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The Origin, Development and Present Status of the Concept of the Gene: A
Short Historical Account of the Discoveries
†
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Abstract: The classical view of the gene prevailing during the 1910’s and 1930’s
comprehended the gene as the indivisible unit of genetic transmission, genetic
recombination, gene mutation and gene function. The discovery of intragenic
recombination in the early 1940’s led to the neoclassical concept of the gene, which
prevailed until the 1970’s. In this view the gene or cistron, as it was now called,
was divided into its constituent parts, the mutons and recons materially identified as
nucleotides. Each cistron was believed to be responsible for the synthesis of one single mRNA and
concurrently for one single polypeptide. The discoveries of DNA technology, beginning in the early
1970’s, have led to the second revolution in the concept of the gene in which none of the classical or
neoclassical criteria for the definition of the gene hold strictly true. These are the discoveries concerning
gene repetition and overlapping, movable genes, complex promoters, multiple polyadenylation sites,
polyprotein genes, editing of the primary transcript and gene nesting. Thus, despite the fact that our
comprehension of the structure and organization of the genetic material has greatly increased, we are left
with a rather abstract, open and general concept of the gene.

The gene is operationally defined on the basis of
four genetic phenomena: genetic transmission,
genetic recombination, gene mutation, and gene
function. These criteria of definition are
interdependent; we cannot for example observe gene
function or gene mutation without transmission,
while on the other hand, we cannot observe
transmission without gene function.
According to the so called classical view of the
gene, which prevailed during the 1910's and 1930's,
all four criteria led to one and the same unit.
According to the classical view, the gene was the
smallest indivisible unit of
transmission,
recombination, mutation and gene function.
The classical view of the gene begins with the
work of Gregor Mendel [1], in which he explained
definitively the transmission of genes -or elements
as he called these units of inheritance - and their
independent assortment. The gene as the unit of
transmission means that each gamete includes one
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unit of each gene. The term "gene" was coined by
Wilhelm Johannsen [2]. He wished this unit of
heredity to be free of any hypotheses regarding its
physical or chemical nature; i.e. the genes could be
treated as calculating units.
The actual formulation of the classical concept of
the gene must be attributed to the American Thomas
Hunt Morgan and his school, which included Calvin
Blackman Bridges, Herman Joseph Muller and
Alfred Henry Sturtevant. They created the
chromosome theory of inheritance, according to
which the genes reside in the chromosomes like
beads on a string. The chromosome theory of
inheritance begins, however, already in the works of
Walter S. Sutton and Theodore Boveri in 1903 [3,
4]. They called attention to the fact that the
Mendelian rules of inheritance were explained by
the behaviour of chromosomes in meiosis. Already
earlier Boveri [5] had demonstrated the individuality
of chromosomes, and in 1904 [6] he showed that
chromosomes preserved their individuality during
cell division. Both these characteristics of
chromosomes are naturally necessary properties of
the hereditary material.
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The chromosome theory of inheritance
developed as a precise theory due to the work of the
Morgan school. They observed [7, 8] that the
number of linkage groups in Drosophila
© 2000 Bentham Science Publishers Ltd.
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melanogaster was the same as the haploid number
of chromosomes of that species. Sturtevant [9] was
able to map six sex-linked genes of D.
melanogaster into a linear order, and called
attention to the fact that the linear structure of the
linkage group corresponded to that of the
chromosome. In fact, there exists an epistemological
correspondence between the concepts of the linkage
group and the chromosome. These facts were,
however, only indirect evidence in favour of the
chromosome theory of inheritance. The first direct
evidence was obtained by Bridges [10], who was
able to show that a certain abnormal behaviour of
sex-linked genes of D. melanogaster, namely nondisjunction, corresponded to the analogous nondisjunction of the sex chromosomes. Further direct
evidence was gained when Herman J. Muller and
Theophilus S. Painter [11] and Theodosius
Dobzhansky [12] demonstrated that the X-rayinduced structural changes of the chromosomes
were associated with corresponding changes in the
linkage relations of the genes. This was the first
step towards the physical mapping of genes, which
Bridges [13 - 15] then carried much further when
he was able to map genes on the salivary gland giant
chromosomes of D. melanogaster, in the best case
to an accuracy of a single chromosome band.
Already earlier Painter [16] had discovered the value
of salivary gland chromosomes in genetics when he
showed that structural changes in Drosophila
linkage groups can be correlated with changes in the
sequence of transverse discs or bands in these
chromosomes.
The gene as the unit of mutation became
apparent from the fact that the mutant alleles of a
single gene were mutually exclusive. Thus the gene
was believed to alter in the event of mutation as a
single unit. This view gained further support when
Muller [17, 18] showed that X-rays increase the
number of mutations in linear proportion to the
amount of radiation. Since it was known that
radiation was quantated, it was believed that the
genetic material was likewise quantated, the gene
being the atom of genetics.
The gene as the unit of gene function is defined
on the basis of the complementation test. In that test,
if the heterozygote a/b is phenotypically mutant, a
and b are alleles of the same gene. If, on the
contrary, a and b complement each other, in such a
way that the heterozygote is phenotypically of wild
type, a and b are mutations of different genes, and
thus the genotype will be written as a +/+ b.
The nature of gene function was substantially
specified by George W. Beadle and Edward Tatum
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[19] and Adrian M. Srb and Norman H. Horowitz
[20] when they showed, using Neurospora crassa
(Ascomycetes) as their experimental organism, that
genes control the synthesis of enzymes, and in
particular that each individual gene is responsible
for the synthesis of one single enzyme. This one
gene - one enzyme hypothesis was the culmination
of the classical view of the gene.
THE BREAK UP OF THE CLASSICAL
VIEW OF THE GENE
The classical concept of the gene started to break
down as soon as it had been completely formulated.
C. Peter Oliver [21] and Edward B. Lewis [22]
namely observed in Drosophila melanogaster the
phenomenon
of
intragenic
recombination.
Mutations which on the basis of the
complementation test were alleles, recombined with
a very low frequency. Thus the atom of genetics
was not indivisible. Melvin M. Green and Kathleen
Green [23] were able to map mutations of the
lozenge locus of D. melanogaster into linear order.
Joseph A. Roper [24] and Guido Pontecorvo [25]
carried the analysis even further. They observed in
the ascomycete Aspergillus nidulans intragenic
recombination within genes which were known to
control the synthesis of one single enzyme. David
M. Bonner [26] and Norman H. Gilles [27]
observed the same in Neurospora crassa. Robert
H. Pritchard [28] was the first to demonstrate with
microbic fungi that mutations within a single gene
could be mapped into linear order by means of
recombination.
THE NEOCLASSICAL CONCEPT OF THE
GENE
Our comprehension of the nature of the genetic
material became more accurate when Oswald Avery
et al. [29] demonstrated that the substance causing
transformation
in
bacteria
was
DNA.
Transformation had been discovered by Frederic
Griffith [30]. He observed that killed bacterial cells
injected into mice were able to transform genetically
different living bacteria into their own kind. Martin
H. Dawson and Richard Sia [31] and Lionel
Alloway [32] demonstrated transformation in vitro
in a cell-free extract. Avery's group [29] were able
to isolate from this extract the substance which was
responsible for transformation. That substance was
DNA. Thus genes consisted of DNA. Further
support for the DNA theory of inheritance was
gained when Alfred D. Hershey and Martha Chase
[33] demonstrated that DNA alone was responsible
for the multiplication of bacteriophages.

Concept of the Gene

From the point of view of the conceptual
framework of genetics, the experiments of Seymour
Benzer [34 - 37] involving the genetical fine
structure of the bacteriophage T4 rII-region turned
out to be of fundamental importance. With the aid
of a selective technique he was able to map
hundreds of mutations of that region into a linear
order. The gene as the unit of function was not
indivisible; within the gene, independently mutating
mutation sites existed, which could be separated
from one anothers by means of genetic
recombination. Benzer created a new terminology.
He called the unit of genetic function the cistron.
The cistron is operationally defined with the aid of
the cis-trans test [Fig. 1). In the cis-trans test cisand trans-heterozygotes are compared. In the cisheterozygote the mutations are in the same
chromosome but in the trans-heterozygote in
homologous chromosomes. Thus the genotype of
the cis-heterozygote is designated as a b/+ + and
that of the trans-heterozygote as a +/+ b. If the cisheterozygote is of a wild type phenotype and the
trans-heterozygote is mutant, a and b are mutations
of the same cistron. If, however, both cis- and transheterozygotes are phenotypically of a wild type, a
and b are mutations of different cistrons. The
cistron is a synonyme of the gene, but this term
should be used only when it is based on cis-trans
test or biochemical evidence, which will be dealt
with later.
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The smallest unit of recombination Benzer called
the recon, and the smallest unit of mutation the
muton. The recon is the smallest unit of genetic
material which can be separated from other such
units by means of genetic recombination but which
cannot be divided further. A muton is the smallest
unit of genetic material a change in which is
sufficient to cause a mutant phenotype. Benzer also
called attention to the correspondence between the
linear internal structure of the cistron and the linear
structure of the DNA molecule. As is well known,
the latter fact had been demonstrated by James D.
Watson and Francis H. C. Crick [38].
Alexander Dounce [39] and George Gamow
[40] independently presented the so-called
colinearity hypothesis, according to which the linear
structure of DNA determines the linear primary
structure of a polypeptide. The colinearity
hypothesis was shown to be true by Anan Sarabhai
et al. [41] and Charles Yanofsky et al. [42, 43], by
comparing the genetic map of the T4 phage coat
protein gene and the corresponding primary
structure of the polypeptide and also by comparing
the genetic map of the tryptophane synthetase gene
of Escherichia coli with the corresponding primary
structure of the polypeptide. Further, Yanofsky's
group were able to show that the material
counterpart of a cistron was that part of the DNA
molecule which coded information for the synthesis
of a single polypeptide. This, they demonstrated by

F i g . ( 1 ) . The principle of the cis-trans test. If mutations a and b belong to the same cistron, the phenotypes of the cis- and
trans-heterozygotes are different. If, however, the mutations belong to different cistrons the cis- and trans-heterozygotes are
phenotypically similar.
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showing that all the mutations of the E. coli
tryptophan synthethase A-protein were mutations of
the A-cistron, and likewise the mutations of the Bprotein of the B-cistron. Finally, Yanofsky's group
were able to show by studying the A-protein of the
tryptophan synthethase that the material counterpart
of both recon and muton was one single nucleotide
pair in the structure of DNA [44, 45]. Thus the
cornerstone of the neoclassical view of the gene
became the one cistron - one polypeptide
hypothesis, which replaced the old one gene - one
enzyme hypothesis.
Alfred Hershey et al. [46] substantially
elucidated the role of RNA in protein synthesis by
showing that in connection with phage infection the
synthesis of RNA in the bacterial cell greatly
increased. Elliot Volkin and Lasarus Astrachan [47]
measured the base constitution of the RNA involved
in phage infection, and demonstrated that it was
virus-specific. Cedric Davern and Matthew
Meselson [48] and Monica Riley et al. [49] for
their part demonstrated that the RNA involved in
phage infection was unstable, unlike the ribosomal
RNA, which was stable. Thus, the hypothesis
ripened that protein synthesis was conducted by the
unstable RNA and not the ribosomal RNA.
The time was thus ripen to present direct
evidence of the role of RNA in protein synthesis.
This was done by J. Brenner et al. [50], when they
showed with the aid of heavy carbon isotopes and
ultra-centrifugation that in phage infection it was
indeed the RNA of the phage and not the bacterium
which was responsible for the synthesis of the
phage coat protein. Francois Jacob and Jacques
Monod [51] had proposed the name messenger
RNA (mRNA) for this protein-synthesisconducting RNA.
Thus, the neoclassical view of the gene
culminated in a theory according to which one gene
or cistron controls the synthesis of one messenger
RNA molecule, which in turn controls the synthesis
of one polypeptide.
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promoters,
multiple
polyadenylation
sites,
polyprotein genes, the editing of messenger RNA
and nested genes. Such observations have led to a
situation where none of the classical or the
neoclassical criteria of the definition of the gene
hold strictly true. We therefore have to adopt a new,
open, general and abstract concept of the gene,
despite the fact that our comprehension of the
nature and organization of the genetic material has
greatly increased.
Stuart Linn and Werner Arber [52] and Matthew
Meselson and Robert Yuan [53] found specific
restriction endonucleases in bacteria, which act
when the latter defend themselves agains the attact
of bacteriopahges; thus these enzymes restrict the
host range of the bacteriophages. Harry Smith and
K. W. Wilcox [54] were able to purify these
enzymes, and Thomas Kelly and Hamilton Smith
[55], Kathleen Danna and Daniel Nathans [56] and
Philip Sharp et al. [57], determined their mode of
action. These enzymes cut DNA molecules each at a
specific site. These observations made it possible to
isolate genes, to clone them and analyze their
biochemical structure in great detail. Following the
action of restriction endonucleases, there often arise
so-called cohesive ends in the DNA molecules [58],
which tend to join together. By this means it is
possible for example to join together DNA from
any eukaryotic organism and that from the bacterial
plasmids. Such recombinant DNA molecules were
first constructed by David Jackson et al. [59], Peter
Lobban and Armin Kaiser [60] and Stanley Cohen
et al. [61]. Cloned DNA molecules can be
physically mapped, using the cutting points of the
restriction endonucleases as markers, [62] and
sequensed by means of sophisticated biochemical
methods [63, 64].
REPEATED GENES

THE
BREAK
DOWN
OF
THE
NEOCLASSICAL GENE CONCEPT AND
THE MODERN CONCEPT OF THE GENE

Michael Waring and Roy Britten [65] and
Britten and David Kohne [66 - 68] were the first to
observe repeated DNA sequences in many
organisms by means of the reassociation kinetics of
DNA. The first observations of repeated structural
genes concerned amphibian ribosomal RNA genes
[69 - 71] and sea urchin histone genes [72].

The break down of the neoclassical concept of
the gene started in the beginning of the 1970's, with
the new discoveries of gene technology and
molecular biology. These were the discoveries of
repeated genes, interrupted genes and alternative
splicing, the special case of immunoglobulin genes,
overlapping genes, movable genes, complex

The genes of ribosomal RNA are repeated in
several tandem copies. Each one consists one
transcription unit, but the gene cluster is usually
transmitted from one generation to the next as a
single unit. Thus the units of transmission and
transcription are not always the same. Likewise the
histone genes have been observed to be repeated in

Concept of the Gene
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such tandem repeats in many higher eukaryotic
organisms [73].
INTERRUPTED
GENES
ALTERNATIVE SPLICING

AND

The first observations of interrupted (split)
genes, i.e. genes in which there exist noncoding
intron sequences between the coding exon
sequences, were made in animal viruses in 1977 [74
- 76]. These observations were based on physical
mapping of the inner structure of the genes by
means of so-called Southern blotting [62]. In this
method, DNA fragments created by restriction
endonucleases are separated according to their size
in electrophoresis.
Almost at the same time as the virus
observations, split genes were also found in
eukaryotic organisms [77 - 85]. Since then, split
genes have been found in all eukaryotic organisms
investigated and their viruses, and it can be said that
interrupted genes are the rule rather than the
exception in the organization of the genes of
multicellular eukaryotic organisms. In unicellular
eukaryotic organisms they are found to a lesser
extent. However, there are exceptions among
multicellular organisms too, of which the
evolutionarily old histone genes are worth
mentioning [86].
In terms of the concept of the gene, interrupted
genes constitute an interesting case in two respect.
Firstly, the existence of introns between the coding
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exons shows that there exists no one-to-one
colinear relation between the gene and the
polypeptide; coding sequences are interrupted by
noncoding DNA. Secondly, when interrupted genes
produce messenger RNA, there occurs in certain
genes tissue and stage-specific alternative splicing.
The interrupted gene produces primary transcription
product a heterogenous nuclear RNA molecule, in
which both exons and introns are represented.
Introns, however, are removed from the primary
transcript during the processing of messenger RNA
in specific splicing reactions. Splicing is usually
constitutive, which means that all exons are joined
together in the order in which they occur in the
heterogenous nuclear RNA. In many genes,
however, alternative splicing has also been observed,
in which the exons may be combined in some other
way (Fig. 2). For example, some exon or exons
may be skipped in the splicing reaction. The
primary order of the exons is not, however, altered
even in alternative splicing. Thus, alternative splicing
makes it possible for a single gene to produce more
than one messenger RNA molecule, which
contradicts the basic conceptual framework of the
neoclassical view of the gene.
Alternative splicing was first observed in animal
viruses [87 - 95]. The first observations of
alternative splicing in the genes of eukaryotes
concerned murine immunoglobulin genes [96 - 99].
Since then, alternative splicing has been observed in
hundreds of genes in various eukaryotic organisms,
man included [see 100 for review].

F i g . ( 2 ) . Patterns of alternative splicing. Constitutive exons (black), alternative exons (dotted), and introns (heavy solid lines)
are spliced according to different pathways (fine solid lines) [149].
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The tissue specificity of alternative splicing was
first shown in the fibrinogene genes of rat and man
[101]. The first observations of developmental stage
specificity concerned the alcohol dehydrogenase
gene of Drosophila melanogaster [102]. The first
demonstration, that alternative splicing was both
tissue
and
stage-specific
concerned
the
trompomyosin gene of D. melanogaster and rat
[103, 104]. The tissue and stage specificity of
alternative splicing naturally constitutes a previously
unknown and effective mechanism of gene
regulation.
IMMUNOGLOBULIN GENES
The enormous versatility of antibodies was for a
long time a difficult problem in genetics. How was
it possible that in the genome there was room for
the codes of millions of different antibodies? The
matter was solved when it became clear that the
functional genes of immunoglobulins mature by
means of somatic recombination from a few units in
the germ line during the maturation of immune
cells.
Each antibody molecule is a tetramere, consisting
of two identical light chains and two identical heavy
chains. Each chain consists of a constant and a
variable region. In the genome of the germ line there
are many genes for the variable region and a few
genes for the constant region. In somatic
recombination these can be combined during the
maturation of the functional antibody gene into
several thousands of different combinations
whereby millions of different antibodies are formed.
This phenomenon was first demonstrated by
Nobumichi Hozumi and Susumu Tonegawa [105]
[see also 106]. The observation was subsequently
confirmed in several laboratories using different
methods.
The immunoglobulin genes, which can be called
assembled genes [107], do not fit any classical or
neoclassical definition of the gene, since the genetic
unit in the germ line and in the mature immune cell
is completely different.
OVERLAPPING GENES
The first observations of overlapping genes were
made in the bacteriophages ΦX 174 [108] and G4
[109], and in the animal virus SV40 [110, 111]. In
the bacteriophage ΦX 174 several genes
overlapped, encoding different proteins read from
the same DNA strand but in different reading
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frames. In G4 the situation was even more
complicated. In that phage the same DNA strand
encoded as many as three different proteins, the
messenger RNA's of which were transcribed
overlappingly in all three possible reading frames.
In these phages, however, the genes overlapped for
only a few codons. In the SV40 virus, on the other
hand, the genes overlapped for as many as 122
nucleotides.
Since these early findings, overlapping genes
have also been found in eukaryotic multicellular
organisms such as Drosophila melanogaster [112],
mouse [113], and rat [114]. Overlapping genes can
be located on the same DNA strand or on opposite
strands.
Neither the classical nor the neoclassical view of
the gene encompassed the possibility of overlapping
genes, since genes were believed to reside on the
chromosome always in tandem. The evolution of
overlapping genes is also a difficult problem which,
however, will not be dealt with here.
MOVABLE GENES
Movable genes are DNA elements which can
move from one location to another in the genome of
an organism. Already in the 1940's Barbara
McClintock [115, 116] explained certain variegated
phenotypes of maize by means of movable genes,
which she called 'control elements'. At the time,
however, these elements appeared so odd that
nobody really knew what to think of them.
Nowadays movable genes have been found in
virtually all organisms and their molecular nature is
quite well known [see 117 - 119 for reviews].
Consequently movable genes have became one of
most important discoveries of genetics, and Barbara
McClintock was awarded the Nobel prize for
physiology or medicine in 1983 at the age of 81
years.
In addition to the ability of movable genes to
move in the chromosomal complement from one
location to another, they can also move from one
individual to another and even, to a certain extent,
from one species to another [see 120 for review].
Movable genes thus constitute an important
evolutionary factor.
The existence of movable genes shows that the
hypothesis of a fixed location of the gene in the
chromosome, adopted by both the classical and
neoclassical view, does not necessarily hold true.

Concept of the Gene

COMPLEX PROMOTERS
Promoters are DNA sequences on the 5' side of
the gene on which the RNA polymerase fastens
when transcription begins. In all groups of
organisms alternative promoters have been shown
for many genes. These alternative promoters have
been classified into six classes by Ueli Schibler and
Filipe Sierra [121] (Fig. 3). Certain types of
alternative promoters make it possible for
transcription to start from different points of the
gene in different cases, and for the transcripts to
have initiation codons at different positions of the
chromosome. Thus, it is possible for a single gene
in this case too to produce more than one type of
messenger RNA molecules, encoding more than
one polypeptide. This is again against the basic
conceptual framework of the neoclassical view of
the gene.
In higher eukaryotes alternative promoters are
typically tissue and/or stage specific, as exemplified
by the alcohol dehydrogenase gene of Drosophila
melanogaster [102], the murine alpha-amylase gene
[122, 123], and the aldolase gene of rat and man
[124 - 126].
According to whether the unit of transcription is
controlled by one or several promoters, simple and
complex transcription units are distinguished.
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polyadenylation reaction at the 3' end. These are
not coded by the corresponding gene. In certain
cases there are multiple alternative polyadenylation
sites in the primary transcript. This was first
observed in adenoviruses [127 - 131]. In cellular
genes many alternative polyadenylation sites have
also been found [see 132 for review]. Alternative
polyadenylation sites usually involve the
untranslated trailer sequence in the messenger RNA,
but they can also involve translated sequences, and
in this case they can affect the structure of the
encoded protein. Thus multiple polyadenylation
sites are one mechanism whereby a single gene can
control the synthesis of more than one polypeptide.
POLYPROTEIN GENES
In viruses very many genes encode for one
single large polypeptide, which, however, after
translation is cleaved enzymatically into smaller
subunits. Such polyprotein genes are also known in
multicellular eukaryotes. Such are for example the
neuropeptide genes of mammals [see 133, 134 for
reviews] and the proline-rich proteins of salivary
glands [135]. Thus, polyprotein genes contradict the
hypothesis adopted by the neoclassical view of the
gene, that each gene encodes for a single
polypeptide.
EDITING OF MESSENGER RNA

MULTIPLE POLYADENYLATION SITES
During the maturation of messenger RNA, about
200 adenosine nucleotides are added in a

F i g . ( 3 ) . Various organizations of complex promoters [121].

In trypanosomes, and in certain plant RNA
encoded by mitocondrial DNA, a peculiar
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phenomenon called RNA editing has been
observed. In this editing of messenger RNA, uracil
nucleotides are removed and cytocine nucleotides
are replaced by uracil after transcription. The
information for this process comes either from the
gene involved or alternatively from outside it. In the
latter case the information source is called guide
RNA [see 136 for review].
Although probably a rare phenomenon, editing
of RNA is contrary to the classical and neoclassical
concept of the gene, since in this case messenger
RNA can retrieve information from outside the gene
by which it was encoded.
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by E and the transcription unit regulated by it by g.
In the cis-trans test, the E- g -/E+ g + cis-heterozygote
is phenotypically wild, whereas the E- g+/E+ g- transheterozygote is phenotypically mutant. Thus the cistrans test gives a positive result. This means that we
cannot on the basis of a genetic test alone
distinguish between an enhancer and the
transcription unit regulated by it; biochemical
evidence is needed. Thus, by definition, the
regulatory elements of a transcription unit, such as
enhancers, have to be included in the gene itself.
The first enhancers were demonstrated in the
SV40-virus [143, 144]. The first enhancers in
nucleated cells were demonstrated in the
immunoglobulin heavy chain gene [145, 146].

NESTED GENES
Nested genes, i.e. a situation in which one gene
resides within an intron of another gene, was first
demonstrated in the Gart locus of Drosophila
melanogaster by Steven Henikoff et al. [137]. In
this particular case the nested genes were on
opposite strands of DNA. Chun-nan Chen et al.
[138] in turn demonstrated that in the large intron of
the dunce locus of D. melanogaster there were
actually two other genes residing, of which one was
the known Sgs-4 gene. In this case the nested genes
were on the same strand of DNA. Barbara Levinson
et al. [139] were the first to demonstrate nested
genes in man. The 22nd intron of the factor VIII
gene included another gene in its opposite strand.
The large intron of human neurofibromatosis gene
includes a total of three other transcription units in
two opposed orientation [140].

THE PRESENT CONCEPT OF THE GENE

The existence of nested genes is in contradiction
to the central hypothesis adopted by both the
classical and neoclassical gene concept, that genes
are located in linear order on the chromosome.

Due to the openess of the concept of the gene, it
takes different meanings depending on the context.
Maxime Singer and Paul Berg [148] have pointed
out that many different definitions of the gene are
possible. If we want to adopt a molecular definition,
they suggest the following definition: "A eukaryotic
gene is a combination of DNA segments that
together constitute an expressible unit. Expression
leads to the formation of one or more specific
functional gene products that may be either RNA
molecules or polypeptides. Each gene includes one
or more DNA segments that regulate the
transcription of the gene and thus its expression."
(p. 622). Thus the segments of a gene include [1] a
transcription unit, which includes the coding
sequences, the introns, the flanking sequences - the
leader and trailer sequences, and [2] the regulatory
sequences, which flank the transcription unit and
which are necessary for its specific function.

ENHANCERS AND THEIR RELATION TO
GENETIC COMPLEMENTATION
At the 5' and 3' end of the gene, enhancers are
located, which respond to the signals mediated by
the proteins regulating the function of the gene.
Enhancers can also be located within the introns.
The regulative effect of the enhancers is either
positive or negative. In the latter case they are often
called silencers [for reviews concerning enhancers
and silencers, see for example 141, 142].
The relation of enhancers to genetic
complementation is interesting. Denote an enhancer

The examples presented above show that none of
the classical or neoclassical criteria of the definition
of the gene hold strictly true. The current view of
the gene is of necessity an abstract, general, and
open one, despite the fact that our comprehension of
the structure and organization of the genetic material
has greatly increased. Simply, our comprehension
has outgrown the classical and neoclassical
terminology. Open concepts, with large reference
potential, are, however, very usefull in science in
general, as pointed out by Richard M. Burian [147].
In fact it should be stressed that our comprehension
of the very concept of gene has always been abstract
and open as indicated already by Wilhelm
Johannsen [2].

Concept of the Gene

ADDENDUM
An extensive review on the early development of
the concept of the gene has been published by Elof
A. Carlson [150], and on the recent development by
myself [151] and Carlson [152].
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