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SUMMARY

Modern biotechnology has been transformed from a largely academic pursuit to a
multi billion-dollar commercial bio-industry that is seen as one of the foundations of
the knowledge economy. The sequencing of the human genome is seen as one of the
great achievements of contemporary science. Though narratives of the sequencing of
the human genome concentrate on the leading figures, the Human Genome Project
was the achievement of big science. Big science represents the transformation of
scientific work from a craft-based adhocracy into a form of work conducted within
bureaucratic organisations that employ huge teams of scientists and technicians with
a proliferation of specialised roles. This ‘industrialisation’ of science led many to
describe the Human Genome Project as involving ‘production line’ efforts,

‘sequencing mills’ and an ‘Industrial Revolution’ for biology.

This thesis investigates the experience of work at the Institute, a large-scale
sequencing centre. Entering the ‘hidden abode’ of production, the study examines
the sequence of the human genome as an achievement of labour, rather than the
product of ‘great men’. Interviews were conducted with a range of people across the
‘sequencing chain of production’. The study finds that work at the Institute was quite
unlike the dehumanising, alienating work that might be expected as a result of the
‘industrialisation’ of science. Rather, the work of sequencing genomes recruited the
sentiments of those working at the Institute, producing committed workers. This
thesis examines the generation of commitment at the Institute in comparison to ‘high
road’ models of work organisation. Given the central role of the sequence of the
human genome in the future of biotechnology as a key sector in the knowledge
economy, the Institute is considered with regard to debates around the future of work

in technologically advanced economies.
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PART ONE: PRIMERS AND PRESENTIMENTS

Part One of the thesis, Primers and Presentiments, provides the exploration of the
Institute with context. What is the history of the Human Genome Project? What
analogues for the Human Genome Project and the Institute can we can we find in
the literature on big science? What are the effects on science and on work of

organising in these kinds of ways?

Chapter A, Primers, provides the layer upon which the rest of the thesis is written.
The chapter describes the mythic language, the big historical narrative, and large-
scale economic story of the Human Genome Project. This chapter acknowledges
these as a foundation from which to explore what is missing from these stories;
the everyday descriptions of work, the history of the Institute from the view of
those who sequenced the human genome, and the economic story of labour, not

stock markets.

Chapter B, Anatomies of Work in Big Science, explores the descriptions of work
in big science that are found in the sociological literature. The different levels of
‘bigness’ are considered; that of science as a whole, that of national science, that
of a scientific discipline, and that of a scientific institution. The Human Genome
Project was big science in a number of these ways, but the Institute is a big
science institution. The possible consequences that result from organising work
in such a way are considered in Chapter C, Pathologies of Work in Big Science.
The chapter draws on sociological concepts such as rationalisation and alienation

to suggest the ‘pathologies’ that might mark the experience of work in big science.



[A] PRIMERS

Primers are the short pieces of DNA that are used as the initial building blocks for
synthetic DNA replication. From these starting points strands of DNA are
generated. In that sense, this chapter contains the initial building blocks upon
which this thesis is set down. From these foundations spiral threads of illustration
and argument. A primer is also the initial coating that is used to prepare a surface
for painting. Considered in this way, this chapter is a primer in that it serves as a
layer on to which adheres the elaborations that are explored later in this thesis; the
discussions of big science and big work, the illustrations drawn from the
interview evidence to account for the subjective experience of work at the
Institute, and the examination of the way in which these accounts fit into

discussions of economies.



A1l INTRODUCTION

This chapter contains three distinct sections which, together, introduce a key idea
of the thesis. Section A2, Sequences of Metaphors, discusses the way in which
the Human Genome Project, and the human genome sequence itself, has been
discussed. These discussions have been rich in metaphor and allusion, tending
towards a poetic romanticisation of the human genome, and towards casting the
Human Genome Project as a history of great men. This thesis is a counterbalance
for these kinds of understandings of the Human Genome Project; it was an
achievement of the everyday labours of hundreds upon hundreds of ‘ordinary’
men and women. This thesis, therefore, finds little room for an account that is
framed in terms of questing knights and Holy Grails, but nevertheless it is
important to discuss these kinds of understandings of the Human Genome Project.
The men and women interviewed in the production of this thesis did not live
outside these metaphors and allusions. As we see in Chapter G, The Recruitment
of Sentiment, the way in which the story of sequencing the human genome was
told as being one of great men did not leave the imaginations of the research
participants untouched. For the men and women interviewed in this thesis, there

really were heroes and villains.

The subject of section A3 is clear from the title; 4 History of the Human Genome
Project. This section of the chapter draws primarily on the wide range of
secondary sources that are available; journalistic, historical and sociological,
coupled with accounts from some of the leading figures, to produce a potted
chronological narrative of the Human Genome Project. This serves the purpose
not only of putting this thesis in the appropriate historical context, but also works
as the basis for drawing out the interconnections between the biographical

accounts provided by the interview evidence and the larger events of history.

The final section of this chapter foreshadows the discussion of the concluding
chapter of this thesis, Chapter J, The Institute and the Knowledge Economy.
Section A4, Genomes and Economies describes the ways in which both the

science and the knowledge of the human genome has never been ‘pure’. Doing



science is always an economic activity, and scientific knowledge is always an
economic object. In this, the Human Genome Project and the sequence of the
human genome are not unique. A4, Genomes and Economies provides examples
of the various ways in which the economic nature of the Human Genome Project
has been written in to the existing accounts. But it also argues that a key part of
the economic existence of the human genome sequence has been written out of
these accounts. The Human Genome Project has an economic life lived through
the preoccupations of the business pages; speculation, share prices, and state
funding. Through the evidence gathered during interviews with the men and
women who worked to sequence the human genome, some parts of the essential
aspect of economic life of the human genome sequence is revealed; the

experience of work itself.



A2 SEQUENCES OF METAPHORS

Genetics, and the Human Genome Project, are metaphor rich. Genetics has

become the culturally big science, replacing the similarly culturally big sciences
of atomic physics and information technology. These had occupied the status of
the big science in the culture of most of the latter half of the twentieth century.

The science fiction cinema of the time is a testimony to the hold these sciences
had over the imagination. Cinema, of course, is not the limit of culture, and as
with the big sciences that had preceded it, the rise of genetics to being the image
of science in the public mind has led to imaginative and creative ways of speaking
and writing about this science. As the organisationally and politically big science
manifestation of genetics, the Human Genome Project has been the focus of these

metaphors and allusions.

The metaphors at work in genetics and genomics have been explored by others.
Even biological scientists such as Avise (2001) have realised the power of the
language, not only of DNA but abour DNA. Terms such as ‘selfish’ and
‘parasitic’ DNA, notions of genes as being ‘beads-on-a-string’, or of intergenic
regions as ‘genomic deserts’ has shaped the imagination of scientists. But as
interesting as these metaphors are, as much as they serve to shape scientific
knowledges, it is the metaphors and allusions that are deployed to colour the

narrative of doing science which are interesting for the purposes of this thesis.

Both the Human Genome Project and the human genome sequence that it
produced find themselves spoken of and written about in language that is rich in
metaphor, simile and allusion. The Human Genome Project is, according to
various accounts, a quest for the Holy Grail (Gilbert, 1992), a search for the Code
of Codes (Kelves and Hood, 1992), the writing of the Book of Man (Bodmer and
McKie, 1995), the drawing of the Human Blueprint (Shapiro, 1991), and a
mission for the Knights of the Double Helix (Davies, 2001). Indeed, Shreeve
(2004) described Celera Genomics, the home of the private project to sequence
the human genome, as a ‘scientific Camelot’. Nelkin (1994) argues that these are

promotional metaphors, full of promises, but also attractive looking traps towards



which scientists might be lured. It should be noted that Richard Lewontin (2001)
thought it noteworthy that a community made up of largely atheist scientists,
many of whom had some Jewish background, should choose for itself metaphors
that referenced Medieval Christianity. The curious importation of religious
themes into a community that often prides itself on scepticism towards the appeal
of the spiritual can be said to have reached its peak when we find that, in the year
that the draft of the human genome was published, Mauron (2001) wrote an essay

for Science that asked if the genome was the secular soul.

As Anderson (2002) points out, not only does describing the Human Genome
Project as a quest for the Holy Grail lend “the scientific process an air of mystique
and authority” (p. 329), but that metaphors such as code, book, and blueprint
“lend support to the idea that the scientific enterprise will reveal the ultimate,
objective ‘truth’ about the secrets of life” (p. 330). By evoking imaginings of
science such as these, scientists are able to mobilise resources, political and
financial, in support of their research. The idea that any scientific endeavour
might lead to the ultimate truth is epistemologically flawed, as Glasner and
Rothman (2004) point out. Such an assumption is built on extreme flavours of
reductionism and biological determinism. Glasner and Rothman argue that the
metaphors that might be said to more accurately capture the position of the
genome in contemporary science are not the those that allude to the revelation of
religious secrets, those that imagine a comprehensive parts list and a definitive set
of assembly instructions, or even those that paint the Human Genome Project as a
‘spectacular’; biology’s ‘moon shot’!. More appropriate, though much more
prosaic, are the metaphors of tool (for example, Sydney Brenner, quoted in
Davies, 2001, or Charles Cantor, of the DoE, quoted in Glasner and Rothman,
2004) and infrastructure (Hood and Smith, 1987). In less excited language, the
Human Genome Project is thus imagined as a construction project to create the
infrastructure of twenty-first century life science. Not a war, which is a concept
that we consider shortly, not a quest for enlightenment, nor even heroic

exploration, but the collaborative labour of hundreds upon hundreds of peopk. If

' Though the high-profile nature of the Human Genome Project as a ‘spectacular’ cannot have
harmed the relative status of the life sciences in the public and, more importantly, the political
minds.



we must borrow any of the existing metaphors, the metaphor of the human
genome sequence as an infrastructure for science is the one that best complements

the flavour of this thesis.

The feminist writers Rosner and Johnson (1995) note the centrality of ‘male’
heroes that the narratives and images present in these metaphors prompt; these are
men as questing knights, as engineers working on a blueprint, or as explorers
mapping an unexplored wildeness. And this is before we consider the ways in
which the Human Genome Project has been described as a ‘war’; a hyper-
masculinalist understanding of the conduct of science. The Genome War
(Shreeve, 2004) and The Gene Wars (Cook-Deegan, 1994), are the titles of two
relatively popular audience books on the Human Genome Project. It should be
noted that the Cook-Deegan book was published in 1994, several years before
Celera Genomics turned sequencing the human genome into a race for priority
and property. War, in this case, is therefore used as a metaphor for scientific
endeavour, which can only be amplified when the sequencing of the human
genome became a competition with the advent of the race in 1998. With a race
begun, the war metaphor was provided with justification for some in the scientific
community; Wade (2001) relays the story of a Nobel Prize winner comparing
Celera Genomic’s privatised attempt to sequence the human genome with the
annexation of the Czechoslovakia by Nazi Germany. Casus belli. This sort of
language provided the backdrop for a demand that members of the public project
to sequence the human genome should identify themselves with either
Chamberlain or Churchill — to appease the private project or to relentlessly
oppose it. These metaphors of war, and the imaginings that they stimulate, stress
the notion that science is, in its essence, combative and adversarial. These
imaginations are stimulated and sustained in the face of the naked fact that the
Human Genome Project was the largest collaborative project, by some margin,
that there has ever been in the life sciences. Nevertheless, as we shall see in
Chapter G The Recruitment of Big Science, the image of Celera Genomics as a
mortal enemy, particularly as personified by its founder Craig Venter, finds
purchase in the imaginatiors of the men and women interviewed during the

production of this thesis.



It was Walter Gilbert who pushed the idea that the sequence of the human
genome was the Holy Grail of human genetics. Walter Gilbert was, together with
Fred Sanger and Paul Berg, the winner of the 1980 Nobel Prize for Chemistry for
work on sequencing DNA. Gilbert began his academic life as a physicist but in
the 1960s, after contact with James Watson, he moved into the field of molecular
biology (Gilbert, 1980). In a 1985 letter, Gilbert writes; “The total human
sequence is the grail of human genetics — all possible information about the
human structure is revealed (but not understood)” (quoted in Cook-Deegan, 1994,
p. 88). Gilbert maintained this as his metaphor of choice, even titling his
contribution to an edited collection on the Human Genome Project A Vision of the
Grail (Gilbert, 1992). Cook-Deegan (1994) writes of the myth-making metaphor
adopted by Gilbert; “The Grail myth conjured an apt image; each of the Knights
of the Round Table set off in quest of an object whose shape was indeterminate,
whose history was obscure, and whose function was controversial — except that it
related somehow to restoring health and virility to the Fisher King, and hence to
his kingdom. Each knight took a different path and found a different adventure”
(p. 88). Cook-Deegan was suggesting parallels between the Grail mythos and the
sequencing of the human genome. This was before the advent of the private
project in the form of Celera Genomics. Then, the sequencing the human genome
became a race with apparently much more than mere scientific priority at issue.
Scientific priority is usually only of concern to the scientists involved and their
associates and patrons. When sequencing the human gemome became a race
between groups representing public and private interests, the ante on the table was
raised, with high stakes now measured in morality and politics as well as in repute.
This only enriches the mythic tone of the story. Craig Venter, the founder of
Celera Genomics, a formerly publicly-funded genome scientist, can then be cast
as a brash, impatient Gawain. Or perhaps as Lancelot; a brilliant knight whose
story is dominated by a betrayal. He is certainly represented as having heroic
qualities. In Chapter G The Recruitment of Sentiment we see how the people
working at the Institute who were studied in the production of this thesis also
imbued their own leader with heroic virtues. His virtues were described as

qualities of a type diametrically opposed to those ascribed to Venter.



Against the background of these metaphors and allusions, the story of the Human
Genome Project is written as a story of great men. Troubadours sang tales of
gallant knights, and the questing scientists found contemporary writers able to
produce ballads of heroic science. Some of the lyrics the scientists themselves
wrote. It did not matter whether the virtues of the great men in question were
their humility and lack of worldly ambition, as articulated in Sulston and Ferry’s
(2002) accounts of the publicly-funded effort, or were the counter-virtues of
ambition and energetic strategising on political and economic planes, as in
Shreeve’s (2004) and Wade’s (2001) sympathetic accounts of Celera Genomics’

privatised approach to genome sequencing.

A central idea of this thesis is that the accomplishment of sequencing the human
genome was not the result of the quests of knights errant. The story written by
this thesis is not that of a noble Galahad and a brash but flawed Gawain
competing in their Grail®> quests, though this is how the Human Genome Project
might seem when written through with hyperbole, moralising, improbable
promises and a ‘great man’ view of human achievement. This is the case no
matter how journalistic accounts are written, no matter who we choose to cast in
these roles or how many knights our story will set on the path to enlightenment.
The sequencing of the human genome was not big science because it involved a
Round Table of knights who captured the cup of truth and the public imagination
in the bargain. Rather, it was big science because, if we must use the metaphor of
combat and war, it was achieved by the armies of science. And in this, the story
of this war should not be of great generals opposing each other across a map, with
individual soldiers aggregated into regimental and divisional symbols to be
pushed across that map. Rather, it is the story of those regiments and divisions,
which are, when we get inside, characterised as much by cooperation and
community as they are by their opposition to the enemy. The argument can be
made that, in dealing with the infantry of an army of science, this thesis is not
about science simply writ larger, but science that, through its bigness, was

qualitatively different to many of the stories of individualised scientific discovery

2 The Grail metaphor found expression in a number of ways, even in the acronymised name given
to the first gene-finding computer programme; GRAIL — Gene Recognition and Assembly Internet
Link — which was developed at Oak Ridge National Laboratory (Glasner and Rothman, 2004).



by which it is preceded. This is certainly the case for the life sciences, but other
branches of the natural sciences have had their big science manifestations. Some

of these are explored in Chapter B, Anatomies of Big Science.

10



A3 A HISTORY OF THE HUMAN GENOME PROJECT

The Human Genome Project was the beneficiary of fortunate symbolic timing, at
least when considered from the point of view of a culture that sees significance in
years grouped into decades and centuries. The ‘rediscovery’ of Mendel’s work in
1900 provided a kick-start to twentieth century genetics. The structure of DNA,
the molecular carrier of genetic information, was discovered and described in
1953. The successful sequencing of the human genome was announced in 2000
(at a press conference) in 2001 (as a draft sequence) and in 2003 (as a finished
sequence). Some of the key moments in the history of the science of genetics
appear to have been planned, not only to occur at half-century intervals, but at
half-century intervals that coincide with the arbitrary, but highly symbolic,
division of time into centuries. Keller (2000) noted this when she called the
twentieth century the Century of the Gene. Indeed, Keller draws a direct
comparison between the re-discovery of Mendel’s experimental results in three
papers published in the Proceedings of the German Botanical Society in 1900,
with the announcement of the completion of the first draft of the sequence of the
human genome at the White House on 26 June 2000. These very different forms

of scientific communication are the bookends of the Century of the Gene.

However, despite a near century of development in genetics and molecular
biology, which can all be written into the history of genome science, the Human
Genome Project began properly in 1990. This section provides a short history of
the Human Genome Project, drawn largely from secondary sources such as
Davies’ The Sequence (2001), Cook-Deegan’s The Gene Wars (1994), Shreeve’s
The Genome War (2004); first-hand accounts such as Sulston and Ferry’s The
Common Thread (2002); as well academic sources such as Balmer (1993),
Glasner and Rothman (2004), Clarke and Ticehurst (2006), and Kelves and Hood
(1992). Given the fact that the history of the Human Genome Project has enough
pieces, each connected by several different threads, to, evidently, fill many books,
these few thousand words are a limited account. This section divides the history
of the project to sequence the human genome into four parts; pre-1985, which

provides a prehistory of projects to sequence the human genome; 1985-1990,

11



which covers the time period from the Santa Cruz meeting organised by Robert
Sinsheimer in 1985, to the establishment of the Human Genome Project in 1990;
1990-1998, which accounts for the period during which the public project
developed as a big science project without a competitor; and 1998-2003, which
covers the founding of Celera Genomics and the beginning of the race, to the

announcement of the complete human genome sequence in 2003.

Prehistory (pre-1985)

While the Human Genome Project might have begun in 1990, it did not spring
unbidden from the pork barrels of the US Congress, nor was it unanticipated in
the scientific community. It was in the late 1970s when some of the principle
scientific connections were made that created the possibility of sequencing the
human genome. Balmer (1993) argues that key in this was the increasing cross-
over between genetic research and studies in molecular biology. “One significant
point of contact... was the discovery in the late 1970s of... restriction fragment
length polymorphisms (RFLPs)” (p. 6). This discovery suggested that the
mapping — note, not the sequencing — of the human genome was a feasible goal.
This potential, of using RFLPs as an instrument to systematically map the human
genome, was brought to the attention of the wider scientific community in a letter
by Solomon and Bodmer published in 1979. Walter Bodmer is a British
geneticist who was president of the Human Genome Organisation (HUGO)
between 1990 and 1992. HUGO was the co-ordinating body for the international
human genome sequencing collaboration. He also co-authored The Book of Man
(Bodmer and McKie, 1995), a book about the Human Genome Project aimed at a
popular audience. The idea of using RFLPs to map the human genome was
reinforced when it was stressed in a paper by David Botstein in 1980 (Balmer,
1993). David Botstein was a key figure in the mapping and sequencing of the
yeast genome and also served on the National Research Council (NRC)

committee that reccommended that the Human Genome Project be publicly funded.

A second point of contact was the development of DNA sequencing techniques in
the mid-1970s, with Fred Sanger’s group at Cambridge (Sanger, Nicklen and
Coulson, 1977) and Maxam and Gilbert (1977) at Harvard both publishing their
methods in 1977. With genome mapping and DNA sequencing now a

12



technological possibility, the scientific groundwork required in order to build the
life science infrastructure that is the sequenced human genome was well along the
process of being laid down. Other terrains, particularly those of the internal and
external politics of science, were still to be prepared. The ability of some of the
key scientists to step outside their sheltered laboratories and move with
confidence through the more worldly domains of hard politics and big money was
as important in the established of the Human Genome Project as were the

technolbgical advances.

During the 1980s these political foundations were laid. Meetings, predictions and
propaganda transformed the scientific and political landscape, ploughing a fertile
field in which a big science project to sequence the human genome could take
root. Two important events took place independently in 1984 that put the idea of
sequencing the human genome firmly into the mind of US science politics
(Balmer, 1993). First, the University of California Santa Cruz (UCSC) failed in
an attempt to set up a genome sequencing institute. Robert Sinsheimer, who was
then chancellor of UCSC and a biologist by training, attempted to redirect a
donation from the Hoffman Foundation into providing the capital for the first big
science biology project. The donation was intended for a big science project,
building an optical telescope, but the money was not needed when the telescope
was funded in its entirety by the Keck Foundation. Sinsheimer managed to win
support from the US National Institute of Health NIH), but in the end the
Hoffman donation was never awarded (Cook-Deegan, 1994). Sinsheimer would
still play a key role in launching the Human Genome Project, acting as the
catalyst to bring together many scientists who would become leading figures in

the sequencing of the human genome.

The second event took place at the very end of 1984. A meeting, sponsored by
the US Department of Energy (DoE), took place in December at Alta in Utah.
The Alta Summit placed the idea of sequencing the human genome into the
imagination of US Federal agencies. Cook-Deegan (1989), writing at the very
dawn of the formal, publicly funded project to sequence the human genome,
argues that through this meeting wind many historical threads which would be

later woven into the fibric of the Human Genome Project. At first glance, it
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might seem curious that the DoE would be interested in a life science project such
as the large-scale sequencing of the human genome. The meeting, however, was
held to discuss the detection of mutations in the DNA of the survivors of
Hiroshima and Nagasaki. The involvement of the DoE connects the Human
Genome Project to a historical antecedent in the Manhattan Project. Both are
institutionally big science projects that arise from, are sustained by, and in turn
sustain, the culturally big sciences of their time; molecular genetics and atomic
physics respectively. Robert Sinsheimer (1992) suggests, in interview, that the
involvement of the DoE was one of the factors that pushed the human genome
project into being ‘big science’. “[T]he DOE is much more hierarchical {than the
NIH]. Their programs are from the top down. And they’re used to running

collaborative big science, with accelerators and nuclear reactors” (p. 69).

That the big science of biology might have become a heavily resourced project
controlled by the physicists of the DoE led to unease among biologists. The
molecular biologist David Botstein suggested that the plan to sequence the human
genome was developed to provide employment for ‘unemployed bombmakers’
(quoted in Roberts, 2001). The potential cost of a project to sequence the human
genome worried biologists; at $3 billion it was a vast amount of money for the life
sciences, leading to fears that if the Human Genome Project were to go ahead,
funds would be drained from creative small science to feed the demands of
monotonous big science. However, as Glasner and Rothman (2004) point out,
and as was raised by Human Genome Project advocates such as Walter Bodmer,
$3 billion for a 15 year project that would provide the infrastructure for future life
sciences was, if not small change, a reasonable sum when compared to the
contemporaneous proposals for the Superconducting Supercollider, an $8 billion

project, or the International Space Station, a $40 billion project.

A gathering momentum (1985-1990)

So, unemployed bombmakers were seeking a rescue from redundancy by
proposing to examine the fine detail of the damage caused by the weapons that
they had built. But as we have seen, these were not the only people pushing for
the establishment of a big science project to sequence the human genome. Robert

Sinsheimer remained an influential proponent of a big science project in biology
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to rival the .big sciences of physics (Roberts, 2001). In 1985, Sinsheimer
convened a scientific meeting at UCSC which, according to Cook-Deegan (1994),
was “the first meeting focused specifically on sequencing the human genome” (p.
79). Present at that meeting were a significant part of the cast list of the drama of
the Human Genome Project. The roll call included Bart Barrell and John Sulston
(who later ran the only significant Human Genome Project sequencing centre
outside the US; the Sanger Centre), Walter Gilbert (who later attempted to set up
a private project to sequence the human genome, and became one the leading
promoters of large-scale sequencing), Leroy Hood (who developed automated
DNA sequencing), David Botstein, and Robert Waterston (who ran the genome
sequencing project at the University of Washington). This meeting is, in many
accounts, accorded the status of the origin of the Human Genome Project, which
was to officially begin five years later. However, the meeting concluded that
sequencing complete genomes of organisms such as humans was not yet feasible.
To make projects such as these possible would require significant leaps in
technology. These leaps, in 1985, were not yet on the horizon (Cook-Deegan,
1994). Even in 1990, when the Human Genome Project began, there were years
of technology development before the sequencing of the human genome could
begin at any speed. The length of time required to develop the technologies
required for genome sequencing can be seen by the progress that had been made
in 1998, eight years after the Human Genome Project had officially begun. Over
eight years, about $2 billion had been spent on genome sequencing and 97-98 per
cent of the sequence of the human genome still remained to be sequenced (Davies,
2001). That a draft was completed in 2001 and the finished sequence was
announced in 2003 tells us of the importance of technological development in the

accomplishment of sequencing of the human genome.

The idea of a Human Genome Project was big, politically and scientifically.
Objections were not limited to wncerns over the effect that a human genome
project would have on the funding landscape, as we have already seen. Davies
records that Bernard D. Davis and his colleagues at Harvard Medical School
wrote a letter of objection, even though they saw the Human Genome Project as
‘politically unstoppable’. They wrote; “The magnification is wrong [...] like

viewing a painting through a microscope [...] Our fundamental goal is to
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understand the human genome and its products, and not to sequence the genome
because it 5 there” (quoted in Davies, 2001, p. 30). The Human Genome Project
would not just drain the resources of biology, but it would also be bad biology.
We revisit and expand on some of these objections in Chapter C, Pathologies of

Work in Big Science.

Other objections to the Human Genome Project acknowledged the potential
power of genomic knowledge, but, pointing to historical precedent, questioned the
use to which this power will be put. Among these was Salvador Luria, who was
James Watson’s PhD supervisor. Luria suggested that a human genome project
might be the infrastructure by which a eugenic programme of a ‘softer’ kind than
history’s examples would be accomplished (Davies, 2001). Concerns of this kind
are among the prompts that resulted in between three and five per cent of funds
that were committed to the public genome project being spent on Ethical, Legal

and Social [ssues (ELSI) programmes (Watson, 2000).

1986 was an important year in the development of the HGP. In March the DoE
held a meeting n Santa Fe. By May 1986 Charles DeLisi, who was in charge of
Health and Environmental Research at the DoE, had submitted a request for a
genome project, to spend up to $4.5 million, to be included in the next year’s
budget. This request was approved. The genome project was encouraged in
Congress as a means to reemploy laboratories in new work that was not linked to
the Cold War. The DoE plan was to produce a physical map of the genome and
improve the technology before sustained sequencing was to be attempted (Balmer,
1993). This plan, of having a first stage of extensive technological development

and refinement, was the essence of the plan used by the Human Genome Project.

Also in 1986, away from the unemployed bombmakers, Renato Dulbecco used an
article in Science to set out the potential benefits that a human genome map could
offer cancer research. In June, a Cold Spring Harbour symposium discussed the
feasibility of a Human Genome Project. In his keynote speech Walter Bodmer,
who was then head of the Imperial Cancer Research Fund, put forward a string
arguments in favour of a project (Balmer, 1993). At this meeting, Walter Gilbert

estimated that sequencing the human genome would cost $3 billion. He is
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reported as theatrically writing the number across the board of the lecture hall;
$3,000,000,000 (Davies, 2001). Later that summer, in July, Bodmer chaired a
meeting sponsored by the Howard Hughes Medical Institute at the NIH campus in
Bethesda, Maryland. This meeting agreed that the first stage of any project to
sequence the human genome must be one of technological development. A
contest over scientific turf began that would not be resolved until late 1988.
James Watson argued for an increased role for the NIH and the National
Academy of Sciences in a project. During November and December an NIH

working group met to discuss the role of the NIH in a human genome project
(Balmer, 1993).

Perhaps most importantly, 1986 was the year in which Leroy Hood and Lloyd
Smith (Smith et al., 1986), working at Caltech, developed the first automated
DNA sequencer. The following year, in 1987, Applied Biosystems Inc. (ABI)
produced the first commercial DNA sequencer, based on the technology

developed by Hood and Smith (Glasner and Rothman, 2004).

In 1987, Gilbert attempted to establish a private company to sequence the human
genome; Genome Corp. The project never got off the ground. Not because it was
‘obscene’, though that is how it was described in some quarters of the community
of biological science, but because the stock market crash dried up the sources of
investment capital that Gilbert had been chasing (Cook-Deegan, 1994; Davies,
2001). In addition, the widely known push for a public human genome project
made investors wary of committing capital to a project that was in danger of
being made redundant (Cook-Deegan, 1994). This is, ironically, a reverse of the
position faced by the public project when Celera Genomics entered the race in
1998. Once Celera Genomics was founded, US legislators questioned the wisdom

of continuing funding a project that the private sector had volunteered to take on.

1987 was the first year that big funding was committed specifically to genome
research. Early funding for genome sequencing research came from the NRC,
who established a $200 million per year genome science programme in 1987, and
a more modest $12 million programme established in 1988 by the unemployed

bombmakers of the DoE (Davies, 2001). The DoE, though, had committed itself
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to a $1 billion, seven year project to map and sequence the human genome; it was
an attempt to establish the DoE as the leaders of human genome sequencing in the
US (Roberts, et al., 2001). In February and March of 1987 James B. Wyngaarden,
director of the NIH, put the proposal to fund genome research before Congress,
winning approval to allocate $17.2 million of the 1988 budget to a new Office of
Human Genome Research, which was established October 1988, to be headed by
James Watson. It was in this position that Watson made the decision that three to
five per cent of funding would be set aside for ELSI work (Roberts et al. 2001).
October 1988 also saw the beginning of collaboration between the DoE and the

NIH, after pressure from members of Congress to consolidate their efforts.

In late- 1989 the National Center for Human Genome Research was founded under
the leadership of James Watson. The Human Genome Project officially began the
following year, with a budget of $60 million per year (Davies, 2001). A genome
database was established at Johns Hopkins University (Ferry, 2001). The target

was to sequence the human genome in 15 years; by 2005.

The Human Genome Project (1990-1998)

By 1991 eight countries had established national programmes (Denmark, France,
Germany, Italy, Japan, UK, USA and USSR) and seven were moving towards
establishing such a programme (Australia, Canada, Chile, Korea, Netherlands,
New Zealand and Sweden). The EC, UNESCO and others proposed international
programmes (Balmer, 1993). The Human Genome Organization (HUGO), which
had been established in 1988, attempted to manage the international effort. It
viewed itself as organising a collaborative ‘confederacy’ of research programmes,
with HUGO acting as the hub, rather than as an overarching, hierarchical
centralised controller (Balmer, 1993). In total, twenty laboratories were involved
in sequencing the human genome as part of the International Human Genome
Sequencing Consortium, with centres in the US, the UK, France, Germany, Japan
and China (Newton, 2004). That, in time, the genome project became more
centralised and hierarchical on the macro-scale is a development which is
mirrored at the micro-level of the genome sequencing institute that is studied in

this thesis.
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James Watson resigned as head of the National Centre of Human Genome
Research in 1992. In a precursor to the some of the most politicised and
moralised disputes of human genome science, the cause for Watson’s resignation
was a dispute over the patenting of genes (Roberts et al. 2001); over the status of
scientific knowledge and the abstract human body as a commodity. Watson had
argued that the US Government should not apply for patents on every gene the
project discovered. However, Watson’s resignation was also prompted by
allegations of a conflict of interest; the New York Times reported that he or his
family held shares in companies with a stake in the future of biotechnology,
including Amgen, Glaxo, Eli Lilly, Oncogen and Merck (Hilts, 1992). In 1993,
Francis Collins replaced James Watson as the director of the National Centre for
Human Genome Research. At the press conference, he explicitly compared the
project to sequence the human genome to the Apollo missions and the Manhattan

Project (Davies, 2001).

The Sanger Centre, the only one of the G5 sequencing laboratories to be located
outside the US, was founded in 1992 with support from the Wellcome Trust and
the UK Medical Research Council (MRC). Based on former industrial land near
Cambridge, it opened in 1993 (Wellcome Trust, 2000). It was named after, and
ceremonially opened by, Fred Sanger, the double Nobel Prize winner. Sanger’s
second Nobel Prize, in 1980, was for developing the techniques for sequencing
DNA. John Sulston was the first director of the Sanger Centre. Over the next
few years, much of UK and European genome science was attracted to the Sanger
Centre, including the establishment of the European Bioinformatics Institute (EBI)
at the site and the relocation of the MRC’s Human Genome Mapping Project

Resource Centre from London (Wellcome Trust, 2000).

Throughout the nineties, the technologies and expertise required to sequence
genomes was developed. In 1995, Craig Venter announced that his team at The
Institute of Genome Research (TIGR), in collaboration with Hamilton Smith of
Johns Hopkins University Medical School in Baltimore, had sequenced the
genome of Hemophilus influenza (Fleischmann, et al., 1995). This was the first
time that the whole genome of an organism other than a virus had been sequenced.

Wade (1995) reports that Francis Collins described the sequencing of the
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1,830,121 base pair H. influenza genome as a ‘significant milestone’ on the road
to sequencing the human genome. The paper in Science that announced the
sequencing of H. influenza had forty’ named authors, which pointed the way
towards the kind of collaborative science by teamwork that was to be genome

sequencing.

In February 1996, a meeting was held in Bermuda to establish a protocol for the
release of genome data. The ‘Bermuda Principles’ included the idea that genome
sequence data should be made freely available, that sequence assemblies should
be released as soon as possible and that finished annotated sequences should be
submitted to the database immediately, and that these principles should apply to
all public large-scale sequencing centres. The Bermuda Principles were
established to encourage research, to coordinate sequencing efforts and to

maximise the benefit to society (Glasner and Rothman, 2004).

In 1996, the 12.1 million base pair sequence of the genome of baker's yeast,
Saccharomyces cerevisiae, was announced. This was the first genome of a
eukaryotic organism to be sequenced. In 1998, the 97 million base pair sequence
of the nematode worm, Caenorhabditis elegans, was completed by a
collaboration between the Washington University sequencing centre and the
Sanger Centre in the UK (The C. elegans Sequencing Consortium, 1998). The
named author of the paper that announced this achievement was the collective
collaboration; to find the names of the scientist involved one had to go to the
internet to web-based lists of individual authors. Nevertheless, despite this lack
of individualised acclaim through authorship, thought to be a key component of
the reward structure of science, the mage of science dramatised in the questing
knight narratives is reproduced in scientific journals. In the same issue of Science
in which The C. elegans Sequencing Consortium announced the sequence of the
worm, a brief article by a group of scientists singles out the leaders of the
Washington University group and the Sanger Centre, Waterston and Sulston, and

describes them as ‘visionaries’ (Hodgkin, Horvitz, Jasny and Kimble, 1998). The

3 It is interesting to note that of the forty authors named on this paper, eighteen of them had female
forenames. It is an open question whether the increasingly collaborative scientific work that
characterises big(er) science generates greater gender parity than is achieved in the traditional,
individualised mode of scientific labour.
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individualised system of reward through esteem is reconstituted outside the
authorship of journals. C. elegans was the first multicellular eukaryote to be

sequenced; next step, the human genome.

It is estimated that, by 1998, $2 billion had been invested in the public Human
Genome Project (Glasner and Rothman, 2004). Yet only two to three per cent of
the genome had been sequenced. The costs of sequencing remained high in some
centres, up to $10 per base (Davies, 2001). For comparison, by 2002, as the
human genome sequence moved from draft status to finished status, the cost of
sequencing at the Sanger Centre was 2p per base (Powell, 2006). In 1998, the
founding of Celera Genomics, and the cost of the public project, led some to
believe that the public effort was devoting resources in the pursuit of winning a

race that was not worth winning.

Finishing the race (1998-2003)

The race to sequence the human genome began in 1998. Craig Venter left TIGR,
which at one point was the largest DNA sequencing institute in the world, to head
a company bankrolled, with $300 million, by Perkin Elmer (Davies, 2001).
Perkin Elmer is the parent company of Applied Biosystems (ABI), which is, in
turn, the leading manufacturer of automated sequencing machines. Venter was
not a stranger to research with a commercial backing. While TIGR, established in
1992, was a non-profit research centre, it was privately funded. A sister company,
Human Genome Sciences (HGS) was established to exploit the sequence data and
discoveries that would flow from the research of TIGR (Davies, 2001). TIGR
straddled the public-private divide, or, as a commentator quoted by Fortun has it,
“Venter had one foot in the world of pure science and one foot in a bucket of

money” (Fortun, 2006, p. 29).

Celera Genomics takes its name from the Latin celer, meaning swift, as found in
words such as accelerate. At its launch in 1998 Venter boasted that Celera would
be sequencing as many bases each month as there were currently stored in
Genbank, the public genome database (Shreeve, 2004). According to Shreeve,
Venter had agreed to lead this privately-funded human genome sequencing

project with the belief that the business model would function, not on the
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privatisation of the genome sequence itself, which would be available to all, but
on the principle of patenting key genes for subsequent exploitation. This did not
seem to be a recipe for financial success. “The academic were afraid Venter was

hiding something. The market analysts were hoping he was” (p. 119).

The establishment of the race and the end of the race threatened to be the same
moment for the public project. When placed in the political landscape of the US,
the very presence of a private project to sequence the human genome was an
argument to end the flow of funding to the public project. Celera Genomics
would win the race, not by producing the genome any quicker, but by draining the
political will of the US Congress. Countering this threat was one of the motives
behind the push to publish a draft sequence of the human genome by 2001, with
the gaps to be filled in later (Shreeve, 2004). Great efforts were made by Francis
Collins and James Watson in the US, and John Sulston in the UK, to secure the

financial future of the Human Genome Project.

As Shreeve (2004) writes; “If something wasn’t done, the human wde of life
would be subject to the control of a single corporation. God’s language, in the
mouth of Mammon” (p. 124). Of course, the interests of capital are not
homogenous. The conduct of a fiercely fought race could be as profitable as
actually winning the race. As long as the race was being run, Perkin Elmer, who
provided the capital for Celera Genomics, would find that the demand for their
ABI sequencing machines would remain high, with their customers being the
most creditworthy of clients; state-funded organisations with a moral mission.
The Chicago Tribune remarked on this strategy, describing Celera Genomics as

“a sales story for the ages” (quoted in Fortun, 2006).

The public project to sequence the human genome responded to the challenge of
Celera Genomics. According to Fortun (2006), John Sulston, head of the Sanger
Centre in the UK, persuaded the Wellcome Trust to ‘dramatically’ raise its
funding for human genome sequencing to £110 million over seven years. This
represented a doubling of the financial commitment to the Sanger Centre, and a
doubling of the Sanger Centre’s commitment to sequencing. It would now

sequence one-third of the human genome rather than one-sixth (Wellcome Trust,

22



2000). Francis Collins, the director of the National Human Genome Research
Institute in the US, and James Watson, the previous director, secured increased
funding for their genome sequencing centres (Fortun, 2006). The advent of the
race prompted the rationalisation of the public project, with funding and
responsibility for genome sequencing concentrated at a few large-scale
laboratories. The task of sequencing the human genome was increasingly
concentrated in the G5 group of laboratories; the Washington University group
led by Bob Waterston, the Baylor College of Medicine group led by Richard
Gibbs, the DoE Joint Genome Institute, led by Elbert Branscombe, the Whitehead
Institute at MIT, led by Eric Lander, and, outside the US, the Wellcome Trust
funded Sanger Centre led by John Sulston (Glasner and Rothman, 2004). This
was not necessarily a welcome move, even on the part of some of those who
benefited from this centralisation (Sulston and Ferry, 2002). The idea of
international cooperation, of a universal community of science, were dented as the
public project explicitly reorganised itself and concentrated its activities within
the national borders of the two main funders, and even here the degree of
‘internationalism’ was limited to just one of the five sequencing centres being
located outside the US. As we know, this was in the UK, a state that is politically

closely aligned to, and shares a common language with, the US.

Fortun (2006) suggests that the images of the race as “public versus private
science, sharing versus patenting genomic data, smart science versus dumb
technology, British noblesse oblige versus ruthless American capitalism” (p. 27)
can be turned on their heads, particularly the final two. This was not the mighty,
corporately-resourced Celera Genomics racing against a small, under-funded
academic laboratory, but rather Celera Genomics was, for all its corporate might,
racing against “the entire state-supported genomics communities of the Western

industrialized nations” (p. 27).

The image of Celera Genomics as the plucky underdogs might seem strange to
British imaginations, who are accustomed to state-funded pursuit of public goods.
Here, we are more ready to accept the image of Craig Venter as, put mildly, a
practitioner of the enclosure of the genetic common wealth. In the US, he

ideological climate is more likely to see such activities as the laudable taming of
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nature; the term ‘gold rush’, for example, was often used with little regard for the
negative connotations. This is explored in section A4, Genomes and Economies.
As such, that it might be possible for Celera Genomics to ‘win’ the human
genome sequencing race without actually sequencing the human genome was not
an unimaginable possibility. With a promise to sequence the human genome for
$300 million, and with the public project having consumed $2 billion for a return
of just two to three per cent of the human genome sequence, a case could be made
that there was no further need for government funding. Glasner and Rothman
(2004) report that the public project was being presented “as clumsy and
bureaucratic, and no match for fleet footed, efficient, entrepreneurial private
sector” (p. 40). If this line of thinking had won out, Celera Genomics would have
won the race by default, though, it must be said, the sales of ABI sequencers

would not have been so high.

But if there were differences in the public representation of the organisation of the
public and private projects to sequence the human genome, there were also
differences in the scientific techniques used by the two competitors. The public
project used a technique called hierarchical shotgun sequencing, while Celera
Genomics used a technique called whole genome shotgun sequencing. The
Harvard Business Review published one of the most concise, and concomitantly
illuminating, comparisons between the different genome sequencing methods
employed by the public project and Celera’s effort. The public project “is akin to
having several teams laying bricks until various walls come together in a coherent
structure.” The whole genome shotgun method of sequencing employed by
Celera is, by comparison, “like using a computer to assemble a 70-million-piece
3-D jigsaw puzzle” (Enriquez and Goldberg, 2000, p. 98). While organisationally
Celera Genomics might have been the swift and efficient model of private
enterprise, the whole genome shotgun strategy is a brute force approach. Simply
put, whole genome shotgun sequencing involves decomposing the entire genome
of an organism into fragments which are then sequenced and, using a
supercomputer, the sequence of the genome is assembled. Hierarchical shotgun
sequencing involves breaking the genome into parts which the researchers know
will overlap and cover the genome. These large fragments of the genome are then

cloned; in the public project artificial bacterial chromosomes (BACs) were used.
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These relatively large parts are then broken up into smaller parts that can be
sequenced. The sequence of each BAC is then assembled, which can then be
combined to provide the sequence of each human chromosome and, eventually,
the whole genome. Immediately prior to the launch of Celera Genomics and the
beginning of the race there was an extensive debate in the scientific press
(Waterston, Lander and Sulston, 2002). Hierarchical shotgun sequencing requires
a greater amount of preparatory work; preparing a library of BACs that is spread
across each chromosome. However, while whole genome shotgun sequencing
avoids this preparatory work, questions were asked about the ability of this
technique to achieve coverage of the full genome and to assemble the whole

genome correctly.

The race reached a suitably symbolic end on 26" June 2000, when Francis Collins
of the NHGRI and Craig Venter of Celera Genomics flanked President Clinton at
a press conference, which Prime Minister Blair joined via a videolink, to
announce the sequencing of the human genome (Fortun, 2006). Publication, the
customary form of scientific communication, did not occur until February 2001,
when the public project (International Human Genome Sequencing Consortium,
2001) and the private project (Venter, et al., 2001) simultaneously published their
reports of the draft sequence in the two leading journals, Nature and Science.
After the publication of the draft sequences there was a debate in the scientific
press over the merits of the two sequences (see, for example, Waterston, Lander
and Sulston, 2002; a reply by Myers et al., 2002; and a commentary supporting
the Waterston paper by Green, 2002). A principle point of dispute revolved
around the fact that the paper published by the team at Celera Genomics was able
to incorporate the data released into the public domain by the International
Human Genome Sequencing Consortium, as required by the Bermuda Principles.
As the Celera Genomics sequence data was not released to the public domain
before publication, the public project was always at a disadvantage. The more
that they sequenced, the more sequence data Celera Genomics had to use. That
the race finished in a draw arranged by agreement did not settle the waters of

scientific and political acrimony.
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The finished sequence was not announced until 2003, with a publication in Nature
timed to coincide with the fiftieth anniversary of the discovery of the structure of
DNA. 99 per cent of the gene-containing areas of the genome were sequenced,
with an accuracy of 99.99 per cent claimed. Some areas of the genome remain
difficult to sequence, such as areas of high repeats, such as telomeres, or areas
that are structurally difficult to sequence, such as centromeres. The press releases
that accompanied the announcement of the finished sequence celebrated the fact
that the project was finished ahead of schedule, taking thirteen rather than fifteen
years, and within budget (National Human Genome Research Institute, 2003;
Wellcome Trust, 2003).

This thesis, though, is not about the ‘big’ history of the Human Genome Project.
It is not about negotiations at which vast resources were allocated; in the US
Congress, in corporate boardroom meetings, and at meetings of the trustees of
charitable organisations. To some degree, those histories have already been told.
This thesis is an attempt to do what Mills (1959 [1970]) described as the task of
sociology. Mills argued that sociology is the means by which people are able to
“grasp what is going on in the world, and to understand what is happening in
themselves as minute points in the intersections of biography and history” (p. 14).
The history provided in this section provides a primer br this thesis, not because
this thesis is a continuation of the discussion of the sorts of power and politics that
are written through existing historical accounts, but because these accounts
provide a background against which to understand the experiences of those who

worked to sequence the human genome.
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A4 GENOMES AND ECONOMIES

The Human Genome Project and the sequence of the human genome were never
objects without an economic life. Consider, first, the economic input required to
sequence a genome — inputs that pushed biology into the category of big science.
Glasner and Rothman (2004) produce tables that show that the funding from the
US government amounted to almost $3.4 billion over the period 1988-2002, while
the second largest individual funder of the public project, the Wellcome Trust,
which supported the Sanger Centre in the UK, contributed just over $286 million
dollars in the budgets of 1998, 1999 and 2000. Over the same three year period
total global funding for public genome research was nearly $3.7 billion, though it
is not clear what proportion of this was devoted to sequencing the human genome.
It is clear, though, that the Human Genome Project was a significant economic
object, and big science, by virtue of the sheer scale of resources that it was

allocated.

Shreeve (2004) illustrates the economic scale of the projects to sequence the
human genome with an anecdote from a meeting to discuss Celera Genomics’
budget. At this meeting, it was pointed out that the cost of pipette tips alone was
expected to be $14,000 each day. Scale such as this was one of the pushes
towards the development of robotic systems, in this case a system that did not use
the disposable pipette tips that are a ubiquitous feature of the contemporary life
science laboratory. Unlike previous big science projects such as particle
accelerators, gravity wave detectors, or missions to the moon, the bigness of
sequencing the human genome did not manifest itself in correspondingly
spectacular buildings or vehicles. Rather, its bigness was a result of the mundane

expenses of life science laboratories magnified many fold.

Despite this lack of the spectacular, the economic life of the human genome is not
lived covertly. The economic life of the human genome is explicit. Among the
frequently asked questions addressed by the website of the National Human
Genome Research Institute is that of the cost of the Project to ‘US taxpayers’.

The hypothetical questioner is reassured; the Project came in under budget, at less
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than $3 billion, but this is not the limit of the economic life of the human genome.
The rest of the answer reads; ‘it is also important to consider that the Human
Genome Project will likely pay for itself many times over on an economic basis -
if one considers that genome-based research will play an important role in seeding
biotechnology and drug development industries, not to mention improvements in

human health” (National Human Genome Research Institute, 2005).

The Human Genome Project did not transform genetics from a science touched
only lightly by economics, cloistered in ivory towers. Indeed, even studies of
genetics that were conducted by literally cloistered scientists have had profound
connections to economies. In their short note on the economic implications of the
Human Genome Project, Elrod-Erickson and Ford (2000) write that the work of
the monk-scientist Mendel “did not receive much commercial recognition” at the
time, but that “[s]ince then, its impact has spread throughout the horticultural and
agribusiness sectors of the world economy; and virtually all major commercial
food crops and other agricultural and forestry products have either been
genetically modified or selected to enhance their yields, resistance to pests and

disease, [or] consumer acceptance” (p. 57).

Elrod-Erickson and Ford (2000) and other authors predict that the Human
Genome Project, and the studies in genetics that it inspires, will have profound
economic effects. It will have an “impact on the medical and pharmaceutical
sectors, the agribusiness sector, defense industries, the insurance industry, the
behavioural sciences, the labour force, and on the structure of public and private
welfare and retirement provisions” (p. 60). This is not an unusual opinion (see
the FAQ statement from the National Human Genome Research Institute above),
and, indeed, there are many livelihoods built on predictions of this kind. The
prediction does not need to come true, it merely needs to continue to be believed
for these livelihoods to be secure. Others are not so sure. Hopkins et al. (2007)
and Nightingale and Martin (2004), for example, have argued that ‘the biotech

revolution’ is a myth.

The economic life of genome sequencing was also one that had an effect on the

surrounding terrain of the economics of biology. Many scientists worried that the
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big science of genome sequencing would draw all the resources allocated to
biology to itself, starving small science of its lifeblood. But no science is an

island, and the economic life of the human genome had other dimensions.

If we return, for a moment, to the metaphors that are deployed to explain and
dramatise genetics and the Human Genome Project, we need go no further than
that of a biotechnology ‘gold rush’. The idea of a ‘gold rush’ is found in
publications from Newsweek (Bryant and Beals, 2000) to Nature Neuroscience
(Mombaerts, 1999). This imagining of the economy of genomes is one of
masculine, pioneering spirit, of lone fortune-seekers expanding the boundaries of
‘civilisation’ deeper into the wilderness. It is not one that accords with the reality
of multi-national corporations, marketing departments, and multi-disciplinary
research teams. The metaphor was used, unprompted, by the most senior scientist

interviewed in the production of this thesis:

[...] biology has very quickly moved into a Klondike period, a
gold rush.
[Professor Ingham]

It has to be noted that Professor Ingham was aware that, as with examples from
history, gold rushes are events that ruin as many as, or more than, they make
wealthy, with the value of plots, mining equipment and expertise rising far above
the returns that can be expected in all but the most fortunate of cases. The
fortunes made in gold rushes were often not made in mining gold, but rather in
selling the equipment and supplies for mining gold. In this, perhaps ‘gold rush’
can help us to understand some of the most successful biotech companies.
Applied Biosystems (ABI) supplied sequencing machines both to the public
Human Genome Project and to the private project which was bankrolled by their
parent company. The shovels and picks used when prospecting and mining for

gold in DNA are far more sophisticated, and correspondingly more expensive.

Gold rushes also involve bubbles. The NASDAQ slump of 2000, an event
Professor Ingham noted in the interview, demonstrated the unintended value of
this metaphor in helping us understand biotechnology. ‘Gold rush’, then, might

be a metaphor with some use, if we forget for a moment the image of the
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mythologised, pioneering ‘49er. Instead, we should remember the less laudable,
but far more real, aspects of gold rushes. Price bubbles, fortunes spent on
worthless plots and the latest equipment, and battles for the formalisation of
property rights, including the enclosure of property to which others have strong
claims. This interpretation did not pass unseen, despite the efforts of the
biotechnology boosters to write ‘gold rush’ to read ‘excitement and easy riches’.
As Fortun (2006) noted, terms such as ‘gold rush’ and ‘land grab’ were also used
by the scientific critics of Celera Genomics’ attempt to commodify the human

genome sequence.

The Human Genome Project was expressly intended to provide impetus to this
gold rush. Fortun (2006) quotes Jack McConnell of Johnson & Johnson as
arguing that the Human Genome Project was a fundamental and necessary part of
maintaining US dominance of the pharmaceutical and biotechnology industries.
It is important, perhaps, to note here that national boundaries do not lose their
significance either in the ‘universal’ community of science or in the world of a

‘weightless’ knowledge economy.

Many (Bodmer and McKie, 1995; Russo, 2003) trace the advent of the
biotechnology industry to the founding of Genentech by the geneticist Herbert
Boyer and the venture capitalist (with a background in biochemistry) Robert
Swanson in 1976. Boyer, with Stanley Cohen, invented recombinant DNA
technology. Thus, one of the men who was a key figure in the development of the
new genetics was also, within just a few years of his groundbreaking scientific
work, leading the industrialisation and commercialisation of the knowledge and
technologies that he made possible. At the birth of the Human Genome Project,
in 1990, Genentech was taken over by Hoffman-La Roche, who acquired 60 per
cent of the company for $2.1 billion. Boyer’s initial stake was funded by a $500
loan (Bodmer and McKie, 1995).

Richard Lewontin (2001) described contemporary molecular biology as being a
discipline in which all the prominent scientists were invested in the success of
biotechnology businesses. An example of this played a part in precipitating the

controversial resignation of James Watson from the position as director of the
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National Center for Human Genome Research. His large private stock portfolio
included investments in a variety of biotechnology and pharmaceutical companies,
creating, for some, the impression of a conflict of interest (Davies, 2001). Walter
Gilbert, the scientist who theatrically wrote the estimated $3 billion cost of a
human genome project on the board during the 1986 Cold Spring Harbour
meeting, was a founder of Biogen® in 1978, and was appointed CEO in 1982. The
new genetics, and the Human Genome Project, have always been economic

entities.

The failure of Genome Corp. to achieve the necessary capitalisation over 1987-
1988 as a consequence, in a large part, of the stock market crash of October 1987
(Cook-Deegan, 1994; Davies, 2001) was an early demonstration that genome
science was not only an economic entity tied into the largely unobserved circuits
of the academic economy, but one tied into international flows of capital.
Genome Corp., it should be noted, was also to be an entity with avowedly
economic consequences. Not merely in that it was to be a profit-making
organisation, a near-ubiquitous feature of economic life in a capitalist economy,
but in that it promised to increase the efficiency of the life sciences by introducing
a new and superior division of labour. Walter Gilbert is quoted as arguing that a
private genome sequencing project would be the same kind of change in the life
sciences as the moves from scientists making their own restriction enzymes or
blowing their own glassware to routinely buying these items from acatalogue
(Cook-Deegan, 1994). A genome project, developed as a resource for the
academic community would, in this way, transform the essential economics, the
division of labour, of the life sciences. To the extent that the success of Venter
was seen as the triumph of economics and management, and not that of science
and discovery, we can look to Leroy Hood’s opinion; “He has never invented
anything [...] The only thing he deserves credit for is scaling up the process”

(quoted in Davies, 2004, p. 66).

* Biogen was a financial failure. This may have been a factor, along with the stock market crash
of 1988, in Gilbert’s failure to raise venture capital for a private effort to sequence the human
genome.

31



We have seen how private capital saw possibilities for profit in genome sequences.
This interest, of course, predates Perkin Elmer’s $300 investment in Celera
Genomics. Craig Venter, as we have noted, was already a scientist with close ties
to the commercial exploitation of genome sequence, with the non-profit TIGR
inextricably tied to a commercial sister company, HGS. To understand the scale
of economic interest in the genome sequence, we need only point to the $125
million that SmithKline-Beecham paid for seven per cent of HGS in 1993, less
than a year after its establishment (Davies, 2001). That price valued HGS at just
under $1.8 billion. At the time, scientific opinion was that we were decades from
a complete sequence of the human genome. With this investment, SmithKline-
Beecham was buying a share of the exploitation of the future genome sequence
produced by TIGR. For capital, the very promise of the genome sequences as
property far outweighed the deterrent of a lack of existing assets, either material

or informational.

As Fortun (2006) notes, one of the explicit rationales for establishing a public
Human Genome Project was to create the infrastructure for the growth of the
biotechnology and pharmaceutical industries and, inevitably, the commodification
of various aspects of living things. Craig Venter and Celera Genomics were
building a biotechnology corporation that would profit from the building of this
infrastructure. It follows, therefore, that “[i]n a very real sense... Venter’s history
is not so much of competing with the HGP, but of extending and intensifying
some of the original rationales of the HGP” (Fortun, 2006, p. 28). The centrality
of the human genome to the developing ‘knowledge economies’ of the
industrialised world can be seen by the effect of the creation of particular forms of
property. When President Clinton announced that the human genome sequence
could not be patented — a move that supported the public project and, at least in
the perceptions of investors, damaged the business model of Celera Genomics —
the NASDAQ, on which many biotechnology shares are traded, lost
approximately $50 billion in market capitalisation in two days. Celera Genomics

lost nearly 20 per cent of its value in this time (Fortun, 2006).

This was an owrreaction. The patenting of the human genome might not have

been possible, but it remained possible to transform human genes into private
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property. The Harvard Business Review reports that, by 2000, the year that
Clinton made his announcement, Human Genome Sciences had been granted
patents on 106 human genes, and was in the process of acquiring patents on

thousands more (Enriquez and Goldberg, 2000).

Nonetheless, the sequence of the human genome is a commodity, even if it is not
a commodity enclosed by property law in the service of particular owners.
Commodities “are themselves the products of social activity, the result of
expended human energy, materialized labour. As objectification of social labour,
all commodities are crystallisations of the same substance” (Marx, 1859 [1999)).
By contrast to the scientific paper — the output of small science — in which the
product of labour bares the specific social imprint of its production, sequence data

is universalised, standardised and abstracted.

But all this economic life is life as observed by the business pages of the major
newspapers, by the Financial Times, characterised by stocks and shares, flows of
state funding, mergers and acquisitions. The essence of economic life remains
largely invisible; rather, the products of this life are represented as the entirety.
Work and labour are invisible. This thesis considers the economic life of the
sequence and sequencing of the human genome at its most fundamental level, at
the level of the labour necessary to produce it. As Marx argued in A Contribution
to the Critique of Political Economy (1859 [1999]), it is labour, and the social
relations of production, that underpin everything else. This thesis addresses the
questions; How was the industrialisation of the practice of biology experienced at
the level of the bench? To what degree does this accord with other examples of
big science? To what degree does this accord with other examples of

industrialisation?

Through Chapter B, Anatomies of Big Sience, and Chapter C, Pathologies of
Work in Big Science, we explore the examples offered to us by other studies of
big science. Chapter C, Pathologies of Work in Big Science, necessarily touches
on sociological concerns with industrialisation of work on general, not just the
industrialisation of science. Chapter F, through to Chapter I, address the bulk of
the fieldwork evidence. While Chapter F, The Factory and the University,
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Chapter G, The Recruitment of Sentiment, and Chapter 1, Interlude: Dis-
Engagement and Dis-Integration, describe the way in which work at the Institute
was experienced by those who produced the human genome sequence, Chapter H,
The High Road to the Human Genome, connects these experiences to some of the
current debates regarding work in the economies of the early twenty-first century.
Chapter J, The Institute and the Knowledge Economy, places this fieldwork in a
wider context, discussing the place of the Institute as a de-monstration in

discussions about work in ‘post-industrial’ economies.

We return to questions of economy as seen by the Financial Times in Chapter J,
The Institute and the Knowledge Economy. For now, we turn our attention to the
question of big science itself; what are the precedents for big science such as the
Human Genome Project, and how can these help us to understand the

accomplishment of sequencing the human genome?
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[B] ANATOMIES OF BIG SCIENCE

Anatomy is the science of the structure of living things. The word derives from
the Ancient Greek temnein, which means to cut, or to divide. Using the analogy
of a microscope, we consider the ‘bigness’ of science at varying degrees of
resolution, slicing the term °‘big science’ into a collection of distinct but
interrelated parts. Where student anatomists would have studied the illustrated
plates of the classic texts to inform their own studies, here we take as our
illustrations the studies of other big sciences. As such, as a selective review of the
literature, this chapter is also in the tradition of anatomists; it is working with the
bodies that have provided to us by others. Before we turn our attention to the

body of the Institute, we anticipate the features that we might find.
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B1 INTRODUCTION

This chapter considers the meaning and appropriate use of the term ‘big science’.
We visit the work of sociologists, such as Collins (2003) and philosophers, in
particular Ravetz (1971 [1973]), and the reflective accounts produced by those
within the scientific culture, especially Weinberg (1967) and Ziman (1984). From
these sources, section B2, 4 Drama of Scale, describes the distinctive features of
big science, considered at various levels of resolution. Section B3, A4 Case Study
in Big Science: LIGO, makes use of an existing qualitative case study (Collins,
2003) to explore some of the features of big science organisations. This brings
the narrowing of focus, begun in section B2, A Drama of Scale, down to the level
of the laboratory. Adopting this level of resolution for the study of big science is
discussed in section B4, Big Science as a Quality of Laboratory Life. The
necessary contrast of big science with the concept of small science is examined in

section BS, Small Science.

In arriving at the suitable level of resolution for an exploration of the experience
of working at the Institute on the sequencing of the human genome we are
reminded that science is a form of work. Section B6, Understanding Work in Big
Science Projects, explores the distinctive features of big science as work. This is
necessary before we can understand the intersection of the experiences of the
research participants with the wider features of history and economy. Big science
is discussed with reference to the Human Genome Project and the Institute in
section B7, Big Science and Biology. This section draws on the accounts of
leading participants in the Human Genome Project such as John Sulston (Sulston
and Ferry, 2002) and Francis Collins, Michael Morgan and Aristides Patrinos
(2003).  Throughout this chapter, objections to and anxieties with the
development of big science are touched upon as they are raised by the literature.
However, this chapter avoids detailed discussion of what we might call the
‘pathologies’ of big science. The pathologies of work in big science that are
particularly relevant to the level of sociological resolution that this thesis adopts

are discussed in greater depth in Chapter C, Pathologies of Work in Big Science.
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However, we should bear in mind the passage that Hevly (1992) wrote in the
afterword to a collection of papers and essays on the subject of big science.

“[E]ven after hundreds of pages of text, “big science” itself remains an elusive
term” (p. 355). Indeed, as science can be big in a number of senses; geographic,
economic, multi-disciplinary and multinational (Galison, 1992), or; large in scale,
broad in scope or great in significance (Capshew and Rader, 1992), these few
thousand words can only claim to offer sociological orientation, not unambiguous
definition. One of the principle aims of this chapter is to disentangle the different
aspects by which science can be described as being big, and determine which of
these understandings best fits the example of the Human Genome Project and thus

suits the focus of this thesis.
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B2 A DRAMA OF SCALE

Capshew and Rader (1992) suggest that ‘the drama of scale’ is at the heart of
science. They quote Latour; “The small and invisible are made large, the large
and unencompassable are made small. The fast are made slow and the slow are
speeded up” (p. 18). They argue that, as students of science, we recreate this
drama of scale anew in our research. The idea of the dramas of scale is one that
we can actively engage with as we anatomise big science. We can use a scientific
metaphor that perfectly illustrates science as the human manipulation of the scale
of nature; the microscope, an instrument that is used in the study of anatomy. If
we imagine that it is possible to examine big science through a microscope, one of
our choices is the degree of magnification to select. When we study big science
through the least powerful lens, we see can examine the features of big science

that are those of science as a whole.

Big science as a quality of the community of science

Indeed, big science first enters the literature of science studies as a characteristic
of science as a whole. The term big science was brought into the common usage
by Price in his book Little Science, Big Science (1963). Price approached the
concept of big science from a scientometric perspective, arguing that the scientific
literature, the number of scientific workers and the amount of money allocated to
science funding grew at an exponential rate. For Price, the ‘first law’ of scientific
growth is that science has grown exponentially for the past three hundred years,
with a doubling in size every fifteen years. Caphew and Rader (1992) write that
for Price, “while this growth might be correlated with the appearance of bigger
equipment and larger research groups, these were incidental rather than defining

characteristics of Big Science” (p. 7).

For Price (1963), it is the community of science, rather than any particular science,
project or laboratory, which is the social object that is big. We might rephrase
this to say that the cultural form of life that is science is the entity that has been,
and is, expanding. This is a definition of big science which has sociological

utility, both within the culture of science and beyond. Price suggested several
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