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Foreword

At the time of writing this foreword (June 1998), the genome of 15 unicellular
species have been completely sequenced and made available to the scientific
community: ten Eubacteria, four Archaebacteria and yeast, the only
gucaryotic cell so far.

During the last three years, the amino acid sequences from over 35,000
proteins uncoded by these genomes have been deciphered. More than 10,000
proteins thus unveiled have an unknown function and are members of new
protein families yet to be identified. The sequence of each new bacterial
genome (with the possible exception of E. coli) provides the microbiologist
with a huge amount of fresh metabolic information, far in excess of that
already in existence. A surprisingly large biochemical diversity in the bacterial
world has been revealed. If over a million bacterial species exist, of which
only approximately 3,000 have so tar been cultured, then the enormous task
of identifying the bacterial world through the sequencing of its genomes is
still to be accomplished. Dozens of sequencing centers (rapidly expanding
to become hundreds in number) all over the world are undertaking this task,
which will result in the discovery of thousands of new proteins. These
figures do, however, call into question the exploitation of this data.

Each one of these bacterial genomes forms a tier of biotechnological
information, the exploitation of which will create new catalysts, hopefully
more efficient and more specific, but less detrimental to the environment
than most of the chemical processes currently in use. When the plant and
animal kingdoms have been fully exploited by the human race, the
domestication of a still largely-unexplored and immense world will remain
— that of the Eubacterial and Archaebacterial kingdoms.
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In the next few years, a considerable portion of the sequencing of bacterial
genomes could be performed in developing countries, where labor costs are
low. It is, however, to be expected that the industrial exploitation of this
newly available knowledge will continue to be carried out primarily by large
multinational corporations. Whatever the outcome, the race for the
identification and exploitation of new microbial enzymes is on; we can only
hope that, in fine, it will be beneficial to mankind as well as to the preservation
of other living species. Equally important as the production of new industrial
enzymes, newly acquired panoramic knowledge of pathogenic microbial
genomes will considerably speed up the development of new vaccines and
antibiotics.

In addition to harnessing of the bacterial world, it is easy to imagine the
quantitative and qualitative increases in plant productivity which will result
from the complete knowledge of the genomes of some one hundred plant
species, which currently constitute the core of our food source. Moreover,
it is possible to predict the elimination of the potent parasites currently
responsible for the untimely deaths of millions of people each year by
thoroughly understanding of their metabolism. This knowledge will not be
complete until their genomes have been sequenced.

So, what will the repercussions on the medical world would be, that will
be brought about by knowing the sequence of all the proteins constituting
over 200 cell types which make up the human body? All the large
pharmaceutical companies are investing heavily in medical genomics, from
which they are hoping to create new drugs, new diagnostic tools and new
genetic treatments. The extent of these investments is somewhat surprising,
as mentioned by Philippe Goujon in his book, since the financial return
appears risky and, at best, will only be obtainable in the long term. I am,
nevertheless, convinced that the reading of the human genome is a necessary
(though not, of course, the only) step in the molecular biology of all essential
human biological functions, which sooner or later will be used to the benefit
of medical knowledge and ultimately mankind.

This optimism is justified by my belief in the intrinsic value of scientific
knowledge and by the extraordinary progress in molecular genetics in the
past 25 years. It has flourished from the first genetic transformation of
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bacteria to the first complete sequence of microbial genomes, including
yeast, and will lead to the complete sequence of the human genome, hopefully,
by the year 2005.

In the following pages, the science historian Philippe Goujon describes,
in detail, the action taken by the European Commission in the domain of
biotechnology. He has compiled a comprehensive amount of documentation
and has dug deep into the archives and the memories of pioneers such as
Fernand Van Hoeck, Dreux de Nettancourt, Etienne Magnien, Ati Vassarotti
and Mark F. Cantley, who were (or are still) key players in the birth and
development of biotechnology programs at the European Commission.
Philippe Goujon has placed this European effort in a scientific, sociological
and industrial context going back to the beginning of the 20th Century.
Although the European effort has become much more prolific than initially
predicted, Philippe Goujon highlights the still dominant contributions of the
United States of America and multinational corporations to the massive
industrial exploitation of molecular biotechnology which, after a first half-
century of progressive implementation, will undoubtedly triumph during the
21st Century. Philippe Goujon, an informed observer, meticulously describes
the succession of scientific discoveries which have resulted in the recent
discovery of the complete sequence of genomes. Finally, as a scientific
philosopher, he makes his position clear on the future of genomics and its
possible implications. He also gives a concluding analysis of the role of
science in our society.

This comprehensive analysis, based on remarkable documentation, is a
massive and unique undertaking. 1 am pleased to have been able to foster
the writing of a book which, I believe, will become a classic in the
contemporary History of Science.

Professor André Goffeau
Université catholique de Louvain
Unité de Biochimie Pysiologique
2, Place Croix du Sud

1348 Louvain-la-Neuve

Belgium
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Introduction:
The Essence of Life and
the Labyrinth of the Genome

During this century, all scientific domains have been marked by important
discoveries, often made by extraordinary researchers and by a dynamism
which can truly be considered a permanent revolution. Since 1900, scientists
and their ideas have brought changes se sweeping in their scope that they
have modified our perceptions of the nature of the universe. The first of
these changes was in physics, with biology hot on its heels. The revolution
in physics started in the beginning of the 20th Century with the theories of
quantum mechanics and relativity. It was concerned with the inside of the
atom and the structure of space-time, continuing well into the 1930s and
throughout the development of quantum mechanics. Most of what has
happened in physics, at least until recently, has been the result of those three
decades of work. With the Manhattan Project, physics was restructured at
the deepest level. A new form of research called “Big Science” had been
invented.

In biology, the modern revolution began in the mid-1930s. Its initial
phase, molecular biology, reached a plateau of maturity in the 1970s. A
coherent, if preliminary, sketch of the nature of life was set up during these
decades, in which a mastery of the mechanisms of life was increasingly
sought after, particularly for industrial use. There would be a second phase
to the biological revolution, that of genetic engineering and genome research.
The consequence of this contemporary revolution was the advent of a new
form of research in biology. It is the harbinger of the eminent role that

xiii
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biology will have in the evolution of society, and the effect this will have
on our way of life and thinking.

Several decades after physics, biology has also become “Big Science”
with the genome projects and is undergoing a revolution of a structural,
methodological, technological and scientific nature. Less than half a century
after the 1953 discovery of the structure of deoxyribonucleic acid (DNA) by
James Watson and Francis Crick, the great dream of decoding the entire
sequence of the genome of an organism became a reality. After viruses and
other “simple” organisms, scientists were starting to work on the genomes
of “complex” organisms.

In 1989, the United States initiated the Human Genome Project and
several nations, including Japan, became involved in genome research, setting
up large biotechnology and sequencing programs. At the same time, the
biotechnology programs tfunded by the European Economic Community
(the European Union) provided support for a consortium of European
laboratories to sequence the genome of the yeast Saccaromyces cerevisiae.

Consequently in 1992, for the first time, an entire eucaryote chromosome,
in the form of chromosome III of the aforementioned baker’s yeast, was
sequenced. In addition, the European consortium and its international
collaborators managed in 1996 to break another record and obtain the entire
sequence for the yeast genome, some 14 million base pairs. During this gene
race, Europe managed to maintain its position as a leader in world genome
research and provided the international scientific community with a tool
whose usefulness, especially for our understanding of the human genome,
becomes increasingly clear.

Scientific and industrial competition continues. The number of organisms
for which the entire genome sequence has been read is increasing. Along
with the yeast genome and smaller genomes that are nevertheless of biological
or economic importance, we expect a forthcoming completion of the
sequencing of the 100 million base pair genome of the nematode
Caenorhabditis elegans. The first pilot programs for systematic sequencing
of the human genome’s three billion base pairs have been completed, making
way for larger sequencing projects of whole human chromosomes.
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A technological, scientific and economic revolution is under way, a
revolution whose effects are already being felt and which will shake the
fields of human and animal health, the pharmaceutical business, the agro-
food industry, our environment and society as a whole. As announced by the
scientists and publicized by the mass media, the prowess of the new
biotechnology, the cloning of genes and even of entire animals (sheep and
monkeys) as well as the prophecies of several great scientist pundits bring
out fascination and concern within us. Science also produces perplexity.

Despite the importance of this new biology, of genome research and of
the aura thai surrounds them, it seems as if the general public is somewhat
in the dark as to the real issues, progress, possibilities and risks. The history
of these achievements is often misunderstood, even by some of the people
involved in them. In view of the ongoing revolution and its consequences,
whether scientific, political, economic, social or ethical, and the public’s
general misunderstanding of them, there was need for a book presenting the
origins and the history of genome research, its current status and its future.
This book hopes to fill that need.

At the source of this book there is a wonder, a passion, but also the
chance meetings that led me to write it. The wonder is that of the philosophy
of science and the window it provides on our world and its secrets, Man and
his place in the universe. The passion is that of understanding science as it
evolves, the challenges that human intelligence seeks and the risks linked to
the discoveries and revelations of this increasingly powerful field of
biotechnology. I first thought of writing this book during my post-doctoral
period between 1993 and 1996 at the Université catholique de Louvain. It
was during this time that I was fortunate enough to meet Professor Andre
Goffeau who was then coordinating the European yeast genome sequencing
project. During many conversations he opened up his archives and his
laboratory to me, as well showing me the fascinating and multidisciplinary
field of genome research, which lies at the frontier between fundamental
and applied science, and where technology and biology, research and industry,
economy, politics, law and science all meet.
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Fascinated by the work under way and carried by my enthusiasm for the
research despite the obstacles and difficulties involved in this endeavor,
naturally [ was taken by the idea of a book on the European and world effort
to sequence the genome of Saccharomyces cerevisiae, but also on genome
research as a whole, its origins and developments. I was immediately
supported by Professor Goffeau who, prompted by some of his colleagues,
was looking for someone to write the “little tale” of the European and world
effort to sequence the yeast genome. As I browsed through the archives, I
became more and more convinced that the origins, the size, and the
consequences of the changes in biology and society in general, wrought by
the initiators and managers of the genome project, had to be communicated
to the world at large.

Academic work always uses a strict method of approach. This means an
ordered process of disciplined progress. Like any study this work needed a
perspective, an approach. But because it is a story, a rational approach
would have been limiting and unsatisfactory, which accounts for the anecdotes
included in this work. Ideas are often born of happy coincidences, during a
conversation, while reading an article or meeting someone, or during a
conference, and most often if not always in a propitious scientific, economic
and sociological context. They generally begin as an attractive hypothesis.
If the idea is stimulating enough, work begins in a new field or domain. It’s
often not a linear process. Various eddies influence the flow of scientific
construction as it is taken away from the official paths and then often seems,
to use a term from physics, chaotic and subject to sudden changes of direction.
But that means surprise, and surprise is what researchers live for and from.

Besides contributing to an understanding of modern biology and
biotechnology, this work also hopes to serve to explain scientific practice,
its means, its rules, and its presence amongst us, in our individual and
collective lives. In particular, it seeks to underline, through the history of
biotechnology and the genesis and development of genome research, the
deep relationship that links these domains, while stressing that they face not
only the material world but society as a whole. Biotechnology and genome
research goes beyond the purely operational perspective to embed itself
resolutely in human history, in communication, negotiation and communal
creation.
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This work shows that the bases of biotechnology and the genome projects
lie within historic projects in their own particular political, socio-cultural
and economic context. It also demonstrates through its investigation of the
history of this ongoing biological and particularly biotechnological and
genome research revolution, the human aspect of science and the creativity
which is inherent to it. It attempts to, through its philosophical and ethical
reflections, clarify the manner in which they are products of society as well
as an influence upon it.

To trace the story of biotechnology and the genome programs, in particular
that of the yeast genome, one has to take into account the various groups
affected, watch the development and change of their various scientifico-
socio-economic aspects in reaction to conceptual and technical modifications
and the rapprochement of previously quite separate disciplines. One single
method would therefore not allow us to understand the highly
multidisciplinary history and evolution of biotechnology and the genome
programs. The multidisciplinary components involve:

— The scientific and technical bases

— The multisectoral applications

— The industrial and economic dimensions

— The national, European and international political levels
— The institutional and international organizations

The legal dimensions

The ethical dimensions

The “public” dimensions

Each of these aspects must be taken into account.

Since it will be the record of some of the most modem developments in
biology, in places this book will be unavoidably somewhat didactic. As for
approach and methodology, it should be pointed out that for the purposes of
this work, scientific creativity is not just seen in an abstract fashion, either
conceptually or philosophically but mainly seen through the people at the
root of it, through their social and intellectual biographies, the influences
they have had, their motivations and the spirit in which they undertook their
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studies. Great projects cannot be separated from the destinies of the people
involved, nor can the intellectual process be separated from the many meetings
and opportunities that happen in the course of a life. Scientific creation is,
more so today than ever, incompatible with a closed society. Any rigid
approach might lead to the pitfall of revisionism, and as Martin Heidegger
wrote, “the inability to produce any point of view other than that of the
author”. It is necessary to point out to what extent apparently objective,
upstanding arguments are personal and often empty, their rigorous formality
masking the lightness of the ideas. For this reason, and in order to respect
the story of modem biology and in particular its multidimensional nature,
the historian-philosophermust go to meet those actually doing the science,
dive into their culture, follow them in their paths and pilgrimages, understand
the web of their community, their intellectual, cultural and social evolution
and accept the humility needed to understand pure fact.

This book, on the development of biotechnology and the genome
programs, owes a great deal of its substance to the author’s interaction with
the work and personality of Professor André Goffeau. It also depends on the
author’s observations as a listening, watching, external observer right inside
the coordinating laboratory and community of the yeast genome project,
much as an anthropologist would live with a far-flung tribe. Aside from
these interviews, it also gained much from the archives of the yeast genome
project and DG XII (Directorate General for Science, Research and
Development of the European Commission in Brussels). Many documents,
both biographical and scientific, were sent to the author by various laboratories
and international institutions (DOE, NIH, HUGO, and the embassies) which
helped to reconstitute the scientific, technical and economic environment to
which the first genome projects were born.

This work is directed not only to the scientific community, but also to
the lay reader. In its progression from the origins of biotechnology and its
political and economic interpretation by the great nations, this book retraces
the birth of the first national and international biotechnology projects. On
reaching the end of the 1960s, it reveals the foundations of the modern
biological revolution, in particular the techniques of genome sequencing and
analysis and highlights the importance of Japan in this context on the
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international research stage. This book also describes the completion of the
first genetic and physical maps and the political and scientific genesis of the
American Human Genome Project. It then follows with a detailed analysis
of the establishment of European biotechnology strategy, the birth of the
first European biotechnology programs and the yeast genome project.

After describing the main stages of technical, administrative, political
and scientific successes leading to the yeast genome project and its major
aspects in Europe and world-wide, this work mentions the other genome
projects in order to provide the reader with a wide view of the importance
and consequences of this science ongoing at the dawn of the 21st Century,
as well as greater knowledge of current activities at the national and
international level. In the last chapters, it considers the challenges to be
overcome as well as the perspectives opened to us by systematic sequencing
projects.

The conclusion, which is not meant to be a once-and-for-all answer,
brings the reader clearer understanding of genome research at the biological,
biotechnological, and current socio-economic level. It underlines their
meanings, justifications and their perspectives. Through an epistemological
analysis of the “dreams of the rational”, it voices our confusion at the new
definitions of life. It tries, with a critical eye, to find limits and lacunae,
taking into account the ethical, social and political problems linked to the
advent of this bio-society heralded since 1970 and which raises such hopes
and fears.

This work is also a testimony to a new way of carrying out biological
research. For some veterans who have survived from past generations of
researchers, this change in the way science is being done, particularly in
biology, is surprising and even shocking. The underlying determination to
progress is still —but for how long? —that of curious scientists probing the
mechanisms of nature. Of course, it is also the hope that some of the new
knowledge will serve to better the human condition. But the main element,
the main permanent and irresistible drive is most often the simple desire to
discover. In fact, to work on hard biological problems, is for the biologist the
greatest pleasure in the world, their reason for existence. However, when
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you hear the description of the strategies, successes and risks of genome
research, I fear that part of this pleasure is being taken away, in this current
socio-economic context that restricts the opportunity to express and
accomplish all that is possible to each of us.

It is true that some aspects of research have not changed, for example
the long and feverish hours of waiting for an experiment’sresult, the surprises,
the disappointments, the joys of attaining what was hoped for, of finding
something, of contributing a snip of new understanding, of participating in
the launch of an idea, of being part of that brotherhood sharing the same
obsessions and speaking the same private language, the tedious task of
writing articles and giving conferences... But other aspects have become
very different than they were in the past. Competition has come knocking
at the gates.

Of course, there has always been competition in research, especially
when the expectations of the new information, are as high as they are today
in the domain of genome research. But competition today sometimes looks
more like a war at the national level and although cooperation continues and
gven develops science it does not bode well. Whereas before, science
happened at the laboratory level, the new projects are at national level,
involve colossal budgets and have fundamental economic consequences. In
these projects individuals fade into the mass, strategies overlap with each
other. The process looks like that previously seen in industry; from small
firms to groups, chains and international holding companies.

At the local level, there is a real problem with jobs. There are more
young researchers than before, in the early stages of their careers, who face
a hierarchical pyramid with a limited number of university posts and stable
positions in industry, a hierarchy often conservative and typified by a certain
inflexibility. The breathtaking rate at which they work and publish is the
consequence of this as well as the result of the new methods being used.
These methods have allowed discovery in the field of life sciences to
accelerate to an unprecedented pace, but they also have deep consequences
in the organization and work patterns of laboratories, leading to ever larger
teams of young researchers, mostly at the thesis or post-doctoral level, each
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with a task linked to a minuscule element of the global picture, and each
considering the success of that task as the hook from which their future
carcer depends. The fight to survive is therefore more ferocious, positions
increasingly rare and financial support ever more scarce. Worse, a large
number of laboratory directors and professors neglect their students, being
preoccupied with their own ambitions. In this context, as an independent
and privileged witness, the author pays due homage to Professor Goffeau for
his devotion to his laboratory, his researchers and to his students.

Another source of worry, money, has become a far more crucial problem.
The story this book tells, shows that for some scientists, faith still can move
mountains, that the pleasure of discovery can still drive scientific activity
with the joy or even hope of a result, that setbacks, dead ends, unsuccesstul
experiments, can still be forgotten. But this pleasure has a cost and the cost
can often be high. There are sacrifices made, long periods away from the
family, carcer uncertainty (for many years), the dominance of scicnce in a
researcher’s life often to the detriment of family life — has not more than
one scientist’s wife said “we are a ménage a trois, my husband, science and
myself’? But most of all, there is the risk that this scientific activity be
blunted by the increasingly tough competition currently reigning in scientific
circles and which pervades far beyond the academic sphere. In the pages of
this book it becomes apparent that therc are new considerations on the
scene, considerations of an economic nature, the large biotechnology
companies running in the gene race are continually throwing more and more
money at targeted research themes. The pressure exerted by the Member
States on the European Union, during the negotiations for the Vth Framework
Program, for a far more applied orientation to funded research, is symptomatic
of this global movement in which research must be productive economically,
and furthermore productive in the short term.

In less than 20 years since the end of the 1980s and with unprecedented
acceleration, life science has migrated from being a pure science to being
a hard science with endless applications and with fundamental industrial,
economic and social expectations that will change our lives, with of course
both the advantages and the dynamism it will bring but also the deep
modifications in the way science is built and carried out, modifications that
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will also have counterproductive effects. Not least of these will be the risk
that communication of information within the scientific community, even
through chatting, will be compromised.

If anything takes away the pleasure and dynamics from research, it will
be the excess of confidentiality, The scientific networks described in this
book, constituted of national and especially international cooperation, only
work because the researchers and policy makers share what they know, at
congresses and during private conversations... Telling other scientists what
you have found is a fundamental part of the fun in being a scientist. Now
that private firms are investing massively in genome research, it is easy to
worry that events might end this privilege, a worry justified by the fact that
life science information is more and more applicable to Man, with all the
risks that that may mean for the future.

This book hopes to provide the public, often kept in the dark, the
opportunity to keep current on the new progress in biology and the risks
linked to the new direction science is taking. The only way to control them
is to transcend both the approach of the geneticist and the industrials, and
to remember that living beings are more than just vectors for the transfer of
genetic information from one generation to the next, that human life, and
life in general, is much more than the running of a computer program
written in DNA. But maybe this is all an illusion? Might there still be a
place for science with a conscience, when economic interest rules and profit
is king? In any case, science in order to save itself must build stronger links
with society and no longer remain in an elitist ivory tower. That is the only
way it will be able to link up once more with a political and ethical conscience.
What is a knowledge you cannot share, that remains esoteric, that can only
be damaged by popularization or be used by industry in destructive processes,
that influences the future of societies without control of itself and which
condemns citizens to be the subjects of a rationality and technique that they
no longer understand even as they are ignorant of the problems of their
destiny? As Edgar Morin points out in “Scienceavec Conscience”, “empirical
science deprived of forethought, like purely speculative philosophy, is
insufficient, conscience without science and science without conscience are
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radically mutilated and mutilating.” In genome research, a science without
conscience risks to ruin Man, to paraphrase Rabelais. A new alliance has to
be born. The author modestly hopes with this book to bring the reader the
chance to understand what is going today in the field of genome research
and therefore contribute to communication at the boundaries of three cultures:
the scientific, the humanist and that of the citizen through the media. He
hopes to have forged a link between scientific problems and problems of the
citizen, who more than ever needs a vision of the world but also to debunk
science from its fetish-religion position.

e e e s ok o ok sl sle o e

This work could only have been brought to term with the help of those
persons or institutions who have supported the effort and trusted me: the
Université catholique de Louvain (Belgium) where this work began at the
Institut Supe rieurde Philosophie and its Philosophy of Science Center where
I was welcomed by Professor Bernard Feltz, and of course in Andre* Goffeau’s
physiological biochemistry laboratory. Mark Cantley, head of the
Biotechnology Unit at the Science, Technology and Industry Directorate of
the OECD, Fernand van Hoek, then the Director of the Life Sciences
Directorate of DG XII, who agreed to an interview, entrusted me with
documents and shed light on the story of the decisions that led to the adoption
of the first biotechnologyprograms as well as the arcane world of community
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The Invention of Biotechnology

Although it is often seen as a recently developed label, the term biotechnology
itself dates from 1917.Today, its best-known definition is the one used by
the Organization for Economic Cooperation and Development (OECD). 1t is
a vague definition’, but the many attempts to formulate a more precise one,
and the synthetic definitions they have produced, have proved inadequate.
Over time, the various ideas and interests related to biotechnology have not
replaced each other, but have become layered, forming a strata of connotation
during the course of the 20th Century. Some of these connotations have
been reworked, forgotten or even consciously rejected, but in such a worldwide
and cosmopolitan science they have not been lost forever.

A historical study would untangle and clarify the knots of semantic
associations and meanings rarely distinguished from each other, leaving us
with a picture of how apparently quite disparate interpretations and concepts
ended up with the same label of biotechnology. Such a study would also
review the development of the concept of biotechnology, which despite its
roots in the more historical idea of biotechnology, now focuses far more on
genetic engineering.

The alliance of genetic engineering techniques with industrial
microbiology has been such a new beginning, that there is now unfortunately
a common misconception of biotechnology as the science behind genetic

1 «Bintechnology is the application of scientific and engineering principlesto the processing of materials
by biological agents to provide goods and services”.
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manipulations, merely the child of genetic engineering. Biotechnology is
not distinguished in the public mind from the technical revolution of the
1970s and 1980s, when scientists learnt to delicately alter the genetic
constitution of living organisms. This technique was rapidly considered
capable of “turning DNA into gold”?.

This concept of biotechnology was highly praised. It was hoped that a
better understanding of DNA 3, that magical acronym, would be the key to
a better world. At the same time, the layman public worried about such
esoteric techniques. These underlying worries were caused by the Nazi and
racist eugenics theories, their terrible consequences, the cynicism of the
Vietnam war period, the fear of the military industrial complex and of
course the terrifying precedent of atomic fission. As biologists pointed out
the apparently unlimited potentials opened up by better understanding of
DNA and ever-wideningtechniques to manipulate it, they themselves recalled
that physicists built the first atomic bomb without getting a chance to ask
about its long-term consequences. The biologists hoped for a better conclusion
to their endeavors.

The technical parallels that can be drawn between nuclear technologies
and biotechnology always lurk in the background of the biotechnology debate.
There were growing hopes for scientific commercial applications of the new
biotechnology of genetic engineering, but also deep worries about its potential
risks. With all this the science took on such notoriety that even the most
extravagant proclamations of its power could be believed. There was an
even stronger parallel when the scientists themselves, in 19744, alerted
public and policymakers in calling for regulation of experimentation. A
technological evaluation process was initiated to ask what regulation should
be made of this new and powerful technology. The biggest, most sensational
promises of the new alliance between biotechnology and genetic engineering

2 Title of the first chapter of Sharon McAuliffe and Kathleen McAuliffe’s Life for Sale, publishedin 1981
by Coward, McLann and Georgehan, New York.

3 Deoxyribonucleic acid: a molecule in a double helix structure that is the chemical base of heredity. It
resides in the chromosomes but can also be found in mitochondria and chloroplasts.

4 Paul Berg et al., “Potential biohazards of recombinant DNA molecules”, Science, vol. 185, 1974, p.
303, and Paul Berg er al, “Potential biohazards of recombinant DNA molecules™, Nature, 1974,
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were made, publicized and supported with the help of considerable
advertising.

Scientists, industry, and of course the governments, were met with deep
public concern as, during the 1970s, they linked the power of the new
genetic engineering techniques, especially recombinant DNA, to uses, where
precautions were to be taken. Until then the borderline between biology and
engineering had been commercially underexploited. But given the alleged
spectacular opportunities, the public’s estimation of the distance between a
realistic short-term benefit and the more speculative benefits gradually shrank
in the wash of announcements of a new industrial revolution that would
provide stunning advances in fields as far apart as medicine, food, agriculture,
energy and ecology.

According to these prophecies, through the revelation of the mystery of
life, the constant progression of our understanding of the material nature
of genes (acceleratedby the national and international sequencing programs)
and the growing clarification of mechanisms of inheriting genes,
biotechnology would enable us to cure incurable discases. It would provide
more abundant and healthy meat, milk products, fruit and vegetables, and
allow us to improve pesticides, herbicides and irrigation procedures.
Environmentalists saw biotechnology as a way to process oil wastes and
other ecological damage more efficiently and more safely. Industrials saw
biotechnology as a route to economic revitalization and new markets. This
is why a large number of firms of various sizes have over the last twenty
years launched biotechnology ventures, and why ministries, government
institutions, international institutions, universities, research centers and private
investors have also contributed to research into the skyrocketing field of
bio-industry.

Other fields in science and technology, such as computers,
communications, spatial technologies and robotics, have also risen and soared
during the second half of the 20th Century, pushed by an acceleration in
innovation. But the bio-industry is peculiar among them because of its
multidisciplinary aspect. The technologies themselves, that use living cells
to degrade, synthesize or modify substances have to be multidisciplinary as
their products are used in many sectors of human society, such as:
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-—— Microbiological engineering, i.e. the search for, collection, selection
and conservation of microbial strains, and the study of the way they
operate

— Biochemical and industrial engineering, i.e. the fine-tuning of
bioreactors in which biochemical conversion is taking place, controls
of production procedures, the optimization of techniques to extract
and purify the products in question

— Enzyme engineering, i.e. using enzymes as optimally as possible in
solution or immobilized on a solid base, or producing enzymes that
remain stable in unusual physical conditions

— And of course genetic engineering, a generic term for a group of
techniques discovered and perfected since the early 1970s and also
called genetic manipulation. These techniques involve the isolation
and transfer of genes into microbial, animal or plant cells, allowing
them to produce large quantities of different substances.

Depending on the application, one or other of these four technologies
might be dominant. The most marked progress in bio-industry has been
accomplished through the conjoined efforts of the four technologies, but it
is first and foremost genetic engineering that is associated with the miracles,
prophecies and promises in interviews, articles, and documentation. This
manipulation means that genetic engineering is associated with mastery of
heredity, mastery of what makes us what we are. In addition to this we
should note the part played by the large-scale genome sequencing programs
launched in various countries and by the EEC3 during the 1980s. These
large-scale programs, especially the Human Genome Project, popularized
the idea that DNA was the key to a new radiant future, to the new
“bio-society™ 8, and to the conquest of a new frontier that would allow the
full realization of modern biotechnology’s potential.

The aims of this chapter on biotechnology are twofold: firstly, to better
situate the birth of the new biotechnology after the marriage of biotechnology

3 Europcan Economic Community

8 From the FAST subprogram C: Bio-society, Enropean Commission FAST/ACPM/79/14-3E, 1979.
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and genetic engineering in the 1970s, and secondly, to return to biotechnology
those hopes and motivations founded in it but more specifically in genetic
engineering. In our journey from the origins of biotechnology to the inception
of the large-scale sequencing programs, this chapter will clarify the
ideological, economic and political contexts during its development, and
how they made modem biotechnology what it is today.

1.1 The Origins of Biotechnology

The most important e¢lement in the history of biotechnology is the process
of making alcohol, or fermentation. In the Middle Ages distilling alcohol
was still a combination of metaphysical theory and practical skill, but 500
years later the alcohol-related industries were integrated into science and
presided over the birth of modem biotechnology. It all began with the
establishment, in the 19th Century, of a new and vital subject called
“zymotechnology.”

From the Greek “zyme”, meaning leaven, zymotechnology could involve
all sorts of industrial fermentation, not just its main connotation, brewing
beer. Because of its newfound applicability to a wide field of uses, from
tanning to making citric acid, zymotechnology was thought in the early
1900s to be the new economic panacea. A Danish pioneer, Emil Christian
Hansen, proclaimed that with this new discipline “In this entire ficld, a new
era has now commenced””.

The meaning of zymotechnology was ingested by biotechnology, and
fed its growth, providing a practical continuity as important as the intellectual
continuity. The Berlin Institut fur Garungsgewerbe, for example, set up in
1909 in a magnificent building funded by government and industry, had a
fundamental role in the 1960s in the establishment of biotechnology in
Germany.

7 Emil Christian Hansen, Practical Studies in Fermentation,translated by Alese K. Miller, Spon, London,
1896, p. 272.
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Zymotechnology is therefore a decisive stage in the progression from
the ancient heritage of biotechnology to its more modem associations and
connotations. Most of the work to set up zymotechnology as a discipline
was also to prove important later. Small zymotechnology expertise bureaus
were set up to carry out specific research projects for the various industries
that used fermentation.

The central importance of alcohol production in the history of
biotechnology is fully recognized by biotechnologists, who point to the
demonstration of the microbial origin of fermentation by Louis Pasteur. For
Pasteur’s biographers, and perhaps also for his fellow biotechnologists, Pasteur
made the science of the microbe - microbiology - the only way to study
fermentation and its industrial applications. It is perhaps a bit simplistic to
say that one man was the founder an entire discipline. History is always
more complex than that. Most of the measures of hygiene that we associate
today with Pasteur are in fact the fruit of earlier work, as we are told by
Bruno Latour®.

In Germany, it was chemistry, in particular, that had a significant hold
over the processes of fermentation. Pasteur was a chemist by training, as it
was one of the more important sciences of the 19th century, and his lessons
and skills were useful in various ways to prove his theories on the special
properties of microorganisms. An all-inclusive discipline design of
“microbiology” competed with other disciplinary formulations such as
bacteriology, immunology, technical mycology and biochemistry. The
uncertain relationship between chemistry and biology was not specific to
this particular group of studies either. It was uncertain throughout medicine
and physiology, and still to this day remains unresolved. Furthermore, whether
the focus is on chemistry or microbiology, the successes of basic science as
ameasure of the progress of industries such as brewing is often overestimated.
Industrial requirements play a large part too.

Based as it was on the practical application of any relevant science,
zymotechnology was a crucible for skills and knowledge at the service of

8 Bruno Latour, Microbes: Guerre et Paix, Suivi de irréduction, A.M. Métilig, Paris, 1984.
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supply and demand. As a group of several disciplines, zymotechnology is a
science typical of the last century, but it is also a clear descendent of German
chemistry in the Century of Enlightenment.

Despite its ancient appearance, even the root word zymotecnia is a recent
invention. It was invented by the father of German chemistry, Georg Ernst
Stahl, in his work Zymotechnia Fundamentalis of 1697. Stahl maintained
that the applied study of fermentation - gymotechnia - would be the basis of
the fundamental German industry of Garungskunst - the at of brewing.
Fermentation, for us today in itself an expression of life, could be scientifically
analyzed, because it was “like movement” and because like putrefaction it
happened to materials as they became disorganized and when they were
removed from “the empire of the vital force”. This interpretation of course
has roots of its own which can be found in Thomas Willis® writings of the
beginning of the 17th century.

Zymotechnica Fundamentalis can be considered not only as an
explanation, but as one of the origins of biotechnology. Such an appraisal
is always a matter of opinion, but Stahl’s work marks the foundation of the
subject of biotechnology in a time when its specific characteristics — the
process of fermentation and the potential of the science-technology
relationship — were themselves still developing. He was the first to express
the now long-standing hope that an understanding of the scientific basis of
fermentation could lead to improvements in its commercial applications.

Zymotechnology was popularized by Stahl’s protégé Caspar Neumann,
and the translation of Zymotechnica Fundamentalis into German, which
rescued it from Stahl’s obscurantism. It even became an internationally
recognized concept. A sign of this recognition is indicated by the 1762
acceptance of the term gymotechnie for the French dictionary of the Académie
Francaise.

The Stahlians constantly had to draw the distinction between their science
and the work of charlatan alchemists. It is therefore interesting to note that
chemistry has effectively, in the long run, fulfilled the alchemist’s promise
of prosperity and health. Its apparently unlimited power and potential were
already commonly understood by the 19th century. In her novel Frankenstein,
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published in 1817°, Mary Shelley, a member of the British intellectual elite,
managed to convey and amplify the conventional concepts of her time, and
she often expressed her admiration for the successes of chemistry. Beyond
the realm of science fiction, and despite the fact that Frankenstein pays for
his ambitious disruption of the categorical division between the living and
the dead with his own life, medical doctors, particularly in France, were
increasingly exploring the physiology and chemistry of the sick. Historians
have identified a clear change of focus in medicine at the beginning of the
19th century, a chemistry-driven change of interest that brought medicine
from simply nursing the sick to treating their illnesses. The idea that living
matter was alive due to a divine vital force was eroded and chemistry
progressively became the main way to technologically exploit vital processes
by interpreting what was going on!?.

Freiderich Wohler’s synthesis of urea in 1828 is a clear and possibly
final landmark in the erosion of the distinction between natural and chemical
products. Wohler’s demonstration that a natural product — urea —could be
synthesized had implications which were studied by his friend Justus Liebig.
With a Stahlian faith in practical applications, and his feeling that the potential
of the “vital force” could not be explained, Liebig progressively outstripped
his predecessor of the previous century in his concepts of the applicability
of science. Initially he also supported the existence of a “vital force”, but
during the 1850s the “vital force” was secularized” and became just another
natural force like the others of the inorganic world!?. Liebig left pure

9 Mary Shelley, Frankenstein. Available in French from ed. Gamier Flammaricn, 1979,

10 For a history of biochemistry, see Claude Debru’s L’esprif des protéines (Histoire et philosophie
biochimique), éditions Hermann, Paris, 1983.

11 I Liebig, Die Organische chemie in ilrer anwendung aufphysiologic und pathologie, Braunschweig,
1842,

12 For Liebig, the vital force was not a force that passed all understanding. Tt is a natural cause that nust
be studied like the other forces in the inorganic world. “If doctors want to deepen their understanding of
the nature of the vital force”, he writers in his Letters on Chemistry, “if they want to understand its effects,
they must follow exactly the path that has been shown to them by the great successes of physics and
chemistry”. Quoted by Claude Debru in L'esprit des protéines (Histoire et philesophie biochirnique),
éditions Hermann, Paris, 1983. From this point of view, the vital force is no different from electricity,
whose relationship with magnetism and light had been conquered with great difficulty.
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chemistry at the end of the 1830s, and came to be more and more associated
with plant chemistry and physiology. His contribution to, and his mark on,
the science was a radical reduction of physiological processes, of fertilization
and digestion and the transformation of substances. So although his
fundamental interest was in chemical inputs and outputs, Licbig agreed with
Stahl that fermentation was a propagation of a molecular collapse into
decomposition by matter becoming disorganized and moving away from
“the empire of the vital force”, from the organized'®. Liebig thought that
chemists could control the process of fermentation by deploying explanatory
theory along with the key skills of temperature measurement, hygrometry
and analysis.

As a great European discipline, however, chemistry did not follow the
route that Liebig took in his own studies. It rather became more and more
dominated by his first interest, organic chemistry.

Organic chemists sought to replace the laborious and costly extraction
of natural products by their synthesis in laboratories. In his attempts to
synthesize quinine, a real challenge in the mid-1800s, Hoffman’s pupil
William Perkin managed to discover the first synthetic organic dye, mauveine.
Simultancously with Caro, Cracbe and Liebermann in Germany, in May
1889, Perkin found commercially viable synthetic varieties of an important
natural dye called alizarine. Adolf von Baeyer, Liebig’s successor in Munich,
set up a research institute dedicated to the study of natural products. Chemistry
had rejected Stahl, but it sanctified Liebig and became onc of the biggest
success stories of the 1800s. The rapid growth of the big German chemical
firms testified to the vision of a science of the artificial.

13 This transmission of the internal movement of decomposition inside matter is at the heart of Liebig’s
theory. It denies any essential role to the vitality of the microscopic vegetable world, since it is because it
dies and is restructures that it transmits a movement that no other organic matter can transmit while
decomposing. Pasteur’s break with this thought was that he took fermentation studies away from the field
of decomposition, degradation’s and other morbid processes and brought it into that of living activities.
With regard to Liebig, E. Duclaux writes that “Liebig only had to pick up the ideas of Willis and Stahl on
the internal movement of fermenting masses, and attribute the movement to the fermentation”. E. Duclaux,
Traité de Microbiologie, vol. 1, Microbiologie générale, Paris 1989, p. 43.Claude Bernard, in Legons sur
les phénoménes de la vie, vol. 1, p. 159, says the same thing: Liebig is the heir of the iatrochemists.
Quoted by Claude Debru in L’esprit des protéines (Histoire et philosophie biochimique), Hermann, ed.
des Sciences et des Arts, Paris, p. 39.
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The power of organic chemistry was acclaimed but it was also feared.
Sometimes it looked as if the results were rather disappointing compared to
all of Nature’s complexity. Towards the end of the 19th century a greater
comprehension of natural products helped develop the public’s respect for
Mother Nature herself.

Emil Fischer had an intense interest in, and admiration for, the subtlety
of the chemical processes in living creatures. He was the first to synthesize
a polypeptide and explored carbohydrates and proteins. The chemistry of
living organisms was also being studied more and more, and the limits of
human chemistry being elucidated, as its potential was also being realized.

Chemistry, justifying its hold over the living world, found itself up
against the new dynamic disciplines of biology and physiology, and
zymotechnology was no longer simply a facet of applied chemistry. It became
a vague catch-all of a term that included the theories and techniques linked
to fermentation. It was a key interface between science and industry. As
chemistry took a tighter hold over the world of living processes, physiology,
backed by powerful medical interests, became more and more reductionist.
Zymotechnology was typically handled by the Institutes of Physiology such
as that of Bois-Reymond, founded in 1877 in Berlin, which had a chemistry
section as well as groups that studied the higher levels of biological
organization. The tendency in physiology to reduce life to chemistry and
physics were complemented by other perspectives that underlined the
importance of ecology. This insistence on the living world was embodied in
biology.

Gottfried Rheinhold Treviranus!'#, another of Stahl’s admirers, and with
Lamark and Oken one of the first people to use the term “biology”, began
his 1801 work entitled Biologie oder philosophie der lebenden natur fur
naturforscher und aertzte with the sentence “it is exploitation, and not study,
that brings a treasure its worth”. He went on to point out that biology’s value
is in its combination with pharmacy and economy.

14 Gottfried Rheinhold Treviranus, Biologie oder philosophic der lebenden nature fur naturfoscher und
aerizte, ed. Rower, Gottingen, 1802.



7 The tnvention of Biotechnology 11

At the beginning of the 20th century, while biology was breaking free
from other disciplines such as zoology and botany, the problems of its new
definition were not the most practical of all the worries it was facing.
Colloquia and symposia were dominated instead by the evolutionary question
and the mechanism-vitalism debate.

1.2 The Emergence of a New Concept of Life

Biology was often claimed to be of practical application. Biological sciences
such as botany already had applications. An ecological concept of plants
was providing a specifically botanical perspective, helping with the reduction
of plant physiology to chemical components. The famous German professor
Julius Wiesner, author of Die Rohstoffe des Pflanzenreiches, thought that
further studies in the botanical sciences would lead to the discovery of
exotic materials in the tropics and improve agricultural production at home.
In a manner typical to his time, he maintained that a technological approach
to the agricultural production of raw materials could and should be adopted
by the great technical schools.

As chemical technology was the interface between chemistry and its
industries, Wiesner’s Rohstofflehre would become the mediator between
technology and natural history. In France, the barrier between the divine
essence of life and the secular province of technology was demolished by
microbiology in a way very similar to that of the Rohstofflehre. Microbiology
also had strong pretensions to being of practical use, particularly in
fermentation.

Since Stahl, chemistry in general had been offering more and more
technical possibilities, generating increasingly powerful theories and
producing a series of extremely high-performance techniques for the control
of specific fermentation processes. But compared to the detailed development
of organic chemistry, fermentation chemistry’s path was that of a pauper,
borderline and empirical. It was Pasteur who created a discipline with
fermentation at the center of its interests, and who, with microscopy, explored
the processes of fermentation, as well as its inputs and outputs. With his
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1857 demonstration that lactic acid fermentation was the result of live bacteria,
Pasteur created microbiology'®. He himself defined subjects such as brewing,
vinification and hygiene as the main fields of application for this new
discipline. In 1887 an Institute was set up in Paris bearing the name of the
national hero, and since then other Pasteur Institutes have been set up all
over the world. Pasteur’s own contribution to the French wine and silk
industries is of course legend.

In France Pasteur’s influence dominated these Institutes. But elsewhere,
microbiology had to rub alongside other disciplines in institutes set up to
fulfill local needs. In Germany, for example, the lessons of microbiology
were taught in practical contexts such as bacteriology. In medicine, physiology
was a sort of federating concept, and in industry zymotechnology had a
similar role allowing chemistry to cohabit with more recent disciplines such
as microbiology, bacteriology, mycology and botany.

The interconnection of disciplines is often the result of circumstances at
an institution. In zymotechnology’s case the connection was because of an
industrial and research context focused on the rapid development of
agriculture, and in particular the improvement of productivity and of brewing
techniques. On the agricultural side, although research stations and institutes
were being set up everywhere, agricultural productivity was improving and
surplus was being used more judiciously in industry, this success was being
attributed to the improvement of agricultural education. But the relationship
between chemists with their laboratory experiments and the growers and
breeders was not as simple as that. Although it would be wrong to say that
the research institutes and chemists were of no help at all, the farmers were
often disappointed with their results. Artificial fertilizers were often not as
effective as natural ones, and research stations had to take constant feedback
from those using their products in the field.

15 More than the German approach, Pasteur’s studies of fermentation opened the field of microbiology
more than that of chemistry, because of his resistance to the hypothesis of diastasic action and contact
actions. In the German school of thought, doctrines inspired by those of Liebig. or Berzélius® notions of
catalysis, proved themselves more easily translated into a language of chemical molecular actions, a
language that had no counterpart in Pasteur’s science.



1 The invention of Biotechnology 13

As for brewing beer, the chemists were offering precise technical and
scientific methods to control the manufacturing processes. As the role of the
agricultural college went from educational to being influential on research,
the evolution also occurred in brewing, a process in which zymotechnology
had a very pragmatic role. It was an eclectic mix of techniques and skills
from chemistry, microbiology and engineering, and its roots were sufficiently
scientific to extend beyond the realm of brewing to all arts and processes
based on fermentation. Zymotechnology, with its almost strategic vagueness
that implicated it in a specific industrial area but allowed it to cross the
traditional boundaries of the structured market, at that time held the role
biotechnology would take at the end of the century.

In the 19th century, zymotechnology was just a subdivision of chemistry,
but at the beginning of this cenfury it came to mean a technological
competence with its roots in a variety of sciences that nevertheless had a
practical side way beyond the simple appliance of science. Retrospectively,
although the new science of microbiology might seem to have brought
fundamental advances to fermentation technologies, the process of applying
the science was a complex one and was only a part of the more general
development of zymotechnology.

However, as a brilliant series of microbiologists and bacteriologists
displayed their abilities, it became more common to see biology considered
in technological terms, if only vaguely. Its first applications in hygiene and
alcohol werejoined, during the First World War, by the production of chemical
substances such as lactic, citric and butyric acids, and yeast cultures.
Gradually, the microbiology industry came to be considered an alternative
to conventional chemistry, instead of just a peripheral variant of brewing
technologies. This new concept of biology also had a new name:
biotechnology.

1.3 From Zymotechnology to Biotechnology

There are as many opinions on the applications of microbiology as there are
in the more familiar example of chemistry. You could have found chemists
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who thought that industrial processes should be studied in themselves. This
approach was called chemical technology. Others thought that these processes
were the application of a pure science and should be recognized that applied
chemistry had key importance as a science in itself. The technical aspect
was not their concern, but that of the engineers. A third school of thought
focused on the birth of a new, distinct and increasingly sophisticated chemical
technique.

Although a specific form of engineering would develop later, in the first
half of the 20th century the study of fermentation technologies encouraged
developments similar to those happening in chemical technology and applied
chemistry. Fermentation was increasingly considered part of the applied
science of economic microbiology. Although academic supporters of
zymotechnology took a more rigidly technological stance on micro-organisms
(Max Delbriick began a conference in 1884 with the sentence “yeast is a
machine”!6), “technologists” had to take into account the growing importance
of biological perspectives, and zymotechnology evolved into biotechnology.

This evolution was reflected in another growing development, that of the
concept of microbiological centers as sources of learning the technological
and scientific bases of fermentation industries, centers that would provide
advice on micro-organisms, keep culture collections, and carry out research.
These microbiological centers varied from country to country, but there was
a general progression from brewing and technique to a more general insistence
on science, and in particular microbiology.

In Germany the situation did not seem very satisfactory, and there were
pressing calls for a theory of bacteriology, which until then had only been
an applied science and was not seen as the application of a pure science.

Despite this, the overall situation was changing. Technologies were
increasingly being considered the applications of fundamental science. This
gradual widening of interest from brewing to science in general, be it
microbiology, bacteriology or biochemistry, and the diversity of possible
applications, was an underlying trigger of zymotechnology’s evolution into
biotechnology.

16 Max Delbriick, “Ueber hefer und gérung in Der bicrbraucrei”, Bayerischer Bierbrauer, vol. 19, 1884,
p. 304. “Dic hefe ist eine arbeitsmachine, wenn ich mich so aus-driicken darf”.
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This widening of meaning was most notable in two towns outside
Germany in which zymotechnology had been actively promoted: Chicago
and Copenhagen. The transitions were probably quite independent, but
pressures and opportunities in the two cities were very similar, It can easily
be seen in Copenhagen’s case how a specific interest in zymotechnology
became a general interest in “biotechnique”.

The close links between fermentation studies and agricultural research
were explored in Denmark in the early 20th century, when it had the highest
performance agriculture in the world. Characteristically, the Rector of the
Professoral College of Copenhagen, who had turned his institution into a
polytechnic school, wanted to encourage the development of new agricultural
industries. In 1907, the Polytechnic School granted the Associate Professor
of agricultural chemistry tenure of a Chair, but in a new subject: the
physiology of fermentation and agricultural chemistry. The University
prospectus, in its justification of this new applied science, explained that
fermentation physiology had developed so far that it should be split from
chemistry, although it would continue to be taught to all future chemical
engineers. It looks as if the Polytechnic was simply ratifving Jorgensen’s
laboratory’s concept of zymotechnology as a separate science.

Orla Jensen, who had been a student of Jorgensen’s, was an expert on
the micro-organisms involved in cheesemaking. He was also considered one
of the great microbiologists of his time. He had worked at the Institut
Pasteur, and had then spent several years in Switzerland where he became
the Director of the Central Institute of Cheese. This long experience gave
him a perspective and philosophy that ranged far beyond the borders of
fermentation physiology.

In 1913, taking advantage of some other changes happening at the
Polytechnic, Orla Jensen changed his title to Professor of Biotechnical
Chemistry. This widening of the subject from pure zymotechnology was a
deliberate act, as can be seen from the introduction to his conference notes
of 1916. Orla Jensen defines biotechnical chemistry as being linked to the
food and fermentation industries, and as a necessary basis to the physiology
of nutrition and that of fermentation. The vital processes he was trying to
define, such as protein metabolism, underlie these studies. From
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zymotechnology, Orla Jensen had developed the concept of biotechnical
chemistry.

In Chicago, American linguistic creativity engendered the word
biotechnology from the same roots. In 1872, John Ewald Siebel founded an
analytical laboratory in Chicago, which grew into an experimental station,
and by 1884 a brewing school called the Zymotechnical College. Just like
Jorgensen, who had set his own institute up a year earlier, Siebel used the
term zymotechnics to designate a field wider than just brewing, perfectly
aware that it would have to be used in very diverse practical industrial uses.

Siebel’s work was carried on by his four sons. Three of them continued
with their father’s institute, but in 1917!7, the year Prohibition was voted in
by Congress, Emil set up on his own. He concentrated on the provision of
services, advice and apparatus to the producers of new non-alcoholic drinks.
At the end of Prohibition in 1932, he found himself back in the same
business as his father, teaching brewers and bakers and giving them advice
and expertise. He set up an expert’s bureau under his own name. It seems
that it was not long before his school took on a very different character than
that of his father. Instead of a Zymotechnical Institute, he called his own
office the Bio-Technology Office. He probably wanted to attenuate the link
with brewing, which was still heavily implied by the word zymotechnology,
because of Prohibition, Siebel also took advantage of his good relationship
with federal inspectors. So it is clear that the name Emil Siebel chose for
his office was more for commercial reasons than education-related ones.
There was no perceptible impact on academia. It may however have had
quite some effect on British commerce.

When the Murphy chemical analysis office decided to open a branch
offering microbiological expertise in 1920s London, they called it the
Bio-Technology bureau, like the one in Chicago. The British office had
more academic ambition than its opposite number in Chicago, and published
a bulletin of the results of its inquiries. This bulletin was sent out to university
libraries and the Natural History Museum. The Brewer’s Journal referred to

17 B.A. Siebel C°, WesternBrewer and Journal of Barley, Malt and Hop Trades, vol, 25, January 1918,
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its transatlantic title with disdain!®. The editor of this bulletin, Murphy’s
expert Frederik Mason, published articles supportingthe use of the microscope
for industrial discoveries!?. Although its origin is clearly in zymotechnology,
the bureau also seems to have worked on the microbial aspects of tanning
leather, and was mentioned in an Italian tanning journal, introducing the
word biotechnology into the Italian language?°.

But the main source of the word biotechnology was neither in the United
States, nor Britain, but Hungary. The word biotechnology was really invented
by a Hungarian agricultural engineer called Karl Ereky, who was trying to
turn his country into another Denmark. Denmark exported agricultural
preduce to its industrial neighbors, Germany and Britain, and Hungary,
whose capital Budapest had grown very quickly indeed, had become the
agricultural center of the Austro-Hungarian empire. Hungarian practices of
intensive cattle breeding had triggered such international interest that before
the Great War several hundred experts, including 18 American veterinarians,
had taken time off from a colloquium in London to visit Hungarian cattle
breeding associations.

Ereky invented the term biotechnology as part of his campaign to
modernize agricultural production. Between 1917 and 1919 he wrote three
declarations of his faith. The last onc was titled Biotechnologie der fleisch,
fett und milcherzeugung im landwirtschaftlichen grossbetreibe *' Ereky was
no ivory tower intellectual; after the war he was appointed the Minister for
Food Questions in Horthy’s counter-revolutionary government. Later he
pioneered efforts to promote the conversion of leaves to protein and tried to
attract British investment. In 1914 he persuaded two banks to support an
industrial-scaleagricultural enterprise consisting of an installation that could

18 The criticism by the Brewers’ Journal of 15/12/1920vwag reprinted in “Some Press Comments” of the
Bulletin of the bureau of biotechnology, vol. 1, 1921, p. 83.

1% §.A. Mason, “Microscopy and biology in industry”, Bulletin of the Bureua o Biotechnology, vol. 1,
1920, pp. 3-15.

20 E. Andreis, “Il bureau per le ricerche biologiche e 'industria delle pelli”, La concesia, vol. 29, 1921,
p- 164

21 Karl Freky, Biotechnologic der fleisch, fen und milcherzeugung im landwirtschaftlichen grossbetreibe.
Paul Arey, Berlin, 1919.
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handle a thousand pigs per day and an intensive pig-fattening farm for
50,000 pigs at a time and up to 100,000 pigs per year. This enterprise was
enormous and became one of the largest and most profitable operations of
this sort in post-war Europe.

Ereky’s motivations, divulged in his second manifesto of 191722 and 23
are easily understood. He wanted to replace the “archaic peasant economy”
with a “capitalist agricultural industry based on science”. What Ereky wanted
was an industrial revolution in agriculture and the abolition of the peasant
class. The difference, for Ereky, between an industrial approach and peasant
approach in pig breeding, was not the use of new technologies such as
electrical pumps and automated feeding. It was in the underlying scientific
basis, and Ereky called this “biotechnology”. For Ereky, pigs should be
considered as machines that could convert a calculated amount of input
(food) to a certain quantity of output (meat). He called pigs a
“Biotechnologische Arbeitsmachine”.

Ereky’s third paper?* developed a theme that was to be widely repeated.
During the war the main problem had been the food shortage. Ereky thought
that the big chemical industries could help the peasants through biotechnology.
For him, biotechnology was the process by which raw materials were
biologically validated. He expressed his great hopes for this biotechnology,
which would open up a new biochemical era.

Of course, the parallels between Orla-Jensen and Ereky’s concepts were
quite clear. Unlike the Anglo-Saxon pioneers of biotechnology, Ereky was
an influential leader at the center of intellectual lite. His ideas were noticed
and widely publicized, and as they were disseminated, biotechnology came
more and more to be associated with the use of micro-organisms, especially
in the accounts of his work Biotechnology. Paul Lindner, editor of the

22 Karl Ereky, Nahrungsmittelproduktion und landwirtschaft, Freiderich Kilians Nachfolger, Budapest,
1917.

23 Karl Ereky, “Die GroBbetwebsmibige entwicklung der Schweincmast in Ungamn™, Mitteilungen der
deuntschen landwirtschafis-gesellechaft, vol. 34, 25 August 1917, pp. 541-550.

24 Karl Ereky, Biotechnologie der fleisch, fett und milcherzeugung im landwirtschajilichen grossbetreibe.
Paul Arey, Berlin, 1919.
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Zeitschriftfur Technische Biologie, gave a favorable account of this book?,
followed by an editorial by Orla-Jensen on lactic bacteria, describing them
as the quintessence of what biotechnology should be. This juxtaposition
inexorably associated “biotechnology” with the use of micro-organisms.

In German, there is a fundamental difference between the words “technik”
and “technologie”. The latter is a branch of academic knowledge, while the
former is more descriptive of activity. The difference was explored in a 1920
article in the paper Zeitschrift fur technische biologie®. Hase, the article’s
author, worked at the Kaiser Wilhelm Institut fiir Biologie in Berlin. Reflecting
on the wide field of application for biology during the course of the recent
war, including the development of pesticides as well as fermentation
technologies, he also felt it needed a new name. He considered the use of
the term biotechnology, but rejected it, because he felt that much of what
was being done was still more of a skilled craft. He therefore proposed the
name “biotechnik”.

Linder’s redefinition and Hase’s enthusiasm reflected the growth in
importance of micro-organisms in industry. Three production processes
developed during the First World War revealed this trend, and suggested a
radiant future in the fermentation industry. In Germany, two processes were
developed. W. Connstein and K. Ludecke’s processes for the production of
glycerol, and more efficient yeast culture processes developed by Hayduck
and Wohl contributed, along with the use of yeast as animal fodder, to the
prevention of famine during the First World War. In Britain, the production
of acetone and butanol by the Weizmann procedure implied the use of a new
bacteria that could turn a starchy raw material directly into acetone and
butanol. This became a vital part of the chemical industry during the war.
These three processes were the result of pre-war studies and had considerable
economic impact, especially the production of butanol for the synthetic

5 Paul Lindner, “Allgemeinesaus dem bereich der biotechnologie”, Zeitschrift fiir technische biologie,
vol. 8, 1920, pp. 54-56.

26 Albrecht Hase, “Uebertechnische biologic:Ihre aufgaben und zicle, ihre prinzipielleund wirtschaftliche
bedeutung”, Zeitschrift fiir technische biologie, vol. 8, 1920, pp. 23-45.
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rubber industry, and acetone for the producers of solvents and explosives,
that were very important during the war and the immediate post-war period.

Although there was slow commercial development, there was, at the
time of the First World War, debate on questions that remain familiar at the
end of the 20th century: in particular, the idea of biotechnology as a separate
science. Ereky called it the technology of the future, while others, such as
William Pope?’, saw the production of chemical substances with
micro-organisms as an alternative to the chemical industry that focused on
the high-energy transformation of coal and oil. The idea, that one way or
another, rengwable resources and more particularly agricultural products
could provide a more elegant approach to a new biochemical industry, was
becoming more and more attractive. Economically it meant competition
between agricultural products and crude oil. The American agricultural crisis
also showed that industry could use agricultural surplus, thus saving
agriculture and giving hope back to the farmers driven to desperation by the
fall in price of agricultural produce that made them destroy their crops at a
time when many were starving.

As Europe and the United States were searching for industrial uses for
farming produce, yet another term came into use in the United States?®.
William J. Hale, reflecting on the tragic problem of agricultural surplus, and
wondering whether it could be used to produce chemical substances, invented
the word “chemurgy” meaning chemistry at work and taken from chem and
the Greek word ergon. Hale did not have a very clear view of where the
limits of chemistry were, and he used his new term much as others were
using the term zymotechnology. The main idea was the production of
alcohol?® from fermented starches, to replace oil-based petrols, with the
hope that this new industry could put an end to the farming crisis.

27 Sir William Pope, “Address by the President”, Journal of the Society of Chemical Industry, vol. 40,
pp. 179T to 182T.

28 As for a history of the invention of the term chemurgy, sce Wheeler McMillen, New Riches from the
Soil: The Process of Chemurgy, van Nostrand, New York, 1946,

22 Hale was not thinking of using alcohol as a power source, as in Europe, but as a stock source for
organic chemical substances, such as acetic acid, essential for plastics,
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Despite all the prophecies it has to be admitted that this chemurgy, this
zymotechnology, was still on the fringe as far as the developing chemistry
industry was concerned. The great corporations of the 1920s, 1.G. Farben,
du Pont de Nemours, and the British Imperial Chemical Industry, had but
small confidence in biological processes. Why should they, when it was easy
to extract aromatic chemical components from coal tar, and more and more
aliphatic chemicals, such as alcohols and glycols, could be produced from
crude oil, especially in the United States?

1.4 The Engineering of Nature — Towards the Best of all
Possible Worlds

Between the Wars, biotechnology acquired another connotation, rather
different from that it had as “chemurgy”.

With the idea of integrating biology with engineering, a combination
seen as fundamental to an entirely new phase of human civilization, the
composite idea of “biotechnology” came to mean the application of biology
to humanity, a humanity where the individual is forgotten when the industrial
liberal utopia becomes an engineering/medical utopia where the human and
political bodies are one and the same automaton, a machine that works very
well on its own, if watched and occasionally purged.

Health was not just seen as a matter of occasional medical care, but as
the result of an environment harmonized with the needs of society. Alongside
non-polluting industrial food technologies based on renewable natural
resources, this philosophy also harbors eugenic thought.

Despite the apparent divergence from the traditions of zymotechnology,
these two traditions converged in 1930 in a concept of a new, benevolent
technology *°. For idealists, the idea of a new technology for a new age was
very attractive, and took hold very ecasily. In its apparent confusion of
categories that until then had been held apart, it resembled other aspects of

30 This apparently abstract perspective was often to be found in eugenicist contexts.
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European culture that had been radically reformed following the chaos of
the First World War: art, music, physics, philosophy. As in other fields, these
ideas remained relevant long after the knowledge and techniques designated
by the term biotechnology, their essential concepts, had changed so as to be
unrecognizable. At the heart of these concepts is the confusion of the
categories made possible by biotechnology and amplified by the idea of the
robot as created by the Czech writer Karel Capek in his 1920 play R.U.R.
Today a robot is mechanical, but Capek‘s were not. His robots had enzymes,
hormones, and were the motor for commercial profit. In a certain way, this
was a vision of machines as strangers, linked to Man only through commercial
profit.

The concept of biotechnology, in contrast, integrated the contemporary
dream of environment and humanity-conscious production, with an
unshakable belief in a privileged vision of life. The metaphor of the machine
was being used a lot by the organic philosophers of the time, but they felt
the machine was the symbol of a system greater than the sum of its parts,
and which in itself was irreducible. So at the same time there were strictly
mechanistic models of biological organisms that compared life to a chemical
machine, and the neovitalist models in which biological systems had
organizing principles or specific developments that could not be reproduced
in artificial systems, and these both led to biotechnical concepts. Although
these concepts were apparently far further away from our modem ideas of
biotechnology than zymotechnics, and might appear strange, they were to
become the cornerstones of later ideas.

For researchers interested in practical application, the biological domain
was attractive because the raw material is everywhere, with the challenge of
exploiting it practically. For others, the idea of this type of technology was
still fraught with danger. The terrifying image of industries and pollution of
nature was but the most visible facet of a break-up in traditional ways of
life, a break-up that for many was the result of the social impact of
“techniques”. For more than a century, technology shook the Western world,
unleashing a plethora of emotional, literary, political and cultural responses.
During this slow process of domesticating technology that is part of Man’s
history, and part of Man’s natural history too, biotechnology itself was built.
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1.5 Technique, Biology and the Development of Biotechnics

As the host city for the world congress on zoology, Berlin was the appropriate
site for the construction of biotechnology. A German participant, Gustave
Tornier, pointed out how many articles were drawing analogies between
biological and mechanical systems. In his own contribution he tried to define
the category of technology formally, saying that it should be applied to
living organisms in general, which would be called Bioten, and that the
process of modifying them or using them technologically should be called
biontotechnik3!,

Tornier’s article was well received, and his new term was included in
Roux’s 1910 dictionary. The word looks innovative, but the biology behind
it remained conservative. Decades before, the analogies between living being
and human technology had been drawn in studies that showed how joints,
bones and organs could be considered sophisticated machines. In 1877,
Ernest Kapp brought these analogies together by seeing technology as a
result of the concept that tools were an extension of the hand. His work
transformed specialized physiological literature into a philosophy of
technology, a shift of ideas at a speed that by the beginning of this century
was difficult to emulate®?, It provided a reference for those trying to bring
meaning to diverse concepts and preoccupations, such as the scientific
community’s efforts to combine evolutionary thinking with mechanistic
models of the body.

Analogies between skeletons and machines were deepened by the growing
field of embryology. Biologist Wilhelm Roux found that the development of
organisms could be altered by removing a cell from the fertilized egg. Roux
coined the term Entwicklungsmechanik for the mechanical quality of an
embryo’s development.

31 Gustave Tornier, “Ueberzahlige bildungen und die bedeutung der pathologie fiir die biontotechnik
(mit demonstrationen)”, in Verhandlung des V Internationalen Zoologen-Congresses zu Berlin, 12-16
August 1901, ed. Paul Matschie, Gustave Fischer, Jena, 1902, pp. 467-500.

32 Friederich Rapp. “Philosophy of technology: a review”, Interdisciplinary Science Reviews, vol. 10,
1985, pp. 126-1395.
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Jacques Loeb33, a young émigré to the United States, was greatly
influenced by his mentor Roux in his search for a technique of living material.
He himself made a decisive step forward when he managed to chemically
induce the division of an unfertilized sea urchin egg. The press was certain
that this technique of parthenogenesis would soon lead to the laboratory
production of babies. Loeb was more prudent than Roux, although they
shared a common arbitrary view of the threshold between the animate and
the inanimate. His technical approach to biotechnology deeply influenced a
generation of disciples such as Hugo Muller and Gregory Pincus who were
themselves highly influential in the 1960s.

The distinction between the French and German schools of physiology
was made by historian of medicine Owsei Temkin in the brilliant epigram
“In France, for the vitalist materialists, man is but an animal! For the
mechanistic materialists in Germany, he is but a brietf constellation of lifeless
particles of matter.”3* A similar distinction underlay the debate on the
relationship between culture and technology. Man should, by all rights, be
reducible to a machine, but the creation of machines should be considered
as a characteristic trait of the human animal.

From the French pioneers in this field, we should pick out Jean-Jacques
Virey *°, a popularizer of science and a contemporary of Lamarck’s. He
developed a theme which was to become very important for evolutionists,
that is, that Man developed techniques to compensate for the loss of his
animal instincts. The term used by Virey in 1828 to describe this inborn
human trait was “biotechnie”. Virey’s contribution was not just the coining
of a term, but also of a concept behind it, which was to crop up again. While
he himself was soon forgotten, his idea that intelligence replaced instinct in
Man was furthered by Henri Bergson. Bergson’s work, and particularly his

33 For a detailed study of Loeb’s philosophy, see Philip Pauly’s Contrelling Life: Jacques Loeb and the
Engineering Ideal in Biology, Oxford University Press, 1987.

34 Owsei Temkin, “Materialismin French and German physiology of the early nineteenth century”, Bulletin
o the Hisiory o Medicine, vol. 20, 1946, pp. 322-327.

35 On Virey, see Alex Berman’s “Romantic Hygeia: J.J. Virey (1775-1846) Pharmacist and philosopher
of nature”, Bulletin of the History of Medicine, vol. 39, 1965, pp. 134-142.
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most well-known book L’évolution créatrice, published in 1907, were very
successful. Bergson developed three themes; life, the evolution of
consciousness and that of technology. He is most famed for having pointed
out the importance of élan vital.

Bergson’s philosophical work, shared by his contemporaries, is less well
remembered. He felt that Man might continually recreate himself through
work, and thus the use of tools is a part of the spiritual expression of
humanity. Bergson suggested that life was specific because its infinite
potential is denied to the inanimate, which is constrained by the circumstances
of its manufacture. For him, technology is a symbol of Man’s skill at creating
new worlds, and for this reason he identified the human species as Homo
fiber. Following the ideas of 19th Century archaeologists who classified
prehistoric Man by their tools, he classified more recent history by its
characteristic technology. For Bergson, the technology of a time defined a
historical era. Our technological status defined our level of consciousness,
and perhaps it is due to the concept of this self-reinventing Homeo fiber that
we owe the idea of a third industrial revolution that has been diversely
associated with information, nuclear power, and of course biotechnology.
This concept of eras defined by technologies led even in Bergson’s time to
a view of “biotechnique™ as a technology characteristic of its time. So long
before the advent of molecular biology and genetic engineering, Bergson
based this view on the close entwinement of two other themes of the biological
debate with his model of history; the question of evolution and whether
biological products should be seen in the same way as manmade ones.

According to Darwin’s formulation of evolution by natural selection,
natural selection explains the gradual process of evolution without finalism
and without any tendency towards a Lamarkian perfect organized being. In
addition, natural selection allows evolution to move on from the determinist
model to a theory of probability into which, at the beginning of our own
century*®, Mendel’s rediscovered laws and mutationism could be spliced.
Darwin’s French predecessor, Lamark, thought that animals could evolve

36 For a deeper study of Darwinism,read J. Gayon’s Darwin et I'aprés-Darwin (une histoire de I’ hypothése
de séléction naturelle), ed. Kimé, Paris, 1992.
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during their own lifetimes in response to the environment. He got carried
away by his theory of general transformation, formulating two laws3” which
are, in fact, merely hypotheses of the fundamental mechanism of the
evolutionary process.

On the basis of Lamark’s theory, neo-lamarkians would suggest that
herein lay a possibility for the improvement of living creatures. Biological
systems could therefore be considered machines with the specific ability to
improve themselves, making them particularly worthy of respect and
emulation. It was in this way that the theory of orthogenesis popular at the
turn of the 20th century suggested that evolution was not a random force but
on the contrary was progressing in a specific direction. In human evolution
in particular, the implication was that technological and human progress
could go hand in hand.

For those who supported organicism, furthermore, the body could not be
reduced to the sum of its parts since it was necessary to take into account
the additional organizing principle. The most charismatic organicist was
August Pauly, author of Lamarkismus und Darwinismus,>® an influence on
an entire generation of embryologists and an idol of Freud’s. Pauly thought
that evolution could not be explained unless you took into account an
additional psychic principle, characteristic of each cell. His friend the botanist
Raoul FrancC, editor of the Journal de Physiologie, agreed that living
organisms could be considered as mechanisms only when this principle was
taken into account. The term Biotechnik was created by FrancC and again
independently by Rudolf Goldscheid, a protégé of Wilhelm Ostwald. Ostwald
was the founder of physico-chemistry and had outlined a new philosophy in
which energy was the fundamental and unified component of the universe.
FrancC and Goldscheid can themselves be considered the precursors of
distinct, although linked, biotechnological developments in British thought
between 1920 and 1930.

37 Lamark, Philosophie zoologique, Bibliothéque 10/18, 1968, p. 204,
38 A, Pauly, Lamarkismus und Darwinismus, Rheinhardt, Munich, 1905.
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Rudolf Goldscheid 3%, respected novelist and sociologist, developed the
first biotechnical philosophy. His 1911 work Hoherentwicklung und
Menschenokonornie bases the need for improvement of the present generation
for the benefit of future generations on Lamarkian principles. The Darwinian
image of the survival of the fittest was seen as wasteful, and offensive in its
application to Man. Goldscheid really felt that improvements in living
conditions would improve genetic heritage. Even an “average” person should
have some economic potential. Like many socialists of his time, he thought
that engineering would help to raise the level of the “average”. This was
expressed in the various terms such as Hoherentwicklung, Menschenokonomie,
socialbiologie, and as mentioned before, the concept of bietechnik. Goldscheid
strongly believed in the impact of biotechnology. His vision of biotechnik
was as the implementation of the program of sociulbiologie which had
origins going back to the 18th Century.

One of the founding problems had been how to improve human
reproduction by looking at the transmission, adaptation and selection of
traits. There was an urgent need to understand why the reproduction of
characteristics is unstable and the factors underlying variations in fertility.
The application of such knowledge, it was then thought, would free humanity
from the erratic process of quantitative production, with the concomitant
evils of alcoholism, prostitution and little chance for the majority to attain
a level of qualitative production. Goldscheid often used an analogy between
industrial production using techniques with a sound scientific base, and the
social production of individuals. The reference to technique and to machines
was not pejorative, but showed Goldscheid’s respect for the organic wholeness
and functionality of machines, being more than the individual parts of the
mechanisms. Goldscheid suggested that biotechnik should be based on the
respect of living organisms, of the human being, and he hoped that a
complementary technology could be developed that would be organic, spiritual
and ethical.

3% For an analysis of Goldscheid’s terminology, read Paul Weindling, Health, politics and German politics
between national unification and Nazism, 1870-1945, Cambridge University Press, 1988.
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The details of biotechnik were never clearly laid out. It is clear that
Goldscheid was very impressed with the developments in embryology, biology
and bacteriology, and that he wanted to bring a technological aspect to the
concept of social hygiene which became a fundamental question between
the wars.

Numerous debates on eugenics, feminism, birth control, and also the
implications for the nutrition and food politics of the new concept of vitamins,
led to support for social hygiene. This would be horribly underlined by the
Nazi perversions of the idea, but Goldscheid’s Menschenokonomie also
impressed Julian Moses, the Socialist orator for the hygiene campaign in
Weimar. What Goldscheid was saying was, in onc form or another, popular
throughout Europe.

In France, where the watchwords were “quality with quantity”, there
were discussions of the importance of human zootechnics, the last stage of
hygiene. If Man is an animal machine, an industrial material, an economic
element, then the hygienist is an engineer of the human machine.

Goldscheid’s ideas had great influence, and from France to their later
interpretation in the Soviet Union they crystallized into a variation of new
technologies suggested by conventional concepts of social hygiene, during
a time when there were strong eugenic concerns. At the end of it all,
Goldscheid was inspired by the fundamental importance of biology to the
conventional eugenic obsessions of the engineers,

Francé shared Goldscheid’s conviction of the fundamental value of natural
phenomena, and granted fundamental importance to biotechnics. For him,
biology and its understanding of natural phenomena was a model for
technology in its own immense territory. His axiom was that life could be
seen as a series of technical problems for which living organisms presented
optimum solutions. The relationship could be described technically. His

4 For a detailed history of eugenics, see D.J. Kevles , In the name of eugenics, Genetics and the uses of
human heredity, 1985. Galton defined cugenics as “the scicnce of all the influences improving the innate
qualitics of a racc and thosc which develop them to their maximum advantage”, Galton, Inquiries into
human faculty and its development, cd. Macmillan, London, 1983.
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thesis was that we could not only conquer by destroying disturbing influences
but also by compensating in a world-harmonious fashion. It is to this end,
he felt, that the cogs of the world turn®!.

By following this line of thought, the meaning of biological example is
clear. For Francé, it augurs the removal of many obstacles, a redemption, a
hope for the resolution of many problems in harmony with the forces of the
world. FrancC had thus coined his term by combining the concept of a new
sort of technology with harmony with nature. He saw himself as the prophet
of the new world and predicted a new era in cultural development. His ideas
spread quickly in Germany. Alfred Giessler, the director of the Biotechnik
group in Halle, wrote a paper entitled Biotechnik*?, which appropriated
Francé’s arguments as German science (albeit granting him the odd reference).

Stylistically, Franc6 and Goldscheid’s philosophies can seem very far
away from the pragmatic or even technocratic concepts of Orla-Jensen and
Ereky. They do however meet at several points. They express a whole new
constellation of ideas about biology that transcend particular techniques.
The new science seemed the basis for technologies still in gestation,
technologies better described by their collective potential and meaning than
by their individual worths. Furthermore, these ideas shared the metaphor of
a new revolution, a new industrial age. At a time when the First World W
and the Russian revolution were marking the end of the ideas of the 19th
Century, these philosophies were a technological expression of the new
century and had great influence, especially because they were intended for
a lay audience.

Francé and Goldscheid’s concept of biotechnik successtully precipitated
a number of German ideas. The English translation also brought meaning to
similar concepts, and the term into everyday usage. The archaic and declining
industrial empire that had constituted the background of Franc6 and
Goldscheid’s Austro-Hungarian culture was counterbalanced on the other
side of Europe by the British Empire. There too, people were thinking of

41 R.H.FrancC, Plunts as inventors, Simpkin and Marshall, London, 71926.
42 Alfred Gicssler, Biotechnik, Zuelle and Meyer, Leipzig, 1939.
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new sources of vitalism. Well before the First World War, philosophies that
enthroned the natural and living, and condemned death and pollution, were
already widespread. Of course Britain, as the only long-establishedindustrial
country also a world empire, had its own problems, in particular that of
pollution and industrial destruction of the environment. This problem
generated anti-industrial feeling and increasingly lively concern for the
environment. More concisely, the public’s conscience and eyes were being
joined by their tongues in the rebellion against black and desolate countryside.
At this time, the agricultural base of the empire, when considered as a
whole, still provided alternatives.

The synthetic rubber solution underlines clearly that in Britain, as in
Austria, natural means of production were still considered adequate answers
to the chemical challenge presented by Germany. In practice, the economic
development of agriculture and the reconstruction of damaged British
environment were often linked. Biology, which became a university course
at the end of the 19th Century, was now a new profession exceptionally
well-placed to handle such problems. Unfortunately there were still very
few academic posts, and they were particularly nonexistent in industry.
However, popularizing works and an appeal to public interest, which provided
their authors with alternative revenue from their knowledge, contributed to
a growing public respect for the newborn profession. The explanatory model
of evolution de facte was held in high esteem. After all, Britain boasted
Darwin“*?, Thomas Huxley, and Herbert Spencer* who marked the narrow
line between sociology and biology. Human evolution had become a specific
concern since the work of Francis Galton*, the father of militant eugenics,
and a remarkable succession of geneticists. Karl Pearson, W.F.R. Weldon
and Fischer built a research center at the University College of London.

43 Charles Darwin, The Origin of Species.

4 Herbert Spencer, Les bases de la morale évolutionniste, ed. G. Bullitre, 1981, and Herbert Spencer,
L’individu contre I'éras, ed. Félix Alcan, 1901,

43 F Galton, Hereditary Genius, an inquiry into its laws and consequences, Macmillan, London, 1869,
For more on Galton, see Derek W. Forrest’s Francis Galton: the life and work of a Victorian genius,
Taplinder, 1974.
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Bastion families of the scientific aristocracy such as the Huxleys and
Haldanes* continued to distinguish themselves. During the 1920s their
youth Julian Huxley*’ and J.B.S.Haldane*® disdained academic convention
by energetically communicating their ideas directly to the public. And if the
British public was not well-known for the attention it paid to intellectuals,
it was still intellectually close to the German public. Although scientists
generally read German articles and works, German philosophy was not very
well thought of, which is understandable given the nationalism of the time.
The German heroes Friedrich Nietzsche and Arthur Schopenhauer were
suspect and most of the other authors unknown.

There was however a lot more intellectual exchange than is currently
recognized. During these exchanges, ideas underwent complex transformation.
We thus have to decipher the relationship between the English usage of the
words “biotechnics” and “biotechnology” and their German precedents, a
relationship that was not particularly investigated by British writers. However,
none of these British writers claimed to have coined the term. Anglo-German
relations in fields as borderline as biotechnics were complex and difficult,
but they were the key to intellectual survival (or even physical survival as
far as the many refugees were concerned). FrancC’s speculative thought
crossed the Channel in an English translation of his popular works.
Psychobiology was adopted by the neo-Lamarkian E.S. Russel and gradually
disseminated. France’s ideas on the analogy between engineering and
biological form were found in Britain in the work On Growth and Form®
by d’Arcy Thompson. A few months after the publication of France’s Bios.
der Gesetze der Welt>® in 1921, another Scottish biologist, Patrick Geddes,

46 For a biography of J.B.S. Haldane, see the work edited by K.R. Dronamraju, Haldane’s Daedalus
Revisited, Oxford University Press, New York, 1995, and in particular the article written by the editor,
“Chronology of I.B.S. Haldane’s Life”.

47 7. Huxley, L'homme cet étre unique, traduction de Jules Castiers, La Presse Frangaise et étrangére,
Oreste Zeluck, editeur, Paris, 1947,

48 J B.S. Haldane. Heredity and politics, Allen and Unwin, London, 1938. As for Haldane’s ideas on
genetics and evolution, see his work The causes of evolution, London, 1932.

49 Iy Arcy Thompson, On Growth and Form, Cambridge University Press, Cambridge, 1942,
30 R.H.Francé, Bios: der Gesetze der Well, Hofstaengli, 1921.
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used the term biotechnics, although he did not acknowledge a source, and
even a lot later, when he was using the term very often, he never gave a
reference.

Geddes left a deep imprint on British thinking through his successors,
particularly Lewis Mumford. He was also a key figure in the transformation
of the term biotechnics from a revolutionary biological idea to a characteristic
type of technique. At the beginning of our century, he was an avant-garde
thinker on sexuality and evolution, subjects that were being linked ever
more closely to the problems of the evolution of society and towns. A
botanist by training, he had studied under T. Huxley and been to conferences
given by Herbert Spencer, a thinker considered by some historians to be the
father of social Darwinism. In the heart of the city of Edinburgh, Geddes
drew up his point of view by which all of human knowledge could be used
to handle the problem of towns. It would require a grand synthesis of even
deeper understandings, founded on the triptych of the French geographer Le
Play, "crowd, space and work". The two interests - biology and sociology
- were too distant to grasp simultaneously in the growing professionalisation
of the beginning of the 20th Century, and se Geddes took on two co-workers,
biologist J. Arthur Thompson, Professor of Biology at Aberdeen University,
and the sociologist Victor Brandford.

From 1895 onwards, Geddes had been thinking about the distinctions
drawn by the archaeologist Evans between Paleolithic and Neolithic, and he
described how the industrial age could be equally divided. He outlined a
paleotechnical civilization and a neotechnical one divided by what in 1915
he called the second industrial revolution®!, These two civilizations were
characterized by different technologies: the first by steam engines
concentrated around coal mines, the second by the technology of electricity.
Geddes did not think that such technologies led civilization, but rather that
they were one of its expressions.

Before the War, he became interested in more idealistic concerns. He
went as far as describing a new age in the future development of technology,

51 $oe Patrick Geddes, Cities in Evolution: An introduction to the town planning movement and the study
ofcivies, Williams and Norgate, London, 1915.
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a geotechnical age during which technology would be in harmony with the
needs of the earth, with the environment. Many years later, Benton Mackaye>?
recalled a conversation of 1923:

“‘Geography’ said Geddes, ‘is descriptive science (geo earth graphy
describe); it tells what is. Geotechnics is applied science (geo carth technics
use) it shows what ought to be. This would lead up to the eutechnics, which
would characterize “eutopia”, that is, a practical utopia’”

Initial public characterizations did not mention biotechnology, but this
does not mean that Geddes was not interested in it. It crops up in The
Corning Polity’® which he published with Brandon in 1917 and modified in
1919. The latter publication had an extra chapter called “the Post-Germanic
University”, which had lines of thought somewhat similar to those of Francé.

The word biotechnics was available from 1921 when Francé’s Bios was
published. Geddes used it for his sketch of a historical progression with a
key role for biotechnics. This concept of biotechnics was incorporated in a
great historical outline that Geddes called the Transition IX to 9. This foresaw
the tranglation of a society as described by Combe and interpreted by Geddes
in a 9-box grid describing the kingdom of war with the key words militantism,
state, individual and industry (mechanotechnics) and its transformation to a
future kingdom of peace also defined in a 9-box grid described by the key
words biotechnics, synergy in geotechnics and crowd, work, politics. In
1931, Geddes triumphed the onset of the new age when he saw Krupp
investing in tractors rather than arms, and using his profits for the
improvement of towns.

Despite its importance for the concept of a transition between two types
of society, Geddes first published the term biotechnics in brackets and without
explanation in a chapter introducing the short preliminary text that he wrote
with Thompson in 1925 entitled Biology>*. Again, although manuscripts
show that the concept was meant to run through the entire volume on Life,

32 Benton Mackaye, From Geography fo Geotechnics, University of Tllinois Press, 1968, p. 22.
53 V.V. Branford and P. Geddes, The Coming Polity, Play House, London, 2nd edition, 1919.
34 P Geddes and J.A. Thompson, Biology, Home University Library, London, 1925.
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it only appears sporadically at the end, without any introduction or
explanation. So Life stands as a barely visible spark in the history of biology,
rather than an explosion of affirmation.

An article on biology by Thompson for the supplement to the
Encyclopedia Britannica of 1926 is probably a more important attempt to
popularize the subject. Thompson attributes the invention of the term
biotechnics to Geddes and explains that it means the use of biological
organisms for Man’s benefit. If this appears a very simplistic application of
Geddes’ ideas, and is very far off those of Francé, it is nonetheless without
a doubt a demonstration of how their ideologically laden terms were rendered
more acceptable to the Anglo-Saxon public.

Although Geddes seemed to be rather anachronistic to the British
professionals of the 1930’s and his work Life was not held in much esteem
academically upon its publication, this does not mean that his work did not
influence the intellectual environment of his time. In order to truly understand
the acceptance of his concept of biotechnics, we should look at the thoughts
of the younger biologists of his time. In the same way as a confused Geddes
borrowed ideas from his predecessors, younger biologists such as J.B.S.
Haldane, J. Huxley, and L. Hogben absorbed the biotechnical concepts of
Geddes, Franc6 and Goldscheid.

In 1902 when H.G. Wells published Anticipations>®, flight and the
radiotelegraph were the height of scientific ideas. By 1920 his ideas were
on the market. For Haldane, the scientific risks and problems of his time
were not ones of technique but really ones of biology¥7. In answer to a
conference given in 1914, John Burdon Sanderson Haldane presented in
1924 a scientific formulation of utopic eugenics in a little work entitled
“Daedalus or science and the future.” He observed that the people who had
invented things within the realm of technics were like Prometheus. “The

55 J.A. Thompson, “Biology™, Encyclopaedia Britannica, Addendum to the 11th edition, vol. 1, 1926,
pp. 383-385.

36 H.G.Wells, Anticipations of the Reaction of Mechanical und Scientific Progress upon Human Life and
Thought, Harper, London, 1902,

57 J.B.S.Haldane, Daedalus orscience and the future, re-editedin K.R. Dronamraju’s Haldane's Daedalus
Revisited, Oxtord University Press, New York, 1995, pp. 28.
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chemical or physical inventor is always a Prometheus. There is no great
invention from fire to flying, which has not been hailed as an insult to some
god”. This was not the case with the first inventor in the biological field,
Daedalus, the first genetic engineering inventor as we would have called
him, who presided over the creation of the Minotaur by allowing the coupling
of Pasiphae and the Cretan bull. Haldane points out that he was not punished
for this manipulation, the most monstrous and artificial of all human
manipulations, either in this or the next world. “But if he escaped the
vengeance of the gods he has been exposed to the universal and agelong
reprobation of a humanity to whom biological inventions are abhorrent”.
“Butif every physical and chemical invention is a blasphemy, every biological
invention is a perversion”. In other words, for most observers, they appeared
“Inconvenient and unnatural, not just offensive to some gods but to Man
himself” 3%,

Furthermore Haldane expected the public to recoil from his enthusiastic
proposal of a new Daedalian accomplishment, the creation of children by
ectogenesis, a technique which coupled with in vitro fertilization and the
development of the embryo outside the uterus would separate sexual love
and reproduction. In his Daedalus, Haldane prophesied that if reproduction
were completely separated from sexual love, humanity would be freed in a
totally new fashion. Man would have nothing to fear from the gods, but only
from himself. “The scientific worker of the future will more and more
resemble the lonely figure of Daedalus as he becomes conscious of the
ghastly mission and proud of it”.

Black is his robe from top to toe,

His flesh is white and warm below
All through his silent veins flows free
Hunger and thirst and venery

But in his eyes a still small flame
Like the first ¢ell from which he came

38 1.B.S.Haldane, Daedalus or scienceand the Juture, re-edited in K.R. Dronamraju’s Haldane s Daedalus
Revisited, Oxford University Press, New York, 1995, pp. 23-54.
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Bums round and luminous, as he rides
Singing my song of deicides” %,

In the year following its publication, Daedalus sold about 15,000copies
and attracted much attention from left-wing intellectuals concerned by reports
on science and society. Ectogenesis was not presented in a very flattering
light in the main book that Daedalus inspired, Aldous Huxley’s Brave New
World, which can be seen as a critique of Daedalus. And though Aldous
Huxley strongly opposed the Daedalian vision of humanity, his brother Julian,
himself an eminent biologist, showed great enthusiasm for the engineering
of humanity.

If Haldane, like Hogben, had refused to become involved with the British
eugenics society, Julian Huxley was one of its pillars. There is no doubt that
Julian Huxley, the first director of UNESCO from 1946 to 1948, was a great
biologist, humanist and socialist. In 1935,]J. Huxley and A.C.Hadden (latterly
an anthropologist at Cambridge University) published a book called We
Europeans: A Survey o Racial Problems®® in which they criticized Nazi
theory on race, and in particular works such as that of Madison Grant, The
Passing o the Great Race. Despite all this J. Huxley was still capable of
thinking that different human groups had innate genetic differences when it
came to intelligence !,

It is true that J. Huxley had insisted on the importance of the environment
and the need to associate eugenics with social reform. He had highlighted
this in a famous conference given in 1936 to the British Eugenics Society,
at which he declared unambiguously that a system based on private capitalism
and nationalist politics would be de facto dysgenic. It would be incapable
of using the existent reserves of high-value genes and would lead directly
to the maximum dysgenism; war. It would be impossible, said J. Huxley, to
really put eugenics into practice while we have not more or less levelled out

59 J.B.S.Haldane, Daedalus or science and the future.
60 1.S.Huxley and A.C.Haddon, We Europeans, a survey o racial problems, Jonathan Cape, 1935.

61 §.S, Huxley, L'homme cef étre unique, traduction de Jules Castiers, La Presse Frangaise et étrangére,
Oreste Zeluck, éditeur, Paris, 1947.
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living conditions for everybody, a leveling upwards 2. It is not certain that
J. Huxley was explicitly influenced by Goldscheid, but whatever the case,
his thoughts were taking on a clearly parallel direction.

The link with Goldscheid’s philosophy is even clearer in a 1934 article
by J. Huxley entitled “The Applied Science of the Next Hundred Years:
Biological and Social Engineering” %3, in which he called for a plan for
leisure (social engineering) and control of the quantity and quality of the
population (biological engineering). For him biological engineering was the
more necessary of the two.

The use of the idea of biological engineering seems to have been quite
common at the time. At a meeting of the Workers’ Educational Association
in Cambridge in 1931, the social biologist Joseph Needham in his comments
on Aldous Huxley’s Brave New World proposed to his audience that the
concerns of the day were mainly biological engineering and the possibility
of a world dictatorship. Needham’s concept of biological engineering was
more Loebian than after Kammener, who had fallen from grace.

Ectogenesis was an increasingly common idea®. Polyembryonics, in
which a fertilized egg is subdivided to produce genetically identical
descendants, was being investigated in rabbits at the time. Needham insinuated
to his audience that the social implication would be on the one hand a
rational perpetuation of characteristic traits such as submissiveness or a
capacity for routine work, and on the other hand the possible development
from one same egg of factory staff strictly identical to each other. In other
terms, standardization right down to the biological base and mass-production
nature, with the underlying idea that Man would not only be product

62 As commented by D.J. Kevles in In the name of engenics, Genetics and the uses o human heredity,
1985.

63 J.S. Huxley, The applied science of the next hundred years: biological and social engineering, Life and
letters, vol. 11, 1934, pp. 38-46.

64 In the decade following the publication of Daedalus, Hermann Muller and the British eugenicist Herbert
Brewer independently pointed out that it was already possible to take first modest steps in the direction
indicated by Haldane. “Brewer furthermore dubbed test-tube fertilization “penectogenesis” because he
thought it was a great step in the direction of Haldane’s ectogenesis” D.J. Kevles, In the name of eugenics,
Genetics and the uses of human heredity, 1985.
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consumers but mass products themselves. Although it already existed in
principle, practice on humans however remained in the realms of science
fiction.

At the same time, biological understanding was producing ideas of more
immediately applicable social interest. The fall in population and increasing
gvidence of malnutrition in Britain in the years before the 1930s depression
led to the development of a British social biology. Although you can find the
term social biology in 19th century English, it is considered foreign, perhaps
because it had been popularized in Austria by Goldscheid. Nevertheless, as
a center for social sciences, the London School of Economics was very
much au fait with the German ideas of social hygiene, and had a copy of
Goldscheid’s Hoherentwicklung from the beginning of the 1920s onwards.

The school’s from 1919 to 1936, William Beveridge, worked hard to
create a bridge of social biology over the gap between the social sciences
and the biological sciences through biology-based studies of human behavior,
including genetics. Even before the First World War, he had been very
interested in the German solutions to the problem of social well-being. Later
he was to become concerned about social and demographical problems.

In 1920 he gave a lecture to the British Association on the dangers of
overpopulation. It greatly impressed Beardsley Ruml, the director of the
Laura Spelman Rockefeller Foundation. The two men met and Beveridge
presented his vision of a social science based on natural sciences, which
would include a whole set of understandings in anthropology, eugenics,
nutrition and psychology. This vision, which resembles Goldscheid’s
biotechnics, impressed the Rockefeller Foundation, particularly with its
reference to a social biology. During the years to follow, Beveridge persuaded
his colleagues and the Foundation how important the new subject was. He
needed to work with a biologist interested in economics and politics, and
finally recruited J. Huxley’s friend Lancelot Hogben, of the University of
Cape Town.

Hogben was a hard-baked opponent of eugenics and all confused
philosophical thought on biology. He was desperate for recognition as a
serious eminent scientist, and plotted with Huxley to be elected a Fellow of
the Royal Society. At other times he felt that it was even more important to
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promote the public’s understanding of science. These two commitments
sometimes threatened to tear him apart. He wanted people to understand the
importance of zoology, as well as his own.

The Social Biology Chair seemed to have given Hogben an opportunity
to promote the significance of his science. He developed his interest in the
social implications of biology. His inaugural lecture underlined the
well-established fear of depopulation and linked it to Haldane’s idea of
biological invention. “The declining birth rate has brought us face to face
with the fact that we are entering upon the era of biological invention” 3,
Hogben developed a birth rate measurement and took on the assistance of
Rene Kuczynski, a refugee from Germany and a demographer worried about
the falling population. In his Political Arithmetic% of 1937, which summarizes
the department’s work, Hogben wished with all his heart for applications of
biology that would be as practical as applications of chemistry®’.

It was thus that at the beginning of the 1930s, as Geddes and Goldscheid
died, social biology had become a university subject. While Geddes looks
anachronistic, at least in his personal beliefs, the concept of biotechnics
which he was associated with had become a part of the cultural substructure
of biology. On the first anniversary of Geddes’ death, Nature magazine
published an editorial entitled “Biotechnology” %8. Except for its commercially
motivated use by Siebel and Masson, this was the first British use of the
term. The author of the editorial was the chemist Rainald Brightman but the
title and the ideas expressed in the editorial are clearly those of Nature

65 Lancelot Hogben, “The foundations of social biology,” Economica, no. 31, February 1931, pp. 4-24.

66 Lancelot Hogben, “Prolegomenon to political arithmetic”, in Political Arithmetic, A Symposium of
population studies, ed. Lancelot Hogben, Allen and Unwin, London, 1938, pp. 13-46.

67 Hogben, following the realization in the early 1930s of the progress made in mathematical methods
and that through this progress the future for the development of human genetics as an exact scicnce was
very bright, called for the establishment of a vast rescarch program in human genetics: studies of twins to
cvaluate the respective roles of heredity and the cnvironment, the measurement of variability in hybrid
populations to scc if there were specific racial characteristics, gencalogical rescarch, cspecially in medical
archives, and studies on consanguinity. Hogben himsclf, with ill-cquipped resources at the London School
of Economics, could not put his program into practicc on his own. The collcction and analysis of facts
required organized work on a massive scale.

68 Rainald Brightman, “Biotechnology”, Nature, vol. 131,29 April 1933, pp. 597-599,
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editor R.A. Gregory, an old friend of Thompson’s, an admirer of Geddes’,
a technocrat and an enthusiast of eugenics. The editorial claims that scientific
technology would contribute to the improvement of humanity and that biology,
through contraception and eugenics, could both remedy the fall in the birth
rate and improve the quality of the British population.

In an echo of Goldscheid’s concepts twenty years previously, the article
expressed feelings close to those of Julian Huxley when he spoke of biological
engineering. An eclectic interpretation was made three years later, in a 1936
conference, “The retreat from reason”%®, given by Hogben in London’s
Conway Hall. J. Huxley, as chairman, introduced his friend’s lecture by
predicting that in the future biotechnology would be as important as
technologies based on physics and chemistry had been in the past. With the
benefit of hindsight this is a remarkable prophecy.

In his speech, Hogben did more than simply reiterate the ideas on
biological engineering laid out by Huxley, or repeat Goldscheid’s arguments
or Geddes’ twenty-year-old prophesies for biotechnics. Instead he combined
them, amalgamated them and transformed them. For him, the ideal modem
society would be found not in the factory but in the countryside.
Biotechnology was a socialist and aesthetic answer to the mechanical and
polluting technologies that his generation had inherited. In his lecture he
announced that social science could no longer accept that evolution’s work
was done. Influenced by his wife, Enid Charles, Hogben did some thinking
on the need to reverse the population decline. It was also clear that agricultural
production could not continue at the rate it was going. As a biologist, he was
in favor of planned production based on biotechnology because he could not
conceive how one could plan consumption without planning production. A
final component of biotechnology was to be chemical transformations carried
out by bacteria.

Hogben’s use of the concept of biotechnology synthesized the ideas of
Ereky, Pope, Goldscheid and more clearly those of Geddes. For Hogben,
biotechnology was a facet of a far greater bio-aesthetic utopia, in which the

% Lancelot Hogben, “The retreat from Reason: Conway Memorial lecture delivered at Conway Hall,”
Watts, London, 20 May 1936.
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life of small communities would depend on hydroelectric power, light metals,
fertilizers and of course on the application of biochemistry and genetics to
control qualitative and quantitative evolution in the population. J. Huxley’s
strongly eugenicist interpretation of this was only one aspect. The dream
also involved production through fermentation, a link back to the traditions
of zymotechnology.

Hogben repeated his vision of biotechnology as an aspect of productive
agriculture in his work Science for the Citizen, which was a bestseller. In the
meantime, he had obtained the Regius Professorship of Natural History at
Aberdeen through the help of the nutritionist John Boyd-Orr, director of the
nearby Rowett agricultural research station. Hogben, a man who never paid
compliments, later admitted that Boyd-Orr had had a deep influence on his
ideas and values. Boyd-Orr”® was a fundamental figure in the development
of British food policy, and later founder of the United Nations Food and
Agriculture Organization. From 1930onwards he tried to solve the problems
of low agricultural prices and urban malnutrition simultaneously by promoting
free school milk. For Hogben, better and more efficient agriculture was also
linked to health and a growth in the birth rate. Boyd-Orr’s work was just an
element in a world current of opinion in the 1930s that focused on the
primordial importance of good nutrition. The importance of vitamins and a
balanced diet were much vaunted in industrialized countries and through the
agency of the League of Nations. They pointed out how biology could be
used in the improvement of agriculture and population health.

New concepts in genetics were also beginning to cast doubts on the
simplistic attitudes of the first eugenicists and racial hygienists. Population
genetics was beginning to show how complex the links between the
characteristics of successive generations could be. A new understanding of
environmental problems, the increasing complexity of genetics and the use
of genetics by the Nazis led to the 1939 declaration by Anglo-American
geneticists including J.B.S. Haldane, J. Huxley and L. Hogben, that the
improvement of the environment was the major factor in the improvement
of populations.

70 Boyd-On, As I recall, McGibbon and Kee, London, 1966
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These promoters of biotechnology gradually gravitated to the center of
British science. In 1933, Haldane took a professorship at the University
College of London. J. Huxley was elected a Fellow of the Royal Society in
1935, and became a secretary of the Zoological Society the same year. Even
Hogben was finally elected a Fellow of the Royal Society, and obtained his
aforementioned Regius Professorship. On a more popular note, J. Huxley
and J.B.S. Haldane were radio stars and ownership of a copy of Hogben’s
Sciencefor the Citizen was a sure sign of the man of culture.

Their inspiration and reflections influenced a large number of students
in the field, especially in view of the great events of the time, industrial
change and malnutrition. N'W. Pirie, a friend of Haldane’s, moved at the
beginning of the Second World War from his studies on Tobacco Mosaic
Virus to the production of proteins from leaves, taking up work where Ereky
left off and making a change of scientific direction that lasted for the
remainder of his life. Another protégé of Haldane’s, Ermst Chain, had an
important role in the development of penicillin.

As biologists, J. Huxley and L. Hogben elicited enthusiasm for natural
production from chemists. They combined it with ideas on improving the
environment and its effect on human nature, thus amalgamating biological
engineering and biotechnology. At least one chemist was inclined to return
the favor and make respectful noises about the potential of biotechnology,
the British industrialist, Harold Hartley.

As he reflected on Hogben’s praises of biotechnology, Hartley concluded
“with the modem techniques of genetics and the closer association of the
farmer and the manufacturer there is a fascinating prospect of new strains
that will yield the ideal products for industry almost to standard specification.
Then indeed we should have Bacon’s ideal of commanding nature in
action” !,

Concepts of biotechnology as a descendent of zymotechnology and
biotechnique crystallized, especially in the United States and in Sweden,
although there they had a specific translation and development.

7! Harold Hartley, “Agriculture as a source of raw materials for industry”, Journal of the textile institute,
vol. 28, 1937, p. 172.
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1.6 The Recognition of Biotechnology by the Institutions

Hartley’s euphoria was stimulated by developments that had occurred in the
United States. There engineers were beginning the crucial move towards the
alliance with biology in the institutions and bureaucracies. Postwar Europe
was in chaos and had lost all political hegemony. Haldane’s visions, Francé
and Geddes’ biotechnics, and Ereky’s biotechnology were all aspects of
cultural creativity being born of a disaster. For the United States of America,
the end of the First World War was not the cause a feeling of cultural crisis
but rather one of supreme triumph, and a confirmation that the 20th Century
would indeed be that of the USA.

If in 1918 the United States were clearly a leading nation, by 1939
however a major cultural and economic crisis had hit the nation very hard.
As it damaged traditional optimism and values, the Depression also damaged
trust in the very technologies that were increasingly becoming a cause of
unemployment. In the United States this loss of confidence was fought with
the presentation of biotechnics as a promise of new technique and technology
intimately linked to human and biological needs. This engendered a concept
of biotechnology which would develop during the two decades after the
Second World War. For the first time, biotechnology took on a precise
meaning, rooting itself in the American will to promote the status and extent
of engineering as a scientific discipline that could ensure a certain prestige,
institutional and social positions as well as the bestowing of grants’2.

In the early 1930s two very influential publications contributed to the
translation of European concepts to the American context: Technics and
civilization™ by Lewis Mumford, and William Wickenden’s final report on
the teaching of engineering’®.

72 See LawrenceJ, Fogel’s Biotechnology, Concepts and Applications, Prentice Hall, Englewood Cliffs,
1963.Also see Craig G. Taylor and LMK Boelter, “Biotechnology: a New Fundamental in the Training of
Engineers”, Science, vol, 105,28 February 1947, pp. 217-219.

73 Lewis Mumford, Teehnics and Civilization, Harper Brace and World, New York, 1934.

74 W.E. Wickenden, Final report of the director of investigations, June 1933, in Report of the Investigations
of Engincering Education, 1923-1929, vol, 1 and 2, Society for the promotion of engineering education,
Pittsburgh, 1934.
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In Technics and civilization, published in 1934, Mumford adopted the
Geddesian historical categories of the paleotechnical, neotechnical and
biotechnical eras. He also felt that the biotechnical era in which things
would be made with respect for the biological needs of workers for clean
air and light and with respect for the basic biological needs of consumers
would be a considerable step forward. Mumford’s passion was for urban
architecture. Here, above all, the distinction between paleotechnical industrial
cities and the vast residential towns of the biotechnical age underlined the
nature of progress. Mumford approached technique like a talented journalist.
His passion for town planning continued all his life. In a similar way Geddes
had been a biologist approaching the problem of industrial production in an
abstract fashion. Despite their praises of technology, they were both
congsidering it from the outside. Nevertheless, biotechnique and the prophecies
that had been made about it also impressed some American engineers. As
the science of engineering evolved through the 1920s and became a
professional category represented by an increasingly serious university degree,
the image and concept of an appropriate curriculum changed.

The sciences of the engineerhad originally developed as a separate group
of specialties and professions. But distinguished engineer and future President
of the United States, H. Hoover, maintained after the First World War that
this image was obsolete and that coherent and unified courses were necessary.
William Wickenden, a researcher at ATT who was later to go on to become
the director of the Case Institute of Technology, was recruited by the Society
for the Promotion of Engineering Education to undertake a fundamental
re-evaluation of the courses for engineering science. His voluminous reports
published between 1925 and 1934 were key elements in the directed
movement towards the recognition of engineering science, not only as a
university subject, but also as a career that could guarantee intellectual and
social prestige equal to that of the scientific or medical professions.

Wickenden was also concerned about technology’s place in human history.
He gave many conferences under the title “Technology and culture” . In

75 W.E, Wickenden, “Technology and culture, Commencement address”, Case School o Applied Science,
29th May 1929 and 1933, pp. 4-9, and Technology and Culture, Ohio College Association Bulletin.
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the early 1930s, he was concerned and worried by the significance of the
Depression that led to the destruction of foodstutts at a time when the world
was hungry. The problem of hunger could not be left out of the engineer’s
concerns. He progressively turned to biology to support his vision of the
scientific and expansionist engineer. The psychology of work also became
part of the management-oriented responsibilities of the engineer, and
psychotechnics came along with it. It was thus that when in June 1933
Wickenden submitted his final report?®, underlining the importance of
considering the implications of biotechnics and psychotechnics, he provided
engineers with a new scientific foundation, a more human direction and a
way to exploit general interest for biological discovery.

The job of implementing the conclusions of the Wickenden report was
given to the Engineering Council for Professional Development (ECPD), set
up in 1932, and which remains one of the most durable results of the
Wickenden report. The chair of this Council was entrusted to Karl Compton,
the President of the famous Massachusetts Institute of Technology (MIT)
and the most celebrated leader of the chemurgic movement. He was
particularly interested in the biological aspects of engineering, and in his
own University he hoped to revitalize the old programs for food technology
and bacteriology which had lost speed during the advance of biochemistry.
The result of this reform movement was that well-esteemed universities
including the MIT in 1939 and the University of California (UCLA, Los
Angeles) in 1947 set up units on Biological Engineering and Biotechnology.
At the MIT, the name was chosen following careful consideration of
alternatives, and had the support of Vice-president Vannevar Bush for its
resonance with the science of engineering which was defined as “the art of
organizing and directing Man, and controlling the forces and materials of
nature for the benefit of the human race”. The field, known as Biological
Engineering, was defined as “the at of applying knowledge obtained from
research in biological problems with the help of physics, chemistry and

76 W E. Wickenden, Final report of the director of investigations, Tune 1933,in Report of the investigations
of engineering education, 1923-1929, vol. 1 and 2, Society for the promotion of engineering education,
Pittsburgh, 1934.
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other allied sciences to problems of human health”. Five sectors were to be
covered in the laboratories: bioelectrical engineering, electrophysiology,
biophysics, microbiology and nutritional biochemistry. What was foreseen
turned out to be the description of a new academic sector, whose field of
application according to Bush would extend from agriculture to fermentation.

Despite the enthusiasm of Compton and Bush and the vibrant call for
subject reform, MIT remained a university with firmly entrenched traditional
demarcations between the disciplines. Biological engineeringrapidly became
“just biology”. In California, the reform had better success. L.M.K. Boelter
was asked to direct the new school of engineering science for the UCLA.,
on the campus of the City of the Future. Boelter was a thermodynamicist
mainly interested in heat transfer, but also by the interface between people
and machines. During the war he had worked on problems of human
performance at high altitude in airplanes. Boelter, a friend of Wickenden’s,
was determined to run a school that would treat engineering science as a
unified and integrated whole. Within this whole specializations could of
course appear, but these would be considered technologies that when taken
together, reinforced engineering. Boelter’s own war experience had
highlighted the interaction between Man and machine. This was what he
and his associate Craig Taylor called biotechnology. For them the engineer
needed to be trained from a more homocentric point of view.

The UCLA program was generally respected. Although Boelter’s interests
were mainly of a philosophical nature, they were linked to the man/machine
interface problem and biotechnology came to be associated mainly with the
study of what was in any case attached to human factor research already. It
was a growth area, since the military and space engineersneeded to optimize
the conditions for rapid pilot reaction. In 1962, some five hundred engineers
and psychologists in the United States were working with the new subject
description”’.

At the same time, the need to enlarge the intellectual base for engineering
by including the life sciences was being felt by many educational institutions.

77 J.A.R. Koraft, “The 1961 picture of human factors research in business and industry in the United
States of America”, Ergonomics, vol. 51, 1962, pp. 293-299,
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Some fifty American colleges or universities included the science of interfaces
in the engineering curriculum. Although they did not all use the name
biotechnology, and the courses at the MIT equivalent to the UCLA’s
“Machines and Systems Biotechnology” were often entitled “Sensory
Communication and Man-Machine Systems”, biotechnology remained a
popular term,

In 1966, the term bioengineering was officially chosen by the engineers
of the Joint Council Committee in Engineering Interaction with Biology and
Medicine to designate “the application of the knowledge gained by cross-
fertilization of engineering and the biological sciences so that both will be
more fully utilized for the benefit of man”. This large category included a
whole set of projects a little different to those foreseen by Bush, and closer
to the pioneers of biotechnology and biotechnics, medical engineering, the
improvement of health through the improvement of the environment,
agricultural engineering, bionics”®, fermentation engineering and the
engineering of human factors.

“Bionics,” for example, 1s the English translation of France’s interest in
the study of the formation and principles of operation of living things to
apply the knowledge gained to the development of physical systems. This
interest was also translated as “cybernetics” by visionaries such as Norbert

78 The name bionics was invented by Major Jack E. Steele of the aerospace medical division of the US
Air Force on an August evening in 1958. Its first official use took place at the end of 1960, spectacularly.
Seventy biologists, engineers, mathematicians, physicists and psychologists were invited by the Air Force
to a congress between 13 and 15 September 1960 in Dayton, Ohio: thirty speakers presented bionics. A
large 500-page volume reported the ceremony: Bionics Symposium - Living Prototypes - the key to new
technology, 13, 14and 15 September 1960, Wadd Technical Report 60-600, 30 reports, 499 pages. To be
totally accurate, bionics had been mentioned several months beforehand at the 12th Annual National
Aeronautical Electronics Conference in early May 1960. One of the sessions of the meeting was dedicated
to bionics under the chairmanship of Dr John E. Keto of the US Air Force. Four studies on bionics were
read, including that of Major Steele. The first time the word bionics was used was in Waveguide, Daytona
Section IRE publication, 39 North Terrence Street, August/September 1960, There are the four studies,
including Steele’s stating that bionics is the science of systems that have a function copied from natural
systems, or which present the specific characteristics of natural systems or that are analogous to natural
systems. More precisely, one can define bionics as the art of applying the understanding of living systems
to the solution of technical problems.
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Wiener” whose own parallels between machines and organisms harked back
to Francé's time. Agricultural engineering recalled Ereky’s concerns,
fermentation engineering those of Orla-Jensen, while the engineering of
human factors was only another name for Boelter’s research interests.

From a research perspective these subjects might have seemed extremely
diverse. It is also true that their commercial and technological significance
were quite different, as were their dynamics. However they shared a same
educational base and were brought together by the belief that the life sciences
should play a crucial role in the education of engineers. Faith was kept in
the importance of biotechnology for the future of all of engincering.
Furthermore, whatever the diversity of interpretation, there was consensus
that whatever was taught should underline the unity of functions in living
organisms and, whenever appropriate, treat materials quantitatively.

So, in principle, biological engineering as it was understood in the 1960s
included an infinitely wide field of potential specializations. Debate as to
the name and character of biological engineering outlined two main aspects.
Bioengineering emerged as one single category of engineering because it
was an ideal vehicle for bringing the life sciences into teaching. It was more
a teaching category than a research category. It was also a domain that
obtained its integrity and identity from its functional role as an interface
between the historically quite separate disciplines of biology and engineering.

In the 1960s, while more and more interfaces were being opened up
between biology and engineering sciences, different terms were being applied
to these new disciplines in various ways. In Britain the approach was different
to that of the United States. Human factors engineering and human
engineering, which Boelter had called biotechnology, were called ergonomics
instead, and a Society for Ergonomics was created in 1949. While biological
engineering was a term that harbored wide connotations in the United States,
in Britain it was first used only to designate that specialization which the
Americans called medical engineering.

72 Norbert Wiener, Cybernetics or Control and Communication in the Animal and the Machine, MIT
Press, Cambridge, Massachusetts, 1948.
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Physiology of course had a well-established engineering slant in any
case, and this was particularly well-represented at the University College of
London biophysics research unit, founded by physiologist A.V.Hill %, whose
work on anti-aircraft battery targeting is considered a classic precursor of
cybernetics. The experience gathered during the war in fields from prostheses
to radar technology had created a whole community of engineers working
at the interface with the human body, and more and more researchers
concerned with these different interests came to work together. Nevertheless,
action at the national level was left to the American researcher Wladimir
Zworykin, well-known for his contribution to electronic microscopy and
television technology and who had directed a medical electronics laboratory
at the Rockefeller Institute. Like Bush, he found that the scientificcommunity
was working in an isolated fashion and often on parallel subjects in ignorance
of the other research. In June 1958, Zworykin organized the first conference
on medical clectronics in Paris, leading to the birth of the International
Federation of Medical Electronics in 1959. This stimulated the British to
create organizations that could be affiliated, the first one being the medical
electronics section of the British Institution of Radio Engineers.

In his speech launching the group, A.V.Hill®' complained that the term
“medical” was too restrictive. In its place, the wider term of “biological”
should be used to describe applications for the sensitive detectors and
amplifiers that engineers were developing. The problem evidently went deeper
than mere electronics. This was recognized in June 1960 when a group of
specialists was set up at a meeting mainly attended by doctors, physiologists,
electronic engineers, mechanical engineers and physicists. They named it
the Biological Engineering Society ®2. The objectives of the association were
to bring together members of the different disciplinesto be found in hospitals,
research institutes and industry, and to favor the application of engineering
science to biological and medical problems. The first scientific meeting took

80 A V. Hill, “Biology and Electronics”, Journal o the British Institution o Radio Engineers, vol. 19,
1959,

81 AV, Hill, ¢s above, p. 80.
82 Biological Engineering Society, The Lancer, vol. 2, 23 July 1960, p. 218.
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place in October of the same year at the NIMR, and it called for a fusion
of biology and engineering as disciplines®3, It was thus, quite independently
of American usage of the term, that biological engineering was chosen once
more as the most appropriate federating concept.

The British usage of the word was recognized by the International
Federation, and later in 1963 when the Federation launched a review, the
title they chose for it was Medical Electronics and Biological Engineering.
However, the work of biological engineers was not described as a revolution
at the heart of teaching as it had been in the United States. The promoters
were consciously specialists, bringing together several skills to bring life to
anew era of research. Furthermore, there was a significant aspect in which
the sense of biological engineering was different: the aspect of fermentation
technology. This might be incorporated in the American model of integrated
biology and engineering, in principle at least, but the British insistence on
the human applications of the fusion excluded the field. These two alternative
visions of the limits of the field of biotechnology, control of which is
simultaneously sought by the physiological engineers and the microbiologists,
were sufficiently distinct to be the subject of debate in Sweden, resulting in
the redefinition of the category of biotechnology as being clearly centered
on bacteria and not on Man.

Sweden, open to other cultures, provided an intellectual crucible for the
melting of different biotechnical traditions. Curiously, the American
movements of biological engineering and biotechnological engineering arrived
in Sweden separately and were interpreted independently of each other.
Their significance was formally specified. Biological engineering (bioteknik)
emerged as quite a vast term, and biotechnology as a specific term involving
human factors engineering. In 1942 the word bioteknik was institutionalized
for the first time. The Royal Swedish Academy of Engineering Sciences
(IVA) had turned to biological methods in its research in energy, food and
medical supplies during the war and, in December 1942, a new section was
created at the Academy under the name of Bioteknik. Two separate influences
were clearly at work here. On the one hand there was the interest of

83 Biological Engincering Society, The Lancet, vol. 2, 12 November 1960, p. 1097,
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experimentalists involved in the various food industries such as brewing and
bread making and who were not really represented in the organization. On
the other, there was that of the “engineer-philosophers’” who were directing
the IVA. On the death of Almgren, who had suggested that the new section
be set up, it was taken over by the recently-retired former director, Axel
Enstrom, who had founded the Academy.

Enstrom was the prototype cosmopolitan engineer. He was progressively
absorbed by the problems of technological evolution, unemployment and
the commercial cycle. He led debates that occupied many intellectuals in the
capital of this newly industrialized country. Sweden had suffered badly
during the Depression, and Enstrom had represented his homeland at several
international meetings to discuss the various technologies, including
agriculture. At a world conference on energy in Berlin, he had reflected with
his American colleagues on the importahce of engineering as a solution to
modem problems. In 1940, Enstrom was replaced as director of the IVA by
Edy Velander, an equally cosmopolitan engineer with a Harvard degree and
another from MIT who managed to keep in touch with his American
colleagues, even during the war.

During 1943 Velander paid a formal visit to the States. Like the
Americans, he was interested by the discovery of new fields for engineering
and as a result of this and his interests and research during the war, he
started ajournal of technology and food in the 1950s. The developments in
Stockholm reflected the creative tension that existed between these
cosmopolitan engineers and industrialists. At the Section’s first meeting on
19th June 1943, Velander presented a preliminary document which he had
written 20 months earlier on biotechnological research. This text started off
with general reflections on the problems of contacts between biology and
engineering, reflected on the importance of nutrition and hygiene and
suggested some very general spheres of interest. Strangely it also contains
exactly the same mention of the importance of questions of clothing, nutrition
and urbanism that his old MIT professor Vannevar Bush had made some
time earlier at Rutgers in his call for a true recognition of biological
engineering, thereby proving that he was clearly using an American model.
In contrast, the Section’s discussion centered on the diversity of
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agro-alimentary techniques and particularly on aspects such as hormones
which were brought in under the new department.

Literally the term “bioteknik” was a translation of Bush’s biological
engineering. We should note that the word already existed as part of the
name of Orla-Jensen’s department, Bioteknisk kemi. Whichever term had
the most influence, it is certain that the two researchers supported the
importance of bioteknik for engineering as a whole and in its practical
applications. For Velander, bioteknik brought together the applications that
appear when you learn to influence biological processes scientifically and
exploit them technologically as a whole and in practical application. As in
the USA, this development was seen to provide new opportunities for the
engineer. A wide field was opening up for industry and technical agricultural
work in which the engineer would have a major role to play, being as always
the interpreter of scientific theory and discovery to the users and economists,
thus greasing the wheels of assimilation into practice.

Initially, the new Bioteknik Section of the Academy was dominated by
the interests of the brewers, but its activities were gradually influenced by
more medically oriented engineers whose understanding of the term bioteknik
reflected the technology of physiology, known in Britain as biological
engineering.

At the end of the 1950s, the Section included bacteriologist Carl-Goran
Heden, then Assistant Professor of bacteriology at the Karolinska Institute
in Stockholm, was interested in fermentation technology. Heden was not,
and still is not, just interested in bacteriology. For more than 40 years he,
more than many other biologists, has passed on visions reminiscent of those
of Hogben and Geddes to later generations. Heden, although not an engineer
himself, was influenced by his own mentor, the cytologist Caspersson, who
like Svedberg and Tiselius had underlined the importance of the use of
automatic instrumentation. Heden had become fascinated during his studies
by aspects of microbiology linked to technique. He even constructed a pilot
installation for fermentation which was one of the most important academic
installations in the world. Se although Heden was not an engineer himself,
he was, in practice, capable in the field. It is certain he understood bioteknik
to be the study of the control of micro-organisms. In 1956 he persuaded the
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Director of the Commission for Technical Nomenclature of his vision. Two
years later he enthusiastically encouraged the IVA's Nomenclature
Commission to organism two colloquia based on the meaning of the term
bioteknik. Those invited to the first colloquium were strictly of the original
category of industrially interested parties and were divided between those
interested in proteins (such as microbiologists, plant physiologists and
brewers, as well as cellulose industrials) and those more interested in fats
(such as milk product industrials).

Although Heden called his own specific field of interest “bacteriological
biotechnics” to distinguish it from medical biotechnics, he far preferred the
term biotechnology. In Sweden, Heden was frustrated because Boelter’s
concept of biotechnology had been imported as an alternative to the new
English term of ergonomics. This usage was introduced by the influential
professor, Sven Forssman of the Institute of Work Studies (ASTI).
Furthermore this was a subject in which the Swedish were pre-eminent - in
fact the first world congress on ergonomics was held in Sweden in 1962. In
a contradiction of the pretensions of these “engineers of Man”, Heden wrote
to the Secretariat of the IVA pointing out that biotechnology had for some
time been associated with his interest for the industrial application of
biological principles (an interest which almost always had microbiological
examples where he was concerned) and the biological aspects of technology.
He deeply resented the manner in which it had been taken by the practicians
of human engineering, and pressed the Commission for Technical
Nomenclature to accept the British term of ergonomics or a more
Swedish-sounding variant such as adaptation technology. Despite his efforts,
Forssman’s influence was too strong, and biotechnology kept its Boelterian
connotation.

Heden can be considered to be the first to have separated the problems
of applied microbiology from the physiological aspects of bioengineering
with which they had been entwined for twenty years. He also tried to reverse
the dominant US interpretation of his subject as being purely one of
engineering, by insisting that attention should be centered henceforth on the
biological side of things. An international perspective shows that his influence
was not limited to his own country, and it was thus an American and not a
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Swede he managed to convert to his concept of biotechnology. After a
conversation with his friend Elmer Gaden, the editor of the Journal o
Microbiological and Biochemical Engineering and Technology, founded in
1958, that the review’s name was changed to Biotechnology and
Bioengineering.

Whether in the States or in Sweden, the vision of a new dynamic
technology sustained the federating concept of biological engincering.
Enthusiasts all tried to co-opt the term for their favorite specialization.
Boelter chose the term to designate what others called ergonomics and what
Heden called biochemical engineering. All this debate on denomination
might appear a little confused, but it is symptomatic of the effervescence of
contemporary thought on the relationship between biology and engineering.
Men such as Mumford, Wickenden, Compton, Bush, Boelter and their
institutions in the States, and Velander and Enstrom and the IVA in Sweden,
were providing links between previous concepts of the transcendent
significance of biotechnics, biological engineering and biotechnology.
Although distanced by time and intention, it scems that when you consider
practical biological philosophy that in some way previous abstract thoughts
provided language and a structure of thought for the post-war engineers.

At the end of the Second World War, there was international interest in
integrating biology and engineering, an interest variously represented by the
terms bioengineering, biotechnics and biotechnological. This interest had a
very large field of application and was promoted simultancously in
philosophical and educational spheres. While visionary and idealistic
enthusiasts hoped to promote an integrated vision, the truth of the matter is
that engineering sciences had an entirely different and far more fragmented
image. In the years following the Second World War, individual disciplines
were proudly autonomous, and although ergonomics or biomedical
engineering had been important, it was at the interface between chemical
engineering and microbiology that examples of commercial implications of
this alliance of biology and engineering were to be seen.

While in Sweden this alliance had not yet taken place, in the United
States the term was adopted with success and benefited from its inheritance
of the fantastic dynamism of chemical engineering, the remarkable success



1 The Invention of Biotechnology 55

of the antibiotics industry (in particular penicillin} and the general and
philosophical ambitions of the attempts to integrate engineering with biology.
Even before the Second World War, Compton had already foreseen that the
deployment of biological engineering could contribute to medical technology.
We should recall that society between the wars was much more conscious
of the problems of health. Many countries’ vision of the Western world’s
priorities was indicated by the establishment of free or low-cost medical
check-ups by the government. The wartime discovery of microbial antibiotics
and especially penicillin only strengthened the close link between medical
care and chemical engineering. It was thought chemical engineering could
help with the handling and treatment of large quantities of biological material.
It also appeared likely to help with research into the nature of biological
systems themselves.

Two major domains of activity were regrouped under the term of
biotechnology, following its choice as the new 196l title for the review
Biotechnology and Bioengineering.

— Area 1 comprises extraction, separation, purification and processing
of biological materials.

— Area 2 embraces use of complex biological systems (e.g. cells and
tissues) or their components to effect directed and controlled chemical
or physical changes®,

This insistence on bioprocess technology and the dominance of
microbiology in its partnership with chemical engineering were sustained by
the continued fundamental importance of two wartime efforts, antibiotics
production and response to the threat of bacteriological warfare.

The importance of antibiotics production in the stimulation of a new
industry is well-known, but the significance of the second effort is perhaps
under-estimated. It is however certain that military research on continuous
fermentation, in particular at the Microbiological Research Establishment at
Porton Down, was to have implications for the whole industry even if

84 This second ficld of biotechnology is often known as bioprocess technology.
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retrospectively the breweries” great excitement at continuous fermentation
was largely premature. The savings made were not that attractive, and the
control and technical competence standards much higher than for normal
installations. Furthermore, although the advantages of continuous production
were very clear when a large quantity of one single product was being
handled and the process could be allowed to work for a long period of time,
most breweries make a great variety of beers and thus needed to be able to
switch from one product to another as demand changed. The beer was not
always very good, either.

The insistence on bioprocess technologies was not the only characteristic
of the thoughts of mid-20th century leaders of biotechnology such as Heden
or Elmer Gaden. Biotechnology was for them not only an advanced
technology for developed societies. In 1970 the most appropriate use for
continuous fermentation seemed to be the culture of hundreds of millions of
tons of single cell proteins {SCPs) to feed populations with malnutrition.
Biotechnology, unlike chemical engineering, seemed particularly benign and
even futuristic seeing as it appeared perfectly adapted to the majority of
humanity not living in developed societies and too poor to import oil to
produce vital consumer goods, but whose agriculture produced great quantities
of biomass for conversion.

More generally, after fifty years of unsuccessful declarations from fringe
intellectuals that biotechnology would be an innovative technology to fill
new sorts of needs, the right wave of support appeared in the 1960s.

In the period after the Second World War, biotechnology meant a lot
more than another set of techniques. It had come to represent an ideal
alternative to the list of new but destructive technologies associated with the
military industrial complex. Goods producers and consumers could refuse
these new products for themselves out of conservatism, but they could not
refuse to react against world poverty, overpopulation and famine. Such evils
were appropriate targets for a revolutionary technology that transformed
agricultural products.

During the 1960s and 1970s biotechnology was promoted as the use of
rich countries’ scientific resources to solve poor countries’ problems. It
brought to mind a new industrial revolution and represented a symbol of
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hope and an answer to famine, sickness and the dwindling of resources. It
was not only felt that it would provide solutions for the third world, but
increasingly be the fundamental technology for the development of even
industrialized nations.

The dramatic end of the Second World War did indeed engender fears
of future disasters, but in reaction to this it also nurtured optimism guided
by the urgent sense of hope for a new world order. This was confirmed in
the creation of the United Nations and gradual decolonization. There were
prophesies of another industrial revolution but little agreement as to what it
would revolve around. For some, nuclear power and the promise of clean
unlimited energy illuminated the future. Others dreamt of Man’s escape
from his prison planet to reach new worlds. Some thought that modem
microbiology was a way for humanity to finally banish evils such as famine
and sickness. The Cold War chilled these optimistic concepts of science
with its threat of using space technology, nuclear physics and progress in
microbiology to develop terrifying weapons. The nuances of natural idealism
translated to difficult decisions. Many scientists involved in high-level science
in the 1950s found themselves confronted with a Manichean dilemma: either
to use the knowledge, skill and abilities for weapons production or to use
them for the good of humanity as a whole.

Elmer Gaden and Carl-Goran Heden were the precursors of the movement
for the use of biotechnology for Man’s good. The most celebrated visionary
was Leo Szilard, a symbol of the rejection of nuclear warfare and its
association with their science by the military physicists after the war. Once
the Nazi menace was banished from the ruins of Berlin, Szilard became
very worried about the prospect of an arms race with the Soviet Union. He
was one of the founders of the Pugwash conferences that brought together
American and Soviet scientists. He was also one of those remarkable
physicists who turned to biology and created the new discipline of molecular
biology. His classic article of 1950% on continuous fermentation came from
his interest in mass-producing cells for phage studies.

85 A. Novick and Leo Szilard, “Experiments with the chemostat on spontancous mutations of bacteria”,
Proceedings of the National Academy of Sciences, vol. 36, 1950, pp. 708-7019.
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A decade later, Szilard’s efforts were more on social concerns. In his
science-fiction work of 1961, The Voice of the Dolphins®, he imagined a
better technology invented by the dolphins, very much like what was then
being called biotechnology. Imagining a time of better international relations,
he related how the Americans and Russians consolidated their new cooperation
by setting up a new International Institute of Molecular Biology. The scientists
of the Institute show that dolphins’ brains are better than human ones, and
teach them science. The dolphins start to win Nobel prizes. Their greatest
discovery is a scaweed that fixes nitrogen straight from the air, produces
antibiotics and can be turned into a food protein source. The result of this
invention is that the poor of India no longer need to have large families, thus
preventing the population explosion. Even the product’s name, Amruss,
symbolizes its international roots.

A year after his publication of The Voice o the Dolphins, Szilard set up
a civil rights organization, The Council for a Livable World. The Council
identified crucial problems in human development. Despite Szilard’s death
in 1963, his work was continued into the 1970sby his assistant and biographer
J.R. Platt.

In 1972, Platt and Cellarius wrote an article in Science calling for the
creation of Task Groups to identify the fundamental problems for the future
and look for solutions to them. They thought that problems of overpopulation,
environment and health could be solved through biotechnology. This hopetul
vision was the antithesis of nuclear technology. Several post-war idealists
predicted new possibilities in fermentation and enzyme technology industries
and those using micro-organisms, all part of what was coming to be called
biotechnology. It seemed particularly appropriate for developing countries
rich in biological raw materials and needing products such as fermented
foods, power alcohol and biogas for energy needs and nitrogen-fixing bacteria.
These would be provided by small locally-adapted firms, not distant
multinationals. This concept of biotechnology that then emerged had a
strangely close resemblance to the bioaesthetic concepts of Mumford and
Hogben before the Wars.

86 eo Szilard, The Voice o the Dolphins, Simon and Schuster, 1961
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The biotechnical dream may well have mainly been the dream and concern
of Western scientific intellectuals, but it is not for all that commercially
inconsequential. It showed to big firms the link between an emerging
technology and potential solutions for a world problem that was more and
more worrying, at a human, economic and political level. This problem had
a name that had a dramatic military ring. It was the demographic explosion,
and its corollary of starving populations leading to a secondary implication
of political instability. There was no doubt about the scale of the problem.

To fight this threat radical measures were called for. Biotechnology looked
as if it might bring some remedies. Unfortunately the solutions foreseen
proved to be failures. Banishing hunger by engineering nitrogen fixation
into cereals®” remained a pipe dream for a long time. The hope of beating
this threat of world famine through new foods created by biotechnological
advances was no more successful. Alfred Champagnat and Jacques Senez
had spectacular experimental results in growing micro-organisms, in particular
yeast, on oil derivates. Multinationals like B.P., Hoescht, and international
organizations such as the United Nations, as well as nations such as the
Soviet Union and Japan took great interest in the new food that Scrimshaw
at the MIT dubbed Single Cell Protein (SCP) in 1966, but it did not have
the expected success®®. Ironically, market studies eventually showed that the
best consumers of SCP were rather the animals of Europe than the poor
peoples of the third world, who were very conservative about what they ate
and in any case had even less access to oil derivatives than their richer
neighbors. Here also, hopes were killed off by the sudden oil crisis and the
fall in price of competing products, in particular Soya.

87 Sir Harold Hartley has called the mystery of how the bacteria Rhizobia that lives in nodules on the
roots of leguminous plants converts atmospheric nitrogen into ammonia one of the last great unsolved
mysteries, vital for the world’s economy. It was thought then that if only Man could copy this process in
cereals, there would no longer be any need for artificial fertilizers. Despite great progress in research
carried out by Shell and Dupont de Nemours, we still have not developed cereal strains that fix their own
nitrogen.

8 |n developed countrics, these new foods were met with general skepticism from the gencral public,
especially in Japan and Italy where there were uncertainties about its safety. Clearly just producing the
food was not enough. You also had to consider equity, rural needs, national specificities and dependencies
on complex technologies as important factors.
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The success of the green revolution through the sale of new varieties of
conventionally-growing but high-yield wheat, maize and rice also brought a
certain cynicism. Whereas in terms of food production the consequences
had been remarkable and world famine had been fended off, the new strains
not only needed excellent irrigation, but large quantities of pesticides and
fertilizers. In a poor and traditionally-based agricultural system this meant
significant investment and borrowing. So the new strains ironically favored
rich farmers rather than the small-scale agriculturist who could not afford
either the ever-increasing quantities of fertilizer nor the servicing of their
debts, thereby perversely increasing the number of farmers who had lost
their lands.

At the beginning of the 1960s biotechnology, from an environmental
point of view, was benign, well-meaning, and aimed for the good of humanity.
Twenty years later it was considered an additional menace. This reversal of
opinion is partially due to anxiety over the new science of recombinant
DNA technology, but it has deeper roots. Biotechnology was being gradually
more and more considered to be unnatural, and its distinction from chemical
technology was gradually wiped out.

At the end of the 1970s, the energy crisis replaced that of food.
Biotechnology once more seemed to have the answer to the problem, for the
poor countries as well. But here too, this hope ended in failure because of
production costs. In practice, the technological implications could never
really be tested. Despite this failure, dreams of biotechnology coming to the
rescue of starving people in the third world were the key strength in the
development and preservation of international technology-oriented networks.
Men like Heden obtained commitment as well as funding from agencies
such as the United Nations, UNESCO, The Food and Agriculture
Organization, the International Association of Microbiological Societies and
the World Academy of Arts and Sciences, for the promotion of biotechnology.
Their contributions were also decisive in the support of this science in which
advances announced by scientists are always delayed. The change of target
from developing countries to developed ones in the 1970s tragically marks
the failure of the new techniques to integrate ethical and rational
considerations.
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Recombinant DNA techniques that appeared in the middle of the 1970s
however offered a miraculous reversal. These techniques caused the rebirth
of the humanitarian arguments on biotechnology, arguments that came to be
used for the support of the great biotechnology programs, and in particular
the great sequencing programs. These arguments took on connotations very
close to those used by the founders of biotechnology, such as Ereky,
Goldscheid, France, Geddes, Haldane, Hartley, Mumford, Hogben, and
Boelter, who saw biotechnology as the technology of the future, the
miraculous technology which would come to the rescue of humanity, society
and economy, and cure them of their greatest ills.



2

Political Interpretations
of Biotechnology and the
Birth of the First Research Programs

In the 1960s, the champions of the biological revolution were more prophets
than managers or politicians. The political and industrial worlds could not
but be interested in biologists’ recurrent affirmations of the advent of a
biological revolution and undoubted technical progress. During the 1970s,
biotechnology became the target of national policymakers!. In the United
States, Japan, Germany, the United Kingdom, the European Commission,

! Let us recall that in the first half of the 20 Century, a series of new concepts put forward by biologists
like Francis Galton, Jean Rostand (L’ homme, introduction a I'étude de la biologie humaine, ed. Gallimard,
Paris, 1926), Alexis Carrel (L’homme, cet inconnu, ed. Plon, Paris, 1941}, Hermann J. Miiller (Hors de la
nuit, vues d’un biologiste sur U'avenir, ttad. J. Rostand, ed. Gallimard, Paris, 1938}, Julian Huxley, J.B.S
Haldane, Lancelot Hogben, Rudolf Goldscheid, to name but a few, reached the whole of society, which
reflected them in legislation. Nazi Germany was not the only country to ratify eugenics laws: democratic
countries ratified them before Germany, and gave it their examples. The United States were the first to
legislate on the sterilization of criminals and people with various diseases. Initially, the states of Indiana
in 1907, Washington, Connecticut and California in 1909 ratified such laws, and by 1950, thirty-three of
the states had followed suit. In 1928, Switzerland and Canadajoined the bandwagon. In 1929, Denmark.
In 1934, Norway and Germany. In 1935, Finland and Sweden, and in 1937 Estonia also passed similar
laws. They werejoined by several countries in Central America in 1941, Japan followed suit in 1948. Tt
should be noted that these laws were notjust passed spontaneously. They were requested by associations
led by medical doctors and biologists, which, through propaganda and intensivelobbying, brought pressure
to bear on the legislators. Scientific supportand prestige from greatnames of biology, particularly genctics,
were also a determining factor. There is also an undoubted influence of the biology of the beginning of
the century on Nazi ideology. In Germany, the first eugenics law was voted through on 14 July 1933 and
became effective on 1 January 1934,

62
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and countries all around the world, apparently governments grabbed at the
promise of biotechnological solutions to the paradoxical needs of revitalizing
industry and economy, and simultaneously taking better care of the
environment,

A century of prophesies were finally being listened to. The existing
technological system had to be replaced. It would be easy to blame the two
oil crises of 1974 and 1980, which brought a tenfold multiplication of the
West’s energy costs, but even before the crises, the richest nations were
already worried that their most productive industries had reached their
maximum growth. Added to this fear of a decline in the industries at the root
of post-war growth (shipbuilding, chemical, metallurgical and automobile
industries), public concern was increasingly alerting the policymakers to
how polluting these industries were. Policymakers and executives armed
themselves with the promise of biotechnofogy against these public concerns,
raising the subject to a higher level and including it in their programs of
industrial and economic development.

Small investors and the general market were to be the ones who developed
the economic potential of biotechnology as well as undertaking the financing
of research and industrial activity linked to research.

Biotechnology was included in national programs, typically represented
as an infant industry bound by commercial, administrative and political
limitations. It was promoted in widely broadcast announcements of the
imminent advent of a new industrial revolution, announcements made
alongside more familiar ones for the new era of information technology.
Remarkable scientific progress seemed to justify these prophesies and reassure
the public that the biologists’ promises would be kept, embodied in what
was called “life science” in Japan, “biotechnology” in Europe, and
“bioresources” in the United States.

Most histories of biotechnology have a tendency to see in this progress
the cause of the change that occurred in political, social and economic
perceptions of biotechnology. This must be taken with a pinch of salt, The
development of a scientific technique is a reflection of pre-existing social,
economic and political aspirations, and when it comes into action, perceptions
of it are a reflection of previous aspirations. Bobbing in the wake of the
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genetic engineering revolution, widely shared hopes in biotechnology
sustained the image that had grown during the 1970s from economic and
political concerns.

21 The Example of the United States

During the 1970s, these economic and political concerns offered a challenge
set by the United States, then at the top of the world’s economies. Other
nations took up the challenge. The United States provided leading trends to
other industrialized nations: the environmental movement, an appreciation
of the importance of enzymes (which were emerging as integral components
of the development and exploitation of bioresources), the scale of life science
research in general and the Silicon Valley model.

Problems in Agriculture

Historically, problems in agriculture have always triggered reflection on,
and hopes in, biotechnology. This pattern occurred again in the 1970s. At
that time, concerns and interests were being loudly expressed outside the
establishment from the environmentalmovement, the birth of which generally
dates from Rachel Carson’s attack against the use of the pesticide DDT in
her book Silent Spring’. This work gained worldwide notoriety and is
considered an informal marker of the beginning of ecological awareness in
the West today.

The consequences of intensive and unlimited use of non-renewable
resources provoked an extensive set of analyses during the creation of the
Whole Earth Catalog. Undoubtedly, the most well-known analysis was the

2 Rachel Carson, Silens Spring, Houghton Mifling, Boston, /962, The emotions raised in the general
public by this book, which was a complete condemnation of the use of chemical fertilizer in agriculture,
led President John F. Kennedy to set up a commission of public inquiry, which several months later
confirmed the author’s conclusions. Carson’s exposé was followed, in 1968, by the revelation of another
time bomb by the American biologist Paul Ehrlich, the “P.” Bomb, for “Population”. (Paul Ehrlich, The
Population Bomb, Ballantine, New York, 1968).
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first report of a series of studies on the theme of growth called The limits
to growth®, which made the Club of Rome* world famous.

Limits to Growth and the Club of Rome’s Analysis

This report intended to demonstrate mathematically (with the help of a
model developed by Jay W. Forrester® of the Massachusetts Institute of
Technology) that exponential population and economic production growth
were impossiblein the long term, because they supposed an unlimited quantity
of exploitable non-renewable resources, arable lands and environmental
capacity to absorb pollution. The various simulations all ended sooner or
later, but generally sooner, in a brutal drop in the quality of life and/or life
expectancy. This was either due to a fall in agricultural productivity, rising
costs in increasingly rare raw materials or increased pollution. The simulations
also showed that a purely sectoral policy could not prevent a major crisis.

3 D.H. Meadows, D.L. Meadows, Jorgen & Behrens Randers, W. William, The Limits to Growth, University
Books, New York, 1972, trad. fr. Halte & la croissance, ed. Fayard, Paris, 1971.

4 The Club of Rome was created in April 1968, during an interdisciplinary meeting organised at the
behest of Aurelio Peccei (an Italian consultant and businessman) and Alexander King (the director general
of scientific affairs at the OECD). The Club of Rome originally gathered together thirty industrials,
economists, scientists and high level civil servants from about ten countries. Amongst them, other than
A. Peccei and A. King, the Nobel Prize-winning physicist Dennis Gabor, and the Director of the Battelle
Institute (Geneva) Hugo Thiemann were prime motivators. The objectives of the club were to develop an
understanding of interactions between the economic, political, natural and social components of the global
system that make up our environment, to enlighten policymakers and world public opinion with regard
to these interactions and to promote new political initiatives.

3 Initially, in September 1969, the club decided to entrust the Turkish-born Californian cyberneticist and
economics planning expert Hasan Ozbekhan with the task of setting up a formal model of world dynamics.
The project he submitted was met with many objections and criticisms and encountered funding difficulties,
and it was eventually abandoned. During a meeting in Bern in June 1970, the club then turned to Professor
Jay W. Forrester who, in a mere month, and with the aid of studies in systems dynamics gained in other
contexts, constructed a rough model of the world that bad five key variables: population, invested capital,
use of non-renewable resources, food production and pollution. At the end of July, the members of the
club met at MIT in twenty-day work periods during which Forrester presented the results of the computer
test of his model World 1, as well as a modified model called World 2. The club then decided to ask one
of Forrester’s young assistants, Dennis Meadows, to set up a more complex model for which funding was
obtained from the VolkswagenFoundation. This was World 3, whose publication had a resounding impact
and made the name of the Club of Rome.
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The authors argued that what was needed was a stabilizing demographic and
economic system based on the maintenance of population and productive
capital at its current “zero growth” level. The extraordinary impact of this
report (an impact notably measurable by the virulent criticism it elicited,
mainly from university-based economists) can only be explained by the cult
following that economic growth enjoyed amongst governments and
intellectuals.

Consequences of the Qil Crisis

Almost immediately, the readers of the report were to experience the
implications of a shortage of a key natural resource with the first oil crisis.
They were able to see for themselves much earlier than foreseen the effects
of the shortages predicted by the Club of Rome.

In response to the crisis, the American midwest offered vast quantities
of agricultural products for conversion into biofuels. In 1971, even before
the oil crisis, tests linked to biofuels® by the Agricultural Products Industrial
Utilization Committee of Nebraska showed that the old pre-war 10%mix of
ethanol in car petrol was still of some use. A year later, the term “gasohol”
was invented by William Scheller, Professor at the University of Nebraska.
Seizing on his work for its own advantage, the state of Nebraska took the
term for an official seal. Gasohol fuel grew in reputation, gaining presidential
and congressional approval. In 1979, as the Soviet Union sent troops into
Afghanistan, the Carter administration’s reprisal was to cease exporting
agricultural products to the USSR to prevent their potential use as of
bioresource products. As in 1930, the only solution for the survival of farmers
was the use of excess agricultural products for industrial ends.

In the second oil crisis, gasohol seemed to offer an ideal solution to the
oil shortage and agriculture. On 11 January 1980, a program on biofuels was
set up aiming for a large increase in ethanol production within two years.
In June, Congress approved a project which setup a US$1.27 million reserve

§ Hal Bemton, William Kovarik and Scott Sklar, The Forbidden Fuel: Power Alcohol in the Twentieth
Century, Boyd Gdffin, New York, 1982.
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of federal aid for the development of alcohol and other biomass-derived
fuels”. Before anything of real significance took place, however, the political
and economic climate changed. The Reagan administration came to power
on 20 January 1981, and with the falling oil prices of the 1980s,
encouragement and support of this fledgling industry ended before it had
really taken off.

Federal support for the gasohol program is an anomaly in the history of
American government policy on industry. The vitality of industrial research
and development (R&D) policy and their fondness tor the market economy
had often inhibited national leaders from identifying with or supporting
promising technologies. Instead of promoting revolutionary techniques for
the future, the federal government had always favored the support of
fundamental research. Such research would not disturb the market nor look
like undue preferential treatment of individual companies. This self-inhibition,
however, did not affect the sectors of health, space or the military-industrial
complex. During the 1970s, therefore, under the aegis of what we could call
corporate trends, action was taken for the promotion of alternative
technologies.

In 1971, the National Science Foundation (NSF) set up a small program
called R A (Research Applied to National Need), and from the start,
technologies based on the use of enzymes had part of the budget. The sums
allocated were minimal, however, rising from half a million dollars at the
beginning of the program to two million dollars in 1976.

The importance of Fermentation and Techniques of Enzyme
Engineering

The potential role of technologies based on fermentation and the use of
enzymes in the manufacture of cheap gasohol and the energy efficiency

7 Generally,alcohol fuels were at the centre of bioenergy concerns in the USA. A new national commission,
the National Alcohol Fuels Commission (NAFC), chaired by Senator Birch Bayh of Indiana, has been
studying their new potential. In the late 1970s, some experts thought that enough ethanol could be produced
to replace 10%of car petrol consumed in the USA with 40% of the American maize crop.
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of enzyme processes, brought the “enzyme program” into the “energy
program” from 1977 on. At that point, its specific image as a discrete entity
was lost, as well as the political support from which it had benefited. Although
the USA had been supporting key fundamental research and US industries
were central protagonists in the use of enzymes in the 1970s, the government
was not a fervent sponsor of enzyme-based biotechnology.

The existence of the R A~ program and industrial investments at the
time, nevertheless, managed to promote many applications for enzymes in
the agriculture, environment, industry and energy sectors. Colloquia and
documents from RANN contributed to the development and distribution of
models of the central role of industrial enzyme processes, models which a
decade later would look very familiar.

Biomedical Research

Agriculture and its problems, as we will see, continued to provide a powertful
motor for the development of biotechnology, but the life sciences became
redirected as their fundamental medical significance was realized.

In the United States, sizable growth in research was supported by public
interest in matters of health, an interest manifested by a society-wide
involvement in medicine. In 1930, half the civilian chemists employed by
the government worked in the agricultural departments. By 1978, this
proportion had dropped to 13%, while twice as many worked for the Health,
Education and Welfare Agency, an agency which had not existed in 1930.

The National Institute of Health (NIH), the administrative body founded
in 1930and entrusted with funding the medical domain, saw a budget increase
from $3 million in 1946 to $76 million in 1953 and $1.1 billion in 1969.
Expenditure in academic circles on fundamental research in the life sciences
doubled between 1964 and 1972 while the budget for physical sciences only
increased by 50% over the same period. Cardio-vascular disease, mental
disorders and cancer became major challenges for American science, which
had previously triumphed with technical solutions in more physical fields
such as the moon landings and the atomic bomb.
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In 1971, two years after the last of these successes — the Apollo program
— President Nixon declared war on cancer. The new Cancer Act authorized
him to spend $1.59 billion on the fight against cancer over three years. By
1975, more than 600,000 people were engaged in this scientific battle. During
this time, molecular biology, especially its implication in the development
of new drugs, as well as related regulatory problems, were vigorously
explored. The scale of American research in the life sciences, both
governmental and commercial, impressed and influenced the rest of the world.

The Silicon Valley Model

If the development of biomedical research highlighted the vitality of one of
the major activities supported by the United States government, the electronics
boom of Silicon Valley (the valley of Santa Clara in California) foretold
change in the structure of industrial organization. Small companies
specializing in avant-garde areas such as computers, robotics, office equipment
and optical fibers, with minimal start-up capital and sustained with venture
capital, looked as if they were the appropriate structure for future high-tech
industries. In 1968, for example, only eight companies were producing
semiconductors; but by 1970, there were about thirty-five, The turnover of
this sector tripled in the 1960s and did so again between 1970 and 1973.
Venture capitalism proved to be particularly appropriate for the start-up
of new industries. Its prestige came from its association with the development
of Silicon Valley. An official study showed that seventy-two semi-conductor
industries started in the 1970s with $209 million of venture capital, which
were then floated on the stock exchange, had a total turnover in 1979 of more
than $6 billion. Since most of the economies of the developed world had now
reached maturity and were looking for new bases for future economic growth,
the burning question was whether it was possible to simulate this Silicon
Valley miracle, through which science turned to gold, in other activities.
At first, the answer was “Yes”. Between 1971 and 1984, there was a
period of growth in venture capital and avant-garde technology firms. In
fact, support of high technology implies a specific financing structure, which
allows for a delay in the return on funds (a delay due to the time needed for
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the perfecting of a new procedure or product and its entrance into the
market) and includes the risk of failure. This requires maximum diversification
of investors’ portfolios and control of the firms in which they hold shares?,

From 1971 to 1982, a large number of firms were set up with venture

capital’ (Table 1).

Table 1 Most representative beneficiaries of venture capital

Finn Field of research Datc of status
creation

Cetus Genetic engineering, diversification 1971 On stock market
Bioresponse Cell culture, hybridomas 1972 On stock market
Native Plants Plants and genetic procedures 1973
Agrigenetics Genetic engineeringand plants 1975
Bethesda Research Restriction enzymes, genetic engineering, 1975 Development

Labs hybridomas
Genentech Genetic engineering. human health, vaccines 1976 On stock market
Genex Gengetic engineering, diversification 1977 On stock market
Hyhbritech Cellbiology, antibodics, hybridomas 1978 On stock market
Biogen Genetic engineering, diversification 1978 On stock market
Hanabiologics Cell culture, diagnostics 1978
MolecularGenetics  Genetic engineering,animal health, agriculture 1979 On stock market
Centocor Antibodies, hybridomas, diagnostics 1979 On stock market
Monoclonal Hybridomas, antibodies 1979 On stock market

Antibodies Genetic engineering.diversification, 1980
Applied Molecular hybridomas

Genetics
Phytogen Genetic engineering, plant cell culture 1980
Codon Genetic engineering, enzymes 1980 Start-up
Plant Genetics Improvement of plants with genetic processes 1981 Development
Integrated Genetics Genetic engineering, human health, agriculture 1981 Development
Applied Biosystems ~ Gene and protein synthesizers and sequencers 1981 start-up
Genetics Institute Genetic engineering. human health 1981 start-up
Repligen Genetic engineering, hybridomas, human 1981

health, enzymes
Cytogen Monoclonal antibodies, human health, 1981
diagnostics
Seragen Servicesand products for cell biology 1982
8

The principle is that if the new company succeeds, it will grow and so will its capital. Then the capital
can be liquidated in one of three ways; purchase by a large firm, the sale of all or part of the shares to more
conservative investors or flotation —-the aim at the end of the game remaining the reinvestment of the
profits.

? Tables 1 and 2 give the names of typical firms that benefited from venture capital and a list of five
major ventures carried out by the main independent venture capital firms in 1982(Tables from P.J. Raugel’s
article “Nothing ventired, nothing gained”, Biofutur, June 1983, p. 11).
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Table 2 Largest input provided by venture capital firms

Firm Capital input (millions of US$)
Kleiner, Perkins, Caulfield and Byers 1500
John Hancock Venture Capital Fund 88.5
Concord Partners 84.5
M.L. Ventures 60.6
Morgan Holland Management Compnay 58.5
Hamoro International Venture Fund 505
Narrangansett 442
Matrix Partners 44.1
Acler and Company 43.5
Institutional Venture Partners 400
Interwest Partners 38.9
Charles River Partnership 38.3
Technology Venture Investors 384
Ascott Norton 34.9
Robertson, Coleman and Stephens 34.5

Spectacular growth of biotech companies had occurred by the end of
1981. Wall Street, for example, valued Genentech at more than $300 million
while its profits were only $51,000 and its assets $14 million. This aberrant
valuation only lasted a month, but the important point is that the Americans
had a stock market that handled the shares of small firms and guaranteed
that investment could be obtained when needed. By 1984, however, share
prices had altered to such an extent that for 24 of the 26 companies floated
in 1983, shares were on their way down. For 19 of the 26, this fall was over
50%. To counter the downward trend and channel funds towards research,
the federal administration allowed groups of co-sharcholders an almost
complete tax deduction on funds invested in R&D partnerships. Some $500
million in 1983 and $1.5 billion in 1984 were invested in this manner. This
extended the viability of the firms and temporarily sustained the market for
research venture capital.

The arrival on the market of biotechnology products was much delayed
and less spectacular than foreseen. It gave several multinational firms time
to set up suitable resecarch centers and buy commercial firms in key
distribution sectors. From 1989 on, Dupont de Nemours dedicated $220
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million to biotechnology R&D, and in 1982, it spent $85 million on a
research center. Ciba Geigy setup a research institute at the Research Triangle
Park. In 1984, Standard Oil of California opened a center for biotechnology
R&D near the Richmond refinery. In November of the same year, Monsanto
opened a center costing $150 million.

Many small biotechnology companies were taken over, but multinationals
also contracted small specialized biotechnology firms to carry out research
for them on the side. This was, of course, risky for the small firms. If the
rescarch was a success, the large company that had awarded the contract
would dispense with the small firm’s services and continue the work in its
own centers. Alternatively, they might buy the small firm. However, if the
project failed, the small firm might fail too. In 1984, there were several such
cancellations of contracts: for example, Allied Co shut down its projects
with Calgene and Genex; Monsanto did the same with Biogen on the
plasminogen activator research; Grand Met shut down its contract with the
same company for rennet and food technologies; and Green Cross did the
same with Collaborative Research on the alpha interferon project.

The value of the Silicon Valley model should not be misunderstood.
Biotechnology may, indeed, be a technology of the future and generate
economic rebirth. It should be remembered, however, that biotechnology is
by nature very different from electronics and that their respective “revolutions”
will follow different paths. Between 1970 and 1980, many biotechnology
firms had to downscale due to a lack of capital. This has not, apparently,
damaged US government confidence in biotechnology since the level of
public aid granted to the bioindustries and research has never ceased
increasing (Tables 3 and 4).

Table 3 Minimal public aid to American bioindustries

Year Million FF
1983 30
1984 100
1986 300
1985 410
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Table 4 Federal funding of biotechnology research

Year Billion dollars
1983 15
1984 1.75
1985 2
1986 2.25
1987 25
1988 3
1989 3.10
1990 3.25
1991 35
1993 4

(Source: Office of Science and Technology Policy)

In Japan and Germany, biotechnology was promoted as a technology
parallel to chemistry, which, with the latter, would answer the calls for an
industrial renewal that respected the environment.

2.2 Biotechnology in Japan : Economic Success and Ecological
Failure

In 1970, Japan had the world’s third largest Gross National Product (GNP)
after the United States and the Soviet Union. This was due to industrial
growth of more than 14% per year and the tripling of energy consumption
during the 1960s. Because of the small size of the country and the limited
amount of inhabitable land, industry is concentrated geographically. In 1969,
the amount of copper used per square kilometer was nearly ten times that
of the United States. The consequence of this extraordinary growth was
considerable pollution to the environment. By 1970, almost all freshwater
was contaminated with industrial waste. The rivers and estuaries that run
through cities such as Tokyo, Osaka and Nagoya were poisoned. The
contamination level was far higher than government-set norms. Evidence of
the health impact of pollution had been gathering since 1960. Better known
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examples include Minamata ’s disease, caused by mercury poisoning from
eating contaminated fish and the illness known as Itai-Itai, that comes from
eating rice grown in water that contained cadmium. Although in previous
decades, the Japanese public accepted and respected the government’s
decisions, by the end of the 1960s, this was no longer the case. The Japanese
had become concerned by environmental damage and lack of respect for the
environment. This concern led to discussions in the Japanese Ministry of
Trade and Industry (MITI), the Science and Technology Agency and large
corporations.

In 1977, the White Paper on Science and Technology'® highlighted
public demands that science and technology clean up their acts and respect
and conserve the environment, instead of only considering speed, low cost,
quantity, efficiency and ease of production. The emerging consensus suggested
that there was a real need for the development of non-polluting technologies.
In the early 1970s, Japan set up ambitious industrial reform programs, mainly
because, having no oil deposits of its own, it felt the oil crisis badly.

This need for a new “clean” industry led to specific attention to the new
information technologies; the Japanese conquest of the markets of the
developed world in this area is now famous. Less famous are the new
manufacturing philosophies which also evolved, for example, the creation of
the ‘mechatronics’ concept to represent the integration of mechanics and
electronics in 1960.

The Importance of Microbiology and Enzyme Engineering

The life sciences also benefited from the Japanese re-evaluation. As is often
the case in Japan, new industrial developments were based on current
interpretations of past experience. The Japanese conception of the interface
between biology and technique was loosely similar to that in the West.
Although the term used (Hukkd) has a similar meaning to ‘fermentation’, it

10 Japan Scienceand Technology Agency, Qutline f the White Paper on Science and Technology: Aimed
at making technological innovations in social development, February 1977. Trans. Foreign Press Center,
pp. 176-178.
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includes a far larger set of phenomena. The essential idea of Hakkd is the
production of substances useful for the destruction of unwanted products by
living micro-organisms.

In 1970, applied microbiology in Japan had already been around for a
very long time; it had a much higher profile than in Europe or the United
States. Applied microbiology was seen as an ideal solution for the chemical
industry, which was desperately trying to combat its reputation as a
disrespectful environmental polluter. In 1971, Mitsubishi’s chemical division
set up a life sciences institute. The Council of Science and Technology
pinpointed the life sciences as a key sector for the 1970s in its 1971 report
to the Prime Minister, “Fundamentals of Comprehensive Science and
Technology Policy for the 1970s”. It stated that Japan should aim for strategic
results through the improvement of research infrastructure. This advice was
not ignored. Two years later, the Committee for the Promotion of the Life
Sciences was set up to coordinate the activities of the government and the
Science and Technology Agency. The Institute of Physics and Chemistry,
RIKEN, became the host of a special office for the promotion of life sciences
entrusted with the implementation of programs and directives. As
recommended in the 1971 White Paper on Science and Technology, the
government’s commitment was maintained.

The political debate of the first half of the decade transformed specific
experience into a vision of generic revolutionary technology for the future.
The 1970s saw two parallel events: during the commercial development of
the enzyme-based industry, the Committee for the Promotion of Life Sciences
developed both a philosophy of technologies linked to enzymes and a program
to implement the bioreactor revolution. A 1975 report published in Nature
by Professor Akioyshi Wada, the director of the Committee for the Promotion
of Life Sciences, reflected the contemporary interest in robots. Called One
step from chemical automations®, it expressed a holistic philosophy of

I A, Wada, “One step from chemical automations”, Nature, vol. 257, 1975, pp, 633634,
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bioreactors which was repeated in two Japanese reports the following year.1?
This augury of a revolution in the future of industry was observed with great
attention by the Europeans. The reports prophesied:

The industrial application of enzymatic reactions, which have been known
to play a central role, in highly organized and efficient biological activities,
has been recognized, in recent years, as one of the important and urgent
tasks for the benefit of human welfare. Some of the greatest benefits, which
society can expect once such application is made practical, are:

Reduced energy consumption

Chemical industry based on aqueous solutions under normal
temperature and pressure

Streamlined processing of complicated chemical reactions

— Self controlled chemical reactions

Minimum disturbance to ecology

From this model came a complex analysis that showed the great potential
of bioreactor technology. Although Professor Wada’s outline was impressive,
it was not radically new. It brought ideas that were already well established
together into a coherent whole.

Aside from enzyme technology, there was industrial microbiology, the
second feather in Japan’s bioindustry cap. In this field, Japan had gradually
acquired a very high reputation as one of the world’s main producers of
antibiotics as well as a great variety of fermentation derivates. Research in

12 Thege two reports are: “Present and Future of Enzyme Technology” and the “Report of Current Advances
in Research of Enzyme Technology”, the titles and introductions of which may be read in Appendix 1
“Report on the Current State of Planning of Life Sciences Promotion in Japan” in A. Rérsch’s Genetic
Manipulation in Applied Biology: A study o the necessity, content and management principles of a possible
community action, EUR 6078, Office for Official Publications of the EC, Luxemburg, 1979, pp. 59-63.
One might also refer to Dreux de Nettancourt,André Goffeau and Fernand van Hoeck's “Applied Molecular
and Cellular Biology, Background note on a possible action of the European Communities for the optimal
exploitation of the fundamentals of the new biology”, Commission of the European Communities, DG
XII, X1Y207/77.E, 15 June 1977, principally in the annexes where Figs. 1, 2 and 3 (Table 2) concern
enzyme technology and the systematic approach taken by Japan for the research and development of
enzyme technology, implied and applied research and the anticipated social impact.
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the field of antibiotics had become very “officialized”,supported by a number
of government and private institutions at which fundamental research and
research aimed at improving technology were harmoniously combined, in
particular, the Institute of Microbial Chemistry in Tokyo, which was set up
in 1962, the very large Microbiology Institute of Tokyo University, the
antibiotics department of the NIH and the Kitasato Institute. Research in
these centers contributed to the activities of a dozen very large industrial
firms including Kanefugachi, Kyowa, Meiji, Seika, Shionagi and Takeda.
With such a strong support network, Japan raised itself to be the second
world producer of antibiotics after the United States.

The other component of applied Japanese microbiology sprang from the
traditional food and alcohol fermentation industries and the biological
production of a large number of metabolites and enzymes. It is certain that
Japanese bioindustry plans and development tended mainly towards the
refinement of production technologies and highly developed know-how. Japan
chose to support its private sector more heavily and openly than the United
States. This choice indicates how important the Japanese government thought
biotechnological activity was. In 1985, while the nation’s R&D budget
increased by 4.5%, the budget set aside for bioindustries increased by 35.5%
compared with 1984. Eyeing Japanese development with apprehension,
pundits in the west gathered Japanese philosophy, good planning, industrial
indicators and statistics on patent applications'® as proof of the Japanese
industrial threat to the economies of other nations, especially those of Europe.

The Japanese concept of the life sciences as a government policy category
in its own right contrasted with the American idea of biotechnology as a part
of applied science. But in the two countries, the concept of biotechnology
itself remained largely unused; at the time, it wasn’t used at all in Japan. It
was Germany which brought the scientific and political aspects of
biotechnology together and gave political meaning to the term biotechnology
for the first time.

13 Between 1965 and 1977, 4,539 patent applications in enzyme engineering were made, 67% of which
were Japanese, 18% American and 15% from the member states of the EEC.
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2.3 Germany and the Political Aspect of Biotechnology

In the two decades after the Second World War, Germany prospered thanks
to the vitality of its chemical, metallurgical, automobile and electronics
industries. However, by the end of the 1960s, this economic renewal seemed
to be ending. At the same time, the Americans were dominating the
development of technology in the new computer and acrospace industries.
In addition to these new technologies from the United States, a second
factor became increasingly significant during the German promotion of
biotechnology at the end of the 1960s: the problem of environmental
protection.

The Impact of the "Green"Movement

In Germany, the environmental movement has a more vigorous and intense
history than in other countries. After the Vietnam war, nuclear sites were
targeted for protests, whether civilian or military. The 1968 student generation
also strongly criticized the chemical industry, which had been polluting the
Rhine for a century. As in Japan, concern for the environment was linked to
questions of political organization.

In response to the age of industrial pollution, the Germans rediscovered
the romanticism of the 1920s. Although the Green Movement was not yet
established and the name had not yet even been coined — that happened in
the spring of 1978 — groups concerned about the environment had already
formed years before. By 1972, there were already over 7,000 such groups
in existence. At the root of their policies were eight basic points:
decentralization, participation, reduction of power, the economical use of
renewable natural resources, ecological behavior, clean technologies, freedom
and direct democracy.

The emerging green tendency favored technologies that depended on
renewable resources, used in low-energy processes, producing large quantities
of biodegradable products that took account of world problems such as
health and hunger. The movement cannot be identified as the promoter of
biotechnology and biotechnics. It was not even really a political force of any
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power before the middle of the 1980s. It was, however, a challenge to the
various established political parties, particularly to the Social Democrats,
whose ranks would otherwise have been swelled by the socialist members
of these smaller “green” groups.

Biotechnology as a Political Response

When Willy Brandt’s new government came to power in 1971, he set up a
department to support industry, the Bundesministerium fur Forschung und
Technik (BMFT). This agency had a wide range of public interest duties
including health, nutrition and the quality of the environment. After the
success of the American space program, the mobilization of intellectual,
economic and technological resources on large projects had come to be
considered the only way to make real technological progress. Impressed, the
Germans analyzed the needs and problems for which they needed solutions
from the new technologies in a report called Ester ergebnisbericht des ad
hoc ausschusses neue technologien'* | published in 1970. This identified
three types of need:

— Fundamental needs such as food or raw materials
— Infrastructure needs such as transport
— Environmental needs.

In 1972, a biology and technology program was set up in the new BMFT.
Six fields were declared priorities:

~ The creation of sufficient sources of human and animal foodstuffs

- The reduction of environmental pollution

— The improvement of pharmaceutical production

~ The development of new sources of raw material

— The production of metal and chemical substances

— The development of biotechnological processes through fundamental
research

14 “Ester ergebnisbericht des ad hoc ausschusses neue technologien, des beartenden ansschusses fur
forschungspolitik”, Schriftenreihe forschungsplanung, vol. 6, Bonn, BMBW, December 1971.
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The close association of these with the conclusions of the new
technologies report was clear. At a time when priority was being granted to
environmental problems, biotechnology was entrusted with their solution.
However, the infrastructure was inadequate. Fermentation and biology were
not at the level that chemistry had attained, and biochemical engineering
was still an undeveloped science. In view of this, particular attention was
given to integrating engineering with the biological sciences.

In this dynamic context, the term “biotechnology” was used as a symbolic
term for the importance of developing a new type of industry.

The First Biotechnology Enthusiasts

The first advocate of biotechnology seems to have been Professor Karl
Bernhauer of Stuttgart. In the 1930s, when he became interested in
biochemistry, he held a teaching post in Prague. After the German invasion,
his commitment to the teaching of chemistry, fermentation and nutrition
grew. During the war, his knowledge of submerged fermentation allowed
him to work on the production of penicillin. Three years after the German
defeat, he was to be found at Hoffman-laRoche in Stuttgart studying Vitamin
B and the production of cobalamines. In 1960, he received an honorary
professorship in biochemistry; four years later, he renamed his group
“Biochemistry and Biotechnology”.

Bembhauer had close links with the penicillin industry, and it is reasonable
to think that he adopted the term biotechnology from American usage.
However, his prewar activity was such that he could well have learned the
term in its German connotations. Bernhauer was not a modem molecular
biologist. He was clearly a descendant of the technological school of Delbriick
and Lindner. The history of fermentation chemistry was, as far as he was
concerned, that of yeast and its use in alcohol and later in food production.

In 1967, Hanswerner Delweg, a colleague of Bernhauer, became the
director of Berlin’s Institut fiir Gariingsgewerbe. He felt that the institute,
whose origins lay in brewing, should widen its range to include modem
industries such as the penicillin industry. He followed Bernhauer’s example
and renamed Delbriick’s Institute the “Institut fur Gariingsgewerbe und
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Biotechnologie”. Now that it was part of the name of such a famous
institution, the word biotechnology was effectively adopted in Germany.

The first symposium on industrial microbiology took place in 1969.The
following year, microbiologist H.J. Rehm called for a meeting of biochemists
unaware of technique and engineers unaware of biochemistry claiming, “A
future aim would be to fill this gap with an appropriate training, to climb
beyond classical fermentation technology and build the modem science of
biochemical-microbiological engineering”. At about the same time, he
published an article in Nachrichten aus Chemie und Technik on “Biotechnik
und Bioengineering”!3. Pointing out that German applied microbiology and
bioengineering were falling behind that of the United States, Japan and
Great Britain, Rehm called for a reorganization of education and research to
cover the new field, a name tor which had as yet not been agreed.

These initiatives completed the industrial attempt to answer the ecological
nature of national demands.

The Industrial Movement and Dechema’s Study

In 1972, the chemical company Bayer set up Biotechnikum, a center for
rescarch in biological engineering. The same year, DECHEMA, the German
association for chemical equipment manufacturers, which had already taken
the initiative of setting up a working group, was formally commissioned!®
by the BMFT to carry out an inquiry into initiatives that should be taken in
biotechnology. The report, which pointed out the variety of meanings
associated with the word biotechnology and decided to exclude biomedical
aspects, defined biotechnology in a way that was to influence Furopean
thought. Biotechnology, in the report, was the use of biological processes in
technological processes and industrial production. It included the application

15 Wilhelm Schwartz, “Biotechnik und Binengineering”, Nachrichfen aus Chemie und Technik, vol. 17,
1969, pp. 330-331

16 DECHEMA (Deutches Gesellschatt fiir chemisches Apparatewesene.v.) 1974, Biofechnologie: Eine
studie uber forschung und emtwicklung-miglichkeiten, Aufgaben und schwerpunkten der forderung,
DECHEMA, Frankfurt, 1974, This report was the base of DECHEMA's study funded by the BMFT,
which was published in 1976.
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of microbiology and biochemistry to chemistry, chemical engineering and
process engineering. This report systematically analyzed the opportunities
in the field and pointed out that, in contrast to the United States, Great
Britain and Czechoslovakia, Germany had underestimated the potential of
microbiology. From then on, the diversity of possible production uses and
the non-polluting nature of such processes were urgent priorities, closely
fulfilling recent political demands.

The impact of the report was heightened by its release in 1974, a time
of oil crisis. It became the basis of a series of plans drawn up by the Federal
Research Ministry to promote the development of biotechnology. Between
1974 and 1979, government support for biotechnology programs increased
considerably, from DM18.3 million to DM41.3 million. This governmental
support encouraged the chemical industry to seriously launch itself into the
field of biotechnology at a time when petrochemical technologies seemed
archaic, and when even chemistry seemed to be losing momentum,.

The enthusiasm for biotechnology led to the construction of a large
complex in Braunschweig in 1965 by the Volkswagen Foundation, a complex
which was known as the Gesellschaft fiir Molekularbiologische Forschung
(GMBF). The institute became independent in 1968.1In parallel, the federal
government considered the future of the institute and decided that a pilot
installation should be set up doing research that would be oriented more
towards downstream applications. In 1975, the state acquired the institute
and renamed it the Gesellschaft fiir Biotechnologische Forschung (GBF); its
role now being to encourage the optimum use of natural resources and
protection of the environment.

In addition to these centers, the Federal Republic of Germany also boasted
universities and large institutes such as the Max Plank Institute financed by
the Deutsche Forschung Gemeinschaft (DFG) as well as other important
centers such as the Institute of Food Technology and Packaging in Munich
and the Institute of Surfaces and Biological Engineering in Stuttgart.
Furthermore, there were large industrial centers, many of which were
multinational firms that dedicated a large part of their budgets to various
aspects of R&D in biological engineering and pharmacobiology.
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Despite this socio-political sensitivity to environmental problems, and
despite the “green” nature of biotechnology, the Germans undertook a serious
policy of R&D in biotechnology, taking into account the growing importance
of industrial microbiology and the new possibilities offered by the
technologies of immobilized enzymes. Rather than aiming at revolutionary
change, as envisaged earlier in the century and then later in the 1970s, this
approach aimed at a gradual cumulative process based on the improvement
of man’s ability to control useful microbial activity.

Dechema and the Foundation of the European Federation of
Biotechnology

The German and Japanese concepts of biotechnology were formulated at the
beginning of the 1970sbefore the full impact of recombinant DNA techniques.
They reflected the political and economic needs of the time more than
administrative progress demanded by the onward march of science.

The field was interdisciplinary. DECHEMA’s staff described
biotechnology as the interface between chemical engingering, microbiology
and biochemistry, but also as a well-recognized technology in its own right.
Their model was based on that of chemistry, but it evolved through the
traditional approaches of industrial research. It was stable and influential
and changed slowly in the 1970s with the fantastic new promising results of
molecular biology. It changed more radically in the 1980s.From the American
point of view, Japanese biotechnology policy was seen as a terrible menace
and German biotechnology policy as a strange case of corporatism. The
latter’s origins as a response to environmentalist demands were forgotten.

In the 19708, Rehm’s philosophy and report were of fundamental
importance for all of Europe. Although Robert Finn’s attempt to create a
biotechnological society failed, an attempt which arose from a visit to the
prestigious ETH University in Zurich, the idea had been passed on.
DECHEMA was particularly well placed to use Finn’s individual initiative
to its advantage in order to give biotechnology an institutional link.

With the support of the British and French chemical industries,
DECHEMA’s initiative bore fruit at Interlaken (Switzerland), in 1978, on
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the occasion of the foundation of the European Federation of Biotechnology
(EFB)!7. Despite its pan-European character, the secretariat of this
organization remained with DECHEMA. The first meeting of the EFB was
held at Innsbruck. It was hosted by DECHEMA and organized by Rehm and
Fichter of the ETH. Its principal themes were immobilized enzymes,
bioreactors and biochemical engineering, themes which clearly came from
the German concept of biotechnology in the early 1970s:

“Biotechnology is the integrated use of biochemistry,
microbiology and engineering sciences in order to achieve
technological application of the capacities of microorganisms
cultured cells and parts thereof '8,

DECHEMA’s 1976report, funded by the BMFT, had a similar definition:
“Biotechnology concerns the use of biological processes in the context of
technical processes and industrial production. It implies the application of
microbiology and biochemistry in conjunction with technical chemistry and
production technique engineering” '°.

The second international meeting was held in Eastbourne, England and
reflected the importance of the United Kingdom in this European organization.

2.4 The British Development of Biotechnology: Delayed
Political Reaction

The UK is an interesting parallel with Germany. British scientists had closely
followed the development of biotechnology. Since 1972, the chemical industry

171 refer to Mark F. Cantley’s The regulations of modern biotechnology: A historical and European
perspective (A case study in how society copes with new knowledge in the last quarter of the twentieth
century), Chapter 8, vol. 12: Legal. economic and ethical dimensions, Tty in several volumes entitled
Biotechnology, ed. V.C.H., 1995.

18 DECHEMA, op. cit., p.7.

19 Quoted by Mark Cantley, op.cil. We must note that these definitions do not make any connection with
the scientific innovations of genetic engineering, in particular the techniques of recombinant DNA. Tt
seems that for many years, there was a deliberate distancing of the traditional fermentation industry and
the new genetics. This distance was even reflected at the beginning of the EFB (see M. Cantley’s study,
op.cit., Scction 6.1).
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conglomerate had retitled its publication Journal o Applied Chemistry the
Journal of Applied Chemistry and Biotechnology. British firms such as
Beecham played a determining role in the development of antibiotics.
Furthermore, British firms were among the world leaders in the attempt to
produce new protein foods. Institutions such as the Institut fur
Garungsgewerbe and the Gesellschaft fur Biotechnologische Forschung in
Germany and the British Microbiological Rescarch Establishment,
respectively, held different pragmatic views of biotechnology. While the
Germans considered it the basis of future development, for the British it was
an economic inheritance.

However, more notable differences between them became clear. While
in Germany the government reacted rapidly, in Britain nothing happened
until 1979. The consequence of this delay was that the British government
was able to take into account the progress in genetic techniques (in particular
in techniques of DNA modification, which from 1975 onwards deeply
influenced the concept of biotechnology) although most of the government’s
programs were developed from ideas that dated from the previous decade.

Britain’s biotechnological developments were undoubtedly influenced
by its heritage of empire and world power, that left it with sizable government
research institutes and large oil and chemical companies seeking
diversification. These developments were characterized by the national
obsession with economic decline and counterbalanced with hopes of
technological greatness.

Biotechnology, or the Hope for an Economic Rebirth

Compared to Germany and Japan, the British were less ecologically
concerned, but the strong tradition of biology research, its history, and hopes
for its industrial potential led biotechnology to be considered a means to
industrial and economic rebirth. From the start, British enzyme technology
was developed at the industrial level. At this time, BP, Shell, ICI and Rank
Hovis MacDougall were expressing their interest in single cell proteins?’,

20 Single Cell Proteins (SCPs) term invented at MTT by Scrimshaw: one might consult R1. Mateles and
S.R. Tannenbaum’s Single Cell Protein, MIT Press, Cambridge, Mass. 1968.
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indicating that Britain had a key role in what then looked like a central
market. There was also fundamental expertise in the avant-garde field of
bioreactor use in the continuous fermentation technique developed at Porton
Down. Behind the scenes, the country’s excellence in molecular biology fed
the hopes of the new generation. However, although the molecular biology
carried out in Britain since the 1950s was the best in the world, it remained
stuck at the laboratory level (except perhaps in some arcas of medicine:
virology, cancerology, hematology, prenatal diagnosis of hereditary disease
and immunotherapy). British industry, whose interests traditionally lay in
chemistry, approached the techniques of biological engineering with caution.
Despite the fact that it had won the war, the industries of Britain in the post-
war world suffered from a certain malaise which caused some failures. For
biotechnology, the failure was a lot less serious than for others.

An Old Tradition

Chemical engineering developed in Britain at a speed second only to that of
the United States, allowing the rapid establishment of an antibiotics industry.
Britain also had a strong tradition of applied microbiology. The postwar
decades witnessed enthusiasm for the merger of these two fields even though
the opportunity was often lost whenever it was put forward by the
Microbiological Research Establishment. Many biochemical engineering
departments were set up during the 1950s. In 1955, T.K. Walkers, a pupil
of Weizmann’s, renamed Weizmann’s flagging department at Manchester
Biochemical Engineering. This success was countered by the failure of the
government chemical research team (another part of the Weizmann
inheritance) which was restructured and had its budget reduced in the wake
of government spending cuts.

As a result, by the mid-1960s, the British had a variety of institutions
that dealt with biochemical engineering. Most of them had developed from
departments that trained specialized personnel and had neither the size nor
stature to take a major role like that of the Institut fiir Garungsgewerbe or
the new GBF.
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Demands for an Impossible National Institute

There was, of course, a candidate, the Microbiological Research Establishment
at Porton Down, whose military activities had been greatly reduced. The
successful test of the hydrogen bomb and a particular defense report suggested
that, in future, it would be less necessary to ensure that Britain was the
leader in bacteriological weapons research. In 1959, the disappearance of its
founding department, the Resources Ministry, gave the Microbiological
Research Establishment the opportunity to lessen the military element of the
laboratories” activities and, finally, set up a National Institute of Applied
Microbiology. This plan was not to succeed, mainly because of the Cuban
missile crisis. Nevertheless, Porton Down provided not only an idea, but
also researchers who dispersed the discipline of applied microbiology amongst
British universities.

When the Medical Research Council (MRC) closed its penicillin
production center in Cleveden in 1962, Porton Down inherited the job of
providing specialized chemical products for research. That same year, the
British decided not to set up a national institute, but five years later, Harold
Hartley launched a new initiative. He was confident that what was still
known as biochemical engineering was the way of the future and had been
for fifteen years, but he conceded that he had, perhaps, overestimated the
role of the chemical engineer and underestimated that of the biologist. Porton
Down may have been mentioned again as providing the right mix of biology
and engineering, but the idea was not taken up, and no professor was so
influential that his laboratory could provide a plausible alternative.

Ernest Chain, who joined Hartley in his fight, managed to persuade the
Science Research Council to set aside a special budget for applied
microbiology. This also failed, upon the closure of the program after four
years, due to the poor quality of the projects, a reflection of the dominance
of biochemists and molecular biologists.

The Spinks Report

The weakness of biochemical engineering in Britain was highlighted in a
report in 1976. At the time, there were only four world class departments
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in Britain: at the University College of London, and in Birmingham,
Manchester and Swansea. In 1978, the Advisory Board for the Research
Councils, (ABRC) along with the Royal Society and the Advisory Council
for Applied Research and Development (ARCAD), sponsored a working
party to define, by the end of the year, which lines of research in
biotechnology were the most promising and to propose a series of concerted
actions to ease the so-called “transfer stages” towards application.

Shirley Williams, the Secretary of State at the time, set up the inquiry
to review the following subjects: photosynthesis, genetic recombination,
biomass fermentation and cellular fusion. The applications particularly
targeted pharmaceutical products, recycling waste, food technologies and
the production of oil. The inquiry concluded in 1979 with the Spinks report?!,
so named after the chairman of the working party. (Since 1975, there had
been a series of long-term actions in agro-food research and development
called the “Food from our own resources” program). The themes that the
working party considered a priority were the following:

— The production of fertilizers through atmospheric nitrogen fixation;

— The production of proteins of animal and vegetable origin;

— The production of hydrogen from plants, using plants selected with
the aid of genetics.

The Spinks report can be considered a successor to the DECHEMA
study published seven years earlier; it shared the same general approach.
Biotechnology was defined as “the application of biological organisms,
systems or processes to industries of production or services”. This definition
was similar to Rehm’s definition of biotechnology, a definition which had
already been explored in Britain in a study by three microbiologists, Alan
Bull who had worked for Glaxo, Derek Ellwood, a Porton Down scientist
and Colin Ratledge of the University of Hull, an expert on developing

21 Advisory Councilfor Applied Research and Development, Advisory Boardfor the Research Councils
and the Royal Society, Biotechnology: Report of ajoint working party, HMSO, London, 1980.
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countries 22, The 1979 Spinks report differed from the German approach in
its allocation of greater importance to the new developments in genetic
engineering, in particular, the new recombinant DNA techniques?®. As in
Germany, these new technical advances had not been considered separately.
Although they were already very important, they were still considered just
another technology among all the other biotechnologies, including enzyme
engineering and bioreactors, which had all been of fundamental importance
in the prevailing political and economic context loaded with energy problems
and ecological concerns. The key fields identified concerned the application
of genetic and enzyme engineering, monoclonal antibodies, immunoglobins,
waste treatment and more generally, bioremediation, the artificial production
of food biomass and the production of biofuels from biomass.

Barely out of a serious recession, but with its considerable scientific
expertise intact, Britain realized the importance of biotechnology for the
future. By the end of the 1970s, it also looked as if Britain’s industrial and
economic biological revolution might well succeed. Britain was to benefit
from then on from simple systems that improved interaction between research
and industry and which allowed frequent personnel exchanges. There were
many forms of cooperation, since the big industrial companies (BP, 1CI,
Shell, IBM, etc). willingly offered partnership and financial support to the
universities, and many university researchers acted as consultants for them.
What one might call the biotechnology reflex was not fully developed in
this country, which boasted a large amount of expertise, but the British
model was, in its turn, to become very influential.

The Influence of the British Revolution

Early in the 1980s, the OECD, based in Paris, was trying to pinpoint which
technologies were going to have a fundamental impact on the world. Their

22 “The changing scene in microbial technology™, in Microbial technology, Current state, future, prospects
ed. A.T. Bull, D.C. Ellwood and C. Ratledge, Society of General Microbiology, Symposium no. 29,
Cambridge University Press for the Society for General Microbiology, 1979.

13 On the advent of these techniques, please refer to Chapter 3 “The foundations of the heralded
revolution”.
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analyst, Salomon Wald, thought that biotechnology should be one of the
many selected. Three names had been recommended to him for the production
of a report: the British strategists, Alan Bull, of University of Kent, T.G.
Holt at Central London Polytechnic, and Malcolm Lilly of the biochemical
engineering unit of the University College of London. He put them together
in a team. Their report?* was published in 1982.1t reflected a half-century
of European and American thinking and became a well-quoted classic.
Biotechnology was defined as “the application of scientific and engineering
principles to the processing of materials by biological agents to provide
goods and services”,

Parallel discussions on the eminent role that science, and especially
biotechnology, would have to play in society’s evolution, took place in other
European countries such as the Netherlands and France. These discussions
focused in particular on its effect on medicine, pharmacy, chemistry,
agriculture, food, energy production and the protection of the environment.

25 The French Reaction

There was general public interest in France in the life sciences and their
impact. In accordance with this, the president, Valéry Giscard d’Estaing was
concerned that the status of French science should be reinforced. He noted
that just as the physical sciences were helping to form social and industrial
organization, the life sciences would also be required to exert a determining
influence. France, he saw, was amongst those countries that had the calling
and the means to contribute to the increase of knowledge and master the
modifications that were needed for the bioindustrial revolution. He asked
three eminent French biologists, Franqois Gros, Frangois Jacob and Pierre
Royer to study the consequences that the discoveries of modem biology
might have on the organization and workings of society, choose the bio-
technological applications which were most useful for human progress and
well-being and propose means for the establishment of these applications.

24 A. Bull, T.G. Holt and M. Lilly, Biotechnology: International Trends and Perspectives, OECD, Paris,
1982.
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The Report on Life Sciences and Society Presented to the
President of the French Republic

The report, published in 19792, was a clear successor to the German and
British reports. Although it took into account genetic engineering and its
perspectives (prenatal diagnosis through gene analysis, production of proteins
or peptides of biological interest and the transformation of physiological
properties of plants), the biological engineering themes identified in the
summary and recommendations of the report were, nevertheless, along the
lines of the biotechnological philosophy developed in the previous decades:

— Enzyme engineering and bioreactors;

— Applied microbiology (bioremediation, biometallurgy, chemical
industry, nitrogen fixation);

— Bioenergy aspects (bioconversion and biomass, biofuels);

— The artificial production of food biomasses;

— Nitrogen fixation.

Through these themes the French showed their preoccupation with a
revitalization of the chemical and agro-food industries (due to economic
worries), their intention of preparing an alternative to oil consumption and
their concern for improvement and respect of the French environment whilst
allowing France to continue its pattern of consumerism.

As in many other countries, the idea of biotechnology came to include
many strategies and technologies for resolving the main socio-economic
difficulties of our time, in particular, the food and energy crises and economic
development. This report was preceded by two other reports?® (published in
conjunction with it and as microfiche by La documentation frangaise). It
was followed by another report targeting the fundamental priorities for France
and yet a further report on the bureaucratic implementation that would be

25 Frangois Gros, Frangois Jacob and Pierre Royer, Sciences de la vie et société, Rapport présenté &
Mounsieur le Président de la Republique V.G. d’Estaing, La documentation frangaise, Paris, 1979.

26 Joel de Rosnay, Biotechnologies et Bio-industries, Jean-Paul Aubert, Microbiologie générale et
appliquée.
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required for its execution. It contributed to the creation of a national
biotechnology program, the Essor biotechnology program, launched in 1982.
Essor was endowed with a substantial budget and was intended to be a four-
year mobilization strategy.

In addition to these national reflections and initiatives?’, during the
1970s, there was also the emergence of an important European dimension.

2.6 The European Community and Biotechnology — The
Emergence of the First European Biotechnology Programs

In the 1970s, the European Commission?® was also examining the
requirements that profound technological change would have of society.
This was a new train of thought for the organization, which until now, had
mainly concerned itself with customs tariffs, cross-border protectionism and
increasingly expensive agricultural policies. It was certain that through its
subsidiary organizations, the European Community could play a very
important role as a catalyst for the launch of special R&D programs. Prompted
by some of its members, European scientists and civil servants of the
Commission of the European Communities, who were responsible for biology,
radioprotection and medical research, had undertaken a series of studies that
led to the design and adoption of the multi-year Community Biomolecular
Engineering Program (BEP).

Throughout the 1970s and into the first years of the 1980s, the political
objectives of research and development tended to be rather ad hoc and
unsystematic. The integration of Euratom’s research activity, including that
section which led to the various establishments of the Joint Research Center,
and the political repercussions of the 1974 oil crisis, led to an initial
predominance of research geared towards energy.

27 We should note the allocation of 4.7 billion FF in Italy for biotechnology projects linking the private
and public sectors, 3.3 billion FF over five years in West Germany, 87 million FF in the Netherlands for
biotechnology projects on the environment ... From the middle of the 1980’s onwards, many European
countries were investing in biotechnology.

28 For a diagram of the various administrative divisions of the European Commission see Fig, 1.



2 Political Interpretationsof Biotechnology ... 93

Rachel Carson’s Silent Spring (1962), the Stockholm conference of 1972
and the apocalyptic predictions of the successive publications from the Club
of Rome (including Limits to Growth and Mankind at the Turning Point)
brought environmental research back into fashion.

Throughout the 1970s and the early 1980s, the relative weakness of
European industrial performance compared to that of the United States and
Japan became more and more evident. At this point, the Commission did not
have any biologists, except (quite by chance) those working in the Euratom
program on the eftects of radiation on living tissue and man. These included
R. Appleyard, F. van Hoeck, A. Bertinchampts, D. de Nettancourt and A.
Goffeau. In fact, the biologists had been employed to bring some scientific
opinion in from external laboratories that could give impartial advice on
certain independent actions.

As the program for the use of radiation in agriculture seemed to be
failing, the big research center on atomic energy use in agriculture, in
Wageningen (the Netherlands), set up to bring together the scientists united
under Euratom, was gradually winding down its activities. Some of these
scientists accepted an offer to move to the European Commission in Brussels
to take on new administrative tasks, and they included D. de Nettancourt
and A. Goffeau.

Dreux De Nettancourt had agreed to move from Wageningen to Brussels
to work on contract management with van Hoeck during 1962-63. He began
to worry that there was no future in radiobiology and no community program
on the basic biology of species important to man. D. de Nettancourt persuaded
van Hoeck of the need for a European initiative in this area.

The Biologists, or Recognizing a Need for New European
Action

Dreux De Nettancourt’s idea, at this point, was to study cultivated plants, in
particular, the biology of their reproduction, with the hope of finding
applications and creating an applied program on plants, a program outside
the aegis of the Euratom treaty. At the time, the creation of such a program
at the Commission was not an easy task. He had to engender innovative
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opinion, have it accepted by all the national delegates and liberate some
funding. Geneticist de Nettancourt convinced Goffeau, then delegated to the
Université catholique de Louvain, where he was studying the effects of
radiation on cellular membrane, and Etienne Magnien, a plant biologist
working on cell culture, to join him in this new program and bring the basic
scientific competence required.

In 1975, D. de Nettancourt, A. Goffeau and F. van Hoeck drew up the
first draft document for a Furopean biotechnology program. As suggested
by A. Goffeau, it had two sections, one on enzyme engineering and another
on genetic engineering, both of which were very avant-garde. To appreciate
the originality and impact of this document, it should be noted that the first
genetic transformation of bacteria had only taken place two years previously,
in 1973. Once the report was drafted, the three men tried to convince the
commission hierarchy, the ministers of Europe, scientists and industrialists
that they should receive support to create this biotechnology program on
enzyme and genetic engineering.

Proposal for a First Program for "the Optimum Exploitation
of the Fundamentals of the New Biology"

This draft document was followed by a more detailed document, in 1977%,

entitled Applied molecular and cellular biology (Background note on a
possible action of the European Communitiesfor the optimal exploitation of
the fundamentals of the new biology). The document took into account the
general objectives®® of community research and technology policy defined

29 D. de Nettancourt,A. Goffeau and F. van Hoeck, Applied molecular and cellular biology (Backgmund
note on a possible action of the European Communitiesfor the optimal exploitation of thefundamentals
o the new biology), Report DGXII, Commission of the European Communities, X1I/207/77-E, 15 June
1977.

30 Com. Doc. (77) 283 Final, The common Policy in the field & science and technology, 30 June 1977.
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by the Commission?! as being:

The long term provision of resources (raw materials, energy, agriculture
and water);

The promotion of internationally competitive economic development;
The improvement of living and working conditions;

The protection of nature and the environment.

The document’s objectives were to evaluate the potential of modem
biology to promote this policy and sketch the general lines of a community
program in biology, molecular biology and cellular biology, a program that,
through a better liaison between fundamental and applied research, could
later lead to new possibilities in agriculture, medicine and industry such as:

The development of improved products;

~ The determination of more efficient means of production;
The reduction of energy consumption and commercial deficit;
The reduction of the quantity of waste;

The improvement and reduction of the cost of medical care.

Although the biological revolution so long heralded by the promoters of
biotechnology had not as yet provided applications for everyday life, the
document defined the following arcas®? as having important implications:

— The development of enzyme technology;i.e., the creation of new bic-
industrial methods using biological entities in bioreactors;

3 We should remember that at this point and until the 1989 implementation of the Single European Act,
there was no specific legal basis in the founding treaties of the European Community for research and
development programs other than a reference to the co-ordination of agricultural research in Article 41 of
the Treaty of Rome founding the European Economic Community and the research objectives under the
Euratom Treaty. Most of the R&D programs proposed by the commission during the 1970s and 1980s
had to use the following very general provision buried in Article 235 as a legal basis: “If action by the
community should prove necessary to attain, in the course of the operation of the common market, one of
the objectives of the community and this treaty has not provided the necessary powers, the council shall,
acting unanimously on a proposal from the commission and after consulting the Furopean Parliament,
take the appropriate measures.” This inconveniently required unanimous approval from the member states.

32 D, de Nettancourt, A. Goffeau and F. van Hoeck, op.cir., p.5.
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— The recently acquired human ability to break biological insulation
and transfer biological information between different organisms
(genetic engineering);

— The development of molecular approaches to the detection and therapy
of pathogenic conditions in living cells (molecular pathology).

According to the authors, the importance of these three areas, mentioned
throughout the document, was underlined by two facts. On the one hand,
they felt there was a convergence, a real need and a possibility that through
the use of applied molecular biology, some of the crucial problems of
humanity could be solved. On the other hand, they thought that research into
molecular and cellular biology could make a significant contribution to the
improvement of the quality of life in European countries.

Though the importance of enzyme engineering and physico-chemical
(or biochemical) techniques had long been understood, the originality of the
document lay fully in the realization of the importance of genetic engineering
and its perspectives:

“Genetic engineering can be expected to lead, in the very long
run, to the creation of new types of microorganisms and of
higher plants completely adapted to the requirements of
agriculture and of industry. The development of compact and
specific molecular converters able to produce, on a large scale
and with a minimum of energy losses and of insults to the
environment, the range of complex products needed by man
should allow the progressive replacement of the presently
polluting and high-energy consuming man-made machines. In
medicine, the precise knowledge of structures and mechanisms
operating at the molecular level should permit, as can be
illustrated, for instance, in the research presently carried out for
detecting prenatal anomalies or for treating certain forms of
inherited anemias, new approaches to early diagnoses and
therapies intimately adapted to the molecular basis of the disease
or syndrome considered” 3,

33 D. de Nettancourt,A. Goffeau and F. van Hoeck, Ibid., pp. 5-6
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In order that this potential be realized, there had to be a different structure
to European research, a structure that implied large multidisciplinary teams
and laboratories with the organization needed to coordinate action carefully.
A transformation of research structure of this nature was not, and still is not,
in the power of small institutions, nor is it always compatible with the
traditional isolation and compartmentalization of some of the more important
institutes. Furthermore, institutes alone (or in certain cases the smaller
countries)just did not have the level of funding needed to initiate and carry
through biological research in the three promising domains, in particular,
applied molecular biology research. This meant a new coordination of
institutes and laboratories’ objectives and resources would be needed.

Following their analysis of the various ongoing efforts outside Europe*,
the document’s authors pointed out the need for a community R&D program
in molecular and cellular biology. This need was particularly clear since,
according to the authors, “no attempts have been made to promote the new
biological revolution”3>,

It is, of course, true that a certain number of programs had already been
developed by the Commission to coordinate and stimulateresearch as directly
applied to agriculture, medicine, life in society, radiation protection, the
conservation of the environment and the use of solar power. These activities,
although they all had some biological implications and components®s, were
essentially carried out as applied research motivated by practical objectives
recognized as directly important for the member states. The member states
were mainly confronted with the following essential problems37:

34 These were the efforts of organizations such as the NIH and the NSF in the United States. the Tallinn
Polytechnical Institute in the USSR and the NCRD in Israel, which had launched, or were about to launch,
sizable integrated research programs. Particular attention was paid to Japan, where the discoveries in
molecular and cell biology had been considered so important for agriculture, industry and medicine that
an Office for Life Science Promotionhad been set up to plan life science research programs to answer the
country’s needs and study how to sct up a central institute provisionally named the Life Science Rescarch
Promotion Center.

35 D. de Nettancourt, A. Gotfean and E van Hoeck, op.cif., p. 8.

36 For instance, on the contribution of research on DNA repair, actively conducted in the Community
Radiation Program, to the understanding of gene replication, gene function and gene structure.

37 D. de Nettancourt, A. Goffeau and F. van Hoeck, 1bid, p. 9.
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— Food production;

— Energy supply;

— Conservation of the environment;

~ Health and man’s adaptation to modem society.

These problems corresponded exactly to those that had encouraged certain
industrialized nations outside the European Community to setup large applied
biology research programs and pipped the nine member states (this was still
in 1979)to the post in some of the fields of activity listed in the report. The
authors underlined Europe’s lagging behind the other nations, focussing on
its sizable deficit in trade and comparing the number of patents on
biotechnology production methods and the capital allotted. The headway
gained by countries such as the United States and Japan was seen as a sign
of the deficits. Europe also had a deficit in the level of its production of
essential amino acids and proteins for animal feed. By pinpointing these
shortcomings, the authors highlighted the urgent need for the member states
to pool their resources and define a common biotechnology R&D policy
through the development of integrated, coordinated community-wide actions
bringing together their contributions to, and participation in, the so-called
biological revolution.

This need for a common community R&D policy in biotechnology
(genetic engineering, enzyme engineering and molecular pathology) was
more than justified because of the triple requirements that:

— European potential and competence be mobilized;

— Activity be planned and rigorously coordinated;

— Support be granted to the sectoral policies of the commission (in
particular, the commission’s objectives on the optimization of food
production, health protection and the improvement of the quality of
life).

The authors underlined that:

“Considerable changes in the quality of production and
exploitation methods could result from the creation, through
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genetic engineering or through the domestication of reproductive
systems, of novel hybrids combining the genetic features for
photo-synthesis, nitrogen uptake, disease resistance or breeding
behavior of parental lines from different species, genera or
families. Similarly, a completely new approach to health
protection may become possible the day molecular biology
succeeds to unravel primary pathogenic events in man or to
detine the principles for manufacturing therapeutically important
human proteins in cultures of microorganisms carrying human
genes. In the sector dealing with the improvement of life in
society and the protection of our environment, very important
contributions could be made by the molecular and cellular
biologists which may allow, simultaneously, the promotion of
new types of bioindustries less detrimental to our environment,
the improvement of in vitro methods for screening carcinogens
or other industrial hazards and the development of micromethods
and cytochemical techniques for the prevention and detection
of genetically determined conditions™38,

Three types of action were proposed in this document:

— The development, in the chemical industry, of new bioindustrial
methods through the use of biological entities; in particular, this meant
focusing on the biosynthetic possibilities that should become available
from the use of multi-enzyme complexes or immobilized organelles
on a solid support. The goal was to take advantage of the enzyme
reactions catalyzed by these systems to synthesize newly-developed
products. Another aspect considered was the use of bioreactors in

detoxification or energy production processes.

— The transfer of genes to important agricultural species and
microorganisms. The aim was to exploit the new techniques of genetic

38 . de Nettancourt,A. Goffeau and F. van Hoeck, op.cit. p. 11.
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manipulation to produce new sorts of plants containing genes or groups
of genes deliberately selected and plants from other very distant species.
— The clarification of the molecular basis of pathology through the
understanding of the intimate mechanisms of disease, which would
allow the rational development of preventive or curative treatments
through the use of the techniques and knowledge of modem biology.

For the organization and execution of the program, the authors favored
the establishment of new research structures (one or more per theme) or
preferably, if possible, the conversion of national centers to ensure easy
permanent communication between fundamental and applied researchers.
These research actions would be better organized at a multinational level.
They were to be multidisciplinary and imply a network of organizationally
and geographically dispersed groups regulated from a central scientific
institution which, for psychological reasons, would have to be highly respected
for its science. The project leader would have to come from this institute
t00.

The societal needs that the authors used to justify the program’s creation
(food production, energy supply, the conservation of the environment, health
and man’s adaptation to modem society), are recurrent themes in the history
of biotechnology and had already been widely mentioned in reports of the
time on the importance of biotechnological science. However, the importance
the European project gave to genetic engineering truly put them in advance
of national biotechnology policy.

The first document, Applied molecular and cellular biology (Background
note on a possible action of the European Communities for the optimal
exploitation of the fundamentals of the new biology), took three years to
prepare. It was met with great skepticism, especially from the national
delegations, some of which (in particular, the French delegation) resented
this European initiative, which they saw as a threat to their own embryonic
national program. The document was delayed but not dismissed, however.
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The First European Biotechnology Program (1982 to 1986) —
The Biomolecular Engineering Program

Although its final result was the approval, in 1981, of the first biotechnology
program®, the Biomolecular Engineering Program (BEP), its more immediate
consequence was the production of three fundamental detailed reports by
D. Thomas*?, of Compibgne University, on enzyme engineering, A, Rérsch*!
on genetic engineering and Christian de Duve*? on molecular pathology.

The initial 1975 document, these three reports and the risk evaluation
work (inspired by the 1979 studies by Ken Sargeant and Charles Evans*3),
the strategic benefit of which could not be ignored given ecological concerns
in the member states, in particular Britain and Germany, led to the
Biomolecular Engincering Program. The BEP was finally adopted by the
council on 7 December 1981 with a budget of 15 MECU for the period
1982-1986 (Fig. 2).

This program covered the following areas:

At the level of contextual measures.

— Bioinformatics: the interface between biotechnology and information
technology (data input, databases...);

— The collection of biological material (improvement and integration of
existing collections, perfecting techniques).

39 On the next page, you will find the commission’s actions and program on biotechnology.

40 D Thomas, Production & hiological caialysts, stabilisation and exploitation, EUR 6079, Office for
Official Publications of the European Communities, Luxemburg, 1978.

41 A, Rorsch, Generic manipulations in applied biology: a study o the recessity, content and management
principles of apossible action, EUR 6078, Office for Official Publications of the European Comnunities,
Luxemburg, 1979.

42 C. de Duve, Cellular und molecular biology & the pathological state, EUR 6348, Office for Official
Publications of the European Communities, Luxemburg, 1979.

43 K. Sargeant and C.G.T.Evans, Hazards involved in the industrial use of micro-organisms; a study of
the necessity, content and management principles o a possibly community action, European Commission
EUR 6349 EN, 1979.
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At the fundamental biotechnology level:

- Enzyme engineering: second generation bioreactors, the improvement
of immobilized protein stability, the development of new protein
activities;

- Genetic engineering: development of production methods for harmless
high added-value substances for livestock breeding, veterinary medicine
and the agro-food industries. Development of methods aiming for the
degradation of plant material, especially lignocellulose, into useful
products, and the extension of methods of genetic engineering to
plants and microorganisms of agricultural importance;

~ Evaluation of possible risks: the development of contamination
detection methods and methods for evaluating possible risk associated
with the application of biomolecular engineering.

Despite its restricted scope and its very limited budget, which was
symptomatic of the commission's prudence in this venture into the field of
biotechnology, the first program was undeniably successful. Three main
positive characteristics emerged from the establishment of BEP*:

— A sizable response from scientific circles*3;

~ A high level of transnational cooperation %,

— The quality and quantity of results allowed the decrease of several
barriers between fundamental and applied research.

In addition to these three successes, there was also the training part of
the program, which all the national delegations considered fundamentally
important and an excellent tool for the transfer of technologies between

44 D, de Nettancourt, quoted in the Short draft report of the mecting of the CGC, Biotechnology, Brussels,
7 March 1986, 002/IN2, 12 March 1986, European Commission, Brussels.

45 293 research proposals, leading to 103 shared cost contracts, 188 applications for training of which
91 were granted, and the organization of 20 scientific meetings.

46 53 formal cooperative efforts established between laboratones in different member states which involved
the exchange of equipment and personne! and coordinated experiments being carried out by the contractors,
97 visits between sites of contracting laboratories, 15 meetings of various types and sizes and other
international agreements.
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countries, the promotion of R&D infrastructure and the increase of general
competence in multidisciplinary teams. The level of the scientific output can
be seen from the final report of the program*7. Several world firsts had been
achieved such as the cloning of genes from Streptococcus, a bacteria used
in the cheese industry, and genetic transformations in monocot species from
a vector taken from Agrobacterium. The characterization and isolation of
more than twenty plant genes of major agricultural importance were also
original contributions. In total 355 scientific papers were published and 13
patents were granted as a result of the programme.

A comparative bibliometric analysis of publications related to research
carried out at community and national levels shows that publications from
BEP had a higher number of quotations than average*® (150%, in fact).
More generally, despite its small size, BEP played a catalytic role by bringing
an awareness of the European dimension to the research community and
through the birth of community research cooperation. The delegations’
opinions of BEP* were very positive on the whole, but they did point out
gaps and weaknesses:

The weak level of industrial participation. It was, however, recognized
that the precompetitive nature of the program, focused as it was on
agriculture and not endowed with much of a budget, was not really
suitable for funding industry;

The lack of faith of certain national decision-making centers when the
program was first launched;

The insufficient number of proposals for applications of risk evaluation
and the limited results in this field;

The delays of the payment procedure.

4T Biornolecular Engineering in the European Community, E. Magnien, ed. Martinus Nijhoff, 1986.

48 p, Cunningham, A bibliometric study & BEP publications (Program o policy research in engineering,
science and technology), University of Manchester, quoted by D. de Nettancourt “Biotcchnologics
communautaires: la dixiéme année”, Biofutur, April 1991,p. 20.

42 Meeting of the CGC-Biotechnology, Brussels, 7 March 1986, point 3: “Preliminary evaluation of the
achievements of the Biomolecular Engineering Program (BEP) (doc. CGC-1V-86/2). Please refer to the
CGC-Biotechnology meeting of 27 November 1986,point 3 of the agenda, “BEP: cvaluation of the final
report by national delegations”, opinions expressed by individual national delegations.
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The delegations were aware that the program’s impact was limited by
the twin factors of time and money. The time factor was due to the particularly
unfavorable situation at the program’s adoption by the council in 1981 (distrust
from many of the national circles, unfinished but apparently competitive
national programs, lack of European biotechnology networks, lack of interest
from industry, gaps in public information, etc.). This situation was changed
by a gradual transition in opinion towards the importance of biotechnology.
The financial factor was due to the fact that the contracts were granted
insufficient funding and the commission’s participation was too small in
shared cost activities, most of which were co-funded by other national or
international sources.

Despite these shortcomings,the success of this first program opened the
way for a reinforcement of community biotechnology. This resulted in the
adoption, in March 1985, of a new biotechnology R&D program, the
Biotechnology Action Program (BAP), for the period 1984-1989.

These achievements show how much the political context for research
within the community had developed since the end of the 1960s.

A Common Research Policy, the Europe+30 Group and
the Fast Program

Indeed, in 1974, after many studies and a lot of debate, the community
decided to lean towards a common research policy. In a meeting in Paris,
on 14 January 1974, the council adopted four resolutions on the development
of a common science and technology policy, including the coordination of
national policy and the coordinated implementation of projects of community-
wide interest?,

The German, Ralf Dahrendorf, was the first Commissioner for
Community Policy on Research and Development (1973—-1976). In 1974, he
set up a group of experts called “Europe+30”, under the chairmanship of

50 European Commission, “Common policy for science and technology”, Bulletin of the European
Communities, supplement 3/77, 1977.
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MEP Wayland Young (later Lord Kennet), to consider in what way the long-
term (30-year) perspectives could influence the community’s choice of R&D
targets. At this time, long term studies and predictions tended to be handled
by the Rand Corporation, the Hudson Institute and the Club of Rome, famous
for its aforementioned predictions on the limits of growth.

The “Burope+30” report>! was ambitious. It proposed the creation of a
new community institution for prospective studies. The final implementation
was more modest. It consisted of the council adoption, in 1978, of a
community program of Forecasting and Assessment in Science and
Technology (FAST) with a budget of 4.4MECU for 1979-1983. DG XII
took the new unit under its wing and contributed to the creation of a new
biotechnology initiative.

FAST’s mandate was very broad. It included the highlighting of potential
perspectives, problems and conflicts that could affect community research
and the definition of alternative directions for community R&D action that
could resolve or attain them>2, With only a few staff (six people, all university
graduates and exceptionally highly qualified), the group split up its field of
study into three themes:

— The relations between technology, work and employment;
— The information society;
- The bio-society.

The theme of bio-society was taken up by two researchers, neither of
whom was a biologist: Mark Cantley, a Scottish mathematician who had
worked on global systems at the International Institute for Applied Systems
Analysis in Vienna, and Ken Sargeant, an English chemist from the
Microbiological Research Establishment at Porton Down, after its transferal
to the jurisdiction of the Department of Health. Both Cantley and Sargeant
thought highly of biotechnology’s potential.

51 Wayland Kennet, The Futures f Europe, Cambridge University Press, 1976.

52 Council Decision o 25 July 1978 on a research program o the European Economic Community on
Sorecasting and assessment in the field  science and technology, Official Journal of the European
Communities, no. L225/40 16 August 1978.
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The work on bio-society included a series of long-term perspective studies,
colloquia and consultations, particularly with the European Federation of
Biotechnology. The results were used in the bio-society section of the first
general report of the FAST program, in September 198233, With very little
modification, this report became the first version of a “Community Strategy
for Biotechnology in Europe>*”. Reports with that title were published both
by DECHEMA (on behalf of the EFB), in 1983, and by the commission,
as a FAST Occasional Paper, in March 198336, The FAST report, including
the sections on bio-society, was to be published later under different names>”.

From 1981 to 1984, the commissioner for the research and development
Directorate-General (DG XII) and industrial affairs (DG 1) was the Vice-
President Etienne Davignon of Belgium. In 1982, he was the political force
behind the establishment of ESPRIT, a strategic European R&D program on
information technology, which, with its 750 MECU budget, was a very large
program for the time. When, in February 1983, during his speech on the
annual program to the European Parliament, the commission’s president
Gaston Thorn announced that the commission would follow the ESPRIT
approach for biotechnology, his declaration was considered highly
significant38,

33 FAST, European Commission, The FAST program: Vol. 1. Results and Recommendations, 1982

54 FAST,A Community Strategyfor Biotechnology in Europe, FAST Occasional Papers, no. 62, European
Commission, 1983.

35 DECHEMA, Biotechnology in Europe — ACommunity Strategy for European Biotechnology: Report
to the FAST bio-society project o the Commission o the European Communities, DECHEMA, Frankfurt,
on behalf of the European Federation of Biotechnology, 1983.

36 FAST,A Community Strategy for Biotechnology in Europe, FAST Occasional Papers, no. 62, European
Commission, 1983.

57 FAST, Commission of the European Communities, Europe 1995: Mutations technologiques et enfeux
sociaux, rapport FAST, Futurible, Paris, 1983,

FAST, European Commission, Eurofutures: the Challenges o Innovation (the FAST report),
Butterworths in association with the Journal Futures, London, 1984.

FAST-Gruppe, Kommission der europaischen Gemeinschaften, Die Zukunft Europas: Gestaltung durch
innovation, Springer-Verlag, Berlin, 1987.

5% Quoted by Mark Cantley, op. cit.
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As already mentioned, there was a lack of any formal commitment in
community R&D policy until 1974. By the beginning of the 1980s, the
relative weakness of industrial performance compared to Japan and the
United States had become more and more obvious.

The Adoption of the First Framework Program

As Commissioner for Research and Industry, Davignon’s reaction to the
unsystematic approach to community R&D policy was to propose the multi-
annual systematic Framework Program, with specifically mentioned targets
for the R&D programs. His response to the international economic challenge
was to try to increase the amount of expenditure on industrial competition
by the end of the first Framework Program (1984—1987). This effort was
preceded by a dozen documents, each preparing a “plan by objective”. Most
of these were drawn up by outside experts, but the one on biotechnology
was the work of the FAST group members>® themselves.

Like the FAST report, this document on biotechnology followed
Davignon’s philosophy of setting up R&D activity in the context of a wider
strategy and objectives. In a resolution of 25 July 1983, the council endorsed
the framework program concept and approved the development of
biotechnology as a part of the general aim to “promote industrial competition”.

President Thorn’s speech, in February 1983, was the first mention of
biotechnology at a high political level in the commission, and it reflected a
perspective far larger than mere genetic engineering.

The 7983 Communication of the European Commission to the
Council on the Role of the European Community in Biotechnology

Based on the recommendations of the FAST report, and with contributions
from DG III, particularly from its food and pharmaceuticals division, the

59 ML.F. Cantley, Plan by objective: Biotechnology, X11-37/83/EN, Commission of the European
Communitics, 1983.
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European Commission submitted an initial Communication to the Council
at the Stuttgart Summit in June, 1983: “Biotechnology, the Community’s
Role”.%® A parallel note reported on national support initiatives in
biotechnology, in Europe, the United States and Japan©!.

This communication, like the FAST report, underlined the significant
progress made in the life sciences in the previous few years and the great
diversity of possible applications. It also gave a pragmatic assessment of the
large scale of future markets and the power of both Japan and the United
States. This was backed up by pointed quotations from contemporary reports,
in particular from the American Office of Technology Assessment (OTA)S2.
The relative weakness of biotechnology, in spite of the considerable scientific
resources in Europe, was attributed to the lack of a coherent R&D policy
and the absence of community-wide structures. There was the BEP program,
which had only started the previous year, but given its modest size, it was
not considered as more than a starting point for a far more ambitious program
under the Framework Program for Community R&D (1984-86). The report
particularly stressed the importance of the training and mobility of scientists
and technicians, communication with the public, reinforcement of
fundamental biotechnology through projects half-way between research and
application and improvement of research infrastructure including databases
and culture collections.

Even with this support and training activity, biotechnology was seen to
be incapable of developing in the community unless a favorable environment
was sct up to encourage it. Three factors were pinpointed as prerequisites:

~ Access to raw materials of agricultural origin (under the same
conditions as the Community’s competitors);

60 European Commission Biotechnology, the Community’s role, Communication from the Commission
to the Council, Com (83) 328, vol. 8, June 1983.

61 National Initiatives, Com (83) 328, European Commission, 1983.

62 OTA, The Impacts of Applied Genetics: Applications to Microorganisms, Animals and Plants, OTA,
Washington DC, 1981, and OTA, Commercial Biotechnology: An International Analysis, Washington
DC, 1984. Other reports from the Department of Trade, or prepared for the OSTP were also quoted.
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— Adaptation of systems of industrial, commercial and intellectual

property;
— Rules and regulations.

With regard to rules and regulations, the communication underlined the
need for the harmonization of the internal market, particularly in the health
industries, and above all, the need to prevent the appearance of specifically
national norms.

The communication was welcomed by the council, and the Commission,
very much encouraged, put forward a complete program of actions over the
months that followed. The following communication®, in October of that
same year, noted American disbelief in European competitive strength in
biotechnology and formed an indispensable strategic action to meect the
challenges and opportunities of biotechnology in the following fields:

1) Research and training:

-~ Horizontal actions concentrated on the problem of removing the
bottleneck for the application of biochemical and modem genetic
methods in industry and agriculture;

— Actions concentrated on informatics infrastructure;

- Actions on logistical support for R&D in the life sciences through
databases, culture collections and networks of information and
communication as well as technologies of data input;

- Actions to stimulate certain specific developments in clearly-defined
sectors of biotechnology which could contribute to the solution of
problems in agriculture policy and the health sector.

(The Biotechnology Action Program implementing the above topics was
proposed the following year).

2) Concertation of biotechnology policies:
A central activity of interservice concertation, international and between
the community and the member states, with an active follow-up and an

6 European Commission Biotechnology in the Community.Com. (83) 672, Commission of the European
Communities, October 1983.
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evaluation of strengths, weaknesses and opportunities as well as emerging
challenges;

3) New regimes on agricultural products for industrial use:
The Commission announced its intention to propose to the council new
regimes for sugar and starch for industrial use;

4) European approaches to regulations on biotechnology;
5} European approaches to intellectualproperty rights in biotechnology;

6) Demonstration projects to ease the tramsition between research
development and exploitationat various levels on a commercial basis.

The Communication recognized that several Directorates General (DGs)
should be involved in this six-point strategy. Following an interservice meeting
in December 1983 and discussions in several Commissioners’ cabinets,
Davignon with the help of Commissioners Dalsager of DG VI, Agriculture,
and Narjes of the other half of DG 111, Internal Market, drew up a document
on the external coordination of biotechnology-linkedpolicy. This was accepted
on 21 February 1984 and led to the creation of the Biotechnology Steering
Committee (BSC)® to be chaired by the Director General of DG XIT (Science,
Research and Development) and open to other services as appropriate to
their interests. A secretariat, the Concertation Unit for Biotechnology in
Europe (CUBE) (Fig. 3) was set up, and it inherited the staff from the
biotechnology section of the FAST program. It was to follow the development
and evolution of biotechnology, distribute information linked to biotechnology
to the services concerned, and support these services and the Biotechnology
Steering Committee (BSC) in implementing the priority actions set up in the
October 1983 communication.

The establishment of the BSC indicated that the Commission had
recognized the need for a coordinated strategic approach. The location of its

64 On the history and role of the BSC, refer to M. Cantley’s The regulation o modern biotechnology, a
historical and European perspective, op.cit.
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Fig. 3 The concertation unit for biotechnology in Europe
(source: M. Cantley)
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chairmanship and secretariatin DG XII, as underlined by Mark Cantley, was
a reflection of its history and the cause of its subsequent failure to actually
assume its role.

The creation of the BSC, nevertheless, represented a plausible solution
in the mid-1980s. The questions and problems seemed satisfactorily shared
out amongst the DGs. DG XII promoted a new awareness of the fundamental
importance of biotechnology in the Commission, drawing its attention in
particular to the competitive challenge set by the United States. DG XIII,
responsible for the development of the information technology market, was
persuaded in March 1982 to set up with DG XII a Task Force for
Biotechnology Information, sustained by the Director General, Ray Appleyard.

Reports from the United States Office of Technology Assessment (OTA)
and the Department of Trade underlined the commercial potential of
biotechnology. A large amount of publicity accompanied the creation and
expansion of the first specialist biotechnology companies such as Cetus
(1971}, Genentech (1976) and Biogen (1981). With similar perceptions
percolating through the national administrations in Europe, a political call
for a larger biotechnology R&D program began to make itself felt. After
many meetings with the member states’ experts, DG XII prepared a proposal
for the Biotechnology Action Program (BAP)® which the commission
presented in April 1984, and which was finally adopted in March 1985.

Biotechnology, or the Return of Hopes in Biological Engineering

While the FAST group report reflected on a 1970s concept of biotechnology
and only mentioned genetic engineeringin passing, biotechnology in Europe
through the first BEP and BAP (for Biotechnology Action Program) programs
came to mean far more than advanced zymotechnology. It has often been
said that history is an eternal repetition of itself, and in the case of
biotechnology, this is entirely true. In 1936, Huxley used the term
biotechnology to describe his vision of human biological engineering. By

65 See Chapter 5 for an analysis of the contents of this program and its development.



2 Political Interpretations of Biotechnology ... 115

the end of the 1970s and early 1980s, the concepts of biological and genetic
engineering had become associated with biotechnology in the context of the
emergence of biological engineering of almost unlimited potential. This
great potential was often quoted to politicallyjustify increased budget requests
for research in the field of genetic engineering and to support the large
genome sequencing programs that, in the mid-1980s, were beginning to start
up in many nations and at the European level.

It is undeniable, as we will see in the next chapter, that the techniques
that appeared in the 1970s and the early 1980soffered new and revolutionary
perspectives, especially those of recombinant DNA and DNA sequencing. It
was hoped these would lead to the discovery of solutions to the political and
economic problems of western society and also to contribute to the
improvement of the quality of life of most people living outside developed
countries.

Some of the hopes and prophesies on biotechnology of the first leaders
of the science, Rudolf Goldscheid, Julian Huxley, John Burdon Sanderson
Haldane, Patrick Geddes, Harold Hartley and Lewis Mumford come back
time and again. From 1960 onwards, there is an expression of a new era in
genetic engineering, an era to be typified by our ability to manipulate large
quantities of biological material and elucidate the nature of biological systems.

Already by the 1960s, there had been talk of sequencing genetic material:
“Once this knowledge is available, the possibility that the sequence and,
hence, the genetic properties of biological systems can be altered offers
itself. The commercial and social implications of the availability of methods
for such alterations are tremendous” 6,

66 H.M.Truchya and K.H. Keller, “Bioengincering — A new FEra Beginning?”, Chemical Engincering
Progress, vol. 61, May 1965, pp. 60-62.
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The Foundations of the Heralded
Revolution

Today, the term "biotechnology' usually calls to mind techniques of genetic
manipulation. This interpretation of biotechnology as being the techniques
of genetic improvement has overtaken the initial interpretation originating
from forty years of traditional biotechnology. It conceals the various
economic, political and scientific hopes inspired by what biotechnology was
prior to the genetic revolution. There were many prophecies of a new
biotechnological era proclaiming a new economic age. However, despite the
convictions of its champions, the revolution and the profit it promised was
continuously postponed. With the appearance of new techniques of genetic
manipulation in the 1970s, the situation deteriorated to such an extent that
the history of biotechnology became identified with that of genetics and
genetic engineering, so that the biotechnological revolution came to mean
no more nor less than the genetic revolution. The hopes, the prophecies and
the technological promise of that tradition were misappropriated by the
initiators of the genetic revolution.

3.1 From the Frontiers of Genetics to the Birth of
Molecular Biology

Classical Genetics

These days, students have relatively easy access to the basic scientific

116
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information and laboratory techniques of the “new genetics”. This knowledge
and methods were open to only the most advanced experts of their parents’
generation.

Classical genetics is based on studies of the segregation of traits, which
in turn relies on rigorous statistical analysis. It is this statistical analysis
which led to our ideas on mutation frequency and genetic evolution in
populations. Classical genetics prevailed until 1953 as a well-established
science. Its results were already influencing other fields of knowledge, for
example, in the battle against the ideas of Lamark and the pretensions of
Trofim Denisovich Lyssenko to assert a clear distinction between what is
inherited and what is not, between genotype and phenotype. Despite the
work of Archibald Garrod, and that of George Beadle and Edward Tatum in
1941 on the fungus Neurospora crassa, that led in time to the union of
biology and chemistry in the new fields of biochemistry and molecular
genetics’, these two sciences looked poles apart by the end of the first half
of this century.

Man has long been interested in genes. In the 19th Century, for example,
gardeners and animal breeders developed the art of selection, conservation
and crossing and improving commercially-desirable inherited traits in plants
and animals to a degree previously unattained. Crossing and sclection
techniques brought many improvements to root stock, but they belonged to
an at which never became a science, because the principles behind successtul
work could not be scientifically justified. Without rigorous guidance, their
power would always be limited.

In the early 19th Century, the landowner-breeders of Austro-Hungarian
Moravia, who had learnt of British successes, tried not only to emulate but
also improve them. In order to do so, they attempted to integrate their
primitive biological engineering techniques with truly scientific study. This
led them to appeal to F.C. Knapp, an abbot in Bmo. Although asking an
abbot for help might seem strange to us, at the time, this was perfectly

1 In the same way, when Karl Landsteiner and P. Levine discovered the blood groups A, B and O, the
genetic mechanism of which would later be demonstrated by F. Bernstein, they opened the huge chapter
of imrnunogeneticsthat Jean Dausset considerably enriched with his discovery ot the HLA system.
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logical. Knapp, as the abbot of a large monastery, controlled many farms
and vast tracts of land. He was also the director of a large training center
that provided him with the expertisc of some of the best thinkers of the
country. In addition, Knapp could provide access to the genius of Gregor
Mendel.

The story of the monk Johann Gregor Mendel is so well known that it
need not be more than sketched here. By patiently experimenting on the
growth of various species of peas, he demonstrated that the transmission of
their external characteristics from generation to generation could be predicted
by simple statistical analysis. He noted that certain shape and color traits
were expressed dominantly whereas others were recessive. He speculated
that the form in which inheritance is transmitted is not as a global
representation of the individual, nor as a series of emissions sent from all
the parts of the parents’ bodies, but as what he called “factors”, collections
of discrete entities which each governed a characteristic. Each of these
“factor” entitics could exist in different states, which would determine the
different shapes or colours of the corresponding characteristic.

While it cannot be said that the whole science of genetics was born on
the particular night in February on which Mendel revealed the results of
seven or eight years of research to the Brnd Society of Natural Sciences, it
must be admitted that he was the first person to discover the discrete, that
is non-continuous, nature of the determinants of heredity and their
independence from each other. This was at a time when chromosomes,
meiosis and mitosis were still to be discovered and the old concept of
heredity, being the result of the mixture of bloods, was still firmly believed.
Furthermore, through Mendel’s studies, the phenomena of biology suddenly
acquired the rigor of mathematics. As Frangois Jacob states in La logique
du vivant, “It’s a whole internal logic which imposes [experimental]
methodology, statistical handling [of experimental results] and symbolic
representation [that is to say the employment of simple symbolism] by
which an unceasing dialogue between experimentation and theory becomes
possible on heredity” 2.

2 F. Jacob,La Logique du vivant, (une hisfoire de I'hérédité), ed. Gallimard, 1970, p. 225,



3 The Foundations of the Heralded Revolution 119

Although it could have been expected that Mendel’s revelations would
overturn the practical side of biology, this was not the case. Mendel’s work
was completely in agreement with the thermodynamic physics of his time,
but it had no influence at all on the manner in which his contemporaries did
biology. It was the 20th Century that proclaimed Mendel the creator of
genetics, and his first paper® was considered the birth certificate of genetics.
The work was neglected until a British biologist, William Bateson*,
rediscovered the laws of Mendel and made them famous. It was Bateson
who coined the term “genetics”. At the same time, Hugo de Vries3,
C. Correns® and Erich von Tschermark? were obtaining results similar to
those of Mendel.

The Search for the Essence of Heredity

At about the same time in 1869, almost by accident, a Swiss chemist by the
name of Johann Friedrich Meischer® discovered a phosphorus-rich acid. Its
position in the cell nucleus earned it the name “nucleic acid” even before
its precise function was discovered. In 1888, the “filaments”, distinguished
by Walter Flemming in the coloured nucleus of cells with the limited

3 G. Mendel, Versuche iiber Pflanzen-hybriden, Verhaldung des naturforschenden Vereines in Briinn,
vol. 4., 1865, pp. 3—47, trad. fr. Recherches sur des hybrides végétaux, Bulletin Scientifique, vol. 41.,
1907, pp. 371419, republished in La de‘couverte des lois de I'hérédité, une anthologie (1862-1900),
Press Pocket, Paris, pp. 54-102.

4 W, Bateson, A Defence o Mendel’s Principle o Heredity, Cambridge University Press, Cambridge,
1902.

5 H. de Vries, Sur lu loi de disjonction des hybrides, C.R. Acad. Sc. vol. 130., Paris, 1900, pp. 845-847.
H. de Vries, Espéces et variétés, trad. fr. ed. Alcan, Paris, 1909.

6 (. Correns, G. Mendel’s regel iiber das verhalten der nachkommenschaft der rassen bastarde, Berichte
der deutsche botanischen gesellschaft, vol. 18, 1900, pp. 156—168. Translated into English as G. Mendel’s
law concerning the behavior o varietal hybrids in The Origin of Genetics: A Mendel Book Source
(C. Stem adn E.R. Sherwood eds.) San Francisco, Freeman and Co, 1966,pp. 117-132.

7 B. von Tschermark, Ueber kiinstliche kreuzung bei Pisum Sativum Berichte deutschen botanischen
gesellschaft, vol. 18,1900.pp.232-139. English translation under the title of Concerning artificial crossing
in Pisum Sativum, in Generics, vol. 35, Suppl. to no. 5, The birth ofgenetics, 2nd part, 1950, pp. 42—-47.

8 F Miescher, Uber die chemische zusammenzetzung der Eiterzellen in Hoppe Seyler’s Medizinisch
Chemische Untershungen, ed. August Hirschwald, Berlin, vol. 4, 1871, p. 441.
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microscopy of the time, were named “chromosomes” by Wilhelm Waldeyer,
and the bands across them named “chromomeres” by Edouard Balbiani and
Edouard van Beneden.

At the beginning of the 20th Century, genetics really took off. A large
amount of work was done on the analysis of gene transmission in sexual
reproduction in plants and animals, including man. By this time, the
mechanism of meiosis had been discovered. In 1902, W.J. Sutton® and
T. Beveri'® demonstrated the close parallel between how the determinants of
heredity (to be named “genes” by Wilhelm Johanssen a few years later)
were transmitted and the behavior of chromosomes as well. August
Weismann” concluded that the “essence of heredity is the transmission of
a nuclear substance of a specific molecular structure”.

The research of W. Bateson'? and R.C. Punnet'? provided results that
seemed to disprove the totally independent behavior of genes. These apparent
exceptions to Mendel’s laws were explained when Thomas Hunt Morgan '4,
who had chosen to study the fruit fly Drosophila, put forward the chromosome
theory of heredity.

It was still only the beginning of the last century when two fundamental
notions were disentangled. The first dealt with the distribution of alleles in
a population and became the base of population genetics. In 1908, Godfrey
Harold Hardy !> and Wilhem Weinberg !¢ independently formulated what is

¥ W Sutton, “On the morphology of the chromosome group of Brachystola magna”, Biol. Bull. vol. 4,
1902, pp. 24-93.

10 T Beveri, Ergebnisse iiber die Konstitution des Chromatischen der Zelkerns, Fischer, Iena, 1904,
' A. Weismann, Essais sur I'hérédité, trad. fr. Paris, 1892, p. 176.

12 W. Bateson, Problems of Genetics, University Press, Yale, 1892, p. 176.

13 R.C.Punnet, Mimicry in Butterflies, Cambridge University Press, Cambridge, 1915,

4 T.H. Morgan, Science, vol, 12, 1910.p. 120. T.H. Morgan,A.H. Sturtevant, H.J. Muller, C.B. Bridges,
The mechanism of mendelian heredity, Henry Holt, New York, 1915. Trad. fr Le mécanisme de I'hérédité
mendelienne, Malcrtin, Bruxelles, 1923. T.H. Morgan, “Sex limited inheritance in Drosophila” Science,
vol. 32, 1910, p. 120.

5 GH. Hardy, Mendelian proportions in a mixed population, Science, vol. 28, 1908, pp. 49-50.

16 W, Weinberg, “Ueber den nachweiss der vererbung beim menschen”, Jahresschriften dey vereins fiir
vaterldndische naturkunde in Wiirttemburg, vol. 64, 1908, pp. 368-382.
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now known as the Hardy-Weinberg law. In a population where crosses are
happening by chance, are in equilibrium, have no particular selections or
mutations, and are high in number, the proportion of genes and genotypes
is abseolutely constant from one generation to another. The second notion
came from British medical doctor Archibald Garrod’s 1909 study!” of the
innate metabolic faults in human beings, notably alcaptonuria. During his
study, Garrod concluded that what was missing in subjects with this benign
affliction could be the enzyme necessary to convert homogentistic acid
because homozygous people excrete it in massive quantities. Thus, it was
made thoroughly clear that genes governed the synthesis and activity of
enzymes, This was also proved by Lucien Cuenot at about the same time.
It was only about 30 years later that this notion was to really come into its
own.

In the meantime, the work of M. Ouslow and John Burdon Sanderson
Haldane on the synthesis of floral pigments and Boris Ephrussi and George
W. Beadle’s study!® on eye color mutants in the fruit fly showed that a
particular gene controls a particular reaction. The need for closer analysis
led Ephrussi!® to yeast, which brought him to clarify the phenomena of
non-chromosomal mitochondrial heredity. Beadle went on to work with
Edward Tatum on the ascomycete fungus Neurospora®. From the “one
geneg-onge reaction” principle it became easier to progress to the idea of “one
gene-one enzyme” by analyzing the crossing of mutants.

Between 1945 and 1955, the notion of gene itself was modified. Both
Lewis J. Stadler?! and Guido Pontecorvo?? had separately drawn biologists’
attention to the ambiguity of attributing functionally distinct properties to

17 A. Garrod, Inborn Errors of Metabolism, Oxford University Press, 1909.

18 . Beadle, Différenciation de la couleur cinabar chez la drosophile (Drosophila melanogaster), C.R.
Acad. Sci, Paris, vol. 201, 1935p. 620.

19 B, Ephrussi, Quart. Rev. Biol., vol. 17, 1942, p. 327.

20 G, Beadle and E.L. Tatum, “Genetic control of biochemical reactions in Neurospora®, Proc. Nat. Acad.
Sci., USA, vol. 27, 1941,p. 499,

21 JL. Stadler, Science, vol. 120, 1954, p. 81
22 @, Pontecorvo, Adv. in Enzymodl., vol. 13, 1952, p. 331
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the same entity. At the time, the gene was considered a recombination unit,
a functional unit and a mutational unit. Research on the fruit fly showed that
at a certain level of analysis these three definitions were identical. It was up
to Seymour Benzer?3, several years later, to specify the different
corresponding entities: the unit of mutation is the nucleic base, the unit of
recombination is also the nucleic base (recombination being possible between
two adjacent bases), but the functional unit is the gene itself. S. Benzer’s
success is, in great part, due to the nature of what he was working on, the
bacteria E. coli and its parasite viruses. These bacteriophages are an excellent
model that proliferates rapidly and from which many sorts of mutants can
be obtained, the properties of which had already been well studied and
exploited by Salvador Luria, Max Delbruck, Alfred Hershey, Joshua
Lederberg, William Hayes, André Lwoft, Jacques Monod, Francois Jacob
and Elisabeth and Eugéne Wollmann. It was this same model organism that
allowed F. Jacob and J. Monod?* to discover the control elements for gene
activity, in 1961.

Throughout this period, scientists were gathering a considerable mass of
data from studies of families with prevailing mental or physical illnesses.
Up until 1953, the study of genetics by statistical analysis of hereditary
disease had been greatly distorted by the popular bias towards eugenics. The
more heredity was understood, the more it seemed to make sense to try to
improve a given population by selecting for the “normal” or “ideal” person.
This implied the selective breeding of human beings considered to be superior
and the suppression of inferior beings. Only the horrible brutality of the era
of national socialism in Hitler’s Germany showed the world what the ultimate
destination and extreme use of planned eugenics could be.

23 S. Benzer, “Fine structure of a genetic region in bacteriophage”,Proc. Nat. Acad. Sci., USA, vol. 41,
1955,p. 344.

24 F Jacob, I. Monod, “Genetic regulatory mechanism in the synthesis of proteins”,J. Mol. Bial., vol, 3,
1961, pp. 318-356.
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Nucleic Acids and the Mystery of Life

Although Robert Feulgen?® demonstrated, in 1924, that there was DNA in
chromosomes, twenty years passed before the role of this substance as the
carrier of genetic information was made clear. In 1944, Oswald T. Avery,
Colin M. McLeod and Maclyn McCarty 26 showed that bacterial DNA from
Preumococcus was able to induce the transformation of other genetically
different pneumococci and be replicated. Their work was based on Frederich
Griffith’s 1922 discovery?’ that there were two strains of streptococcus
bacteria, the R and S forms and on his further discovery, in 192828, that the
S (for smooth) strain of the bacteria Streptococcus pneumoniae (then known
as Diplococcus) caused fatal septicemia in mice, whereas the R (for rough)
strain?® had no effect on them at all. Griffith showed that S bacteria could
spontaneously mutate and give rise to R bacteria. He further established that
if one injected mice with a mixture of live R bacteria and S bacteria killed
by heat treatment, the mice died of septicemia, and that it was possible to
isolate live S bacteria in their blood. Something from the dead S bacteria
had turned the R bacteria into S bacteria. All that had to be done was to find
out what.

The answer was provided by Oswald T. Avery at the Rockefeller Institute
in New York. When he read the accounts of Griffith’s experiments, he was
skeptical as the experiments seemed to disprove the notion of the stability
of species. However, after having repeated some of Griffith’s experiments,

25 R. Feulgen and H. Rossenbeck, J. Physiol., vol. 135, 1924, p. 203.

26 0T, Avery, L.M. McLeod and M. McCarty, “Studies on the chemical nature of the substance inducing
transformation of pneumococcial types. Induction of transformation by a deoxyribonucleic acid fraction
isolated from pneumococcus type I, T Exp. Med., vol. 79, 1 February 1944, pp. 137-158.

27T R Griffith, “The influence of immune serum on the biological properties of Pneumococci”, Reports on
public health and medical subjects, n° 18, His Majesty’s Stationery Office, London, 1923,pp. 1-13.

28 | Griffith, “The significance of pneumococcal types”, Journal o Hygiene, vol. 27, January 1928,
pp. 141-144,

2% The S strain has a polysaccharide capsule that makes its colonies look smooth when they are grown on
a solid base in a Petri dish. The R strain does not have this capsule and this makes its colonies look
granular or rough.
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he realized that the phenomenon was actually happening and decided to
look for the chemical identity of the “transforming principle”. It took Avery
and his colleagues Colin McLeod and Maclyn McCarty fourteen years of
frenzied research, using test tube versions of Griffith’s experiments, to gather
convincing proof that the transforming principle was DNA. When they had
removed all traces of protein or other contaminants which could have been
responsible for the transformation, they established that DNA isolated from
the § strain was capable of transforming unencapsulated R bacteria into
completely encapsulated S bacteria. None of the other cellular contents
(RNA, lipids, proteins or sugars) seemed to be able to carry out the
transformation. The transforming activity of DNA could also be prevented
by using an enzyme that hydrolyses DNA, deoxyribonuclease (DNAse), but
not with an enzyme that degrades RNA, ribonuclease (RNAse). These results
strongly suggested that DNA was what they were looking for. The hypothesis
put forward in their article suggested that small quantities of other substances
absorbed into the latter, (or se intimately associated with it that they escape
detection) might be responsible for the transformation. However, Avery added,
if the results of his study were to be contirmed, nucleic acid would have to
be considered as having a biological specificity. The work of Avery and his
colleagues was, however, thrown into doubt because the isolated nucleic
acid was not absolutely pure; in particular, it contained extraneous proteins.

Although proteins were then very much the fashion, the role of DNA
was becoming more important due to the work of Avery, Rollin Hotchkiss
and Ephrussi-Taylor on Preumococcus, and thanks to the French scientists
André Boivin, Roger Vendrely and Colette Vendrely°, who in 1948, showed
that the DNA content of cells was directly related to the number of
chromosomes they contained. They had also looked at the problem of DNA
function?!. The definitive proof that DNA was the carrier of genctic material

30 A, Boivin et al., L.R. Acad. Sci., vol. 26, 1948, p. 1061 and R. Vendrely, C. Vendrely, Experientia,
vol.4, 1948, p. 434,

31 A, Boivin et gl., “L‘acide thymonucliique polymérisé, principe paraissant susceptible de déterminer la

spécificité sérologique ct 1'équipement cnzymatique des bactéries: signification pour la biochimic de
I'hérédit€”, Experienria, vol. 1, 1945,pp. 334-335.
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came with other experimentation such as that carried out by Alfred Day
Hershey and Marta Chase32. It was mainly Avery’s work that, in 1950,
inspired Erwin Chargaff3? to undertake the analysis of a non-degraded DNA
preparation of high molecular weight, an analysis which led him to discover
that the total quantity of purinc bases always equals that of the pyrimidine
bases. More specifically, he discovered that the quantity of adenine is equal
to that of thymine (A=T), and that the quantity of guanine is equal to that
of cytosine (G=C),

The Cambridge mathematician, John Griffith, made some calculations
on the electrical charges of cach base3*. He independently discovered that
adenine attracts thymine and guanine attracts cytosine. In 1952, Alexander
Todd 33 established the manner in which the chemical components of DNA
were linked by showing that there is a skeleton made of alternating phosphoryl
and pentoxyl residues, and with each phosphate, a group of oxygen and
phophorus atoms linked to the next one by a sugar. There are many different
types of sugar, but in DNA’s case the sugar is a deoxyribose. In addition,
one of the four A T C G bases is attached to each sugar on the opposite side
to the phosphate link. But this description of a series of bases held together
with sugars and phosphates was only a very rough pattern; it left the
underlying three-dimensional structure completely unexplained.

The X-ray diffraction spectra of DNA strands analyzed by Rosalind
Franklin, Maurice H.F. Wilkins and others provided more clues. The profiles
obtained showed that DNA consisted of at least two chains, twined around
each other in a helix. Although in the early 1950s, DNA had been clearly
designated the genetic material and clinical analysis was generating some

32 A.D. Hershey and M. Chase, “Independent fumctions of viral protein and nucleic acid in growth of
bacteriophage”, J. Gen. Physiol., vol. 36, 1952, pp. 39-56.

33 E. Chargaff, “Chemical specificity of nucleic acids and mechanism of their enzymatic degradation”,
Experientia, vol. 6, 1950, pp. 201-209.

E. Chargaff, “Structurc and function of nuclcic acids as cell constitucnts”, Fed. proc., vol. 1a, 1951,
pp. 654-659.

34 Olby “Francis Crick, DNA and the Central Dogma”, in Daedalus, Fall 1970, pp. 956-957.

35 Alexander Todd and D.M. Brown, “Nucleotides: part X, some observations on the structure and chemical
behaviour of the nucleic acids”, Journal of the Chemical Society, 1952, pp. 52-58.
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information on its composition and structure, the chemical and physical
facts still needed to be brought together into a proposal for a symmetrical
three-dimensional structure compatible with experimental results. It would
also have to have the properties one might expect of genetic material, which
were that it would allow:

— Genetic material to contain the information necessary for the structure,
function and stability of cell reproduction. (As Erwin Schrodinger
supposed, this information would have to be coded in the sequence of
the base elements that make up genetic material);

— Genetic material to replicate with accuracy so that the same genetic
information would be present in daughter cells over successive
generations;

— Encoded information to be decoded to produce the molecules necessary
tor the structure and function of cells;

— Genetic material to be capable of rare variation, since mutation and
recombination of genetic material are the source of the evolutionary
process.

This is what Francis Harry Compton Crick and James Deway Watson
managed to do, in 1953, in the course of their discovery of the “secret of
life”. This discovery was so important that it marked a decisive turning
point in the evolution of biology and heralded the birth of the new molecular
biology, opening the way for a new approach to living beings and processes:
a molecular one.

3.2 The Secret of Life: DNA

1953 is to genetic science what 1492 is to geography. Until the middle of
the 20th Century, only pioneers had explored living cells. Physiological
genetics, which appeared in the 1930s, showed that genes affect enzymes
and allowed considerable progress to be made in our understanding of the
mechanism the biochemical action of genes. From this data on physiological
genetics, a relatively concrete representation of the gene’s role was attained.
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Research had progressed from the notion of macroscopic and, therefore,
immediately recognizable characteristics to that of molecules, enzymes and
even macromolecules, the structure®® and the composition of which were
gradually being elucidated. The work of T.I1. Morgan on topological genetics
allowed the first chromosome maps to be drawn up; that is to say, Morgan’s
work provided a way to determine in what order the genes were laid out,
and how far3” they were from each other.

However, as F. Jacob says, topological and physiological genetics had
their limits:

“At the beginning of this century, the so-called “black box”
method had allowed us to grant heredity a form, to represent it
with a system of simple signs and submit it to mathematical
analysis. But as it pays no attention to the mechanism, it leaves
a gap in understanding between the gene and the characteristic.
Genetics draws an increasingly abstract picture of the organism
with all these symbols and formulae. The gene is a logical
entity which has no body, no presence. We must substitute this
abstract concept with a chemical reality. (...} The goals of
geneticists towards the middle of this century will be to find the
nature of this substance, explain the modus operandi of the
genes and fill the gap between character, phenotype and gene” 38,

36 This is, in particular, thanks to X-ray diffraction, which allowsus to see secondary and tertiary structures
in proteins. For an analysis of the importance of crystallographic study in the history ot modem biology,
please consult the following works:
a) Claude Debru, L’esprit des protéines, ed. Hermann, 1983,
b) Horace Freeland Judson, The Eighth Day of Creation, Penguin Books, 1995. First published by J.
Cape Ltd. 1979.

37 The unit of measurementis the centimorgan (¢M). This unit was created by JB.S. Haldane in 1919,in
J.B.S. Haldane, “The combination of linkage values, and the calculation of distances between loci of
linked factors™, Journal o Generics, vol. 8, 1919, pp. 299-309. This article was the first attempt to
develop an cstimate of distance between genetic loci on a map based on frequency of recombination
between mutants.

38 F. Jacob, La Logique du Vivant,Collection Tel. Gallimard, 1970,p. 246.
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However, neither the tools nor the concepts of biotechnology were suitable
for such an analysis. To uncover the mechanisms and structures that drive
heredity, there had to be cooperation between genetics, chemistry and physics.
As it could not afford to miss out on new techniques of physics for its
molecular comprehension of reproduction, genetics had to follow in the
footsteps of biochemistry, which had adopted physics techniques in its
investigation of the structures of macromolecules. At the beginning of the
last century, and even up until 1953, the object of heredity itself was not
defined. Even the gene, the unit of inheritance, looked as if it would be a
structure in the cell nucleus, a structure of challenging complexity with no
toe-holds for experimentation.

Despite the knowledge emerging from physiological genetics, which
confirmed the link between gene and protein, and the new hypothesis that
DNA was responsible for the transmission of hereditary characteristics, the
general opinion prevailing in the 1940s was that genes would be molecules
of a special type of protein. Although the chemistry of nucleic acids was
relatively well-understood between the two world wars, there was no concern
for the discovery of their role or structure.

Watson recalls that in 1950 chapters on DNA in textbooks tended to be
so short and boring that he forgot the names of the famous bases. No-one
was telling the story of the phagist®® team and experience“®. The DNA
molecule was considered lacking any fundamental interest because it was
monotonous and “stupid”. The orthodox image it had among biochemists
between 1930and 1950was as a “structure composed of a repetitive sequence
of four bases (these being of equal quantity), the function of which is to
constitute the skeleton of the chromosome*!””. But Watson, who had worked
on bacteriophages with Salvador Luria, was convinced of the fundamental
importance of DNA.

3% This was a group mainly composed of physicists turned biologists who showed through their study of
small viruses that attack bacteria, phages, that phage DNA was the active agent that modified these virus-
parasited bacteria.

40 J.D. Watson’s The Double Helix, Penguin Books, first published by Weidenfeld and Nicolson.

41 An extract from the courses given by Professor Jean Gayon at the Ecole Normale de Dijon, in 1987,
called La biologie est-elle méchaniste.
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In his book, “What is Life?*?”, Erwin Schrodinger had already
emphasized that the molecular level, however small it was, could be
considered a suitable level for analysis, even for the organization of heredity.
Watson, like Schrodinger, was certain that the study of DNA would reveal
the secret of life and lead to an understanding of the mechanisms that direct
reproduction.

This interest in the mechanism of the duplication of genes and the idea
that this problem would be solved with structural chemistry brought Watson
to Cambridge, in 1951,to learn about X-ray crystallography in the laboratories
of Sir Lawrence Bragg. John Kendrew was already there working on
myoglobin, as was Max Perutz on hemoglobin*>. Amongst the group that
Perutz had gathered around him was Francis Crick. A physicist by training,
he was working at applying physics and chemistry models to biology, and
he was acquainted with crystallography from working with Perutz on the
structure of hemoglobin. Crick shared Watson’s conviction that DNA was
more important than proteins and it was this common interest that brought
them together.

“From my first day in the lab I knew I would not leave
Cambridge for a long time. Departing would be idiocy, for 1
had immediately discovered the fun of talking to Francis Crick.
Finding someone in Max’s lab who knew that DNA was more
important than proteins was real luck”*,

Inspired by Linus Pauling’s success in protein structure research, Watson
and Crick decided to apply Pauling’s methods. “Within a few days after my
arrival, we knew what to do: imitate Pauling and beat him at his own
game . This is why they applied considerations of a chemical (an estimation

42 E_Schrodinger, What is life? Cambridge University Press, Cambridge, Britain. Translatedinto French
by Léon Keffler, Qu est-ce que la vie (L’aspect physique de lu cellule vivanfe),ed. Christian Bourgois
Editeur 1986.

43 C.Debru, op. cit.
44 J.D,Watson, op. cit. p. 79.
45 Ibid, p. 46.
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of the force between atoms) and stereochemical nature when they analyzed
the DNA crystal X-ray diffraction photographs that showed a helicoidal
structure “provided” by Maurice Wilkins and Rosalind Franklin®®. In addition
to this, Crick and Watson paid attention to Chargatf and Griffith’s observations
on the relationships between the purine and pyramidine bases and managed
to deduce the structure of DNA. In doing so, they beat several well renowned
scientists and their teams*’ to the winning post in this scientific race.

The Crick and Watson Model

The initial article on DNA structure and its role, the “princeps publication™
that would found molecular genetics, appeared as a “note” to the scientific
journal Nature on 25 April 19538, The article also mentioned Pauling and
Corey’s hypothesis*® of a three-stranded interlaced structure and Fraser’s
theory of another three-stranded structure, two hypotheses that the authors
refuted. The fundamental description of the structure as discovered was as
follows:

“We wish to suggest a structure for the salt of deoxyribose
nucleic acid (DNA). This structure has novel features which are

46 Regarding Rosalind Franklin’simportance inthe “Double Helix Adventure,” please consult Anne Sayre's
Rosalind Franklin and DNA, ed. Norton, New York, 1975, and Klug’s article “Rosalind Franklin and the
discovering of the structure of DNA”, Nature, vol 219, 24 August 1968, pp. 843844,

47 For a detailed account of this scientific adventure, refer to the following works: J.D. Watson’s The
Double Helix, Penguin Books, firstpublished by Weidenfeld and Nicolson 1968, trad.fr. La Double Hélice,
Collection Pluriel, ed. Laffont, 1984, and for a less onc-sided account, Horace Freeland Judson, The
Eighth Day of Creation, ed. Penguin Books, 1995. First published by J. Cape Ltd. 1979.

48 ) D. Watson and F.H.C. Crick, “A structure for deoxyribose nucleic acid”, Nature, vol. 171, 1953,
reprinted in some editions of Watson’s The Double Helix. Tn the same edition of Nature this article was
followed by two others, one by M.H.F Wilkins, AlexanderR. Stokesand H.R. Wilson, “Molecular structure
of deoxypentose nucleic acids™, pp. 738=740, and the other by R. E. Franklin and Raymond Gosling,
“Molecular configuration in Sodium Thymonucleate”, pp. 740-741. These two articles confirmed the
model proposed by Crick and Watson so well that the latter published a new article in Nature on 30th May
1953, pp. 964-976the “Genetical implications of the structure of deoxyribonucleic acid” which explored
the genetic consequences of the proposed structure.

49 L. Pauling and Robert Corey, “A proposed structurc for the nucleic acids”, Proc. N.A.S. vol. 39,
pp.9697.
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of considerable biological interest (...} This structure has two
helical chains each coiled round the same axis {...). Both chains
follow right-handed helices (but not their bases) and are related
by a dyad perpendicular to the fibre axis. Both chains follow
right-handed helices, but owing to the dyad, the sequences of
the atoms in the two chains run in opposite directions. (...} the
bases are on the inside of the helix and the phosphates on the
outside. (...). The novel feature of the structure is the manner
in which the two chains are held together by the purine and the
pyrimidine bases. The planes of the bases are perpendicular to
the fibre axis. They are joined together in pairs, a single base
from one chain being hydrogen-bonded to a single base from
the other chain, so that the two lie side by side with identical
z-co-ordinates. One of the pair must be a purine and the other
a pyrimidine for bonding to occur. The hydrogen bonds are
made as follows: purine position 1 to pyrimidine position 1;
purine position 6 to pyrimidine position 6.

If it is assumed that the bases only occur in the structure in the
most plausible tautomeric forms (that is, with the keto rather
than the enol configurations), it is found that only specific pairs
of bases can bond together. These pairs are: adenine (purine)
with thymine (pyrimidine), and guanine (purine) with cytosine
(pyrimidine). (...) The sequence of bases on a single chain does
not appear to be restricted in any way. However, if only specific
pairs of bases can be formed, it follows that if the sequence of
bases on one chain is given, then the sequence on the other
chain is automatically determined. (...) The previously published
X-ray data on deoxyribose nucleic acid are insufficient for a
rigorous test of our structure. So far as we can tell, it is roughly
compatible with the experimental data”>®,

50 J.D. Watson and F.H.C. Crick, “A structure for deoxyribose nucleic acid”, Nature, vol. 171, 1953,
reprinted in some editions of Watson’s The Double Helix.
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“It has not escaped our notice that the specific pairing we have
postulated immediately suggests a possible copying mechanism
for the genetic material”>!,

Each of the strands acts as a template for the production of two double
helixes identical to the first, since once the base sequence is defined on one
chain, the sequence of the other chain is automatically determined. It is easy
to see this as a model of an autocatalytic molecule. Crick and Watson’s
proposed structure carried within itself the means for replication. Indeed,
another fundamental characteristic of the model proposed by Crick and
Watson is the discovery of a structure that directly reveals its own function:
the faithful replication of a message. The three-dimensional structure of
DNA is the base for something far more fundamental the one-dimensional
structure of the irregular sequence of bases.

DNA’s capacity to reproduce with total accuracy, an accuracy so absolute
that the two daughter helixes of DNA are utterly identical, goes against the
law of information degradation put forward by Claude E. Shannon and Léon
Brillouin, a law which can be resumed as, “in any transmission of information,
there is degradation of the information”.

The symmetry of DNA is forever reconstituted due to the nature of base
pairing. In showing that the symmetry of DNA, this enormous irregular
crystal to use Schrodinger’s words, undetlies its invariance, Crick and Watson
took a vital step in further understanding the most remarkable property of
biological systems.

One of the consequences of Crick and Watson’s discovery, which had
great importance in the development of molecular biology and biotechnology,
was that it finally gave a plausible material solution to the old genetic notion
of mutation. Hermann Muller had received a Nobel prize for showing that
it was possible to induce mutation with X-rays>? but no-one had, as yet,
suggested what was modified. If the essential factor in DNA was the linear

S Ihid, p. 237.

52 Please sce Herman Muller's work, Studies in Genetics: The Selected Papers of H.J. Muller, Indian
University Press, Bloomington, 1962, quoted by Horace Freeland Judson, The Eighth Day of Creation,
op. cit., p. 626.
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sequence of coded information, a mutation would alter in that sequence. The
law of complementarity provided a very simple explanation: during the
reproduction of hereditary material, when a DNA molecule is replicating
into two daughter molecules, there are sometimes errors. These result in the
wrong base being paired on one of the two DNA strands. In the following
generation, one of the strands which is acting as a template will already
have an error, and it will be faithfully copied, perpetuating the partial alteration
of a nucleotide.

Crick and Watson’s model thus confirmed Schrodinger’s hypotheses.
DNA is, indeed, an irregular autocatalytic crystal, but most of all, it is the
base for genetic information encoded in the linear alignment of the bases.
DNA is clearly the physical base for the hereditary message. With this
fundamental discovery, hereditary mechanisms can now be explained in
terms of the information transmitted.

With the advent of cybernetics, in 194333, and the mathematical theory
of communication4, information was becoming one of the key concepts in
the interpretation of phenomena linked to telecommunications®®. In 1953,
information also became the concept that helped in understanding the
mechanisms at work in life sciences, thus confirming Schrodinger’s intuition
that the apparently strictly deterministic deciding factor in the future
development of a living thing is a code that is passed on from generation
to generation, a code that would contain the entire pattern for the future
development of the individual and the way it would behave as an adult3,

33 Norbert Wiener, Arturo Rosenblueth and Julian Bigelow, “Behaviour, Purpose and Teleology”,
Philosophy and Science, 1943,pp. 18=24, Warren §. McCullock and Walter Pitts, “A logical calculus of
the ideas present in nervous activity”, Bulletin of mathematic biophysics, vol. 5, Dec 1943,pp. 115-133,
Norbet Wiener, Cybernetics or control and communication in the animal and the machine, Librairie
Hermann et Cie, Paris, 1948, later editions: MIT Press, Cambridge, Mass.

54 Warren Weaver and Claude E. Shannon, The mathematical theory & communication, the Board of
Trustees of the University of Illinois, trad. fr. J. Casnicr, G. Dahan and S.Economides, Théorie mathématique
de la communication, Retz-CEPL, Paris 1975.

55 For the history of cybernetics, information theory and the emergence of the communications
interpretations of the natural and social phenomena, refer to Philippe Goujon’s Les voies de ['information,
de la communication a la complexité, Doctoral thesis defended in Dijon (France), June 1993.

3 E. Schrodinger, op. cit., p. 71.
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The importance of the concept of information was reinforced when the
British biochemist Frederick Sanger first sequenced a protein — the insulin
molecule.

3.3 The First Sequencing of a Protein: Insulin

In 1945, Frederick Sanger began to determine the free amine groupings of
bovine insulin, the amino acid composition of which had already been well
analyzed>’. Sanger chose insulin because it was the only protein which he
could buy in large and relatively pure quantities. It was a lucky choice
because insulin later turned out to be one of the smaller proteins and was
therefore, easier to sequence. Nevertheless, it took Sanger a decade to
fragment the insulin molecule, separate out the resulting chemical components
and rearrange them in their correct order.

Sanger was armed for his task with the analytical methods of organic
chemistry, the decomposition or hydrolysis of molecules and the study of
the nature of decomposition products. But this work also needed the new
technique of silica gel column chromatography, which separated the
derivatives of amino acids in accordance with their degree of sharing, with
two solvents, one of which was absorbed on the silica gel®®, It also led to
the development of a new method for the identification and quantitative
estimation of the free amine groups by the formation of derivatives of
dinitrofluorobenzene (DNFB)®. Sanger treated the protein with DNFB,
hydrolyzed it and determined the nature of the dinitrophenyl amino acid he
had obtained. Hypothesizing that insulin had a minimal molecular weight of
12,000 (which would later be proved to be two times too high), Sanger

57 See J.S. Fruton, Molecules and Life, New York, 1972,p. 172

38 Chromatography on paper; then the use of columns of ion-exchanging resins have since replaced this
technique.

59 Amino acids, in fact, form very stable dinitrophenyl derivates when treated with this chemical which
fixes on the free amine functions. The derivates are coloured, while DNFB derivates fixed with phenolic
hydroxyl or histadine imidazole do not have any color.
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showed that there were two terminal glycine and phenylanine residues as
well as residues of two dinitrophenyl derivates on the e-aminate group of the
lysine®. He concluded that insulin must be formed by four polypeptide
chains linked by disulfide bridges that had already been discovered. The
oxidation of the disulfide bridges should lead to two types of free chain.
Sanger supposed that they would be identical to each other. He hydrolysed
their dinitrophenyl derivative and studied the sequence of the tetrapeptide
carriers for the NH, terminal extremities (the ones for the tetrapeptides that
were carrying lysine in the B chain®!). From his estimation of sulfur residues
in the a and B chains, he proposed several structural hypotheses for the
position of the disulfide bridges, one of which was correct. It proposed a
structure with a molecular weight of 6,000 which consisted of an a-chain
and a [-chain linked by two disulfide bridges, and further on the a chain,
an interchain disulfide linkage point®2.

In 1950, the French biochemist Claude Fromageot used the reduction of
free carboxylic groups to study the nature of amino acids at the C-terminal
ends of insulin. He identified alanine and glycine (albeit in the latter case
incorrectly).

In 1951, Sanger looked at the B-chain sequence, which carries a N-
terminal phenylalanine residue, and the C-terminal sequence, which was
Phe-Val-Asp-Glu. The 3-chain was hydrolyzed with concentrated hydrochloric
acid. Sanger used electrophoresis, the absorption of ions on exchange resins,
and paper chromatography to separate the various peptides. It was then
possible to identify the peptides and try to reconstruct the whole sequence.
However, this could not be done just through acid hydrolysis, which was a
method of some ambiguity. Sanger also had to use proteolytic enzymes
(trypsin, chymotrypsin) which produced longer peptides. The combination
of the two methods allowed Sanger to establish the sequence of the B-chain

60 F, Sanger, “The free amino group of insulin”, Biochemical Journal, vol. 39, 1945, p. 514.

81 F. Sanger, “Some chemical investigation on the structure of insulin”, Cold Spring Harbor Sympesia,
vol. 14, 1949, pp. 155-156.

2 Ibid, p. 158.



3 The Foundations of the Heralded Revolution 137

of insulin, a thirty-residue chain, without any ambiguities®?. In 1953%, he
determined the sequence of the a-chain, which had 21 amino acids, and in
1955, he found the exact position of the disulfide bridges.

Sanger’s results were of extreme importance for protein chemistry .
Even if the techniques he was using could not be applied to much larger
molecules than insulin, which only has § 1 amino acids, their results supplied
an additional argument for the chemical specificity of proteins. This chemical
specificity is typified by the uniqueness of the sequence of amino acids in
the polypeptide chains. Revealing this sequence was not beyond the reach
of chemists, even for complex molecules. Furthermore, it was possible that
the sequence was a translation of the nucleotide sequence in deoxyribonucleic
acid, which had by then been recognized as the carrier of genetic
characteristics. Revealing the mechanisms and the code used in tranglation
became a real challenge to biologists.

Following the discovery of the double helix, the genetic code was finally
clucidated, as was the principle for decoding it and the transcription of
genetic information. The cybernetic mechanisms that micro-organism genes
obey; i.e., the means by which unicellular organisms adjust the workings of
the expression of their genome to the environmental conditions, had been
revealed. This was a revolutionary clarification of the behavior of creatures
that had, until then, been considered inferior — bacteria. It revealed that the
bacterial cell is a genetic factory that can adapt itself to many situations.
Thanks to its “programming”, the genectic information and the regulations
that control the working of structural genes, a bacteria can deploy finely
tuned strategies to deal with all sorts of modifications in its environment.

Molecular biology had delivered up the most fundamental aspects of
heredity; the information encoded in the double helix, the mechanisms of
transfer of genetic information and its translation into proteins. It thereby
provided a key to the molecular ontogenesis of a large number of complex

3 E Sanger, “The arrangement of amino-acids”, Profein Chemistry, vol. 7, 19.52, pp. 55-57

64 F. Sanger and E.O.P.Thompson, “The amino-acid sequence in the glycyl chain of insulin”, § and 2
Biochemical Journal, vol. 53, 1953, pp. 353-374.

5 The sequencing of insulin earned Sanger his first Nobel Prize in 1958
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biological structures%. Three great principles had been established by the
end of the 1960s: the universality of the genetic code, the central dogma®’
and colinearity %8, These clearly symbolize the journey and successes of
molecular biology since the discovery of the double helix. The details of the
history of this journey and the discoveries made along the way has been
well described since its importance attracts science historians. It is therefore
not necessary to go over it again,

The discovery of the structure of DNA by Crick and Watson had an
impact as important as that of atomic theory in physics. It was one of the
founding elements of molecular biology and genetics. The elucidation of the
three-dimensional structure of hereditary material was a considerable step
forward. Avery’s work had built the bridge firmly between biology and
chemistry, and now there was a bridge between biology and physics. It was
at the level of the tell-tale macromolecules that the great phenomena of
heredity could be analyzed. Everything was in place for the development of
molecular biology, which was to progress so rapidly in the course of the
following twenty years that it became the focus of most, if not all, biological
research.

A talented biologist, who was a convinced opponent of molecular biology,
E. Chargaff, had nevertheless, an eminent role in the clarification of the
structure of DNA. However, several years after Crick and Watson’s
publication, he was still to be heard saying that all this molecular biology
was not going to further our knowledge of medical matters, or indeed in any
applied sector at all, “by an inch”. Twenty years passed before the first
applications of molecular biology were obtained, thanks to a whole set of
innovations. These included the development of methods for the determination

6 For the story of these discoverics, consult Horace Freeland Judson, ep. ¢if, and Frangois Gros, Les
secrets du géne, ed. du Seuil, Paris, 1986.

7 This central dogma can be stated as follows: “In biological systems, genetic information always travels
from the genes to the ribonucleic acid messengers and from these mRNAgs towards the proteins.” It
summarizes fifteen years of research on the mechanisms of gene expression.

8 The notion of colinearity is the idca that, in a cell, onc might always cxpect to tind a colincar and
vectoral adjustment of the alignment of the DNA codes and the alignment of amino acids in the protein
coded by that DNA.
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of the sequence of nucleotides of nucleic acids and for recombinant DNA
technology (techniques of DNA manipulation allowing the isolation of a
gene, the insertion of an isolated gene and, when necessary, the modification
of the gene in cells of an organism different from that from which it came
in order to make it produce a substance that is foreign to it).

3.4 Techniques of DNA Sequencing

Methods for sequencing DNA appeared in the early of the 1970sas extensions
of the protein sequencing work that had been carried out since the mid-
1940s. As mentioned earlier, in 1953 F. Sanger managed to determine the
order of amino acids of the insulin protein, which is used for the treatment
of diabetics. Protein sequencing was given a major additional push in 1950,
when Pehr Edman, of Lund University in Sweden, discovered how to take
onc amino acid off the end of a chain at a time®. By persistently removing
one amino acid at a time from the end of a protein, the sequence could
literally be picked out. Previous methods required the fragmentation of
proteins into little pieces, the analysis of the order of amino acids in each
fragment by various methods and the re-ordering of the sequences obtained
in order to find the molecule’s entire sequence. Edman’s method was not
only easier to understand, it was also eminently adaptable to automation. By
1967,tools for determining the sequence of protein amino acids were coming
onto on the market”™. Over the years, these have developed into fast and
trustworthy protein sequencing instruments’!,

69 pchr Edman, “A method for the determination of the amino acid scquence in peptides” Acta Chemica
Scandinavica, vol. 4, 1950, pp. 283-293.

70 The various contemporary methods are described in detail by B. Durand in “Séquengage de ' ADN™,
Le Technoscope de Biofutur, no. 23, October 1988, pp. 3-13, and by L. M. Smith in “DNA Sequence
Analysis, Past Present and Future”, 1.8 L., October 1989, pp. 8~19.

78 MW. Hunkapiller and Leroy Hood, “A gas-liquid solid phase peptide and protein sequenator”, Journal
o Biological Chemistry, vol. 256, 1981,pp. 7.990~-7,997. Also M.W. Hukapiller and L.E. Hood, “Protcin
Sequence Analysis: automated microsequencing”, Science, vol. 219, 1983, pp. 650-659.
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The next step was to progress from sequencing proteins to sequencing
RNA2, It took Robert W. Holley”? and his colleagues at Cornell University
seven years to determine the order of the 77 bases that constitute one of the
forms of RNA. Like the first methods of sequencing proteins, they broke the
RNA molecule into little fragments and reconstituted the order of the original
molecule. For several years, DNA sequencing was carried out by transcribing
it into RNA and then fragmenting the RNA and sequencing it from the small
chunks. This is how in 1971 the first DNA sequences were published, namely
the complete sequence of the nucleotides of the cohesive ends of the DNA
of bacteriophage lambda (A)74.

Sanger understood that all these methods were too slow and delicate for
use on large expanses of DNA , as he also understood the need to develop
new methods of DNA sequencing. He had worked on the protein product of
a gene, so it does, in retrospect, seem logical that he should progress to
sequencing the gene. Sanger himself was not so sure. He was still very
interested in proteins, and he continued to dedicate his time to them. In
1962, he went to work in a new molecular biology laboratory that had just
been built in the suburbs of Cambridge, England, where he joined such
famous biologists as Perutz, Crick and Brenner. This was a decisive move.
As he recalls, with researchers such as Francis Crick around him, it was
difficult to ignore the nucleic acids or not to realize the importance of
sequencing. The chemical composition of DNA, the four bases that are the
bricks of its construction, its structure and the code linking the nucleic bases
to the amino acids (3 bases coding for one amine acid) had all been elucidated.
But although we understood the genetic alphabet, we could not, as vyet,
easily read the order of the letters formed in DNA.

72 RNA: nbonucleic acid: a macromolecule that resembles DNA and is involved in the decoding of genes
into proteins. Its base sugar is ribose. There are three large categories of RNA: ribosomic RNA, transfer
RNA and messenger RNA. The latter is the true matrix for protein formation.

3 RW. Holley et al., “Structure of ribonucleic acid, Science, vol. 147, 1965, pp. [, 462—1, 465 and
R.W. Holley ef al., “Nucleotide sequence in the veast alanine transfer ribonucleic acid”, Journal of
Biological Chemisiry, vol. 240, 1965, pp. 2, 122-2, 128.

74 R. Wu and E. Taylor, “Nucleotide sequence analysis of DNA I1. Complete nucleotide sequence of the
cohesive ends of bacteriophage Lambda DNA”, Molecular Biology, vol. 57, 1971, pp. 491-511.
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In order to bring out the sequence of the nucleic bases, a faster means
of reading the order of the bases along the DNA needed to be developed.
It was not an easy task, and the tools derived from protein sequencing were
far too slow. The main problem with DNA was its enormous length; the
smallest pure DNA then available was that of the bacteriophage genome,
which was 5,000 nucleotides long. Since sequencing, at that time, was at the
rate of a few dozen nucleotides per year, it was clear that a new method had
to be found. Sanger turned the problem upside down. If the method of
breaking DNA up into little pieces and then putting them back together until
the entire sequence was clearly not appropriate, why not start at the bases,
and for a given strand one wants to sequence, reconstruct the DNA from
zero. The tool he chose for this task was an enzyme called DNA polymerase.
DNA polymerase (discovered during Nobel prize-winning work by Arthur
Kornberg 7 at Stanford in 1955), given a DNA matrix as a model and some
deoxynucleotides, will synthesize additional strands of DNA onto the matrix
from the four usual deoxynucleotides (dATP, dCTP, dTTP, dGTP). Sanger
decided that if he could interrupt polymerase in its work as a catalyst in the
formation of the 3’—>5' phosphodiester bridges”® between the molecules,
he could use the information to decode the sequence of that strand.

Sanger’s initial method”” was to provide all the components, but limit

75 A. Kornberg, “Biologic synthesis of deoxyribonucleic acid”, Science, vol. 131, 1960, pp. 1,503-1,508
and A. Kornberg, DNA Replication, W.H, Freeman, New York, 1980.
76 The enzyme DNA polymerase 1 is notjust a polymerase. Tt also has exonuclease activities 5 —»3" and
3’—>5" The cnzyme catalyses a strand replacement rcaction in which the cxonuclcasc function 57 —>3'
degrades the ‘non-pattern’ strand as the polymerase synthesizes the new copy. The DNA polymerase 1
5’ —>3" exonuclease function can be removed by cleaving the enzyme to produce what has been named
the Klenow fragment. This only leaves the polymerase and 3" —>5' exonuclease functions. As synthesis
proceeds in the 5°—>3" direction, each subsequent addition of nucleotides needs a free 3'-OH group to
form a phosphodiester bridge. This requircment also means that a short doublc-strand region with a free
3'-OH group, called a primer region, is needed for the synthesis to begin.
77 On the cvolution of Sanger’s method, refer to the following articles:
- F. Sanger and A.R. Coulson, “Rapid method for determining scquences in DNA by primed synthesis
with DNA-polymerase”, Journal of Molecular Biology, vol. 94, 1975, pp. 441-478.
- F. Sanger, the Croonian lecture, 1975, “Nucleotide sequences imn DN A, Proceedings of the Royal
Society of London, B191, 1975, pp. 317-333.
- F. Sanger, S. Nilken and A.R. Coulson, “DNA sequencing with chain-terminating inhibitors”,
Proceedings o the National Academy of Sciences (USA) vol. 74, 1977, pp. 5,463-5,468.
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the reaction of one of the four bases needed for the synthesis of DNA. The
synthesis would continue until all the deoxynuclotide 5’-triphosphates, of
which there was a limited supply, had been used up’®.

It was a good idea, but in practice the method did not work very efficiently.
The separation of the various fragments was delicate and the results not very
satisfactory. Furthermore, the rate at which the sequences were obtained was
desperately slow. It was at this point that Sanger had the brainstorm that,
according to his memoirs, constituted the high point of his carcer as a
researcher. For each of the four dNTPs, he added a series of four reactions
together, each one containing the four normal dNTPs (one being radioactive)
and for each of the reactions, a specific dideoxynucleotide (ddATP, ddCTP,
ddTTP or ddGTP)” (Fig. 5). The incorporation of ddNTPs stopped the
lengthening. When the reaction was completed, each test tube contained a
set of fragments of varying lengths ending with the same dideoxynucleotide
that had been added in the reaction buffer. The size of the fragments showed
the position of the ddNTP in the lengthening chain. The newly-synthesized
DNA fragments were then ranked by size through electrophoresis for the
four sets.

Using this technique, Sanger and his team managed to sequence the first
genome, the bacteriophage phi X174. Its sequence was published in Nature
on 24 February 19778% (Fig. 6), and was greeted with enthusiasm and surprise
by the world of molecular biology. Sanger had sequenced the first genome,
and in doing se, paved the way for the assault that molecular biology made

78 For cxample, the quantity of dTTP is limiting in the ACGTCGGGTGC sequence, leaving ACG and
ACGTCGGG. The T in the longer of these two fragments is produced just before the reaction runs out of
dTTP. The shortest fragment lacks any T. When Sanger lined up the product molecules in order of length,
it was clear that the 4th and 9th positions should be a T because he obtained chains of 3 and 8 bases. If one
limits the quantity of dGTP in the example just given one ends up with AC, ACGTC, ACGTCG and
ACGTCGGT, which means that G is in positions 3, 6, 7 and 9. By limiting each of the four 3 -triphosphate
deoxyribonucleotides in one of four experiments, it is possible to determine the position of each nucleotide
by putting the fragments from each experiment in length order, and through this, in principle, determining
the entire sequence.

79 Initially, the radioactive INTP was tagged with 32P radioactive phosphorus. Today, we gencrally usc
0-5**-dCTP or -P33-dCTP; but you should notc that only onc dNTP is marked, the other three arc not.

30 F Sanger er al. “Nucleotide scquences of bactcriophage phi-X174”, Nature, vol. 265, 1977,
pp. 685-687.
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Fig. 5 Sanger’s sequencing technique
(After A.D. Woodhead and B.J. Banhart, Basic Life Science: Biotechnology and the human
genome, Plenum Press, New York, 1988, p. 112)

Sanger’s original method is based on the hybridization of a trigger DNA chunk of 15 to
20nucleotides to the single strand DNA fragment that you want to scquence. Then you synthesize
a second strand from the trigger in polymerase and deoxynucleotide triphosphates (ANTPs).
Dideoxynucleotide triphosphates (ddNTPs) are then added during the elongation reaction. As
they don’t have a free 3’-hydroxyle group, they do not allow the elongation of the nucleotide
chain, which is stopped as of when once of the ddNTPs is incorporated. Thus, if
didesoxyadenosines (ddATPs) are added during the elongation reaction in small quantities,
you get a serics of complementary fragments of the matrix of different sizes, cach ending with
an adenosine (A). Fragments ending in cytosine, guanine and thymine (C, G and T) are also
obtained by adding, respectively, ddCTPs, ddGTPs and ddTTPs, Part of the deoxynucleotides
incorporated are marked with 3§ or 3P or ¥P isotopes that emit beta particles that can be
detected on X-ray film, When the reading procedure is automated with a continuous laser beam,
these isotopes are replaced with fluorochromes.

The fragments that come out of the elongation reactions are freed from the matrix by high-
temperature denaturation and separated by gel electrophoresis on polyacrylamide gel, allowing
for the bands to separate as far as a base. Once the fragments have migrated through the gel
far enough, it is fixed, dried and revealed on X-ray film. After the film is developed, you can
read the sequence ott it from top to bottom (from the shortest fragment to the longest). The
last base of cach of those fragments can be identified by the reaction from which it comes.
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CCCTCACCAI’TGACACCCTCCCAATTGTATGTI’TTCATCCCTCCAAATCTTCGA('CCTTTTTTATCCTTCGTTCH/\TTACCCTICTCMTCT(,A('C(IC
ACGAATACCTTCGGTTCCTAACCCCTAACTCTTTCTCATCTITTACGGTGTTCGGAGTTATCGTCCAA ATTCTCGXACCTATGC ACTTYCACTTTT'\ITA)

TTCA
~GTCAGCCGCACACTTACTAATCGGAACGCTGCGCAGCCGTCGTTCTIGCTATGCIGGTTATAGTGCTTTTATCAGTGCGTTICGTAACCCTAATAGTATTT!
M CTATCAGTATTITTGTCTGCCICAGTATCGTACAGCTAAT! GCCG’[CTTCAITTCCATCCGGTCCACTITATGCCGM‘ACTTCCTACAGCT:\CCGTTCAC}
gLCCACI\TCCC‘[TGACCCL‘ACCCGTATGACAITCC.TATTCCCGTGCATAAAACCTTCGr\TAAATTCACCCCCCCTMCCCATAGGCTCCTGGTTTTAAI'CC
AGGACGCTTTTICACCTTCTGGTIGCTTGIGGCCTGTIGATG CIAAAGGTGAGCCGCfTAAAGCTACCAGTIATATCGCTGTTGGTITCTATGTC.GCTAA?
(CMCCCTTCAICGCTGTCGMCCAAAAA T AACAAGGTAAGAAATCGAGGATCTGGAAATCCTCGTTCCAGCTATAGACTGAAAAACAATIGCATA
AAGC[GTTCACAATCAGAATCAGCCCCAACTTCGCGAICAAAAIGCICACAATGACAAATCTGTCCACGGAGTGCTTAATCCAACTTACCAAGCTG(‘G Ty
fACCCCCCGGTTTTGCACCCGAICTCAHGMAAG GGTCGCAGTTAGAGTAGAGAGAAAAACGCAAGACGAAGTTATAGACCAACTTGCCGCACCGCAGCA
:\CCTGTGACGACAAATLTGCTCAAATTTATCCCCGCTTCGATAAAAATVAITCCCCTATCCMCCTGCAGAGI‘TTTAIFGCTTCCAT('ACGCAGMGTTA b)
rAAGCCCGTCCTCACCTG AACCTAAATTAAGCATTTGTTCCTICATCATI AAGGACGAAATAGTTCTA’ TD\MAAGCTCA(T/\GTCTTTATAGCCTITC:\CA‘
> AATCAGAAAATTCGACC TAICCﬂCCGCACCTCCACAAGCTC'ITACTT"'CCGACCTTTCCCCATCAACTMCC CTGTCAAAAACTGAS CCCG’ITCC:\TD
CMTTTTACAC’I‘TGTTCTCITACAGAIGGT@CTTCTTTTACAC‘[GAGI’ATAGATTTCGTC AACTCCTTGCACGCTT! CGTAIAAHCGGTC!\ACA\GC(\G

cCC:\GTCAI’LG‘L‘TACC TTTCAAACAATGAGCAGTCTITTAGCTTTAGTAGAAGCCAATTTAGGTITTGCCCTCTICGGACTTACTCGAATTATCTCCGGTTY
GCTCICGTGCTCGTCGCTGCGY TCAGGCTTGCGTTIATGGT ACCCTGGACTTIGTAGCATACCCTCGCTTTCCTCCTCCTCTTGAGTTTATEGCTCCCGT)
CCCCTGCCAGCTCCGCTAATTAITACAMAGGCATTTAAGTCGCGGMCCTACTACTCTG’[CCGGCAAAC‘[TACAACTGCCCTACTTGTATTATTCCTTAC
CTT:\AACCCGCECMTTGTTCGCCTI'TACCTA‘CCHCTACGCGCACCAAACACEGACCTTCTIACTCACGCAGAACMAACGTCCC[CAMAATTACC )
¢ Ice CGAACGCAAATCATCGAGCGTTCCCCACGCCTGCTGGTCCCGCTCGCOETCTTGCAAAMAATCCAAATCTGTAATCTAGTCAGCAAGGT
CGTCTTTCGTATCTACCICGTCAACAATTTTMTIGCAGGCGCTTCCCCCCCTFACTTCAGGATAMTTAIGTCTAAT ATTCA, AACTCGCGCCGAGCCTA)
4 TAGAGCTTICCTICAG! CCCTCGCTATTGCCCTCATCAACTTTACCATTAT'CTGCIGGTTAGACTCGTCGTTCCTI'CCCTICTACCCTITCCA(T[ACCCCCT
GGACGCCGTIGGCGCTCTCCGTCTTTCTCCATIGOGTCGTCCCCTIGCTATTCACTCTACTGTAG, TITACTTITTA r(‘TCCCTCATCGTCACG‘T
(%Y GTITCITITCGCCGTACCAGTTATATTGGTCATCACAATTGICAGCCCTCICCTTACCE TAATTGTCGTAGGAAGTACTTGAATTAGGTCACAAGTGGTAT
GCACCATTAACCCTGATACCAATAAAATCCCTAAGCATITGTITCAGGCTIATITCAATATCTATAACAACTA nTTAAAfFGCCCTGCAIGCCTC;\CCG)
CCx\Cl'CCTCCTTCGCCTCCTCAGGTITA AAAAACTCTAGCGTCGTTGCC I TTCGTATTIGCTCGTAG TACAACTAATTCGAGTAA TCCCARTCGCAGCCAT:
ACTGAGCTTICTCGCCAAATGACGACTTCTACCACATCTATIG, ACATTATGCGTCTCCAAGCTGLTTATGCIAATFTGCATACTCACCMGMCCTGATT)
(‘CTCTCTAATCTCCCGTACTCTTCATTTCCTCCCAACAGTCGCAGTATACTCCAAAATCCAGCTITAC'ITCTITATFCTACTACCATTGCCACGTACTTCA
CGCAICTGGCTAICAI’GTTGATCG.\ACTGACCAAACCICGTTAGCCCAGTITTCTGGTCGTGTTCAACAGACCTA‘IMACATTCTCTCCCCCGITTCTTT)
gTTCAGTTTCCTGGAAATCGCAATTCCAICACTTAGACAAAICAGCGICATCCCCCTTTTGCTTGTTCGCCTTCTCATI'[GTATCACGGTACCAGTCCTI'C
M‘/\CCGATATTC(.‘[CCCCACCCTGTTTTGTATCGCAACTTCCCGCCGCGTGMAYTTCTATG:\AGGATmT[CCGT‘[‘CTC{?TGATTCGTCTAAGMLT[I)
[4 [CTTCCGCCAACGACTTACTTACCCTICGGAAGTTCTTCCACTATTCGICCTCTTTGTATCCTTCCGCGTATIGCTATGGIGACTCCGACTCCTTAGAAT
GGTCATTTGCAAGAACGCGTACTTATTCCCAACCATGATTATCACCACTGTTICAGTCGTTCAGTICTIGCAGTCGATAGICT LACCLCATGTGACFUT)
(¢ CGCCGTTTTTAATT TTAAAAATGGCGAAGCCAATATIGGAGTGTCAGTTAGAAAATACTGCTTCACTACTAACTTAGCGCTCACCAGCCGTCTAACGCTA!
.GACCCCTTGACC:\AGCGAACCCCGCTAGCTTTTCI‘GCYT GAGTTT/\ATCATCTTTCACACTTTTATTTCTCCCCACAAITCAAACTTFITTTCTCAI’)
cATTCCCAGETTCATACT'KTTATATTCCMCTG CTACATCGAAATCCACAGACATTTTGTCCACGGCTTCTICCACCTCATIGTCTICACTCTIGGTCGAAS
ATGCTCCTAATCGTCCTITICTT CATTGCATTCACATCGATACATCTCTCAACCCCGCIAATCAGGZT(‘TTTCACTTCGTGCTGATATTGC[TITC/\ICC)
TACCGCIGGTAGGTTITCCTATTTGTAGTATCCGTCAGCCCTCCCATCAGCCTIGGCTTCTTCTGAGTTTCGCTITCCTITGTCCCTTTTITAAATCCCAGE
.\ICCTCGTI'ATTATACCGTCAAGGACTGTGTGx\CTAT\'GACGICCTTCCCCGTACCCCCFCCAATAACCTCTACCTT%TFTCATGGHTC{;T(‘TMFT)
4 ICCTCCTTT(T[ATTTACTCCAC[CMTTCACCGACCTCTGTTTATTAGM'AAAT\'A TTGCACTAAGTCGCTTTCGTTAGGCGCCCTAAATCATCGCCATT!
ATTGCIGGLGGTATICCTTCIGCTCTIGCTCGTCGCGOCALGTC TAMI TG ITIGCALGCLST! ,AAAM('CCGCC‘YCCGCTCGC\TYCAAGGTGAYGTGC?
C TTTCATCCCCGCCCC'\CTACTCCCAATCCATCIAATCTCCCAACTTACCGTCTAAATTAT(,CTCF TAGTGGGTACGGATGTCATAACAATAGCCATCGTT
GTTTCT! CTAAAGCTGGTAAAGGACTTCTTGAAGGTACGT TGCACCCTRGCACTICTGCCGTTTCTGATAAGT TGCTT! CI\TTTCGITCGA)
gCTAGTCGTGGTCFTCCCACGGT‘CCTMTTCGACTCCl'TTACG TCGTCGITCTATTAGTCCTCATAGGAAAG CAAAI»\('TCGCCGT(‘TCAACCCTCGTTC
CTITCCTCTGCIGGTATCGTICACGCCGCATITGAGAATCAAAAAGAGCT TACTAAAATGCAACTGGACAATCAGAAAGAGATTGCCG \CATCCM/\AICA)
(GAAGA(.AACTATTCCTTCGTACACTMMCAC(_TKATAIFGACCAGAAAGC:\TMGACCCCAC'ITCAGCCGCTGACTTACC('TCCTTAGAC.\AAAACI C
GAGTLTACTICCTICGCGTTGCGTCTATTATGGAAAACACCAA TCTTTCCAAGCAACACCACGTTTCCCAG:\ITATCCGCCMATCCTTACTCAAC(‘TC AAAY
CATCGCGACTAACACGCAAACGACTACTTCATTCACTTGCACTCGTG.\TTGC/\ACCC‘IC AGTAAAGAAACTAAACCACTAACCATTTTATGACTGGTCGUC
TGCCTCTTCTCATATIGCCGCTAC'IGCAAACCATATTTCTAATCTCGTCACTGATCCl'CCTTCTCGT(‘TGGT[G/\TAI’YTT[CATGCTATECAIAAACU[)
AATAAAGCATCTGTITAATCTCGGTTATGGTAGTCGAAATGGCAGAAAGG TCTT TAACAAGGTTCATAGCLGTTN

Fig. 6 The sequence for the bacteriophage @X 174

This large aperiodic crystal is the scquence of bases for the one chromosome of the
bacteriophage ®X 174. It is the first complete genome ever to be decoded, and it would take
another 2,000 of these headsplitting pages to represent the genomes for E. coli, and about
a million pages to show the DNA base sequences for a human being.

on biological and medical problems during the two decades that followed,
not to mention the new hopes he raised for biotechnology. For this work,
Sanger was awarded a second Nobel Prize in 1980, admitting him to a very
exclusive club®!.

81 Before Sanger, Marie Curie had received a Nobel Prize for physics in 1903 and one for chemistry in
191 1. The phyicist John Bardeen, who invented the transistor and the theory of superconductivity, was
honored with the Nobel Prize for physics in 1956 and 1972. His compatriot, Linus Pauling, received the
Nobel Prize for chemistry in 1954 and the Nobel Peace Prize in 1962, which was aremarkable distinction
for a scientist.
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Degpite these two prestigious awards, Sanger is very modest about his
achievement. In an autobiographical article published in 198832, he pointed
out that of the three main activities needed for scientific research — thinking,
speaking and doing - he, by far, preferred the last because he thought he
was better at it. Affirming that he was neither academically brilliant nor
maniacally competitive, he added that he thought he would not have managed
to get into the prestigious Cambridge University if his family had not been
well off. Sanger is, perhaps in his own eyes, just a man who does experiments,
but he did some of the most brilliant experiments of the twentieth century.

Several thousand miles away in another Cambridge, in America, Allan
Maxam and Walter Gilbert of Harvard were developing an entirely different
method of sequencing at the same time. Gilbert was a theoretical physicist,
but he turned to biology in 1960, at the age of 28. Within a few years, his
work earned him the American Cancer Society—sponsored tenure at Harvard
University. Gilbert’s first major contribution to molecular biology was the
discovery of a protein repressor®3, a biological entity predicted by Jacques
Monod and Frangois Jacob® to be involved in the inhibition of gene
expression when the gene’s role in protein synthesis was not required by a
cell. The characterization of the identity of this genetic repressor was very
difficult, and Gilbert’s success established his reputation as an accomplished
researcher.

Along with Maxam, Gilbert looked at the regulatory region of the lactose
operon, mainly the site recognized by the repressor protein. They isolated
a DNA fragment from this region and showed that a small part of the DNA

L Sanger, “Sequences, sequences and sequences”, Annual Reviews of Biochemistry, vol. 57, 1988,
pp. 1-28.

83 Walter Gilbert and Benno Muller-Hill, “Isolation of the lac repressor”, Proc. N.A.S., vol. 56, 1966,
pp. 1, 891-1, 889.
34 F. Jacob, “Le temps des modeles: la regulationbinaire”, in A, Lwoff and A. Ullman, Les origines de la
biologie moléculaire, ed. Etudes Vivantes, Col. Academic Press, 1980.

1. Monod and E. Jacob, “Teleonomic mechanism in cellular metabolism, growth and differentiation”,
Cold Spring Harbor Symposia, vol. 26, 1961, pp. 389-401.

I. Monod and E Jacob, “Genetic regulatory mechanisms in the synthesis of proteins ,J. Biol. Chem.
no. 3, 1961, pp. 318-356.
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was protected from enzyme degradation when the repressor was present.
The protein repressor was linked to the DNA, and it protected it from
digestive enzymes. They transcribed this short chunk into RNA and spent
two years laboriously finding the sequence of the short strand’s 24-base-
pair® DNA region using the methods of fragmentation and reconstruction
that had proved so useful in the first protein sequencing efforts.

During this research, they were visited twice by a Soviet researcher,
Andrei Mirzabekov. His first visit in the mid-70s was very brief. He was
trying to find a way to break DNA at predetermined base pairs by selectively
adding methyl groups to specific DNA bases. Mirzabekov had discovered
that dimethyl sulfate destabilizes DNA and leads to a breakage specifically
at the adenine (A) and guanine (G) bases. Mirzabekov, Gilbert, Maxam and
a postgraduate student, Jay Gralla, discussed a possible use for this type of
specific DNA fragmentation reaction. They alrecady knew the sequence of
the lac operator to which the repressor binds but wanted to know exactly
where the protein link was. The idea was that the protein link did not just
block the methylation enzymes but also blocked the chemical methylation,
that is, the addition of methyl groups (CHs) to the DNA bases. If they
compared the DNA fragments with and without the repressor, there should
be a chunk of DNA which would break easily without a repressor but which
would be protected by its presence. The first experiment had no decisive
results, but later experiments were more successful and were reported at a
Danish symposium in the summer of 1975 %,

These results were an independent verification of the digestion
experiments, but the direct chemical fragmentation of DNA produced a far
more specific profile of the link. The new method (Fig. 7) had an extremely
interesting and seductive characteristic. If one could discover the reaction
conditions for the selective fracture of DNA at each of the four bases from

85 W. Gilbert and A. Maxam, “The nucleotide sequence of the lac operator”, Proceedings o the National
Academy of Science (USA), TO(12), 1973, pp. 3, 581-3, 584,

8 W. Gilbert, A. Maxam and A. Mirzabekov, “Contact between the lac repressor and DNA revealed by
methylation”, in Vinth Alfred Benzon Symposium, Copenhagen: Control & ribozome synthesis, ed.
Nokjeldgaard and O.Maaloe, Academic Prcss, New York, 1976, pp. 139-143.
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which all DNA is made, one could read the DNA sequence directly just by
separating the fragments according to length. Maxam adjusted the reaction
conditions until he could fragment DNA only at the G base or at the A and
G bases at the same time®7. If a fragment appeared in both reactions, it was
a G. If it appeared in the A+G reaction but not in the G reaction, it was an
A. Maxam then discovered a similar method for breaking DNA at the cytosine
(C) and thymine (T) bases. The base at any position in DNA could then be
inferred from the fragmentation in four separate chemical reactions. A
sequencing method had arisen®8,

Late in the summer of 1975, while Gilbert was traveling in the Soviet
Union, Maxam gave a speech to the annual New Hampshire Gordon
Conference on nucleic acids. At this meeting, he distributed a protocol for
“Maxam-Gilbert” sequencing. Their method for sequencing DNA wasn’t
published until 1977%.

Sanger was not very happy at the appearance of a competing sequencing
method®’, though it was later seen to be complementary in power and
efficiency. The approach that people use varies according to what is being
sequenced and the way in which the DNA has been prepared, although it
could be argued that today Sanger’s technique is more widely used. Sanger’s
initial method has, however, been greatly improved in the intervening years
as it was excessively onerous for very long DNA fragments (2,000 bp and
more).

Other methods have also been described that allow the subcloning stages
to be cut down by using the same cloning vector to get two bits of information,
by tinkering with the type of vector or on the trigger oligonucleotides used
and by modifying the initial cloning methodology. One of these adaptations

87 The reaction chemicals for the first and second reactions and dimethyl sulfate and piperidine for the
purines (A and G) and hydrazine and piperidine for pyrimidines (T and C).

88 @.B Kolata, “The 1980 Nobel Prize in Chemistry”, Science, vol. 210, 1980, pp. 887—889.

¥ A.M. Maxam and W. Gilbert, “A new method for sequeneing DNA”, Proc. Nat. Acad. Sci, vol. 74,
USA, 1977, pp. 560-564. This sequencing method was to earn Walter Gilbert the Nobel Prize, but we
must also associate Maxmam with this method, because although he did not also receive the Nobel Prize,
at the time he was a technician in Gilbert’s laboratory and played a great part in the work.

90 E_Sanger, “Sequences, sequences and sequences”, ref cif.



148 From Biotechnology to Genomes: A Meaning for the Double Helix

A - Marguage radioactif et isolement

fragment GADN
E!

-

\ gengwraton
— = 2yl
— |

anryme ca fesinctinn

B _Reactions chimigues

«LAGTTCGGATGCCGAT « moaricalion chimigue de 1a bass,

«CAGTTCGGATGCS &l counura au hrveau e la pase moathée

A Iexemore estia
~-LAGTTCGGAT 206 Guanines par e timethytsullate
~-LAGTTCG o en toncnon aes reaculs unbses.
«.CAGTTC

ae
ae iongueur aifférente som ootenues

»CA

C - Electrophorese et autoradiographie

gl

G G+A

sens de
SIECIrOONOrasa l

—
— ——

HOOOHF 4 OO

I
-y B~

Fig. 7 The scquencing principle according to the Maxam and Gilbert method

The Maxam and Gilbert method, like that of Sanger, is based on getting fragments whose
size allows the siting of one of the four bases. Single or double-stranded DNA fragments are
tagged with a radioactive marker at onc of their ends and then partially and specifically cleaved
at the base level in four different reaction buffers. The fragments are then separated according
to size in a polyacrylamide gel, and you can read the sequence immediately off the gel.
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ot Sanger’s technique for sequencing very long genes is called “shotgun”
sequencing. Fragments of the gene are cloned in the M13 phage at random
without any information on their organization in its genome. The fragments
are then sequenced and ordered while they are being matched up with the
help of a computer. This method gives good results for very long fragments,
but usually about 20%, which has not been matched up properly, needs to
be resequenced directly.

Given the difficulty of getting hold of missing sequences, more powerful
adaptations of the technique were developed, such as a method of sequencing
by cloning and enzyme deletions, and another of sequencing by dilution
caused by a transposon. A further method appeared known as Church’s
multiplex method®! (Fig. 8). This adaptation of Maxam and Gilbert’s specific
chemical hydrolysis method can also be applied to Sanger’s method. It has
the advantage of allowing the simultaneous analysis of about one hundred
DNA fragments with only one electrophoresis gel.

Other methods have been developed since early 1990, and the automatic
methods for sequencing are becoming more efficient and trustworthy *2. In
any case, between 1974 and 1976 two independent DNA sequencing
techniques were developed, both elegant solutions to a central methodological
problem. The ability to sequence DNA opened enormous fields for
experimentation and completed the other major technical triumph of
molecular biology at this time: the techniques of recombinant DNA. In fact,
before scientists could turn sequencing techniques into commeon practical
procedures, researchers would have to amplify DNA so that there was enough

L G M. Church and S. Kieffer-Higgins, “Multiplex DNA sequencing”, Science, vol. 240, 1988,
pp. 185188,

92 Another interesting method developed by Pohl implies that the traditional form of sequencing by the
Sanger method be followed with the direct hybridization of the fragments obtained by the separation of
the gel on a membrane. A system of enzyme elucidation avoids the need forradioactive tags. The advantage
of the system is that it is possible to obtain long sequences with a higher resolution than with self X-rays.
However, transferring the fragments to the membrane is a very delicate operation. Please refer to the
following articles for a panorama of the evolution of scquencing techniques:

- S. Hohan and F. Galibert, “L’évelution des techniques de séquengage”, Biofurur, Genome Edition,
no. 94, October 1990, pp. 33-37.

- M. Parenty, "A I’ére de ["automatisation”, Biofunur, Genome Edition, no. 146, June 1995, pp. 34-38.
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