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1. Anincoherent historical description of the path to the
one gene — one enzyme relation

The one gene — one enzyme relation of George Beadle and
Edward Tatum is one of the pillars of molecular biology. The
numerous steps that led to its emergence have been well
described by historians. Alfred Sturtevant observed the partial
correction of the vermilion mutation in Drosophila
gynandromorphs. He interpreted it as the result of the
diffusion of a substance present in the wild-type tissues
surrounding the eye bud (Sturtevant 1920 and 1932). Under
his influence, Beadle and Boris Ephrussi initiated their
experiments on the genetic determinism of eye colour in
Drosophila, using the embryological technique of eye bud
transplantation (Beadle and Ephrussi 1935 and 1937). They
spent long years characterizing the chemical nature of the
diffusible substances involved (Thimann and Beadle 1937;
Tatum and Beadle 1940). This work was a failure, since the
chemical nature of these substances was first described by
Adolf Butenandt in Germany (Butenandt et al. 1940). Finally,
Beadle and Tatum successfully reoriented their work by
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reversing the experimental approach, and looking at the
genetic control of well-known metabolic pathways in a new
model organism, Neurospora (Beadle and Tatum 1941).
Hans-Jorg Rheinberger has shown how the German biologists
Alfred Kihn and Ernst Caspari, before Beadle and Tatum,
developed a similar and independent study on the flour moth
Ephestia. They obtained identical results, and proposed
similar hypotheses (Rheinberger 2000). The work was
partially interrupted by war and has not been fully recognized
by the scientific community and by historians.

Even complemented by the contribution of Kiihn and Caspari,
this historical presentation remains puzzling. What Beadle and
Tatum, as well as Kiihn and Caspari, initially aimed at were
the mechanisms of gene action in development, whereas the
relation finally established between genes and enzymes was
general and, moreover, not new: Archibald Garrod, L. T.
Troland, John Haldane and Muriel Wheldale among others
had already proposed a similar relation (Olby 1974).
Additional difficulties emerge when the initial work of Beadle
and Ephrussi is closely scrutinized. Among the more than
twenty mutations that affected eye colour, they focused their
attention on two non-autonomous mutations, i.e. mutations
that could be corrected by surrounding wild-type tissues in
mosaic animals. Apart from a reference to Sturtevant’s earlier
observations, the reasons for focusing, from the outset, on
non-autonomous characters are not obvious. In addition,
Beadle and Ephrussi used the word “hormone” to designate
the nature of the substances involved, and this habit persisted
up to 1940 for Beadle (Tatum and Beadle 1940) and 1944 for
Ephrussi (Ephrussi and Herold 1944) - the same word was
used by Kuhn. To characterize the substances involved,
Beadle recruited a specialist of auxin, a plant hormone, to help
him in the work!
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A last surprising observation is that Beadle introduced the one
gene — one enzyme relation belatedly (Beadle 1945), and
marginally. Obviously, the establishment of this relation was
not what guided the choice of Neurospora nor does it explain
the importance attributed to the first results obtained on this
system.

Historians (and biographers) have already noticed these
“abnormalities”. Some present them as oddities without
significance, the use of “loosely defined” terms: the word
“hormone” is often placed between inverted commas when
this early work is described (Horowitz 1990, 2; Kay 1993;
Berg and Singer 2003). Gayon has particularly emphasized the
recurrent and late use of the word “hormone” to designate the
substances involved in the coloration of the eyes, and shown
that the model that Ephrussi had in mind was clearly different
from the one gene — one enzyme relation (Burian et al. 1991;
Gayon 1994). Rheinberger has highlighted Kiihn’s hormonal
interpretation of his results (Rheinberger 2000). Nevertheless,
| think that it is possible to go further: there was a model of
gene action that was shared by most of the participants. It was
a tacit, rarely fully explicit model. It also included evidence
obtained by Hans Spemann on the existence of embryonic
inducers and of an organization centre, as well as the recent
efforts initiated by Joseph Needham to characterize the
chemical nature of the latter.

2. The model and its supports

The model was very simple. It proposed that one of the
functions of genes was to control the production or action of
hormones. These hormones behaved as embryonic inducers,
which explained how genes were able to control development.
The model found strong support in the importance attributed
to hormones in physiological processes, and in the rapid



progress made in their characterization. It was obvious in the
1930s that hormones controlled differentiation and
development: such was the case of the growth and thyroid
hormones (the latter being involved in the metamorphosis of
amphibians), but also of steroid and in particular sexual
hormones. Interestingly, vitamin D was also a steroid derived
from cholesterol, and this observation established a link
between hormones and other important objects of research in
biochemistry, vitamins: vitamin D was also important for bone
formation. Observations of hormone action on development,
and of their control by genes, were obtained in plants (van
Overbeek 1935)

The link between embryonic inducers and hormones was not
introduced by Spemann, but proposed in 1931 by Joseph
Needham in his monumental book on chemical embryogenesis
(Needham 1931). He suggested that the substance responsible
for the effects of the organizer was a steroid, and the first
results of the purification of the active principle present in the
organizer seemed to support this view (Armon 2012).

To consider that the products of genes were hormones fully
agreed with the vision of genes as “controllers”. Slightly later
Conrad Waddington, faced with the paradox that artificial
substances were able to mimic the action of the organizer,
proposed the idea that the substance present in the organizing
centre acted as an evocator, switching on a response that was
already predetermined in the recipient tissue (Waddington
1936). This idea was not incompatible with this conception of
gene action, considered as essential but limited. We need to
take off our present-day information glasses in order to
understand how the function of genes was viewed in the
1930s!

3. Evidence for the existence of this model



One difficulty is that the model was never fully and clearly
made explicit. There are probably two reasons for this
cautious attitude of biologists. The first was that there were
other models of gene action, which had never been cast aside:
in particular, the case of the relation between genes and
enzymes. Most of the mutations controlling eye development
were autonomous, demonstrating the existence of mechanisms
of gene action other than the hormonal one (see later). In
addition, the way genes might control the production or action
of hormones was totally unknown. The second reason was that
the model was at the crossroads of different disciplines and
attempts to establish relations between three highly different
areas of research: biochemistry (including the study of
hormones and vitamins), embryology, and genetics. To
present the model explicitly generated the risk of being
harshly criticized by specialists of other disciplines.

A second difficulty is the huge effort necessary to abandon our
current vision and to read the publications of Beadle, Ephrussi
and Kihn without interpreting their results in terms of present-
day understanding. When they describe the successive roles of
genes in the production of substances, we must not
Immediately substitute a model in which genes give rise to
enzymes that control the successive steps of a metabolic
pathway. This interpretation progressively emerged from the
experimental observations, both in the case of Beadle and
Ephrussi and of Kihn: it was not the interpretation that guided
the initial work, in contradiction with the authors’ own
retrospective reading of their work (Beadle 1974).

Despite a lack of a direct evidence for the existence and
importance of the hormonal model, | believe that the strongest
argument in its favour is that it provides an explanation for the
puzzling observations that | outlined before. The use of the



term “hormone” by the protagonists was recurrent, and not
justified: it was not an inappropriate use of a word, but it was
a central part of the model that guided the experiments. The
exclusive attention paid to the non-autonomous characters,
vermilion and cinnabar, also becomes obvious: if genes act
through the production of hormones, from the very definition
of hormone action the characters had to be non-autonomous.
The abandonment of this “hormonal” model was slow and
progressive, which also explains why the relation one gene —
one enzyme was not immediately placed at the pinnacle by
Beadle. The experiments on Neurospora were initiated as a
return to an empirical strategy to determine experimentally the
products of gene action, a reorientation of the work triggered
by the disappointment of not having found the hormones
involved in development.

Other indirect observations are also in favour of the existence
and influence of this model. | will briefly describe two of
them. The first is the representation of gene structure proposed
by the Russian biologist Koltzoff (Koltzoff 1939; Morange
2011). Often mentioned as the first model of gene structure, it
Is also criticized for its naivety, and the heterogeneity of the
chemical molecules supposed to form the genetic material. To
a long polypeptide chain, Koltzoff attached amino acids and
hormones. The presence of hormones in the genetic material
was retrospectively considered as absurd, whereas it had its
full significance in a hormonal model of gene action.

Frauds and/or non-reproducible experiments can also be used
to gain access to the range of expectations dominant at a given
time. The results of experiments will be accepted too rapidly
(or invented in the worst case) if they support the non-explicit
model that researchers have in mind. The experiments
performed by Franz Moewus in Richard Kuhn’s lab on the
hormonal control of sex-types in the alga Chlamydomonas
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between 1938 and 1940 belong to this category of experiments
that were received with suspicion, and never confirmed (Philip
and Haldane 1939; Sapp 1990). In his work, Moewus claimed
to have demonstrated that the differentiation of the sex types
was due to a cascade of hormones of the 3-carotenoid type.
The synthesis of these hormones was the result of enzyme
activities controlled by genes. Interestingly, the model
proposed by Moewus at a time (1938-1940) when the
hormonal model was facing increasing difficulties mixed the
role of hormones and the gradually increasing place of
enzymes in gene action.

4. Some conclusions about this historical episode

The hormonal model of gene action was the result of a process
of coalescence of results and concepts from three rapidly
growing disciplines: biochemistry (endocrinology), genetics,
and embryology. It has been already mentioned by historians
that the period 1930-1940 was a time of unification in biology
(Smocovitis 1992). The emergence of the modern
evolutionary synthesis was the most obvious sign of this
unification. The hormonal model of gene action might have
been another example of unification, supported by the rapid
progress made in the characterization of hormones and of the
mechanisms of embryogenesis, and by the increasingly central
role of genes in biological explanations. But the model
remained in an embryonic form, and never reached the adult
stage, where it would have been described in articles and
books, and discussed at scientific meetings.

Scientific developments also follow rapid rhythms and are
subject to fashions. 1933-1935, the years crucial for the
experiments on Drosophila and Ephestia, as well as for the
chemical characterization of the organizer (Waddington et al.



1933; Witkowski 1985), were those when the Nobel Prize in
Physiology or Medicine was awarded to Morgan (1933) and to
Spemann (1935). No doubt that, during these years, genes and
embryonic induction were present in the minds of many
biologists!

A last lesson from this historical episode is that science
functions well. The hormonal model did not find experimental
support, whereas a close relation between genes and enzymes
was progressively strengthened. The first model was rapidly
abandoned without resistance, and the transition occurred
smoothly, so smoothly that it became invisible to those who
retrospectively studied these experiments. The fact that the
hormonal model was never made fully explicit probably
facilitated its disappearance.
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