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ABSTRACT – The paper argues against the central dogma and its interpretation by C.
Kenneth Waters and Alex Rosenberg. I argue that certain phenomena in the regulation of
gene expression provide a break with the central dogma, according to which sequence
specificity for a gene product must be template derived. My thesis of ‘molecular epigene-
sis’ with its three classes of phenomena, sequence ‘activation’, ‘selection’, and ‘creation’, is
exemplified by processes such as transcriptional activation, alternative cis- and trans-splic-
ing, and RNA editing. It argues that other molecular resources share the causal role of
genes; the sequence specificity for the linear sequence of any gene product is distributed
between the coding sequence, cis-acting sequences, trans-acting factors, environmental sig-
nals, and the contingent history of the cell (thesis of distributed causal specificity). I con-
clude that the central dogma has unnecessarily restricted genetic research to the sequenc-
ing of protein-coding genes, unilinear pathway analyses, and the focus on exclusive speci-
ficity.
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recruitment, combinatorial control, regulation of gene expression, 

1. Introduction

Francis Crick’s restatement of his Central Dogma of Molecular
Genetic, originally published 1958, clarified that the dogma comprises
both the sequence or colinearity hypothesis and a statement about the
direction of information flow between DNA and its RNA and protein
products: ‘The central dogma of molecular biology deals with the
detailed residue-by-residue transfer of sequential information. It states
that such information cannot be transferred from protein to either pro-
tein or nucleic acid’ (Crick 1970, 561; Crick 1958; Sarabhai et al. 1964).
I believe that the historical significance of the dogma lies not so much
in hypothesizing about the direction of information flows, even though
this came to commence an unfortunate 40 year long fixation of molecu-
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lar genetics with genetic determinism and with linear pathway analyses
at the expense of understanding cyclic processes. Rather, its significance
lies in Crick’s insight into the fundamental difference between nucleic
acids’ and amino acids’ specificity. 

The idea of specificity, first of macromolecular structure and than
also of linear sequence, has been the touchstone for modern biology. It
transformed our understanding of biological mechanism from a highly
fluid and interactive process into an assembly of pieces each with its
own specific and restricted part to play (Greenspan 2001). The first half
of the last century was characterized by the concept of chemical or con-
formational specificity, namely the ability of an enzyme’s binding site to
recognize the chemical structure of its specific ligands. The fewer sub-
strates a protein can bind, the greater its specificity. Quantum mechan-
ics provided the necessary insight to explain the idea of structural com-
plementarity, a key-and-lock system of recognition in terms of the stere-
ospecificity of enzyme and substrate to form a certain number of weak
hydrogen bonds. Crick’s central dogma added to this concept of analog
specificity based on the idea of ‘form’ the new concept of informational
sequence, or digital specificity of nucleic acid based on the idea of
‘information’ encoded in the sequences of nucleotides.

In this essay I do not deal with the dogma’s negative claim of infor-
mation flow. I accept its definition of information as sequence specifici-
ty and take issue with the implicit or positive statement of the central
dogma and its modern defenders, impersonated here by C. Kenneth
Waters and Alex Rosenberg, that the gene is deterministic in gene
expression and therefore all gene products are fully specified by the
DNA code. Waters’s thesis of causal specificity is basically restating
Crick’s central dogma of sequence specificity in causal language, with
the slight modification of splicing agents as sharers of this specificity in
certain cases. While he actually agrees with my main point that DNA
has to share its sequence specificity, Waters’s argument still appears as
an attempt to ‘rescue’ DNA as the (more or less) sole bearer of causal
specificity in order to a) justify ‘why so much research attention in devel-
opmental biology is centered on DNA’, and b) to ‘reveal the fallacy of
causal parity arguments’ (Waters forthcoming b). Waters’s newest posi-
tion is not about the ontological status of genes, just their pragmatic val-
ues. But I do not believe that we can ‘forcibly separate science’s func-
tion as the facilitator of technology from its means of understanding
things’ (Laughlin 2005, xvi). Waters’s position can be used by more
metaphysically inclined theorists such as Rosenberg as another means of

04 stotz  10-09-2007  9:30  Pagina 528



529MOLECULAR EPIGENESIS

misunderstanding the role of genes development. Rosenberg, a stronger
defender of the central dogma, agrees with Waters analysis of the pri-
mary status of genes and vehemently opposes the legitimacy of molecu-
lar epigenesis as laid down here and elsewhere (Stotz 2006, submitted)
as a valid argument against the central dogma. 

I do not aim to defy the dogma by claiming that the linear sequence
from RNA to protein can be reversed or that proteins code for proteins.
Instead I shall show that DNA shares its sequence specificity with other
cellular actors. In other words, sequence specificity is not monopolized
by DNA but is distributed among certain DNA sequences, plus regula-
tory RNAs, proteins, and environmental signals. If we focus on the reg-
ulation of gene expression instead of blindly taking the dogma for grant-
ed it becomes apparent that digital and analog structures work hand in
hand as they are both recruited, supported by specific environmental
signals into larger multi-molecular complexes comprising DNA, RNA
and proteins to synthesize gene products and regulate cellular process-
es. The genome itself, besides containing digital specificity in form of its
string of DNA base-pairs, is a complex three-dimensional structure that
yields analog information which carries out important work. In addi-
tion, during the process of transcription and RNA processing the digi-
tal strings of single-stranded DNA and RNA have the tendency to form
secondary and even tertiary structures that add a second layer of infor-
mational content to the one-dimensional DNA code. Comparing the
human genome with its transcriptome reveals sequence information not
encoded by the literal DNA code alone. Intra- and intercellular and
even extra-organismal environmental signals impose instructional speci-
ficity on regulatory RNAs and proteins organized in expression mecha-
nisms of mind-numbing complexity, which have an impact on the final
sequence of the gene product. 

Even if we restrict ourselves to the investigation of sequence speci-
ficity of gene products we see that the organism’s molecular complexity
is not specified by its limited number of protein coding genes but by
what it can do with its genome. At another place I have proven this
point with detailed examples of how nucleotide sequences are activated,
selected and created by causally specific regulatory mechanisms of
genome expression (Stotz submitted). There is no room here to intro-
duce the reader to this exiting new research into the details of how gene
expression is regulated. Many processes are only now beginning to
become fully understood, while there are still many more where our
knowledge is far from complete; but a new picture is slowly emerging.
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1 See Gilbert 2003.
2 For a more detailed description of constituent epigenesis see Stotz 2006; Robert 2004.
3 For argument’s sake lets pretend that I accept his general model of causation.

Some conclusions drawn from it will be used here to argue against
Waters and Rosenberg. My goal is not to understand the full complexi-
ty involved in the regulation of genome expression, much less the bio-
logical mechanisms beyond the production of the primary sequence of
gene products. This paper has the limited agenda of using our new
knowledge about sequence modifying processes to conclude which
agents other than genes carry sequence specificity. I will conclude that
the distributed control of genome expression, the extent to which it ampli-
fies the literal coding sequence of the ‘reactive genome’1 by providing addi-
tional sequence specificity to an underspecified DNA sequence, extends
the range of ‘constitutive epigenesis’2 all the way down to the molecular
level of sequence determination. 

2. Actual Difference Makers and Causal Specificity

C. Kenneth Waters has recently repeated, clarified, and justified a
central thesis of his former analysis of the molecular gene concept. He
identifies the privileged role of the molecular gene in many biological
explanations as that of an ‘actual difference maker’ with ‘causal speci-
ficity’ (Waters forthcoming b). I argue that Waters’s account clearly
downplays some of the major theoretical insights into genome structure
or function revealed by contemporary molecular genetics and genomics,
including surprising ways in which DNA performs its traditional gene-
like functions, new un-gene-like functions, and other cellular structures
that may share some of DNA’s cellular function. As I have argued else-
where, his central claim is no longer suitable to capture our current
knowledge of genome structure and function (Stotz 2006). Here I take
issue with several of his most recent formulations of his genetic causa-
tion model phrased in terms of causal specificity:3

Thesis 1: ‘Only the activated DNA segments (the genes) are actual
difference makers of RNA sequences’ (Waters forthcoming b, my
emphasis).

Thesis 2a: ‘The initial synthesis of RNA in prokaryotes and eukary-
otes involves many causes, but only DNA is the causally specific actual
difference maker’ (Waters forthcoming b, my emphasis).

2b: ‘Possible exceptions involve cases of differential RNA splicing
and editing. If differential RNA splicing occurs within the same cell struc-
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4 This move would depart from conventional molecular genetics, and it would mean that pre
mRNA and final RNA are specified by two different genes; this would be a drastic step just to with-
hold causal specificity from splicing agents.

ture at the same time, then differences in the linear sequences among
these polypeptides … could be said to be caused by differences in splic-
ing factors, rather than differences in DNA. It would still technically be
true that different ‘split genes’ were involved’4 (Waters forthcoming a,
my emphasis).

Thesis 3: ‘I will note that this qualifier does not need to be added for
the case of genes for RNA or polypeptides in Prokaryotes or for the case
of genes for unprocessed RNA in Eukaryotes’ (Waters forthcoming a).
‘DNA is the causally specific actual difference maker with respect to the
population of RNA molecules first synthesized in eukaryotic cells’
(Waters forthcoming b, emphasis in original).

The next section aims to show why these three theses give a wrong-
or at least too weak-description of the underlying causation of gene
expression.

3. Molecular Epigenesis and Distributed Specificity

For a much more extensive list of examples drawn from the most
recent research into the complex mechanisms involved in the regulation
of gene expression, especially some of the newest results about
sequence-specifying actors of RNA splicing and editing, the two major
sequence modifying processes, (see Stotz submitted). What follows is
just the summary of my interpretation of these research results, applied
to the two competing hypotheses of the central dogma with its (more or
less) monopolized causal or sequence specificity on the one hand, and
on the other my thesis of molecular epigenesis with its distributed
sequence specificity. 

Thesis 1:
To restate Waters’s first thesis, he singles out ‘activated’ DNA as the

causally specific agent responsible for the composition of a population
of RNAs in a cell. The default position of eukaryotic DNA is inactiva-
tion and Waters deliberately neglects and downplays all the processes
that are involved to activate DNA as causal agents. Second, he forgets to
clarify between which two states DNA should function as the actual dif-
ference maker. It could be the difference in the linear sequence between
any two gene products, or the difference between two populations of
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RNAs in two cells of an organism. The second problem is what is com-
monly called the foremost ‘problem of development’: the differentiation
of cells from a single cell in multicellular organisms. The peculiarity of
the differentiated cells is that despite their immense phenotypic differ-
ences they all share the same genotype (with some notable exception as
immune cells). Hence the actual difference between two cells is not their
DNA but activating agents such as specific transcription factors and
inducing signals that co-differ between two cells. The latter orchestrate
the tissue-dependent and time-specific activation and sequence selection
of a subset of ‘genes’ that translates into different cellular phenotypes.
The phenotypic difference between two daughter cells could result from
the expression of different genes (with different causal specificity) or the
time-, tissue-, and combination-dependent expression of common genes
(with the same causal specificity). Activation of DNA is therefore a
causally specifying mechanism by determining a particular RNA prod-
uct to be there. In addition, since activation selects between different
promoters and is likely to influence co-transcriptional activities such as
splicing and editing, activation is causally specifying the particular
sequence of a RNA product from the same DNA sequence through
sequence selection and creation. 

Thesis 2a:
Waters’s main thesis states the exclusivity of DNA in providing causal

sequence specificity. With some notable exceptions, only DNA provides
the linear sequence specificity of any gene product. So while he agrees
in principle that DNA alone is not the sole source of sequence speci-
ficity, I believe my argument presents a radical shift in focus from genet-
ics (molecular) to distributed sequence specificity (systems biological).
Against Waters’s almost exclusive notion of causal specificity of DNA I
set a picture of distributed causal specificity, where already pre-selected
and activated DNA shares the stage with the RNA processing machiner-
ies of splicing, editing, modification, and translational recoding that fur-
ther select, modify, and newly create DNA and RNA sequences.

It is the specific recruitment of transcription factors to varying com-
plexes by trans-acting factors (proteins, RNA, and environmental fac-
tors) that imposes their specificity. Specificity is imposed by environ-
mental induction of activators, differential recruitment and combinato-
rial control. Agents other than the original coding sequence have to pro-
vide sufficient splice-site specificity. In other words, the availability of
certain trans-acting factors and the differential and combinatorial bind-
ing of spliceosomal binding RNAs and proteins to splice sites and regu-
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latory sequences (the cellular splice code) seems to be the major con-
tributor to splicing specificity. The selective use of nucleotide sequences
through a range of transcriptional, co- and post-transcriptional mecha-
nisms co-specifes the linear sequence of the final product. 

Thesis 2b:
Under certain, restrictive conditions Waters is willing to extend

causal specificity to splicing and editing agents, namely when different
splice variants exist in the same cell at the same time; this is not credit-
ed when each cell produces its own splice variants, which would render
the regulatory machinery as background condition. For the argument’s
sake, I interpret Waters to reason as follows: From an observer’s view-
point, in certain cellular conditions a gene is always specifying a partic-
ular splice variant, hence it holds the causal specificity. However, from
the viewpoint of the DNA sequence or the entire cell, the relevant splic-
ing and editing mechanisms are the providers of sufficient sequence
specificity for the right product. In reality, however, most cells just dif-
fer in their ratios of a particular splice variant: ‘[F]or most alternatively
spliced transcripts there is no ‘default’ or unregulated state; instead, the
ratio of alternative splice forms observed for a given pre-mRNA results
from a balance between positive and negative regulation’ (Ladd and
Cooper 2002, 3; Celottoa and Graveley 2001; Athanasiadis, Rich, and
Maas 2004). 

In radical cases the linear sequence of the final product is not mir-
rored by the DNA sequence but is extensively scrambled, modified,
or literally created through a variety of co- and post-transcriptional
processes, which often are interdependent with mechanisms of
sequence activation and selection. Cases of sequence creation are
even stronger counterarguments to Waters’s main thesis of exclusive
DNA sequence specificity than any of the ‘conservative’ cases pro-
vided above. In many cases, for instance in the human brain, the
editing-derived coding information is essential for the normal func-
tioning of the organism. This phenomenon provides a potential break
in the central dogma according to which coding information must be
template derived.

Thesis 3: The Cotranscriptional Machinery
Waters names prokaryotic gene expression and the specification of

pre-mRNA as the clearest case for an exclusive DNA causal specificity.
But it turns out that even in prokaryotes and in the production of pre-
liminary mRNAs in eukaryotic cells, the DNA sequence does not exclu-
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sively specify its products. There exist RNA modifying mechanisms in
bacteria and transcription in eukaryotes is carried out by what has come
to be known as the cotranscriptional machinery or mRNA assembly
line. This means that there is indeed no time at which a fully sequenced
pre-mRNA exists in the cell.

Although all mechanisms of DNA expression and regulation have
their biochemical identity, all of them feature in an ‘extensive network
of coupling among gene expression machines’. It is now clear that alter-
native splicing does not represent a distinct and decoupled step but is
tightly coupled to transcription, polyadenylation, RNA editing, RNA
surveillance and transport. 

Recent studies suggest that this task is facilitated by a combination of protein –
RNA and protein – protein interactions within a ‘mRNA factory’ that comprises the
elongating RNA polymerase and associated processing factors. This ‘factory’
undergoes dynamic changes in composition as it traverses a gene and provides the
setting for regulatory interactions that couple processing to transcriptional elonga-
tion and termination. (Bentley 2005, 251) 

Polymerase II and many other transcriptional proteins cooperate
with the cotranscriptional processing factors. For instance, some SR
proteins involved in the spliceosome have been known to react with
transcription factors, while other proteins even exhibit a dual func-
tion as transcription and splicing regulator (Maniatis and Reed
2002; Bentley 2002). The cotranscriptional assembly of the spliceo-
some in this ‘mRNA assembly line’ suggests profound implications
for the regulation of splice site choice. Splicing has also been impli-
cated in downstream processes such as RNA transport, stability,
translation, and location (Black 2003, 323). In addition, important
links between RNA editing and other co- and posttranscriptional
events that regulate gene expression have been suggested (Davidson
2002). These co-transcriptional agents in combinatorial interplay with
each other share causal specificity with genomic coding sequences pro-
tein synthesis through their involvement in sequence selection (e.g.
splice-site specificity) and sequence creation (e.g. editing-site specifici-
ty).

In summary, details into the processes of transcriptional activation,
alternative splicing, trans-splicing, RNA editing, and translational
recoding, among others, can show that the specifying relationship
between DNA and gene product is indirect, mediated and specifically
intervened by other sequence specifying agents.
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4. Sequence is not Destiny

The view of specificity as selective and exclusive has recently given
way to a highly distributed, modular, and combinatorial picture.
Through a multitude of combinatorial associations and interactions
macromolecules can expand on their intrinsic molecular functions to
achieve more sophisticated and varied cellular functions. Especially in
eukaryotes, the regulation of gene expression works by means of the reg-
ulated recruitment of trans-acting factors (proteins, RNAs, metabolites,
and other environmental signals) into larger complexes and to cis-acting
sequence modules, so that the specificity of an enzyme, a sequence, tran-
scription or splicing factor comes to depend on its proper recruitment
and combinatorial interaction (Ptashne and Gann 2002; Buchler,
Gerland and Hwa 2003). A gene product is specified as much by the
genomic template as by the differential recruitment of agents of genome
expression mechanisms that activate, select, and modify the transcript
specifically. The function of a transcription factor may not depend on a
particular promoter sequence on which it can bind but its interacting
protein partners only a few of which need a particular binding speci-
ficity. This versatility of the genome by means of the combinatorial com-
plexity of its regulation resolves the ‘N-value’ paradox (Claverie 2001;
Harrison et al. 2002). The proportion of protein-coding sequences
seems to decline as a function of complexity, but the ratio of non-cod-
ing DNA rises, and so does the number of functional, regulatory roles
played by non-coding RNAs and other cellular factors that help to trans-
late sequential information encoded in the genome into developmental
complexity (Mattick 2004).

There is increasing awareness that multiple, often overlapping mechanisms exist for
amplifying the repertoire of protein products specified through the mammalian
genome. An expanding array of processing and targeting mechanisms is now
emerging, each representing a potentially important restriction point in the regula-
tion of eukaryotic gene expression, and each expanding the possibilities specified
by the literal code of the genome. These co- and posttranscriptional regulatory
events include capping, alternative splicing, differential polyadenylation, RNA edit-
ing, nuclear export, alternative decay and degradation pathways, as well as alter-
ations in ribosomal loading or translation. (Davidson 2002) 

These template-modifying mechanisms are the rule rather than
exceptions in normal gene product synthesis. Latest estimates place the
number of alternatively spliced human genes to over 70%, with around
100 genes with over 5,000 splice variants. The Drosophila cell adhesion
molecule gene (DSCAM) can produce more than 38,000 temporally and
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spatially regulated splice variants (Kapranov et al. 2005; Celottoa and
Graveley 2001; Leipzig, Pevzner and Heber 2004). In some mitochon-
dria of higher plants, a total of more than 1000 C-to-U changes are
known to alter the total coding text of the entire RNA population, most-
ly within the first two positions of codons, hence changing the amino
acid. The RNA editing of cellular RNAs of many eukaryotic organisms
can result in up to 50% modified adenosine residues in a transcript
(Gott and Emeson 2000). This form of editing is absolutely critical for
normal brain function in humans and very prevalent in mammalian cells
with a suspected 85% of all mRNAs targeted (Athanasiadis, Rich and
Maas 2004). A recent study shows a highly overlapping, complex, and
dynamic nature of the human transcriptome, where one base pair can be
part of many transcripts emanating from both strands of the genome.
The data further suggest that base pairs normally thought to contribute
to transcripts from different genes can be joined together in a single
RNA molecule (Kapranov et al. 2005; Kampa et al. 2004; Cheng et al.
2005). 

Suspecting this, the National Human Genome Research Institute
launched the ENCyclopedia Of DNA Elements Project (ENCODE) in
2003, which aims to identify comprehensively all the functional ele-
ments in the human genome, and has basically supported the picture
described above (Gerstein et al. 2007). 

The factors that interactively regulate genomic expression are on a
par with coding information since they co-specify the linear sequence of
the gene product together with the target DNA sequence. From this fol-
lows the radical thesis of ‘molecular epigenesis’: Networks of genome
regulation made up of cis-regulatory sequences, trans-acting factors and
environmental signals causally specify the physical structure of a gene and
the range of its products through the activation, the selective use, and,
more radically, the creation of nucleotide sequence information (Stotz
2006).

5. Epigenesis Does not Reduce to Genetics

Rosenberg (this issue) interprets the central dogma as an ‘important
version of genocentrism,’ which he translates into the claim that
‘nucleotide sequences carry semantic information.’ Surprisingly, he does
not understand this overused concept as selected effect (Maynard Smith
2000; Griffiths 2001) but as ‘derived intentionality,’ from which he mys-
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tically infers ‘the unique role of DNA in programming the embryo, and
it is this unique programming role that gives the central dogma its sig-
nificance.’ While it remains unclear how ‘specifying proteins’ can
become ‘programming the embryo’, Rosenberg expects opponents of
genocentrism and defenders of the idea of epigenetic inheritance to defy
the literal wording and to ‘reject the central dogma’s core claim, the neg-
ative thesis of once in the protein molecule, information cannot get out
again.’ I maintain instead that the epigenetic skeptic may legitimately
oppose the dogma’s implicit positive claim that, quote Rosenberg, ‘only
DNA and RNA can transfer information’ and ‘that it is always the genes
that program the organism’s development by directing protein synthe-
sis.’

Rosenberg argues that epigenetic inheritance is a ‘DNA directed
mechanism . . . which does not convey information.’ He uses as an
example parental imprinting of target genes. Histone deacetylation,
DNA methylation, and other chromatin modification processes, howev-
er, are much more diverse than Rosenberg gives them credit for. So is
epigenetic cellular inheritance an important mechanism of multicellular
organisms by which populations of cells maintain their pattern of dif-
ferentiation. It is also known that DNA modification is one of the ways
by which environmental agents, such as diet, temperature, tactile stimu-
lation, and other factors, effect normal physiological reactions during
development (Gilbert 2005; Jaenisch and Bird 2003; Fish et al. 2004).
Lastly, DNA methylation is a crucial step in memory formation, such as
conditioning, and is therefore dynamically regulated in the adult nerv-
ous system (Miller and Sweatt 2007). While a whole range of gene prod-
ucts, such as microRNAs and diverse proteins, are involved in chro-
matin and DNA modification, environmental signals are also present,
and the concrete targeting processes are rarely fully known. We can not
infer direct genetic control in any process in which some gene products
are involved as part of a variety of stimuli! In any case, DNA modifica-
tion is an important agent in protein synthesis and therefore conveys
information, and most importantly, it helps us understand one of the
mechanisms by which the genome is learning from experience.

Rosenberg then turns to another example of epigenetic inheritance,
host imprinting of the brood-parasitic widowbird that learns the song
from its finch foster parent. The real explanation, so Rosenberg claims,
is provided by ‘the genetically-encoded program for the neurology of
singing.’ Following this logic, genes must ultimately explain all learning!
If we apply Waters’s account of causation, however the actual differ-
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ence-making cause between two potential bird songs learned by an off-
spring is the template song sung by the parent, not any neurological
mechanism, which may be the same in many species of birds. Rosenberg
goes so far as to describe the song as part of the bird’s extended pheno-
type of the bird’s genes. Even if many geneticists treat the phenotype as
if it were a direct ‘readout’ of the genome, it remains a truism that the
genotype interacts with the environment to construct the phenotype.
Hardly a single protein is produced without necessary cellular signals.
For most organisms, but the delicately breed model organism in the lab,
the environment plays an expected and evolutionarily selected role in
development (Gilbert 2003). Rosenberg points out the longevity of
genetic inheritance but does not seem to grasp how ubiquitous non-
genetic parental effects, niche construction and other extra-genetic
inheritance systems are (Mousseau and Fox 2003; Jablonka and Lamb
2005; Odling-Smee, Laland and Feldman 2003). While Rosenberg mis-
understands these systems as an ‘alternative,’ they are in fact comple-
mentary to genetic heredity. The whole discussion of host imprinting is
full of biological errors and logical non-sequiturs.

Rosenberg misunderstands my thesis of molecular epigenesis as just
adding quantitative information to the production of RNAs and pro-
teins via the process of sequence activation. The main epigenetic chal-
lenge for the central dogma, however, comes from the qualitative
processes of sequence selection and creation, which add or modify
sequential information to the message. 

6. Conclusion

Both Waters and Rosenberg misunderstand the principle of ‘causal
parity’, which derives its name from Oyama’s earlier call for ‘parity of
reasoning’, when thinking about the roles of DNA elements and other
developmental resources. She argued that if one of the above distinc-
tions applies to some but not all DNA elements and also applies to some
non-DNA influences in development, we should treat both the DNA
and the non-DNA factors alike in the area of theory where the distinc-
tion is useful. In order to be able to follow this principle of parity it is
essential not to build grand, metaphysical distinctions, like that between
form and matter or information and matter, on top of the many empiri-
cal differences between the roles of DNA elements and the roles of
other causal factors in development. DNA does play a distinctive set of
roles in development, but it does not play just one role (partly because
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DNA elements are themselves so diverse) and the important roles of
those various DNA elements are sometimes played by non-DNA factors
in development (Griffiths and Gray 2003, 421).

When distinguishing different causal processes (italized below) in an
organism, there are always more than one agent fitting this causal role.
Sequence specificity is held by DNA, but also by splicing and editing
agents, as well as other regulatory mechanisms that are involved in mod-
ifying the primary sequence of RNA. Important for transgenerational
reliability, many of the necessary factors involved in this expression are
reliably reproduced in each generation next to DNA. The causal role of
inheritance is carried out by DNA, histone and methylation patterns,
structural cellular components, maternal RNA and transcription factors,
provisioning of resources, preference induction (oviposition, imprinting
on food, habitat, and mates), social learning, plus whatever else is pro-
vided by the parental generation in form of an ‘ontogenetic niche’ as a
providing environment. Enzymatic activity has for the longest time been
attributed to proteins alone but is, as we now know, regularly achieved
by tertiary RNA structures (ribozymes). Protein transcription factors
now have to share their fame with regulatory non-coding RNAs and
inducing environmental factors such as lactose in the regulation of
genome expression.

Waters’s focus on the specificity of single genes in RNA and protein
synthesis overstates the importance of single nodes, individual events,
and isolated pathways over highly interactive genes, signaling and regu-
latory networks. Important are not so much the gene sequences but
their differentiated expression (Meaney 2004). The central dogma has
misdirected research into dogmatic pathway analyses involving a few
protein-coding genes and led away from systems thinking (Werner
2005). Living systems are characterized through cyclic feedback net-
works and emergent organization (Bechtel in press).

Feedback loops and back-up pathways have been invoked to account for these
properties. […] A more flexible and fluid view of the relationships among these sig-
naling and regulatory systems allows for the same net result without invoking a pre-
determined mechanism for it. The malleability and versatility of gene networks and
their ability to find new solutions when constituents are changed, help to account
for the properties of robustness, buffering and emergence. (Greenspan 2001, 386). 

The bias of the last 50 years of genetic research in its focus on (pro-
tein) coding genes has neglected our growing understanding that the
complexity of higher organisms lies not in its number of genes but with-
in the flexibility, versatility, and reactivity of its whole genome.
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Complexity is not encoded in the literal sequence of coding genes but in
the processes that can amplify this information. These regulatory mech-
anisms involve, among other agents, a large number of different non-
coding RNAs and non-coding DNA sequences with important binding
or structural domains and even transcriptional capacity, for the longest
time dismissed as ‘junk’ (Levine and Tjian 2003; Buchler, Gerland and
Hwa 2003). ‘We continue to learn new ways in which nature has exploit-
ed the specificity of interactions between RNA and nucleotide
sequences. We now know that RNA, after being transcribed from DNA,
can feed back to direct modifications of the genome. These modifica-
tions can be inherited through cell divisions and influence development’
(Kawasaki and Taira 2004). 

To conclude, the central dogma may not be literally wrong in its neg-
ative formulation, but its implicit positive formulation has unnecessari-
ly restricted genetic research for too long. We are long overdue to
change course.

Isaac Newton might have liked the neat view of biological systems made up of ded-
icated components, with causal roles that can be studied in isolation, and in which
particular starting conditions give rise to uniquely predictable responses. Charles
Darwin, by contrast, might have felt more at home with the idea of a complex,
emergent system made up of many non-identical components, with non-exclusive
roles, non-exclusive relationships, several ways of producing any given output, and
a great deal of slop along the way. We have been Newtonians for the past several
decades in our thinking about gene action. It is time to become Darwinians.
(Greenspan 2001, 386). 
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