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Abstract

The birth of classical genetics in the 1910's was the result of
the junction of two modes of analysis, corresponding to two dis-
ciplines: Mendelism and cytology. The goal of this paper is to
shed some light on the change undergone by the science of he-
redity at the time, and to emphasise the subtlety of the concep-
tual articulation of Mendelian and cytological hypotheses within
classical genetics. As a way to contribute to understanding how
the junction of the two disciplines at play gave birth to a new
way of studying heredity, my focus is on the forms of represen-
tation used in genetics research at the time. More particularly,
I study the design and development, by Thomas H. Morgan's group,
of the technique of linkage mapping, which embodies the integra-
tion of the Mendelian and cytological forms of representation. I
show that the design of this technique resulted in a genuine
conceptual change, which should be described as a representa-
tional change, rather than merely as the introduction of new hy-
potheses into genetics.
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1. INTRODUCTION

The early history of classical genetics provides us with a
fascinating case of interdisciplinary research. The laying and
consolidation of its essential components, in the 1910’s and
1920’'s, resulted to a large extent from the integration of two
modes of analysis, corresponding to two different disciplines:
the Mendelian study of heredity (Mendelism), and cytology. Men-
delism is concerned with the probabilistic laws governing the
transmission of hypothetical hereditary units — the genes —, of
whose material nature it says nothing. Cytology is the study of
cells and cellular processes. Classical genetics, as it is used
and taught today, comprises both Mendelian hypotheses about the
genes’ transmission patterns, and cytological hypotheses about
the physical processes underlying these patterns.

The relations of Mendelian and cytological hypotheses
within classical genetics have not drawn much interest from phi-
losophers of science. The integration of cytological hypotheses
into genetics in the 1910‘s is generally thought of as a first
step towards the materialisation of the gene, which was achieved
by molecular biology four decades later. Philosophers seem to
consider that this step, although historically fascinating, is
not conceptually problematic, and that the interesting issue is
whether classical genetics (as including both Mendelian and cy-
tological hypotheses) is reducible to molecular biology.’

The goal of this paper is to shed some light on the change
undergone by the science of heredity in the 1910’'s, and to em-
phasise the subtlety of the conceptual articulation of Mendelian
and cytological hypotheses within classical genetics. As a way
to contribute to understanding how the junction of the two dis-
ciplines at play gave birth to a new way of studying heredity,
my focus will be on the forms of representation used in genetics
research at the time.?

In section 2, I present the disciplinary framework in the
early 1900’s, and I characterise the typical forms of represen-
tation associated with Mendelism and cytology respectively. In
section 3, I explain how empirical novelties in the early 1900‘s

! For the reducibility/irreducibility debate, see Schaffner, 1969; Hull, 1972;
Wimsatt, 1976; Darden & Maull, 1977; Kitcher, 1984; Burian, 1985; Rosenberg,
1985; wWaters, 1990.

2 My approach, though relying on a historical case study, is a philosophical

one; I do not claim to contribute to our historical knowledge of the period.



resulted in the formulation of new hypotheses in the two do-
mains, and how these hypotheses together gave birth to an inter-
disciplinary research program. In section 4, I analyse the tech-
nique of linkage mapping, which is at the core of this research
program, and embodies the integration of the Mendelian and cyto-
logical forms of representation.

2. THE DISCIPLINARY FRAMEWORK: MENDELISM, CYTOLOGY, AND THEIR
ASSOCIATED FORMS OF REPRESENTATION

After saying a few words about the methodological choice
of focusing on forms of representation, I will characterise the
typical forms of representation of Mendelism and cytology.
Finally, I will briefly sketch how scientists conceived of the
relations between these two domains in the early 1900's.

2.1 Disciplines and forms of representation.

As Kuhn (1970a) famously emphasised, scientific disci-
plines can be characterised by reference to a cluster of hetero-
geneous things, ranging from the use of concrete instruments and
experimental practices, to abstract entities such as laws or
models.’ Here, I will focus on the conceptual elements among
this cluster. But, rather than laws and concepts taken as ab-
stract, linguistic entities, I will study the concrete, external
representations that are produced, used, and reasoned with by
the practitioners of a discipline, and with which students have
to get familiar when specialising in it.

Textbooks, as well as research papers and presentations,
contain representations of many different forms: equations,

graphs, diagrams, schematic drawings, pictures, etc. Giving a

* It is beyond the scope of this paper to comment on the notoriously polysemic

notion of paradigm. As Kuhn (1969, 1970b) himself acknowledges, “paradigms”
can refer to things as different as the whole cluster of heterogeneous things
described above (that he would call a “disciplinary matrix”) on the one hand,
and particular forms of equations or typical problem-solutions (“exemplars”),
on the other. Without assessing the coherence of Kuhn's views, I wish to em-
phasise one aspect of his approach, which is also characteristic of mine:
paradigms serve an epistemological characterisation of scientific disciplines,
rather than a sociological one. Paying attention to disciplines and scientific
communities rather than (exclusively) to theories does not constitute a shift
from philosophy to sociology, but rather a novel approach to the epistemologi-
cal issues that philosophy of science traditionally tackles.



precise characterisation of these representational forms is a
worthwhile project, but quite beyond the scope of this paper.
Suffice it to say that the form of a representational device is
determined by the structural features, by which it refers to its
target and encodes information about it — or, borrowing Nelson
Goodman's (1976) tools, by the syntax and the semantics of the
symbol system, in which it functions as a representation. One
can then categorise representations of different forms into
broad types, such as linguistic, diagrammatic, schematic, and
pictorial.? Since Goodman's seminal work, it is commonplace to
admit that the same material device (or *“set of marks”) can
function as a representation of different things: a “black wig-
gly line” can be a diagrammatic representation of heartbeats
(“momentary electrocardiogram”) as well as a (pictorial, or
schematic) *“drawing of Mt Fujiyama” (Goodman, 1976, pp. 229-
230). Conversely, the same object can be represented in differ-
ent ways: different types of representations might not convey
the same kind of information about it.

Extending this to scientific representations, one assump-
tion that guides this paper is that considering the typical
form(s) of representation associated with a given discipline is
a fruitful way to capture aspects of its mode of analysis. By
“mode of analysis”, I refer to the way a discipline conceives of
its subject matter — how phenomena are categorised, and reasoned
about. Philosophical analyses of the content of scientific theo-
ries often focus on laws and concepts, analysing what the refer-
ents of these concepts (e.g. “genes”) are, and what the laws say
about them. Studying forms of representations is a way to shed
light on some aspects that are obscured or neglected by these
more traditional approaches, such as how a discipline construes
its objects (e.g. whether genes are represented as abstract, or
concrete), what is implicitly assumed or left undecided about
them, and what kind of reasoning is led on them (e.g. statisti-
cal, mechanistic). I hope to show the fruitfulness of this ap-
proach by applying it to classical genetics, whose birth was the
result of the integration of the modes of analysis of Mendelism
and cytology.’

* I elaborate this typology in (Vorms, 2009, chap. 7). In the present paper,

the distinction that matters is between diagrams and schematic drawings; I
present it briefly in subsections 2.2.2 and 2.3.

> The project of studying conceptual change by focusing on concrete, non-

linguistic, representations was remarkably implemented by Griesemer and Wim-



2.2 Mendelism.

What I call “Mendelism” is to be clearly distinguished
from what is usually called “classical genetics” — and sometimes
“Mendelian genetics”. Mendelism studies the transmission pat-
terns of the genes, without any assumption as to what their
physical basis is. It corresponds to the study of heredity be-
fore the adjunction of the cytological components of classical
genetics. It also corresponds to a particular mode of analysis
within classical genetics. The birth of Mendelism so defined
dates back to the rediscovery of Mendel’s laws in 1900.° William
Bateson called this field “genetics” in 1905.°

2.2.1 Experimental method: breeding experiments.

The experimental method of Mendelism consists of breeding
(hybridisation) experiments, where the transmission of heredi-
tary factors is traced back from statistical data concerning the
distribution of the observable characters among individuals in
successive generations. Breeding experiments rely on the choice
of differential characters (e.g. green versus yellow colour in
sweet peas).

The fundamental hypothesis underlying this experimental
practice is that the observable characters of individuals are

°® In multicellular

caused® by hereditary factors, called “genes”.
organisms with sexual reproduction, each individual is supposed
to possess a pool of genes resulting from an equal participation
of his/her parents. Hence, each individual has an even number of

genes (for each non-sex-linked character, he/she has two genes,

satt (1989), in their study of the evolution of Weismann's diagrams. Here, ra-
ther than the evolution of one discipline, I study how two disciplines inte-
grated into one novel way of conceiving of heredity. It is worth insisting
that, 1like Griesemer and Wimsatt's, and unlike Kohler's (1994) socio-
constructivist study of the experimental and representational practices of the
geneticists in the early 20th century, I aim at studying the conceptual con-
tent of classical genetics (although, to be sure, forms of representations are
closely related to experimental practices).

¢ Note that Mendelian theory so defined does not correspond to Mendel’s theory,

but rather to the theory developed by the geneticists in the 1900’s.
’” See Dunn, 1965, p. 69.

8 More precisely, a gene difference causes a phenotypic difference (see Waters

1994).

° Wilhelm Johannsen introduced the term “gene” in 1909. But, until 1917, Mor-

gan’s group would rather speak of “Mendelian factors”.



also called *“alleles”), one half of them coming from the male
parent and the other half from the female parent. At the core of
the Mendelian method is a certain conception of genes, which re-
flects in the very symbolism Mendel introduced in his memoir.'’

2.2.2 Symbolism: genes as operational units.

The Mendelian symbolism consists of representing the genes
as discrete, stable entities, by means of letters (or icons), on
which combinatorial mathematics is applied. For instance, the

equation
9AB+3Ab+3aB+ab

expresses the expected distribution of genes among the germ
cells for a cross involving two genes — two pairs of differen-
tial characters. It can be considered as a symbolic expression
of Mendel’s second law, which I present below.

The Mendelian geneticists in the early 1900‘s developed
this symbolism into other forms of representation. For instance,
the double entry arrays called *“Punnett squares” are spatial
(two-dimensional) extensions of this symbolism. They enable one
to easily calculate the distribution of genotypes among indi-
viduals 1in successive generations. They may also facilitate
one’s understanding of the Mendelian theory itself, by express-
ing Mendel’s laws (see fig. 1 and 2), or other probabilistic
rules about the transmission patterns of some particular genes

in a given species.

It is not clear what exactly Mendel (1866) intended to represent by the let-
ters (germs cells or “genes”?). For what we call “homozygous” individuals, he
would use only one letter, rather than two (A, rather than AA, as did the
geneticists in the early 1900’s). Anyhow, he undeniably introduced a certain
way of representing the genetic factors, namely as discrete entities, and of
reasoning about them, by using combinatorial mathematics. On Mendel’s *“Mende-
lianism”, see (Olby 1985).
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Fig. 1. Diagrammatic expression Fig. 2. Punnett square showing the ex-

of Mendel’s first law (Morgan, pected distribution of genes among the

1928, p. 2). germ cells for a cross involving two

genes. It can also be considered as a
diagrammatic expression of Mendel'’s

second law (Morgan, 1928, p. 9).

Although they display information spatially, I consider Punnett
squares as extensions of the Mendelian symbolism, because they
do not introduce a new way of reasoning about genes. In fact,
Punnett squares contain exactly the same information as their
corresponding equations. The spatial display of the symbols
standing for the genes might help computation'', but it does not
tell us anything new about some spatial properties of the genes
(anything that the equations would be unable to represent). As
such, Punnett squares belong to the class of what I call dia-
grammatic representations. Diagrams, as opposed to schematic
representations (see below) are a broad class of representations
including graphs, arrays, flow charts, etc., which represent

' In (Vorms, 2011, 2012), I elaborate the notion of format of representation,

in order to account for the cognitive (inferential) differences caused by a
difference in representation, which might not imply a difference of informa-
tional content. To borrow Simon and Larkin's (1987) terms, two representations
in different formats might be “informationally equivalent” though “computa-
tionally different” (this is the case of Punnett squares and their correspond-
ing equations). Although changes in formats might have important theoretical
differences, as I show in the aforementioned papers, I am interested, in the
present paper, in more radical differences. To be clear, let me stress that
there are two ways of understanding the formula “An image is worth thousand
words”: either because an image spares one some cognitive effort and time to
get some information, or because it enables one to convey content that thou-
sand words cannot convey (see also Vorms, 2009, chap. 7).



non-spatial relations (e.g. causal, hierarchical, or temporal
relations) by means of spatial relations.'?

Within such a representational framework, genes are mere
hypothetical, unobservable entities. Using Mendelian symbolism
does not imply any assumption about the physicochemical nature

of genes, nor about their mode of action (the way they “cause”'’

the characters).™

All what Mendelism says about genes is that
they are transmitted from generation to generation following

probabilistic laws, called “Mendel’s laws”.

2.2.3 Mendel’s laws.

Mendel’'s first law (of “segregation”) states that, in the
formation of germ cells (sperms or pollen and eggs), the two al-
leles of each gene “segregate” so that each germ cell contains
only one copy (one allele) of each gene responsible for a char-
acter. Any germ cell has an equal chance of containing one or
the other allele of each gene.

Mendel’s second law" (of “independent assortment”) states
that different pairs of genes assort independently from each
other during the formation of germ cells. That means that the
segregation of one pair of genes has no influence on the segre-
gation of another pair. As appears in figures 1 and 2 showing
the expected ratios for crosses involving one pair of genes
(fig. 1) and two pairs of genes (fig. 2), these two laws can be
expressed by means of the Mendelian symbolism.

2.3 Cytology.

Cytology is the study of cells and cellular processes. Cy-
tological inquiry relies on imaging techniques (in particular
the use of microscopes). Contrary to Mendelian geneticists, cy-
tologists represent the objects they study (cells and their com-

2 see (Vorms, 2009, chap. 7) for a precise characterisation of diagrammatic

and schematic representations (and other representational types).
13 see footnote 8.

* In fact, this agnosticism about the physicochemical nature of genes, and
about their mode of action, is also characteristic of classical genetics (as
including cytological hypotheses). Only molecular genetics addresses such is-
sues, which are epigenetic in nature, and not genetic.

' As Lindley Darden (1991, p. 139) notes, this law was not explicitly stated
and distinguished from Mendel’'s first law until exceptions were found (see
section 3).



ponents, in particular chromosomes) as concrete, spatial enti-
ties. Ranging from microscope images to very schematic drawings,
the representational devices they use enable them to gain, and
express knowledge about the morphological properties of these
entities, and about their spatiotemporal behaviour (e.g. the be-

haviour of chromosomes during mitosis and meiosis).

As such, cytological representations belong to the type of
representations I propose to call “schematic”. Schematic repre-
sentations, unlike diagrammatic ones, represent spatial rela-
tions by means of spatial relations. The schematic drawing of a
cell, or of a chromosome, might well be very different from the

raw images obtained by the microscope.'®

Theorising in cytology
(partially) consists of interpreting, and abstracting away from,
such raw images, by neglecting irrelevant information (for the
sake of the hypotheses the drawing serves to express), and by
highlighting some (often invisible) aspects of the represented
object, such as the (theoretical) boundaries between its compo-

nents.’

Hence, the schematic drawing of a cell or of a chromo-
some might well distort the distances. But it has to preserve
the topological (if not the metric) properties of its target.
Even when highly abstract, cytological representations remain
schematic in the sense that spatial relationships do stand for
spatial relationships. They could be mapped onto a microscope

image of the same object.

2.3 Relations between the two domains in the early 1900's.

By the end of the 19*" century, cytologists had a fairly
good knowledge of the behaviour of chromosomes'® during mitosis,
namely the normal (i.e. non sexual) process of cell division.
But the process of sexual cell division (meiosis) was still
poorly understood in the early 1900's.

Yet, geneticists conceived of Mendelian segregation in
terms of the formation of germ cells, and cellular processes
were assumed to be the physical bases of genetic processes. Be-

' The notion of “raw image” calls for clarification. Images obtained by micro-

scope (or other imaging techniques) themselves result from an important work
of data processing and interpretation, which might rely on theoretical hypoth-
eses. But this is beyond the scope of my paper.

7 See (Lynch, 1988; Maienschein, 1991).

' Chromosomes were identified in the 1880's, and described as having the shape
of small sticks.



yond that, though, hypotheses about the cytological bases of he-
redity were far from clearly understood. Nor was there any es-
tablished hypothesis about what part of the cell is concerned
with heredity. In the next section, I will present the key ele-
ments that led to the integration of cytological hypotheses into
genetics, and to the birth of classical genetics.

3. CLASSICAL GENETICS IN THE 1910’'S: FROM CYTOLOGY TO MENDELISM,
AND BACK

The birth of classical genetics (defined as involving both
Mendelian and cytological hypotheses) dates back to 1911, when
Thomas H. Morgan adopted the chromosome theory of heredity,
which states that the chromosomes are the physical basis of the
genetic material. Morgan'’s conversion to this theory contributed
to launch an interdisciplinary research program, whose most fa-
mous actors were the so-called “Drosophila group” (composed of
Morgan and his students Alfred Sturtevant, Calvin Bridges, and
Hermann Muller), and the cytologist Edmund Wilson at Columbia

University.

The elaboration of the main components of classical genet-
ics, as it is still taught today, was achieved in the 1910’s and
1920’s. In less than two decades, this interdisciplinary work
yielded detailed knowledge of the transmission patterns of the
genes in some model species (in particular Drosophila
Melanogaster), together with the confirmation of the chromosome
theory of heredity. Such confirmation was given by the estab-
lishment of correlations between the observed, spatiotemporal
behaviour of chromosomes during the formation of germ cells and
the statistical regularities in the transmission of genes.

After giving some precisions about the chromosome theory
of heredity (3.1), I will present the empirical novelties (both
in the Mendelian and in the cytological domains) that prompted
Morgan’s adoption of this theory (3.2). Morgan'’s conversion is
historically indissociable from his formulation of the genetic
theory of crossing-over, which I present in subsection 3.3. In
the last subsection (3.4), I propose a first analysis of the
conceptual change resulting from the joint adoption of the chro-
mosome theory and the theory of crossing-over.

3.1 The chromosome theory of heredity.

10



The hypothesis that chromosomes are the physical basis of
heredity, which finally prevailed, and is one of the essential
components of classical genetics, was already put forward in the
early 1900's by some geneticists and cytologists. Their intu-
ition was based on an analogy between the behaviour of chromo-
somes and the law of segregation: pairs of homologous chromo-
somes appeared to join, and then disjoin, during successive
phases of meiosis (Sutton, 1903; Boveri, 1904).

However, the advocates of the chromosome theory of he-
redity had still serious problems to face in the early 1900’s."’
Morgan himself, who was to become a fervent advocate of the
chromosome theory of heredity in 1911, still rejected it in 1910
(see Morgan, 1910a).?® Even after Morgan’s *“conversion”, the
chromosome theory was far from uncontroversial among the profes-
sional geneticists, until the early 1920's.

Moreover, because of the poor observational information
one could draw from fixed preparations of chromosomes viewed
from microscopes, hypotheses about the fine structure of chromo-

21 As a con-

somes were doomed to be conjectural until the 1930’s.
sequence, even among the advocates of the chromosome theory of
heredity, there were still many divergences about the modalities

of the hypothetical “location” of genes “on” chromosomes.

3.2 Partial linkage and chiasmatypie.
3.2.1 Partial linkage.

From 1905 on, geneticists observed a phenomenon, which
seems to contradict Mendel’s second law. New data** showed that
some genes tend to be inherited together, without being always
so. For instance, genes of Lathyrus odoratus responsible for the
colour of the petals, on the one hand, and for the shape of the
seeds, on the other, appear to be “partially linked” (or *“cou-
pled”). They are not randomly redistributed, contrary to what

' In particular, nothing, enabled cytologists to settle the question of the

individuality (both morphological and functional) of the chromosomes (see
Dunn, 1965; Lederman, 1989).

20 About Morgan's intellectual evolution, see (Carlson, 1967; Allen 1978). More

precisely on his conversion to the chromosome theory, see (Lederman, 1989).

2! Painter (1934) developed a technique to observe the fine structure of the
giant salivary gland chromosomes of Drosophila.

2 The first case of partial linkage (or rather “coupling of traits”) was re-
ported by Bateson et al. (1905).

11



Mendel’s second law would predict: partially linked genes are
inherited together in more than 50% of the cases. But their as-
sociation is not systematic either (they are inherited together
in less than 100% of the cases). Systematic association (or com-
plete linkage) could be explained by the hypothesis that only
one gene is responsible for these two characters.

Table 1 shows the expected distribution of genes in germ
cells (for a cross involving two homozygote parents for genes A
and B) for respectively complete linkage, independent assort-
ment, and partial linkage.

AB Ab aB ab
Complete link- 50 0 0 50
age
Independent 25 25 25 25
assortment
Partial link- 50-r r r 50-r
age

Table 1. Expected distribution of genes in germ cells for respectively com-
plete linkage, independent assortment, and partial linkage.

Let us call R the proportion 2r (which corresponds to the sum of
the “anomalous” cases). It is said that there was a recombina-
tion of the genes in R % of the cases (so R is the percentage of
recombination).

A few years after the first observations of cases of par-
tial linkage, Morgan’s work on Drosophila melanogaster (Morgan,
1910b) revealed the existence of sex linkage. Sex linkage means
that some genes (for example the ones responsible for eye colour
and size of the wings) appear to be linked to what was assumed

to be the genes responsible for sex determination.?’

Moreover,
the various sex-linked characters appeared to be partially
linked with each other. For instance, individuals that are iden-
tical to their mother regarding their eye colour are also ob-
served to be identical to her regarding the size of their wings
in more than 50%, but less than 100% of the cases. The discovery
of this relation between partial linkage and sex linkage played

a crucial role in Morgan’s adoption of the chromosome theory of

2 In 1891 already, cytologists had identified a non-paired chromosome (a chro-

mosome lacking its homologue), which Wilson called “X”. But the hypothesis of
the chromosome determination of sex was controversial until the 1910’s.

12



heredity. Another key element was a cytological observation made
by Janssens in 1909.

3.2.2 Janssens’ observation of chromosomes’ intertwining. The

chiasmatypie hypothesis.

In 1909, the cytologist Janssens observed an intertwining
of homologous chromosomes during meiosis (fig. 3). He conjec-
tured that homologous chromosomes might exchange segments while
intertwining. Note, however, that no such exchange was observed
before the 1930’s. Janssens called this putative physical ex-
change of segments of chromosomes “chiasmatypie”.

VS O
"-'-Q)Qg ‘/J

Fig. 3. Chromosomes intertwining in Batracoseps (Janssens, 1909).

3.3 Morgan'’'s theory of crossing-over as a mechanistic explan-
ation of partial linkage.

Janssens’ observation and formulation of the chiasmatypie
hypothesis, together with growing evidence for the hypothesis
that sex was determined at the chromosomal level, and advances
in the knowledge of sex linkage, suggested to Morgan a mechanis-
tic explanation of the phenomenon of partial linkage, namely the
theory of crossing-over.

3.3.1 Linkage groups and crossing-over.

Morgan hypothesised that groups of genes were linked to-
gether on what he called “linkage groups”. Such linkage would
explain their tendency to be inherited together (i.e. not to
segregate independently from one another). He further hypothes-
ised that the physical reality corresponding to the 1linkage
groups were the chromosomes.

Relying on the chiasmatypie hypothesis, he suggested that
linkage groups would sometimes break during the formation of
germ cells, which might sometimes result in an ordered exchange
between portions of homologous linkage groups. The consequence

13



of this exchange is the recombination of the genes 1lying on
these portions. Morgan and Cattell (1912) called such putative
exchange “crossing-over”. Crossing-over (i.e. exchange of genes
between linkage groups) would thus be the genetic consequence of
chiasmatypie (i.e. exchange of portions of chromosomes), and

would itself provide an explanation of genes’ recombination.

3.3.2 Linearity.

Morgan'’s theory of crossing-over contains one more hypoth-
esis®, which is crucial for the rest of the story. It states
that linkage groups are line-shaped. As appears in figure 4, ac-
cording to Morgan’s model, not only do genes lie on chromosomes,
but also are they ordered in a linear fashion along them, like
beads on a string. This hypothesis of linearity was prompted by
a phenomenon evinced by breeding experiments on Drosophila:
geneticists could observe that the frequencies of recombination
were additive. What does that mean? Let us consider three genes
A, B, and C, belonging to the same linkage group. Let us call
R(AC) the frequency of recombination for A and C, namely the
frequency of their being inherited separately (which has to be
less than 50%, since they are linked). Saying that frequencies
of recombination are additive means that R(AC)=R(AB)+R(BC). This
equation suggests that genes are arranged in a linear fashion.

0008g (O
OO0 eeee

A B « n

Fig. 4. The mechanistic model of crossing-over (Morgan et al., 1915, p. 60).

3.3.3 Proportionality of recombination frequency and “distance”.

Drawing from the hypotheses of linearity and crossing-
over, Morgan suggested that the percentage of crossing-over be-

2% uCrossing-over” refers to the putative phenomenon of gene exchange. Morgan’s
theory of crossing-over involves the hypothesis of crossing-over, together
with other hypotheses.

14



tween two genes (their recombination frequency) is proportional
to the “distance” between these genes on the linkage group. In-
deed, as appears in the model of crossing-over schematically
presented in figure 4, the more distant from each other two
genes are, the more a break between them is likely to occur, and
hence the more they are likely to be redistributed separately.

3.4 First reflections on the relation of the theory of crossing-
over and the chromosome theory.

Morgan'’s formulation of the theory of crossing-over is
historically inseparable from his adoption of the chromosome
theory, and the two theories were themselves thought of as two
sides of the same coin. This supposed link between the two was
spectacularly confirmed by the work of Morgan’s group in the
following years. However, the conceptual relations of the theory
of crossing-over with its cytological counterpart are not as
straightforward as it might seem.

In proposing what he presents as a “comparatively” simple
explanation based on results of inheritance” of various charac-

ters in Drosophila, Morgan writes:

The results are a simple mechanical result of the location of the materials in

the chromosomes, [...] and the proportions that result are not so much the ex-
pression of a numerical system as of the relative location of the factors in
the chromosomes. [...] Cytology furnishes the mechanism that the experimental

evidence demands. (Morgan, 191la, p. 384, italics original)

In this quote, Morgan stresses that his mechanistic explanation
of partial linkage is provided by cytology: the genetic phenom-
ena are the “result” of a chromosomal underlying reality. From
that perspective, the change undergone by the science of he-
redity appears as some kind of reduction to the cytological
level: crossing-over (gene exchange) is nothing but chiasmatypie
(exchange of chromosomes’ portions). Genetics has now something
to say about the material implementation of the genes: after
having been described as pure abstract units by early Mendelism,
and before being identified to DNA segments by molecular biol-
ogy, genes are now spatially localisable entities.

» The comparison is with Bateson and Punnett’s (1908, 1911) explanation in

terms of “coupling” (or “attraction”) and “repulsion”.
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However, the theory of crossing-over can also be under-
stood as conceptually independent from any cytological hypoth-
esis. In Morgan’s (1928) statement of the “theory of the gene”,
the whole theory, including the hypothesis of crossing-over, is
stated without any reference to cytology:

The theory states that the characters of the individual are referable to
paired elements (genes) in the germinal material that are held together in a
definite number of linkage groups; it states that the members of each pair of
genes separate when the germ-cells mature in accordance with Mendel’s first
law, and in consequence each germ-cell comes to contain one set only; it
states that an orderly exchange — crossing-over — also takes place, at times,
between the elements in corresponding linkage groups; and it states that the
frequency of crossing-over furnishes evidence of the linear order of the ele-
ments in each linkage group and of the relative position of the elements with
respect to each other. (Morgan, 1928, chap. 1, p. 25)

To be sure, Morgan did believe — and the rest of the story
proved he was right to — that chromosomes were the physical
bases of the linkage groups. The rest of his 1928 book is pre-
cisely intended to advocate the chromosome theory of heredity,
as the best candidate explanation of crossing-over. However, the
mechanistic explanation of partial 1linkage provided by the
theory of crossing-over is conceptually independent from any hy-
pothesis about the cytological bases of heredity, and Morgan was
clearly aware thereof.’® As such, it does not include any state-
ment concerning the physical processes, by which 1linkage 1is

maintained and can be broken.

In sum, the change undergone by genetics in the 1910’'s
consists of the introduction of a mechanistic explanation of the
genetic phenomena (theory of crossing-over), together with a hy-
pothesis about the material implementation of this mechanism
(chromosome theory). But there is no description of how this
particular implementation causes the mechanism. Indeed, the
chromosome theory, as such, does not say anything about the

7

physicochemical nature of linkage groups.? Although it comes

%6 According to the context, Morgan would either insist on this independence,

or, on the contrary, emphasise how extraordinary a consequence it would be if
the two levels of phenomena were not, in fact, related. Compare, for instance,
the quote above with the following one: “The cytologist [...] has given an us
an account of the chromosomes that fulfils to a degree the requirements of ge-
netics. When we recall the fact that much of the evidence was obtained prior
to the rediscovery of Mendel’s paper, and that none of the work has been done
with a genetic bias, but quite independently of what the students of heredity
were doing, it does not seem probable that these relations are mere coinci-
dences, but rather that students of the cell have discovered many of the es-
sential parts of the mechanism by which the hereditary elements are sorted out
according to Mendel’s two laws and are interchanged in an orderly way between

members of the same pair of chromosomes.” (Morgan, 1928, chap. 3, p. 44)
*’ Even in the 1930’'s, when classical genetics is already a mature science, the

mechanism in virtue of which a chromosomal break causes a genetic exchange is
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with a cytological hypothesis, the explanation provided by the
mechanistic model itself is not cytological. This means that the
mechanistic model schematised in figure 4 would still be expla-
natory if the structure represented in the schema was not a
chromosome. Let me now turn to the study of linkage mapping, as
a way to get a deeper understanding of these issues.

4. THE REPRESENTATIONAL TECHNIQUE OF LINKAGE MAPPING

At the core of the research program of the Drosophila
group was the development and application of the technique of
linkage mapping, whose design was grounded in Morgan'’s theory of
crossing-over. Constructed on the basis of statistical data ob-
tained through breeding experiments, linkage maps were primarily
intended to represent the relative location of the genes along
the chromosomes. Through striking predictions in both the cyto-
logical and the genetic domains, the mapping enterprise enabled
Morgan'’s group to adduce more and more evidence in favour of the
chromosome hypothesis. In this section, I will first present the
mapping scheme, and then propose an analysis of the form and
content of the maps.

4.1 Sturtevant’s (1913) mapping scheme

In 1913, Alfred Sturtevant transforms Morgan’s theory of
crossing-over into a mapping scheme for the linkage groups. As-
suming, with Morgan, that the recombination frequency between
two genes of a given group is a function of the distance between
them, Sturtevant proposed that this frequency could be used as
an index of the distance separating these two genes on the chro-
mosome. This opens up the possibility of mapping the relative
ordering of the genes on a one-dimensional graph.

unknown. In fact, as Morgan clearly acknowledges in his Nobel Prize lecture,
classical geneticists can remain agnostic about whether genes are “hypotheti-
cal unit[s]” or “material particle[s]”. “In either case, he adds, the unit is
associated with a specific chromosome, and can be localised there by purely
genetic analysis. Hence, if the gene is a material unit, it is a piece of a
chromosome; if it is a fictitious unit, it must be referred to a definite lo-
cation in a chromosome - the same place as on the other hypothesis. Therefore,
it makes no difference in the actual work in genetics which point of view is
taken.” (Morgan, 1935, p. 315)
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4.1.1 The scheme. Exceptions to additivity and double crossing-
over.

On the basis of the recombination frequencies calculated
from the results of breeding experiments (shown as *“proportion
of cross-overs”?® in table 2), Sturtevant (1913) constructed the
map for one linkage group of Drosophila (the group of the so-
called “sex-linked” characters, corresponding to the X chromo-
some). The map is presented in figure 5.

TABLE 2
Factons coNcraNED PROTORTION OF |ppy e oF cROBS-OVERS
9:
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BB s
BRiooamismsrpenssvammvma o s B 1122" 35.5
R ST igg— 37.6
COP s s s SR % 30.0
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OMisionsm s comdiasit sy v ;;Z 33.6
B(C,0).ueeeeiiiieaeee 2"3;;6 1.0
08 OB st b mpnns ]457—;4 29.7
2
(o757 S 26‘;?(] 33.7
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R —5%— 3.0
. A — 132 26.9

Table 2. Table of recombination frequencies (Sturtevant, 1913, p. 48).

8 uCross-over” is synonymous with “crossing-over”.

18



BC PR M
00 10 307 337 576

Fig. 5. Linkage map corresponding to table 2 (Sturtevant, 1913, p. 49).

However, for long distances (corresponding to high recombination
frequencies), some experiments (Morgan, 1911b; Morgan and Cat-
tell, 1912) showed exceptions to additivity. This means that,
for two genes A and C with high recombination frequency R(AC),
one finds R(AC)<R(AB)+R(BC), instead of R(AC)=R(AB)+R(BC). But,
rather than rejecting the hypothesis of linearity (which was
suggested by the observation of additivity, as explained above,
subsection 3.3.2), Sturtevant hypothesised that there could be
more than one crossing-over occurring on the same linkage group
at the same time. That would explain the exceptions to addi-
tivity for long distances. As appears in figure 6, which is a
schematic representation of the three steps of a double cross-
ing-over, the genes located at the extremities of the linkage
groups, and separated by two breaks (here, genes W and Br), are,
in the end, inherited together (they remain on the same chromo-
some — there is no recombination). On the other hand, they do
not remain on the same chromosome as M, which is located between
the two breaks. Hence, for W and Br, double crossing-over
(double “breaks”) contributes to cancel the recombination.

[..] if a break occurs between B and P, and another between P and M, then, un-
less we can follow P also, there will be no evidence of crossing over between
B and M, and the fly hatched from the resulting gamete will be placed in the

non-cross-over class, though in reality he represents two cross-overs. (Stur-

tevant, 1913, p. 50-51, italics mine)

W M 8r
G : ~
a
R
4 Br

w s B
i -—— e
17
Fig. 6. Schematic representation of double crossing-over (Morgan et al., 1915,
p. 62).
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Once the possibility of double crossing-over is acknow-
ledged, the mapping scheme has to be modified. Following the
idea underlying the hypothesis of proportionality of crossing-
over with distance (subsection 3.3.3), Sturtevant assumes that
the more distant from each other two genes are, the more multi-
ple breaks between them are likely to occur. Hence, high recom-
bination frequencies (corresponding to long distances) cannot be
reliably used as indices of distances. However, for shorter dis-
tances, multiple crossing-over are less likely to occur (and, in
fact, there are much fewer exceptions to additivity).

Sturtevant thus chooses to construct his map by relying on
short distances. Long distances on the map therefore correspond
to the sum of short distances, rather than to the observed re-
combination frequencies between the most distanced genes. This
appears clearly when one considers the table of the recombina-
tion frequencies (table 2) and its corresponding map (fig. 5).
The table displays the proportions of crossing-over for each
pair of genes (their recombination frequency), and the corres-
ponding percentage, which is supposed to give the distance be-
tween them. Consider BM: the table says that, out of 693 cases,
B and M were inherited separately 260 times, that is, 37,6% of
the cases. However, on the map, the distance between B and M is
57,6 (and not 37,6). This is because this distance was calcu-
lated by adding up short distances, rather than by relying on
the recombination frequencies that could be inferred from the
phenotypic data.

4.1.2 Maps construction and conceptual development.

Although the mapping scheme could be described as a mere
practical application of the theory of crossing-over, its design
and elaboration resulted in a genuine conceptual novelty. In-
deed, when one further analyses the definitions of crossing-
over, and of genetic distance, which underlie Sturtevant's map-
ping scheme, it appears that the construction of maps contri-
buted to the conceptual development of the theory.

4.1.2.1 Phenotypical, genotypical, and physical data.

Before turning to crossing-over and distance, let me make
a few remarks about the different levels of analysis involved in
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the construction of maps. Indeed, one can speak of “data” and of
“observation” in several senses, which call for some clarifica-

tion.

- The raw data, from which the maps are elaborated, are
the phenotypical traits of the individual hybrid flies bred in
the laboratory (e.g. eye colour, size of the wings, etc.). The
phenotypical traits are observed in a strict sense (although
microscopes might be used to magnify some traits). Let me call
this level of data the “phenotypical level”.

- The numerical data displayed in table 2, under the head-
ing “proportions of cross-overs” are the result of a first in-
ferential process. These are statistical data, obtained through
the processing of the raw data. In a looser sense of “observa-
tion”, it can be said that these proportions of crossing-over
are observed, since they are sort of directly inferred from the
raw data about phenotypes. These “proportions of cross-overs”

are about effective recombinations (i.e. separated inheritance

of genes that are partially 1linked). “Proportion of crossing-
over”, in this sense, is synonymous with “recombination fre-
quency”. I will refer to this level of data as the *“genotypic
level”.

- The distances shown on the map are the result of a sec-
ond, more complex?’’, processing. As we have seen, Sturtevant’s
scheme consists in constructing linkage maps on the basis of
short distances (rather, of small proportions of crossing-over —
low recombination frequencies), because of the exceptions to ad-
ditivity and the resulting hypothesis of double crossing-over.
Hence, the longer distances on the map do not correspond to the
proportions of crossing-over (or recombination frequencies) dis-
played in the table, of which I have said that they are “ob-
served” in the sense that they are (relatively) simply inferred
from the raw data. Distances on the map rather correspond to the
putative number of real or physical breaks and exchanges of
genes, whose genotypic effect might be cancelled — which might

result in no crossing-over at the genotypic level (no recombina-

T am not suggesting that the statistical processing of the raw data is an

easy process. But, as we will see, the process that leads to the conversion of
the recombination data into distances involves additional hypotheses.
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tion), hence no observable effect at the phenotypic level. I
propose to call this level the “physical level”.’’

4.1.2.2 The notions of crossing-over and distance.

Morgan and Cattell (1912) first proposed the term “cross-
ing-over” to refer to the putative gene exchange resulting in
the separated inheritance of partially linked genes (see 3.3.1).
Before the mapping enterprise, and before the hypothesis of
double crossing-over, there was no reason to distinguish between
gene recombination (separated inheritance, “observed” at the
genotypic level), and gene exchange at the physical level (which
was inferred as an explanation of the former). The two were cer-
tainly distinguishable, crossing-over being the hypothetical ex-
planation of recombination, but, when it came to counting them
and establishing proportions, “crossing-over” was used to refer
to both: as already highlighted above, “proportions of cross-

overs” are equivalent to “recombination frequencies”.

However, once the possibility of multiple crossing-over
(in the sense of physical break and exchange of portions of
linkage groups at the physical level) is acknowledged, “cross-
ing-over” becomes highly ambiguous. Sturtevant (and more gener-
ally Morgan's group) actually uses the term “crossing-over” (or
“cross-over”) in two different senses. As shown in table 2, it
is often used to refer to (effective) gene recombination at the
genotypic level. But, in the very expression “double cross-
over”, the term “cross-over” clearly refers to physical gene ex-
change. However, two crossing-over at the physical level might
result in no crossing-over in the sense of recombination. Hence,
proportions of crossing-over in the sense of real, physical ex-
change, are not equivalent to recombination frequencies (the
“proportions of cross-overs” displayed in Sturtevant’s table).
Sturtevant was well aware of this ambiguity, as appears in the
quote above (“the fly [...] will be placed in the non-cross-over
class, though in reality he represents two cross-overs *“). How-

% I could call this the “cytological” or “chromosomal” level. However, as I
have noted earlier (subsection 3.4), the mechanistic model of crossing-over
could work even if linkage groups were not based on chromosomes. Physical
crossing-over (physical ordered exchanges between portions of linearly ar-
ranged linkage groups) could be distinct from chiasmatypie (exchanges of por-

tions of chromosomes). These putative physical crossing-over, as I have em-
phasised, are not observed with microscopes, unlike the intertwining of chro-
mosomes (from which Janssens had inferred non observed — but in principle ob-

servable — breaks and exchanges).
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ever, surprisingly enough, no real clarification of the vocabu-

lary was implemented.’

Hence, the design of the mapping scheme
resulted in a change in the meaning of crossing-over, which was

not explicitly stated by Morgan's group.

Let me now consider the notion of genetic distance. This
concept really emerged from the design and development of the
mapping technique. In Morgan’s theory of crossing-over, which
suggested that recombination frequencies might be proportional
to distances, the notion of distance had a purely physical
sense: it referred to the distance separating two genes on their
linkage group. However, *“mapping” or *“genetic distance” (i.e.
distance as measurable on the map) is not strictly equivalent to
physical distance. By reading Sturtevant’s paper carefully, one
can notice a shift in the meaning of distance in the very course
of the paper. At the beginning, “distance” clearly refers to the
physical distance separating two genes:

It would seem, if this hypothesis be correct, that the proportion of “cross-
overs” could be used as an index of the distance between any two factors. Then
by determining the distances (in the above sense) between A and B and between
B and C, one should be able to predict AC. For, if proportion of cross-overs
really represents distance, AC must be approximately, either AB plus BC, or AB
minus BC, and not any intermediate value. (Sturtevant, 1913, p. 45, italics
mine)

The phrase I have emphasised in the quote clearly implies that
proportion of crossing-over is not distance (but can be used as
an index of it). However, at the end of the paper, genetic dis-
tance (whose values are displayed on the map) is proportion of
(real) crossing-over. Hence, mapping (or cartographic) distance
is calculated on the basis of statistical data, and is not con-

ceptually equivalent to physical distance.

True, since it is defined as the proportions of real,
physical crossing-over, mapping distance still has a physical
meaning. But its metric, so to speak, is different. In fact, as
Sturtevant was well aware of, already in the 1913, there is no
reason to assume that the chromosomes are equally 1likely to
break on every point.**

Of course there is no knowing whether or not these distances as drawn repre-
sent the actual relative spatial distances apart of the factors. Thus the dis-

' This issue is not merely terminological: in the debate opposing William Cas-

tle and Morgan's group in 1919, the different actors' uses of the term reveal
their diverging theoretical commitments (see Vorms, 2013a).

3 Advances in cytology later confirmed this: chromosomes are much less likely

to break near the centromere. Hence, genetic distance is a measure of length
combined with strength.
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tance CP may in reality be shorter than the distance BC, but what we do know
is that a break is far more likely to come between C and P than between B and
C. Hence, either CP is a long space, or else it is for some reason a weak one.
The point I wish to make here is that we have no means of knowing that the
chromosomes are of uniform strength, and if there are strong or weak places,
then that will prevent our diagram from representing actual relative distances
— but, I think, will not detract from its value as a diagram. (Sturtevant,
1913, p. 49)

Genetic distance and physical distance, whether or not they have
the same value, are not the same concepts: they do not have the
same definition. Genetic distance is a very complex concept,
neither purely statistical, nor purely physical. All this should
be clarified in the analysis of the form and content of the maps
I will now propose.

4.2 To what type of representation do maps belong?

Let me know further analyse the content and form of link-
age maps, namely what they represent, and how. Recalling my
characterisation of the forms of representation typical of Men-
delism and cytology respectively, I will tackle these issues by
asking the following question: Are linkage maps Mendelian or cy-
tological representations? Should they be interpreted as dia-

grammatic, or as schematic representations?

4.2.1 Schematic representations of chromosomes, obtained through
Mendelian techniques?

Maps are constructed by relying on Mendelian techniques
(breeding experiments and statistical analysis). In that sense,
they are not the result of any abstraction process from a cyto-
logical representation, unlike the schematic drawing of a cell
or of a chromosome. However, it often happens that the construc-
tion rules of two representations (and the techniques by which
their source data are gathered) are different, while their in-
terpretation rules are the same. For instance, a realistic hand-
drawing is not created by the same process as a digital picture
that has been processed so as to look like a hand-drawing. But,
for one to draw information about the scene represented, the two
images are to be interpreted following the same rules. In the
present case, the resulting map is intended to represent (as-
pects of) the structure of chromosomes. Sturtevant (1913) ex-
plicitly presents his map as a representation of the relative
location of the genes on the chromosome X of Drosophila. More-
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over, the very enterprise of mapping yielded confirmation of the
chromosome theory, and knowledge of the structure and role of
the four chromosomes of Drosophila. Finally, in the 1930’'s, it
became possible to map linkage maps onto cytological maps (ob-
tained through microscope techniques, see Painter 1934, and fig-

figure 7).
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Fig. 7. Genetic map (above) and cytological map of the salivary gland of the
female larva of Drosophila melanogaster. Correspondences between the loci of
the genetic map with homologous loci of the salivary chromosomes are indicated
by oblique lines (Painter, 1934, pp. 452-453).

Hence, even if genetic distance might not correspond ex-
actly to physical distance — if the metric is not preserved —,
at least the topological relations are preserved (the relative
ordering of the genes). In that sense, maps are cytological-like
(schematic) representations. They are established through Mende-
lian techniques, but the resulting representation has to be read
as a schematic drawing representing the relative ordering of the
genes on the chromosomes. In fact, they are tools of inquiry
into the structure of chromosomes.

4.2.2 Mendelian diagrams displaying statistical data about re-
combination frequencies?

Nevertheless, it is worth acknowledging that the technique of
mapping would still have been meaningful and useful, had the
chromosome theory turned out to be false. In fact, maps display
in a graphical way the statistical data contained in the corres-
ponding tables. Even if they did not represent chromosomes, and
not even any real physical structure, maps could still serve as
tools to visualise statistical data and make predictions more
easily than with the corresponding tables. As Morgan states it
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in his Nobel lecture in 1935, “this ability to predict would in
itself justify the construction of [...] maps, even if there
were no other facts concerning the location of the genes.” (Mor-
gan, 1935, p. 315) Maps would contain no more information than
the tables, but they might be much more efficient as predictive
tools.

From such a perspective, maps are mere diagrammatic® ex-
tensions of the Mendelian symbolism, just like Punnett squares.
They are only metaphorically spatial (like a temperature graph,
prompting one to say that temperature is *“high” or “low”), map-
ping distances standing for mere probabilities. They are pure
diagrammatic presentations of statistical data, with no spatial
meaning per se. The historical fact that they could actually be
mapped onto chromosome maps in the 1930's cannot be invoked to
settle, a posteriori, the conceptual issue of their meaning.
Without the need to invoke such historical argument, I will now
show that this interpretation is not tenable.

4.2.3 Maps as theoretical representations embodying a mechanis-
tic hypothesis.

Although nothing proves that mapping distances correspond
to real distances on the chromosomes, they do not merely corres-
pond to simple statistical data. Indeed, as I have explained in
section 4.1.2, distances on the map do not (always) correspond
to the observed recombination frequencies (at the genotypic
level), but rather to the proportion of real exchanges at the
physical level. Long distances stand for the (putative) proba-
bility of physical crossing-over.

True, the physical basis of linkage groups could be some-
thing else than chromosomes without maps’ loosing their meaning
and usefulness. But, whatever their physical basis, linkage
groups have to be thought of in spatial terms, if one wants to
understand the mapping scheme. Hence, maps have to be read as
schematic representations, rather than as extensions of the Men-
delian symbolism: they involve mechanistic, hence spatial, rea-
soning. In fact, the schematic model shown in fig. 4 underlies
their scheme. Although they are constructed on the basis of
statistical data obtained through breeding experiments, the con-

3 Graphs belong to the broad category of diagrammatic representation: spatial
relations within them stand for non-spatial relations.
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version of these data into genetic distances implies a mechanis-
tic, spatial model — if not the chromosome theory. If one does
not think of the map as having a spatial meaning, the concept of
distance becomes terribly complex and ill-defined; in fact, if
one rejects the mechanistic model, the definition of distance
changes, depending on whether one consider long, or short dis-
tances (see subsection 4.1.2.2).

More practically, even if one wants to use the map only as
a predictive tool for gene recombination, one has to read it as
a schematic representation: in order to retrieve information
about recombination frequencies, one has to interpret distance
in a spatial way (spatial relations within the map have to be
interpreted as standing for spatial relations). Otherwise, it is
practically impossible to read the very genetic data off the
map. If one refuses to consider maps as theoretical representa-
tions — in the sense that they bear a theoretical (mechanistic)
explanation of the genetic phenomena, maps are far from handy
predictive tools, and the mapping scheme is unjustifiably com-
plex (see Vorms, 2013a). Maps do not only suggest a mechanistic
explanation; they rather embody this explanation — their rules
of construction and of interpretation involve it. They are genu-

ine theoretical representations, from which new concepts emerge.

4.2.4 Conceptual change as representational change. The spatial-
isation of the gene.

The birth of classical genetics is the result of the junc-
tion of two disciplines. It can be described as resulting from
the integration of a cytological hypothesis into the science of
heredity, together with a mechanistic explanation. I do not con-
test the correctness of this description. But I hope to have
shown that one gets a finer-grained and deeper understanding of
the integration of the modes of analysis of cytology and Mendel-
ism by studying the concrete representations that were con-
structed, and reasoned with, by the geneticists, than by exclu-
sively focusing on (linguistically represented) hypotheses. The
conceptual change undergone by genetics in the 1910’s is best
described as a representational change: spatial thinking becomes
essential to genetics.

As I have emphasised in section 3, the introduction of cy-
tological hypotheses into genetics does not contribute anything
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to the knowledge of the material nature of the gene (i.e. its
physicochemical constitution). Merely describing the birth of
classical genetics as the result of the adoption of the chromo-
some theory of heredity, hence as a step towards the materiali-
sation of the gene, would thus overstate the explanatory import
of cytology. It would also obscure the role cytology actually
played in shaping the geneticists’ representation and under-
standing of the mechanism of crossing-over. Morgan’s model was
clearly prompted by his conception of the kind of explanation
cytology should provide to genetics, namely a mechanistic, ra-
ther than a chemical one.>

Similarly, focusing on the theory of crossing-over, as a
set of hypotheses providing a mechanistic explanation of partial
linkage would not do justice to the conceptual novelty arising
from the mapping technique itself. New concepts emerged from
this representational technique. In particular, it is difficult
— if not impossible® — to grasp the complexity and subtlety of
the concept of mapping distance by merely considering the hy-
potheses at play, rather than the mapping scheme itself. The de-
sign of linkage mapping introduces a novel way of representing,
and reasoning about the genetic phenomena. Representations such
as linkage maps are not the expressions of an underlying theory,
but rather the very locus of theorising.

As a result, paying attention to the representational
forms used in scientific practice is a way for the philosopher,
and for the historian, to capture aspects of the conceptual con-
tent, and of the conceptual development, of a science, which are
obscured by more classical approaches. As I have just shown, in
the case of genetics, this approach unravels the complex role of
the chromosome theory within the conceptual components of clas-
sical genetics. It also provides us with a fine-grained view of

3 By contrast, Castle’s (1919) rival map model was (partially) prompted by his

conception of chromosomes as complex chemical molecules, to which genes are
supposed to be attached by molecular, rather than mechanical, forces. To him,
recombination is rather the result of a chemical reaction, than of a mechani-
cal process (see Wimsatt, 1987; Vorms, 2013a). More generally, I suggest that
the way different geneticists understood the conceptual articulation of cyto-
logical hypotheses with Mendelian ones, and their own representation of the
structure of chromosomes, drove the way they constructed, and interpreted,
maps (see Vorms, 2013b).

3 My point is not that the content of maps (both the data they convey and the

hypotheses they embody) cannot be put into words — this paper proves the con-
trary — but that it is very hard to grasp this content without analysing the
form of maps, and that the conceptual novelty arouse from the very design of
maps.
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the conceptual change undergone by genetics in the 1910’'s: it
enables us both to highlight the conceptual independence of Mor-
gan’'s model of crossing-over with regards to the chromosome
theory, and to understand that there is a genuine theoretical
novelty in the way geneticists would represent genes.

Moreover, for the scientists themselves, discussions and
reflections on their representational techniques, and on the
best way to construct, and interpret, the representations they
use, often prompt them to make explicit, clarify, and develop,
their own understanding of the theoretical constructs they are
dealing with. Linkage mapping offers a striking example of this:
the design of the mapping scheme, as well as the debates it gave
rise to (see Vorms, 2013a, 2013b), led Morgan and his colleagues
to articulate and make explicit aspects of the meaning of some
concepts (crossing-over, distance) that were left implicit in
the linguistic presentations of their theory. Conceptual devel-
opment not only gave birth to a new representational technique,
but also genuinely arose from the design and improvement of this
technique.

5. CONCLUSION

I have proposed a study of the birth of classical genetics
in the 1910’'s from the perspective of the forms of representa-
tion associated with the two disciplines it arose from. Scien-
tific change is often equated with addition, subtraction, or
modification of hypotheses. Prima facie, the change undergone by
the science of heredity in the 1910's could be described as the
addition of a cytological hypothesis, together with the mecha-
nistic explanation it provides. Although this is not wrong, I
have shown that the change undergone by genetics in the 1910's
is best described as a representational change. This representa-
tional change results from the integration of the typical forms
of representation of Mendelism and cytology respectively, into a
new representational form, namely linkage maps. Rather than be-
ing the result, or the expression, of an underlying conceptual
change, the design of the representational technique of linkage
mapping both prompted and embodies the conceptual development of
genetics.
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