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a b s t r a c t

While the Human Genome Nomenclature Committee (HGNC) concept of the gene can accommodate a
wide variety of genomic sequences contributing to phenotypic outcomes, it fails to specify how
sequences should be grouped when dealing with complex loci consisting of adjacent/overlapping
sequences contributing to the same phenotype, distant sequences shown to contribute to the same gene
product, and partially overlapping sequences identified by different techniques. The purpose of this paper
is to review recently proposed concepts of the gene and critically assess how well they succeed in
addressing the above problems while preserving the degree of generality achieved by the HGNC concept.
I conclude that a dynamic interplay between mapping and syntax-based concepts is required in order to
satisfy these desiderata.
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1. Introduction

The Human Genome Nomenclature Committee (HGNC) defines
a gene as a

DNA segment that contributes to phenotype/function. In the
absence of a demonstrated function a gene may be character-
ized by sequence, transcription or homology. (Wain et al.,
2002, p. 464)

The first half of the definition refers to a mapping of pheno-
types,1 as it is typically done in forward genetics, as well as to molec-
ular experiments demonstrating a causal link between a genomic
sequence and a phenotype (e.g., transgenic/knockout organisms,
site-directed mutagenesis and other forms of genetic engineering).
The second half of the definition is meant to accommodate a situa-
tion where putative genes2 are identified via genome annotation
techniques or homology-driven mapping of gene product sequences
onto genomic DNA. It is interesting therefore to observe that the
HGNC concept is pluralistic in nature, as it encompasses several
approaches to gene identification, most notably the mapping of

phenotypes and gene products, and sequence annotation techniques.
Similar distinctions between two main classes of gene concepts are
found in the philosophical literature—gene-P/gene-D (Moss, 2003)
and the instrumental/nominal gene (Griffiths & Stotz, 2006)3—, and
several authors defend pluralism about gene concepts (Griffiths &
Stotz, 2006; Moss, 2003; Stotz, Bostanci, & Griffiths, 2006; Waters,
2006, 2008).

The HGNC concept has several advantages. By allowing genes to
be defined in terms of their effects on phenotypes alone (as stipu-
lated by the first half of the concept) and independently of any
other expectations about structural motifs typically associated
with genes (the definition covered in the second half of the concept
is strictly required only if the contribution to phenotypes is uncer-
tain), the HGNC concept can accommodate a wide range of findings
about genomic contributions to phenotypes, including sequences
coding for protein products and regulatory RNA species, sequences
specifying post-transcriptional/translational processing (e.g., splic-
ing, glycosylation), miscellaneous DNA motifs (e.g., repetitive se-
quences increasing the probability of genomic rearrangements
associated with certain medical conditions, ‘spacer’ regions of a
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1 The term ‘phenotype’ is broadly understood as the inherited trait, medical condition, biological function, developmental outcome, or overall phenotype under investigation.
2 Sequences likely to contribute to phenotypes given our background knowledge about the mechanisms of genome expression. For example, promoter-like sequences

preceding open reading frames are likely to be expressed as protein products, which are in turn are expected to contribute to some phenotype.
3 Note that the first half of the HGNC concept differs from gene-P and the instrumental gene since it explicitly treats genes as causal factors contributing to the observed

differences in phenotype. Genes are viewed as causal ‘difference makers’ (Muller, 1951; Waters, 1994, 2007) rather than instrumental correlates of phenotypic differences
(Morgan, 1935; Rheinberger & Müller-Wille, 2008).
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definite length but variable sequence required by certain regula-
tory mechanisms), or sequences that contribute to phenotypes
via yet to be elucidated mechanisms. Thus, the HGNC concept ad-
dresses important criticisms concerning the inability of molecular
gene concepts to account for newly discovered mechanisms of gen-
ome expression (Gerstein et al., 2007; Portin, 2009).

The HGNC concept is also sensitive to the issues of genetic
determinism and epigenetic contributions to phenotypes (Fox Kel-
ler, 2001; Griffiths & Stotz, 2006; Oyama, 2000). While it limits the
use of the term ‘gene’ to genomic sequence contributions to pheno-
types, it does not define genes as unique causal determinants, as
contributing to all known instances of inherited phenotypes, or
as providing sufficient explanations of why and how certain phe-
notypes occur. Rather, it adopts a deflationary view according to
which genes are causally-relevant factors that contribute, along
with other factors, to certain, but not all, phenotypes (Baetu, in
press-a). Finally, by accommodating sequences identifiable by a
plurality of techniques, the HGNC concept represents an acknowl-
edgment of the fact that there is no unique set of structural motifs
that characterize genes (Burian, 2004; Falk, 2003), and that the
genome is a complex network of structural motifs (Griffiths &
Stotz, 2006; Portin, 2009).

On the negative side, the HGNC concept fails to provide a prin-
cipled way of organizing the overwhelming variety of sequences
that may count as genes, leading to a genome annotation problem:
it is not clear whether genomic sequences shown to contribute to a
phenotype, especially ones that overlap or are immediately adja-
cent, are [parts of] the same gene, different genes, or if each se-
quence counts as a distinct gene. As I will show in a moment, the
annotation problem is particularly troublesome because different
ways of grouping sequences are known and expected to result in
different phenotypes.

The goal of this paper is to review newly developed mapping
and syntax-based concepts and assess how well they succeed in
addressing the annotation problem while preserving the advanta-
ges of the HGNC concept. I argue that recent concepts solve the
annotation problem by grouping together sequences contributing
to a given phenotype via the same genome expression pathway.
Nevertheless, in order to preserve the degree of generality
achieved by the HGNC concept, I conclude that a pluralism involv-
ing a dynamic interplay between mapping and syntax-based con-
cepts is required.

The paper is organized as follows: In Section 2, I discuss in more
detail the annotation problem. In Sections 3 and 4, I review recent
syntax-based and mapping concepts. In Section 5, I assess how
well these concepts succeed in addressing the annotation problem
while preserving the advantages of the HGNC concept. In Section 6,
I argue that a pluralism involving a dynamic interplay between
multiple concepts is best suited for achieving the above desiderata.
I show how the conflicts between the organizational schemes
introduced by mapping and syntax-based concepts can be solved
in order to make pluralism a viable option, and I illustrate how
some of the most complex cases of genome expression are handled
under a pluralistic framework. Finally, in Section 7, I summarize
my arguments and findings.

2. The annotation problem

The annotation problem arrises when complex loci consisting of
adjacent and/or overlapping sequences contribute to the same

phenotype; when distant sequences are shown to contribute to
the same gene product; and when different techniques identify
partially overlapping sequences contributing to a phenotype/gene
product (Fig. 6, left panel). Are these genomic sequences [parts
of] the same gene, several different genes, or is each of them a gene
in its own right? The HGNC concept doesn’t tell us how to group
these sequences, or even if we should group them into units of
genomic organization, yet the question is relevant because differ-
ent ways of grouping sequences are known and expected to result
in different phenotypes.4

To illustrate the problem, consider the following situation: loss
of expression due to a mutated promoter (regulatory sequence) P
overrides the effects of a second mutation in the protein coding se-
quence (open reading frame) A resulting in an incorrectly folded
protein if both mutations affect the same transcription unit; this
is not the case if P belongs to a different transcription unit, associ-
ated with a different coding sequence B, also known to contribute
to the phenotype under investigation. In the first scenario, there is
a complete failure to produce protein A, while protein B is synthe-
sized; in the second, protein A is synthesized, but fails to fold cor-
rectly, while protein B is not produced. One way or another,
sequences P, A and B contribute to the same phenotype, and
loss-of-function mutations in these sequences result in a symp-
tomatically identical medical condition. Nevertheless, it is also
clear that the molecular phenotype is very different depending
on how these sequences relate to each other. In turn, molecular
phenotypes play an important role in how treatments are designed
and how patients respond to them; in this case, it makes a differ-
ence which protein is targeted for treatment, and whether one
chooses to restore protein synthesis by means of gene therapy or
opts for drug therapy promoting the refolding of proteins in the
correct conformation.

Actual cases of this sort are very common. The achaete-scute
complex locus provides a historical example where some comple-
mentation groups identified by classical techniques failed to over-
lap with molecular open reading frames, leading to questions
about whether they constitute separate genes or they should be
grouped as parts of other genes (Baetu, 2010; Weber, 2005). Fur-
ther analysis revealed that these complementation groups are reg-
ulatory sequences associated with previously identified open
reading frames (Ghysen & Dambly-Chaudiere, 1988). Another
example is provided by the complex loci associated with the Eh-
lers-Danlos syndrome, where closely packed sequences affecting
the structure/production of several collagen proteins are mutated
(Beighton, De Paepe, Steinmann, Tsipouras, & Wenstrup, 1998).
From a medical point of view, it is not enough to compile a list
of sequences contributing to the syndrome. In order to explain sub-
tle differences in the onset and the progression of the disease, de-
vise treatments and explain differences in treatment response
between patience, it is also essential to elucidate the molecular
phenotype of each patient (Baetu, 2011); as illustrated in the sche-
matic situation discussed above, this requires that sequences are
grouped into units of genomic organization.

The upshot of these observations is that the grouping of se-
quences contributing to phenotypes into various units of genomic
organization is itself a causally-relevant contributor to phenotypes,
and therefore should be part of the concept of the gene. Previously
proposed gene concepts, classical (the functional unit/cistron) and
molecular (the transcription unit, the open reading frame), capture
some of these organizational features, but fail to do justice to the

4 Grouping sequences in units of genomic organization is important for experimental reasons as well. The results of high-throughput experiments (e.g., microarray technology
used by various transcriptomics projects) are interpreted based on prior expectations about sequences likely to be genes in order to distinguish relevant patterns of genome
expression from ‘background noise’ levels of transcription (Gerstein et al., 2007, p. 674). Genetic engineering and in vitro expression techniques also rely extensively on
knowledge about organizational features of the genome (e.g., plasmids are organized as ‘mini-genomes’, site-directed mutations are operated relative to syntax-like motifs such
as promoters or open reading frames rather than the absolute position of a sequence along the chromosome).
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structural complexity of the genome. Sequences that do not fit any
of the previous organizational schemes, yet contribute to pheno-
types constitute a serious problem for these concepts. The HGNC
concept succeeds where other concepts fail, yet success comes at
a price: what the HGNC concept gains in terms of ability to accom-
modate genomic contributions to phenotypes, it loses in terms of
ability to group these contributions units reflecting organizational
features of the genome.

In the remaining sections of the paper, I discuss how novel gene
concepts address the annotation problem, how well they succeed
in preserving the advantages of the HGNC concept, and conclude
with my own implementation of a pluralist alternative to the
HGNC concept.

3. Syntax-based concepts

3.1. Theoretical and experimental basis

The elucidation of the mechanisms of genome expression sug-
gested that genes are characterized by a set of conserved sequence
motifs required for the interaction with the transcriptional and
translational machinery of the cell in order to generate gene prod-
ucts (eventually contributing to a phenotype) from a DNA tem-
plate. The transcription unit and the open reading frame
molecular concepts are often characterized in such a manner. For
instance, the basic prokaryotic transcription unit (Fig. 1) is typi-
cally characterized as two regulatory regions responsible for
recruiting the RNA polymerase, a transcribed coding sequence
and a transcription termination sequence. Within the transcribed
sequence, one or more open reading frames are marked by a site
responsible for recruiting ribosomes (the Shine-Delgarno box), a
‘begin translation’ site (AUG codon), a succession of codon se-
quences specifying the primary peptide sequence, and an ‘end
translation’ site (termination codon).

According to syntax-based concepts, a region of the genome that
is expressed as gene products is characterized by the presence of
syntax-like conserved sequences providing instructions for tran-
scription and translation; in contrast, a region of the genome that
is not expressed does not contain such sequences. The adequacy of
this assumption is amply verified by the success of a variety of
experimental techniques ranging from in vitro synthesis protocols
to genetic engineering. Thus, if properly annotated and analyzed
in the right order, the conserved sequence motifs contained in the
genome can help us predict how the genome will be regulated, what
genomic sequences will be expressed and as what gene products.

3.2. Recently proposed syntax-based concepts

The fact that, in many cases, the mechanisms associated with
genome expression work in concert with conserved DNA se-
quences suggests that one way to cope with the complexities
brought about by the discovery of ever more complex regulatory
and post-transcriptional/translational processing mechanisms is
to update and extend traditional syntax-based gene concepts.

A step in this direction is illustrated by the concept of ‘gene reg-
ulatory networks’, which are defined as

hardwired genomic regulatory codes, the role of which is to
specify the sets of genes that must be expressed in specific spa-
tial and temporal patterns. [. . .] these control systems consist of
many thousands of modular DNA sequences. Each such module
receives and integrates multiple inputs, in the form of regula-
tory proteins (activators and repressors) that recognize specific
sequences within them. The end result is the precise transcrip-
tional control of the associated genes. (Davidson & Levine, 2005,
p. 4935)

A partial network is illustrated in Fig. 2. Note that conserved se-
quences (in this case, binding sites for the transcriptional activator
NF-jB) play a crucial role in specifying which parts of the genome
(‘gene modules’) are transcribed following cell stimulation.5

Alternatively, genes can be defined by analogy with ‘subrou-
tines in the genomic operating system’, ‘‘in very much the same
way that grammars are used to describe computer programs—with
a precise syntax of upstream regulation, exons, and introns’’ (Ger-
stein et al., 2007, p. 671). Instead of taking into account only the
basic syntax of transcription and translation, Gerstein et al. pro-
pose an extended syntax including sequences recognized by tran-
scription factors (enhancers, promoters, activator/repressor
binding sites associated with regulatory networks) and sequences
signaling splicing. In fact, nothing prohibits us extending this ap-
proach to any sequence-specific aspect of genome expression,
including chromatin regulation (matrix binding and nucleosome
assembly), binding associated with translational regulation and
post-translational modifications (glycosylation, phosphorylation,
cleavage of polyproteins).

The above models describe the genome as analogous to a ‘mas-
ter program’ or ‘physical addresses within a hardwired network’
relying on a set of syntax-like sequence motifs specifying where
in the genome and which transcription factors bind in order to reg-
ulate transcription. At each site where transcription is initiated, a
‘module is activated’ or a ‘subroutine is run’; each of these mod-

Fig. 1. The prokaryotic transcription unit.

5 In resting immune T-cells, inhibitor IjB binds the NF-jB transcription activator, trapping it in the cytoplasm. When the cell is exposed to certain stimuli, IjB is degraded,
freeing NF-jB which can now translocate to the nucleus, bind conserved sequences present in the promoter of its target genes, and trigger an increase in the expression of ligands,
cell-surface receptors, and other proteins required for a successful immune response. NF-jB also binds the promoter of the IjB gene, leading to an increased production of IjB,
which binds NF-jB, trapping it back in the cytoplasm. Thus, following stimulation, cells are rapidly activated, then automatically return to a resting state by means of a negative
feedback mechanism. At the same time, NF-jB regulates the expression of proteins involved in cell death. In the event that cell activation is not terminated, cells die rather than
cause detrimental autoimmune reactions.
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Fig. 2. Gene regulatory network associated with the NF-jB signaling pathway in T-cells [adapted from (Baetu & Hiscott, 2002)].

Fig. 3. The hierarchical-modular organization of the genome.
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ules/subroutines counts as a gene. Finally, sequences within the
transcribed DNA mark sites for further processing of the RNA tran-
script leading to the synthesis of one or more gene products.

Leaving aside the analogies with computer programs and hard-
wired electronic circuits, both approaches share the view that the
genome is organized as three nested levels6 of syntax-like DNA mo-
tifs (Baetu, in press-b). The genomic level is the realm of transcrip-
tion regulation (Fig. 3, top). Regulatory sequences distributed at
various sites throughout the genome play a role in specifying where
in the genome and which transcription factors bind in order to initi-
ate, enhance or prohibit transcription. The gene level corresponds to
the transcribed DNA (Fig. 3, middle). For the most part, genes behave
like independently processed modules because, once transcribed,
their sequence is processed in accordance to the conserved syntax-
like motifs contained within their boundaries alone. Genes are there-
fore characterized as modular sets of instructions for the genome
expression machinery of the cell; these instructions are located
within transcribed sequences known or expected to contribute to
phenotypes and are processed independently of other such sets.
The sub-gene level is the realm of translation, translational control
and post-transcriptional/translational processing (Fig. 3, bottom).
Sequences within the transcribed/translated DNA mark sites for
eventual RNA translation and further [alternate] processing of
RNA/peptide leading to the synthesis of one or more gene products.

4. Mapping concepts

4.1. Theoretical and experimental basis

Mapping concepts have a long and illustrious history in genetics
(Gaudillière & Rheinberger, 2004a, 2004b). 20th century classical
genetics was to a considerable extent an attempt to map pheno-
typic outcomes onto genetic, and whenever possible, chromosomal
maps (Fig. 5, left side). In turn, genetic and chromosomal maps

provide means to explain and predict patterns associated with
the transmission of inherited phenotypes [e.g., linkage/segregation,
differences in recombination frequencies, sex-linkage (Darden,
1991)].

The investigation of phenotypes by classical methods reveals
that genes are not indivisible point locations on chromosomes,
but extended chromosomal segments organized as functional units
(also known as complementation groups or cistrons). Complemen-
tation refers to a situation where the crossing of two mutant
strains yields a wild-type phenotype. Complementing mutations
displaying Mendelian patterns of transmission were used to infer
the number of distinct loci contributing to a phenotype by reason-
ing that the mutations must affect distinct ‘functional units’ (if the
mutations were in the same unit, the offspring could have not re-
ceived a copy of the wild-type unit since none of the parents had
one; Fig. 4, top). Low-frequency occurrences of complementation
were attributed to intragenic recombination events, and are used
to generate high-resolution genetic maps (Fig. 4, bottom).

The Central Dogma of molecular biology, in conjunction with
the elucidation of the mechanisms of genome expression,
prompted a switch of focus from mapping phenotypes to mapping
gene products (Fig. 5, right side), and from genes as chromosomal
correlates of phenotypes to genes as causal contributors to pheno-
types. While each gene product may contribute to a variety of phe-
notypes and each phenotype may require the contribution of more
than one gene product, gene-gene product mapping is consider-
ably more straightforward due to the more or less perfect sequence
homology between the DNA template, the transcribed RNA and the
translated peptide. In fact, there is a strict sequence homology
allowing for one-to-one correspondence between many prokary-
otic open reading frames and their final protein gene products.
Eukaryotic gene product mapping turned out to be more challeng-
ing, revealing both discontinuities in translated sequences, leading
to the discovery of RNA splicing, as well as minute discrepancies

Fig. 4. Complementation.

6 These ‘levels’ are borrowed from the hierarchical-modular organization of computer programs, and refer to the order in which various sequences are ‘read’ or ‘processed’
during genome expression. For example, ‘higher-level’ regulatory sites are ‘read’ first and determine which sets of sequences are ‘processed’ subsequently (splicing sites,
translation initiation sites, codons, etc.).
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between genomic and gene product sequences, ultimately leading
to the discovery of several post-transcriptional/translational pro-
cessing mechanisms.

4.2. Recently proposed mapping concepts

In its modern incarnation, a mapping concept is the descrip-
tion of a state of affairs: genomic sequence X contributes to gene
product Y and/or phenotypic outcome Z. Forward genetics stud-
ies show that sequence X is associated with phenotype Z, while
reverse genetics studies reveal sequence homology with gene
product Y and demonstrate the causal contribution of sequence
X to phenotype Z by means of various genetic engineering tech-
niques. No further assumptions about syntax-like motifs and
organizational features typically associated with genes are re-
quired for mapping. This lack of pre-established commitments
about structural features typically associated with the genomic
sequences that count as genes played and continue to play an
important role in the discovery of post-transcriptional/transla-
tional processing events, as well as atypical sequences contribut-
ing to phenotypes. For example, splicing was discovered because
mRNA/protein sequences mapped to non-contiguous stretches of
genomic DNA, trans-splicing was discovered because some
mRNA species contained a duplicated exon not found in genomic
DNA, and certain repeat sequences were shown to contribute to
phenotypes even though they are not involved in genome
expression.

Nonetheless, despite its use in a variety of experimental con-
texts, its pragmatic appeal and its role in discovery, a minimalist
concept based on mapping alone suffers from the same annotation
problem as the Human Genome concept: while it picks all imagin-
able genomic contributions to phenotypes, it fails to provide any

principled way of deciding whether adjacent/overlapping se-
quences are [parts of] the same gene.

Gerstein et al. attempt to overcome this shortcoming by elabo-
rating a functional mapping concept according to which a gene is
the ‘‘union of genomic sequences encoding a coherent set of poten-
tially overlapping functional products’’ (2007, 677). The justifica-
tion of the functionality requirement stems from a desire to
unify classical mapping of phenotypes and the molecular mapping
of gene products (the two sides of Fig. 5): ‘‘An important aspect of
our proposed definition is the requirement that the protein or RNA
products must be functional for the purpose of assigning them to a
particular gene. We believe this connects to the basic principle of
genetics, that genotype determines phenotype. At the molecular
level, we assume that phenotype relates to biochemical function’’
(2007, 679).

The fact that a phenotype may map at distinct loci is not a prob-
lem as long as the loci in question contribute to that outcome by
coding for gene products. Conversely, the fact that the same locus
may contribute to several phenotypes is not a problem as long as
this contribution is mediated by the same or sequence-homolo-
gous gene product(s) playing a similar biochemical function. Prob-
lems arise when phenotypic outcomes map onto regulatory and
other non-expressed sequences, thus failing to overlap with any
mapped gene products; and when gene products mapping onto
overlapping DNA sequences share very little sequence homology,
to the point that they contribute or are likely to contribute to phe-
notypes by playing very different roles in the context of distinct
molecular mechanisms. Gerstein et al. (2007, pp. 676–77) address
such problematic cases by proposing that a gene ‘‘is a genomic se-
quence (DNA or RNA) directly encoding functional product mole-
cules, either RNA or protein’’ (regulatory regions are therefore
removed); that if ‘‘there are several functional products sharing

Fig. 5. Mapping of phenotypes and gene products.
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overlapping regions, one takes the union of all overlapping geno-
mic sequences coding for them’’ (the presence of overlaps being
an indication of a similarity in biochemical properties; e.g., shared
functional protein domains), and that ‘‘the union must be coher-
ent—i.e., done separately for final protein and RNA products’’
(RNA and protein are products of distinct genes even if the DNA
templates coding for these products overlap due to the fact that
they typically contribute to phenotype by means of distinct
mechanisms).

5. Comparative assessment

5.1. Syntax-based concepts

According to hierarchical-modular models of genome expres-
sion, sequences contributing to a phenotype are grouped together
if they are parts of the same transcribed sequence or play a role in
its transcription. Sequences of the latter sort may belong to more
than one group and are the first to be ‘read’/‘processed’ during gen-
ome expression; for the most part, they are regulatory sequences
playing a role in the transcription of one or more gene module/sub-
routine sequences. Sequences of the former sort tend to form
mutually exclusive groups (i.e., they belong only to one gene mod-
ule/subroutine) and are ‘read’/‘processed’ at later times during
genome expression. Thus, recently proposed syntax-based charac-
terizations provide a straightforward solution to the annotation
problem: adjacent/overlapping sequences are grouped together if
they contribute to a product/phenotype via the same genome
expression pathway (i.e., via a common primary transcript).
Branchings of expression pathways are allowed both before (e.g.,
DNA rearrangements; Fig. 7), and after transcription (e.g., alterna-
tive splicing; Fig. 3); what is strictly required for a genome expres-
sion pathway to be recognized as a uniquely identifiable process is
the transcription of a single, well-defined genomic sequence.

Set aside the above solution to the annotation problem, syntax-
based concepts offer other advantages as well. They allow for com-
plex modes of representation such as gene regulatory networks,
program-like sets of instructions, boolean networks and computer
simulations, all of which are useful in summarizing and system-
atizing large bodies of information about genome expression. Syn-
tax-based concepts identify genes based on an analysis of DNA
sequences (in conjunction with background knowledge of the
mechanisms of genome expression), thus making possible predic-
tions about patterns of genome expression, gene products and
their probable biochemical function, and, whenever possible, the
phenotypes to which these products may contribute. Equally
important, syntax-based concepts play a prominent role in molec-
ular-mechanistic explanations. The organizational features of the
genome play an important part of accepted explanations by pro-
viding important clues as to why there is order and regularity in
the way the genome is regulated, expressed and processed. Finally,
in vitro transcription and translation experimental protocols, as
well as the vectors and inducible gene expression systems used
in gene therapy and genetically modified organisms rely on knowl-
edge of conserved sequence motifs.

On the negative side, the predictions made in light of syntax-
based concepts are notoriously probabilistic. Syntax-based con-
cepts may fail to identify all and only DNA sequences contributing
to a given phenotype. This may be in part due to the stochastic nat-
ure of molecular interactions, and in part to an incomplete and
oversimplified understanding of sequence-specific binding. For in-
stance, current concepts fail to take into account the fact that when
a protein binds DNA, it creates bends and torques in the DNA dou-
ble-helix, thus altering to various degrees the spacing and position
of nucleotides required for the binding of other proteins (Kerchner,
Lu, & Lewis, 1997). They also fail to take into account ‘accidental’

transcription events (e.g., RNA polymerase going past termination
sequences), as well as low-level transcription of apparently ran-
dom stretches of genomic DNA; while many researchers treat
these events as ‘background noise’ due to the inherently stochastic
and inefficient nature of molecular mechanisms, some authors
hypothesize that they might have a biological significance (Finta
& Zaphiropoulos, 2001).

It is also not clear if syntax-based concepts can accommodate
all known exceptions to the modularity of transcription units. For
instance, trans-splicing (splicing of exons from two different pri-
mary RNA transcripts) can be accommodated as a special case.
Trans-splicing is driven by conserved sequences required for splic-
ing in general, and therefore is in agreement with a syntax-based
approach. Furthermore, naturally occurring trans-splicing involves
either transcripts originating from the same transcription unit
(Caudevilla et al., 1998) or highly homologous units [genes sharing
‘‘a high degree of similarity’’, such as duplicated genes (Finta &
Zaphiropoulos, 2002, p. 5882)]; we are thus dealing with a local,
homology-driven cross-modular processing involving identical or
very similar modules, not with a generalized breaking of modular-
ity. Nonetheless, the expression of some mitochondrial genes
seems to require the concatenation of several non-homologous/
non-overlapping transcripts via unknown RNA processing mecha-
nisms (Marande & Burger, 2007). Also, in some ciliates, genome
expression is preceded by the splicing of non-contiguous DNA
pieces scattered across one or more loci into single-gene ‘nano-
chromosomes’ [Fig. 7; (Klobutcher, Jahn, & Prescott, 1984)]. While
there is evidence suggesting that these novel mechanisms of gen-
ome expression rely on syntax-like sequence motifs (Chang, Bry-
son, Liang, Shin, & Landweber, 2005), it is not clear if they can be
accommodated by modular-hierarchical models such as the one
depicted in Fig. 3.

5.2. Mapping concepts

The lack of theoretical assumptions regarding the nature of the
DNA sequences to which phenotypes/products map provides a
very effective way of ensuring that a minimalist concept based
on mapping alone can accommodate any sequence contributing
to a phenotype/product, no matter how different this sequence
might seem in comparison with sequences typically considered
to be genes. It is therefore safe to assume that a minimalist map-
ping concept will not be abandoned because it plays an indispens-
able role in the discovery of unexpected genomic contributions to
phenotypic outcomes.

A minimalist mapping concept fails, however, to provide a solu-
tion to the annotation problem. It is also clear that such a concept
cannot predict whether a given DNA sequence could function as a
gene, and is therefore of limited use in situations requiring such
predictions (e.g., genetic engineering, treatment design), or when
researchers have a limited access to gene products and means of
investigating phenotypes directly (e.g., RNA/protein libraries,
large-scale crossing experiments).

The functional mapping concept proposed by Gerstein et al.
overcomes many of these limitations. In this case too, sequences
contributing to a given phenotype via the same genome expression
pathway are grouped together, but in a more ambitious fashion.
While in the case of syntax-based concepts the pathway is limited
to the mechanisms linking genome to gene products, Gerstein et al.
go beyond the expression of gene products and take into consider-
ation the function of these products vis-à-vis the mechanisms
underlying the phenotypes to which they contribute. If gene prod-
ucts are synthesized via different primary transcripts, the genomic
sequences to which these products map count as distinct genes; in
this respect, functional mapping matches the grouping scheme
proposed by syntax-based concepts. However, if gene products
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synthesized from the same primary template serve different bio-
chemical functions, the genomic sequences to which these prod-
ucts map count as distinct genes; in this respect, functional
mapping diverges from syntax-based concepts.

One potential problem with functional mapping stems from the
fact that the connection between phenotypes and gene products
relies on the heuristic assumption that a similarity in sequence
(a sequence overlap) and chemical composition (protein vs. RNA)
is indicative of a similarity in biochemical function in the context
of the molecular mechanisms underlying phenotypes. On the posi-
tive side, this assumption provides the basis for a functional classi-
fication of gene products in the absence of a thorough
understanding of the mechanisms mediating the connection be-
tween gene products and phenotypic outcomes. On the negative
side, while the assumption is expected to hold true in a number
of cases, it is by no means clear that it is exceptionless. It seems
probable that a functional classification will be updated as our
understanding of the mechanisms linking gene products and phe-
notypes progresses.

A second problem is that the functional mapping concept elab-
orated by Gerstein et al. ‘‘does not consider the regulatory ele-
ments of genetic transcription’’ (Portin, 2009, p. 115). This is due
to the fact that this concept attempts to unify classical mapping
of phenotypes and the molecular mapping of gene products. Clas-
sical complementation assays sometimes map phenotypes to a col-
lection of complementation groups consisting of regulatory and
coding sequences. Gene products, however, always map within
the boundaries of transcribed sequences, and thus exclude regula-
tory sequences. In the defense of Gerstein et al., this omission is by
design, and the authors discuss the syntax-based ‘gene subroutine
in the genomic operating system’ model of transcriptional regula-
tion (Section 3.2). Unfortunately, nothing is said about how these
different approaches fit together.

6. A revised pluralist conception of the gene

6.1. Arguments for pluralism

Both approaches make valid points about how the HGNC con-
cept of the gene can be improved, and both suffer from shortcom-
ings. Novel syntax-based concepts allow for a characterization of
the genomic contributions to phenotypes in terms of conserved se-
quence motifs. Unfortunately, while they proved to be tremen-
dously useful tools likely to be perfected in the near future, they
remain prone to error. A minimalist mapping concept remains
the most generally applicable concept, with one caveat, the anno-
tation problem. Functional mapping addresses this problem, but
fails to provide a thoroughly satisfactory unification of phenotype
and gene product mapping.

It is interesting to note that both types of concepts share the
assumption that, among all the sequences contained in the gen-
ome, only some contribute to specific phenotypes/gene products.
Beyond this common ground of agreement, conceptual divergences
about how these sequences are defined stem from differences in
the experimental practices (e.g., classical mapping of phenotypes,
genetic engineering experiments establishing causal contribution,
mapping of gene products, annotation protocols) used to identify
them. Nevertheless, these divergences can be fruitful. In as much
as each experimental practice has its own strengths and weak-
nesses, it seems reasonable to argue that no single concept of the
gene can answer all our questions about the genomic contributions
to a phenotypic outcome; different concepts provide answers to
different questions.

In support of this idea, Waters (2006, 2008) defends an ‘exper-
imental toolkit’ pluralism allowing scientists to choose the concept
associated with the experimental practice best suited in a given

circumstance, while several authors (Darden & Maull, 1977; Falk,
2003; Vance, 1996; Weber, 2005) argue that contemporary scien-
tific practices integrate discovery strategies, experimental tech-
niques and concepts inherited from both classical genetics and
molecular biology. Documented cases of ‘explanatory interfer-
ence’—cases when the accommodation of data from molecular
biology results in a more adequate classical-style genotyping and
models of transmission patterns of an inherited condition—further
support the claim that different concepts complement each other
(Baetu, 2011). Finally, the fact that several gene concepts are
simultaneously used in contemporary biological research practice
is reflected by the pluralistic framework adopted by HGNC, as well
as the philosophical literature on genes (Griffiths & Stotz, 2007;
Moss, 2003).

6.2. Pluralism in the experimental practice

I think a pluralistic framework is not only beneficial because
none of the available gene concepts is perfect, but is required be-
cause collapsing syntax-based and mapping concepts into a uni-
fied concept would fail to reflect an experimental reality,
namely the fact that the experimental techniques available in a gi-
ven situation are the limiting condition determining a unique
starting point of scientific inquiry (Fig. 6). For instance, if nothing
is known about the genetic or molecular basis of a phenotype, a
minimalist mapping approach is the only possible starting point.
If one has access to a gene product, then a functional gene product
mapping becomes possible. Finally, if one has access only to a
DNA sequence, a syntax-based approach is the only option. Once
the initial data is gathered, further questions need to be addressed
(as indicated by the arrows at the bottom of Fig. 6). If one has
mapped a phenotypic outcome, further investigation is needed
in order to establish if overlapping sequences contribute to phe-
notypes via the same genome expression pathway and whether
they contribute to phenotypes by playing similar biochemical
roles (a hypothetical case is illustrated in Fig. 6, left panel). A
functional mapping of gene products (Fig. 6, middle panel) ad-
dresses some of these issues, but requires further investigation
of regulatory regions and instances of non-modular processing. Fi-
nally, once genomic sequences are annotated (Fig. 6, right panel),
further work is needed in order to show that putative genes are
actually expressed as predicted and elucidate the phenotypes to
which they ultimately contribute.

The most severe obstacle to pluralism would be a consistent
lack of convergence of the results yielded by these different ap-
proaches towards a consensus concerning the sequences contrib-
uting to a phenotype and the organizational units in which these
sequences are nested. Fortunately, such a lack of consensus does
not seem to be the case. Although there is a disagreement concern-
ing the number of genes between functional mapping, which in-
sists that products originating from the same primary transcript
should be mapped as distinct genes if they have or are likely to
have significantly distinct biochemical functions, and syntax-based
characterizations, which treat such products as the result of alter-
native, post-transcription processing of the same gene no matter
what biochemical role they play. The reason behind this disagree-
ment is that syntax-based concepts solve the annotation problem
by determining whether such products are synthesized via a
branching of the same genome expression pathway, while func-
tional mapping further classifies these products based on the dis-
tinctiveness of their role/functionality. Nonetheless, since
functionally identical products generated via distinct genome
expression pathways (e.g., the expression of duplicated genes)
are not mapped as the same gene, functional mapping does not
contradict the syntax-based view that functionally distinct
products may be generated via a branching of the same genome
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expression pathway, but simply adds more detail to a syntax-based
carving of the genome.

6.3. How pluralism can handle difficult cases

In order to illustrate how a pluralism combining syntax-based
and mapping approaches handles difficult cases, I will discuss
two discoveries that received some attention in the recent litera-
ture: trans-splicing and scrambled genes. Trans-splicing is the
splicing of exons from two distinct primary RNA molecules. Just
like splicing, trans-splicing was discovered by mapping mRNA se-
quences onto homologous primary RNA and genomic DNA se-
quences. However, if a minimalist mapping concept played a
crucial role in the discovery of trans-splicing, mapping alone was
insufficient to determine how these sequences should be grouped.
In one study, the genomic sequences implicated in trans-splicing
were unambiguously differentiated as distinct genes because each
of these sequences is expressed (transcribed and translated) via
distinct pathways. Finta and Zaphiropoulos (2002) explicitly refer
to the various genomic sequences involved in trans-splicing as
being distinct genes because each is transcribed (and potentially
regulated) on an independent basis. Thus, what these authors dis-
tinguished as separate trans-spliced genes were a unique mapped
gene product synthesized via distinct genome expression path-
ways (i.e., synthesized via distinct primary transcripts from dis-
tinct genomic templates). In contrast, Caudevilla et al. (1998),
investigated a case where primary RNA transcripts generated from
the same transcription unit are both cis-spliced (introns in the
same RNA molecule are eliminated) and trans-spliced (two distinct
RNA molecules are spliced together, resulting in duplicated exons).
The authors concluded that the same gene is transcribed and then
alternatively processed in order generate several protein gene
products (a similar situation is depicted in Fig. 3). Thus, what these
authors took to be the same trans-spliced gene were several

mapped gene products synthesized via the bifurcation of the same
genome expression pathway (i.e., synthesized via a primary tran-
script from the same genomic template).

Scrambled genes were discovered in ciliates, which contain two
types of nuclei: a somatic macronucleus consisting of multiple cop-
ies of �24,000 types of single-gene ‘nano-chromosomes’ actively
transcribed/translated; and a quiescent germ-line micronucleus
exchanged between organisms during sexual conjugation. After
conjugation, the old macronucleus is degraded and new macronu-
clear DNA is synthesized from the newly formed micronucleus.
Interestingly enough, in some ciliates, macronuclear ‘nano-chro-
mosomes’ are reconstituted by splicing together non-contiguous
micronuclear pieces of DNA scattered across one or more loci
(Fig. 7). Klobutcher et al. (1984) discovered this DNA rearrange-
ment event by mapping mRNA and macronuclear DNA onto
homologous sequences of genomic micronuclear DNA. However,
mapping alone, especially when resulting in a collection of non-
overlapping DNA segments, did not provide any reasons for con-
cluding that the mapped segments are parts of the same gene;
one could have been just as justified in concluding that, by analogy
with some cases of trans-splicing, several genes contribute to the
synthesis of a unique gene product. What justified the claim that
a collection of non-contiguous genomic DNA pieces is one and
the same gene was the fact that the final gene product to which
these genomic sequences collectively contribute is synthesized
via a genome expression pathway involving at some point a unique
primary transcript. Thus, what these authors labeled as being ‘a
scrambled gene’ was a unique mapped gene product synthesized
via the same genome expression pathway (i.e., synthesized via a
common primary transcript from a reconstituted/unscrambled
transcription unit).

Combining a minimalist gene product mapping approach with a
syntax-based approach was necessary in order to allow both for
the initial discovery of unexpected processing mechanisms, and

Fig. 6. Pluralism in experimental practice.
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the subsequent grouping of sequences contributing to gene prod-
ucts into units of genomic organization. A purely syntactic ap-
proach would have precluded the discovery of novel ways in
which genomic sequences are processed; conversely, mapping
alone would have simply resulted in a set of sequences, with no
reference to the organizational structure of the genome in the con-
text of which these sequences are nested.

7. Conclusion

I conclude that both syntax-based and mapping concepts of the
gene are needed in order to accommodate a variety of investigation
strategies, each having their own unique starting and ending
points. An attempt to collapse all concepts of the gene into a uni-
fied, over-arching concept is likely to be counterproductive. What
seems to be required in contemporary experimental practice is a
dynamic interplay between several concepts and their associated
investigative practices. Unorthodox sequences identified by map-
ping approaches—what we may call ‘anomalies’ (Darden, 1991,
2006), the most recent examples being trans-splicing and scram-
bled genes—play a role in the discovery of new mechanisms of gen-
ome regulation and processing. As these new mechanisms are
elucidated, they prompt a more or less radical revision of syntax-
based concepts, either by adding new conserved sequence motifs
or by altering the organizational scheme of the genome. In turn,
this transforms syntax-based concepts into more powerful tools,
allowing for the generation of novel lab-produced phenotypic out-
comes, and yielding predictions about subtle differences in pheno-
type and gene product expression not accessible to other forms of
investigation. Likewise, the elucidation of the mechanisms mediat-
ing the link between expressed gene products and phenotypic out-
comes leads to a constant revision of the heuristic assumptions
guiding functional mapping. In turn, better functional mapping al-
lows for a more accurate classification of genes according to the
biochemical function of their products, and may eventually replace
current syntax-based models of the modular organization of the

genome. This constant interplay between various concepts and
their investigative foundations supports a pluralism defended on
several occasions in the philosophical literature.
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