ of molecular biology – gave shape to the 20th century gene-

centred paradigm of life, i.e., the conception of the gene/genome as a ‘central source’ from 

which hereditary specificity or information unidirectionally flows or radiates into cellular 

biochemistry and development. Due to more recent advances in molecular genetics and 

epigenetics, such as the discovery of complex postgenomic and epigenetic processes in which 

genes are causally integrated, many theorists argue that such a gene-centric conception of the 

organism has become problematic. Here, we demonstrate, however, that an overall rejection of 

gene-centrism is unjustified and requires more nuance. First, we argue that the acknowledgment 

of widespread reverse transcription (from RNA- to DNA-sequence) does not necessarily 

undermine gene-centrism, i.e., the causal centrality of genetic nucleic acid sequences, but only 

pleas for an extension from narrow ‘DNA-centrism’ to a broader, RNA-encompassing ‘NA-

centrism’. Secondly, we show how the absence of a mechanism of reverse translation (from 

proteinaceous amino acid sequence to NA-sequence) implies that, in spite of the existence of 

complex postgenomic and epigenetic molecular processes like DNA methylation, RNA editing, 

RNA splicing and prion replication, the causal constraints from genetic NA-sequences on 

protein structure and function are decisively stronger than vice versa, as such concluding for a 

modest gene-centrism at the level of protein-based cellular biochemistry and metabolism. And 

finally, we explore the conditions and their (non)fulfilment for a more generalized gene-

centrism at higher – physiological and developmental – levels of biological organization.  

In paper/chapter 2 (entitled Life’s dual nature: a way out of the impasse of the gene-

centred ‘versus’ complex systems controversy on life), we go a step further in favour of a gene-

centrism generalized to higher – physiological and developmental – levels of cellular and 

organismal organization. After a more in-depth historical introduction on the gene-centred 

paradigm of life from Weismann (1889, 1893a, 1904) over Muller (1922, 1966), Schrödinger 

(1944) and Crick (1958, 1970) to the more recent questioning of the paradigm, we argue that – 

in spite of genes being causally and dynamically integrated within the complex biochemical, 

physiological and developmental systems dynamics of cells and organisms – the causal 

constraints from genetic sequence-specificity via functional gene products (i.e., functional 

RNAs and proteins) all the way to biochemical and physiological organization are stronger and 

more significant than in the opposite or ‘Lamarckian’ direction of ‘natural genetic and genome 

engineering’. This ‘causal asymmetry’ is argued to constitute ‘gene-centrism’, defined as “the 

hypothesis that genes/genomes constitute the ‘negentropic’ and/or ‘informational’ centre of 

cells and organisms as complex systems”. Inspired by Tanghe’s (2013, chapter 14) doctoral 

dissertation, we also point at the fact that the falsification of extreme ‘genetic determinism’ and 

‘reductionism’ (here defined as “the hypothesis that biochemical and physiological 

organization are quasi-exhaustively determined by and reducible to genetic sequence 
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information”) does not imply a falsification of the just-mentioned ‘causal asymmetry’ 

constituting gene-centrism.2 Further relying on Tanghe (ibidem), we show how interesting 

empirical support may come from cross-species genome transplantations, i.e., bacterial 

genome transplantations (Lartigue et al. 2007; Pennisi 2007), cross-species cloning (Lanza et 

al. 2000; Loi et al. 2001, 2007; Gomez et al. 2004; Williams et al. 2006; Folch et al. 2009; 

Hajian et al. 2011) and cross-genus cloning (Sun et al. 2005; Sun and Zhu 2014). Finally, we 

briefly mention some implications for evolutionary theory, i.e., for the controversy between the 

Modern Synthesis and an ‘Extended Synthesis’ (cf. Pigliucci and Müller 2010; Laland et al. 

2014; Noble et al. 2014). 

In paper/chapter 3 on the origin of life on Earth (entitled The origins and physical roots 

of life’s dual – metabolic and genetic – nature), we try to determine or gain insight into the 

physical nature and origin of gene-based causality or, at least, to formulate more clearly the 

‘hard problem’ that still exists on this subject. First, we give a concise ‘top-down’ survey of the 

origin of life, i.e., backwards in time from extant DNA/RNA/protein-based life over the RNA 

world to the earliest, pre-RNA stages of life’s origin, with special emphasis on the metabolism-

first versus gene/replicator-first controversy. Secondly, we critically assess the role of minerals 

in the earliest origins of both metabolism and genetics. And thirdly, relying on the biophysical 

work of Erwin Schrödinger, Carl Woese and Stuart Kauffman, we sketch and reframe the origin 

of metabolism and genetics from a physics, i.e., thermodynamics, perspective. We conclude 

that life’s dual nature runs all the way back to the very dawn and physical constitution of life 

on Earth. Relying on the current state of research, we argue that life’s origin stems from the 

congregation of two kinds of sources of negentropy – thermodynamic and statistical 

negentropy. While thermodynamic negentropy (which could have been provided by solar 

radiation and/or geochemical and thermochemical sources) led to life’s combustive and/or 

metabolic aspect, the abundant presence of mineral surfaces on the prebiotic Earth – with their 

selectively adsorbing and catalysing (thus ‘organizing’) micro-crystalline structure or order – 

arguably provided for statistical negentropy for life to originate, eventually leading to life’s 

crystalline-genetic aspect. However, the transition from a prebiotic world of relatively simple 

chemical compounds including periodically structured mineral surfaces towards the complex 

aperiodic and/or informational structure, specificity and organization of biopolymers and 

biochemical reaction sequences remains a ‘hard problem’ to solve.  

In spite of its shortness, paper/chapter 4 (entitled Life as a dynamically complex as well 

as gene-centred phenomenon or process) is arguably the most important contribution to Part 1 

on the proximate causal role of genes. Here, it is demonstrated how gene-centrism directly 

 

                                                      
2 Tanghe (2013) argued that the science of genetics came into being within the context of a still not sufficiently 

recognized or understood conceptual shift from an ancient organism-centric to a 20th century gene-centric way of 

thinking about life. One of the arguments in his account was that we should distinguish between two kinds of 

modern gene-centrism: gene mania (characterized by extreme genetic determinism and reductionism) and a more 

moderate gene-centrism. In my own doctoral dissertation, too, (moderate) gene-centrism is distinguished from 

more extreme forms of genetic determinism and reductionism. 
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follows from the very physical, i.e., statistical-mechanical and thermodynamic, constitution of 

life and, hence, how gene-centrism would be an inherent physical property of life. 

Part 2 on the ‘ultimate’ causal role of genes in biological evolution consists of one 

extensive paper/chapter 5 (accepted for publication as The sociobiology of genes: the gene’s 

eye view as a unifying behavioural-ecological framework for biological evolution). First, we 

give a historical introduction on the development of the explicitly gene-centred or ‘gene’s eye 

view’ on evolution (section 5.1). Then, we analyse more extensively its complementary 

relationship to classical Modern-Synthesis evolutionary theory and population genetics (section 

5.2). Its explanatory potential is demonstrated to cover the ground of adaptive organismal 

evolution (5.2.1), of intra-organismic and intra-genomic conflict (5.2.2), and also of cases of 

neutral evolution usually ascribed to random drift (5.2.3). Thirdly, we analyse the explanatory 

complementarity of the gene’s eye view to evo-devo (section 5.3) by demonstrating how it 

provides for a solution for evo-devo’s core problem regarding the apparently adaptation-

transcending continuity or homology of characters and ‘baupläne’ versus their adaptive 

modular developmental-evolutionary change. And finally, in a concluding discussion (section 

5.4), we also suggest how the gene’s eye view may account for life’s hierarchical organization 

(studied by multilevel selection theory and the major evolutionary transitions programme). 

Overall, the gene’s eye view – as it has been further developed during the last few years (e.g., 

Gardner and Welsh 2011; Haig 2012, 2014; Bohl et al. 2014; Bourke 2014; Agren 2016) – is 

suggested to have the explanatory potential to serve as a unifying framework for biological 

evolution, i.e., as a potential theoretical groundwork or fundament for a new or, at least, 

extended evolutionary synthesis.  

 



 

 

 

Part 1 – The Proximate Causal Role of Genes in 

the Postgenomic, Biochemical, Physiological and 

Developmental Dynamics of Cells and 

Organisms: The Gene/Genome as a Central 

Source of ‘Statistical Negentropy’ or ‘Order’ 
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Chapter 1  

From DNA- to NA-centrism and the conditions 

for gene-centrism revisited1 

Abstract: First the ‘Weismann barrier’ and later on Francis Crick’s ‘central 

dogma’ of molecular biology nourished the gene-centric paradigm of life, i.e., the 

conception of the gene/genome as a ‘central source’ from which hereditary 

specificity unidirectionally flows or radiates into cellular biochemistry and 

development. Today, due to advances in molecular genetics and epigenetics, such 

as the discovery of complex post-genomic and epigenetic processes in which 

genes are causally integrated, many theorists argue that a gene-centric conception 

of the organism has become problematic. Here, we first explore the causal 

implications of the following two central dogma-related issues: (i) widespread 

reverse transcription – arguing for an extension from ‘DNA-genome’ to RNA-

encompassing ‘NA-genome’ and, thus, from traditional DNA-centrism to a 

broader ‘NA-centrism’; and (ii) the absence of a mechanism of reverse translation 

– arguing for the ‘structural primacy’ of NA-sequence over protein in cellular 

biochemistry. Secondly, we explore whether this latter conclusion can be 

extended to a ‘functional primacy’ of NA-sequence over protein in cellular 

biochemistry, which would imply a limited kind of ‘gene/NA-centrism’ confined 

to the subcellular level of NA/protein-based biochemistry. Finally, we explore the 

conditions – and their (non)fulfilment – for a more generalized form of gene-

centrism extendable to higher levels of biological organization. We conclude that 

the higher we go in the biological hierarchy, the more dubious gene-centric claims 

become.  

 

                                                      
1 This chapter has been published as an article in the journal Biology and Philosophy (De Tiège et al. 2014). The 

final concluding section 1.6 has been slightly modified for the purpose of this dissertation. 
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1.1 Introduction  

The complexity of cellular biochemistry and the complete embeddedness of DNA-sequences 

therein, as revealed by modern developments in molecular biology, has made many scholars 

question the relevance or even plausibility of the central dogma of molecular biology and, 

consequently, the gene-centric nature of life (e.g., Thieffry and Sarkar 1998; Sarkar 2000, 2005; 

Griesemer 2002; Jablonka and Lamb 2005; Neumann-Held and Rehmann-Sutter 2006; Stotz 

2006a,b; Godfrey-Smith 2007; Shapiro 2009, 2011; Koonin 2012). In section 1.2, we briefly 

sketch the Weismannian background of the central dogma, and take a short glance at the 

discoveries that have undermined the central dogma in support of the DNA-centric 

interpretation of life. In section 1.3, we explore the causal implications of the following two 

central dogma-related issues: (1) widespread reverse transcription and (2) the absence of a 

mechanism of reverse translation, arguing for respectively (i) an extension from ‘DNA-

genome’ to RNA-encompassing ‘NA-genome’ and (ii) the ‘structural primacy’ of NA-sequence 

over protein in cellular biochemistry. In section 1.4, we explore whether, and under what 

conditions, this latter conclusion can be extended to a ‘functional primacy’ of NA-sequence 

over protein in cellular biochemistry, which would mean a modest kind of ‘gene/NA-centrism’ 

confined to the subcellular level of NA/protein-based biochemistry. And finally in section 1.5, 

we formulate and explore the conditions and their (non)fulfilment for a more generalized kind 

of gene-centrism applicable to higher levels of biological organization. Here, we mainly focus 

on the (relatively ‘low’) epigenetic level and/or epigenome and on the (much ‘higher’) 

phenotypic level and/or phenome. 

1.2 Science-historical background: from the Weismann 

barrier to the central dogma to the demise of DNA-

centrism 

Winther (2001, p. 522) summarizes August Weismann’s vision on the origin of variation as 

follows: “[…] acquired somatic variations are not inherited, but acquired germ-plasm variations 

are inherited and are the only kind of novel germ-plasm variation […].” Contrary to widespread 

misunderstanding, Weismann did not simply argue against the inheritance of ‘acquired’ 

variation. That is, he did not argue against the inheritance of during development acquired 

germ-plasm variation, explicitly allowing for the origin or generation of variation (mutation) in 

the germ-plasm to occur due to external, environmental fluctuations during ontogeny 

(Weismann 1893a; Winther 2001). What he argued against was the germline inheritance of 

somatically acquired variation. The non-inheritance of somatically acquired variation by means 
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of germline inheritance logically followed from the following two-fold hypothesis. First, there 

was his hypothesis on the ‘continuity of the germ-plasm’: germ-plasm could only be derived 

from germ-plasm and not from the soma (Weismann 1889, 1893a). Hence, there was no 

germline inheritance of somatically acquired variation through ‘pangenesis’, i.e., the production 

of germ-plasm by the soma. He spoke in this respect of “[…] ‘blasto-genesis’ – or origin from 

a germ-plasm, in contradistinction to Darwin’s theory of ‘pangenesis’ – or origin from all parts 

of the body” (Weismann 1993a, p. xiii). The ‘continuity of germ-plasm’ or  ‘blasto-genesis’ 

hypothesis relied, at least in part, on a second ingredient in the Weismannian framework, viz. 

his assumption of a specification or instruction barrier – later on dubbed the ‘Weismann barrier’ 

– through which no structural specifications or instructions can pass from soma toward germ-

plasm (Weismann 1889, 1893b, 1904; see also Gould 2002; Haig 2007). This assumption was 

– in contrast to what is often thought – not simply or merely based on a spatial separation 

between germ-plasm and soma, but on a more fundamental difference between the hereditary 

constituents in the germ-plasm and the somatic body parts themselves. Due to this difference, 

the germ-plasm cannot be assumed to contain a ‘microscopic facsimile’ (term Weismann) or 

‘blueprint’ deterministically and, hence, reversibly specifying the developing soma (thus, this 

latter can also not specify or instruct in reverse the germ-plasm constituents) (Weismann 1889, 

1893b, 1904; see also Dawkins 1982, 2004; Haig 2007). As Weismann reasoned, the difference 

between germ-plasm constituents and somatic body parts implies that the transmission of a 

somatically acquired change to the germ-plasm would require the germ-plasm constituents 

“[…] to vary in quite a different way from that in which the finished parts have varied; which 

is very like supposing that an English telegram to China is there received in the Chinese 

language” (Weismann 1904, vol. 2, p. 63; emphasis added). Later, this avant-la-lettre 

‘informational’ barrier has been related to Francis Crick’s ‘central dogma’ of molecular biology 

(e.g., Maynard Smith 1993, 2000; Dawkins 1982, 2004; Jablonka and Lamb 2005, ch. 1). The 

latter states that genetic sequence specificity or ‘information’ cannot pass backwards from 

three-dimensional protein to linear amino acid or nucleic acid sequence (Crick 1958, 1970; 

Thieffry and Sarkar 1998). Both the Weismann barrier and Crick’s central dogma nourished 

the conception of the gene/genome as a ‘central source’ – or as a ‘read-only memory’ (ROM) 

device, as Shapiro (2011) terms it – from which hereditary information flows or radiates into 

cellular biochemistry and development and not the other way around (Griesemer 2002, 2005; 

Shapiro 2011). This ‘gene-centric’ perspective of the organism was, and still is, basic to neo-

Darwinian evolutionary biology. In what follows, we leave aside the old concept of the 

Weismann barrier and focus on the more recent central dogma of molecular biology. 

The central dogma (Crick 1958, 1970) states that genetic sequence information cannot be 

transferred ‘backwards’ from protein to either protein or nucleic acid, i.e., from a three-

dimensional protein to a linear amino acid or nucleic acid sequence. As such, the central dogma 

nourished the gene-centric – and more specifically the ‘DNA-centric’ – conception of life. This 

latter assumes a predominantly unidirectional flow of genetic sequence information from 

hereditary or replicated DNA, transcribed into RNA [with the admission of reverse transcription 

by retroviruses (Temin and Mizutani 1970; Crick 1970)], translated into protein and 

proteinaceous biochemistry and development. However, as many theorists have made clear, 
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due to advances in molecular genetics and epigenetics during the decades since the dogma was 

formulated, gene-centrism – at least in its DNA-centric form – has become very difficult to 

maintain. First, there is a large number of post-genomic and epigenetic processes involving 

gene products – both non-coding RNA (ncRNA) and proteins – that causally influence ‘in the 

opposite direction’ genetic NA- (DNA- and RNA-) sequence. Often-cited examples of such 

ncRNA- and protein-mediated causation on DNA- and RNA-sequence are widespread (and not 

just retroviral) reverse transcription from ncRNA to DNA (e.g., Temin 1985; Brosius 1999, 

2003; Shapiro 2009, 2011), changes in DNA-sequence due to protein-mediated proofreading 

and repair (e.g., Goodman 2002; Shapiro 2009, 2011), DNA-methylation which may cause the 

mutation of methylated cytosine into thymine (e.g., Holliday 1990; Jablonka and Lamb 2005, 

pp 126-132; Law and Jacobsen 2010), RNA-editing (e.g., Brennicke et al. 1999; Maas and Rich 

2000; Maydanovych and Beal 2006; Knoop 2011), and RNA-splicing (e.g., Sharp 1994; 

Thieffry and Sarkar 1998; Stotz 2006b; Shapiro 2009, 2011). Because such post-genomic and 

epigenetic processes imply that non-genetic developmental and environmental conditions may 

inject causal/informational parameters into DNA- and RNA-sequence, genetically replicated 

DNA-sequence cannot count as the sole or exclusive causal ‘central source’ providing 

information for gene products and cellular biochemistry and development. These pre-

translational modifications of NA- (DNA- and RNA-) sequence, however, are not the end of 

the story. Due to mechanisms of ‘translational recoding’, such as frameshifting, programmed 

bypassing and codon redefinition (Baranov et al. 2003; Stotz 2006b), the causal/informational 

contribution of genetic DNA-sequence to the production of proteins (and hence to cellular 

biochemistry and development) is further weakened. Moreover, an mRNA-specified amino 

acid sequence is not the sole factor that determines a three-dimensional protein-structure; all 

kinds of post-translational protein modifications due to covalent alterations on the ribosomes 

are involved (Shapiro 2009, 2011), again weakening the causal/informational contribution of 

genetic DNA-sequence to the production of proteins and, hence, to cellular biochemistry and 

development. Furthermore, the fact that gene products (ncRNAs and proteins) are not the sole 

components that make up cells and organisms, undermines the causal centrality of genetic 

DNA-sequence in life. Finally, transgenerationally inherited information is not reducible to 

genetic DNA variation alone, but may involve many kinds of non-genetic epigenetically 

inherited variation (Jablonka and Lamb 1995, 2005; Haig 2004; Richards 2006; Rando and 

Verstrepen 2007; Jablonka and Raz 2009; Richards et al. 2010). That is, the transgenerational 

re-occurrence of phenotypic organismal variation does not only rely on transgenerational 

genetic parameters but also on transgenerational epigenetic parameters, and even on 

transgenerational extra-cellular, extra-organismal and environmental factors (e.g., Jablonka and 

Lamb 2005; Odling-Smee and Laland 2011). 

Together, these and other post-genomic, epigenetic and extra-genetic factors imply that 

genetic DNA-sequence is not the sole – and even possibly not always the primary – causal 

factor providing informational parameters for the generation of gene products and for cellular 

biochemistry and development. See in this regard the critiques on gene-centrism by 

‘developmental systems theory’ (Oyama 1985; Oyama et al. 2001) and other ‘gene-de-centric’ 

theorists (e.g., Jablonka and Lamb 1995, 2005; Griesemer 2000, 2002, 2005; Keller 2000; Moss 
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2003; Stotz 2006a,b; Callebaut et al. 2007; Noble 2008, 2011; Shapiro 2009, 2011). Due to 

complex biochemical, cellular and developmental processes in which genetic DNA-sequence 

appears to be causally integrated and contextualized, gene-centrism would be flawed if not 

falsified. In the following sections, we investigate to what extent and under what conditions 

gene-centrism may or may not hold. 

1.3 The causal implications of widespread reverse 

transcription and of the absence of a mechanism of 

reverse translation 

1.3.1 Widespread reverse transcription: a conceptual shift from 

DNA-genome to NA-genome  

Why an ‘NA-genome’ instead of the traditional DNA-genome? Why identify NA-sequence 

instead of only DNA-sequence as ‘genetic’ material? We think this shift is almost mandatory, 

given the recently established high frequency rates of (not just retroviral) reverse transcription. 

If reverse transcription would only be a rare phenomenon compared to ‘ordinary’ transcription, 

then DNA would indeed be a more ‘central source’ of genetic variation than RNA. However, 

reverse transcription turns out to be far from rare, hereby corroding DNA-centrism. Indeed, the 

importance of reverse transcription in genome evolution is much more substantial than 

previously thought (Temin 1985; Brosius 1999, 2003; Shapiro 2009, 2011). For example, over 

one-third of the genetic variation in the human DNA-genome comes from reversely transcribed 

RNA (International Human Genome Sequencing Consortium 2001). The contribution of 

reversely transcribed RNA to the origin of new genetic DNA-variation is a widespread 

phenomenon that occurs in both eukaryotes and prokaryotes and that possibly dates back to the 

evolutionary transition from the ancient RNA world to the present DNA/RNA world (Brosius 

2003). Brosius (2003) further argues that the pervasiveness of reverse transcription in modern 

genomes suggests that the RNA world still ‘lives through’ within the present DNA/RNA world 

and, as such, is not truly over yet. This would imply that the evolutionary transition from the 

ancient RNA world toward the present DNA/RNA world should not be conceived as a ‘genetic 

takeover’ (sensu Cairns-Smith 1985) of RNA by DNA, but rather as an ‘addition’ of DNA to 

the pre-existing RNA-genome (causing, among others, a substantial increase in genetic 

variability and hence evolvability). 

The global picture that emerges from the abundant transcription and reverse 

transcription processes between DNA and RNA, is that of a global ‘NA-genome’ that 

incorporates both the DNA and the RNA of the cell, and in which NAs (DNA and RNA) can 

specify their own and each other’s sequences of building blocks (through replication, 

transcription and reverse transcription). 
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1.3.2 The absence of a mechanism of reverse translation: the 

structural primacy of NA-sequence over protein in cellular 

biochemistry 

Cellular biochemistry is a complex process in which NA and protein are causally intertwined 

and in which both ‘causation’ from NA to protein and ‘feedback causation’ from protein to NA 

are important and ubiquitous. Instances of bidirectional causation between NA and protein are 

all kinds of ncRNA-protein interactions (Wu et al. 2006). A very special form of causation from 

(mR)NA towards protein, however, is translation. Here, causation from NA to protein is 

structural. That is, translation from NA-sequence to amino acid sequence implies a strong 

structural constraint from NA on protein, i.e., from linear NA-sequence via linear amino acid 

sequence to three-dimensional protein-structure. The question that interests us here is: among 

the ‘feedback causation’ processes from protein to NA, are there structural feedback constraints 

from protein on NA-sequence that are so strong they can ‘counterbalance’ or ‘compensate’ for 

the ‘translational structural constraint’ from NA-sequence on protein?  

An example of feedback causation sine structural feedback constraint from protein on 

NA would be genetic assimilation. Genetic assimilation may occur due to epigenetic (prion-

mediated) regulation of translation of hidden genetic variation and the subsequent meiotic 

reassortment of this newly expressed genetic variation (True et al. 2004; Halfmann et al. 2012). 

It is regarded by Koonin (2012) as a “non-negligible flow of information from proteins to the 

genome”. However, during genetic assimilation no structural constraint or specification from 

prion to DNA- or RNA-sequence has been demonstrated, only the assimilation (via prions) of 

pre-existing but previously unexpressed genetic variants into the gene pool. Therefore, genetic 

assimilation would involve no structural feedback constraint from protein/prion on NA.  

There are other processes of protein-mediated feedback causation on NA, however, that 

do involve structural changes in NA-sequence. DNA-methylation, for instance, sometimes 

causes the mutation of methylated cytosine into thymine (Holliday 1990; Jablonka and Lamb 

2005, pp 126-132; Law and Jacobsen 2010). This, however, is only a single nucleotide 

substitution, thus not the specification of a sequence of nucleotides, and hence a relatively weak 

or ‘information-poor’ structural feedback constraint that does not counterbalance the much 

stronger or ‘information-richer’ translational structural constraining from NA on protein (which 

does involve the specification of sequences of building blocks or amino acids). Another 

example involving protein-mediated structural modification of NA-sequence is RNA-editing, 

i.e., the selective insertion, deletion or substitution of nucleotides in RNA by various guide 

RNAs and enzymes (proteins) (Brennicke et al. 1999; Maas and Rich 2000; Maydanovych and 

Beal 2006; Knoop 2011). However, as in the mutation of methylated cytosine into thymine in 

DNA due to DNA-methylation RNA-editing, too, involves the insertion/deletion/substitution 

of single (i.e., one or a few) nucleotides, and not the specification of sequences of nucleotides. 

As such, it would also involve relatively weak or ‘information-poor’ structural feedback 

constraints from protein to NA that do not counterbalance the substantially stronger or 

‘information-richer’ translational structural constraining from NA on protein. Moreover, a 
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second reason why RNA-editing does not ‘counterbalance’ or ‘compensate’ translation from 

RNA to protein is that it involves a transfer of sequence information not from protein to RNA 

but from (guide) RNA to (edited) RNA due to base-pairing. Proteins – in the form of multi-

protein ‘editosome’ complexes – only act as catalysts of editing processes, thus without 

transmitting any of their structural or sequential information to RNA, and hence not 

counterbalancing the translational structural constraint from RNA on protein. A final example 

of protein-mediated structural modification of NA-sequence that we mention here is RNA-

splicing or intron/exon-recombination (Sharp 1994; Thieffry and Sarkar 1998; Stotz 2006b; 

Shapiro 2009, 2011). Again, however, there seem to be two reasons for why also RNA-splicing 

would not counterbalance translational structural constraining from RNA on protein. First, it 

only involves a recombination or reassortment of sequential units (exons), and not a 

recombination, reassortment or rearrangement of single nucleotides into a specific sequence. 

Therefore, RNA-splicing, too, would be a relatively weak, information-poor and ‘coarse-

grained’ process that does not counterbalance the substantially stronger, information-richer and 

more ‘fine-grained’ process of translation from NA to protein (which does involve the 

arrangement of single building blocks or amino acids into specific sequences). And secondly, 

as in RNA-editing, proteins – now part of ‘spliceosomal’ RNA-protein molecular complexes – 

only act as catalysts, thus again not transmitting their structural or sequential information to 

RNA and hence not counterbalancing the translational structural constraint from RNA on 

protein. 

It seems highly unlikely that there will ever be discovered a ‘structural feedback 

constraint’ from protein on NA that is as strong, as determining, or as ‘information-rich’, as the 

structural constraint from NA on protein due to translation. Therefore, it can be concluded that 

due to the absence of a mechanism of reverse translation – and in spite of the intricate 

complexity of biochemical (post-genomic and epigenetic) processes in which NA and protein 

are causally intertwined – the structural constraint from NA on protein is substantially stronger 

than vice versa, implying the structural primacy of NA-sequence over protein in cellular 

biochemistry.  

Does this structural primacy of NA-sequence over protein, however, also imply a 

behavioural or functional primacy of NA-sequence over protein? This is explored in the next 

section. 
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1.4 The functional primacy of NA-sequence over protein in 

cellular biochemistry: gene-centrism at the subcellular 

level of NA/protein-based biochemistry 

What we are interested in, here, is the causal constraint from NA-sequence – via protein-

structure – on protein-behaviour/function. Of course, NA-sequence can also influence protein-

behaviour/function via functional ncRNA that interacts with proteins (and vice versa, proteins 

can influence ncRNA-behaviour/function by interacting with the latter) (Wu et al. 2006). But 

the process that interests us here is the causal arrow or constraint from NA-sequence via protein-

structure on protein-behaviour/function, and whether or not this genetic constraint on protein-

behaviour/function justifies the assumption of the ‘functional primacy’ of genetic NA-sequence 

over protein in cellular biochemistry. 

First, consider the causal constraint from genetic NA-sequence on protein-structure. In 

the previous section, it was demonstrated that the translation-based structural constraint from 

NA-sequence on protein-structure is substantially stronger or ‘information-richer’ than the 

reverse structural constraint from protein on NA-sequence. Of course, apart from genetic NA-

sequence, three-dimensional protein-structure may be co-determined by other (i.e., non-

genetic) causal factors, such as translational recoding [i.e., frameshifting, programmed 

bypassing and codon redefinition (Baranov et al. 2003; Stotz 2006b)] and post-translational 

protein modifications due to covalent alterations on the ribosomes (Shapiro 2009, 2011). But 

in spite of such co-determinations, the causal constraint from NA-sequence on protein-structure 

is relatively ‘statistically reliable’ or ‘stable’: there is a statistically reliable or stable co-

variance between genetic NA-sequence and protein-structure. That is, the causal constraint 

from genetic NA-sequence on three-dimensional protein-structure is not absolutely 

deterministic or preformationist, neither purely arbitrary, contingent or indeterminate, but 

relatively reliable and co-variational.2 

Now secondly, consider the causal constraint from genetically constrained protein-

structure on protein-behaviour/function. This causal constraint from structure on function, too, 

is relatively ‘statistically reliable’ or ‘stable’. Of course, here too, apart from genetically 

constrained protein-structure, protein-function is co-determined by extra-genetic contextual 

factors such as the availability of resources.3 But it is equally true that, in spite of such co-

determination by extra-genetic contextual factors, there is a statistically reliable or stable co-

variance between protein-structure and protein-function, i.e., between structure and function. 

That is, the causal constraint from protein-structure on protein-function, too, is not absolutely 

 

                                                      
2 In Woodward’s (2010) terminology, the causal arrow or constraint from genetic NA-sequence to three-

dimensional protein-structure is characterised by a relative “stability” (cf. our ‘reliability’) and “specificity” (cf. 

our ‘co-variance’).  
3 We thank an anonymous reviewer for drawing our attention to this. 
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deterministic or preformationist, neither purely arbitrary, contingent or random, but relatively 

reliable and co-variational.4  

When we consider, then, the entire causal chain from genetic NA-sequence over protein-

structure to protein-function, the causal constraint from NA-sequence on protein-function – 

although as a whole inevitably weaker than the causal constraints from NA-sequence on 

protein-structure and from protein-structure on protein-function viewed separately – should 

also exhibit a ‘statistical reliability’ or ‘stability’. That is, there should also be a relatively 

reliable co-variance between genetic NA-sequence and protein-function, which is also the 

consensus view in molecular biology. Indeed, although the causal constraint from genetic NA-

sequence on protein-function certainly cannot be termed absolutely deterministic or 

preformationist (because of extra-genetic causal factors that are co-determining), this 

constraint, however, is also far from purely arbitrary, contingent or random, but relatively 

reliable and co-variational. That is, genetic NA-sequences put (relatively reliable) co-

variational constraints upon protein-functioning.5  

What, then, is the relevance of all this for the ‘functional primacy’ of genetic NA-

sequence over protein in cellular biochemistry? For this latter to hold, the causal (co-variational) 

constraint from genetic NA-sequence on protein-function should be stronger than the reverse 

causal constraint from protein-functioning on genetic NA-sequence. The crucial question, thus, 

becomes: is protein-functioning able to ‘counterbalance’ the (relatively reliable) co-variational 

constraint it undergoes from genetic NA-sequence? Is there from protein-functioning an 

equally reliable co-variational feedback constraint on genetic NA-sequence? More 

specifically, can variations in protein-functioning (which are contextually co-determined by 

extra-genetic factors) be relatively reliably co-variationally ‘re-transformed’ or ‘re-translated’ 

into genetic NA-sequence? 

To our knowledge, no feedback mechanism that can accomplish this task has yet been 

discovered. Indeed, such a feedback mechanism should involve (a) a (relatively reliable) co-

variational re-transformation of variations in protein-functioning (which are co-determined by 

non-genetic contextual factors) into an appropriate, ‘co-variational’ modification of amino acid 

sequence, followed by (b) the latter’s (relatively reliable) reverse translation into genetic NA-

sequence. Such a truly ‘Lamarckian’ mechanism does most probably not exist. Although 

protein-mediated post-genomic and epigenetic feedback modifications of NA-sequence6 

involve some causal influence from protein-functioning on NA-sequence, none of them 

involves anything close to a co-variational re-transformation or re-translation of variations in 

protein-functioning into co-varying NA-sequence.  

 

                                                      
4 Again in Woodward’s (2010) terminology, the causal arrow or constraint from protein-structure to protein-

function is characterised by a relative “stability” and “specificity”. 
5 Again, using Woodward’s (2010) framework, the causal arrow or constraint from genetic NA-sequence to 

protein-function is characterised by a relative “stability” (cf. our ‘reliability’) and “specificity” (cf. our ‘co-

variance’). 
6 See previous section. 
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Therefore, the (relatively reliable) co-variational constraint from genetic NA-sequence 

on protein-function is in all likelihood stronger than the reverse causal constraint from protein-

functioning on NA-sequence. Hence, the conclusion is almost inevitable: genetic NA-sequence 

has – in addition to ‘structural primacy’ (see previous section) – a ‘functional primacy’ over 

protein in cellular biochemistry. As such, a modest kind of ‘gene/NA-centrism’ confined to the 

subcellular level of NA/protein-based biochemistry seems feasible. The justification of such a 

gene-centric conception of subcellular NA/protein-based biochemistry can be summarized as 

follows: 

 

Genetic sequences can put (relatively reliable or stable) co-variational constraints upon 

protein-functioning, but protein-functioning cannot put – or at least far less – co-

variational constraints upon genetic sequences.  

 

This argument for gene-centrism only applies to NA/protein-based biochemistry, that is, to the 

interactions between NA and protein at the subcellular level, and not to the whole of cellular 

biochemistry, meaning not to the level of the cell as a whole. In the next section, we explore 

and formulate the conditions, and their (non)fulfilment, for gene-centrism to be extendable and 

generalisable to higher levels of biological organisation. 

1.5 Can gene-centrism be generalized? 

Can the modest gene/NA-centrism at the subcellular level of specifically NA/protein-based 

biochemistry be extended to higher levels of biological organisation, for example to the level 

of whole cells, multicellular organisms, and perhaps even beyond? Following the logic of the 

previous sections, the answer to this question is only “conditionally yes”. That is, the basic 

condition for a gene-centric conception of a particular level of biological organisation should 

go as follows:  

 

Regardless of the number of co-determining non-genetic causal factors involved, the 

causal constraints from genetic sequences on higher-level (e.g., proteinaceous, 

epigenetic, cellular, phenotypic, etc.) organisation should be stronger than the causal 

feedback constraints from that higher-level organisation on genetic sequences. 

 

Or, formulated in a more precise way:  

 

Genetic sequences should be able to put (relatively reliable or stable) co-variational 

constraints upon higher levels (e.g., upon the epigenetic or the phenotypic level), while 
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higher (e.g., epigenetic or phenotypic) levels should be able to put less (or no) co-

variational constraints upon genetic sequences.  

 

This, rather abstract, basic condition can be made more concrete by splitting it up into two sub-

conditions: 

 

(A) There should be a (relatively reliable or stable) flow of genetic sequence information 

from the genome all the way to higher-level organisation,  

i.e., the causal arrow or influence from genetic sequences all the way to higher-level 

variants should exhibit a statistical reliability and co-variance.7 

(B) The higher level cannot fully counterbalance or compensate for (A) the (relatively 

reliable or stable) co-variational constraint it undergoes from the genetic sequence 

level,  

i.e., there should be an absence of ‘Lamarckian’ higher-level mechanisms for (relatively 

reliable or stable) co-variational re-transformation and/or re-translation of higher-level 

variation into co-varying genetic sequence variation.  

 

This asymmetry in co-variational constraint among genetic sequence and higher-level 

organisation is conditional for gene-centrism to hold and, as such, can be found in Dawkins 

(1982, 2004) and Haig (2007).8 The question is, however, to what extent does this asymmetry 

actually hold?  

Let us first focus on the (relatively ‘low’) epigenetic level, i.e., the field of epigenetics, 

and raise the question whether it can be legitimately gene-centrically conceived. Indeed, most 

biologists do, often implicitly, conceive epigenetics gene-centrically, as ‘gene-de-centric’ 

conceptions of epigenetics, such as those by Oyama (1985), Oyama et al. (2001), Jablonka and 

Lamb (1995, 2005), Griesemer (2000, 2002, 2005), Keller (2000), Moss (2003), Stotz 

(2006a,b), Callebaut et al. (2007), Noble (2008, 2011) and Shapiro (2009, 2011), do not 

represent mainstream thinking in biology. But for a ‘legitimate’ gene-centric conception of 

epigenetics, the abovementioned basic condition, and more specifically both sub-conditions, 

require to be fulfilled. 

At first sight, sub-condition (A) seems fulfilled: due to transcription and translation of 

genetic sequences into functional gene products (functional ncRNAs and proteins), there should 

be at least a minimal statistically reliable co-variational constraint from the genetic sequence 

level (the genome) on the epigenetic level (the epigenome). Sub-condition (B) seems also 

fulfilled, since none of the known epigenetic feedback mechanisms that modify or edit NA-

sequences9 involves a co-variational, truly Lamarckian ‘feedback translation’ from epigenetic 

 

                                                      
7 Cf. Woodward’s (2010) ‘stability’ and ‘specificity’. 
8 That is, the attention that both Dawkins (1982, 2004) and Haig (2007) devote to argue for a co-variational 

constraint from genes on phenotypes and not the other (‘Lamarckian’) way around. 
9 See section 2.2. 
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variation into co-varying genetic NA-sequences. Hence, gene-centrists would have a point by 

stating that there is (A) a ‘co-variational constraint’ from the genome on the epigenome and (B) 

less or not in the opposite direction, which as such, would justify a gene-centric conception of 

epigenetics. However, gene-de-centrists (e.g., Jablonka and Lamb 1995, 2005; Jablonka and 

Raz 2009) have a strong counterargument: due to the inevitable input of extra-genetic 

contextual information on the causal pathway from genetic sequence to epigenetic effect, 

genetic sequence information is already somewhat ‘diluted’ at the epigenetic level. The 

informational content or determinacy of the epigenetic level is not simply reducible to that of 

the genetic level. That is, the genetic level does not exhaustively encode the epigenetic level: 

there is an epigenetic ‘potential’, ‘plasticity’ or ‘variability’ allowing for all kinds of non-

genetic ‘switches’ and ‘adjustments’ that are even often epigenetically inheritable. Hence, the 

co-variational constraint from the genetic on the epigenetic level would be lost. Gene-centrists 

would then reply that although the existence of epigenetic variability and inheritance does 

indeed exclude an ‘absolute’ co-variance from the genetic to the epigenetic level, there 

nevertheless is (A) a relatively reliable and co-variational constraint from genetic sequences 

(via functional ncRNA and protein) on the epigenetic level, which would be (B) less or not the 

case in the opposite direction from the epigenetic on the genetic level (cf. Dawkins 2004; Haig 

2007). 

Based on this admittedly too brief analysis of the causal relationship between the genetic 

and the epigenetic level, we may provisionally conclude that the verdict is still out and that both 

camps have a strong argument with the potential to undermine that of their opponents. More 

empirical studies on the complex causal relationships between genetic and epigenetic processes 

are required to weigh the causal and co-variational constraints both levels put on each other (cf. 

Richards et al. 2010; Wilkins 2011). 

Let us now focus on a much ‘higher’ level, namely the phenotypic level. Here too, the 

received wisdom that the phenome can be legitimately gene-centrically conceived, has become 

under increasing criticism during the past three decades. And here too, for a legitimate gene-

centric conception of the phenotype, both sub-conditions (A) and (B) would need to be fulfilled. 

What sub-condition (A) concerns, in The Extended Phenotype Dawkins (1982, see also 2004) 

has argued that in many cases there is a statistically reliable co-variance not only between 

genetic sequence and organismal phenotype, but also between genetic sequence and ‘extended’ 

phenotypic effect. In traditional neo-Darwinian and Modern Synthesis evolutionary biology, 

the causal developmental pathway from gene to phenotypic effect was ‘black-boxed’. Although 

some processes such as pleiotropy were known, this often falsely gave the impression that the 

genotype/phenotype-relation would be a simple one-to-one correlation, underpinned by a 

linear, deterministic and/or preformationist causal pathway. From the 1980s on, however, both 

evo-devo and systems biology opened up the black box between gene and phenotype, revealing 

a rich array of complex non-linear processes implying a many-to-many relationship between 

genes and their phenotypic effects. As Dawkins (1982, p. 22) already wrote:  
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[…] development is terribly complicated, and we don’t yet understand much about 

how phenotypes are generated. But that they are generated, and that genes 

contribute significantly to their variation are incontrovertible facts, […]. 

Indeed, that genes contribute to the ontogenetic development of phenotypic morphology and 

function, is incontrovertible. But is there a statistically reliable or stable co-variance between 

genetic sequence variation and phenotypic variation – so central to neo-Darwinian and Modern 

Synthesis evolutionary theory? The mapping of the causal relationship between genetic 

sequence and phenotypic level – which turns out to be highly complex, indirect, non-linear and 

many-to-many – is a central objective in both evo-devo and systems biology. In systems 

biology, the following hierarchy is used to unravel and conceptualize this complex relationship: 

from genome and transcriptome to proteome to interactome to metabolome to phenome 

(Medina 2005; De Backer et al. 2010). And in evo-devo it is from gene and genome, to gene 

regulatory network (GRN) and epigenome, to morphogenetic field/module and cell 

condensation, to phenotypic morphology and function (Gilbert et al. 1996; Hall 2003; Callebaut 

and Rasskin-Gutman 2005). At every level higher-up, new extra-genetic causal factors join in, 

hereby ‘diluting’ the genetic causal/informational line and causing the informational content or 

determinacy of a higher level to be higher than – and irreducible to – that of a lower level. 

Hence, the higher up we go in the biological hierarchy, the more the co-variational constraint 

from genetic sequence on that higher level will decrease, the less there is a chance that that level 

can be gene-centrically conceived. Therefore, since a legitimate gene-centric conception of the 

still relatively ‘low’ epigenetic level is already dubious (see above), a legitimate gene-centric 

conception of higher levels seems, at least currently, out of reach. 

1.6 Concluding summary 

Due to the discovery during the past few decades of complex post-genomic, epigenetic and 

extra-genetic processes and mechanisms in which genes and the genome are causally integrated 

and contextualized, the gene-centric paradigm of life has lost its popularity among a number of 

bio-philosophers and bio-theorists. See in this regard Developmental Systems Theory (Oyama 

1985; Oyama et al. 2001) and other ‘gene-de-centric’ perspectives (e.g., Jablonka and Lamb 

1995, 2005; Griesemer 2000, 2002, 2005; Keller 2000; Moss 2003; Stotz 2006a,b; Callebaut et 

al. 2007; Noble 2008, 2011; Shapiro 2009, 2011). However, as we demonstrated above, gene-

centrism should not simply be abandoned. Although DNA-centrism appears to have become a 

difficult position to hold, a modest ‘NA-centrism’ confined to the subcellular level of 

NA/protein-based biochemistry seems feasible and even preferable. More specifically,  against 

the historical background of the Weismann barrier, the central dogma of molecular biology, 

and the 20th century conception of the gene/genome as a ‘central source’ from which hereditary 
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specificity or information unidirectionally flows or radiates into cellular biochemistry and 

development, we showed that: 

 

- the occurrence of widespread reverse transcription (from RNA- to DNA-sequence) 

does not necessarily undermine gene-centrism, i.e., the causal centrality of genetic 

nucleic acid sequences, but only requires an extension from narrow ‘DNA-centrism’ to 

a broader, RNA-encompassing ‘NA-centrism’; 

- the absence of a mechanism of reverse translation (from proteinaceous amino acid 

sequence to NA-sequence) implies that, despite complex postgenomic and epigenetic 

molecular processes like DNA methylation, RNA editing, RNA splicing and prion 

replication, the causal and/or co-variational constraints from genetic NA-sequences via 

amino acid sequences on protein structure and function are decisively stronger than vice 

versa, as such concluding for a modest gene-centrism at the level of protein-based 

cellular biochemistry. 

 

However, taking into account the not-to-genes-reducible complexity of higher physiological 

and developmental levels of organization, a more generalized gene-centrism remains dubious 

and will be treated more thoroughly in the next paper/chapter. 
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Chapter 2  

Life’s dual nature: a way out of the impasse of 

the gene-centred ‘versus’ complex systems 

controversy on life1 

Abstract: Living cells and organisms are complex physical systems. Does their 

organization or complexity primarily rely on the intra-molecular crystalline 

structure of genetic nucleic acid sequences? Or is it, as critics of the ‘gene-centred’ 

perspective claim, predominantly a result of the inter- and supra-molecular – thus 

‘holistic’ – network dynamics of genetic and various extra-genetic factors? The 

twentieth-century successes in several branches of genetics caused intensive focus 

on the causal role of genes in the biochemistry, development and evolution of 

living organisms, resulting in a relative abstraction or even neglect of life’s 

complex systems dynamics. Today, however, partly due to the success of systems 

biology, a number of authors defend life’s systems complexity while criticizing 

the gene-centred approach. Here, we offer a way out of the impasse of the gene-

centred ‘versus’ complex systems perspective to arrive at a more balanced and 

complete understanding of life’s multifaceted nature. After sketching the 

conceptual and historical background of the controversy, we show how the present 

state of knowledge in biology vindicates both the holistically complex and gene-

centred nature of life on Earth, but decisively falsifies extreme genetic 

‘determinism’ and ‘reductionism’ as well as extreme ‘gene-de-centrism’. 

Contrary to what is often claimed, the fact that genes are one among many extra-

genetic causal factors contributing to the biochemistry and development of cells 

and organisms, only undermines or falsifies genetic determinism and 

reductionism but not necessarily gene-centrism. Some implications for 

 

                                                      
1 This chapter has been published as a book chapter (De Tiège et al. 2015). 
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evolutionary theory, i.e., for the controversy between the Modern Synthesis and 

an ‘Extended Synthesis’, are outlined.  

2.1 Introduction 

During the first half of the twentieth century, some biological disciplines, like classical and 

population genetics, were inevitably gene-centred, whereas others, like developmental biology 

and/or embryology, were more focussed on life’s holistic complexity. The spectacular advances 

in molecular biology and genetics during the second half of the twentieth century, however, 

caused intensive focus on the causal role of genes in the biochemistry, development and 

evolution of living organisms. This strong emphasis on genetic causation was at the cost of a 

clear understanding of life’s holistic network dynamics (Gilbert and Sarkar 2000). As 

‘reductionism’ flourished, there even was an unwillingness to recognize the latter aspect of life, 

with Conrad Waddington (1957) being a notable exception of this trend. Today, we see an 

opposite tendency: due to the success of systems biology the focus is on dynamic network 

complexity. Some authors (e.g., Goodwin 1984, 1994; Oyama 1985; Oyama et al. 2001; Keller 

2000; Moss 2003; Callebaut et al. 2007; Noble 2008, 2010, 2012; Noble et al. 2014) have been 

defending life’s holistic systems complexity while denying gene-centeredness as a property of 

life. The present chapter’s objective is to end the swinging of the pendulum from one extreme 

to the other, as recognizing just one of life’s characteristics at the cost of another one seriously 

stands in the way of a more balanced and complete understanding of life’s multifaceted nature. 

Life is constituted by inter- and supra-molecular or holistic network dynamics which is, 

however, permeated by functional gene products (i.e., functional RNAs and proteins) and hence 

by genetic sequence information derived from the intra-molecular crystalline structure of 

nucleic acid sequences. Both characteristics, holistic complexity and gene-centeredness, are 

essential to a clear understanding of the nature of life on Earth.  

In section 2.2, we further sketch the conceptual and historical background of the 

controversy. In section 2.3, we demonstrate how the present state of knowledge in biology 

vindicates both life’s holistically complex and gene-centred nature, but at the same time falsifies 

extreme genetic ‘determinism’ and ‘reductionism’ (according to which biochemical, cellular 

and organismal organization are quasi-exhaustively determined by and reducible to genetic 

sequence information)2 as well as extreme ‘gene-de-centrism’ (according to which genes are 

quasi-entirely ‘de-centralized’ and/or ‘relativized’ within the complex biochemical and 

developmental dynamics of cells and organisms). We show, among others, that the fact that 

 

                                                      
2 The idea that gene-centrism should be distinguished from genetic determinism and reductionism has already been 

put forward by Tanghe (2013, chapter 14). 
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genes are one among many extra-genetic causal factors contributing to the biochemistry and 

development of cells and organisms (cf. Oyama et al. 2001; Jablonka and Lamb 2005; Noble 

2008, 2010, 2012; De Tiège et al. 2014; Noble et al. 2014), only undermines or falsifies genetic 

determinism and reductionism but not gene-centrism. In section 2.4, we conclude with some 

implications for evolutionary theory, i.e., for the controversy between the Modern Synthesis 

and a so-called ‘Extended Synthesis’ (e.g., Pigliucci and Müller 2010; Laland et al. 2014; Noble 

et al. 2014).  

2.2 Conceptual and historical background of the 

controversy 

A number of biological research disciplines, such as classical, population, molecular and 

developmental genetics, are gene-centred in the sense that their conceptual and methodological 

research framework is centred on the concept of the gene. Their ‘methodological gene-

centrism’, however, can be contrasted with the ‘meta-biological’ perspective that life is also in 

essence a gene-centred phenomenon or process, a position that could be termed ‘ontological 

gene-centrism’.3 Both methodological and ontological gene-centrism reinforced each other 

during the course of twentieth-century biology. Research successes in methodologically gene-

centred disciplines like classical, population and molecular genetics reinforced the belief in 

life’s gene-centred nature (i.e., ontological gene-centrism) and, vice versa, theoretical accounts 

on life’s ontologically gene-centred foundation (e.g., Muller 1922, 1966; Schrödinger 1944; 

Dawkins 1976) catalysed the development of methodologically gene-centred disciplines such 

as population genetics, molecular genetics and gene-selectionism.  

The idea of the gene/genome as the ‘central (re)source’ of order in cells and organisms 

(ontological gene-centrism) can be traced back to August Weismann’s (1889, 1893a, 1904) 

thesis – later dubbed the ‘Weismann barrier’ – which stated that structural specifications or 

instructions can be transferred from germ-plasm to soma-plasm but not the other way around 

(for more details, see Mayr 1982; Gould 2002; Haig 2007; Tanghe 2013; De Tiège et al. 2014). 

A few decades later, the geneticist Hermann J. Muller (1922, p. 32) wrote in his “Variation Due 

to Change in the Individual Gene” that “genes exist as ultramicroscopic particles”, that “their 

influences nevertheless permeate the entire cell”, that “they play a fundamental role in 

determining the nature of all cell substances, cell structures, and cell activities”, and that 

“through these cell effects, in turn, the genes affect the entire organism”. Muller’s ideas on the 

centrality of the gene in life were backed up by his research on X-ray-induced genetic mutations 

causing changes in the biochemistry and development of cells and organisms (i.e., gene-

 

                                                      
3 A distinction between methodological and ontological gene-centrism was already made by Tanghe (2013, pp. 

294-295). 
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centrism at the proximate-physical-biochemical-physiological-developmental level) which can, 

thereafter, be transgenerationally inherited and subjected to natural selection (i.e., gene-

centrism at the ultimate-evolutionary level). His views were highly influential on the rise of 

both population genetics and molecular biology and genetics (Witkin 2001). They also 

indirectly – via biophysicist Max Delbrück – inspired quantum physicist Erwin Schrödinger 

(1944) to identify the gene as an ‘aperiodic crystal’, i.e., as an ‘equilibrium structure’ 

characterized by a low statistical entropy and held together by the strong chemical (covalent) 

bond. Schrödinger argued that the aperiodically crystalline genetic material is the main 

negentropic and/or ‘informational’ contributor to cellular and organismal organization, 

allowing the latter to metabolize and develop resources into ordered biomass – a process he 

termed ‘order from disorder’ (cf. gene-centrism at the proximate-physical-biochemical-

physiological-developmental level). This intra-generational process was contrasted with the 

inter-generational process of ‘order from order’, meaning cellular and organismal reproduction 

underpinned by the replication of the genetic material (cf. gene-centrism at the ultimate-

evolutionary level). Schrödinger’s book further catalysed the gene-centred direction taken by 

post-war molecular biology and biology in general (Olby 1974; Morange 1998; Keller 2000; 

Moss 2003). It was, among others, influential on Francis Crick’s (1958, 1970) ‘central dogma’ 

of molecular biology, a somewhat ‘molecularized’ version of the Weismann barrier, which 

states that genetic sequence-specificity or information cannot pass from protein to protein nor 

from protein ‘backwards’ to nucleic acid (DNA/RNA).4 The development of gene-centrism 

through the work of Weismann, Muller, Schrödinger, Crick and others resulted in the 

understanding of the gene/genome as a kind of ‘central source’ (Griesemer 2002, 2005) or 

‘ROM-device’ (Shapiro 2011, 2013) from which there is a quasi-unidirectional flow of order, 

negentropy and/or information into cellular biochemistry and development. 

Gene-centrism, which is centred on the intra-molecular crystalline structure of genetic 

nucleic acid sequences, can be contrasted with a more holistic complex systems perspective on 

life, emphasizing the inter- and supra-molecular – thus holistic – network dynamics of many 

molecular species of which nucleic acids are one of them. Here too, the distinction can be made 

between a ‘methodological holism/complexity’, exemplified by disciplines such as pre-war 

embryology and present-day systems biology, and the ‘ontological holism/complexity’ that is 

argued for by more theoretically and meta-biologically inclined biologists interested in the very 

nature of life, such as Brian Goodwin (1984, 1994) and Stuart Kauffman (1993, 1995, 2000). 

From the 1980s onwards, these and other theorists (e.g., Oyama 1985; Oyama et al. 2001; 

Gilbert and Sarkar 2000; Keller 2000; Van Speybroeck 2000; Griesemer 2002; Moss 2003; 

Jablonka and Lamb 2005; Stotz 2006a,b; Callebaut et al. 2007; Shapiro 2009, 2011, 2013; 

Noble 2008, 2010, 2011, 2012; Griffiths and Stotz 2013; De Tiège et al. 2014; Noble et al. 

2014) have been criticizing the ‘reductionist’ gene-centred orthodoxy of reducing the complex 

 

                                                      
4 The central dogma is derived from some mechanically implausible if not impossible transfers of linear sequence 

information. Sequence information can be transferred between DNA- and RNA-sequences (transcription and 

reverse transcription) and from DNA/RNA-sequences to amino acid sequences (translation), but not from amino 

acid sequences to nucleic acid sequences (no reverse translation), nor from 3D protein to either protein or nucleic 

acid. 
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inter- and supra-molecular organization of cells and organisms to the intra-molecular order of 

just one class of molecules – nucleic acid sequences. The gene-centred orthodoxy sees the 

structure of genetic nucleic acid sequences as the primary or main (re)source of order in cellular 

and organismal organization, while the complex systems perspective casts genes as ‘one among 

many resources’ within the collective inter- and supra-molecular dynamics or self-organization 

responsible for cellular and organismal organization. That is, the latter perspective pleads for a 

profound ‘contextualization’, and perhaps even a ‘de-centralization’, of the gene within the 

inter- and supra-molecular dynamics of cells and organisms as complex systems. As Kauffman 

(1995, p. 83; also cited in Moss 2003, p. 75) aptly summarized: “At its heart, the debate centres 

on the extent to which the sources of order in biology lie predominantly in the stable bond 

structures of molecules, Schrödinger’s main claim, or in the collective dynamics of a system of 

such molecules.” That is, the debate revolves around whether genes/genomes present the 

‘crystalline core’ of cells and organisms versus just ‘one among many components’ making up 

cells and organisms.  

2.3 How the current state of knowledge in biology 

vindicates both life’s holistic systems complexity and 

gene-centeredness (and falsifies both genetic 

determinism-reductionism and gene-de-centrism) 

We will now demonstrate how the present state of knowledge in biology vindicates both life’s 

holistically complex and gene-centred nature, while at the same time falsifies extreme genetic 

‘determinism’ and ‘reductionism’ (according to which biochemical, cellular and organismal 

organization are quasi-exhaustively determined by and reducible to genetic sequence 

information) as well as extreme ‘gene-de-centrism’ (according to which genes are quasi-

entirely ‘de-centralized’ and/or ‘relativized’ within the complex biochemical and 

developmental dynamics of cells and organisms). 

2.3.1 The vindication of holistic systems complexity and the 

falsification of genetic determinism-reductionism 

The understanding of the gene/genome as a kind of ‘central source’ (Griesemer 2002, 2005) or 

‘ROM-device’ (Shapiro 2011, 2013) from which there is a quasi-unidirectional flow of order, 

negentropy and/or information into cellular biochemistry and development, has been 

challenged by data from molecular, developmental and systems biology. One of the first inroads 

on the orthodox ‘DNA-centric’ perspective prevalent during the 1950s and ‘60s was due to the 

discovery of reverse transcription (Crick 1970; Temin and Mizutani 1970). If reverse 
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transcription would be non-existent or uncommon, the negentropic/informational constraints 

from the genome on the transcriptome would be stronger than vice versa. However, due to the 

high frequency rates of reverse transcription (Temin 1985; Brosius 1999, 2003; Shapiro 2009, 

2011), the flow of negentropy/information among the two is far from unidirectional. In humans, 

for instance, over one-third of the genetic DNA-variation in the genome stems from reverse 

transcribed RNA (International Human Genome Sequencing Consortium 2001). Reverse 

transcribed RNA contributes considerably to the origin of new genetic DNA-variation in 

eukaryotes as well as in archaea and bacteria. Brosius (2003) has therefore argued that it may 

be a relic of the evolutionary transition from the proto- or early-biotic RNA world towards the 

current DNA/RNA world, when RNA-genes would have been gradually replaced by and, 

hence, transcribed into DNA-genes. The pervasive bidirectionality of transcription among DNA 

and RNA seriously corrodes DNA-centrism and delivers a picture of a kind of global ‘NA-

genome’ containing both the DNA- and RNA-sequences of the cell, as such enforcing an 

extension from DNA-centrism to ‘NA-centrism’ (De Tiège et al. 2014).  

Moreover, as several critics of gene-centrism (e.g., Thieffry and Sarkar 1998; Griesemer 

2002; Moss 2003; Stotz 2006a,b; Noble 2008, 2011, 2012; Shapiro 2009, 2011, 2013; Griffiths 

and Stotz 2013; De Tiège et al. 2014; Noble et al. 2014) pointed out, the causal flow of 

negentropy and information from NA-sequences all the way to cellular and organismal 

(phenotypic) organization, too, is far from purely unidirectional and is ‘corroded’, ‘diluted’ and 

‘contextualized’ due to substantial extra-genetic input, i.e., due to causal co-determination by 

factors not reducible to the NA-sequence-specificity in the organism’s genome, such as 

 

- enzyme-, cell- and environmentally-mediated regulations of gene activity; 

- enzyme-, cell- and environmentally-mediated modifications of the genome 

architecture (e.g., mobile genetic elements, lateral gene transfer); 

- enzyme-, cell- and environmentally-mediated pre-translational modifications of 

DNA- and RNA-sequences (e.g., directed mutagenesis; changes in DNA-sequence 

due to proofreading and repair; DNA-methylation causing the mutation of 

methylated cytosine into thymine; RNA-editing; RNA-splicing);  

- enzyme-, cell- and environmentally-mediated translational recoding such as 

frameshifting, programmed bypassing, and codon redefinition (Baranov et al. 2003; 

Stotz 2006b);  

- enzyme-, cell- and environmentally-mediated post-translational protein 

modifications due to covalent alterations on the ribosomes (Shapiro 2009, 2011);  

- the fact that gene products (functional RNAs and proteins) are not the sole 

components making up cells and organisms and the fact that genes are not the sole 

factors being inherited during cellular and organismal reproduction (e.g., Jablonka 

and Lamb 2005; Rando and Verstrepen 2007; Jablonka and Raz 2009; Lamm 2014). 

 

These facts show how genetic sequence information is undeniably ‘diluted’ and 

‘contextualized’ within the collective biochemical and developmental dynamics of cells and 

organisms as complex systems (cf. Callebaut et al. 2007; Noble et al. 2014). Perspectives such 

as genetic ‘determinism’ and ‘reductionism’ become seriously flawed if not falsified: cells and 

organisms are not exhaustively determined or specified by their genetic sequences – they are 
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not reducible to the sequence information in their genomes alone. Therefore, the current state 

of knowledge in biology decisively falsifies genetic determinism and reductionism while at the 

same time vindicating life’s holistic complexity. 

2.3.2 The vindication of gene-centrism and the falsification of gene-

de-centrism  

Does the falsification of genetic determinism and reductionism also imply a falsification of 

gene-centrism? According to most critics, it does (e.g., Oyama et al. 2001; Jablonka and Lamb 

2005; Stotz 2006a,b; Callebaut et al. 2007; Shapiro 2009, 2011; Noble 2008, 2010, 2011, 2012; 

Noble et al. 2014). They do not really distinguish gene-centrism from genetic determinism and 

reductionism. Gene-centrism, however, does not demand  

 

(i) that every aspect of biochemical, cellular and organismal (phenotypic) organization 

is exhaustively determined by and reducible to genetic sequence information (i.e., 

genetic determinism and reductionism), nor  

(ii) that the gene/genome is an absolutely ‘sealed’ central source, i.e., that there are no 

‘Lamarckian’ violations of the Weismann barrier and the central dogma at all – thus 

that ‘natural genetic engineering’ (term Shapiro 2011, 2013) and ‘downward 

causation’ (Noble 2008, 2012) are non-existent.  

 

Further relying on Tanghe’s (2013, pp. 371-372) comparison between gene-centrism and 

heliocentrism, one might compare the situation with the heliocentred nature of our planetary 

system. Analogous to gene-centrism, heliocentrism does not imply  

 

(i) that all planetary processes and behaviours are exhaustively determined by and 

reducible to solar processes (i.e., no ‘helio-determinism’ and ‘helio-reductionism’), 

nor  

(ii) that there are no causal influences from the planets on the sun at all.  

 

Rather, heliocentrism refers to the fact that the sun is the (gravitational and electromagnetic) 

‘power centre’ of the planetary system, i.e., to the fact that the causal (gravitational and 

electromagnetic) power or constraints from the sun on the planets are significantly stronger 

than the constraints from the latter on the former. Analogously, gene-centrism would hold if 

genes are at the (negentropic and informational) ‘power centre’ of biochemical, cellular and 

organismal organization, i.e., if the causal (negentropic and informational) constraints from 

genetic sequence-specificity on biochemical, cellular and organismal organization would be 

significantly stronger than the constraints from the latter on the former (in the ‘Lamarckian’, 

‘natural genetic engineering’ and/or ‘downward causation’ direction). Just as the sun cannot be 

fully ‘de-centralized’ within the planetary system – the sun is not simply a heavenly body 

‘among’ the planets – genes too could then not be fully ‘de-centralized’ within cells and 
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organisms, i.e., genes would then not simply be molecules ‘among’ the other molecules that 

make up cells and organisms.  

It is important to realize this, because gene-centrism is often attacked with the help of 

correct but inappropriate arguments, arguments that, in reality, falsify genetic determinism and 

reductionism but not gene-centrism in the proper sense of the word. A constantly recurring 

example is the (correct) statement that genes are one among many extra-genetic causal factors 

contributing to the biochemistry and development of cells and organisms (Oyama et al. 2001; 

Jablonka and Lamb 2005; Noble 2008, 2010, 2012; Noble et al. 2014).5 Biochemistry and 

development are indeed not exclusively determined by and reducible to genetic information. 

However, although this argument works successfully against genetic determinism and 

reductionism, it is not an appropriate strategy to counter or falsify gene-centrism. An analogous 

argument, i.e., that the sun is one among many non-solar causal factors contributing to planetary 

processes and behaviour – thus that not everything occurring on planets is exclusively 

determined by and reducible to solar processes, could be used to counter or falsify ‘helio-

determinism’ and ‘helio-reductionism’ but not heliocentrism. Indeed, the latter nevertheless 

holds, as the causal (gravitational and electromagnetic) constraints from the sun on the planets 

are significantly stronger than the constraints from the latter on the former, thereby allowing 

the sun to be the (gravitational and electromagnetic) ‘power centre’ of the planetary system. 

Hence, the key question for gene-centrism is:  

 

Are genes effectively at the (negentropic and informational) ‘power centre’ of 

biochemical, cellular and organismal organization? That is, are the causal (negentropic 

and informational) constraints from genetic sequence-specificity on biochemical, 

cellular and organismal organization effectively stronger than the constraints from the 

latter on the former, thus than the constraints in the ‘Lamarckian’, ‘natural genetic 

engineering’ and/or ‘downward causation’ direction from phenotypic (cellular and 

organismal) organization and gene products (such as enzymes) on genetic NA-

sequences?6  

 

The answer is almost incontrovertibly ‘yes’. The causal (negentropic and informational) 

constraints from genetic NA-sequences via gene products on cellular and organismal 

 

                                                      
5 See also Stegmann (2012) for a philosophical analysis of the argument. 
6 In the previous chapter 1 (De Tiège et al. 2014) we demonstrated that the causal-informational constraints from 

genetic NA-sequences on both the conformational structure and functioning of gene products (functional RNAs 

and proteins) are significantly stronger and more pervasive than the other way around (i.e., than in the ‘natural 

genetic engineering’ direction), thereby justifying a modest kind of gene-centrism or ‘NA-sequence-centrism’ 

confined to the subcellular level of NA/protein-based biochemistry. However, the question on any extension or 

generalization of gene-centrism beyond this limited domain, i.e., to more ‘peripheral’ domains such as higher 

levels of biological organization, remained unanswered, as we did not give a reason why the (inevitably weaker) 

causal-informational constraints from genetic sequences on such more peripheral zones would still be stronger 

than those involved in the ‘natural genetic engineering’ of DNA- and RNA-sequences. 
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(phenotypic) organization in the ‘upward’, ‘ontogenetic’, ‘Weismannian’ and/or ‘central 

dogma’ direction is – in spite of all the ‘corrosive’ processes mentioned in section 3.1 – much 

more robust, canalized and/or statistically reliable than in the ‘downward’, ‘Lamarckian’ 

and/or ‘natural genetic engineering’ direction. If we consider the most radical and intrusive 

instances of ‘Lamarckian’ and/or ‘downward’ causation, i.e., those involving effective enzyme-

, cell- and environmentally-mediated modifications of NA-sequence-specificity (e.g., mobile 

genetic elements, directed mutagenesis, changes in DNA-sequence due to proofreading and 

repair, DNA-methylation causing the mutation of methylated cytosine into thymine, RNA-

editing and RNA-splicing), then we see that, even here, there is no such thing as a robust, 

canalized and/or statistically reliable ‘reverse transformation’ from specific functional states in 

gene products ‘feed-backwards’ into linear genetic NA-sequences, and certainly not a robust, 

canalized and/or statistically reliable ‘reverse ontogeny’ from specific functional states in 

cellular and organismal phenotypic organization ‘feed-backwards’ into linear genetic NA-

sequences. 

The heliocentrism analogy is particularly clarifying in this regard. Heliocentrism is 

based on the fact that the sun is at the (gravitational and electromagnetic) ‘power centre’ of the 

planetary system – thus on the fact that the causal (gravitational and electromagnetic) 

constraints from the sun on the planets are significantly stronger than the other way around. 

Therefore, a physical (e.g., gravitational or electromagnetic) change in the state of the sun may 

cause a change in the state of the planets, but a change in the state of a planet is less likely to 

cause a change in the state of the sun. And indeed, similarly, a change or mutation in genetic 

NA-sequence may cause a change in gene products and in phenotypic (cellular and organismal) 

organization, but a change in phenotypic organization or in a gene product is less likely to cause 

a change or mutation in genetic NA-sequence. That is, the negentropic-informational power 

from genetic sequence-specificity on gene products and phenotypic organization is indeed 

stronger than the power from the latter on the former. This simple fact puts genetic sequence-

specificity at the (negentropic and informational) ‘power centre’ of biochemical, cellular and 

organismal organization, in an analogous way as the sun is at the (gravitational and 

electromagnetic) ‘power centre’ of the planetary system, thus rendering invalid nearly all 

criticism on gene-centrism – although not on genetic determinism and reductionism – 

formulated during the past three decades. While obviously causally ‘integrated’ and 

‘contextualized’ within the collective biochemical and developmental dynamics of cells and 

organisms as complex systems, genes nevertheless resist a full ‘de-centralization’ or 

‘relativization’ – which is in line with the position of many biologists (e.g., Gilbert et al. 1996; 

Hall 2001, 2003; Gilbert 2003; Haig 2007; Wagner 2014).  

It is important to realize that, due to an increasing amount of intervening co-determining 

extra-genetic factors on the ontogenetic ‘upward’ causal pathway from genetic sequences via 

gene products all the way to biochemical, cellular and organismal organization, there is – the 

‘higher-up’ we go – an increasing ‘independency’ and/or ‘plasticity’ of these higher levels of 

organization towards the genes/genome. Analogous with the planetary system: the further away 

from the sun, the weaker the causal (gravitational and electromagnetic) constraints from the sun 

on that planet or satellite. However, as long as the causal (gravitational and electromagnetic) 
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constraints from the sun on a satellite are strong enough, the satellite is still ‘captured’ in the 

causal (gravitational and electromagnetic) ‘field’ of the sun. Similarly, the further away from 

the genes/genome, the weaker the causal (negentropic and informational) constraints from the 

genes/genome on that level of biological organization. However, as long as the constraints from 

the genes/genome on a particular level of organization are strong enough, that level would still 

be ‘captured’ in the causal (negentropic and informational) ‘field’ of the genes/genome. Even 

levels of biological organization outside the cellular boundaries of an organism, i.e., so-called 

‘extended phenotypic’ organization (cf. Dawkins 1982, 2004), could still be ‘captured’ in the 

causal (negentropic and informational) ‘field’ of the organism’s genes/genome. To use the 

planetary system analogy again, such extended phenotypes would ‘circle’ in a (admittedly 

loose) ‘trajectory’ around the organism’s crystalline ‘power centre’ – its genes/genome. 

2.3.3 Preliminary conclusion 

The preceding considerations can be summarized as follows: the present state of knowledge in 

biology strongly suggests that life on Earth should be regarded both (i) holistically and 

dynamically complex and (ii) gene-centred. (i) Holism/complexity refers to the causal 

‘integratedness’ or ‘contextualizedness’, and not to a radical ‘de-centeredness’, of genes within 

the complex biochemical and developmental dynamics of cells and organisms. And (ii) gene-

centrism refers to the causal (negentropic and informational) constraints from genetic sequence-

specificity on biochemical, cellular and organismal organization being significantly stronger 

than the other way around, and not to a radical genetic ‘determinism’ and ‘reductionism’ 

according to which biochemical, cellular and organismal organization are quasi-exhaustively 

determined by and reducible to genetic information. The extreme and radical perspectives are 

falsified while the moderate perspectives are vindicated by the current state of knowledge of 

life on Earth. 

2.3.4 The vindication of both life’s holistic systems complexity and 

gene-centeredness (and the falsification of both genetic 

determinism-reductionism and gene-de-centrism) by cross-

species genome transplantations  

In this final subsection and inspired by Tanghe (2013, pp 386-389), we want to indicate that the 

results of bacterial genome transplantation and cross-species cloning, in one time, empirically 

vindicate both life’s holistic systems complexity and gene-centeredness while falsifying both 

radical genetic determinism-reductionism and gene-de-centrism. In 2007, the J. Craig Venter 

Institute transplanted the genome of one bacterial species (Mycoplasma mycoides) into another, 

closely related (genome-deprived) bacterial species (Mycoplasma capricolum), thereby turning 

the recipient species into the donor species (Lartigue et al. 2007). As Pennisi (2007) remarked, 
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the experiment has only been carried out between two closely related microbial species lacking 

cell walls. Indeed, donor genetic sequences cannot do anything without recipient biochemical 

and cellular organization, not even without recipient organization that is closely related and 

somehow ‘compatible’ with the donor genetic material, thereby unambiguously displaying 

life’s holistically complex nature. But contrary to what one might think at first sight, this does 

not undermine gene-centrism. Relevant for gene-centrism is the question whether the 

negentropic-informational (transformational) constraints from (donor) genetic sequences on 

(recipient) biochemical and cellular organization are stronger than those from the latter on the 

former (cf. section 3.2). This is undeniably the case here: the donor genes transform the 

recipient cell into a donor species cell, whereas the recipient biochemical and cellular 

organization does not transform the donor genes into recipient species genes. More precisely, 

when we balance the negentropic-informational (transformational) power of (donor) genetic 

sequences versus (recipient) biochemical and cellular organization, then – after fusing both 

powers – there are three theoretical possibilities: 

 

- The resulting species is more like the recipient species (which is not the case): the 

negentropic-informational constraints of the (recipient) biochemical and cellular 

dynamics would be stronger than those of the (donor) genetic sequences. 

- The resulting species is a hybrid (which is also not the case): the negentropic-

informational constraints of the (recipient) biochemical and cellular dynamics and the 

(donor) genetic sequences would be about equally strong. 

- The resulting species is more like the donor species (which it is): the negentropic-

informational constraints of the (donor) genetic sequences are stronger than those of the 

(recipient) biochemical and cellular dynamics. 

 

That is, the negentropic-informational constraints imposed by (donor) genetic sequence-

specificity on (recipient) biochemical and cellular organization appear to be definitively 

stronger than the constraints from the latter on the former, resulting in a bacterial cell that 

definitively belongs to the donor genetic species, thus displaying genes at the ‘power centre’ of 

(microbial) life. 

A similar rationale applies to cross-species cloning experiments in eukaryotes: the 

nuclear genome of one (endangered or even extinct) species is inserted into the enucleated egg 

cell of a related (more common) species, thereby converting the recipient species into the donor 

species (e.g., Lanza et al. 2000; Loi et al. 2001, 2007; Gomez et al. 2004; Williams et al. 2006; 

Folch et al. 2009; Hajian et al. 2011). Life’s holistically complex nature is apparent from the 

indispensable role of the biochemical and cellular organization of the recipient egg cell, among 

others, in the process of ‘nuclear reprogramming’, which refers to the structural and functional 

chromatin modifications that are imposed by the enucleated host oocyte on the inserted nuclear 

genome to restore the totipotency of the zygotic nucleus. Until now, in only a minority of cross-

species cloning experiments the totipotency of the zygotic nucleus is successfully restored; in 

the majority of cross-species clones epigenetic drift leads to abnormal, non-viable 

epiphenotypes, explaining the large number of early deaths both before and after birth. These 
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difficulties notwithstanding, in all of the cases the (non-viable and viable) embryos and born 

individuals definitively belong to the nuclear donor species and not to the enucleated host egg 

cell species (neither are they hybrids) (cf. Tanghe 2013, pp 386-389). It is therefore beyond any 

doubt that, as in the bacterial genome transplantation experiment, the negentropic-informational 

(transformational) constraints from (donor) genetic sequence-specificity on (recipient) 

biochemical and cellular organization are definitively stronger than the constraints from the 

latter on the former, thereby putting genes at the ‘power centre’ and displaying life’s gene-

centred aspect.  

Although in cross-genus cloning the causal constraints from (recipient) cytoplasmic egg 

cell factors on (donor) gene regulation and expression are somewhat more striking (Sun and 

Zhu 2014), there is no mention of substantial modifications of (donor) genetic sequence-

specificity. Therefore, here too, the negentropic-informational (transformational) constraints 

from (donor) genetic sequence-specificity on (recipient) biochemical and cellular organization 

appear to be definitively stronger than the constraints from the latter on the former, thus 

displaying life’s gene-centeredness. For example, although the implementation of the nuclear 

genome of a common carp (Cyprinus carpio) into the enucleated egg cell of a goldfish 

(Carassius auratus) resulted in offspring with a goldfish number of vertebrae (due to gene 

regulation mediated by recipient cytoplasmic egg cell factors), the offspring definitively 

belongs to the nuclear donor carp species. As Sun et al. (2005, p. 513) report, “the 

morphological data are solid evidence that the common carp nuclei directed the development 

of the cross-genus cloned fish.” 

The indispensability of extra-genetic such as epigenetic, cytoplasmic and ecological 

elements of the recipient egg cell species (Noble 2008, 2011) does not falsify the gene-centred 

aspect of life (cf. Tanghe 2013, pp 386-389). Surely, donor genetic sequences cannot do 

anything without recipient extra-genetic organization, not even without recipient organization 

that is relatively closely related to and compatible with the donor genetic material, thus 

displaying life’s holistically complex nature. However, this does not undermine life’s gene-

centeredness, since the latter relies on the negentropic-informational (transformational) 

constraints from (donor) genetic sequence-specificity on (recipient) biochemical and cellular 

organization being significantly stronger than the constraints from the latter on the former, 

which is also displayed in these experiments. Therefore, the data on bacterial genome 

transplantation and cross-species/genus cloning unequivocally (i) support or vindicate both 

life’s holistic complexity and gene-centeredness and (ii) disprove or falsify both extreme or 

radical genetic determinism-reductionism and gene-de-centrism. 
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2.4 From the proximate to the evolutionary level: some 

implications for evolutionary theory 

Without entering into extensive details about the theoretical and bio-philosophical discussions 

that take place within modern evolutionary theory, we will nevertheless point to some important 

implications for the controversy between the Modern Synthesis and a so-called ‘Extended 

Synthesis’ (e.g., Pigliucci and Müller 2010; Noble et al. 2014; Laland et al. 2014). The Modern 

Synthesis originally grew out of the synthesis between Mendelian genetics and Darwinian 

evolutionism (Huxley 1942; Mayr and Provine 1980). From the beginning, the focus was on 

the role of genes in evolution: gene and genotype selection, genetic drift, genetic mutation, 

genetic recombination, and gene flow. Advocates of an Extended Synthesis plead for the 

incorporation of extra-genetic higher-level causation in evolution. Some important, partially 

overlapping examples are directed mutagenesis (Jablonka and Lamb 2005, chapter 3; Rando 

and Verstrepen 2007) and natural genetic engineering (Shapiro 2011, 2013), epigenetic 

causation and inheritance (Rando and Verstrepen 2007; Jablonka and Raz 2009), 

developmental, phenotypic and behavioural plasticity and inheritance (West-Eberhard 2003; 

Moczek et al. 2011), niche construction and inheritance (Scott-Phillips et al. 2014), and 

multilevel selection processes (Okaska 2006; Godfrey-Smith 2009).  

The empirical data on extra-genetic causation in evolution are solid, although relatively 

scarce compared to the overwhelming data on genetic causation (gene and genotype selection, 

genetic drift, genetic mutation, genetic recombination, and gene flow). On the one hand, as 

already underscored, gene products and phenotypic (cellular and organismal) organization are 

not exhaustively determined by and reducible to genetic sequence-specificity (i.e., no genetic 

determinism and reductionism). This not-to-genes-reducible complexity and specificity 

causally (biochemically, physiologically, developmentally, behaviourally) interacts with the 

environment, and is thus expected to play an equally not-to-genes-reducible causal role in 

evolutionary processes. As such, life’s holistically complex aspect would naturally extend from 

the proximate to the evolutionary level. That is, biological evolution would not be exhaustively 

reducible to genetic evolution and, for example, evolution by natural selection would not be 

exhaustively reducible to gene and genotype selection (cf. Okaska 2006; Godfrey-Smith 2009). 

On the other hand, since the causal (negentropic-informational) constraints from genetic 

sequence-specificity on gene products and phenotypic (cellular and organismal) organization 

are significantly stronger than those from the latter on the former (see supra), extra-genetic 

higher-level processes – which are virtually permeated by functional gene products (functional 

RNAs and proteins) and, hence, by genetic sequence-specificity – could never be fully divorced 

from their genetic base or ‘centre’. As Wray et al. (in Laland et al. 2014, p. 164), for instance, 

write on epigenetic causation in evolution: “we know of no case in which a new trait has been 

shown to have a strictly epigenetic base divorced from gene sequence.” Although epigenetic 

specificity is not exhaustively determined by and reducible to genetic sequence-specificity (i.e., 

no genetic determinism and reductionism), the negentropic-informational constraints from 
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genetic sequence-specificity on epigenetic specificity are significantly stronger than the 

constraints from epigenetic causation (through ‘natural genetic engineering’ – see section 3.1) 

on genetic sequence-specificity. That is, the flow of statistical negentropy and information from 

the genetic sequence level to the epigenetic level is significantly stronger than in the opposite 

direction. More generally, since genes resist a full ‘de-centralization’ in the biochemistry and 

development of cells and organisms (see supra), genes could also not be fully ‘de-centralized’ 

in the causal (biochemical, physiological, developmental, behavioural) interaction processes of 

cells and organisms with their environments and, thus, in the evolutionary process. Hence, life’s 

gene-centred aspect, too, would naturally extend from the proximate to the evolutionary level. 

Thus while the Modern Synthesis was arguably too narrowly focussed on genetic 

causation, the latter cannot simply be de-centralized either. Therefore, the term ‘Postmodern 

Synthesis’ (Whitfield 2008) seems inappropriate. But an ‘Extended Synthesis’ that takes into 

account irreducible extra-genetic causation in evolution (Pigliucci and Müller 2010; Laland et 

al. 2014), as well as an ‘Evolutionary Systems Biology’ that takes into account the different 

levels of network complexity in which life is organized (Medina 2005; Koonin and Wolf 2006; 

Soyer 2012), seem preferable, however, without losing sight or touch with the genetic or 

‘crystalline’ centre or baseline around or upon which all those levels are organized. Indeed, 

biological evolution should be viewed as both a holistically complex and gene-centred process; 

both aspects of life’s nature most likely extend from the proximate to the evolutionary level. 

2.5 Conclusion and further prospects 

Both intra-molecular crystalline genetic sequence-specificity and inter- and supra-molecular 

holistic network complexity are constitutive properties of life on Earth. On the one hand, life is 

holistically and dynamically complex: it is constituted by complex inter- and supra-molecular 

network dynamics and interconnectivity. On the other hand, this inter- and supra-molecular 

network organization is virtually permeated and constrained by functional gene products (i.e., 

functional RNAs and proteins) and, hence, by genetic sequence information derived from the 

intra-molecular crystalline structure of nucleic acid sequences. Recognizing only one of life’s 

characteristics, whether this be holistic network complexity or gene-centeredness, prevents a 

more balanced and complete understanding of life’s multifaceted nature. Due to the ground-

breaking advances in molecular biology and genetics during the second half of the twentieth 

century, intensive focus was laid on life’s gene-centred aspect while holistic network dynamics 

was under-investigated or even neglected. At present, however, due to current successes in 

systems biology, some authors underestimate – or are even unwilling to recognize – life’s gene-

centred aspect. As such, they ‘over-jump’ or ‘cover up’ the very ‘subtle’ and ‘fine-grained’ 

intra-molecular crystalline aspect of life. 
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Here, we showed that the main argument raised against gene-centrism, viz., that genes 

are one among many extra-genetic causal factors contributing to the biochemistry and 

development of cells and organisms (e.g., Oyama et al. 2001; Jablonka and Lamb 2005; Noble 

2008, 2010, 2012; Noble et al. 2014), only undermines or falsifies genetic determinism and 

reductionism but not gene-centrism. More broadly, we showed how the current state of 

knowledge in biology strongly suggests that life on Earth should be regarded as both (i) 

holistically and dynamically complex and (ii) gene-centred. (i) Holism/complexity refers to the 

causal ‘integratedness’ or ‘contextualizedness’, and not to a radical ‘de-centeredness’, of genes 

within the complex biochemical and developmental dynamics of cells and organisms. And (ii) 

gene-centrism refers to the causal (negentropic and informational) constraints from genetic 

sequence-specificity on biochemical, cellular and organismal organization being significantly 

stronger than the other way around, and not to a radical genetic ‘determinism’ and 

‘reductionism’ according to which biochemical, cellular and organismal organization are quasi-

exhaustively determined by and reducible to genetic information. We also underscored how 

bacterial genome transplantation and cross-species cloning experiments, in one time, 

empirically falsify the extreme or radical perspectives while vindicating the moderate 

perspectives. Finally, we indicated that life’s dual nature most likely extends from the 

proximate to the evolutionary level, a conclusion that bears some relevance to the controversy 

between the Modern Synthesis and an ‘Extended Synthesis’.  

Concerning future prospects, much work remains to be done, especially on the 

conceptual integration between twentieth-century gene-centred disciplines (e.g., population and 

evolutionary genetics, molecular biology and genetics) and other, more recent branches such as 

systems biology and evolutionary developmental biology (cf. De Backer et al. 2010; Pigliucci 

and Müller 2010; Noble et al. 2014). Of crucial importance in this endeavour is not to 

undermine or neglect one of life’s constitutive aspects. It is obvious that a strategy that tries to 

‘reduce’ all inter- and supra-molecular dynamics and extra-genetic complexity to genetic 

variation is not an option. However, neither is a strategy that tries to radically ‘de-centre’ or 

‘relativize’ genetic sequence-specificity within the overall dynamics of cells and organisms. A 

more subtle approach is required: integration/contextualization through centralization, or 

centralization through integration/contextualization. 
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Chapter 3  

The origins and physical roots of life’s dual – 

metabolic and genetic – nature1 

Abstract: In this review paper I aim at a better understanding of the origin and 

physical foundation of life’s dual – metabolic and genetic – nature. First, I give a 

concise ‘top-down’ survey of the origin of life, i.e., backwards in time from extant 

DNA/RNA/protein-based life over the RNA world to the earliest, pre-RNA stages 

of life’s origin, with special emphasis on the metabolism-first versus 

gene/replicator-first controversy. Secondly, I critically assess the role of minerals 

in the earliest origins of both metabolism and genetics. And thirdly, relying on the 

biophysical work of Erwin Schrödinger, Carl Woese and Stuart Kauffman, I 

sketch and reframe the origin of metabolism and genetics from a physics, i.e., 

thermodynamics, perspective. I conclude that life’s dual nature runs all the way 

back to the very dawn and physical constitution of life on Earth. Relying on the 

current state of research, I argue that life’s origin stems from the congregation of 

two kinds of sources of negentropy – thermodynamic and statistical negentropy. 

While thermodynamic negentropy (which could have been provided by solar 

radiation and/or geochemical and thermochemical sources), led to life’s 

combustive and/or metabolic aspect, the abundant presence of mineral surfaces on 

the prebiotic Earth – with their selectively adsorbing and catalysing (thus 

‘organizing’) micro-crystalline structure or order – arguably provided for 

statistical negentropy for life to originate, eventually leading to life’s crystalline 

and/or genetic aspect. However, the transition from a prebiotic world of relatively 

simple chemical compounds including periodically structured mineral surfaces 

towards the complex aperiodic and/or informational structure, specificity and 

organization of biopolymers and biochemical reaction sequences remains a ‘hard 

problem’ to solve.  

 

                                                      
1 This chapter is submitted as a paper to the journal Theory in Biosciences (currently under review). 
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3.1 Introduction 

“What is life?” is arguably the most fundamental question that can be asked in biology, as it 

concerns the ‘physical nature’ of life and herewith the very foundation of biology within the 

broader and more fundamental field of physics (Schrödinger 1944; Kauffman 2000; Bedau and 

Cleland 2010). Living cells and organisms are complex physical systems constituted by (i) 

metabolic network organization which is pervaded by functional gene products (i.e., functional 

RNAs and proteins) and, thus, by genetic sequence information derived from (ii) the 

aperiodically crystalline structure of nucleic acid sequences (cf. De Tiège et al. 2015). In the 

present paper or chapter, I aim at a better understanding of the origin and physical foundation 

of this ‘dual’ or ‘twofold’ nature of life on Earth. One of the most enduring controversies in the 

origin-of-life research is that between a ‘metabolism-first’ versus ‘gene/replicator-first’ origin. 

Here, the weakness of the two scenarios is outlined, while the recent tendency by both camps 

to approach and to integrate the two models is supported. That is, it is argued that both 

metabolism and genetics run all the way back to the very dawn and physical constitution of life 

on Earth. 

First, in section 3.2, relying on a concise ‘top-down’ review of the origin-of-life research 

– backwards in time from extant DNA/RNA/protein-based life over the RNA world to the 

earliest, pre-RNA stages of life’s origin – I explore to what extent life’s dual nature, i.e., 

metabolic network dynamics and crystalline genetics, would already have been present in the 

RNA world or even earlier in pre-RNA stages. 

Then, in section 3.3, I discuss the role of mineral catalysts (crystalline mineral surfaces) 

in the earliest stages of life’s origin and their bearing on life’s dual nature. Based on the current 

state of research on the origin of life on Earth, I conclude that, while sources of thermodynamic 

negentropy [which could have been constituted by solar radiation (UV light and heat) and/or 

geochemical sources (heat and mineral reducing power)] were crucial for the emergence of 

life’s combustive and/or metabolic aspect, the abundant presence of mineral surfaces on the 

prebiotic Earth – with their selectively adsorbing and catalysing (thus ‘organizing’) micro-

crystalline structure or order – arguably constituted an important source of statistical 

negentropy, eventually leading to life’s crystalline and/or genetic aspect. That is, both 

metabolism (or more fundamentally ‘combustion’ as the thermodynamic aspect of life) and 

genetics (or more fundamentally ‘crystallinity’ as the statistically ordered aspect of life) are 

anchored in a twofold physical (thermodynamic and statistical) constitution or foundation. 

And finally, in section 3.4, relying on the work of Erwin Schrödinger, Carl Woese and 

Stuart Kauffman, I discuss the role of both the Second and Third Laws of Thermodynamics in 

life’s origin. I conclude that whereas the Second Law seems to have played a rather ‘trivial’ 

role, as it accompanies virtually every physical process, including biotic processes, the role of 

the Third Law seems to have been ‘non-trivial’ or ‘crucial’. It played an indispensable role in 

providing for a relatively ‘stable’, ‘condensed’, ‘solid’ and/or ‘crystalline’ physicochemical 

foundation for both genetic replication and cellular/metabolic reproduction and, herewith, for 

Darwinian evolution by natural selection. However, it was arguably only a ‘necessary’ and not 
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a ‘sufficient’ condition for life to originate, as it does not explain the (still unresolved) ‘hard 

problem’ of life’s origin, i.e., the transition from a prebiotic world of relatively simple chemical 

compounds including periodically structured mineral surfaces towards the complex aperiodic 

and/or informational structure, specificity and organization of biopolymers and biochemical 

reaction sequences. 

In sum, through a systematic top-down exploration of the origin of life, it is intended to 

eventually penetrate into the (dual) physical nature, constitution and foundation of life on Earth 

as we know it and, as such, to contribute to the “what is life”-problematic (cf. Schrödinger 

1944; Kauffman 2000; Bedau and Cleland 2010; Pross 2012; Cleland 2013). Hence, besides 

providing an integrative overview of the literature, this article also aims at shedding a new and 

clarifying light on it. 

3.2 Life’s dual nature (metabolic network dynamics and 

crystalline genetics) during the RNA/protein world, the 

RNA world and the pre-RNA world 

Though it has not yet attained the status of a ‘fact’, it is widely believed that DNA was preceded 

by RNA as a genetic material (e.g., Woese 1967; Crick 1968; Orgel 1968; Gilbert 1986; Lewin 

1986; Joyce 2002; Orgel 2004; Gesteland et al. 2006; Robertson and Joyce 2012; Sankaran 

2012; Higgs and Lehman 2014). More specifically, since DNA is not synthesized without the 

assistance of proteins, but since the latter are routinely synthesized without the help of the 

former (e.g., in RNA viruses), proteins most likely existed prior to the emergence of DNA, and 

the extant DNA/RNA/protein world would have been preceded by a DNA-less RNA/protein 

world. And since proteins are not synthesized without the help of RNA, but the latter is able to 

act not only as a template-replicator but also as an enzyme or ‘ribozyme’ (Kruger et al. 1982; 

Guerrier-Takada et al. 1983; Sankaran 2012) which is even capable of catalysing its own or 

other RNAs’ replication (Lincoln and Joyce 2009), a protein-less RNA world could have 

preceded the RNA/protein world. This would likely have been the case if one uses the word 

‘protein’ in the strict sense like it is used by most origin-of-life researchers, viz., to refer to a 

class of “polypeptides assembled on ribosomes from a set of twenty tRNA-linked L-amino 

acids according to an mRNA-sequence” (de Duve 1995, p. 79). However, if one extends the 

meaning of the word ‘protein’ to also include other, more simple or primitive oligo- and 

polypeptides, then they most likely existed prior to the emergence of RNA (de Duve 1995), 

possibly in a kind of (pre-RNA) self-sustaining and/or self-reproducing peptide or protein world 

(Kauffman 1986; Lee et al. 1996, 1997; Rubinov et al. 2009; Ikehara 2014). 

The origin of RNA-assembled proteins in the strict sense through the establishment of 

the genetic code and the translation machinery is a notoriously complicated problem that is far 
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from solved (e.g., Woese 1967; Crick 1968; Orgel 1968, 1989; Knight et al. 1999; Noller 2004; 

Vetsigian et al. 2006; Wolf and Koonin 2007; Rodin et al. 2011; Sengupta et al. 2014). Without 

entering into technical molecular-biological details, however, it is relatively safe to say that 

horizontal or lateral gene transfer (HGT) presumably played a decisive role in the origin of the 

genetic code and the translation mechanism and their universality in extant life on Earth (Woese 

1998, 2002; Vetsigian et al. 2006; Sengupta et al. 2014). Pervasive HGT of RNA-elements 

coding for polypeptide regions and translational components would have allowed for an 

evolutionary shuffling and recombination among these regions and components, resulting in 

the (not necessarily simultaneous) optimization of both the genetic code and the translation 

system. Concomitant was the origin and evolution of the first true proteins and proteinaceous 

cells. During the RNA world, i.e., before the rise of the genetic code and the translation system, 

vertical/clonal reproduction of RNA-based cells was presumably less developed and less stable 

and robust and, hence, more blurred and obscured by HGT than it is in the present bacterial 

world. Indeed, whatever the nature of cell-like molecular aggregates or ‘proto-cells’ in the RNA 

world, cellular ‘lineages of genealogical descent’ were arguably not yet well developed (Woese 

2002; Vetsigian et al. 2006). RNA- and ribozyme-based proto-metabolic proto-cells were 

possibly not yet discrete organisms, but rather like ‘ecological network communities’ with 

proto-genetic RNA-elements floating among them in an HGT-like fashion. Hence, and with 

regard to the issue raised in the present paper, life’s dual nature, i.e., both the proto-genetic 

crystalline structure of RNA-elements and proto-metabolic network dynamics and interactivity, 

must have already played a decisive and constitutive role during this stage of the origin of life, 

i.e., during the origin of the genetic code, the translation system and the first true proteins and 

proteinaceous cells.  

What about the earlier major transition in the origin of life, i.e., the origin of the RNA 

world itself? Although some recent progress has been made (Power et al. 2009), the de novo 

synthesis of RNA under prebiotic conditions poses a considerable riddle, as even single 

nucleotides and small RNA-oligomers are already very complexly structured molecular 

aggregates compared to abiotic chemical standards (Cairns-Smith 1982; Shapiro 1984; Joyce 

2002; Orgel 2004; Gesteland et al. 2006; Robertson and Joyce 2012). Furthermore, did the RNA 

world emerge as a ‘pure’ RNA world with auto- and cross-catalytic RNA fulfilling the role of 

both genetic template-replicator and enzyme catalyst or ribozyme, thus without the help of other 

organic molecules or proto-metabolic reaction networks (Gilbert 1986; Neveu et al. 2013)? Or 

was RNA already from the start assisted by small-molecule cofactors such as amino acids, 

oligo- and polypeptides and/or other organic molecules (de Duve 1995, 2003; Cech and Golden 

1999; Ikehara 2014)? Or even more, by a proto-metabolic reaction system (Wächtershäuser 

1988, 1997, 2007; de Duve 2003, 2007; Smith and Morowitz 2004; Shapiro 2006; Copley et al. 

2007, 2010; Egel 2014; Luisi 2014)?2  

 

                                                      
2 For a recent in-depth exploration of the origin of the RNA world, see the Special Issue “The Origins and Early 

Evolution of RNA” of the journal Life, Volume 5, Issue 4 (December 2015). 
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To circumvent the difficulties surrounding the de novo emergence of RNA under 

prebiotically plausible conditions, some researchers working in the ‘gene/replicator-first’ 

framework have proposed simpler precursors to RNA which are also capable of catalysing their 

own replication, such as threonucleic acid (TNA) and peptide nucleic acid (PNA) (reviewed in 

Joyce 2002; Orgel 2004; Robertson and Joyce 2012) and even self-replicating peptides (Lee et 

al. 1996, 1997; Rubinov et al. 2009). Experimental research in the relatively new field of 

‘systems chemistry’ has shown that non-enzymatic autocatalytic template-replication is 

possible in synthetic reaction systems designed under laboratory conditions (e.g., Orgel 1992; 

Rebek 1994; Bag and von Kiedrowski 1996) and that networks of auto- and cross-catalytic 

replicative oligomers, including replicating peptide and nucleic acid networks, can be generated 

(e.g., Ashkenasy et al. 2004; Dadon et al. 2008; von Kiedrowsky et al. 2010). While possible 

and even mutable and hence evolvable to a (very) limited extent, an exclusively autocatalytic 

template-replicator, i.e., an oligomer or polymer only catalysing its own replication, is not 

regarded as a plausible starting point for life, since such replication reactions turn out to cease 

quickly even when feedstock for further replication is constantly provided (Lincoln and Joyce 

2009; Pross 2012). On the other hand, two or more cross-catalytic oligomeric template-

replicators, like peptides (Lee et al. 1997; Rubinov et al. 2009) or nucleotide-based oligomers 

(Sievers and von Kiedrowski 1994; Lincoln and Joyce 2009), may constitute a network which 

autocatalytically replicates or reproduces as a whole and which is – due to its network 

properties – much more self-sustaining and evolvable (Ashkenasy et al. 2004; Dadon et al. 

2008; Lincoln and Joyce 2009; Pross 2012; Higgs and Lehman 2014). The gene-first approach 

assumes that life started with the emergence of such auto- and cross-catalytic replicator-based 

network systems, and that the first metabolic reaction sequences gradually evolved within such 

systems (e.g., Orgel 1998a, 2000, 2004; Joyce 2002; Anet 2004; Bada 2004; Pross 2004, 2012). 

That is, it is assumed that there was a gradual evolution, driven by a kind of chemical natural 

selection possibly in combination with HGT, towards more efficient catalysis of the replication 

processes, i.e., more efficient catalysis of (proto-metabolic) reactions that turn environmental 

resources and building blocks into template-replicators and eventually into cell structures.  

The ‘metabolism-first’ or ‘small molecules’ approach, on the other hand, sees the order 

of events differently: it claims that template-based molecular replication must have evolved 

within a kind of pre-existing proto-metabolic reaction system (e.g., Wächtershäuser 1988, 1997, 

2007; de Duve 2003, 2007; Smith and Morowitz 2004; Shapiro 2006; Copley et al. 2007, 2010; 

Egel 2014; Luisi 2014). It has the advantage over the gene-first approach that it does not require, 

as a starting point, an already complex environment of activated building blocks giving birth to 

complex oligomeric ‘aperiodic crystals’ capable of auto- and cross-catalytic template-

replication. The term ‘proto-metabolism’ refers to a robust set of thermodynamically driven 

chemical reaction sequences capable of being maintained in a prebiotic environment of 

relatively small molecules such as minerals, amino acids and small peptides, gradually giving 

rise to larger molecules including oligomers capable of template-replication. It is argued that 

no replicative pre-RNA or RNA world could have originated ‘naked’, i.e., without the 

thermodynamic and chemical underpinning by a robust set of reactions prefiguring the 

metabolic reactions that sustain and allow for genetic replication in extant life. Gene-first 
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adherents, in turn, have responded that proto-metabolic reaction sequences, while admittedly 

relying less on molecular complexity, require too much reaction sequence specificity and 

complexity to have self-organized spontaneously under prebiotic conditions (Orgel 2000; Anet 

2004; Pross 2004). In fact, both approaches seem to suffer from a similar weakness: they cannot 

prove but only assume the ‘spontaneous’, i.e., thermodynamically and statistically favoured, 

emergence in the prebiotic world of complex physicochemical order or negentropy either at the 

crystalline oligomeric level in the case of a gene-first scenario or at the reaction sequence level 

in the case of a metabolism-first scenario. So the jury is still out on which of the two frameworks 

most closely approaches what really happened at the dawn of life on Earth.  

Three decades ago, Dyson (1985) and Kauffman (1986) provided theoretical modelling 

on a stage in the origin of life preceding the emergence of both template-based replication and 

proto-metabolic reaction cycling. Instead of working with an autocatalytic network consisting 

of cross-catalytic oligomeric template-replicators (see supra), their model consists of a set of 

two or more small molecules (e.g., small peptides) that cross-catalyse each other’s synthesis 

without the involvement of template-based replication but nevertheless resulting in a cycle that 

autocatalytically reproduces as a whole. Kauffman (2007, 2011) argues that such ‘autocatalytic 

sets’ could be used to model the road towards template-based replicative networks as well as 

towards proto-metabolic reaction cycles. Freire (2011, 2015), too, proposes nontemplate-driven 

polymerization reaction cycles as a plausible origin of life. 

3.3 The role of mineral surfaces in the earliest origins of 

metabolism and genetics 

Here, I want to point to the fact that, as a result of intensive research into prebiotic chemistry, 

on at least one thing the gene-first and metabolism-first approaches seem to have found a 

relative agreement during the last two decades: the key roles that minerals could have played 

in the origin of life. Small organic molecules of the kind found in the Murchison meteorite 

(Cronin 1998) and in the Miller-Urey experiment (Miller 1957) and related experiments, such 

as amino acids, small sugars, nucleobases, lipids and alkanes, result from uncatalysed reactions 

synthesizing an indiscriminate array of products. Catalysts such as minerals, however, can 

select these and other products that have the potential to react and be synthesized into larger 

compounds. Micro-crystalline mineral surfaces are ‘templates’ that have the ability to 

selectively adsorb and concentrate organic molecules such as amino acids from an equimolar 

mix and, thereby, catalyse and organize the formation of stable reactions and the synthesis of 

small organic molecules into larger compounds such as oligomers and polymers (e.g., Hazen 

and Sholl 2003; Smith 2005; Hazen 2005, 2007; Cleaves II et al. 2012). Both gene-first and 

metabolism-first researchers acknowledge that, through selective adsorption and concentration, 

catalytic mineral surfaces could have played a key role as ‘organizing templates’ in the origin 
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of life on Earth. Gene-first researchers have hypothesized that they catalytically organized the 

synthesis of the first oligomers capable of template-replication (e.g., Ferris et al. 1996; Orgel 

1998b; Franchi and Gallori 2004; Ferris 2005; Joshi et al. 2011), while a number of metabolism-

first researchers casts them as organizing catalysts for the first proto-metabolic reaction cycles 

(e.g., Wächtershäuser 1988, 1997, 2007; Cody 2005; Martin et al. 2008; Copley et al. 2010; 

Braakman 2013) and even for the assembly of the first proto-cellular membranes (Hanczyc et 

al. 2007).  

Both the gene-first researcher Graham Cairns-Smith (1966, 1982, 2005) and the 

metabolism-first researcher Günter Wächtershäuser (1988, 1997, 2007) went quite far in their 

grounding of life’s origin in mineral surfaces. Cairns-Smith hypothesized that the first genetic 

system might have been a mineral clay surface, that its crystalline growth constituted a kind of 

genetic replication, that variable sequences of point defects, layer orientation and metal cation 

substitutions constituted genetic sequence information, and that flaws or ‘mutations’ could 

occur during crystal growth/replication, resulting in differential growth (dissolution and 

precipitation) rate, constituting differential replication rate or ‘fitness’ and, herewith, evolution 

by natural selection. Wächtershäuser, on the other hand, coined the term ‘surface metabolism’ 

and stated that strong bonding of organic molecules to mineral surfaces was the functional 

evolutionary precursor of containment by cell structure, that catalytic mineral surfaces were the 

precursors to enzyme surfaces, that the stabilization of peptides by bonding to mineral surfaces 

was the precursor of protein stabilization by internal folding, and that mineral bonding was the 

precursor of energy coupling mechanisms in extant metabolism. However, Cairns-Smith’s 

hypothesis of a replicating ionic pattern in a clay mineral has never been demonstrated, and 

only the very first synthetic stages of Wächtershäuser’s scenario have been verified.  

There are, however, three ‘certainties’ about mineral surfaces which are relevant for the 

origin of life: 

 

(1) Mineral surfaces were abundantly present on the prebiotic Earth. 

(2) From a physical point of view, mineral surfaces – having a crystalline nature – by 

definition have a low statistical entropy, i.e., are characterized by a relatively stable 

statistical order or negentropy. That is, they are a result of processes of condensation 

and crystallization following the Third Law of Thermodynamics.3  

(3) There is empirical and experimental evidence that mineral surfaces have a capacity 

to catalyse and organize chemical reactions including the synthesis of small organic 

molecules into larger compounds (e.g., Ferris et al. 1996; Orgel 1998b; Hazen and 

Sholl 2003; Franchi and Gallori 2004; Ferris 2005; Smith 2005; Hazen 2005, 2007; 

Joshi et al. 2011; Cleaves II et al. 2012). 

 

 

                                                      
3 The Third Law of Thermodynamics states that the entropy of a perfect crystal, at absolute zero (zero degrees 

kelvin or 0 K), is exactly equal to zero. More specifically, the entropy change associated with any condensed 

system undergoing a reversible isothermal process approaches zero as the temperature approaches 0 K, where 

condensed system refers to liquids and solids (Wilks 1961; Goldstein and Goldstein 1993). 
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Therefore, without going along with Cairns-Smith’s and Wächtershäuser’s speculative 

scenarios, it is relatively safe to say that mineral surfaces somehow served as a kind of ‘source 

of statistical negentropy’ – as ‘organizing catalysts’ – in the origin of life on Earth (cf. Hazen 

and Sholl 2003; Smith 2005; Hazen 2005, 2007; Cleaves II et al. 2012). Indeed, based on the 

current state of research on life’s origin, one can state with reasonable certainty that, apart from 

sources of thermodynamic negentropy [such as solar radiation (UV light and heat) and/or 

geochemical sources (heat and mineral reducing power)] being crucial for life’s origin on Earth, 

the abundant presence of mineral surfaces on the prebiotic Earth – with their stable micro-

crystalline structure or order – provided for an important source of statistical negentropy for 

life to originate. It seems that life is metabolic network organization that – besides being fuelled 

by indispensable (re)sources of thermodynamic negentropy (e.g., solar and/or geochemical 

resources, ‘combustibles’ or nutrients) – originated largely on a statistically negentropic 

breeding ground of micro-crystalline order or structure of catalytic mineral surfaces, and has 

always remained dependent on and/or centred around the crystalline order or structure of 

polymeric genetic templates. That is, in light of the current emphasis in present-day systems 

chemistry and systems biology on life’s aspect of system complexity, it is important to realize 

that this system complexity – besides being nourished by (re)sources of thermodynamic 

negentropy (solar and/or geochemical resources, combustibles/nutrients) – also crucially, i.e., 

non-trivially, depends on a source of statistical negentropy or ‘crystallinity’: at first, organizing 

catalytic mineral surfaces, and later on, replicable genetic sequence-specificity. Of course, the 

gap between the relatively simple periodic structure of mineral surfaces and the much more 

complex aperiodic structure of polymeric genetic templates is a serious one that is far from 

solved. Notwithstanding, at a given stage during the evolution towards extant life, mineral-

bound proto-life must have developed a sufficiently efficient and robust set of “internally 

organizing and catalysing templates” – say, a set of oligomeric templates that act as enzyme-

catalysts (e.g., RNA/ribozymes) or that ‘code’ for enzyme-catalysts (e.g., RNA coding for 

proteins) – allowing life to exist and operate on its own behalf, i.e., independently from its 

supporting mineral surface or ‘mother ship’. 

In the next section, the physical reliance of life’s origin on two sources of negentropy 

(thermodynamic and statistical negentropy) is further explored and analysed. 

3.4 The physical foundation of life’s dual nature: 

thermodynamic and statistical negentropy and the 

constitutive role of the Third Law of Thermodynamics 

The metabolism-first approach to the origin of life emphasizes the ‘combustive’, i.e., 

thermodynamic, aspect of life, but it has been criticized for making statistically unrealistic 
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assumptions on the gene-less emergence of the first proto-metabolic reaction systems (Orgel 

2000; Anet 2004; Pross 2004). The gene-first approach, on the other hand, emphasizes the 

‘informational’, i.e., statistically negentropic or ordered, aspect of life, but it underestimates the 

thermodynamic requirements for the metabolism-free emergence of the first genetic replication 

systems (Wächtershäuser 1988; Smith and Morowitz 2004; Shapiro 2006). However, the 

realization that life is arguably the result of at least two kinds of gradients or sources of 

negentropy – a thermodynamic and a statistical one (see supra) – pleads for a more integrative 

approach between the metabolic (combustive, thermodynamic) and genetic (crystalline, 

statistical) aspects of life. Indeed, there is a recent tendency by metabolism-first researchers to 

incorporate elements of genetics into their frameworks (e.g., Copley et al. 2007) and by gene-

first researchers to incorporate metabolic elements into their frameworks (e.g., Wagner et al. 

2010).  

The fact that living organization would be the self-organized net result of two kinds of 

gradients or sources of negentropy, i.e., a thermodynamic gradient (solar and/or geochemical 

resources, combustibles/nutrients) and a statistical gradient (mineral surfaces, genetic 

sequences), is not entirely at odds with other cases of self-organization in the physical world. 

In the Bénard-convection, for instance, the self-organized convection patterns, too, are the net 

result of two gradients or sources of negentropy: a thermal and a gravitational gradient 

(Kondepudi and Prigogine 2014). Remove one gradient or source, and the self-organized 

structure will disintegrate. Both gradients or sources of negentropy are constitutive of the 

convection structure. Similarly, both a thermodynamic and a statistical gradient or source of 

negentropy seem to be constitutive of life on Earth as we know it. Indeed, the latter is difficult 

to imagine without both the thermodynamic (metabolic) and statistical (genetic) aspects.  

The origin of life or, more specifically, the origin of complex chemical network 

organization on catalytic mineral surfaces under both a thermodynamic (e.g., a hydrothermal – 

Wächtershäuser 1988; Smith and Morowitz 2004; Cody 2005; Martin et al. 2008; Braakman 

2013) and a statistical (e.g., a crystalline-mineral – Hazen and Sholl 2003; Smith 2005; Hazen 

2005, 2007; Cleaves II et al. 2012) gradient can, from a physical point of view, be described as 

an instance of self-organization as a result of ‘cooling’, ‘condensation’ and/or ‘crystallization’ 

on those mineral surfaces. Cooling, condensation and crystallization involve a local decrease 

of both thermodynamic and statistical entropy and/or disorder, i.e., a local decrease in degrees 

of freedom in the configuration space, as predicted by the Third Law of Thermodynamics. The 

genetic aspect of life is possibly a direct ‘descendant’ from the ‘solid’, ‘crystalline’, Third-Law 

governed nature of mineral surfaces, although the transition from the latter’s relatively simple 

periodic structure towards genetic aperiodicity remains problematic. Schrödinger (1944) 

described genetic polymeric sequences as Third-Law governed ‘aperiodic solids/crystals’ 

underpinning and organizing enzyme-catalysed metabolism, the latter – as a ‘combustive’ 

and/or ‘dissipative’ process – satisfying the overall increase of entropy as demanded by the 

Second Law of Thermodynamics. Woese (1998, 2002) has further argued that, at first, (proto-

)metabolism must have been constituted by fairly loose inter- and supra-molecular aggregations 

or proto-cells presumably characterized by pervasive HGT of proto-genetic elements. Later on, 

a less loose, i.e., more ‘condensed’, ‘cooled down’ or ‘crystallized’ form of cellular 
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organization would have evolved – with HGT occurring in a less chaotic, i.e., more 

‘constrained’, ‘disciplined’ or ‘organized’ manner – due to the ‘solidification’ or 

‘crystallization’ of the genetic code and the translation system (ibidem). These proto- or early-

biotic evolutionary processes of condensation, solidification and crystallization were thus 

accompanied by a local decrease of entropy (as predicted by the Third Law of 

Thermodynamics), but at the expense of an environmental increase of entropy (as prescribed 

by the Second Law of Thermodynamics) due to more efficient and robustly organized 

metabolism, ‘combustion’ and/or ‘dissipation’. Hence, the origin and early evolution of life 

would largely fall within the scope of condensed-matter physics and non-equilibrium 

thermodynamics (Vetsigian et al. 2006; Goldenfeld and Woese 2011). With the condensation 

and crystallization of the genetic code, the translation system and the first true proteins and 

proteinaceous cells, a more robust form of genetic replication and cellular reproduction would 

have allowed for the establishment of ‘genealogical lineages of descent’. As such, the 

‘Darwinian threshold’ (Woese 2002) would have been reached and natural selection – taking 

over or, at least, enriching the role of the Third Law – would have become an important 

statistically negentropic force allowing life to further ‘climb Mt. Improbable’ (Dawkins 1996). 

It is thus important to realize that genetic replication, cellular reproduction and, herewith, 

Darwinian evolution by natural selection already rely on complex proto-biotic physicochemical 

self-organization that cannot simply be taken for granted, but that resulted from condensed-

matter and non-equilibrium processes of the kind described above. 

Kauffman (2000) makes a comparison between a living cell or organism and a 

thermodynamic Carnot Engine capable of performing at least one work cycle. Both have in 

common that they are driven by a thermodynamic gradient or source of negentropy. A major 

difference, however, lies in the fact that the organized construction of the Carnot machine does 

not rely on a ‘natural’ (re)source of statistical negentropy (such as a mineral surface or a set of 

genetic sequences) but on a human engineer. Living cells, organisms, ecosystems and the 

biosphere as a whole, on the other hand, are self-organizing or self-constructing systems. Here, 

we suggested how at first the Third Law of Thermodynamics and later on Darwinian natural 

selection could explain the statistically negentropic, organized or ‘engineered’ aspect of life. 

Kauffman (2000), however, doubts whether these two already long-known laws or principles 

suffice to explain the emergence and evolution of life. He speculates about a possible Fourth 

Law of Thermodynamics for self-constructing open non-equilibrium systems. As the transition 

from a prebiotic world of relatively simple chemical compounds including periodically 

structured mineral surfaces towards the complex aperiodic and/or informational structure, 

specificity and organization of biopolymers and biochemical reaction sequences remains a 

problematic gap in our understanding, such a Fourth Law might be welcome. However, since 

Kauffman’s proposal has remained in the margin of both physics and biology without entering 

mainstream science, we will not treat it further here. Restricting ourselves to the known laws 

and principles in science, we might conclude that the role of the Second Law of 

Thermodynamics in life’s origin would have been rather ‘trivial’, as it accompanies virtually 

all physical processes, and thus also biotic processes. That is, it is a trivial fact that the local 

decrease of entropy that characterizes organized biological processes is accompanied and/or 
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compensated by an at least as large production of entropy. The role of the Third Law, on the 

other hand, seems rather ‘non-trivial’ or ‘crucial’: although arguably only a necessary and not 

a sufficient condition for life to originate, it played an indispensable role in providing for a 

relatively ‘stable’, ‘condensed’, ‘solid’, ‘crystalline’ physicochemical foundation for both 

genetic replication and cellular/metabolic reproduction and, herewith, for Darwinian evolution 

by natural selection. Both the Third Law and natural selection are, under well-defined 

circumstances, able to predict the emergence of local order or statistical negentropy; both are 

able to predict a local decrease in degrees of freedom – a ‘selection’ or ‘sculpting’ – in the 

configuration space. 

3.5 Conclusion 

Life’s dual nature, i.e., metabolic network dynamics and crystalline genetics, runs very deep – 

arguably all the way back, via the RNA world, to the very dawn of life on Earth. It seems to be 

a quasi-inevitable outcome of the ‘dual’ or ‘twofold’ physical – thermodynamic and statistical 

– constitution or foundation of life. In contrast with the rather trivial role of the Second Law of 

Thermodynamics accompanying virtually all physical including biotic processes, the Third Law 

appears to have been a crucial ‘predecessor’ of natural selection as a statistical-negentropic or 

ordering force or mechanism in the origin and early evolution of life. Based on the current state 

of research on the origin of life on Earth, it seems likely that: 

 

(i) sources of thermodynamic negentropy, such as solar radiation (UV light and heat) 

and/or geochemical sources (heat and mineral reducing power), lie at the root of 

life’s combustive and/or metabolic aspect;  

(ii) the abundant presence of mineral surfaces on the prebiotic Earth – with their 

selectively adsorbing and catalysing (thus organizing) micro-crystalline structure or 

order – provided for a source of statistical negentropy, thus lying at the root of life’s 

crystalline and/or genetic aspect. 

 

But although crystalline mineral surfaces and the Third Law arguably served as a source of 

statistical negentropy in the origin of life, they appear to be only necessary and not sufficient to 

fully explain the ‘hard problem’ of life’s origin, i.e., the transition from a prebiotic world of 

relatively simple chemical compounds including periodically structured mineral surfaces 

towards the complex aperiodic and/or informational structure, specificity and organization of 

biopolymers and biochemical reaction sequences. Indeed, while both Cairns-Smith’s gene-first 

and Wächtershäuser’s metabolism-first scenarios tried to cope with this transition, there is little 

or no empirical evidence to support their claims. More generally, gene-first and metabolism-

first approaches seem to suffer from a similar weakness: they cannot prove but only assume the 

‘spontaneous’, i.e., thermodynamically and statistically favoured, emergence – in a prebiotic 
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world of relatively simple chemical compounds – of complex physicochemical order or 

negentropy, either at the crystalline oligomeric level in the case of a gene-first scenario, or at 

the reaction sequence level in the case of a metabolism-first scenario. The hard problem of the 

origin of life and the dramatic increase of local statistical order or negentropy associated with 

it might only be solvable by means of both approaches joining forces. 
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Chapter 4  

Life as a dynamically complex as well as gene-

centred phenomenon or process1 

Abstract: Living cells and organisms are complex physicochemical systems 

constituted by intricate biochemical and physiological network organization 

which is pervaded by functional gene products (i.e., functional RNAs and 

proteins) and, thus, by genetic sequence information derived from the linear 

structure of nucleic acid sequences. Due to the rise of various fields of genetics 

(classical, population, molecular and developmental genetics), 20th century 

biology was governed by a predominantly ‘gene-centred’ paradigm which has, 

however, come under increasing criticism during the past few decades. Here, it is 

demonstrated how gene-centrism directly follows from the very physical, i.e., 

statistical-mechanical and thermodynamic, constitution of life and, hence, how 

gene-centrism would be an inherent physical property of life. More specifically, 

we point out that due to their ‘quasi-digital’ nature genes and genetics (i.e., genetic 

replication, transcription, reverse transcription and code-based translation) resist 

a full de-centralization or relativization within the otherwise non-digital or 

‘trivially’ dissipative (thermo)dynamics of all other ‘surrounding’ biological 

(biochemical, physiological, developmental, ecological) processes. 

4.1 Introductory background 

The ‘gene-centred’ paradigm of life, so prevalent in 20th century biology (e.g., Weismann 

1893a, 1904; Fisher 1918, 1930; Muller 1922, 1966; Schrödinger 1944; Crick 1958, 1970; 

 

                                                      
1 This chapter draws on a paper in preparation. 
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Cairns-Smith 1966, 1985; Dawkins 1976, 1989), has been intensely contested in philosophy of 

biology during the past few decades (e.g., Oyama 1985; Keller 2000; Oyama et al. 2001; Moss 

2003; Jablonka and Lamb 2005; Callebaut et al. 2007; Noble 2008, 2010, 2011, 2012; Griffiths 

and Stotz 2013; Noble et al. 2014). The linear structure of genetic nucleic acid sequences forms 

an important though nonexclusive resource for the postgenomic synthesis of functional gene 

products (functional RNAs and proteins) and, through these latter, for the biochemical and 

physiological development of cells and organisms. Indeed, it is widely acknowledged by 

biologists and bio-philosophers alike that extreme genetic ‘determinism’ and ‘reductionism’ 

(according to which biochemical and physiological organization are quasi-exhaustively 

determined by and reducible to genetic sequence information) are undermined or falsified by 

the empirical fact that genetic sequence-specificity is only one among many extra-genetic 

factors2 contributing to the postgenomic synthesis of gene products, to the biochemical 

generation of metabolic pathways, and to the physiological development of cells and organisms 

(cf. Oyama 1985; Keller 2000; Oyama et al. 2001; Moss 2003; Jablonka and Lamb 2005; Stotz 

2006a,b; Callebaut et al. 2007; Noble 2008, 2010, 2011, 2012; Shapiro 2009, 2011, 2013; 

Griffiths and Stotz 2013; Noble et al. 2014). Less appreciated but equally important, however, 

is whether the other extreme, viz., radical ‘gene-de-centrism’ and/or ‘gene-relativism’ 

(according to which genes are quasi-entirely ‘de-centralized’ and/or ‘relativized’ within the 

complex biochemical and developmental dynamics of cells and organisms), could also be 

falsified – thus whether genetic sequence-specificity could be demonstrated to resist a full de-

centralization and/or relativization within the complex biochemical and developmental 

dynamics of cells and organisms and, hence, whether a moderate ‘gene-centeredness’ or ‘gene-

centrism’ (that takes into account life’s complex system dynamics) would yet be a true 

characteristic or feature of life on Earth. 

Dawkins (1989) – an outspoken proponent of the gene-centred paradigm – has argued 

that his gene-centred view on life (i.e., “the gene as the centre of a web of radiating power”; p. 

viii) does not entail the more radical claim of genetic determinism (i.e., that the genome is a 

‘blueprint’ that quasi-exhaustively or ‘preformationally’ determines the phenotypic organism; 

pp. 9-29, 174-175), a fact acknowledged by his critics (e.g., Jablonka 2004). In the final chapter 

of his unpublished doctoral dissertation, Tanghe (2013) made a distinction between 

questionable criticisms of (a moderate) gene-centrism and legitimate criticisms of (more 

radical) forms of genetic determinism and reductionism that, confusingly, are often also called 

‘gene-centrism’, and argued that a falsification of genetic determinism and reductionism does 

not necessarily entail a falsification of a less extreme gene-centrism. De Tiège et al. (2014, 

2015) further defined and distinguished ‘gene-centrism’ (as the assumption or hypothesis that 

genes make up the ‘negentropic centre’ of cells and organisms as complex systems) from the 

more radical ‘genetic determinism/reductionism’ (as the assumption or hypothesis that 

biochemical and physiological organization are quasi-exhaustively determined by and reducible 

 

                                                      
2 With ‘extra-genetic’ factors, we refer to co-determining causal factors that do not fall under the strict label of 

‘linear genetic sequence-specificity’, as such encompassing both epigenetic and environmental factors. 
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to genetic sequence information), thus arguing that the first does not necessarily entail the latter. 

For example, the abovementioned fact that genes are one among many extra-genetic causal 

factors contributing to the postgenomic synthesis of functional gene products and to the 

biochemistry and development of cells and organisms (cf. Oyama 1985; Keller 2000; Oyama 

et al. 2001; Moss 2003; Jablonka and Lamb 2005; Callebaut et al. 2007; Noble 2008, 2010, 

2011, 2012; Griffiths and Stotz 2013; Noble et al. 2014) is an empirically grounded dead-blow 

argument against genetic determinism and reductionism, but not necessarily against gene-

centrism as just defined. Indeed, the hypothesis that genes would constitute the ‘negentropic 

centre’ of cells and organisms as complex systems is not necessarily ruled out by the presence 

of co-determining extra-genetic factors. The non-falsification of gene-centrism, however, does 

not mean that gene-centrism is a ‘proven’ characteristic of life. A plausible ‘proof’ of the (at 

least moderately) gene-centred nature of life on Earth would require an explicit falsification of 

extreme gene-decentrism/relativism, i.e., an explicit demonstration that genes would resist a 

full de-centralization or relativization within the complex system dynamics of life. Below, we 

make a case for such a resistance by genes against full de-centralization or relativization within 

life’s complex system dynamics and, hence, for life’s gene-centred (as well as dynamically 

complex) nature.3 

4.2 Life’s gene-centred nature: why genes resist a full de-

centralization or relativization within life’s complex 

system dynamics 

The genome, as the totality of the genetic material of an organism, is a reservoir of linear genetic 

‘sequence-specificity’ (Crick 1958, 1970; Griffiths and Stotz 2013) or, in a more abstract and 

physically oriented language, a reservoir of ‘crystalline aperiodic order’ (Schrödinger 1944) – 

thus a ‘negentropy’ or ‘low-entropy’ source (ibidem). This ‘negentropy’ or ‘low entropy’ in the 

form of ‘sequence-specificity’, then, forms an important though nonexclusive resource for the 

postgenomic synthesis of functional gene products (functional RNAs and proteins) and, through 

these latter, for the biochemical and physiological development of cells and organisms. 

Suppose, for a moment however, that (extreme) genetic determinism were true. Then 

linear genetic sequence-specificity would be ‘noiselessly and/or digitally transformed’ into 3D 

functional gene products and from hereon into 4D biochemical and physiological process-based 

organization. There would be no loss or dissipation of genomic information, no entropy 

 

                                                      
3 In Chapter 2 (De Tiège et al. 2015) we already argued in favour of life’s gene-centred nature and that genes 

would ‘resist a full de-centralization or relativization’ within life’s complex system dynamics. The specific 

argument presented there, however, is not relevant to the present paper or chapter. 
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production from genome to phenome. The physiological or ‘phenotypic’ organism would be a 

perfect 4D ‘print’ of its genome. Moreover, as no information would be lost or dissipated during 

the process of ontogenetic development, the latter would be a reversible process: the phenotypic 

organism itself would contain the sufficient amount of information to ‘edit’ or ‘engineer’ its 

genome in a way as deterministic and specific as the way that it has itself been ‘engineered’ by 

its genome.  

However, genetic determinism is false. Of course, genetic replication, transcription, 

reverse transcription and code-based translation all have a ‘digital’-like nature.4 But due to 

causal interactions with the environment during ontogenetic development and, more 

specifically, due to indispensable negentropic and/or informational contributions and inputs 

from the environment to the postgenomic synthesis of functional gene products and to 

biochemical and physiological development in general, genomic negentropy, i.e., linear genetic 

sequence-specificity, gets inevitably irreversibly dissipated or diluted within the complex 

molecular, biochemical and physiological developmental dynamics of the cell and organism. 

That is, the biochemical and physiological constitution of the cell and organism only contain 

an irreversibly corroded or diluted ‘shadow’ of their negentropic or low-entropy genome: the 

genomic information amount contained within the biochemical and physiological constitution 

of the cell and organism is a corroded, diluted or dissipated fraction of – i.e., is smaller than – 

the information amount present in the genome itself. Therefore, the capacity of this biochemical 

and physiological machinery to reversely engineer or instruct its genome is inevitably limited. 

Examples of such limited “natural genetic engineering and/or editing” of sequence-specificity 

are: changes in DNA-sequence due to proofreading and repair, DNA-methylation causing the 

mutation of methylated cytosine into thymine, RNA-editing, RNA-splicing, and translational 

recoding like frameshifting, programmed bypassing and codon redefinition (for more examples 

and details, see Stotz 2006a,b; Shapiro 2009, 2011, 2013; De Tiège et al. 2014). By contrast, if 

radical genetic determinism and reductionism were true (see supra), then living cells and 

organisms would be some sort of “reversibly and/or digitally produced 4D prints” of their 

genomes, even involving the theoretical possibility of cells and organisms reversely editing or 

engineering their genomes in a quasi-unlimited way. Of course, this is obviously not the case. 

Cells and organisms are thermodynamically open self-organizing non-equilibrium systems and, 

as such, characterized by irreversible, dissipative, entropy-producing processes (i.e., 

combustive, metabolic, biochemical and physiological processes) which are, apart from 

negentropic and informational input from the environment, also crucially dependent on quasi-

deterministically, quasi-digitally or quasi-noiselessly replicated genes and genomes as 

negentropic or low-entropy resources. Because other, so-called extra- or non-genetic modes of 

 

                                                      
4 Due to the ability of RNA to be replicated as well as the widespread occurrence of reverse transcription (e.g., 

Crick 1970; Brosius 1999, 2003), we used the word ‘gene’ and ‘genetic’ to refer to both DNA- and RNA-sequence-

specificity, i.e., to ‘NA’-sequence-specificity in general (see chapters 1 and 2; De Tiège et al. 2014, 2015). 

Moreover, due to the quasi-digital nature of not only NA-replication, transcription and reverse transcription but 

also code-based translation, the term ‘genetic sequence’ could even be extended to also include amino acid 

sequences.  
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transgenerational inheritance (e.g., epigenetic, cellular, behavioural, and even cultural 

inheritance prior to the advent of digital technology – Griesemer 1998, 2000; Jablonka and 

Lamb 2005; Jablonka and Raz 2009) are non-digital and more prone to noise and/or entropy 

production, the ‘quasi-digital’ processes of genetic replication and also transcription, reverse 

transcription and code-based translation constitute the ‘crystalline backbone’ of life on Earth – 

in contrast to the non-digital, ‘trivially’ thermodynamic and dissipative nature of all other 

‘surrounding’ biological (biochemical, physiological, ecological) processes. To summarize the 

core argument in one sentence: 

 

the resistance of genes and genetics (i.e., genetic replication, transcription, reverse 

transcription and code-based translation) against a full de-centralization and/or 

relativization within the complex biochemical, physiological and ecological 

developmental dynamics of cells and organisms lies in their ‘quasi-digital’ nature, i.e., 

in their – at least relative – resistance against noise/entropy production and dissipation 

within and compared to the otherwise non-digital and/or ‘trivially’ dissipative 

thermodynamics of all other ‘surrounding’ biological (biochemical, physiological, 

developmental, ecological) processes. 

 

That is, due to their ‘quasi-digital’ nature, i.e., due to their resistance against dissipation and/or 

entropy production, genes and genetics are prone to resist a full de-centralization or 

relativization within the otherwise non-digital and/or ‘trivially’ dissipative (thermo)dynamics 

of life on Earth. 

4.3 Conclusion 

While they justly condemn too radical forms of gene-centrism, i.e., inclinations too much into 

the direction of genetic determinism and reductionism, critics of gene-centrism (e.g., Oyama 

1985; Keller 2000; Oyama et al. 2001; Moss 2003; Jablonka and Lamb 2005; Stotz 2006a,b; 

Callebaut et al. 2007; Noble 2008, 2010, 2011, 2012; Shapiro 2009, 2011, 2013; Griffiths and 

Stotz 2013; Noble et al. 2014) often go too far in de-centralizing and/or relativizing the gene. 

In spite of being dynamically integrated and contextualized within the complex biochemical, 

physiological and ecological development of cells and organisms, genes and genetics, i.e., 

quasi-digital processes of genetic replication, transcription, reverse transcription and code-

based translation, resist a full de-centralization or relativization within the otherwise non-

digital and/or trivially dissipative thermodynamics of all those ‘surrounding’ biological 

(biochemical, physiological, developmental, ecological) processes. Therefore, life on Earth is 

not only a (thermo)dynamically complex but also a gene-centred phenomenon or process, i.e., 

centred around a ‘crystalline backbone’ of quasi-digital genetics. While thus far from 
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everything in biology is reducible to genetics, the fields of genetics, evolutionary genetics and 

developmental genetics nevertheless are to be regarded at the ‘core’ of biology, evolutionary 

biology and developmental biology respectively. 

 

 

 

 



 

 

Part 2 – The Ultimate Causal Role of Genes in 

the Evolutionary Dynamics of Cells and 

Organisms: The ‘Gene’s Eye View’ as a 

Potentially Unifying Framework for Biological 

Evolution 
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Chapter 5  

The sociobiology of genes: the gene’s eye view as 

a unifying behavioural-ecological framework for 

biological evolution1 

Abstract: Although classical evolutionary theory, i.e., population genetics and 

the Modern Synthesis, was already implicitly ‘gene-centred’, the organism was, 

in practice, still generally regarded as the individual unit of which a population is 

composed. The gene-centred approach to evolution only reached a logical 

conclusion with the advent of the gene-selectionist or gene’s eye view in the 1960s 

and ‘70s. Whereas classical evolutionary theory can only work with 

(genotypically represented) fitness differences between individual organisms, 

gene-selectionism is capable of working with fitness differences among genes 

within the same organism and genome. Here, we explore the explanatory potential 

of ‘intra-organismic’ and ‘intra-genomic’ gene-selectionism, i.e., of a 

behavioural-ecological ‘gene’s eye view’ on genetic, genomic and organismal 

evolution. First, we give a general outline of the framework and how it 

complements the – to some extent – still ‘organism-centred’ approach of classical 

evolutionary theory. Secondly, we give a more in-depth assessment of its 

explanatory potential for biological evolution, i.e., for Darwin’s ‘common descent 

with modification’ or, more specifically, for ‘historical continuity or homology 

with modular evolutionary change’ as it has been studied by evolutionary 

developmental biology (evo-devo) during the last few decades. In contrast with 

classical evolutionary theory, evo-devo focuses on ‘within-organism’ 

developmental processes. Given the capacity of gene-selectionism to adopt an 

intra-organismal gene’s eye view, we outline the relevance of the latter model for 

 

                                                      
1 This chapter has been accepted for publication as an article in the journal History and Philosophy of the Life 

Sciences (De Tiège et al. 2017). 
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evo-devo. Overall, we aim for the conceptual integration between the gene’s eye 

view on the one hand, and more organism-centred evolutionary models (both 

classical evolutionary theory and evo-devo) on the other. 

5.1 Introductory background 

The gene-selectionist, or gene’s eye, view on evolution resulted from an application of 

principles from the adaptationist research programme of behavioural ecology to the level of 

evolutionary genetics (Hamilton 1963, 1964; Williams 1966; Dawkins 1976, 1982; Sterelny 

and Kitcher 1988; Dawkins 1994, 2004; Cronin 2005; Haig 2007; Queller 2011; Gardner and 

Welsh 2011; Haig 2012, 2014; Bourke 2014; Bohl et al. 2014). It allows to conceive of the 

genome as a complex behavioural ‘society’ of genetic elements, ‘agents’ and/or ‘citizens’ that 

interact with each other in ‘strategic’ ways so that insights and principles from the behavioural, 

social and even political sciences can be applied to them (cf. Leigh 1971; Haig 1997; Avise 

2001; Haig 2006; Werren 2011; Okaska 2012). This reduces the distance between evolutionary 

biology and the human behavioural and social sciences. The present paper contributes to this 

project by exploring the explanatory potential of a specifically intra-organismic and intra-

genomic behavioural-ecological gene’s eye view on genetic, genomic and organismal 

evolution. 

In spite of Weismann’s (1904) ‘germinal selection’ and Fisher’s (1918, 1930) avant-la-

lettre gene-selectionist ‘fundamental theorem of natural selection’ (Okasha 2008; Edwards 

2014), and in spite of the centrality of the gene as the unit of heredity in classical population 

genetics (e.g., Fisher 1918, 1930; Wright 1931; Haldane 1932; Dobzhansky 1937; Huxley 1942; 

Mayr and Provine 1980), the Modern Synthesis nevertheless held on to a more intuitive 

‘organism-centred’ perspective on biological evolution (Cronin 1991; Tanghe 2015). That is, 

evolution is conceptualized in terms of populations of reproducing organisms and, more 

specifically, in terms of populations of heritable phenotypes genetically represented as 

genotypes. A genotype is composed of one or several genes as ‘units of heredity’ and, as such, 

represents the heritable aspect of an organism’s phenotype. The concepts of the gene and 

genotype thus provide a means to genetically ‘represent’ and, hereby, ‘track’ and ‘calculate’ 

the phenotypic evolution of organisms in a population. Not the gene but the phenotypic 

organism, genetically represented as a genotypic organism, is the unit of reproductive fitness 

and selection in evolution. By contrast, the gene-selectionist, or gene’s eye, view on evolution, 

first developed by Hamilton (1963, 1964), Williams (1966) and Dawkins (1976, 1982) and later 

defended and further articulated by many others (Sterelny and Kitcher 1988; Dawkins 1994, 

2004; Cronin 2005; Haig 2007; Queller 2011; Gardner and Welsh 2011; Haig 2012, 2014; 

Bourke 2014), thinks in terms of populations of replicating genes, as such assigning 

reproductive fitness values to single genes and considering the latter as the true units of 
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selection in evolution. The evolution of organismal phenotypes and, hence, of genotypes is 

viewed as a result of evolution at a lower level, i.e., as a result of competitive and cooperative 

interactions among single genes. 

The conceptual identification and delineation of the single ‘gene’ as an ‘evolutionary 

unit’ forms an important cornerstone of gene-selectionist evolutionary theory. The totality of 

the genetic hereditary material in an organism is the genome. Physically, a genome is 

constituted by one or more chromosomes, and a chromosome is one large DNA molecule. The 

prokaryote and asexual eukaryote genomes are replicated integrally as a unit during 

reproduction. However, due to pervasive horizontal or lateral gene transfer in prokaryotes (e.g., 

Doolittle 1999; Gogarten and Townsend 2005) as well as in unicellular eukaryotes (e.g., 

Andersson 2005; Keeling and Palmer 2008), it is not the genome as a whole, but smaller 

genomic chunks or elements which are the true ‘evolutionary units’. Also, in sexual eukaryotes, 

the evolutionary unit is reduced from the genome to the chromosome due to sexual 

recombination, and even further to an arbitrarily small genetic element due to meiotic crossover 

(Williams 1966; Dawkins 1982; Godfrey-Smith 2009; Haig 2012). As such, Williams (1966) 

defined an ‘evolutionary gene’, later metaphorically dubbed the ‘selfish gene’ by Dawkins 

(1976), as a heritable unit of recombination and selection in evolution. More specifically, it is 

“that which segregates and recombines with appreciable frequency” (Williams 1966, p. 24) and 

“any hereditary information for which there is a favorable or unfavorable selection bias equal 

to several or many times its rate of endogenous change” (ibidem, p. 25). With the single gene(tic 

element) as an evolutionary unit, biological evolution could be modelled as a result of 

competition and cooperation among single evolutionary or selfish genes.  

As it was originally conceived by Hamilton (1963, 1964), Williams (1966) and Dawkins 

(1976), the most common application of the gene-selectionist view concerns the ‘inter-

organismic’ interaction, competition and cooperation among genes sitting in different 

(interacting, competing, cooperating) organisms, i.e., how genes interact, compete and 

cooperate with each other through or by means of their organismal ‘interactors’ (Hull 1980) or 

‘vehicles’ (Dawkins 1982) within which they reside. But the framework also permits to 

conceptualize ‘intra-organismic’ interaction, competition and cooperation among genes 

residing within the same organism. As Dawkins wrote: 

 

[…] interactions between genes sitting in different bodies are only the tip of the 

iceberg. The vast majority of significant interactions between genes in the 

evolutionarily stable set – the gene pool – go on within individual bodies. […] 

Well-integrated bodies exist because they are the product of an evolutionarily 

stable set of selfish genes. (Dawkins 1976, p. 87) 

In a sense, the whole process of embryonic development can be looked upon as a 

cooperative venture, jointly run by thousands of genes together. […] In natural 

selection, genes are always selected for their capacity to flourish in the 

environment in which they find themselves. We often think of this environment 

as the outside world, the world of predators and climate. But from each gene’s 

point of view, perhaps the most important part of its environment is all the other 
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genes that it encounters. And where does a gene ‘encounter’ other genes? Mostly 

in the cells of the successive individual bodies in which it finds itself. Each gene 

is selected for its capacity to cooperate successfully with the population of other 

genes that it is likely to meet in bodies. (Dawkins 1986, p. 170) 

 

Such an intra-organismic gene-selectionism may involve evolutionary interactions, conflict, 

competition and cooperation between nuclear and cytoplasmic genes within the same organism 

as well as intra-genomic interactions, conflict, competition and cooperation among genes 

within the same (e.g., nuclear) genome. Indeed, unlike the still partially organism-centred 

perspective, or ‘organism’s eye view’, of classical evolutionary theory, the gene-selectionist 

view is able to conceptualize intra-organismic and intra-genomic fitness differences among 

genes. It has thereby proven to be an important tool in the understanding of phenomena of intra-

organismic and intra-genomic conflict. More specifically, the framework was instrumental in 

the development of the study of so-called ‘selfish genetic elements’ that promote their own 

transmission or replication with no or a negative effect on organismal fitness (e.g., Doolittle 

and Sapienza 1980; Orgel and Crick 1980; Eberhard 1980; Cosmides and Tooby 1981; Dawkins 

1982, chapter 9; Werren et al. 1988; Hurst and Werren 2001; Burt and Trivers 2006; Okasha 

2006, chapter 5; Godfrey-Smith 2009, chapter 7; Werren 2011; Rice 2013; Haig 2014; Agren 

2016). While it has been suggested that more encompassing – compared to solely gene-

selectionist – multilevel selection models are required for a complete or exhaustive 

understanding of the biology of selfish genetic elements (Gould 1983, 2002; Vrba and Eldredge 

1984; Doolittle 1989, 2013; Gregory 2004; Gregory et al. 2016; Agren 2016), in the present 

paper we explore an opposite rationale, viz., to what extent the specifically intra-organismic 

and intra-genomic gene-selectionist or gene’s eye view may contribute to our understanding of 

higher-level, i.e., organismal, evolution as it is studied in classical evolutionary biology 

(section 5.2) and evo-devo (section 5.3). 

An intra-organismic and intra-genomic gene’s eye view allows for a ‘behavioural-

ecological’ modelling of the genome according to which the latter is a ‘molecular ecosystem’ 

constituted by populations of interacting genes or genetic elements (Haig 1997; Avise 2001; 

Haig 2006; Werren 2011; Gardner and Welch 2011; Haig 2012, 2014; Bohl et al. 2014). More 

specifically, the genome can be conceived as a set or population of genetic elements that are 

shuffled and recombined during evolution and are characterized by potentially different kinds 

of interactions, ranging from selfish/parasitic over neutral/commensal to 

cooperative/mutualistic. From the gene’s eye view, all three strategies are ultimately ‘selfish’ – 

all three are pursued by ultimately ‘selfish genes’ – in the sense that all what matters is the 

gene’s own replication benefit. However, the ways in which this replication benefit is obtained 

differ. ‘Selfish genetic elements’ in the strict sense are ‘parasitic’ genetic elements. They 

achieve a replication benefit at a cost for the reproductive fitness of other genes with which they 

interact. ‘Cooperative/mutualistic’ genetic elements, on the other hand, obtain a replication 

benefit by means of contributing to the reproductive fitness of other genes with which they 

interact. And ‘neutral/commensal’ genetic elements receive a replication benefit without 

undermining or contributing to the reproductive fitness of other genes with which they interact. 
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As such, the genome can be conceived as a complex behavioural ‘society’ of genetic elements 

or ‘agents’ interacting with each other in ‘strategic’ ways.  

In section 5.2, we give a general outline of the intra-organismic and intra-genomic 

behavioural-ecological gene’s eye view or model, the general predictions it makes, and how it 

complements classical evolutionary theory. We consecutively assess 

 

- the explanatory relevance of cooperative/mutualistic behaviour among genes 

(5.2.1); 

- the explanatory relevance of selfish/parasitic behaviour among genes (5.2.2); 

- the explanatory relevance of neutral/commensal behaviour among genes (5.2.3); 

- the conceptual relationship between the gene’s eye view and population genetics 

(5.2.4). 

 

In section 5.3, we provide a more in-depth exploration of the explanatory potential of the gene’s 

eye view for Darwin’s ‘common descent with modification’, i.e., for ‘historical continuity or 

homology with modular evolutionary change’ as it has been studied by evo-devo during the last 

few decades. In contrast with classical evolutionary theory, evo-devo focusses on ‘within-

organism’ developmental processes, i.e., on genetically and epigenetically regulated processes 

of cellular morphogenesis. Given the capacity of gene-selectionism to adopt an intra-organismic 

and intra-genomic gene’s eye view, we explore the relevance of the latter model for evo-devo. 

First, we formulate evo-devo’s core problem on the apparently adaptation-transcending 

continuity or homology of characters and ‘baupläne’ versus their adaptive evolutionary change 

(5.3.1). And then, further relying on Dawkins (1976, chapter 5), we combine the intra-

organismic and intra-genomic gene’s eye view with the ‘evolutionarily stable strategy’ (ESS) 

concept from evolutionary game theory (Maynard Smith 1976, 1982) to model and/or 

understand 

 

- how – from a classical organism’s eye view – the evolutionary stability of 

homologues transcends adaptation (5.3.2);  

- the modular nature of adaptive developmental-evolutionary change (5.3.3); 

- the relevance of intra-organismic and intra-genomic conflict for developmental 

evolution and/or evo-devo (5.3.4). 

 

In summary, we aim for the ‘conceptual integration’ between the gene’s eye view on the one 

hand and more organism-centred evolutionary frameworks – classical evolutionary theory 

(section 5.2) and evo-devo (section 5.3) – on the other. We conclude with a final discussion 

(section 5.4) on the explanatory potential of the presented gene’s eye view or model for life’s 

hierarchical organization. 
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5.2 The intra-organismic and intra-genomic gene’s eye 

view: its explanatory relevance and relationship to 

classical evolutionary theory 

5.2.1 The explanatory relevance of cooperative/mutualistic behaviour 

among genetic elements 

By adopting a cooperative/mutualistic strategy, genetic elements achieve a replication benefit 

by means of contributing to the reproductive fitness of other genetic elements with which they 

interact. The most obvious examples are genetic elements that conjoin and cooperate to code 

for the synthesis of molecular gene products (functional RNAs and proteins) and gene 

regulatory networks (GRNs) sustaining metabolism and development and, thus, the 

manufacture of cells and organisms. That is, these cooperative/mutualistic genetic elements 

increase their own reproductive fitness by means of contributing to that of their organismal 

‘vehicle’ (Dawkins 1982, 1994). The latter is then viewed as being constituted by a 

cooperative/mutualistic joint or network of ultimately selfish genes. These 

cooperative/mutualistic (ultimately selfish) genes are what Avise (2001) calls traditional ‘good-

citizen’ genes: they honestly pay for the replication benefit that they receive in return.  

Implicit in this modelling is the assumption that the so-called ‘molecular gene’ or 

‘cistron’ coding for a molecular gene product is, at least in principle, ‘conceptually reducible’ 

to the idea of a cooperative joint venture among smaller or more elementary evolutionary or 

selfish genes. Griffiths (2002), however, has objected to such a reduction on grounds that small 

genetic elements like coding regions, the extremely ancient building blocks of the genome, are 

used and recombined in an infinite number of ways as resources or building blocks for 

molecular gene products and, as such, lack any determinable relationship to specific phenotypic 

adaptive outcomes (Griffiths 2002, pp. 277-279). Since there is “no constancy in the 

relationship between ancient genetic elements and the phenotypic adaptations to which they are 

causally relevant” (Griffiths 2002, p. 278), single genetic elements like coding regions would 

defy an adaptationist or (gene-)selectionist conceptualization. 

However sound this criticism may appear at first sight, we think that it is still guided by 

a classical organism-centred and organism-selectionist perspective and, as such, misses the 

target. The problem raised by Griffiths disappears when one fully adopts the gene’s eye view, 

i.e., the behavioural-ecological ‘molecular ecosystem’ perspective on the genome. This model 

predicts competition, co-adaptation and cooperation among single genetic elements within the 

same genome and organism. The intra-genomic and intra-organismic selective environment of 

a genetic element consists of other genetic elements with which it may compete as well as 

conjoin and cooperate to synthesize molecular gene products. Molecular gene products, and 

especially phenotypic adaptive outcomes, may change over evolutionary time, as they are 

dependent on the specific selection pressures imposed by the often rapidly changing 
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environmental conditions of the organism. However, the intra-organismic selection pressure 

for single genetic elements to co-adapt and cooperate, is rather a constant that does not directly 

depend on the specific and changeable environmental conditions of the organism. That is, it is 

a selection pressure that is quasi-constantly at work. Whatever specific molecular gene products 

and phenotypic outcomes are favoured by the changeable selective environment of the 

organism, there is always or constantly an intra-organismic biochemical selection pressure at 

work for genetic elements to conjoin and cooperate to synthesize an indefinite array of 

molecular gene products. In other words, whereas on the relatively short term genetic elements 

are selected because of their contribution to the synthesis of specific and in time limited 

molecular gene products and phenotypic outcomes, in the long-term – say on a ‘geological’ 

timescale – genetic elements are selected because of their ‘biochemical versatility’, i.e., their 

‘recombinability’ and ‘co-operability’ with other genetic elements to synthesize an indefinite 

range of molecular gene products. For this ‘ability’ a very, quasi-indefinitely long-term 

selection pressure is at work. Genetic elements such as coding regions are the extremely 

‘ancient’ building blocks of the genome or, in Darwinian-adaptationist language, are extremely 

‘successful’. That is, they have been able to persist for so long precisely due to their biochemical 

versatility, recombinability and/or co-operability. 

5.2.2 The explanatory relevance of selfish/parasitic behaviour among 

genetic elements 

By adopting an explicitly selfish or parasitic strategy, genetic elements obtain a replication 

benefit at the cost of the reproductive fitness of other genetic elements with which they interact; 

for instance, at the cost of fitness of the ‘good citizen’ genes and gene society – thus at the cost 

of fitness of the genome and organism as a whole. Such ‘selfish genetic elements’, also known 

as ‘genomic outlaws’, ‘parasitic DNA’, ‘selfish DNA’, ‘ultra-selfish genes’ and ‘self-promoting 

elements’ (reviewed in Werren et al. 1988; Hurst and Werren 2001; Burt and Trivers 2006; 

Werren 2011), often have different transmission patterns than the rest of the genome/organism, 

resulting in conflicting genetic interests with the ‘good-citizen gene society’. They represent a 

whole range of phenomena of intra-genomic and intra-organismic conflict that classical 

(organism-centred and organism-selectionist) evolutionary theory cannot explain. From a 

classical organism’s eye view, selfish/parasitic genetic elements should, in principle at least, be 

considered ‘harmful’: as parasites, they by definition undermine the reproductive fitness of the 

rest of the genome and organism. As such, there should be strong selection pressures against 

them, that is, they should be practically non-existent. Or rather, since their own reproductive 

fitness diverges from that of the host organism, they are simply not conceptualizable by 

classical (organism-selectionist) evolutionary theory which works with fitness differences 

between (genotypically represented) organisms. In contrast, the gene-selectionist or gene’s eye 

view works with fitness differences between single genetic elements and has the potential to 

cope with the phenomena at stake. The explanatory potential of the gene’ eye view, however, 

goes further than only predicting their presence in genomes. It also reveals their evolutionary 
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significance. Intra-genomic and intra-organismic conflict, i.e., intra-genomic and intra-

organismic fitness differences, competition and even arms races, may elicit substantial 

evolutionary change and novelty in genomes and organisms (Burt and Trivers 2006; Werren 

2011; Fedoroff 2012; Lisch 2013; Rice 2013; Agren 2013, 2016) and could therefore play a 

role in the evolvability of genomes and organisms – an important topic of study in evo-devo 

(e.g., Kirschner and Gerhart 1998; Pigliucci 2008; Wagner 2014).2 

‘Outlaws’ or ‘criminals’ do not always act on their own, though. ‘Organized crime’ at 

the genic level can be defined as genetic elements engaging in cooperative/mutualistic 

behaviour among themselves, forming coalitions or networks that are, however, parasitic on the 

good-citizen gene society and/or organism. Like good-citizen genes, such ‘outlaw’ or ‘criminal’ 

genetic elements may co-ally and cooperate to synthesize molecular gene products, but their 

products are more harmful than beneficial to the fitness of the organism, for instance, because 

they are involved in the production of cancer cells, another phenomenon of ‘intra-organismic 

conflict’ that is difficult to explain by the classical, coarse-grained organism-selectionist 

perspective and requiring a more fine-grained gene-selectionist or at least cell-selectionist 

perspective (Cairns 1975; Nowell 1976; Merlo et al. 2006; Goymer 2008). 

5.2.3 The explanatory relevance of neutral/commensal behaviour 

among genetic elements 

By adopting a neutral/commensal strategy, genetic elements would receive a replication benefit 

without undermining or contributing to the reproductive fitness of other genetic elements with 

which they interact, for instance, without undermining or contributing to the fitness of the 

‘good-citizen gene society’ and/or organism. Since such neutral/commensal elements would 

not ‘pay’ for the replication benefit they obtain, they could be termed ‘free riders’. That is, since 

they would not really undermine or harm the fitness of the good-citizen gene society and/or 

organism, they are – unlike the parasitic genetic elements – not true ‘criminals’, but they are 

not ‘good citizens’ either. Examples would be sequence elements in the genome that are not 

involved in the synthesis of functional gene products (functional RNAs and proteins) and that 

therefore have – apart from the inevitable cost of being replicated – little or no effect on the 

fitness of the organism. They simply ‘ride along’ (i.e., get replicated) without contributing to 

or ‘paying for’ the ride. While practically neither undermining nor enhancing the fitness of the 

organism, such non-coding sequences are – from the classical organism’s eye view – 

‘selectively neutral’ and owe their presence in the (organismal) population to non-selectionist 

forces such as gene flow and random genetic drift (Kimura 1983; Lynch 2007a). According to 

Lynch (2002, 2007a), noncoding DNA such as introns are ‘selfish genetic elements’ invading 

protein-coding genes with their eukaryotic origins stemming from amplifications through 

random genetic drift caused by severe reductions in (organismal) population size accompanying 

 

                                                      
2 We return to the relevance of intra-organismic and intra-genomic conflict for evo-devo in section 3.4. 
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the evolution of eukaryotes from prokaryotes. And from the intra-genomic behavioural-

ecological gene’s eye view, such elements can be said to pursue a particular evolutionary 

‘behavioural strategy’ and, hence, can be conceptualized as being ‘selected’, as they belong to 

a class of neutral/commensal genetic elements that only differ from both the ‘parasitic’ and the 

‘mutualistic’ elements (in the previous two subsections) in that they obtain a replication benefit 

without significantly undermining or enhancing that of the ‘good-citizen gene society’ and/or 

organism. Both Lynch’s genetic drift-based and our gene-selectionist explanation for such 

noncoding elements and regions contrast with mainstream attempts to construe classical 

adaptationist explanations in terms of potential benefits for organismal fitness (e.g., Jo and Choi 

2015). 

‘Free riders’, too, do not always seem to act on their own. ‘Organized free riding’ at the 

genic level can be defined as genetic elements engaging in cooperative/mutualistic behaviour 

among themselves, forming coalitions or networks that do not undermine or contribute to the 

reproductive fitness of the good-citizen gene society and/or organism from which they 

nevertheless benefit. Examples would be genetic elements conjoining and cooperating to 

synthesize molecular gene products and phenotypic characters that do not undermine nor 

contribute to the fitness of the organism, that is, gene products and phenotypic characters that 

are – from a classical organism’s eye view – selectively neutral (or nearly neutral) and owe 

their presence in the organismal population to random sampling or drift. Thus again, it seems 

that the concept of ‘random’ drift could, at least in some cases, be translated into ‘non-random’ 

(gene-)selectionist processes occurring at a lower behavioural-ecological molecular ecosystem 

level. In short, just as the classical organism-centred concept of the “natural selection of 

adaptive phenotypes” can be translated into ‘gene-level language’ as “good-citizen gene-

selectionism” (see section 2.1), the classical organism-centred concept of the “random drift of 

neutral phenotypes” could be translated as “free-rider gene-selectionism”. Such a conceptual 

translation from random drift into gene-selectionist language would be possible when genes 

that are selectively neutral from an organism’s eye view, i.e., when genes that do not 

significantly undermine or contribute to organismal fitness, are from their own gene’s eye view 

not selectively neutral at all – exhibiting ‘neutral/commensal’ (ultimately selfish) behaviour 

and getting their replication benefit without undermining or contributing to the fitness of their 

fellow ‘good-citizen’ genes and/or organism. 

5.2.4 Concluding remarks on the gene’s eye view versus classical 

evolutionary theory and population genetics 

Covering the ground of adaptive organismal evolution (2.1), intra-organismic and intra-

genomic conflict (2.2) and also cases of neutral evolution usually ascribed to random drift (2.3), 

the intra-organismic and intra-genomic gene-selectionist or gene’s eye view offers a broad and 

wide-ranging complement to classical evolutionary theory and population genetics. However, 

it is important to realize that the classification of evolutionary behaviour of genetic elements 

into three neatly separated categories (cooperative/mutualistic, selfish/parasitic, 
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neutral/commensal) is a simplifying abstraction. In reality, pleiotropy is omnipresent, meaning 

that one genetic element has more than one phenotypic effect and may, thus, at the same time 

have a positive, neutral, and negative effect on organismal fitness. This situation is probably 

rather the rule than the exception. That is, in reality most genetic elements are not exclusively 

or straightforwardly ‘good-citizen-like’ (cooperative/mutualistic), ‘criminal’ (selfish/parasitic), 

or ‘free-riding’ (neutral/commensal). The genome is a complex behavioural ‘society’ of genetic 

elements or ‘citizens’ interacting with each other in ‘strategically’ complex and intricate ways 

(cf. Haig 1997; Avise 2001; Haig 2006; Werren 2011; Gardner and Welch 2011; Haig 2012, 

2014; Bohl et al. 2014). Nevertheless, an intra-organismic and intra-genomic behavioural-

ecological gene’s eye view may help to understand global trends in the evolutionary dynamics 

of genes, genomes and organisms and, as such, forms a valuable complement to classical 

evolutionary theory and population genetics. 

The conceptual relationship between the gene’s eye view and population genetics, 

however, needs further clarification. The latter constitutes the formal and mathematical core of 

classical Modern-Synthesis evolutionary biology, casting evolution in terms of four 

evolutionary forces or mechanisms: mutation, drift, selection and gene flow. By contrast, the 

gene-selectionist or gene’s eye view rests on the application of the adaptationist framework of 

behavioural ecology to the level of the gene, considering only two evolutionary forces or 

mechanisms – mutation (as the ultimate source of variation) and (genic) selection. The most 

common opinion is that the gene’s eye view forms a simplifying alternative to formally and 

mathematically more intricate population-genetic models of specifically adaptive processes – 

thus an alternative to only a subset of all actual population-genetic processes occurring in nature 

which also include non-adaptive processes governed by mutation, drift and gene flow. As 

Queller (2011, p. 909), for instance, writes:  

 

It is much easier to think about ‘agents’ maximizing their spread than to think out 

a population genetic model. […] You can always use the optimality thinking first 

and then check the reasoning with a population genetic model, but in practice that 

may not be necessary because the metaphor is good, or its limitations well 

understood. In saying that the full model is not necessary, I do not mean that 

viewing genes as agents is a simple way to get every evolutionary question right. 

[…] optimization models are used to address questions of adaptation, but the full 

evolutionary picture is broader than that. Optimization won’t help you much with 

genetic drift or other non-adaptive processes […]. 

 

However, in section 2.3 we suggested how at least some processes traditionally ascribed to drift 

can also be cast in gene-selectionist terms using the gene’s eye view or perspective, hence 

suggesting a broader applicability of the framework than what is generally assumed. Therefore, 

although there are already some well-developed formalizations of the gene’s eye view (Gardner 

and Welch 2011; Haig 2012, 2014), further research into the conceptual and formal relationship 

between the gene’s eye view and population genetics seems necessary. For instance, to what 

extent are genes that are neutral for organismal fitness also neutral for their own fitness? This 
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is generally assumed to be the case, as – with the exception of Hamiltonian kin altruism and 

selfish genetic elements – genic fitness is generally assumed to coincide with phenotypic 

organismal fitness. Yet, as suggested in section 2.3, genes that are selectively neutral by not 

contributing to organismal fitness are from their own gene’s eye view not per se selectively 

neutral but can also be cast as ‘free-riders’. Furthermore, is the gene’s eye view itself able to 

think in terms of ‘selectively neutral’ variation, i.e., in terms of a non-selectionist and/or 

‘random’ distribution of genes? That is, is the gene’s eye view only confined to ‘gene-

selectionism’ or does it also represent a broader ‘gene-centred’ view on evolution and life? 

5.3 The intra-organismic and intra-genomic gene’s eye view 

and evo-devo: common descent with modification, i.e., 

historical continuity or homology with modular 

evolutionary change 

In contrast with classical evolutionary theory, evo-devo focusses on ‘within-organism’ 

developmental processes, i.e., on genetically and epigenetically regulated processes of cellular 

morphogenesis, and their bearing on evolution. Here, we explore and analyse the explanatory 

relevance of the intra-organismic and intra-genomic gene’s eye view for evo-devo. 

5.3.1 The core problem: the apparently adaptation-transcending 

continuity or homology of characters and ‘baupläne’ and their 

adaptive evolutionary change 

Darwin (1859) defined biological evolution as ‘common descent with modification’. More 

specifically, evolution can be analysed into two aspects that are intrinsic to it: 

 

1. ‘common descent’, manifested in the historical continuity or homology of phenotypic 

characters; 

2. ‘modification’, manifested in the evolutionary change or modification of phenotypic 

characters. 

 

The forelimbs of vertebrates (such as humans, monkeys, wolves, horses, whales, bats, birds, 

lizards, or frogs), for example, show 

 

1. a similarity, homology or ‘character identity’ (Wagner 2007, 2014) across different 

species that reveals the ‘common descent’ aspect of evolution; 
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2. a structural and often functional difference or variation – a different or variable 

‘character state’ (Wagner 2007, 2014) – across different species that reveals the 

‘modification’ part of evolution.  

 

That is, across relatively distantly related species, phenotypic characters share a same, 

homologous, historically continuous ‘character identity’, but in different, variable, structurally 

and functionally evolved ‘character states’.  

Research in developmental genetics and evo-devo revealed that organisms are 

structurally and functionally organized into ‘individuated’ or ‘modular’ subunits, such as the 

subcomponents (molecular structures and metabolic pathways) in prokaryotes (archaea, 

bacteria) and eukaryotes, the organelles in eukaryotes, and the cell types, tissues, organs and 

anatomical entities in multicellular organisms (e.g., Wagner and Altenberg 1996; Schlosser and 

Wagner 2004; Callebaut and Rasskin-Gutman 2005; Clune et al. 2013). Such individuated 

characters are genetically underwritten by gene regulatory networks (GRNs), which are 

genomic subunits consisting of functionally organized coalitions of genes. The historical 

continuity and character identity of homologous characters across distantly related species 

appear to be underwritten by very anciently conserved, phylogenetically inert regulatory or 

transcription factor (e.g., homeobox) genes and networks, often shared by different phyla within 

a same kingdom (e.g., Hall 1994; Gilbert et al. 1996; Carroll et al. 2005). These ancient 

homologous gene networks were baptized ‘character identity networks’ (ChINs) by Wagner 

(2007, 2014): 

 

[…] the genetic machinery that underlies character identity has the role of 

individualizing a part of the body during development and enables the execution 

of a distinct developmental program. It turns out that candidate gene regulatory 

networks for character identity determination, called Character Idendity Networks 

(ChINs), tend to include positive feedback loops among cooperatively acting 

transcription factor genes. […] ChINs are more conserved than are other aspects 

of character development. The continuity of ChINs is tied to the continuity of 

character identity or homology. (Wagner 2014, p. 417) 

 

The other, non-homologous, more variable, plastic and/or adaptively fine-tuned aspect of 

phenotypic characters, i.e., their structural and functional ‘character states’, are underpinned by 

less ancient genetic and developmental bases. As such, the genome appears to be a 

hierarchically organized system. At a low, basic, foundational, phylogenetically ancient level 

of its hierarchical architecture are ChINs of transcription factor genes that – through controlling 

or regulating metabolic networks and developmental programmes – individuate basic modular 

subunits or characters within organisms, and thus underwrite the historically continuous or 

homologous ‘bauplan’ of distantly related species (e.g., Gilbert et al. 1996; Hall 1998; Wagner 

2014). And at a higher, less ancient, more plastic level are structural and regulatory genes that 

are more adaptively fine-tuned by natural selection to specific (local and temporal) 

environmental conditions, thus underwriting the more variable ‘character states’ across species. 
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For the less ancient adaptive ‘character states’, classical, predominantly adaptationist 

evolutionary theory and population genetics have formulated elegant models, but not for the 

more ancient homologues and their underlying ChINs. According to the classical Modern-

Synthesis evolutionary framework, phenotypic traits and their underlying genes and gene 

networks can only be evolutionarily stable due to some constant adaptive selection pressure that 

works as an ‘anti-entropic’ and ‘stabilizing’ force against the inevitable ‘degenerating’ forces 

or effects of random mutation and random drift. Homologous characters and their underlying 

ChINs, however, by far transcend specific (local and temporal) adaptive functionality and, as 

such, defy a classical population-genetic conceptualization. As pointed out in Hall (1994), 

Brigandt and Griffiths (2007) and Wagner (2014), during most of twentieth-century 

evolutionary biology, homologous traits were viewed as mere ‘inert relics’ or ‘transient traces’ 

of past adaptation, not yet erased by new mutations, drift and selection – thus simply bearing 

witness to common descent without having any further causal and/or biological significance. 

During the past few decades, however, they have been recognized to put structural ‘constraints’ 

upon further adaptive evolution (e.g., Gould and Lewontin 1979; Maynard Smith et al. 1985; 

Gould 2002), and today they are even recognized to ‘facilitate’ the latter as they would – 

through developmental canalization – organize the flow of new variation to natural selection 

and, as such, shape new evolutionary trajectories (e.g., West-Eberhard 2003; Brigandt 2007; 

Wagner 2014). But due to their transcendence of specific adaptive functionality, the problem 

of their long-term evolutionary stability and robustness remains. 

During the 1980s and ‘90s, inspired by the nineteenth-century pre-Darwinian paradigm 

of ‘rational morphology’ (e.g., J.W. von Goethe, Étienne Geoffroy Saint-Hilaire, Richard 

Owen) and relying on twentieth-century physical sciences of non-equilibrium thermodynamics 

and complex system dynamics, some biologists developed non-adaptationist ‘process-

structuralist’ theories to explain long-term (adaptation-transcending) macro-evolution and 

homology, based on thermodynamic and morphological self-organization (Kauffman 1983, 

1993; Goodwin et al. 1993) and higher-level ‘laws of form’ (Goodwin 1982, 1994) and 

‘construction rules’ (Alberch 1982, 1991). More recently, there has been a focus on the self-

organizing or ‘generic’ properties of ‘soft excitable organic matter’ which makes up cells and 

tissues (Newman et al. 2006; Callebaut et al. 2007; Newman and Müller 2010). These generic 

(ahistorical or historically continuous) properties are thought to physicochemically underpin 

the adaptation-transcending stability and robustness of homologous morphologies and baupläne 

as well as to generically shape new adaptive evolutionary trajectories through canalizing or 

channelling the flow of new variation to selection. Due to a lack of experimental testability, 

however, these non-adaptationist views are not widespread among evolutionary biologists. 

Here, we propose that the intra-organismic and intra-genomic gene’s eye view or model of the 

genome may provide for a full-adaptationist alternative. We wish to emphasize, though, that 

the latter does not necessarily contradict or exclude the non-adaptationist position but can also 

be seen to complement it.  

First (in 3.2), we show how the gene’s eye view may offer a solution to the long-term – 

from an organism’s eye view ‘adaptation-transcending’ – evolutionary stability and robustness 

of ChINs and the homologous modules, traits and baupläne they underwrite. And secondly (in 
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3.3), we show how the model may also account for their modular developmental-evolutionary 

change or modification. 

5.3.2 Long-term adaptation-transcending evolutionary stability and 

robustness of homologous ChINs, modules and baupläne: an 

intra-organismic and intra-genomic ESS-based gene’s eye view 

Again, as in section 2 on classical evolutionary theory, the key to the solution lies in a shift of 

perspective from the classical organism’s eye view to an intra-organismic and intra-genomic 

gene’s eye view. The behavioural-ecological ‘molecular ecosystem’ perspective on the genome 

predicts competition, co-adaptation and cooperation among single genetic elements within the 

same genome and organism. The intra-genomic and intra-organismic selective environment of 

a genetic element consists of other genetic elements with whom it may compete as well as 

conjoin and cooperate to synthesize molecular gene products, generate metabolic and 

developmental pathways and modules, and manufacture cell-structures and phenotypic 

characters. Such an intra-organismic and intra-genomic gene’s eye view predicts the emergence 

of intra-organismic and intra-genomic evolutionarily stable strategies (ESSs) among genes, i.e., 

intra-genomic ESS-based gene coalitions or regulatory networks (GRNs). The application of 

the ESS-concept to intra-organismic and intra-genomic gene-selectionism was first argued for 

by Dawkins (1976, p. 87 – quoted in section 1).  

Since an ESS is by definition a strategy which under the prevailing (here: intra-

organismic and intra-genomic) environmental conditions cannot be bettered by an alternative 

strategy (Maynard Smith 1976, 1982), ESSs are resistant against ‘invaders’ when played by a 

large enough number of individuals and, as such, are dynamically robust. Again, we quote 

Dawkins (1976, p 86): 

 

The gene pool is the long-term environment of the gene. […] The gene pool will 

become an evolutionarily stable set of genes, defined as a gene pool that cannot 

be invaded by any new gene. Most new genes that arise, either by mutation or 

reassortment or immigration, are quickly penalized by natural selection: the 

evolutionarily stable set is restored. 

 

In other words, the intra-genomic ESS-model predicts a robustness of ESS-based gene 

coalitions and regulatory networks (GRNs and ChINs) and the metabolic and developmental 

programmes and modules they underwrite, i.e., a ‘buffering’ or ‘resistance’ of existing 

developmental-genetic pathways and modules against arbitrary new (‘invading’) genetic 

variation – thus against arbitrary evolutionary change – and arguably also against unbounded 

pleiotropy. That is, developmental modularity (Wagner and Altenberg 1996; Schlosser and 

Wagner 2004; Callebaut and Rasskin-Gutman 2005) may be rooted in a complex multiplayer 

ESS-based behavioural ecology among genes within the genome.  
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Overall, the intra-genomic ESS-based gene’s eye view or ‘molecular ecosystem’ 

perspective predicts that during evolution transcription factor and other ancient genes would 

become deeply and ‘modularly’ co-adapted and interdependent and, hence, not easily 

removable, thereby 

 

- underwriting a long-term – from an organism’s eye view (but not from the gene’s 

eye view) ‘adaptation-transcending’ – evolutionary stability  and robustness of 

homologous ChINs and the homologous modules, characters and baupläne they 

underwrite; 

- putting homologous developmental ‘constraints’ upon later evolution by 

‘constraining’, ‘canalizing’ or ‘channelling’ the flow of new variation to selection 

and shaping new evolutionary trajectories. 

5.3.3 Adaptive modular developmental-evolutionary change and 

modification: an intra-organismic and intra-genomic ESS-based 

gene’s eye view 

According to classical evolutionary theory, evolutionary change proceeds along a two-step 

process of (i) ‘random’, i.e., fitness unbiased or undirected, genetic mutation and/or 

recombination causing phenotypic change(s), followed by (ii) non-random selection and/or 

random drift. More specifically, new mutations or alleles may, via a stage of population 

polymorphism, be accumulated and fixated by selection and/or drift and may, in case of 

speciation, result in reproductive ‘Bateson-Dobzhansky-Muller incompatibilities’ with the 

wildtype population (Orr 1996). This may involve evolutionary changes in co-adapted gene 

complexes, thus underwriting phenotypic evolutionary change. While this is undoubtedly the 

way in which some or even much evolutionary change occurs, research in evo-devo suggests 

that a non-negligible portion of evolution would follow another, seemingly inverse scenario.  

Many evolutionary modifications appear to be directly triggered by changes in the 

environment. More specifically, environmental changes or fluctuations may cause 

developmental instabilities resulting in modular phenotypic and/or behavioural 

accommodations (e.g., West-Eberhard 2003; Pigliucci et al. 2006; Badyaev 2009; Moczek et 

al. 2011; Bateson 2014), possibly partly due to physicochemical and morphological self-

organization (Kauffman 1993; Newman et al. 2006; Newman and Müller 2010). The ultimate 

evolutionary stabilization of a newly acquired phenotypic variant would then occur through 

processes of genetic assimilation and/or accommodation of previously unexpressed genetic 

variation in the genome (e.g., Waddington 1957; West-Eberhard 2003; Braendle and Flatt 2006; 

Pigliucci et al. 2006; Badyaev 2009; Moczek et al. 2011; Bateson 2014). Relying on Dawkins’ 

(1976) suggestion to apply the ESS-concept to within-organism and within-genome processes 

of gene-selectionism (see previous section 3.2), we want to point out how the intra-organismic 

and intra-genomic ESS-based gene’s eye view may shed some light on such processes of 

genetic assimilation and accommodation. 
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Environmentally triggered phenotypic-developmental instabilities and accommodations 

naturally involve regulatory instabilities and accommodations in the relevant underlying GRNs, 

making the latter – as intra-genomic ESS-based coalitions of genes (see previous section 3.2) – 

more vulnerable to the ‘invasion’ or ‘intrusion’ by previously blocked, resisted and/or 

unexpressed genetic variation. A successful ‘invasion’ or ‘intrusion’ would then constitute or 

result in a ‘genetic assimilation and/or accommodation’: via a transitional period of instability 

the ESS-based GRN eventually ends up in a new Evolutionarily Stable Set which genetically 

reinforces, hardwires and/or evolutionarily stabilizes the modular change or novelty in 

phenotypic development (cf. West-Eberhard 2003; Newman and Müller 2010). That is, a 

modular bit of evolution has occurred. This is in tune with Dawkins’ (1976) theorizing on ESS-

based gene-selectionism:  

 

Occasionally a new gene does succeed in invading the set […]. There is a 

transitional period of instability, terminating in a new evolutionarily stable set – a 

little bit of evolution has occurred. […] Progressive evolution may be not so much 

a steady upward climb as a series of discrete steps from stable plateau to stable 

plateau. (Dawkins 1976, p 86) 

 

Overall, the intra-organismic and intra-genomic ESS-based gene’s eye view on evolution 

predicts that – in response to environmentally triggered developmental-genetic instabilities in 

(ESS-based) GRNs – adaptive modular evolutionary change may occur in these (ESS-based) 

GRNs and the developmental programmes they underwrite.  

Furthermore, the intra-organismic and intra-genomic gene-selectionist ESS-model of 

GRNs describes the genome as a complex evolutionary-genetic system pervaded by epistasis 

and constituted by multiplayer evolutionary games characterized by nonlinear dynamics (cf. 

Broom and Rychtár 2013, 2016; Gokhale and Traulsen 2014). For example, depending on the 

particular environmental, developmental and genetic circumstances and background, one single 

intruder (e.g., a new mutation, a previously unexpressed gene, or an intruding selfish and/or 

mobile genetic element) may cause no change at all due to being buffered (e.g., epigenetically 

‘silenced’ – Fedoroff 2012) by the prevailing ESS adopted by the GRN or, conversely, may 

cause significant evolutionary change through destabilizing the prevailing ESS and forcing the 

latter to find a new stable ‘compromising optimum’ underwriting modular developmental-

evolutionary change.  

5.3.4 The intra-organismic and intra-genomic ESS-based gene’s eye 

view, intra-organismic and intra-genomic conflict and selfish 

genetic elements, and developmental evolution and/or evo-devo 

The proposed intra-organismic and intra-genomic ESS-based gene’s eye view on 

developmental-evolutionary change explains how lower-level, i.e., intra-organismic and intra-

genomic, conflicting interests between different genetic components (e.g., among nuclear 
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versus cytoplasmic components, or within the nuclear genome itself) may lead to all kinds of 

intra-organismic and intra-genomic inter-genic ESS-based ‘compromises’ or ‘solutions’ 

underwriting modular developmental-evolutionary change at the higher-level cellular and 

organismal level. This hypothesis may be supported by mounting evidence that intra-

organismic and intra-genomic conflicts (due to meiotic drive, transposons, selfish driving 

chromosomes, nuclear-cytoplasmic drive, and so on) do indeed play constitutive roles in gene 

regulation and developmental and phenotypic evolution and speciation (e.g., Burt and Trivers 

2006; Werren 2011; Jurka et al. 2011; Fedoroff 2012; Lisch 2013; Rice 2013; Agren 2013, 

2016; Koonin 2016). Classical organism-centred models of inclusive fitness treat phenotypic 

organisms as agents designed by natural selection to maximize their inclusive fitness, regarding 

intra-organismic and intra-genomic conflict as ignorable ‘exceptions to the rule’ (e.g., Gardner 

and Grafen 2009). However, the rapidly increasing evidence of phenotypic effects of selfish 

genetic elements and their causal roles in phenotypic evolution and speciation oblige to re-

define the organism as an ‘adaptive compromise’ among conflicting genetic interests (Haig 

2006, 2014; Agren 2016), here conceptualized as an ‘ESS-based optimized compromise’ 

among conflicting genetic interests. As Agren (2016, p. 663) concludes:  

 

[…] the idea that individual organisms act to maximize their inclusive fitness is 

based on the assumption that all genes share the same fitness interests, or that 

when they do not such disagreements can be discarded […]. Selfish genetic 

elements show that instead of being a cohesive fitness maximizer, the individual 

organism is a compromise of several fitness interests […]. Individuals will still 

appear to be well adapted to their environments, as maximizing individual fitness 

will serve the majority of the genes in the organism. 

 

That is, well-adapted genomes, cells and organisms can be looked upon as being based on 

intricate intra-organismic and intra-genomic multiplayer ESS-based optimized compromises 

among ultimately selfish genes. The relevance for the conceptual underpinning of evo-devo is 

straightforward. Classical evolutionary biology and population genetics study the evolution of 

organismal phenotypes, genetically represented as genotypes. They black-box the complex 

developmental processes leading from genotype to phenotype, as such offering a ‘coarse-

grained’ abstraction of evolution. ‘Zooming in’ on complex developmental processes, evo-devo 

needs a much more ‘fine-grained’ and sophisticated evolution-theoretical framework than the 

classical version with its simple genotype/phenotype correlation. Gilbert et al. (1996, p. 368) 

compared the situation with the transition from classical (Newtonian) mechanics to 

contemporary (relativistic and quantum) mechanics and wrote: “Population genetics is destined 

to change if it is not to become irrelevant to evolution as Newtonian mechanics is to 

contemporary physics.” Indeed, at evo-devo’s fine-grained and detailed ‘intra-organismal’ 

developmental level of description, intra-organismic and intra-genomic fitness differences, 

conflicts and compromises (i.e., nonlinear multiplayer ESS-based evolutionary games and 

compromises among genetic elements and components which jointly form GRNs underwriting 

developmental-evolutionary processes and modules) cannot but become relevant. Therefore, 
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we think evo-devo would greatly benefit from being conceptually grounded within the intra-

organismic and intra-genomic gene-selectionist ESS-framework on evolution. 

5.4 Concluding discussion: the explanatory relevance of the 

intra-organismic and intra-genomic ESS-based gene’s 

eye view for life’s hierarchical organization 

We gave a general outline of the intra-organismic and intra-genomic behavioural-ecological 

gene-selectionist or gene’s eye view on evolution and how it relates to and complements the 

more organism-centred approaches of classical evolutionary biology (section 2) and evo-devo 

(section 3). We demonstrated how an intra-organismic and intra-genomic gene’s eye view can 

account not only for adaptive organismal evolution (2.1) and intra-organismic and intra-

genomic conflict (2.2), but also for cases of neutral evolution usually explained by random drift 

(2.3). Concerning evo-devo, we focused on Darwin’s ‘common descent with modification’, i.e., 

on historical continuity or homology with modular evolutionary change (3.1). We suggested 

how an intra-organismic and intra-genomic behavioural-ecological ESS-based gene’s eye view 

may provide for a solution for the tension between long-term and – from an organism’s eye 

view – adaptation-transcending homology on the one hand (3.2) and adaptive modular 

developmental-evolutionary change on the other (3.3), and we also pointed at the relevance of 

intra-organismic and intra-genomic conflict for developmental evolution and/or evo-devo (3.4).  

There remain, however, some issues that require further clarification. First of all, given 

the fact that Lynch (2007a,b) has already argued for a population-genetic underpinning and 

explanation of not only GRN and genome evolution but also epigenetic and developmental 

modularity and evolvability as being studied by evo-devo, the conceptual relationship between 

the gene’s eye view and population genetics needs further clarification (cf. section 2.4).  

Secondly, given the heuristic role of multilevel selection theory (Lewontin 1970; Gould 

2002; Okasha 2006; Godfrey-Smith 2009) in the research programme of the ‘major 

evolutionary transitions’ (Maynard Smith and Szathmáry1995; Michod 1999; Queller and 

Strassmann 2009; Strassmann and Queller 2010; Calcott and Sterelny 2011; West et al. 2015), 

some clarification is required on the intra-organismic and intra-genomic gene’s eye view in 

light of the controversy on genetic reductionism and the levels of causation and selection. The 

intra-organismic and intra-genomic buffering and other (epi)genetic and developmental 

strategies and compromises adopted by genomes, cells and organisms to cope with the 

potentially deleterious presence of selfish genetic elements has led some researchers to argue 

that – in addition to the gene’s eye view – (counter-)selection at higher, cellular and/or 

organismal levels should be invoked and that multilevel selection theory would be a better and 

more complete framework to explain the biology of selfish genetic elements than solely the 
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gene’s eye view (Gould 1983, 2002; Vrba and Eldredge 1984; Doolittle 1989, 2013; Gregory 

2004; Gregory et al. 2016; Agren 2016). However, the above intra-organismic and intra-

genomic gene-selectionist ESS-framework on developmental-evolutionary stability and change 

demonstrates how the ‘buffering’ and other ‘compromising strategies’ to cope with the presence 

of ‘intruding’ selfish genetic elements can be sufficiently understood and conceptualized from 

the lower-level gene’s eye view. For example, ‘counter-selection’ at the organismal level 

against the genic selection of selfish genetic elements could be more parsimoniously explained 

through solely genic selection by taking into account that cells and organisms are ultimately 

constituted by ESS-based ‘good-citizen gene societies’ and that these latter are involved in all 

kinds of ‘behavioural strategies’ to cope with ‘intruding’ selfish genetic elements. As explained 

earlier, evolutionarily stable ‘good-citizen gene societies’ and the cells and organisms they 

underwrite can be understood in terms of intra-organismic and intra-genomic ESSs among 

originally and ultimately selfish genes. In this sense, the whole of genomic, cellular and 

organismal evolution can be cast in terms of complex, intricately interwoven intra-genomic and 

intra-organismic multiplayer ESSs consisting of countless ultimately selfish genes of which the 

behavioural strategies may range from right-down selfish/parasitic over neutral/commensal to 

mutualistic/cooperative (cf. section 2).  

Overall, this intra-organismic and intra-genomic ESS-based gene’s eye view implies a 

hierarchically organized genome. At the lowest level, there are the four nucleobases in DNA 

constituting ‘letters’. These are linked together to form genes, i.e., linear DNA-sequence-

elements, constituting ‘words’. These latter, in turn, are functionally-regulatorily-behaviourally 

connected to form ESS-based multiplayer coalitions and joint ventures (e.g., GRNs) 

constituting ‘sentences’ and ‘narratives’ or ‘stories’. The genome is thus more than just a 

reservoir of genetic DNA-sequence-elements serving as ‘developmental resources’ (cf. 

Griffiths and Stotz 2013); rather, it contains or constitutes complex and nonlinear-dynamic 

multiplayer ESS-based ‘stories’ or ‘narratives’ of how to behaviourally respond to 

environmental parameters and resources for the developmental construction of an organism. 

Considered on their own, genes, i.e., pieces of linear DNA-sequence-specificity, are indeed not 

enough to account for higher-level complexity such as biochemical and physiological 

organization (cf. Oyama et al. 2001; Gould 2002; Jablonka and Lamb 2005; Okasha 2006; 

Godfrey-Smith 2009; Pigliucci and Müller 2010; Griffiths and Stotz 2013; De Tiège et al. 2014; 

Noble et al. 2014). But when all actual – and even more, when all possible – ‘ESSs’ among 

sequence-elements within a genome are taken into consideration, one might witness a 

combinatorial explosion of genetic sequence information underwriting or determining ‘supra-

genetic’ (biochemical and physiological) organization and variation in a much more exhaustive 

way than critics of gene-centrism are inclined to acknowledge. The genome is a reservoir of 

linear genetic DNA-sequence-specificity; but suppose, for instance, that all epigenetic 

specificity and variation that according to Jablonka and colleagues (Jablonka and Lamb 2005; 

Jablonka and Raz 2009) is not retraceable to corresponding genetic sequence-specificity would 

yet be retraceable to corresponding ‘strategic’ ESS-based (e.g., regulatory) combinations 

among several sequence-elements in the genome, then the so-called ‘epigenome’ might be 

redefined as a behavioural-ecological ESS-based ‘strategic genome’. The latter, then, is a 
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reactive genome characterized by a complex nonlinear multiplayer inter-genic ESS-based 

behavioural dynamics or reaction potential to environmental circumstances. 

The multilevel selection and major evolutionary transitions frameworks (references: see 

supra) involve the modelling of selection (competition/conflict and cooperation) among lower-

level units forming higher-level individuals which, in turn, function as selective units 

suppressing lower-level conflict and potentially cooperating to form yet higher levels of 

individuality, and so on. It rests on the assumption that higher-level individuals originate from 

the moment that higher-level (e.g., organismal) organization cannot be exhaustively reduced 

anymore to interactions among lower-level (e.g., genetic) components (cf. Gilbert and Sarkar 

2000). However, our above ESS-thinking with its notion of robustly buffered nonlinear 

multiplayer ESS-based gene coalitions constituting GRNs and ‘gene societies’ (see supra) 

allows to conceive robustly buffered higher-level organization and modularity within the 

genome itself. To pick up with the theme of the relationship between evolutionary biology and 

the human behavioural and social sciences which we mentioned at the opening of this paper, 

the human world is hierarchically organized into social groups within villages and towns, within 

provinces and states, within countries and nations. Somewhat analogously, the genome can be 

looked upon as a hierarchically organized behavioural ‘society’ underwriting the hierarchical 

organization and modularity of organisms (e.g., organelles within cells within organs within 

organisms). That is, the hierarchical organization and modularity of the organism rests on a 

complex and multi-stable ESS-based hierarchical organization and modularity within the 

genome itself. The ‘hierarchical’ and ‘multi-stable’ organization at the cellular, organic and 

organismic level would rest on an intra-genomic ESS-based ‘hierarchical’ and ‘multi-stable’ 

organization and modularity at the genic level itself. Life, then, would be an emergent 

phenomenon of an immensely complex and multi-stable game-theoretical ESS-based genetic 

affair. The organism and its ontogenetic development would be like ‘temperature’ or like a 

‘thermal process’ – a macro-level phenomenon or process relying on complex micro-level 

molecular interactions. In their apology for a “statistical mechanics of genes” underlying 

“biological evolution as the fundamental process that gives rise to biological phenomena”, 

Goldenfeld and Woese (2011) have argued for a replacement of classical population genetics 

by an application of evolutionary game theory to molecular and organismal evolution (of which 

our intra-organismic and intra-genomic game-theoretical ESS-based gene’s eye view could be 

seen as an example). This would allow to go “beyond the classical mutation-drift-selection 

framework into the regime of nonlinear evolutionary dynamics” accounting for the “nonlinear 

dynamics and multi-stability of the genome” (p. 380), as such forming a bridge to nonlinear 

non-equilibrium statistical mechanics and condensed-matter physics in which (evolutionary) 

biology should ultimately be physically grounded according to the authors. They write:  

 

An ESS is a strategy that if used by a large enough number of individuals in a 

population is resistant to invasion by alternative strategies, and as such represents 

[…] a Nash equilibrium. This equilibrium state is in some sense analogous to 

thermal equilibrium and reflects the static nature of the game itself. If the game 

was allowed instead to be dynamic, with the rules of the game able to change due 
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to the states of the players, then in addition to static equilibria there could also be 

dynamic equilibria, analogous to a non-equilibrium steady state. Such a game 

could describe a steadily evolving system, one with a stationary complexity 

cascade (itself is analogous to a turbulent non-equilibrium state). (p. 385) 

 

The ‘revolutionary’ work of Copernicus, Kepler, Galilei and others led to Newtonian and/or 

classical mechanics and the nineteenth-century belief that the latter could form the fundament 

– if not in practice then at least in theory – of all physical phenomena. From the beginning of 

the twentieth century on, however, it turned out to be solely a ‘coarse-grained approximation’ 

of physical reality, i.e., a ‘tip of the iceberg’, resting on a deeper and more accurate ‘non-

classical’ physical fundament of relativistic and quantum mechanics. Somewhat similarly, the 

‘revolutionary’ work of Darwin, Mendel, Weismann and others led to classical evolutionary 

theory, i.e., population genetics and the Modern Synthesis, and the belief that all biological 

phenomena – if not in practice than at least in theory – could and should be ultimately framed 

within a classical-evolutionary and even population-genetic fundament (e.g., Dobzansky’s 

1964 statement that “nothing makes sense in biology except in the light of evolution”; Lynch’s 

2007b statement that “nothing in evolution makes sense except in light of population genetics”; 

see also the authors of the ‘counterpoint’ in Laland et al. 2014). As mentioned above, however, 

Gilbert et al. (1996, p. 368) wrote that, in order to assimilate the empirical and theoretical 

findings of evo-devo, “population genetics is destined to change if it is not to become irrelevant 

to evolution as Newtonian mechanics is to contemporary physics.”  

In the present chapter we argued that an intra- or sub-organismic and intra- or sub-

genomic nonlinear multiplayer game-theoretical gene’s eye view may provide for such a deeper 

‘non-classical’ fundament of evolutionary biology and evo-devo. As Dawkins (1976, p. 87; 

quoted in section 1) already suggested, classical-evolutionary and population-genetic 

characterizations of genes sitting in different organisms are only the ‘tip of the iceberg’ – a 

‘coarse-grained approximation’ of a deeper biological and ultimately physical fundament or 

reality of intra-/sub-organismic and intra-/sub-genomic nonlinear multiplayer genetic 

interactions (conflict, competition and cooperation) (cf. Rice’s 2013 statement that “nothing in 

genetics makes sense except in the light of genomic conflict”). From a classical-evolutionary 

perspective, intra-organismic and intra-genomic conflict, selfish and mobile genetic elements, 

and also horizontal or lateral gene transfer present oddities or ‘noise’ on a smoothly cell- and 

organism-centred biological world and a species-based evolutionary tree of life (cf. Sapp 2009). 

However, the major causal implications of this ‘noise’ for cellular and organismal evolution 

may suggest the need for a conceptual shift in our thinking towards a deeper and more accurate 

and fine-grained molecular and/or gene’s eye view (cf. the late-nineteenth-century ‘noise’ on 

classical mechanics that necessitated the arrival of the more accurate and fine-grained 

frameworks of relativistic and quantum mechanics). The prokaryotic cell is then not the most 

elementary, original or ‘central’ life form on Earth, but – itself being an ‘optimized 

compromise’ among several conflicting genetic fitness interests – rests on and evolved from 

(nonlinear multiplayer ESS-based) collective interactions, competition and cooperation among 

yet more elementary, primary or ‘central’ life-like molecular-genetic units, such as selfish, 
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mobile and virus-like genetic elements (cf. Dawkins 1976; Maynard Smith and Szathmáry 

1995; Queller 1997; Koonin et al. 2006; Higgs and Lehman 2014). To what extent the origins, 

replication and proliferation of such pre-cellular molecular-genetic units or systems were 

sustained by a proto-metabolism and how the genetic code, the translation system and the first 

proteins and proteinaceous cells evolved, are central problems in the origin-of-life research with 

its notorious ‘gene/replicator-first’ vs. ‘metabolism-first’ controversy.
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General conclusion 

Due to the ‘opening of’ and ‘zooming in on’ the postgenomic, epigenetic, biochemical, 

physiological and developmental ‘black box’ between genotype and phenotype, a bewildering 

complexity of processes has come into view that classical Modern-Synthesis evolutionary 

theory with its simple and quasi-linear genotype/phenotype mapping has difficulty with to 

assimilate. Examples that passed the revue in the preceding chapters or papers are processes of 

natural genetic, genome and RNA editing, epigenetic regulation and inheritance, intra-genomic 

conflict and selfish genetic elements, lateral or horizontal gene transfer, developmental 

modularity and plasticity and their directional role in both micro- and macro-evolutionary 

change. As such, we are inclined to support the main claim by proponents of a new or ‘extended’ 

evolutionary synthesis (e.g., Pigliucci and Müller 2010; Laland et al. 2014), viz., that the 

classical framework or paradigm has become inadequate to assimilate a substantial portion of 

empirical data and findings from the past three decades. However, as the preceding 

papers/chapters should also make clear, we do not endorse proposals to radically ‘de-centralize’ 

or ‘relativize’ genes and genomes within the complex biochemical, physiological, 

developmental and evolutionary dynamics of cells and organisms. 

In spite of claims to the contrary (e.g., Oyama 1985; Keller 2000; Oyama et al. 2001; 

Moss 2003; Jablonka and Lamb 2005; Callebaut et al. 2007; Noble 2008, 2010, 2011, 2012; 

Griffiths and Stotz 2013; Noble et al. 2014), we showed in Part 1 that genes and genomes as 

sources of ‘linear sequence-specificity’ or – more abstractly – ‘statistical negentropy’ or ‘order’ 

resist a full relativization and de-centralization within the complex postgenomic, biochemical 

and physiological developmental dynamics of cells and organisms. In chapter 1, we showed 

that, due to the non-occurrence of reverse translation and in spite of postgenomic processes of 

natural genetic and genome engineering and editing of NA-sequences, the causal constraints 

from genetic sequences on protein-based biochemistry and metabolism are stronger than vice 

versa. That is, genes resist a full de-centralization or relativization within protein-based 

biochemistry and metabolism. In chapter 2, the argument was further generalized. A change or 

mutation in linear genetic NA-sequence may cause a change in a functional gene product and/or 

in biochemical and physiological organization, but a change in a gene product or in biochemical 

and physiological organization is less likely to cause a genetic mutation. Therefore, in spite of 

postgenomic processes of natural genetic and genome engineering and editing of NA-

sequences, the flow of ‘statistical negentropy’ from genetic NA-sequences via functional gene 
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products to biochemical and physiological organization is stronger than in the opposite or 

‘Lamarckian’ direction of natural genetic and genome engineering. Therefore, and to reiterate, 

genes and genomes resist a full de-centralization or relativization within the complex 

biochemical and physiological developmental dynamics of cells and organisms. In chapter 3, 

we pointed at the fact that while environmental resources provide for an indispensable source 

of ‘thermodynamic negentropy’ for life to originate, crystalline genetics provides for an 

indispensable resource of ‘statistical negentropy’ for life to originate. And in chapter 4, we 

pointed out that, due to their ‘quasi-digital’ nature, i.e., due to their resistance against 

dissipation and/or entropy production, genetic processes (i.e., genetic replication, transcription, 

reverse transcription and code-based translation) are prone to resist a full de-centralization or 

relativization within the otherwise non-digital or ‘trivially’ dissipative and/or entropy-

producing (thermo)dynamics of all other ‘surrounding’ biological (biochemical, physiological, 

developmental, ecological) processes. Overall, the four chapters of which Part 1 is composed 

make a case for a ‘proximate gene-centrism’ that sees genes and genomes as ‘central 

(re)sources’ of statistical negentropy or order resisting a full de-centralization or relativization 

within the complex postgenomic, biochemical, physiological and ecological developmental 

dynamics of cells and organisms. As such, we conclude that 20th century gene-centrism should 

not be abandoned and should definitively be part of a possible new or extended synthesis in 

biology. 

In Part 2 on ‘ultimate or evolutionary gene-centrism’, we went a step further by arguing 

that a new or extended evolutionary synthesis should rather be more than less gene-centred 

compared to the classical Modern Synthesis. More specifically in chapter 5, extending on 

Dawkins’ (1976) suggestion to apply game-theoretical ESS-thinking to the genic level and even 

to the intra-organismic and intra-genomic genic level, we demonstrated that the explanatory 

potential of the ‘gene’s eye view’ is far more encompassing than what is generally 

acknowledged, accounting for: 

 

- classical adaptive organismal evolution,  

- intra-organismic and intra-genomic conflict,  

- neutral evolution usually ascribed to drift,  

- evo-devo’s core business, i.e., adaptation-transcending homology and adaptive 

modular developmental-evolutionary change, 

- the evolution of life’s hierarchical organization studied by multilevel selection 

theory and the major evolutionary transitions framework.  

 

In the final concluding discussion (5.4), we suggested how ESS-thinking applied to the intra-

genomic level allows to consider combinatorial dynamics among genetic elements which may 

be responsible for the presence in genomes of a much larger amount of genetic information than 

what is generally assumed to reside there. As such, we suggested how an application of 

nonlinear multiplayer game theory to the genic level holds much promise for an extended and/or 

deeper evolutionary synthesis, viz., for a transition from the classical population-genetic 

mutation/drift/selection framework towards a framework based on nonlinear multiplayer 
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evolutionary game dynamics, proposed by Goldenfeld and Woese (2011), in which the 

behaviour of every (genetic) element is dynamically and non-linearly related to that of other 

elements in the state space. 
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List of Abbreviations 

ChIN character identity network 

DNA deoxyribonucleic acid 

EES Extended Evolutionary Synthesis 

ESS evolutionarily stable strategy 

evo-devo evolutionary developmental biology 

GRN gene regulatory network 

HGT horizontal gene transfer 

mRNA messenger RNA 

NA nucleic acid 

ncRNA non-coding RNA 

negentropy negative entropy 

RNA ribonucleic acid 

ROM Read-Only Memory 
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