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Between the cross and the sword: The crisis of the gene concept
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Abstract

Challenges to the gene concept have shown the difficulty of preserving the classical molecular concept, according to
which a gene is a stretch of DNA encoding a functional product (polypeptide or RNA). The main difficulties are related
to the overlaying of the Mendelian idea of the gene as a ‘unit’: the interpretation of genes as structural and/or func-
tional units in the genome is challenged by evidence showing the complexity and diversity of genomic organization.
This paper discusses the difficulties faced by the classical molecular concept and addresses alternatives to it.
Among the alternatives, it considers distinctions between different gene concepts, such as that between the ‘molecu-
lar and the ‘evolutionary’ gene, or between ‘gene-P’ (the gene as determinant of phenotypic differences) and
‘gene-D’ (the gene as developmental resource). It also addresses the process molecular gene concept, according to
which genes are understood as the whole molecular process underlying the capacity to express a particular product,
rather than as entities in ‘bare’ DNA; a treatment of genes as sets of domains (exons, introns, promoters, enhancers,
etc.) in DNA; and a systemic understanding of genes as combinations of nucleic acid sequences corresponding to a
product specified or demarcated by the cellular system. In all these cases, possible contributions to the advancement

of our understanding of the architecture and dynamics of the genetic material are emphasized.
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The gene concept has certainly been one of the land-
marks in the history of science in the 20" century. Gelbart
(1998) and Keller (2000), for instance, call it ‘the century of
the gene’. Moss (2003) treats the gene as the central orga-
nizing theme of 20™ century biology. Nevertheless, at the
turn of the 21% century, the future of this concept does not
seem so promising, at least for some. In the last three de-
cades, the discovery of a series of phenomena posed impor-
tant challenges to the gene concept, including split genes,
alternative splicing, overlapping and nested genes, mRNA
edition, and so on (for reviews, see, for ex., Falk, 1986;
Pardini and Guimaraes, 1992; Portin, 1993; Griffiths and
Neumann-Held, 1999; Keller, 2000; Fogle, 1990, 2000).

We can say that the gene concept is now between the
cross and the sword. Keller (2000), for instance, suggested
that maybe the time is ripe to forge new words and leave the
gene concept aside. However, other philosophers of biol-
ogy and also scientists have a more optimistic view about
the future of this concept. Falk, while admitting that the
gene is a concept ‘in tension’ (Falk, 2000), seeks ways to
‘save’ it (Falk, 2001). Hall (2001) is also optimistic, argu-
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ing that, despite published obituaries (Gray, 1992; Neu-
mann-Held, 1999; Keller, 2000), the gene is not dead, but
alive and well, even though ‘orphaned’, ‘homeless’, and
seeking a haven from which to steer a course to its ‘natural’
home, the cell as a fundamental morphogenetic unit. Keller
(2005) herself reexamined her ideas under the light of re-
cent developments, assuming a more optimistic view about
the future of the gene.

In this review, I argue that “what is a gene” is cur-
rently a key conceptual issue in genetics and molecular
biology, and also address alternatives to the usual under-
standing of this concept, as proposed in the scientific and
philosophical literature.

The Birth of the ‘Gene’ as an Instrumental
Concept and the Advent of a Realist View

The basic ideas in the gene concept can be traced back
to Mendel’s use of the German words ‘Charakter’, ‘Ele-
ment’, ‘Faktor’, and ‘Merkmale’ as means of describing the
determinants of particulate inheritance. Nevertheless, the
term itself was created in 1909, by Johannsen. He was try-
ing to distinguish between two ideas embedded in the term
‘unit-character’, then largely used: the idea of (1) a mani-
fest character of an organism which behaves as an indivisi-
ble unit of Mendelian inheritance, and, by implication, (2)
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the idea of that entity in the germ-cell that produces the
character (Falk, 1986). Indeed, Johannsen was the first to
be entirely successful in explaining the difference between
the potential for a trait and the very trait, thanks to his con-
cepts of ‘genotype’ and ‘phenotype’ (Falk, 1986).

Initially, an instrumentalist view about the status of
‘gene’ as a theoretical concept prevailed (Falk, 1986), i.e.,
just like Mendel, who treated his “factors’ simply as useful
accounting or calculating units, Johannsen also conceived
‘gene’ as a very handy term, but with no clearly established
material counterpart (Johannsen, 1909. See also Falk,
1986; Wanscher, 1975). Although accepting that heredity
was based on physicochemical processes, he warned
against the conception of the gene as a material, morpho-
logically characterized structure.

Johannsen adopted this instrumentalist attitude
clearly as an outcome of the state of knowledge in his times.
A gene (that ‘something” which was the potential for a trait)
could only be recognized by its ‘representative’, the trait,
or, more precisely, the alternative appearances of the trait.
But observed traits were only ‘markers’ for ‘genes’, which
had, in fact, to be inferred. In this picture, any ascription of
a clear and definite meaning to the material counterparts of
genes was very difficult, maybe even impossible.

With the growth of knowledge in Mendelian genetics,
and through a series of developments beyond the scope of
this review (such as the building of Morgan’s chromosome
theory of heredity and advancements in the understanding
of the physicochemical basis of the genetic material, as well
as of the relationship between genes and proteins — see, for
ex., Carlson, 1966; Kitcher, 1982; Mayr, 1982; Falk, 1986;
Fogle, 1990; Portin, 1993; Keller, 2000), the instrumental-
ist attitude was superseded by a material understanding of
the gene. A notorious member of Morgan’s group, Herman
J. Muller, was one of the first supporters of the idea that
genes were material units, “ultra-microscopic particles” in
the chromosomes, arguing against the description of the
gene as “a purely idealistic concept, divorced from real
things” (quoted by Falk, 1986). Muller’s view contributed
to the establishment of a biological setting for the subse-
quent investigations about the nature of the gene, which ul-
timately led to the proposal of the double helix model of
DNA by Watson and Crick. This model was, in turn, re-
sponsible for the wide acceptance of a realist view about the
gene concept.

Genes as Units in Mendelian Genetics

Since its beginnings, Mendelian genetics was com-
mitted to the postulation of a one-to-one correspondence
between a gene and some developmental unit (Griffiths and
Neumann-Held, 1999). Accordingly, the gene was con-
ceived as a unit of (1) function, (2) mutation, and (3) recom-
bination (Mayr, 1982, pp. 795-796). In Mayr’s words, this
entailed a ‘bean-bag’ view of the genotype, according to
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which each gene is independent in its actions and in the ef-
fects of selection on it.

The treatment of genes as ‘units’ faced increasing dif-
ficulties as genetic research advanced in the 20" century.
Many of these problems came to light in the last three de-
cades, but already in 1925 the first counter-evidence was
provided by Sturtevant’s discovery of the position effect
(Mayr, 1982, pp. 797-798), showing that the function of a
gene and its effect on the phenotype could be modified
merely by altering the arrangement of genes in chromo-
somes, in the absence of mutation or any change in the
quantity of genetic material.

The idea that the gene could be simultaneously a unit
of recombination, mutation, and function ultimately did not
hold, and, in the end, the idea that prevailed was that of a
gene as a ‘unit of function’, despite position effect. Benzer
(1957) showed that units of function (in his words, ‘cis-
trons’) are typically much larger than units of recombina-
tion (‘recons’) and units of mutation (‘mutons’). The terms
‘muton’ and ‘recon’ were deleted from the vocabulary of
genetics, but ‘cistron’ survived to these days and is often
used in the primary literature instead of ‘gene’.

The Classical Molecular Gene Concept

It was mainly the proposal of an acceptable model for
the structure of DNA by Watson and Crick (1953) that
made the realist view triumph over the instrumentalist view
of the gene, establishing DNA as the material basis of in-
heritance (Keller, 2000). This model was the basis for the
so-called classical molecular gene concept, according to
which a gene is a stretch of DNA that encodes a functional
product, a single polypeptide chain or RNA molecule. In
this concept, a gene is treated as an uninterrupted unit in the
genome, with a clear beginning and a clear ending, which
performs one single function. It is therefore a concept of
both a structural and a functional unit in the genome. The
classical molecular gene concept brought a structural di-
mension to the, until then, predominantly functional view
of the gene as a unit. By bringing together the structural and
functional definitions of a gene, this concept showed sub-
stantial explanatory, predictive, and heuristic powers: the
molecular gene initially had a well-defined structure, with
easily determinable borders, a singular function, and an
easily understandable mechanics.

The classical molecular concept updated the Mende-
lian particulate model and the related interpretation of
genes as units. In these terms, the molecular understanding
of the gene was superimposed onto the Mendelian idea of
‘unit’ (Fogle, 1990). With the introduction of an informa-
tional vocabulary in molecular biology and genetics (see
Kay, 2000), genes became not only functional and struc-
tural, but also informational units. This led to the informa-
tional conception of the gene, a popular notion in text-
books, media, and public opinion. As expressed in the
central dogma of molecular biology, this informational
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view is, in fact, a new incarnation or at least an extension of
the functional view of genes.

The updating of the Mendelian view of genes as units
began before the proposal of the double-helix model for the
structure of DNA. In the 1940s, Beadle and Tatum (1941)
concluded, from their investigations about the nature and
physiological function of the gene, that one gene would
correspond to one ‘primary’ character and one enzyme.
This initial idea was gradually reformulated, into the ‘one
gene-one polypeptide’ and then into the ‘one gene-one
polypeptide or RNA’ hypotheses, but with no conse-
quences for the unit concept itself. Nevertheless, the coher-
ent relationship between genes at the molecular level and
Mendelian entities, at first successful, would not survive
the increasing understanding of the architectural diversity
of the molecular gene.

How the Gene Concept Became a Problem:
Why Is the Gene Not a Structural Unit?

As our knowledge about the genetic material in-
creased, particularly regarding eukaryotes, the structure
and boundaries of molecular genes became less and less
clear. The problems with the gene concept can be explained
as a consequence of three features, established by molecu-
lar biology/genetics: (i) one-to-many correspondences be-
tween DNA segments and RNAs/polypeptides (e.g.,
alternative splicing); (ii) many-to-one correspondences be-
tween DNA segments and RNAs/polypeptides (e.g.,
genomic rearrangements); and (iii) lack of correspondence
between DNA segments and RNAs/polypeptides (e.g.,
mRNA editing).

To understand how the gene concept became a prob-
lem, let us consider, first, the idea that a gene might be a
structural unit in the genome. Fogle (1990) examined four
possible structural models for a protein-coding gene (see
Figure 1). Model A includes the transcribed region and all
neighboring sequences with detectable influences on gene
expression. Model B is limited to the transcribed region.
Model C includes only the set of exons derived from a
pre-mRNA. Finally, model D is limited to the coding exons
of a primary transcript, excluding non-coding leader and
trailer sequences.

Model A is the most inclusive, incorporating all cis-
acting sequences which influence transcription, such as
promoters, enhancers, terminators, regulators, etc. This
model faces a host of problems, mostly related to the fact
that there are many different types of regulatory elements,
generally operating in complex and varied combinations.
There are cis--acting factors which influence transcription
independently of their distance from the coding sequences,
such as enhancers and silencers, making it difficult to em-
pirically assign the boundaries of a gene. There are cis-act-
ing factors which simultaneously affect the expression of
different genes. There are even cis-acting factors which are
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Figure 1 - Four structural models for the protein-coding gene (Fogle,
1990). The solid lines represent areas included in each model.

nonspecific, influencing any compatible promoter within
their range. Therefore, model A will lead to substantial
overlapping of genes which depend on the same regulating
sequences, raising difficulties to the idea that a gene is a
structural unit.

Consider also that in order to justify the inclusion of a
cis-acting sequence in a gene, it is only necessary to show
that it modulates transcription. This leads to problems when
we consider phenomena such as position effects. If a rear-
rangement of genetic material ends up placing a gene near
heterochromatin and the expression of the gene is signifi-
cantly affected by this position, model A will demand that a
huge part of a chromosome, i.e., a whole region of hetero-
chromatin, be included in the gene. Furthermore, there is al-
ready a term largely accepted for a unit of gene expression,
namely ‘operon’, and to include regulatory sequences in
genes could lead to a conflation with operons (Epp, 1997).
These problems, among many others, suggest that we have
to abandon a completely inclusive model for the structural
gene.

We should move, then, to model B, in which the
structural boundaries of the gene are defined by the process
of transcription. This model is appealing, since it is
grounded on the clear borders that transcription seems at
first to establish, and supports an interesting relationship
between a transcription unit and the sequences necessary to
make a polypeptide. Nevertheless, it is challenged by two
particularly troublesome phenomena, split genes and alter-
native splicing. Split genes contain both coding regions —
exons — and non-coding regions — introns. Introns are ex-
cised during RNA splicing, in which exons are combined to
form a mature, functional mRNA. In this case, the se-
quences transcribed into RNA are not the same as those
later translated into proteins, posing a first problem to
model B, which relies on the transcription unit to demarcate
what is a gene. A protein encoded by a spliced mRNA mol-
ecule exists as a chromosomal entity only in potential
(Keller, 2005).
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The situation becomes more perplexing, and less
promising with regard to the prospect of delimiting genes
as entities to which we can ascribe a single, well-defined
transcript, when we consider the diversity of splicing pat-
terns of the same primary transcript, i.e., ‘alternative RNA
splicing’. The vast majority of genes in multicellular
eukaryotes contain multiple introns, and the presence of
such introns allows the expression of multiple related pro-
teins (isoforms) from a single stretch of DNA by means of
alternative splicing (see, for ex., Black, 2003). This phe-
nomenon makes model B and, generally speaking, the
whole idea of genes as units (no matter if structural or func-
tional) very clumsy.

Alternative RNA splicing requires that the conceptu-
alization of a gene moves far beyond the simple scheme
captured in formulas such as ‘one gene-one protein or
polypeptide’. This challenge might be accommodated by
simply replacing this formula by a new one, such as ‘one
gene-many proteins or polypeptides’. But the situation may
not be that simple. First, because genes do not autono-
mously ‘choose’ splicing patterns, they would lose a sub-
stantial aspect of their specificity, with respect to the poly-
peptides which will be synthesized. Splicing patterns are
subject to a complex regulatory dynamics which, after all,
involves the cell as a whole (Keller, 2000). Secondly, given
that the segment of DNA which is transcribed as one unit
into RNA is translated into several distinct polypeptides,
the question “Which segment is, in the end, the gene?’ can-
not be avoided. On the one hand, the unit transcribed into a
single RNA could count as a gene, i.e., we might call a
‘gene’ that stretch of DNA which can generate dozens of
different proteins; on the other hand, a gene could be that
unit which is translated into one specific polypeptide, i.e.,
we might call a ‘gene’ each individual spliced mRNA by
assuming a ‘one mature mRNA-one protein’ relationship.
But to treat mature mRNA as the gene has in itself a number
of counter-intuitive consequences. It would mean, for in-
stance, that genes exist in the zygote only as possibilities
and do not show the permanence and stability typically as-
cribed to the genetic material. Moreover, genes would not
be found in chromosomes and, sometimes, not even in the
nucleus (Keller, 2000).

A linear correspondence between a gene and a tran-
scription unit, therefore, does not hold. A putative solution,
then, is to move from model B to model C, treating units in
the genome as smaller in size.

This model seems at first capable of assimilating al-
ternative splicing, by treating exons as the structural units
in the genome and, consequently, rescuing the idea that a
gene is a unit by redefining genes as sets of exons sharing a
common transcript. We find this definition of gene in the
paper in which Venter and colleagues (2001, p. 1317) pre-
sented their draft sequence of the human genome: “A gene
is a locus of cotranscribed exons”. They argue for this defi-
nition of gene precisely because of the challenges to model
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B discussed above. Could this be a putative solution to the
gene problem? The answer seems to be ‘No’. Model C
faces the problem that there are patterns of RNA splicing
resulting in transcripts which differ from one another by the
presence or absence of exons corresponding to trailer se-
quences (Henikoff and Eghtedarzadeh [1987] offers an ex-
ample, discussed by Fogle, 1990). As this model includes
the exons corresponding to trailer sequences, this feature is
enough to falsify it.

Nevertheless, model C can be easily saved, in princi-
ple, by a slight modification, which leads to model D, in-
cluding only coding exons. In this case, any difference in
the length of trailer sequences becomes irrelevant. But al-
ternative splicing can also affect the size and coding region
of exons, as shown by Schulz et al. (1986) study of the
Drosophila Eip 28/29 gene (see Fogle, 1990). Therefore,
alternative splicing also challenges model D, and the con-
clusion we reach is that none of the structural models dis-
cussed above holds. If we treat them as forming the whole
set of possible structural models, as it seems plausible to do,
we can see why the idea of the gene as a structural unit is in
Crisis.

It is clear, however, that we can understand the situa-
tion in a different way, since alternative splicing affecting
coding exons simply shows that model D is not absolutely
general. But where in biology do we have entirely general
models? Why should we demand such a generality from
models of the structural gene? It seems clear that the most
reasonable conclusion regarding this latter model is that it
should not be simply discarded on the grounds of a particu-
lar kind of alternative splicing, since the model remains
useful despite possible exceptions.

However, we must then face additional challenges to
the classical molecular gene concept, including gene over-
lapping, trans-splicing, mRNA edition, alternative transla-
tion modes, genomic rearrangements, etc., which are
discussed at length by several authors, such as Falk (1986),
Portin (1993), Fogle (1990, 2000), Pardini and Guimaraes
(1992), Sarkar (1998), Griffiths and Neumann-Held
(1999), Keller (2000), among others. When we take into ac-
count all these challenges, it becomes clear that even model
D is not in a comfortable situation as a basis for understand-
ing genes as structural units in the genome.

Here, I will focus on one of the most recent difficul-
ties for the gene concept, which comes from the discovery
of micro-RNAs with remarkable regulatory powers, coded
by DNA sequences scattered throughout the genome,
mostly in regions previously named ‘junk DNA’ (Fire,
1999; Grosshans and Slack, 2002; Hannon, 2002; Lenz,
2005). The problem resulting from this discovery is not
new: some definitions of ‘gene’ refer only to protein-
coding sequences, while others also include non-protein-
coding regions. Therefore, according to some definitions,
the sequences coding for micro-RNAs would count as
genes, according to others, not. What is dramatic about the
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problem is its dimension: 98.5% of the human genome, for
instance, corresponds to non-protein-coding sequences,
much of it coding for RNAs with regulatory functions
(Keller, 2005).

In the beginning of this section, I stated that problems
with the gene concept result from features like one-to-
many, many-to-one, and lack of correspondences between
DNA segments and RNAs/polypeptides. Symptomatically,
these features give support to a picture of molecular com-
plexity in which the crucial aspect is not the amount of
genes, but rather the way DNA sequences are embedded
within complex information networks, such as those medi-
ated by transcription factors (see, for ex., Lee ef al., 2002),
and intricate patterns of gene expression, which allow for a
huge diversity of proteins and RNAs based on a limited
number of genes (see, for ex., Szathmary et al., 2001;
Maniatis and Tasic, 2002).

How the Gene Concept Became a Problem:
Why Is the Gene Not a Functional Unit?

In view of the difficulties faced by the idea that genes
are structural units, we should investigate the alternative of
treating them as functional units. If one wants to understand
gene function, it is necessary to examine the nature of gene
expression, since it is by being expressed that a gene can
have significance to the cell. Nevertheless, gene expression
shows that the idea of the gene as a functional unit also
faces important difficulties. The classical model of the gene
as a unit of function is grounded on the idea that a gene pro-
duces a single polypeptide, which, in turn, has a singular
function. But the complexity of gene action in the cellular
context makes it quite difficult to maintain the idea of a uni-
tary relationship between a gene and its function. The con-
text-dependence of gene action clearly shows that it makes
no sense to ascribe a single function directly to a DNA lo-
cus, without taking into account in which context that locus
is expressed.

One manner of emphasizing the context-dependence
of gene function is to properly consider the role of regula-
tion in living systems. Differences in animal designs and
complexity, for instance, are mostly related to changes in
the temporal and spatial regulation of patterns of gene
expression (Carroll et al., 2005), and not so much to the
evolution of genes themselves, as shown by sequence com-
parison between several animal genomes. Regulation is a
process that entails an influence of higher-level processes
on molecular processes, such as transcription, RNA splic-
ing, translation etc., i.e., it involves a kind of process which
has not been clearly conceptualized yet in biological
thought, namely, downward determination (see, for in-
stance, Campbell, 1974; Andersen et al., 2000; El-Hani and
Emmeche, 2000; El-Hani and Queiroz, 2005). The time and
place in which a given set of genes is or is not activated de-
pend crucially on downward regulation, and this regulation
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is something to which genes are subjected, and not some-
thing that genes do, command, control, program, etc.

Even if we consider a single protein encoded by a
gene, it will be difficult to sustain the idea of a functional
unit, since many proteins are multifunctional. Among
many possible examples, I can mention the enzyme tryp-
tophan synthetase, which has two catalytic functions: while
its o subunit catalyzes the conversion of 1-(indol-3-yl)gly-
cerol 3-phosphate to indole and glyceraldehyde 3-phos-
phate, its B subunit catalyzes the condensation of indole and
serine to form tryptophan. Things become even more prob-
lematic when we consider alternative splicing, by means of
which one DNA locus can code for multiple polypeptides.

Alternative splicing and multifunctional proteins are
particularly consequential in these regards, since they can-
not be assimilated by a move which limits the idea of func-
tional unit to the proximal function of a gene, while this is
possible in the case of arguments grounded on the con-
text-dependence of gene action.

What Is a Gene, After All?

Our current knowledge about the physical organiza-
tion and dynamics of genomes brings to collapse the deli-
cate juxtaposition of the molecular and the Mendelian gene
established in the classical molecular concept. Historically,
it became evident that genes are neither discrete (there are
overlapping and nested genes), nor continuous (there are
introns within genes); they do not necessarily have a con-
stant location (there are transposons), and they are neither
units of function (there are alternatively spliced genes and
genes coding for multifunctional proteins, and gene action
is strongly dependent on cellular and supra-cellular con-
texts), nor units of structure (there are many kinds of cis-
acting sequences influencing transcription, split genes,
etc.). When there are so many problems with the properties
used to define a concept, it is natural to ask what, after all, is
the entity which is being defined.

Recent advances in molecular biology, genomics and
proteomics made it more and more difficult to conceive of
genes as units. It is now quite clear that biological informa-
tion operates at multiple hierarchical levels, in which com-
plex networks of interactions between components are the
rule, and, consequently, the understanding of the dynamics
and even the structure of genes demands that they be lo-
cated within complex informational networks and path-
ways (Ideker et al., 2001). We should move beyond the
treatment of genes as units of structure and function which,
secondarily, interact in complex networks. In contrast to
bean-bag and deterministic views, genes themselves should
be thought of in a systemic manner/context, as emergent
structures produced by the network of interactions into
which stretches of DNA are embedded.

Symptomatically, doubts about the status of the gene
concept are found today not only in philosophical but also
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in empirical papers, in a manner which is suggestive — if we
adopt a Kuhnian perspective — of a crisis in the paradigm
that dominated molecular biology since the proposal of the
double helix model. Indeed, within the community of ge-
neticists and molecular biologists, there is a growing feel-
ing that a change of paradigm is taking place (e.g.,
Strohman, 2002; Peltonen and McKusick, 2001).

Two recent examples of empirical papers which ex-
press doubts about the gene concept are Wang et al. (2000)
and Kampa et al. (2004). Kampa and colleagues, for in-
stance, argue that their observation that 49% of the tran-
scribed nucleotides in human chromosomes 21 and 22
amount to novel classes of RNA transcripts, while only
31.4% correspond to well-characterized genes, “strongly
support the argument for a re-evaluation of the total number
of human genes and an alternative term for ‘gene’ to en-
compass these growing, novel classes of RNA transcripts in
the human genome” (ibid., p. 331. Emphasis added). They
do not suggest that we should abandon the term ‘gene’ alto-
gether, but propose that ... the use of the term ‘gene’ to
identify all the transcribed units in the genome may need re-
consideration”, and also argue “that it may be helpful to
consider using the term ‘transcript(s)’ in place of gene”.

Fogle (1990) argued that the attempt to keep and even
save the idea of genes as units of structure and/or function
(or, for that matter, information) led to two aspects of the
now largely recognized crisis of the gene concept: the pro-
liferation of meanings ascribed to the term ‘gene’ and the
failure in acknowledging the diversity of gene architec-
tures, particularly in eukaryotes. Consequently, he vigor-
ously argued against the maintenance of the gene-as-a-unit
concept — regardless of whether as a unit of inheritance,
structure, function and/or information (see also Pardini and
Guimaraes, 1992; Fogle, 2000). It is this concept that can-
not be reconciled with our current knowledge about the
structure and functioning of genomes. This opens a door for
rescuing the gene concept by redefining it in such a manner
that the unit concept is dispensed with. This is a major
change in our view about genes. After all, the main histori-
cal baggage of this concept lies precisely in the understand-
ing of genes as basic units of life (Keller, 2005), which in
fact predates the gene concept itself (Fogle, 2000).

Some Reactions to the Problem of the Gene
Concept

Conceptual variation and ambiguities in the gene
concept

A major problem faced by the gene concept is prolif-
eration of meanings (Fogle, 1990, 2000; Moss, 2001). Con-
ceptual variation and ambiguities have been a feature of the
gene concept throughout its whole history (see, for in-
stance, Carlson, 1966), and a number of authors consider
that they even have been heuristically useful in the past
(Kitcher, 1982; Burian, 1985; Falk, 1986; Griffiths and

El-Hani

Neumann-Held, 1999; Stotz et al., 2004). The recognition
of the heuristic role of conceptual variation does not pre-
clude, however, a concern about the possibility that it can
now lead to serious difficulties. Falk (1986, p. 173), for in-
stance, considers that it ... brought us [...] dangerously near
to misconceptions and misunderstandings”. Fogle (1990,
p- 350) argues that, “despite proposed methodological ad-
vantages for the juxtaposition of ‘gene’ concepts it is also
true [...] that confusion and ontological consequences fol-
low when the classical intention for ‘gene’ conjoins a mo-
lecular ‘gene’ with fluid meaning”. Keller (2005) argues
that many problems arise from ambiguities in the usage of
the term ‘gene’, calling particular attention to difficulties
regarding gene counting, since the values obtained will
vary by 2, 3 or more orders of magnitude depending on how
genes are defined, and it is not always evident what one is
counting (see also Keller, 2000).

This conceptual variation arguably results from a
change in our attitude towards the gene. Falk argues that the
difficulties faced by the gene concept eventually led us
back to an instrumentalist view: “Today the gene is not the
material unit or the instrumental unit of inheritance, but
rather a unit, @ segment that corresponds to a unit-function
as defined by the individual experimentalist’s needs” (Falk
1986, p. 169. Emphasis in the original). That is, the gene is
currently seen once again as an instrumental, pragmatically
flexible construct that can be adjusted to the diverse needs
of researchers in different fields. Fogle (1990) offers a
mostly negative appraisal of this view, considering that re-
treating to the view that the gene is an instrumental con-
struct confounds meaning and hinders specification of gene
properties.

Searching for a single, inclusive gene concept

Conceptual variation is particularly distressing for
those who regret that the term ‘gene’ has no “precise uni-
versally accepted molecular definition” (Epp, 1997). For
them, attempts to reduce the diversity of definitions of
‘gene’ to a single gene concept are particularly welcome.
One such attempt is found in Waters (1994, p. 178): “[The]
fundamental concept [...] is that of a gene for a linear se-
quence in a product at some stage of genetic expression”.
By using a number of open clauses, he intends to accommo-
date the challenges to the gene concept. For instance, if one
asks whether introns should be included or not in genes,
Waters answers that it depends on which particular ‘linear
sequence in a product’ at which ‘stage of genetic expres-
sion’ one is addressing. If we focus on the process of tran-
scription at the stage of pre-mRNA, introns should be
included in genes. But, if we focus on the polypeptide
chain, introns should not be included.

It is not clear at all that Waters’ proposal helps solve
the problem of the gene. Even if his definition reflects the
current usage of the term ‘gene’, it is doubtful whether it
can help clarify the conceptual issues raised by the growing
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understanding of the complexity of gene expression
(Griffiths and Neumann-Held, 1999). If his definition is ac-
cepted, then several ‘genes’ will come into being at differ-
ent stages of the expression process. It is also not clear in
what sense Waters’ proposal would be explanatorily more
powerful than the set of terms currently employed to de-
scribe empirical data in molecular biology, such as ‘nonco-
ding regions’, ‘pre-mRNA’, ‘mature mRNA’, ‘intron’,
‘exon’, etc. There seems to be no good reason for defining
genes in such a way that they are conflated with established
terms in the field.

The process molecular gene concept

It is neither necessary nor desirable to have a single
definition for ‘gene’ (see Kitcher, 1982; Griffiths and
Neumann-Held, 1999); rather, we need different gene con-
cepts, useful in different areas of biology, with different
theoretical commitments and research practices. Neverthe-
less, even those who think of conceptual variation as a de-
sirable feature consider it is still the case that we should
clearly distinguish between different gene concepts and
their domains of application (e.g., Falk, 1986; Griffiths and
Neumann-Held, 1999).

Griffiths and Neumann-Held (1999) attempted to or-
ganize the variety of gene concepts by proposing a distinc-
tion between the ‘molecular’ and the ‘evolutionary’ gene.
An ‘evolutionary gene’, as introduced by Williams (1966)
and elaborated by Dawkins (1982, 1989), amounts to “any
stretch of DNA, beginning and ending at arbitrarily chosen
points on the chromosome” that can be treated as “ compet-
ing with alelomorphic stretches for the region of chromo-
some concerned” (Dawkins, 1982, p. 87). This concept
faces a number of difficulties I will not address here. I in-
vite the interested reader to consult Griffiths and Neu-
mann-Held’s paper. The molecular gene, in turn, is,
roughly speaking, a DNA sequence that codes for a poly-
peptide or RNA. This concept raises a multitude of prob-
lems, which point to a tension between two theoretical
goals: on the one hand, to identify genes with particular
segments on chromosomes (Kitcher’s (1982) ‘segmenta-
tion problem’); on the other, to make genes central ele-
ments in the developmental explanation of phenotypic
traits.

We might keep the idea that a gene is a linear DNA
sequence, but abandon the idea that it has a single develop-
mental role, defining it, for instance, as “a DNA sequence
corresponding to a single ‘norm of reaction’ of gene prod-
ucts across various cellular conditions” (Griffiths and Neu-
mann-Held, 1999, p. 658). In this approach, the unit of
development corresponding to each gene would become a
disjunction of possible consequences under a variety of
epigenetic conditions. Griffiths and Neumann-Held (1999)
call this ‘most conservative response’ to the problem of the
gene ‘the contemporary molecular gene concept’. They
claim, however, that we should abandon the goal of identi-
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fying genes with particular segments on chromosomes in
favor of the second aim, to understand genes as develop-
mentally meaningful units. This movement leads to the
‘process molecular gene concept’ (Griffiths and Neu-
mann-Held, 1999; Neumann-Held, 2001), in which genes
are not treated as ‘bare DNA’, but rather as the whole mo-
lecular process underlying the capacity to express a particu-
lar product (a polypeptide or a RNA). They characterize
this concept as follows: ““ ‘gene’ denotes the recurring pro-
cess that leads to the temporally and spatially regulated ex-
pression of a particular polypeptide product” (Griffiths and
Neumann-Held, 1999, p. 659).

This alternative builds the different epigenetic condi-
tions which can affect gene expression into the gene. It
takes a more process-oriented (rather than substance-
oriented) view on genes, stressing how they are used, rather
than what they are as physical entities.

Some problems faced by the gene concept support
this move. Consider, for instance, that the role of a particu-
lar DNA sequence in a developmental system influences
whether the sequence is used as an intron or a coding re-
gion, or whether it acts as a promoter or as part of an open
reading frame. Therefore, functional descriptions of re-
gions in DNA, such as ‘gene’, ‘promoter’, ‘enhancer’, can-
not be explained merely in structural terms. A structural
description of DNA is, at best, a necessary condition for the
functional description to apply, but not a sufficient condi-
tion, given the context-dependence of the function a given
DNA region performs. Moreover, the process nature of the
concept arguably makes it possible to accommodate anom-
alies which the classical molecular or, for that matter, the
contemporary molecular gene concept has difficulty in fac-
ing, such as alternative splicing or mRNA editing. The key
for dealing with these anomalies is the fact that the molecu-
lar process gene concept builds into the gene the particular
processes involved both in alternative splicing and mRNA
editing.

The molecular process gene concept has, however, a
number of potential troublesome consequences (Moss,
2001). First, it substantially increases the number of genes
in eukaryotes, due to the great number of polypeptide
isoforms generated by alternative splicing. Second, it
makes it necessary to include in genes the multimolecular
systems associated with transcription and splicing. Thus,
the process molecular gene would jump to a higher level in
the biological hierarchy. Third, it is hard to individuate
genes in accordance with this concept, given the extreme
context-dependence of gene expression.

Nevertheless, these problems may not look so deci-
sive, if seen from the perspective of the criticism of the
‘substance paradigm’ or ‘myth of the substance’ (Seibt,
1996) that has been put forward by a number of thinkers,
such as Whitehead, Peirce, Weiss, Alexander, Lloyd Mor-
gan, among others (see Rescher, 1996). These thinkers ad-
vocate a process philosophical approach, in which pro-
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cesses are treated as being more fundamental than entities,
as ontological categories. From this perspective, the prob-
lem of individuating process genes would be seen as just
natural, since processes are, by their very nature (say, their
context-dependence), more difficult to individuate. But, if
we come to the conclusion that genes are more properly
conceptualized as processes, we should not shy away from
the task of individuating them, even though it is a formida-
ble one.

Gene-P and gene-D

Another attempt to organize the variety of gene con-
cepts is found in Moss’ (2001, 2003) distinction between
gene-P (the gene as a determinant of phenotypes or pheno-
typic differences, with no requirements regarding specific
molecular sequence nor with respect to the biology in-
volved in the production of the phenotype) and gene-D (the
gene as a developmental resource which is in itself indeter-
minate with respect to phenotype).

Moss forcefully argues that genes can be productively
conceived in these two different ways, but nothing good re-
sults from their conflation, since it leads to genetic deter-
minism. Gene-P, on the one hand, is the *“ expression of a
kind of instrumental preformationism” (Moss, 2001, p. 87),
showing its usefulness due to the epistemic value of its pre-
dictive power and its role in some explanatory games of ge-
netics and molecular biology. On the other hand, gene-D is
conceived, in a more realist tone, as a developmental re-
source defined by a specific molecular sequence and func-
tional template capacity. Gene-D plays an entirely different
explanatory game, in comparison to gene-P. Gene-P and
gene-D are, in short, distinct concepts with different condi-
tions of satisfaction for what it means to be a gene.

Genes as sets of domains in DNA

Fogle’s (1990, 2000) proposal of treating genes as
sets of domains in DNA is both interesting and somewhat
neglected. He argues that we should abandon the classical
unit concept and recognize that a gene is constructed from
an assemblage of embedded, tandem, and overlapping do-
mains in DNA. By ‘domains’, Fogle means sequences of
nucleotides which can be distinguished from each other on
the basis of their structural properties and/or activities/
functions: exons, introns, promoters, enhancers, operators,
etc. Domains can be combined in a variety of ways to form
sets, or, as Fogle (1990, 2000) calls them, “Domain Set for
Active Transcription” (DSAT). He finds a similarity be-
tween his proposal and procedures used by molecular ge-
neticists, who, when speaking about enhancers, promoters,
exons, etc., would have in mind common properties of
structure or activity among genes, i.e., they would be “ dis-
secting genes into domains” (Fogle, 1990, p. 368).

Despite Fogle’s negative appraisal of instrumentalist
views about genes, I believe that his proposal points, after
all, to an instrumental approach to genes: DSATSs seem to
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be constructs established by agreement in a community of
researchers, and it would be quite hard to argue for a hy-
pothesis of correspondence between these constructs and
real entities, as we would face again the host of problems
discussed above, such as gene overlapping, for instance.
Nevertheless, there is also a realist side to Fogle’s proposal,
since he clearly treats domains in a realist way, assuming
hypotheses of correspondence between concepts like exons
or enhancers and actual structures in DNA.

Fogle’s approach can arguably offer an invaluable
contribution to current research in genomics and molecular
genetics. Consider, for instance, that, when the draft of the
human genome sequence was published in 2001, one of its
puzzling features was that our species seemed to have
fewer genes than formerly expected. This can be explained
by mechanisms which allowed for the expansion of the
proteome of metazoans without a corresponding expansion
of the number of coding regions in DNA, such as alterna-
tive splicing (Maniatis and Tasic, 2002). In view of these
mechanisms, counting genes in an organism can be very
misleading. But to count, instead, the number of sets of do-
mains or DSATSs can give a more accurate picture. As Fogle
(1990, p. 368) comments, ““ the number of DSATSs in the ge-
nome far exceeds the number of genes as defined by units
and more accurately quantifies the number of primary poly-
peptide products”.

There are certainly several important tasks to be ad-
dressed before contributions can stem from this approach.
The expansion of the zoo of instrumentally formulated ge-
netic entities in the last three decades has resulted in a rather
loose and sometimes confusing usage of terminology in
molecular genetics. For instance, what is the difference be-
tween ‘regulatory element’, ‘cis--acting element’, ‘cis-act-
ing sequence’, ‘regulatory sequence’, and ‘5’ regulator’? It
is quite clear that these terms substantially overlap in mean-
ing, and most of them should be either eliminated or de-
fined in more precise terms. Obviously, this problem
cannot be solved merely by interpreting genes as sets of do-
mains, but this interpretation can help by demanding that
domains be clearly specified by structure and/or activ-
ity/function. Therefore, a first task would be to build a for-
mal system to designate and describe domains in DNA,
through efforts similar to the Gene Ontology Consortium
(Ashburner ef al., 2000).

The second development from Fogle’s ideas would
be to establish formal procedures for the combinations of
domains in DSATSs or genes, taking in due account, as far as
possible, the practices currently used by communities of
geneticists and molecular biologists, since they would be
the ones ultimately making use of the ‘libraries’ of domains
and formal rules of combination resulting from this effort.

The systemic gene concept

The Brazilian researchers Pardini and Guimaraes
(1992) brought an interesting contribution to the discus-
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sions about the gene concept. They proposed a systemic
concept of the gene, according to which “the gene is a com-
bination of (one or more) nucleic acid (DNA or RNA) se-
quences, defined by the system (the whole cell, interacting
with the environment, or the environment alone, in sub-
cellular or pre-cellular systems), that corresponds to a prod-
uct (RNA or polypeptide)” (ibid., p. 717; see also p. 713).
This definition treats the genome as part of the cellular sys-
tem, which “builds, defines and uses the genome as part of
its memory mechanisms, as an interactive database” (Gui-
mardes and Moreira, 2000, p. 249).

The systemic concept of the gene shows some simi-
larities to Fogle’s conception of genes as sets of domains in
DNA, even though Fogle’s proposal seems to be restricted
to DNA genomes (Guimardes, pers. comm.). Pardini and
Guimaraes (1992, p. 716) stress the dynamics of the rela-
tionship between encoded information and the product of
its decoding, which is quite complex, varying with the spa-
tial and temporal conditions of occurrence. Guimaraes and
Moreira (2000) argue that the meaning of a DNA segment
is relative, depending on the expression system in which it
is embedded. Consequently, its meaning can be plural: the
multivocal nature of genes, particularly in eukaryotes,
stems from the context-dependence of gene expression.
Even though it seems tempting to conclude that this ap-
proach is similar to Neumann-Held’s process molecular
gene concept, it is important to emphasize that this would
be a mistake (Guimaraes, pers. comm.). The systemic gene
concept indeed alludes to the process which specifies or de-
marcates the gene, as an adequate combination of (one or
more) genomic sequences corresponding to a product, but it
takes this demarcation as the result of a process which is not
included itself in the gene.

Concluding Remarks

The gene seems to be now between the sword, as it is
clearly under the risk of being deleted from the genetic vo-
cabulary, and the cross, given current efforts to save it from
this fate. In this review, I described how the gene concept
arrived at these difficult circumstances, but I opted for the
path of the cross, addressing alternatives to the usual under-
standing of this concept, which suggest interesting manners
of rescuing it from its current crisis. The problem has its
roots in the treatment of genes in Mendelian genetics as
units in the genetic material. This treatment was updated in
the classical molecular gene concept, which characterized a
gene as a stretch of DNA encoding a functional product, a
single polypeptide chain or RNA molecule. Our current
knowledge about the physical organization and dynamics
of genomes clearly shows that this juxtaposition of the mo-
lecular and the Mendelian gene is untenable. In this sce-
nario, it is worth considering the possibility of treating the
gene concept in such a manner that the unit concept is dis-
pensed with. We find in Fogle (1990, 2000) an interesting
proposal to this effect, in which genes are treated as sets of

305

embedded, tandem, and overlapping domains in DNA. In a
somewhat related vein, Pardini and Guimaraes (1992) put
forward a systemic concept of the gene, which treats the
gene as a combination of nucleic acid sequences corre-
sponding to a product (RNA or polypeptide), specified or
demarcated by the cellular system.

Another proposal goes even further and moves from a
substance- to a process-oriented view of genes, the process
molecular gene concept (Griffiths and Neumann-Held,
1999; Neumann-Held, 2001). In these terms, genes are not
conceptualized as sequences of nucleotides in DNA, but
rather as the whole molecular process leading to the tempo-
rally and spatially regulated expression of a particular poly-
peptide or RNA product.

Finally, one important lesson we can draw from the
above discussions concerns the demand for generality in bi-
ological definitions. As it is the case with other biological
concepts (e.g., the concept of organism. See Sterelny and
Griffiths, 1999), a gene concept need not be entirely gen-
eral in order to be useful. A variety of gene concepts, each
with a well-delimited domain of application, can have more
explanatory and heuristic power than an allegedly universal
definition of a gene. In a discussion about the nature of laws
in biology, Weber (1999) argues for biological laws which
generalize over a restricted domain of application. I am ad-
vocating that the same approach should be applied to the is-
sue of the generality of biological concepts, including
‘gene’.

The ideas discussed in this review arguably offer in-
teresting grounds to put into question standard ideas about
genes, both in teaching and research, and, consequently,
can pave the way to a replacement of the classical molecu-
lar gene concept by a new (and possibly plural) understand-
ing of what is a gene, which seems to be under construction
right under our noses.
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