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I

Philosophers have always sought general theories.! We have sought general theories
of truth, knowledge, justice, and beauty, to mention just a few. In The Principles of
Morals and Legislation, for example, Bentham says that ‘By the principle of utility
is meant that principle which approves or disapproves of every action whatsoever,
according to the tendency which it appears to have to augment or diminish the
happiness of the party whose interest is in question’. He goes on to emphasize, ‘I say
of every action whatsoever; and therefore not only of every action of a private
individual but of every measure of government’.? Likewise, Tarski’s theory of truth
was intended to be general in virtue of its formality, and he makes it clear that he
thinks it important that a semantic theory applies, directly or indirectly, to psychology,
sociology, linguistics, physics and biology.> For whatever reasons, in many different
fields, it has seemed important to aim for general accounts. This predilection for
general theories has played an important role in philosophy of science. Philosophers
have sought general theories of confirmation, explanation, reduction, and rationality,
and, of course, of theories themselves. It has seemed important, for example, to
produce an account of explanation extending across the entire range of the sciences,
and it was regarded as a serious challenge when some philosophers came to contend
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"There are at least four dimensions to generality: (1) universality of form; (2) no dependence on, or
reference to, particulars; (3) unrestricted validity; and (4) wide (as opposed to narrow or specific) range
of application. We offer no account of how these are related, or how they should be balanced.
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among them Bateson and de Vries—thought of the unit of inheritance as the ‘unit
character’. The latter expression was used indifferently for the gene and for the trait
by means of which it was identified. Even this may be misleading, for no clear and
consistent distinction was drawn during the period between the observed character
and its material basis. It was in 1909 that Johannsen set forth a sharp distinction
between the phenotype—the total set of characters which can be measured and
observed—and the genotype—the inherited potential. The phenotype is the result of
an interaction between a developing organism and the environment in which it lives
and grows. Genes in turn became components of the genotype.'® It took at least a
decade more for the distinction between genes and the traits they underlie to enter
widely into the Mendelian literature and displace the terminology of ‘unit characters’,
but by the 1920s, most Mendelians treated genes as distinctive underlying causes of
organismal traits. Genes were generally considered to be localized on chromosomes,
following the results of the Morgan group and others, but they were of unknown
constitution and their mode of action was also unknown. Thus, faute de mieux, a gene
was identified functionally as the transmitted cause, whatever it might be, of a
particular trait or complex of traits. In slightly different words, genes were indefinitely
described entities, individuated by way of their effects and their pattern of
transmission. Other aspects of gene concepts concern the material transmitted and the
way this material is organized. For ease of exposition we will collectively label these
as structural aspects of the gene or of gene concepts. The differences in the way genes
may be identified and described will play an important part in what follows.

The use of functional means of identifying genes is readily illustrated. In the work
of the Morgan school, there are genes for eye color, each of which causes some effect
on eye pigmentation; they are distinguished from each other by their separability in
transmission from one generation to the next. A. H. Sturtevant, in the very first
demonstration of the linear arrangement of genes on a chromosome identified the six
‘factors’ he analyzed only in terms of their phenotypic effects: one for body color,
three affecting eye color, and two concerning wing structure.!! Nearly ten years later,
writing about the origin of variation, H. J. Muller said this:

The chemical composition of the genes, and the formulae of their reactions, remain as yet
quite unknown. We do know, for example, that in certain cases a given pair of genes will
determine the existence of a particular enzyme (concerned in pigment production), that
another pair of genes will determine whether or not a certain agglutinin shall exist in the

°Elemente der exakten Erblichkeitslehre (Jena: G. Fischer, 1909), pp. 162-163; also W. Johannsen,
‘The Genotype Conception of Heredity’, The American Naturalist 45 (1911), 129-159. Genes occupied
an ambiguous, supposedly atheoretical, status in Johannsen’s treatment. For a helpful treatment of
Johannsen, see F. B. Churchill, ‘William Johannsen and the Genotype Concept’, Journal of the History
of Biology 7 (1974), 5-30.

"“The Linear Arrangement of Six Sex-Linked Factors in Drosophila, as Shown by Their Mode of
Association’, Journal of Experimental Zoology 14 (1913), 43-59.
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blood, a third pair will determine whether homogentisic acid is secreted into the urine
(‘alkaptonuria’), and so forth,

Muller allowed that nothing was known at the time about the structures that underlie
genetic mechanisms. Consequently, he approached the problems entirely in terms of
functional capacities of genes, including their mutagenic, catalytic and autocatalytic
properties. Finally, in the classic work of George Beadle and E. L. Tatum, mutant
strains of Neurospora were identified solely in terms of the biosynthetic reactions that
they could sustain.'* These are all clearly functional identifications of genes, at
different levels.

The concern with structure is also easily illustrated. In 1902, on the basis of
cytological results, Walter Sutton suggested that the Mendelian law of heredity, by
which he seems to have meant what we would call ‘independent assortment’, was
due to the pairing of maternal and paternal chromosomes and their separation at
meiosis."* Genes, or allelomorphs, are identified as parts of chromosomes. Carl
Correns independently noted the association between chromosome behavior and plant
hybridization experiments, while Theodor Boveri provided experimental proof of the
individuality and hereditary potentialities of visibly indistinguishable chromo-
somes.'> Although there was considerable doubt during the first two decades of the
century about the relations of genes and chromosomes and, indeed, about whether
what was transmitted was a material entity or, for example, a stable resonance that
could account for pattern formation,'® by the 1920s there was widespread consensus
that genes are material entities, typically—perhaps necessarily—located on
chromosomes. This, together with other considerations, occasioned a search for the
material of heredity, the substance out of which genes were composed. At least some
theories suggested that one could define genes in terms of this (putative) substance.
For a variety of reasons, by the 1930s and into the 1940s, the orthodox view was that
genes are—and, indeed, had to be—composed of protein.l7 As is now familiar, this
proved to be wrong. The genetic material is nucleic acid. But whatever genes are

2*Variation Due to Change in the Individual Gene’, American Naturalist 56 (1922), 32.

BSee, e.g. ‘Genetic Control of Biochemical Reactions in Neurospora’, Proceedings of the National
Academy of Sciences 27 (1941), 499-506; for a discussion of this work, see Burian, ‘Unification and
Coherence’; and Bechtel and Richardson, Discovering Complexity, ch. 8.

4See Sutton, ‘On the Morphology of the Chromosome Group of Brachystola magna’, Biological
Bulletin 4 (1902), 24-39; and ‘The Chromosomes in Heredity’, Biological Bulletin 4 (1903), 231-251.

3Boveri’s experimental work on this topic concerned sea urchin development. His experiments showed
that a sea urchin egg fertilized by multiple sperm had to have a balanced complement of chromosomes
in order to develop normally. This provided the basis for an argument that the chromosomes were the
carriers of the genes and has led to the standard labelling of this theory as the Sutton-Boveri or
Boveri-Sutton theory. See Boveri, ‘Uber mehrpolige Mitosen als Mittel zar Analyse des Zellkerns’,
Verhandlungen der physikalischen-medizinischen Gesellschaft zu Wiirzburg 35 (1902), 67-90; and
‘Zellenstudien VI. Die Entwicklung dispermer Seeigeleier. Ein Beitrag zur Befruchtungslehre und zur
Theorie des Kerns’, Jenaische Zeitschrift fiir Naturwissenschaft 43 (1907), 1-292.

"For a sketch of this issue, see Burian, ‘On Conceptual Change in Biology’; Bateson’s view is helpfully
portrayed in W. Coleman, ‘Bateson and Chromosomes: Conservative Thought in Science’, Centaurus 15
(1970), 228-314.

7Substantive reasons favoring this view included the seemingly infinite variety and controllable stability
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composed of, it was also important to ascertain whether they are indivisible particles;
whether they are organized in one, two, or three dimensions; whether, given a linear
model, they are contiguous or separated into discrete pieces; whether they overlap
one another or not; and so on. All of these positions about gene structure have been
occupied at one time or another and have entered in important ways into the effort
to define genes.

It is of central importance to our argument that structural and functional
considerations have been intertwined to varying degrees in dealing with genes and
gene concepts. Genes were originally characterized by their effects. They were the
indefinitely described hypothetical entities responsible for the transmission of
phenotypic properties from parent(s) to offspring. They came to be understood as
material particles with an unknown structure, no longer regarded as hypothetical, but
responsible for complex functions. There is a long and fascinating history involved
in the effort to determine how one could properly refer to such entities, define them,
or delimit them. One aspect of this was the effort to ascertain whether reference to
functional aspects alone, or to both functional and structural aspects, are necessary
in defining genes.'® As the discipline developed, it became increasingly clear that a
knowledge of the structure and composition of genes was necessary in order to
understand their functional properties. The evolving problems of genetics acquired
and required multiple constraints. We will draw on additional fragments of that
history in the discussion to follow.

I

It will be useful to look at how genes are defined in some more recent sources. In
arecent textbook, Douglas Futuyma remarks that ‘Except in RNA viruses, the genetic
material of all organisms is DNA’, and goes on to describe various differences in the
organization of the genetic material. A few pages later, he says ‘To a first
approximation, one may think of a gene as a DNA sequence that is transcribed into
an RNA transcript that codes for a single polypeptide’, with the caveat that genes are

Yeontinued

of proteins, their ubiquity in the nucleus, and their presence in critical hereditarily controlled biological
processes. Lily Kay provides a valuable account of the ‘protein orthodoxy' in Cooperative Individualism
and the Growth of Molecular Biology at the California Institute of Technology, 1928-1953, Ph.D.
dissertation, Johns Hopkins University, 1986; and The Molecular Vision of Life: Caltech, the Rockefeller
Foundation and the New Biology (New York: Oxford University Press, 1992).

'8 indley Darden provides valuable insights into the interaction between these two modes of
characterizing genes and the genetic material in her exploration of the Morgan school’s exploitation of
the interaction between structural considerations, based largely on the observed behavior of chromosomes,
and functional ones, based on the transmission of traits, in developing their account of the gene. Darden
nicely illustrates the influence of such ‘interfield connections’ in shaping and constraining theory change.
See L. Darden, Theory Change in Science: Strategies from Mendelian Genetics (New York: Oxford
University Press, 1991), especially ch. 7. These issues are central to part I1I of Bechtel and Richardson,
Discovering Complexity.
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‘exceedingly difficult to define’.'® In a somewhat more ambivalent form, Wen-Hsiung
Li and Dan Graur suggest that a gene may be defined as ‘a sequence of genomic DNA
or RNA that is essential for a specific function’; they include regulatory genes as well
as genes specifying RNA or protein within the scope of their definition.? A first point
to notice is that such statements as ‘Genes are strands of DNA’ are vague and perhaps
ambiguous. What we are given by Futuyma, or by Li and Graur, are certainly not
standard definitions. They certainly differ in reference, and therefore in meaning;
moreover, these characterizations are not unambiguously conceptual or empirical.
Such statements may be used to fix terminology or concepts, or to state connections
discovered or discoverable by empirical means in laboratory research. In fact, such
statements are thoroughly ambiguous in many biological writings, seeming to be used
in both ways in the same paper or book. The distinction between conceptual and
empirical claims is usually not well drawn in biological discussions.”' Moreover, the
definitions found in textbooks and journal articles are typically partly functional and
partly structural with structural and functional considerations systematically
interwoven. Genes are sequences of nucleic acids, but ones which code for RNA, or
for proteins, or control transcription. This sort of ambiguity is even more strikingly
illustrated in the following passage from Bruce Wallace, in which he offers this rather
tentative definition of the gene:

I find it convenient to regard any chromosomal region that exhibits a coordinated
relationship such as a structural gene together with its nearby (usually upstream) regulating
elements (even those referred to as ‘genes’ by others) as a gene. In higher organisms such
a unit exhibits Mendelian inheritance. It is, by definition, a unit of function—not one of
mutation or recombination. Control genes that lie on other chromosomes or on the same
chromosome but so far removed that recombination is common are referred to as other
genes, together with all other, unlinked genes. Within the tightly linked region, however,
the same structural gene (A) with either one or two cis-acting (i.e. same DNA strand of
chromosome) essential controls (C; and C;) become, in my view, two alleles of one
gene—A | and A;. If the structural gene cannot perform its mission without its control, and
the controls of the two identical structural genes differ, I say the genes differ. In doing so,
I virtually ignore the identity of the structural genes. By the same token, 1 say that sickle-cell
and normal hemoglobins differ regardless of the identity that these two hemoglobins exhibit
at all but | of nearly 300 amino acid sites.?

In Wallace’s hands, structural considerations virtually evaporate, and what matters
is whether a unit exhibits Mendelian inheritance and affects the phenotype uniformly.

This sort of ambivalence is just what philosophers with holistic inclinations would
expect. A Quinean, for example, would consider the situation just described entirely

Evolutionary Biology, 2nd Edn (Sunderland, MA: Sinauer, 1986), pp. 45—47.

DFundamentals of Molecular Evolution (Sunderland, MA: Sinauer, 1991), p. 5.

2lFor other examples, see Van der Steen, ‘Concepts in Biology’, Van der Steen and M. Scholten,
‘Methodological Problems in Evolutionary Biology. IV. Stress and Stress Tolerance, an Exercise in
Definitions’, Acta Biotheoretica 34 (1985), 81-90; and W. J. Van der Steen, A Practical Philosophy for
the Life Sciences (Albany: SUNY Press, 1993).

2The Search for the Gene, p. 178.
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natural: no one should expect a clear boundary, or a real distinction, between analytic
and synthetic. We should expect the conceptual and empirical to blend. Likewise,
holists about meaning—those who hold that ‘conceptual schemes’, ‘disciplinary
matrices’, or ‘theories’, as wholes determine the meanings of terms—will find no
surprise in the shifting conceptual content of a term like ‘gene’.” Indeed, any theory
of meaning that allows empirical presuppositions to be built into the conceptual
content of a term or concept would predict the occurrence of phenomena like those
on which we focus here. For example, depending on what is presupposed, the
empirical content of ‘Genes are strands of DNA’ will vary. If we presuppose that
genes code for polypeptides, then empirical questions will center on how this is
accomplished, the character of intermediaries, and similar questions. If we depend
on no such presupposition, then our empirical range is expanded to include questions
concerning the mechanisms of regulation, among others. Without entering into
technical disputes about the theory of meaning, we want to make two distinctions that
are underemphasized in most discussions. First, theses about meaning, meaning
change, and meaning invariance, can be construed as making global or as local claims.
Second, in making claims about meaning, or the meaning of specific terms, it is
important to distinguish descriptive from normative theses.

We are inclined to endorse some form of meaning holism, construed as a global,
descriptive thesis. Almost anything can be included in, or excluded from, the meaning
of a term like ‘gene’. Given an overview of the history of genetics, it is difficult not
to conclude that conceptual and empirical characterizations of genes offered by
researchers have been so thoroughly intertwined that they cannot be sorted into two
discrete packages. If asked, in the abstract, whether the claim that genes are nucleic
acid sequences is empirical or conceptual, or whether it is analytic or synthetic, the
only sensible response would be to decline the question. It is empirical, and
conceptual. It is neither analytic nor synthetic. Locally, however, in particular
contexts and at particular times, with particular issues at stake, researchers did take
the trouble to disentangle the conceptual and the empirical, or aspects of the
conceptual and the empirical. We have already mentioned the distinction drawn by
Johannsen between the phenotype and the genotype, between the genetic constitution
and its expression in visible features of the organism. Johannsen’s initial interest was
in testing Galton’s law of filial regression. What Johannsen found was that selection
was capable of sorting for weight or length in a heterogeneous population, but that
in a ‘pure line’ it was ineffective. Two individuals might be indistinguishable with
respect to, say, height, and yet respond in entirely different ways to selection. This

23Feyerabend held such views in his earlier writings at least, as perhaps did Kuhn and Sellars. There
is a seldom-noticed difficulty for such views. If the theoretical or conceptual framework is supposed to
determine the meaning of key theoretical terms, how is one to account for cases in which there is no
resolution, within the confines of a single work devoted to the development of a single major theory, of
the conceptual content of the leading theoretical concepts involved? The resulting ambiguity of such claims
as ‘Genes are strands of DNA’ is important to the evaluation of holist theories of meaning.



