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The history of the Human Genome Project is a history of mapping projects. In its course,
geneticists and molecular biologists surveyed human chromosomes with cytogenetic,
genetic and physical markers. The maps featuring these landmarks were subsequently
often collated or mapped onto one another, and eventually biologists began to 'sequence’
human DNA, a process customarily explained as mapping the hereditary material at the
highest possible resolution. But even this fina phase of the Human Genome Project
occurred not once, but twice. In February 2001 independent research groups described
preliminary drafts of the human genome in separate publications: A consortium of
laboratories commonly known as the Human Genome Project published its draft in
Nature (International Human Genome Sequencing Consortium 2001). The other version
of the human genetic code was the product of Celera Genomics, a company in Rockville,
Maryland. This draft was described in the same week's issue of Science (Venter et al.
2001).

Visionary molecular biologists have always conceived of the human genome as a single
natural object. Dubbing their fantastic plan of determining the sequence of its chemical
building blocks as the 'holy grail of genetics, they predicted that the human genome
sequence would eventually become "the central organising principle for human genetics
in the next century" (Waterston and Sulston 1998: 53). Arguably, the publication of two
human DNA sequences threatens to spoil these aspirations. Making a virtue out of
necessity, one team of scientists concluded in February 2001: "We are in the enviable
position of having two distinct drafts of the human genome sequence. Although gaps,
errors, redundancy and incomplete annotation mean that individually each falls short of
the ideal, many of these problems can be assessed by comparison” (Aach et al. 2001:
856).

Relating the discoveries of the Human Genome Project and Celera Genomics as
imperfect, yet comparable representations of the same natural object is a common move,
but by no means the only way of making sense of these discoveries. Alternatively, one
might conceive of the two versions of the human genome as separate objects. This is not
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to say that the drafts are irreconcilable in principle, but for the time being there are good
reasons to speak of them as distinct objects in scientific practice. First, independent
research groups working with different methods produced them: The Human Genome
Project pieced together its version of the human genetic code in a "map-based
sequencing” operation. Celera Genomics, in contrast, employed a "whole-genome
shotgun”. Second, the two drafts differ in ways that go beyond superficial sequence
similarities and discrepancies, such as their topology. Third, it remains to be seen whether

the two drafts of the human genome will be reconciled at all.

In the controversies surrounding efforts to sequence the human genome, the scientific
strategies of the Human Genome Project and Celera Genomics were usually compared in
terms of feasibility and cost. Each camp tried to persuade the public that its own approach
was better suited for sequencing the human genome. My aim is not to address these
disputes directly, but to extract from them information about the diverging scientific
practices in the two projects. As one observer pointed out, from "an unbiased view, the
two plans seem to be simply two methods to obtain genomic information” (Goodman
1998: 567). Hence | compare the research centres at which map-based sequencing and the
whole-genome shotgun emerged and examine the social, epistemic and ontological roles
genome maps came to play in these dissimilar sequencing regimes. This analysis shows
that the disputes between the Human Genome Project and Celera Genomics emerged in
the first instance from differences in scientific practice, which were later connected with

gene patenting and the publication of human genome sequence data.

MAPPING AND SEQUENCING GENOMES

In scientific practice, mapping projects go hand in hand with the alignment of people,
practices and instruments (Turnbull 2000, Ch. 3). The production of coherent maps
requires the introduction not only of standardised measures but of standardised measuring

practices, which, in turn, often impinge on mora and productive economies more
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generally. The Human Genome Project is a case in point: Many biologists initially
opposed the production of 'global’ maps of the human genome because they feared such
an endeavour would undermine their scientific autonomy (Balmer 1996; Cook-Deegan
1994). Even as the programme was slowly incorporated into the cottage industry of
molecular biology of the early 1990s, alternative mapping and sequencing regimes were
evaluated not only as experimental techniques but as quasi-political modes of
organisation. As | will illustrate, genome maps themselves later came to play an

important organisational role in the sequencing regime of the Human Genome Project.

Around 1990 several teams of scientists around the world were constructing ‘physical
maps of the human genome. This type of genome map depicts the order and distance
between genomic sites at which 'restriction enzymes sever DNA. The enzyme HindllI,
for instance, cuts DNA moleculesin two wherever it encounters the sequence of chemical
building blocks abbreviated by the letters AAGCTT. When DNA is exposed to HindllI
and the resulting fragments are analysed, AAGCTT is said to become a 'landmark’.
Physical mapping projects thus establish the order and spacing of such landmarks within
a genome of interest. The resultant 'maps comprise both an ordered collection of DNA
fragments and a catal ogue detailing the cleavage sites on them.

Fig.1 Popular Science: A diagram of common genome mapping techniques relates the

progress of the Human Genome Project from low to high resolution (Cooper 1994: 205)

Y et, the sequence AAGCTT may occur hundreds of times in alarge genome; knowledge
of this landmark alone is not sufficient to describe a genomic location unambiguously.
Conseguently, molecular biologists initially only mapped particular chromosomes or
chromosomal regions and developed additional landmarks, which often varied from
laboratory to laboratory. As one scientist explained, one reason for dividing the early
Human Genome Project by chromosome was to preserve the structure of scientific
research: "No one wanted a large monolithic organisation dictating how the information
would be gathered and disseminated” (R.K. Moyzis quoted in Cooper 1994: 111).
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Others perceived this lack of standardisation as divisive. Maynard Olson, a geneticist at
Washington University in St. Louis, recalled that he regarded large-scae physical
mapping "as a kind of tower of Babel" because it gave rise to maps expressed in
"completely incompatible languages' (M.V. Olson quoted in Cooper 1994: 123). The
vision of the leaders of the Human Genome Project was to build one coherent map of the
genome, which led Olson to the conclusion that, eventually al the maps "would have to
be done again by whatever method proved most generic” (123). In response to this threat,
he proposed to map the genome with sequence-tagged sites (STS), a new set of
landmarks that eliminated the space for local variation.

Olson defined STS as sequence targets that are "operationally unique in the human
genome," that is segments of DNA that can be detected in "presence of all other genomic
information" (Olson et al. 1989: 245). For example, the site bounded by the pair of
sequence tags AGTTCGGGAGTAAAATCTTG and GCTCTATAGGAGGCCCTGAG
is a unique genomic site on chromosome 17 (example from Hilgartner 1995). Notably,
STS are unigue in the genome because they are defined by longer sequence tags than the
enzymatic cleavage sites used to construct physical maps. Another advantage of STS was
that these landmarks could be described fully as information in an electronic database
and, unlike physical maps, required no exchange of delicate biological materials.

Olson presented STS as a "common language” that would "solve the problem of merging
data from many sources" (Olson et al. 1989: 245). But as Hilgartner has argued, the new
landmarks also embodied a particular management philosophy for the Human Genome
Project. While the chromosomes initially emerged as the natural units of its organisation,
STS later became the technological mode of management. STS were endorsed by
scientific leaders because they represented those features of the human genome that
permitted to tighten a network of dispersed laboratories by making their research

commensurable and cumulative (Hilgartner 1995).

By 1996 the first global STS-map of the human genome had been assembled (Schuler et
al., 1996). This consensus or unified map of the genome, as it also came to be known,
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contained more than 15,000 STS that had been mapped by an international consortium of
laboratories. This map was 'global’ in two senses: On the one hand, it made the genome
accessible as one coherent domain, rather than a collection of ‘local’ physical maps. On
the other hand, research centres anywhere in the world could henceforth work with
landmarks that were conveniently available in an electronic database. STS made it
possible to align existing physical maps with the consensus map. Later the Human

Genome Project adopted the consensus map as an organisational framework for genome

seguencing.

Sequencing

The term 'sequencing’ refers to a routine form of analysis that establishes the succession
of the four biochemical building blocks A, T, C and G in DNA molecules. In plain
language, sequencing is commonly explained as mapping DNA at the highest possible
resolution. Indeed, biologists often invoke the theme of increasing resolution in popular
accounts of the Human Genome Project. The analogy makes it possible to relate the
collection of genome maps that were produced in the course of the Human Genome
Project as a series of ever more accurate representations, and to rationalise its history as a
natural progression from mapping at low resolution to mapping at high resolution. In
addition, the analogy permits to differentiate sequencing from previous mapping projects
in the Human Genome Project: sequencing reveals the territory of the genome itself, not
another partial map thereof. As one report predicted, the human DNA sequence would be
"the ultimate map" containing "every piece of genetic information” (The Sanger Centre
and The Washington University Genome Sequencing Center 1998: 1197). But alluring as
this tale of progress may be, the practical relationship between genome mapping and
DNA sequencing in the Human Genome Project has been more haphazard and more
interesting.

Some of the first biochemical reagents and a strategy for large-scale DNA sequencing
were developed during the 1970s by Cambridge biochemist Fred Sanger, who later
shared one of histwo Nobel Prizesfor theinvention of this method. During the 1980s, his
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reagents were modified in such a manner that the results could be sequentially read by a
computer, and commercial DNA sequencing machines became available in 1987. Since
then, DNA sequencing machines have been the workhorses of all large-scale genome
sequencing projects. But no matter by how much DNA sequencing technology has
improved, one fundamental limitation of this form of biochemical analysis has remained:
Only several hundred letters of the genetic code can be deciphered per sequencing
experiment. The chemical composition of longer DNA molecules has to be re-constructed
by aligning the partial sequence overlaps of DNA fragments. According to one of the first
reports, this method, "in which the final sequence is built up as a composite of
overlapping sub-fragment sequences, has been aptly termed "shotgun” DNA sequencing”
(Anderson 1981: 3015). Notably, both the Human Genome Project and Celera Genomics
eventually used versions of the shotgun strategy to sequence human DNA. The two
genome sequencing strategies are schematically represented in Figure 2 and 3 (for a
review see Green, E. D. 2001).

Fig. 2 Genome Sequencing: The strategy employed by the Human Genome Project
simplified the problem of shotgun assembly by sequencing mapped fragments one at a
time rather than the whole genome at once. (IHGSC 2001: 863)

Fig. 3 Map-based sequencing vs. Whole-genome shotgun: A scheme of the genome
sequencing strategies of the Human Genome Project and Celera Genomics illustrates the
different spatialisation steps involved (Waterston 2002: 3713)

In theory, there is no limit to the length of DNA molecules that can be sequenced by
means of the shotgun method, the fundamental sequencing strategy. As long as a
sufficiently large number of overlapping fragments is generated, the DNA sequence can
be re-constructed by aligning overlaps. In practice, however, sequencing large genomes
in this manner creates formidable chalenges. Data from millions of sequencing
experiments has to be stored, manipulated and assembled with special computer
algorithms. Assembly is especidly complicated if the genome contains repetitive
sequences, which give rise to ambiguous overlaps. Ultimately, assembly may fail or
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require data from additional experiments to resolve ambiguities. Despite these
shortcomings of the sequencing technology available in the early 1990s, some biologists
established large-scale genome sequencing projects at specialised research facilities.
After al, one stated aim of the Human Genome Project was to sequence the entire human

genome by 2005.

THE SANGER CENTRE

The Sanger Centre was opened in the small village Hinxton near Cambridge in 1993
(Fletcher and Porter 1997). Its founding director John Sulston had several years earlier
constructed a complete physica map of the genome of the small nematode worm
C. elegans and, more recently, embarked on a project to sequence its genome at the
Laboratory of Molecular Biology in Cambridge. From the outset John Sulston organised
this sequencing project as a transatlantic collaboration with Bob Waterston at
Washington University in St. Louis. Generous funding from a biomedical charity, the
Wellcome Trust, enabled Sulston to re-locate into some disused laboratory buildings on a
country estate in Hinxton, and to expand the sequencing project. Waterston concurrently
established a genome sequencing centre in St. Louis. Contemporary observers hailed
their cooperation as the flagship of the Human Genome Project. In due course, it became

amodel for its organisation.

Spanning 100 million biochemical building blocks, the genome of C. elegans was two
orders of magnitude larger than any genome that had been sequenced by the early 1990s.
Sulston approached this formidable task by sequencing selected fragments of DNA from
the map of the C. elegans genome, which he had constructed severa years earlier
together with Alan Coulson and Bob Waterston (Coulson et al. 1991). This sequencing
strategy became known as 'map-based sequencing' or 'hierarchical shotgun sequencing'.
The physical map served him as a convenient repository of DNA. In addition, sequencing
in this step-by-step manner effectively eliminated technical problems associated with
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whole-genome shotgun sequencing. As sequence information obtained from the
fragments of the physical map was local, the problem of long-range misassembly was
eliminated. Sequencing small portions of the genome also reduced the likelihood of
short-range misassembly. As an early report from Sulston’s laboratory justified, this
strategy was feasible with existing technology (Sulston et al. 1992). Nonetheless, other
scientists criticised the map-based approach for yielding much non-informative data from
repetitive sequences at an early stage of the project.

While sequencing selected fragments from the physical DNA map simplified assembly, it
also facilitated collaboration. The fragments introduced modularity, which provided a
mechanism for the cooperation of research groups within the sequencing project. At the
Sanger Centre, for instance, separate sequencing teams initially worked on different
fragments of DNA. The collaboration with Washington University was organised
similarly. As Alan Coulson, then a senior scientist at the Sanger Centre, explained in
1994: "We would not be able to divide the project in a sensible way between us and St.
Louis, if we didn't have a map to do it in an ordered fashion" (A. Coulson at Sanger
Centre Open Day 1994).

At the same time, map-based sequencing began to structure the daily work of the
scientists and an increasing number of technicians at the Sanger Centre. Each sequencing
team worked on a fragment of DNA from start to finish and routines associated with
map-based sequencing began to be differentiated within the team. Later, especially when
sequencing human DNA, specialists performed routine steps such as mapping, raw
sequence production or checking for errors in the assembly. As the Sanger Centre moved
into larger purpose-built facilities on the estate in 1996, the differentiated tasks were also
separated spatialy. Mapping and sequencing, for instance, were accommodated in
separate parts of the new building (Sulston 2000). Increasingly, the Sanger Centre
operated like a sequence assembly line, albeit the facade of the country estate was

maintained by converting Hinxton Hall into a conference centre.
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Genome maps not only facilitated cooperation with distant genome sequencing centres,
but connected the Sanger Centre with other researchers studying C. elegans. Sequencing
the genome in portions at a time meant that finished sequences could be published
continuously in an electronic database. This provided other researchers with a continuous
stream of intelligible information and helped convince the ‘worm community' that
sequencing at a large, centralised facility was worthwhile (Sulston 2000). The sequences
published online were useful in conventional academic research because their genomic
provenance had been mapped. Other researchers could draw on the sequences to locate

and study the genes of C. elegans.

A diagram presented by Alan Coulson at its Open Day in 1994 (reproduced as Figure 4)
further illustrates how the Sanger Centre articulated its place in the research community:
As a centra facility, it would maintain the physical genome map of C. elegans and
supply the research community with DNA material. It would also curate a database of
genomic information on the worm, continuously adding its own sequencing data and
genetic mapping information generated by dispersed research groups. In short, the Sanger
Centre presented and understood itself as a service provider. As John Sulston commented
on this database at the summit of the Human Genome Organisation that year: "I fedl it
has not been so much a map as a means of genomic communication on C. elegans’ (J.E.
Sulston at the Human Genome Summit 1994). Such talk of cooperation appeased
scientists who opposed 'big science' and justified the allocation of resources to genome
sequencing facilities like the Sanger Centre. More importantly, it defined the role of the
Sanger Centre in the research-industry-technology landscape and ultimately the Human

Genome Project.

Fig. 4 Alan Coulson’s Diagram: Presented at the Sanger Centre Open Day in 1994, the
diagram articulates the place of the Sanger Centre within the traditional biological

research community (Coulson 1994)

This historical sketch shows how the physical map of the C. elegans genome became the
basis of a low-risk sequencing strategy at the Sanger Centre and came to underpin its

10
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collaboration with the Washington University. In addition, this sequencing strategy
produced a stream of potentially useful sequence data that was continuously released,
convincing many biologists that this mode of organisation might be suitable for the
Human Genome Project as awhole. Around 1994, laboratories around the world began to
form consortia, planning to sequence parts of the human genome in arrangements
resembling the collaboration between the Sanger Centre and Washington University. And
Tom Caskey, the president of the Human Genome Organisation urged his colleagues that
the C. elegans sequencing project should be regarded as a "model system of how we
should be conducting ourselves® (C.T. Caskey at the Human Genome Summit 1994).

THE INSTITUTE OF GENOMIC RESEARCH

The Institute of Genomic Research was set up in 1992. Its founding director Craig Venter
had previously overseen a sequence-based discovery programme of human genes at the
National Institutes of Health (NIH). When he proposed to expand this programme, the
extramural research community objected to his plan, which was subsequently dropped by
NIH (Cook-Deegan 1994: 311-325). Venter accepted funding from a company instead
and set up The Institute of Genomic Research (TIGR). TIGR — Venter pronounced the
acronym as "tiger" — was initially embroiled in controversy because it kept sequence
information on human genes obtained in contract research in private databases. Later
TIGR — its detractors had begun to use the diminutive pronunciation "tigger" — was
aggressively promoted as a new model for high-throughput DNA sequencing and
analysis (Adams et al. 1995). However, the research of this genome sequencing centre
(Figure 5) evolved into an operation that differed from the Sanger Centre with respect to
implicit goals, specialist expertise and organisation. By 1995, TIGR had sequenced the
first bacterial genome by means of what came to be known as the 'whole-genome

shotgun'.

11
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The gene discovery programme carried out at TIGR in the early 1990s differed from
work at the Sanger Centre in two respects. First, by design sequencing experiments
carried out at TIGR only yielded sequences corresponding to protein-encoding genes.
Indeed, in the early 1990s some scientists argued that this approach should take
precedence over map-based sequencing because the coding sequences constituted the
major information content of the human genome (see e.g. Adams et al. 1991). Second,
while the Sanger Centre produced sequences whose genomic provenance had been
mapped prior to sequencing, TIGR generated sequence data whose origin in the genome

was unknown.

On the one hand, these differences reflected endemic disagreements on the priorities of
the Human Genome Project. Was the objective to discover al genes before revealing less
promising sequences or to sequence genomes methodically from end to end? On the other
hand, these differences in laboratory practice show how locally existing resources were
re-invested in future research at both centres. The Sanger Centre drew on a recent
accomplishment of its founders, the physical map of the C. elegans genome, as a DNA
repository. TIGR redeployed computational methods from its early gene discovery
programme in subsequent genome sequencing projects. As an early report from TIGR
phrased it, computational methods developed to create assemblies from hundreds of
thousands sequence shreds "led us to test the hypothesis that segments of DNA several
megabases in size, including entire microbial genomes, could be sequenced rapidly,
accurately, and cost-effectively by applying a shotgun sequencing strategy to whole
genomes' (Fleischmann et al. 1995: 496). Features of the laboratory information
management at TIGR system were "applicable or easily modified for a genomic

sequencing project,” too (497).

Fig. 5 Factory or Lab? The interior of the Institute of Genomic Research, atypica

genome sequencing centre of the mid-1990s (Cover of ASM News, March 1996)

12
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The DNA of Heamophilus influenzae, the pathogen that causes ear infections, was the
first large bacteriad genome to be sequenced in this manner at TIGR in 1995
(Fleischmann et al. 1995). The entire genome spanning 1.8 million chemica building
blocks was fragmented with ultrasound. Fragments of an appropriate size were sequenced
from both ends in 23,643 sequencing reactions, generating pairs of sequence data whose
separation and orientation relative to one another was known. The data was then
assembled with TIGR's specialised software in 30 hours of high performance computing
and yielded 140 sequence assemblies. Gaps between them were then closed by means of
targeted experiments. Finally, the correctness of the sequence was verified by comparison
with an existing physical map of the genome. "Our finding that the restriction map of the
H. influenzae Rd genome based on our sequence data is in complete agreement with that
previously published further confirms the accuracy of the assembly,” assured the report
(508).

This account of a successful ‘double-barrelled’ whole-genome shotgun experiment shows
that the physical map of the H. influenzae genome helped to validate the DNA sequence,
but played no visible role in the organisation of the genome project itself. Besides, as raw
data from shotgun sequencing was unmapped and unintelligible before assembly, TIGR
deposited the finished genome sequence in a database, rather than publishing sequences
incrementally online for the benefit of the scientific community. Comparison with the
Sanger Centre suggests that although the term strategy conjures up the image of a
purposeful plan determined by theoretical considerations, the genome sequencing
strategies of both TIGR and the Sanger Centre, in practice, drew on locally existing
resources and expertise. Both research centres strove to capture the impetus and align the
objectives of the Human Genome Project with their own research agendas. Not
surprisingly, Craig Venter asserted that the whole-genome shotgun was fit for carrying
out the Human Genome Project: "this strategy has potential to facilitate the sequencing of

the human genome," he concluded (511).

13
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MAP-BASED SEQUENCING VERSUS WHOLE-GENOME SHOTGUN

In February 1996, representatives from all major genome sequencing centres convened in
Bermuda to evaluate approaches for sequencing the human genome. The delegates —
among them John Sulston and Craig Venter — considered a number of genome
sequencing strategies, but in the end concluded that sequence data had to be generated by
the various approaches before they could be evaluated properly. Nevertheless map-based
sequencing became the status quo of the Human Genome Project. The collaborative
mechanisms of the C. elegans project were extended to human DNA sequencing, albeit
with some modifications. The main difference between the C. elegans project and the
Human Genome Project was that a complete repository of mapped DNA fragments
existed from the outset of the C. elegans sequencing cooperation, but only a digital set of
ordered landmarks was available for the human genome at the time. Consequently, each
genome sequencing centre had yet to align suitable pieces of human DNA with this
unified map in preparation for sequencing. Although the production of 'sequence-ready
maps proved to be the bottleneck in the human DNA sequencing for some time, the
leaders of the Human Genome Project felt that this drawback was outweighed by other
advantages of map-based sequencing.

Between 1996 and 1998, the digital unified map of the human genome provided
mechanisms and metaphors for collaboration and coordination in the Human Genome
Project. For example, when the Wellcome Trust announced its intention to fund the
sequencing of one sixth of the genome, the Sanger Centre could register corresponding
'sequencing claims on an internet-based map known as the Human Genome Sequencing
Index. The 'boundaries of sequencing claims were defined by means of 'unique markers
from the genome map. In addition, the members of the human genome sequencing
consortium endorsed a set of rules, known as 'sequencing etiquette, that specified which
'regions each laboratory was entitled to claim based on past sequencing achievements
(Bentley et al. 1998).

One year after the meeting in Bermuda, Jm Weber from the Marshfield Medical
Research Foundation and Gene Myers, a computer scientist at the University of Arizona,

14
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made an argument for sequencing the human genome by means of the whole-genome
shotgun strategy in the journal Genome Research (Weber and Myers 1997). Phil Green, a
former member of the C. elegans sequencing project, rebutted this proposal in an article
published back-to-back in the same volume (Green, P. 1997). He criticised that the
whole-genome shotgun offered no mechanisms for upholding the practical values that
had held the C. elegans collaboration together and were being instituted in the Human
Genome Project. In his words, it was "unclear how the project could be distributed
among severa laboratories' (416). Green also characterised the whole-genome shotgun
regime as "inherently a monolithic approach” (411), which in terms of organisation might
be read as a statement of Lewis Mumford's classic thesis that technologies are
intrinsically authoritarian or democratic. After all, the whole-genome shotgun was at the

time only carried out single-handedly at TIGR.

According to Green, the advantages of map-based sequencing went beyond coordination.
The strategy also made room for accommodating differences between laboratories, as
well as providing means for isolating problematic regions. In this manner the Human
Genome Project could be partitioned between investigators "without forcing them to
interact” (411), and laboratories could explore "alternative sequencing strategies and
methods independently without redundancy of effort” (410). Any unintended replication
of sequencing efforts was considered to amount to unwarranted and costly duplication.
Besides, the map-based sequencing regime permitted "to isolate problematic regions'
(411). Whole-genome shotgun sequencing, in contrast, offered no mechanism for
separating contributions from individual laboratories and for isolating problematic
regions. "Problems with data quality in one laboratory would affect all laboratories,
because any region of the genome would have shotgun reads generated at all labs,"
lamented Green (416).

In making the case for whole-genome shotgun, Weber and Myers negated some of these
alleged advantages and left others unanswered. Regarding collaboration, for instance,
they suggested, contrary to Green's claim, that laboratories "throughout the world could
participate in raw sequence generation” (401), effectively a proposal to decentralise

15
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sequence production. Most importantly, they proposed a distinct role for the unified map
of the genome. In their sequencing regime the consensus map would function as a
'scaffold’ for the assembly of the human DNA sequence, not as a framework for the
organisation of the Human Genome Project. According to Weber and Myers, the task of
assembly was to build "scaffolds that span adjacent STSs" (403). Since it was available,
information from the unified map of the human genome could assist assembly of the

whole-genome shotgun, but would play no role in the organisation of the programme.

In short, the sequencing strategy of the Human Genome Project constituted a moral and
productive economy, whose common ground, so to speak, was the map of the human
genome. Reminiscent of the C. elegans project, the map underpinned cooperation and
coordination, but also came to orchestrate access to resources, accountability for cost and
allocation of scientific credit. Although the whole-genome shotgun was organised around
the same automatic DNA sequencing machines, its moral, productive and epistemic
standards were different to the extent that Green argued that it was "incompatible” with
map-based sequencing (411). Having explored the mechanisms of collaboration and
cooperation, the analysis will now focus on ontological differences emerging from the

two genome sequencing strategies.

Ontological Assumptions and Consequences

Throughout the history of the Human Genome Project, the human genome — according to
the vision of its leaders — had been envisaged to be a single and coherent domain — 24
unbroken sequences of genetic code corresponding to the human chromosomes. The
dispute in the pages of Genome Research thrived on this assumption: The arguments of
the adversaries were framed primarily in terms of feasibility and cost, abeit they also
overtly disagreed on the objectives of the Human Genome Project. Between the lines they
also acknowledged that their strategies were based on variant assumptions about the
nature of the human genome, on the one hand, and would ultimately manifest different

16
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versions of the genome, on the other. Their remarks are indicative of differences beyond

superficial sequence similarities and discrepancies.

For Phil Green, the advocate of map-based sequencing, the ultimate aim of the Human
Genome Project was to generate an accurate and complete human DNA sequence, which
was to serve as a "reference against which human variation can be catalogued” (410).
This aim, he felt, would be best attained by map-based sequencing, which permitted to
isolate and carefully sequence problematic regions. For Weber and Myers, in contrast, the
true objective of the Human Genome Project was to "sequence all human genes' or, more
pragmatically, "to generate as much of the critical sequence information as rapidly as
possible and leave clean-up of gaps and problematic regions for future years' (406).
Weber and Myers argued that these objectives could be achieved with minimum effort
with the whole-genome shotgun strategy, which had emerged from a sequence-based
gene discovery programme at TIGR.

The opponents also admitted that their approaches would manifest different versions of
the human genome. Phil Green, the advocate of map-based sequencing, anticipated that
the whole-genome shotgun had "a high probability of failure" by which he implied that
the final assembly would contain a very large number of gaps and fail to reconstruct
problematic regions faithfully (411). Jm Weber and Gene Myers conceded that their
strategy would by no means produce in a "single unbroken sequence for entire
chromosomes,” which was perfectly reconcilable with their priorities (404). They found
fault with map-based sequencing because rearrangements in DNA fragments required for
map-based sequencing could cause artefacts. In their eyes map-based sequencing was
working towards an "arbitrary, mythical goal of 99.99% accuracy of a single, artifactual
(in places) and nonrepresentative copy of the genome" (406). Green countered that the

artefacts caused by rearrangements could be prevented easily in map-based sequencing.

Falling under the heading of assumptions about the nature of the human genome, Green
criticised that, in computer simulation of the whole-genome shotgun, Weber and Myers
had assumed that repeated sequences are distributed uniformly throughout the genome.

17



Adam Bostanci: Sequencing Human Genomes, 4 August 2003

Green asserted this was an "incorrect assumption about the nature of the genome" (411).
Similarly, one might suggest that Weber and Myers failure to propose a means for
managing problematic regions might have arisen from similar assumption about the
nature of the genome. For Green, arguing from the vantage point of map-based
sequencing, it was natural to assume that the human genome had 'regions, which were
bounded by landmarks of the consensus map or embodied in physical DNA fragments.
Crucially, by virtue of these regions problematic data could be isolated during the
incremental analysis of the human DNA sequence. The spatial metaphors used to manage
the Human Genome Project became properties of the human genome itself and aresource
for its organisation. Weber and Myers, in contrast, articulated no mechanism for dealing
with problematic data. They simply proposed that "only afew or possibly even one large
informatics group would assay the primary task of sequence assembly" (401). In other
words, they proposed not to regionalise the human genome, but to divide the community
of genome researchers into those responsible for raw sequence production and those

responsible for assembly.

Finally, Green's assertion that the whole-genome shotgun was "inherently monolithic"
can beread as a hint at deeper differences. In a whole-genome shotgun regime the human
genome sequence emerged as a whole only after a painstaking process of sequence
assembly. In map-based sequencing, in contrast, the genome sequence emerged
continuously and incrementally as a mosaic of contributions sequenced and assembled at
dispersed genome sequencing centres. The differences between the genome sequences
produced by means of the two strategies might therefore reside beyond the surface of
sequence similarities and discrepancies. For example, if problems with sequence data or
the assembly algorithms are discovered in the future, what will be the effect on the
respective sequences? For a sequence derived by means of whole-genome shotgun one
might expect global adjustments, whereas consequences for the product of the map-based
regime might well be local. As a generalisation about these differences, one might say
that the human genome, as envisaged and produced by the Human Genome Project, had
the topology of a map. Its large-scale spatialisation was a result of preliminary physical
mapping projects. The human genome produced by means of a whole-genome shotgun
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might be better conceptualised as an algorithm. The spatialisation of sequence data
emerged primarily during the assembly of sequence overlaps by means of specialised
computer algorithms developed at TIGR.

CELERA GENOMICS

One year after the controversy in Genome Research, Craig Venter deserted the
collaborative framework of the Human Genome Project to become the director of Celera
Genomics, a company intending to sequence the human genome single-handedly by
means of the whole-genome shotgun (Venter et al. 1998). The leaders of the Human
Genome Project perceived the venture announced on 9 May as a threat. Venter's plan
amounted to sequencing the human genome significantly faster and cheaper than the
Human Genome Project, which had by 1998 merely deciphered five percent of the
genome. The defence of the Human Genome Project had four prongs: First, in a series of
scientific articles its leaders justified their sequencing strategy (The Sanger Centre and
The Washington University Genome Sequencing Center 1998; Bentley et al. 1998;
Waterston and Sulston 1998). Maynard Olson and Phil Green, for instance, argued that it
was "essential to adopt a'quality-first' credo” on "both scientific and managerial grounds”
(Olson and Green 1998). Second, they explained the strategy to the scientific community
alleging that it was the only approach that could be "efficiently coordinated to minimize
overlap between collaborating groups' (quote from The Sanger Centre and The
Washington University Genome Sequencing Center 1998: 1099; Dunham et al. 1999)
Third, the strategy of the Human Genome Project was revised considerably several
months later to allow for the production of a preliminary draft of the human genome.
Finally, arguments for the continuation of the Human Genome Project went hand in hand
with public criticism of Craig Venter and disapproval of his sequencing strategy. Craig
Venter was cast in the role of an unscrupulous profiteer. In plain words, his method was

often dismissed as 'quick and dirty'.
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While | can judge neither the character nor the motivation of any of the actors, | suspect
that attempting to 'shotgun’ the human genome might have been a question of personal
pride for Craig Venter. Having pushed the limits of shotgun sequencing at TIGR and later
seen this method rejected by the scientific community, he may instead have teamed-up
with a company willing to fund his endeavour. He may also have felt that inadequate use
was being made of the facilities available at TIGR under a map-based sequencing regime.
For, TIGR was designed for large-scale shotgun sequencing just as much as shotgun
sequencing had originally been designed around the resources available at TIGR. At any
rate, Craig Venter must have been well-aware that this endeavour would yield a product
incongruent with the product of the Human Genome Project.

Only one popular article published on the website of the Lasker Foundation (1998)
attempted to compare the sequencing strategies employed by Venter and the Human
Genome Project in their own right, concluding that the order of mapping and sequencing
was reversed in the two approaches: "In a sense, Venter's approach is to sequence first,
map later. In the public project, genes are first mapped to a specific, relatively small
region of the genome, then sequenced.” The article highlighted that both sequencing
strategies drew on existing STS-maps of the human genome: The Human Genome
Project used STS-maps prior to sequencing as described above. Celera Genomics
searched for STS in its primary sequence assemblies, thus establishing their genomic
provenance in a secondary spatialisation step caled ‘anchoring. Despite its
methodological focus, this article pitted the two strategies against each other in terms of
feasibility.

After the formation of Celera Genomics debate was polarised in public to suggest that
Celera Genomics might keep its sequence data secret and establish a monopoly by
patenting the majority of human genes. These motives were cited as the main reasons for
the inability of the Human Genome Project to cooperate with Celera Genomics. As the
controversy in the pages of Genome Research had shown, another important obstacle to
cooperation resided in the fact that the whole-genome shotgun provided no proven
mechanisms for upholding the practical values that had made the C. elegans project
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work. In public, the lack of these mechanisms was articulated in terms of gene patenting
and datarelease.

Patenting

In presenting his business plan, Craig Venter assured the readers of Science that "we do
not plan to seek patents on primary human genome sequences’ but to identify and patent
no more than "100 to 300 novel gene systems from among the thousands of potential
targets' for medical interventions (Venter et al. 1998: 1541). The leaders of the Human
Genome Project, in contrast, portrayed the private venture as contrary to the public
interest. "Underlying all thisis concern about a land grab — that is we're concerned about
massive patenting,” commented one scientist (R. Gibbs quoted in The Australian 31
March 1999), and in a sense his remark was accurate: The venture of Celera Genomics
amounted to a'land grab' in so far as the human genome was conceptualised as a map by
the Human Genome Project. In proposing the whole-genome shotgun, Venter ignored the
sequencing etiquette and all sequencing claims that had already been registered on the
Human Genome Sequencing Index. As Venter diagnosed the cause of irritation, "we are
changing the rules and that upsets people” (J.C. Venter quoted in Larkin 1999: 2218).

Data Release

Another outcome of the talks in Bermuda had been an agreement to make the human
DNA sequence publicly available as it was produced. According to the "Bermuda
principles’ human sequence data "should be freely available and in the public domain in
order to encourage research and development and to maximise its benefit to society”
(Smith and Carrano 1996). In practice, this meant that contributing laboratories had to
publish assembled sequence data on the internet within 24 hours, or else faced exclusion
from the human genome sequencing consortium. Another rudiment of the C. elegans
sequencing project, this policy amed to minimise competition among genome
sequencing centres and to deter them from focusing their efforts on lucrative genes.
Celera Genomics, in contrast, announced it would release data into the public domain at

least every three months and assured that, being an information company, "complete
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public availability of the sequence data" is "an essential feature of the business plan”
(Venter et al. 1998: 1541).

Once again, the policy of the Human Genome Project had been justified on epistemic and
manageria grounds in 1996. "The finished sequence should be released directly upon
completion,” argued a scientist of the Sanger Centre, insisting that this was required both
to "optimise coordination” and to facilitate "independent checking” (Bentley 1996: 533).
More generally, the laboratories of the Human Genome Project planned to implement a
dispersed regime of data quality monitoring in 1996: Each laboratory sequenced regions
of the genome but it was envisaged that the ultimate validation of the data would arise
from independent checking by other laboratories. To this end the network of laboratories
even proposed a data exchange exercise, in which the same raw data would be assembled
at different laboratories to check for discrepancies. In contrast to the immediate data
release policy of the Human Genome Project, the custom at TIGR was to sequence, check
and annotate sequence data single-handedly before publication. Hence, on epistemic
grounds, Craig Venter and his senior scientist Mark Adams objected that quality control
would be compromised if immediate data release was enforced at all genome sequencing
centres (Adams and Venter 1996).

Moreover, despite the managerial justification for immediate data release, compliance
with the Bermuda principles was by no means a necessary condition for coordination, as
illustrated by the data release practices of the yeast genome sequencing project. This
genome sequencing project was carried out by a network of 79 laboratories and
coordinated by means of a map of its genome. Delayed data release was an integral part
of the collaboration. For example, when the completion of sequencing the yeast genome
was announced in March 1996, twenty percent of it was still withheld from public
databases until industrial sponsors and investigating scientists had satisfied their own
interests. André Goffeau, the administrator of the yeast genome project, defended delayed
data release "on the grounds that the scientists who did the work deserve to be the first to
reap some benefits. 'We cannot just give this away,' he said — a view shared by some
researchers — especially those from small labs' (Kahn 1996). If truth be told, several of
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the large genome sequencing centres that participated in the Human Genome Project had
earlier contributed in the yeast sequencing project. Although differences in data release
practices caused tensions between the projects, both collaborations hung together as long
as laboratories restricted themselves to sequencing regions of the genome within a map-

based sequencing regime.

After the formation of Celera Genomics the leaders of the Human Genome Project
suggested that, depending on future business expedients, the company might refuse to
make its sequence data available to the public. Francis Collins, director of the National
Human Genome Research Institute, argued as much on 17 June at a hearing in the U.S.
House of Representatives. The Human Genome Project was "the best insurance that the
data are publicly accessible,” he said (F.S. Collins in U.S. House of Representatives
1998: 80). Admittedly, in March 2000, an attempt at cooperation between the two camps
fell through because of disagreements on data release. However, on this occasion a
failure in reconciling the legal and commercial obligations to which each of the data sets
were bound caused the downfall of the negotiations, not a categorical refusal by Celera
Genomics to publish or combine its data with that of the Human Genome Project
(reported by Marshall 2000).

In February 2001, Celera Genomics and the Human Genome Project finally published
their preliminary drafts of the human genome simultaneously but separately in Nature
and Science. Celera Genomics made its sequence available to academic and non-profit
researchers around the world. Albeit up-dates of the sequence will be available to paying
customers only, the company has arguably honoured its assurance to make the sequence
publicly available. Spokesmen of the Human Genome Project continue to criticise the
terms that restrict the uses of the sequence data produced by the company. Debates over
the conditions of access to the sequence data produced by publicly funded genome
sequencing centres also continue to simmer (reported by Roberts 2002), as does the
controversy about the propriety of patenting human genes. Celera Genomics has filed
significantly more than 300 provisional patent applications, but maintains that, as
anticipated, no more than 300 patents will be filed eventually.
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Even after the publication of the two human genome sequences in February 2001, another
controversy arose. To save time and money, Celera Genomics had supplemented its own
shotgun sequence data with publicly available data from the Human Genome Project. The
company had shredded this data, combined it with its own and assembled the combined
set. Leaders of the Human Genome Project now charged that the data had not lost its
positional information and that the combined assembly had succeeded only because of
the inclusion of data produced by the Human Genome Project. In effect, they argued that
Celera Genomics had not produced an independent human genome sequence but merely
replicated the product of the Human Genome Project. This charge was repeated in a peer-
reviewed journal in March 2002 (Waterston et al.) and rebutted in the same volume
(Myers et al.). According to one newspaper report, Craig Venter countered that he had
"shredded the data specifically to loose any positional information because he suspected
the data had been misassembled in places’ (Wade 2001).

CONCLUSION

Although the human genome has long been conceived of as single natural domain, Celera
Genomics and the Human Genome Project have recently produced and will continue to
produce different versions of the human genetic code. The Human Genome Project
produced its draft as a mosaic of contributions from different laboratories and with the
help of long-range maps. The genome produced at TIGR, in contrast, emerged from a
whole-genome shotgun experiment. Here the primary spatialisation of data emerged

during sequence assembly.

In February 2001, both drafts of the human genome had on the order of 100,000 gaps,
were riddled by known and unknown inaccuracies and errors and differed in overall
length. As both versions are gradually improved, it remains to be seen, whether the two
products turn out to be as "incompatible" as the methods by which they were produced,
"complementary"”, as suggested when leaders of the Human Genome Project attempted to

make peace with Celera Genomics in 1999 (Lander 1999), or "hardly comparable’

24



Adam Bostanci: Sequencing Human Genomes, 4 August 2003

because "different procedures and measures were used to process the data' (Bork and
Copley 2001). As the most recent dispute between the Human Genome Project and
Celera Genomics demonstrates (Waterston et al. 2002; Myers et al. 2002), the precise
role of genome maps in the production of the two drafts published in February 2001 also
continues to be debated.

Even if the two versions of the human genome were to be synthesised, practical
mechanisms for doing so will have to be negotiated: One option would be to combine the
underlying data for joint analysis, which is arguably what Celera Genomics has already
done. However, as the latest in a long series of controversies between the two camps
illustrates, such a cooperation would require negotiations about the status and value of
positional information of map based data. Another conceivable approach would be to
collate the two versions of the human DNA sequence and resolve discrepancies by
further experiments. Finally, if al attempts to reconcile the two human genomes fail and
the sequences remain separate, it remains to be seen whether they will ultimately be used
in different ways, one as a reference sequence for basic research and public health, the

other to satisfy the information needs of pharmaceutical companies.

25



Adam Bostanci: Sequencing Human Genomes, 4 August 2003

26



Adam Bostanci: Sequencing Human Genomes, 4 August 2003

NOTES

There are some aspects of the genomes controversy that | have deliberately not engaged
with. In general, my argument has been a historical analysis of the two sequencing
strategies as different experimental traditions, or epistemic cultures (Knorr-Cetina 1999),
not a detailed analysis of the very latest papers published by the two camps. In the same
vein, | have not recounted in detail the modifications of their respective strategies by
Celera Genomics and Human Genome Project in the tumultuous years from 1999 until
2002. The details of the different assembly algorithms and quality assurance procedures
developed by the Human Genome Project and Celera Genomics are yet to be examined.
Finaly, between May 1999 and March 2000 the genome of the fruit fly Drosophila
melanogaster was successfully sequenced by means of a whole-genome shotgun in a
formal collaboration of Celera Genomics with the Berkeley Drosophila Genome Project
(Myers et al. 2000). Evidently, mechanisms that enabled the collaboration of the
company with academic scientists were established in this project. And in December
2002 a consortium of publicly funded laboratories published a draft sequence of the
mouse genome, which was produced by means of a whole genome shotgun. Evidently
new mechanisms that made it possible to carry out the whole-genome shotgun in a
network of dispersed laboratories were established in this project, too. (Mouse Genome
Sequencing Consortium 2002).
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